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Abstract

Background: N°-methyladenosine (m®A) is the most abundant internal
modification of mMRNA. m°A regulates almost every stage in the mRNA life
cycle with essential roles in splicing,! polyadenylation,? nuclear export,*
stability, translation,®® and degradation.>® m®A is essential for normal
development of eukaryotic organisms, and abnormal levels of m®A have been
associated with the development of disease including various types of
cancer.'® Many research groups are working on artificially manipulating méA

levels for the therapeutic treatment of disease.!

In order to fully understand the m®A modification and develop associated
therapeutics, methods to accurately detect and quantify m®A are required.
MeRIP-seq!2® and miCLIP?* are the most commonly used methods of méA
sequencing, however, they are severely limited by (a) their inability to reliably
quantify m®A levels, and (b) their use of an anti m®A antibody which is known
to have problems with off-target binding.'® There is a significant demand for

new methods of m®A sequencing and quantification.

mSA modified oligonucleotides are useful tools for the study of méA. They can
be used for various applications including the identification and study of m°A
writer, reader, and eraser proteins, and can be used as substrates to test
methods of m®A sequencing. Synthesis of méA modified oligonucleotides
requires an m®A phosphoramidite which is currently produced via a
complicated seven-step chemical synthesis.'® Alternate methods for the
synthesis of the m®A phosphoramidite will reduce the cost and increase
availability of m®A modified oligonucleotides.
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Research aims: The aims of this thesis are to (a) synthesise m®A modified
oligonucleotide probes to study the role of the modification in mMRNA, and (b)

develop new methods for the detection and quantification of mP°A.

Results: We have developed a method for the single step synthesis of méA
phosphoramidite and synthesised a number of m®A modified oligonucleotides

which will prove to be valuable tools for research into méA.

We have developed various new methods for the detection and quantification
of mPA. We have developed a method involving site specific radiolabelling
and thin layer chromatography (TLC) which we have used to probe méA
levels in a number of RNA transcripts. We have identified a phenyl selenide
modified thymidine (PhSeT) nucleoside that selectively crosslinks with
adenosine!” but not m®A in both mononucleotide and interstrand contexts.
This molecule was unsuitable for m®A sequencing due to the unreliable nature
of the crosslinking reaction. However, we have demonstrated that a PhSeT
nucleoside triphosphate (PhSe-dTTP) is able to selectively inhibit reverse

transcription reactions at sites of m®A in the RNA template.

Conclusions: Due to the significant challenge of detecting and quantifying
mOA, the methods we have developed have had varying levels of success. The
PhSe-dTTP reverse transcription-based method is by far the most promising.
Efforts to develop this technology as a transcriptome wide method of m®A

sequencing are currently in progress.
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Chapter 1. An overview

of m°®A research

Overview: m®A is the most prevalent internal modification of messenger
RNA that plays an essential role in the regulation of gene expression. In this
chapter we introduce the concept of the epitranscriptome and give a brief
history of research into mPA. We discuss existing methods of m®A detection
and quantification, introduce the m®A writer, reader, and eraser proteins, and
discuss the biological significance of the m®A modification. Finally, we
summarise the major challenges facing future research into m®A and the

epitranscriptome.
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1.1 Introduction

1.1.1  The central dogma of molecular
biology, epigenetics, and the

epitranscriptome

In 1957 the concept of the central dogma of molecular biology was first
introduced, describing the relationship between DNA, RNA and protein
(Figure 1).'8 Eukaryotic cells store their genetic information within the
nucleus in the form of DNA. DNA is transcribed into a messenger RNA
(mRNA) template, which is exported to the cytoplasm and translated into the
corresponding amino acid sequence of a specific protein. It is now known that
gene expression is under tight regulatory control by a vast number of parallel
and overlapping mechanisms to ensure that protein and RNA are at an

optimum level to respond to their constantly changing environment.®

transcription translation

DNA RNA Protein

Figure 1: The central dogma of molecular biology. DNA is transcribed into an

mRNA template which is translated into a specific protein.*

15



1.1.1.1 Nucleic acid

Nucleotides are the building blocks of DNA and RNA and are joined to form
long chains called polynucleotides. Nucleotides are composed of three distinct
components, a pentose sugar, a nitrogenous base, and a phosphate group. The
main difference between DNA and RNA is that RNA contains a ribose sugar
and DNA contains a deoxyribose sugar (Figure 2). The extra 2’ hydroxyl
group in the ribose sugar makes RNA more reactive than DNA and provides
RNA with unique structural properties.?’ The nitrogenous bases in DNA are
adenine, guanine, cytosine, and thymine, whereas in RNA thymine is replaced

with uracil (Figure 3).2

Base

(|)| Base (|)|
O0—P-0 ‘O—-P-0
| Y | Y
O O
OH OH OH
DNA RNA

Figure 2: Structures of DNA and RNA. DNA contains a deoxyribose sugar

and RNA contains a ribose sugar.?

NH, Io) NH, (o]
N SN N NH ﬁN NH NH
<7 ¢ T LA LA LA
N N/) N N/)\NHz N O N O N0
Adenine Guanine Cytosine Thymine Uracil

Figure 3: Structures of the 5 nitrogenous bases found in DNA and RNA.?

The characteristics of a particular DNA or RNA molecule are dependent on its
unique sequence of nucleotides and the structures that they form. DNA is
often composed of two complementary strands that are coiled together to form

a double helix which is tightly packaged around histone proteins to form a

16



condensed structure known as chromatin. RNA on the other hand forms much

more complex and variable three-dimensional structures.*®

1.1.1.2 Types of RNA molecules

There are a number of different types of RNA molecules. RNAs can be
categorised into two distinct groups, coding and non-coding RNA. mRNA is
referred to as coding RNA as it contains the information to make a specific
protein. Instead of providing a template for protein synthesis, non-coding
RNAs fulfil a range of important structural and enzymatic functions. The most
abundant non-coding RNAs are transfer RNA (tRNA) and ribosomal RNA
(rRNA) that both function in protein synthesis. Other non-coding RNAs
include short interfering RNA (siRNA), microRNA (miRNA) long non-coding
RNA (IncRNA), small nuclear RNA (snRNA), small nucleolar RNA
(snoRNA), and a number of ribozymes that possess various enzymatic
activities.?® tRNAs are the most abundant of all RNA molecules with 10s of

millions of transcripts in each human cell.?

1.1.1.3 mRNA structure

MRNA is first synthesised in the form of primary mRNA (pre-mRNA). In
order to fulfil its role as a template for protein synthesis, the pre-mRNA must
first undergo a number of processing steps to form mature mRNA (Figure 4).%°
A cap structure composed of N’-methylguanosine (m’G) is added to the 5°
end of the mMRNA.2® m’G is joined by an unusual triphosphate linkage that it
joins the 5° hydroxyl group of the first nucleotide to the 5’ hydroxyl group of

m’G (Figure 5).2! Non-coding intronic segments within the pre-mRNA are

17



subsequently removed in a process called splicing,?*?® and a series of
adenosine nucleotides referred to as the poly(A) tail are added to the 3’ end of

the mRNAZ

nascent pre-mRNA
3 g

I RNA processing

mature mRNA

Figure 4: mRNA processing. The nascent pre-mRNA is converted into mature
MRNA by the removal of introns (splicing) and the addition of the 5’ m7G cap

and the 3' poly(A) tail %

OH OH
o) le) o) Base
o I I I
O—II’—O—II’—O—II’—O o
H,N N N (e o O
=
Y | /> [e) OH Base
HN Nt |
O0=P—-0 o
\ I
(6] O
Hcl) OH
O=P=0,

(I)- RNA chain

Figure 5: Structure of the mRNA 5' cap. m’G is joined to the 5’ most

nucleotide by a triphosphate linkage.?*

The 5°- m’G cap and 3’- poly(A) tail fulfil a number of important functions.
They protect the mRNA from degradation, and are required for the initiation

of protein synthesis, nuclear export and optimal splicing of the mRNA 23272



1.1.1.4 Transcriptome

Human cells contain approximately 19,000 protein coding genes,* however,
only a small fraction of these genes will be actively expressed in the form of
MRNA at any one time. The transcriptome is a term used to describe the total
pool of MRNA in a cell or an organism at a given point in time. The

transcriptome is highly dynamic and is constantly changing as new mRNA is
being transcribed and destroyed. This constant turnover of mMRNA allows the

cell to rapidly respond its protein output in response to its environment.?

1.1.1.5 Epigenetics

Epigenetics was initially defined as heritable changes to phenotype that are not
caused by alterations to the DNA sequence. More recently the term
epigenetics has expanded to include all protein and nucleic acid modifications
irrespective of their heritability.3! Epigenetic modifications can be found
throughout the central dogma of molecular biology.'® The most prominently
studied epigenetic modifications include histone modifications, chromatin

remodelling® and DNA methylation.

1.1.1.6 Epitranscriptome

The epitranscriptome is a term used to collectively describe modifications to
RNA.*3* The majority of RNA modifications reside in non-coding RNA and
are required for the highly specific structural conformations of these RNA

species. Relatively few modifications have been identified in mRNA.
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1.1.1.7 Nucleotide modifications

All types of nucleic acids have been shown to contain modified nucleotides in
addition to the unmodified nucleotides A, G, C, T, and U. These nucleotide
modifications play important regulatory roles by impacting the structure of the
nucleic acid and affecting the way in which it interacts with other biological
molecules.?* The majority of nucleotide modifications are methylations. The
small size of this modification means it is non-mutagenic, and does not

unintentionally inhibit the translational machinery.

1.1.1.7.1 Modified nucleotides in DNA

The most common and well-studied DNA modification is 5-methylcytosine
(5mC) (Figure 6).2* This modification, discovered in 1951,% is primarily
located within the promoter of genes at CpG sites (CpG islands). 5mC is
recognised by ‘reader proteins’ that specifically bind to the nucleotide and
regulate the expression of the gene.33 Promoter localised 5mC represses
gene expression, whereas, 5mC that is located in the gene body has been
shown to promote gene expression,® and regulate the positioning of the
nucleosome.*® 5mC methylation is a dynamic and reversible modification that
is converted back to unmodified cytosine by dioxygenase enzymes.** 5mC
functions in a range of biological processes including X-chromosome

inactivation*? and genomic imprinting.*

Another DNA modification, 6mA (Figure 6) has been the subject of relatively
little research. 6BmA functions as a mechanism of cellular defence in bacteria,**

and also regulates gene expression in prokaryotes and eukaryotes.*>
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Additional DNA modifications have also been identified including 4mC,*

5hmC,*! 5fC,*! and 5caC.*®
NH, S NH
| SN N SN
o ¢« 1
HO HO N
(6] :O:
OH OH
SmC 6mA

Figure 6: Structures of the modified nucleotides in DNA: 5mC and 6mA.?

1.1.1.7.2 Modified nucleotides in non-coding RNA

Over 150 unique chemical modifications have been identified in RNA of
which more than 60 have been identified in mammals.*® RNA modifications
are considerably more prevalent that DNA modifications, however, despite
this they have historically been the subject of relatively little research. The
majority of RNA modifications reside in tRNA and rRNA molecules. tRNAs
are particularly highly modified with an average of 13 modified nucleotides

per tRNA molecule (Figure 7).%
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HO

HO.

Figure 7: Modified nucleotides in yeast phenylalanine tRNA.13 out of the 94

nucleotides are modified.>°

1.1.1.8 Modified nucleotides in mMRNA

Despite the prevalence of modifications in non-coding RNA, very few
nucleotide modifications have been identified in MRNA. mRNA modifications
were first identified in the 1970s,%* however, they were thought to have limited
biological significance due to technological limitations preventing their study.
With the advancement of RNA sequencing technologies, the presence of a
small number of modified nucleotides in MRNA have now been confirmed

and their fundamental biological roles are beginning to be uncovered.®
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1.1.1.9 m®An: methylation of the 5° cap

In addition to the 5°- m’G cap, certain transcripts in higher eukaryotes are
further modified at their 5°- end. The ribose sugar of the first 2 nucleotides
adjacent to m’G can be methylated (Nm). Cap-0 transcripts contain no Nm
ribose methylation, Cap-1 transcripts are Nm methylated at the first nucleotide,
and Cap-2 transcripts are Nm methylated at the first 2 nucleotides.®> CMTR1
and CMTR2 catalyse the methylation of Cap-1°% and Cap-2°* nucleotides

respectively (Figure 8).
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fo) o) 0 Base
0 I I I
O—II’—O—II’—O—II’—O o
HN NN o O O
v’
\r | /> 0 OH Base
HN N* 1
\ CAP-0 0=P=07_ o
(0] O
(I) OH
O=1I)—O
CMTRI1 O %
OH OH
o) le) fe) Base
0 I I I
O—lI’—O—ll’—O—IIJ—O 0
H,N N (on O O
’ \(/ | N> o) o) Base
HN T | ~
=pP—
\ CAP-1 0=F70 0
(0] (o}
(I) OH
Ozll)_o‘z‘,_
‘ CMTR2 o
OH OH
o) o) Base
o I I I
O-P—-0-P—0-P—-0O 0
H,N N (I) 6 6
’ \(/ | N/> o) o) Base
HN N | ~
\ CAP-2 O=l|’—O o
(0] O
KN
O0=P-0
L%

Figure 8: Ribose methylation of cap adjacent nucleotides. Cap-1 transcripts
are Nm methylated at the first nucleotide by CMTR1%%.Cap-2 transcripts are

also Nm methylated at the second nucleotide by CMTR2.%*

If the first nucleotide of a Cap-1 transcript is an adenosine (Am) then this
nucleotide can be further methylated to m®Am, these transcripts are referred to
as being Cap-1 m®An modified (Figure 9).2%°5° This methylation is catalysed
by the methyltransferase PCF1.5->° The cap adjacent modifications have been
shown to play a number of roles in the regulation of gene expression,
including stabilisation of the RNA and promoting translation. Nm methylation

is also used as a mechanism to distinguish self from non-self RNA. 506!
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Figure 9: m®Ay, methylation. If the first nucleotide of a Cap-1 transcript is

adenosine, then this nucleotide can be further methylated to m®Am by PCF1.5~

59

In addition to m’G methylation, it has been shown that the 5’ guanosine cap
can be hypermethylated to 2,7-dimethylguanosine (m?’G), and 2,2,7-
trimethylguanosine (m?2’G) in certain viral mMRNAs and eukaryotic

snoRNAS.52

1.1.1.10 Internal MRNA modifications

In addition to modifications adjacent to the 5° cap, a number of internal
modified nucleotides have also been identified in MRNA. Our knowledge of
internal modifications to mRNA is limited. Pseudouridine (¥),%%%* 5-
methylcytidine (m°C),>1% 5-hydroxymethylcytidine (hm°C),%® N*-
acetylcytidine (Ac*C),%” Inosine (1),%8 N8-methyladenosine (m°®A),> N1-
methyladenosine (m*A),% and 2'-O-methylation (Nm)™ are currently the only
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internal modified nucleotides to have been identified in mMRNA (Figure 10).
However, due to limitations in the sequencing technologies of these
nucleotides there is an ongoing debate about how abundant these
modifications really are, and whether these modifications have any biological

relevance or are they just non-functional artefacts present in the mRNA."

)OL NH, NH, HN
HN™ "NH | SN HO | SN | SN
NS
(6] N/go N/go N’&o
HO HO HO HO
(0] (0] o (0]
OH OH OH OH OH OH OH OH
Pseudouridine m’C hm’C ac*C
0 “NH NH
N N X N
¢TI " ¢TI 7
J J -
N N N N N N Base
HO HO HO HO
(0] (6] (6] (6]
OH OH OH OH OH OH OH O\
Inosine mlA m'A 2'-OMe

Figure 10: Internal modifications of mMRNA. Pseudouridine (¥),%3%4 5-
methylcytidine (m°C),%+% 5-hydroxymethylcytidine (hm®°C),%® N*-
acetylcytidine (ac*C),% inosine (1),% Né-methyladenosine (m°®A),% N1-

methyladenosine (m*A),% and 2’-O-methylation (Nm).™

1.1.1.11 m°A

mOA is the most abundant internal modification of mMRNA. It is formed by the
addition of a methyl group to the N-6 position of an adenosine base (Figure
11). m®A is highly conserved throughout eukaryotes. Many components of the
m°A methyltransferase complex have been identified (Figure 11),’>"* along

with RNA binding proteins that specifically target m°A.>%77® There is also
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evidence to suggest that the modification is reversible as two potential méA

demethylase enzymes, ALKBH5 and FTO have been identified (Figure 11).7
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Figure 11: m°A methylation is catalysed by a methyltransferase complex
consisting of METTL3,”2 and METTL14,” together with WTAP and
additional complex members. m®A can be converted back to adenosine by the

demethylase enzymes ALKBHS5 and FTO.””

mOA plays important regulatory roles at almost every stage in the life of an
mRNA including splicing,! polyadenylation,? nuclear export,>* stability,®
translation,®® and degradation.>® The importance of m°A in gene regulation is
demonstrated by the devastating effects caused by overexpression and
mutagenesis of the writers, erasers, and readers of m®A. mPA is essential for
normal development of eukaryotic organisms, and is involved in the
maintenance and differentiation of stem cells,”"® the circadian clock,”® and
the immune response.®-8 Abnormal levels of m®A have been associated with
the development of a number of cancers including acute myeloid leukaemia

(AML),24#® glioblastoma,®8” and breast cancer.®

1.1.1.11.1 m®A stoichiometry

There are many copies of each mRNA transcript. For a specific mRNA only a

fraction of the transcripts will contain the m8A modification. For example, a
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specific nucleotide position in bovine prolactin pre-mRNA contains the méA
modification in 24 % of transcripts and adenosine in the remaining 76 %
(Figure 12).2° Early estimates suggested that m®A sites are methylated in
between 20-90 % of transcripts,® however, m°A fractions that are
significantly lower have since been identified. %

5’ 3’
76 % adenosine

. @ )

24 % m°A

Figure 12: m°A stoichiometry. A specific nucleotide position in bovine
prolactin pre-mRNA contains the m®A modification in 24 % of transcripts and

adenosine in the remaining 76 % of transcripts.®°

The stoichiometry of an m®A site is very important. The amount of a transcript
that needs to be methylated will depend on the particular role of the m°A
residue. If the m®A mark is signalling for transcript to be degraded, then a high
mOA stoichiometry would be required to influence the levels of the particular
mRNA within the total MRNA pool. If, however, the m®A mark is signalling
for the transcript to be preferentially translated, or alternatively spliced into a
different isoform, then even a very low m°®A stoichiometry could have a very
important biological significance. Furthermore, methylation of RNA comes as
a reasonably high energetic cost, so it is likely that m®A methylation, even

when at low levels, is playing an important biological function.®
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1.1.1.12 A brief history of m°A research

1.1.1.12.1 Discovery of m°A

mSA methylation of mMRNA was first discovered in mouse cells in 1974.%
Despite being known about for over forty years, m8A has only recently come
to the forefront of molecular biological research. At the time of its discovery,
many modified nucleotides had already been identified in tRNA and rRNA,
however difficulties in purifying mRNA from non-coding RNA made analysis

of MRNA methylation impossible.

Thankfully, stringent MRNA purification techniques using poly(T) cellulose
were soon developed which allowed analysis of mMRNA methylation. RNA
methylation was measured by growing cells on [3H]-methionine which was
incorporated into S-adenosylmethionine (SAM) which is the methyl donor for
nucleotide methylation. Using this method, methylation of the 5° cap at the 2’
ribose position was identified along with m°A at internal positions within the
mRNA.% Soon after its discovery in mice, m®A was identified in human

cells,> viruses,®*% and plants.%%

Not long after its discovery m°A was shown to be restricted to the consensus
sequence of [A/G]-m°®A-C.% This indicated that m®A was a targeted
modification and not an artefact of unrelated chemistry. Subsequent studies
have expanded the consensus sequence to the DRACH consensus motif

([G/AIU][G/A][MSAC[U>A>C]).%% 10t

29



1.1.1.12.2 Difficulties in m°A research

Despite being discovered in the 1970s, studies regarding m®A were limited.
This is because technological limitations made detection and analysis of m®A
extremely difficult. Additionally, many academics in the field remained
sceptical about whether the identified m®A actually originated from
contaminating non-coding RNA due to doubts over the quality of the mRNA
purification techniques. The m®A modification was also believed to be
biologically irrelevant as no functional role had been attributed to the

modification.1%2

1.1.1.12.3 Revival of m°A research

Over the next few decades a small number of research groups continued to
pursue studies into the m®A modification with the m®A methyl transferase
complex being partially identified in 1997.72 The discovery of the
methyltransferase protein allowed research into the biological function of méA

and was shown to be an essential process in eukaryotes.'%

Interest in m®A was suddenly revived in 2012 after a number of important
discoveries. The protein FTO (Fat mass and obesity associated) was shown to
act as an m®A demethylase’’ which led to the hypothesis that mPA is a
dynamically regulated modification that can be continuously tweaked in order
to regulate gene expression. Soon after this discovery, two research groups
developed a novel method for the transcriptome wide mapping of m°A using a
combination of m®A immunoprecipitation and RNA sequencing (m°A-
Seq/MeRIP-Seq).1?12 These experiments showed for the first time the

abundance of the modification and made certain that the m°®A originated from
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mRNA. These advances brought m°A back into the limelight and led to

significant advances in our understanding of m®A and the epitranscriptome.

1.1.2  Detection and quantification of
meA

Since its discovery, it has proved extremely difficult to accurately detect and
quantify m®A. Accurate transcriptome wide mapping and quantification of
mSA will be hugely beneficial to our understanding of the modification,
allowing mutagenesis of individual m®A residues which will help determine
the functional activity of the modification in different cellular and sequence

contexts.

1.1.2.1 Quantifying total m®A levels

A number of methods can be used to quantify the total levels of m®A in an
MRNA sample. These include the use of thin layer chromatography
(TLC),"*1%4 mass spectrometry,’® and HPLC.1% These are reliable methods of
m°A quantification; however, they are time consuming and labour intensive,
and it is difficult to ensure that all contaminating non-coding RNAs have been
removed from the sample. Most importantly these methods are unsuitable for

the site-specific detection and quantification of m°A %2104

1.1.2.2 Site-specific m°A sequencing

RNA sequencing is a commonly used molecular biology technique which
determines the nucleotide sequence of RNA molecules.’®® Certain modified
nucleotides can be directly identified by RNA sequencing for example inosine,
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which is reverse transcribed as if it were guanosine, allowing site specific
detection of the modification.'®” However, standard RNA sequencing

technologies are unable to differentiate between adenosine and m°A.

Another possible method of m®A sequencing would be to chemically treat the
nucleotide to form another known base. This method is used to sequence the
5mC/m°C modification in DNA and RNA, whereby the nucleic acid is treated
with bisulphite which converts cytosine residues to uracil, whilst 5mC
residues are unaffected. The C to U mutations in the cDNA are identified by
sequencing.i®® However, currently no chemical treatment has been shown to

convert m8A to another common base.

1.1.2.3 Antibody based transcriptome mapping of

m°A
1.1.2.3.1 Me-Rip Seq

In 2012 a new ground-breaking method of m®A sequencing called MeRIP-Seq
was developed. MeRIP-Seq involves fragmentation of the mRNA followed by
immunopreciptation using an anti m®A antibody. RNA sequencing and is then

used is used to identify fragments that contain m®A (Figure 13).1213

The main benefit of this method is that it provides the sequence context of the
modified nucleotide, which ensures that the m°A originated from mRNA and
not contaminating non-coding RNA. Similar methods have since been

developed for the detection of other mRNA modifications including m*A and

inosine.5%10°
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Figure 13: MeRIP-Seq sequencing of m®A. The RNA is fragmented and

immunoprecipitated using an anti m®A antibody. m°A containing fragments

are then identified by RNA sequencing.?3

Me-RIP-Seq was the first method to give a global view of m®A throughout the
transcriptome, identifying approximately 12,000 m°A sites in the mRNA and
IncRNA of human cells?. This showed for the first time the extent of the m®A
modification and led to a plethora of studies in the field. An interesting
observation from these results is that only ~25% of transcripts appeared to
contain the m®A mark and ~10 % of the m®A consensus sites are methylated

showing that the modification is highly selective. m®A sites were found to be
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primarily enriched in the 3> UTR however m®A peaks are also found at exon
junctions, and the 5> UTR (many of these 5° UTR m°®A peaks have since been

identified as mbAm).12 4

Unfortunately, there are a number of limitations to the MeRip-Segq method.
Firstly, it is unable to detect the precise location of the modification as is
limited to a resolution of approximately 200 nucleotides, the exact location
can only be predicted by identifying the m®A consensus motif (DRACH)
within the region known to contain m®A.% Secondly, MeRIP-Seq is unable to
quantify m®A levels. Additionally, Me-Rip Seq is also unable to identify

multiple closely located m®A sites (m°A clusters).*3

1.1.2.3.2 MICLIP Seq

In an attempt to identify m8A at a single nucleotide resolution, an improved
version of MeRIP-Seq, named miCLIP (m®A individual-nucleotide-resolution
cross-linking and immunoprecipitation) was developed.?** The method
involves UV induced crosslinking between m®A and the anti m®A antibody,
followed by reverse transcription. The crosslinking results in mutational
signatures at the site at which the antibody was bound which are used to
identify m°A at a single nucleotide resolution. However, as with MeRIP-Seq,

MICLIP is also unable to quantify levels of m°A.

A similar method has also been used to detect m°C in which the m°C writer,
NSun2 is crosslinked to its binding sites on the mRNA. This results in

mutational signatures that are identified by sequencing.*
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1.1.2.3.3  Problems with the m®A antibody

It has recently come to light that the anti m®A antibodies used in MeRIP-Seq
and MICLIP are not as specific as it was first believed. The antibody has been
shown to display off-target binding to purine rich regions, generating false
positive results,''! and additionally is unable to differentiate between m8A and
mPAm ** The abundance and location of mPA peaks has varied considerably
between studies and experimental repeats using the MeRIP-Seq method,
however, this may be partly due to the unpredictable nature of the méA

modification and not entirely representative of the quality of the method.%

1.1.2.4 Antibody independent m°A detection

Due to the lack of specificity of the anti-m®A antibody, antibody independent
methods of m®A detection are in high demand. A number of such methods

have been developed in recent years.

1.1.241 SCARLET

One such antibody independent method of m®A detection is SCARLET (site-
specific cleavage and radioactive-labelling followed by ligation-assisted
extraction and thin-layer chromatography).®® The SCARLET method
(described in detail in sections 3.1.2) involves radiolabelling a single A/m°A
nucleotide and quantifying the relative levels of adenosine and m®A using thin
layer chromatography. The main benefit of SCARLET is its ability to
accurately detect and quantify m°A at a single nucleotide resolution. However,
this method is extremely time consuming, labour intensive and is only capable

of analysing a single nucleotide site at once.!*2 Despite its obvious drawbacks,
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SCARLET will likely play an important role in research into méA. SCARLET
can be used to test and validate new m®A detection methods, and can be used
for small scale research into m®A sites, as it is currently the most accurate

method of mPA analysis.

1.1.2.4.2 4Se-dTTP based mPA detection

In 2018, Hong and co-workers developed an antibody independent method of
mOA detection. They utilised a chemically modified nucleoside triphosphate
(4Se-dTTP) (Figure 14), which causes truncation of reverse transcription
specifically at sites of m®A in the RNA template. The reverse transcription
products are sequenced and compared with a non-methylated control
(generated using the demethylase FTO) resulting in accurate mapping of the

m®A modification.!!?

o0 0
HO-P=0-P-0-P-0
OH OH OH Y
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Figure 14: Structure of 4Se-dTTP. Used for the detection of m°A in RNA.13

1.1.2.4.3 mPA sensitive nuclease enzyme

MazF is an E.coli toxin that possesses sequence specific endoribonuclease
activity. MazF makes a targeted cleavage at the 5’ of the first A in the
sequence motif ‘ACA’,*** however, is sensitive to m®A and is unable to cleave
RNA in the ‘m®A-CA’ sequence context.!® This specific enzyme has been
combined with RNA sequencing to map m®A throughout the transcriptome in
two independent methods ‘m®A-REF-seq’!'® and ‘MASTER-seq’.%
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These methods are both limited to the identification of m®A residues within
the m8A-CA sequence context which accounts for only a fraction of the total
mSA found in mRNA. Also, MazF has not yet been tested on RNA substrates
containing other modifications within the ‘ACA’ sequence motif such as m*A,

m°C, Am, m®Am, so may also exhibit sensitivity towards these modifications.

1.1.2.4.4 Metabolic labelling of m°A sites

Metabolic labelling involves the introduction of unnatural metabolites into the
metabolic pathways of cells. These metabolites can have unique chemical
features to aid the detection and study of particular biomolecules.!'” SAM is
the methyl donor of m®A methylation of mMRNA. A number of research groups

have developed SAM analogues for the in vivo detection of m°A.

The first example of this was a SAM analogue with an aryl group in place of
the methyl group.*® mRNA was extracted from cells and incubated with the
aryl-SAM and the methyltransferase proteins METTL3 and METTL14. The
methyltransferase proteins arylated the mRNA at specific adenosine residues.
The mRNA was then treated with iodine which promotes a cyclisation
reaction (Figure 15). The product of this reaction is incapable of nucleotide
base pairing so results in base mutations or truncations in reverse transcription
reactions. Sequencing of cDNA products can be used to detect and quantify

the exact location of the m®A modification.!!®
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Figure 15: a) Aryl modified SAM. b) Aryl modified adenosine is reacted with

iodine, the cyclised product results in reverse transcription mutations.8

More recently a similar study replaced the methyl group of SAM with a
propargyl group, and also the sulphur atom with selenium (the sulphur-
selenium substitution was used to improve the stability and activity of the
modified SAM) (Figure 16).1° The metabolite was introduced into HeLa cells
and the propargyl group was incorporated into mRNA by the
methyltransferase complex. The propargyl group is then reacted with azide-
biotin and purified with streptavidin magnetic beads. The modification is
sufficient to inhibit reverse transcription so sites of m®A are identified by

sequencing the cDNA products of the reverse transcription reaction.?
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Figure 16: a) propargyl modified SAM. b) propyl modified adenosine is
reacted with azide-biotin. This RNA modification results in stalling of reverse

transcription reactions.?
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1.1.2.5 Third generation m°A sequencing

Third generation nucleic acid sequencing is a new class of sequencing
methods in development.*?! Standard methods of nucleic acid sequencing
involve fragmentation of the nucleic acid followed by amplification.!?? In
contrast, third generation sequencing analyses the nucleotide sequence on a
single molecule level, without the need for amplification. The most common
third generation sequencing technologies are Nanopore and SMRT
sequencing.? Both of these methods are being developed for the sequencing

of nucleotide modifications including m°A in mRNA. 23124

1.1.2.5.1 Nanopore

Nanopore sequencing involves transferring nucleic acid through a nanopore
protein. Nanopore proteins are naturally found in the cell membrane where
they facilitate the transport of molecules in and out of the cell. In nanopore
sequencing the nanopore protein is placed into an electrically resistant
membrane and an ionic current is passed through the nanopore. The current is
disrupted as the nucleic acid chain passes through the nanopore. The
characteristic changes in the current are used to determine the sequence of the

nucleic acid.*?

There is great potential for nanopore technology, however, nanopore
sequencing currently has a high error rate when sequencing unmodified

nucleotides and is not yet fully optimised for the sequencing of RNA.*?
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1.1.2.5.2 SMRT sequencing

Single molecule real time (SMRT) sequencing uses nucleoside triphosphates
that are each linked to coloured fluorescent labels at their terminal phosphate.
Nucleic acid is amplified using a DNA polymerase enzyme and as a
nucleoside triphosphate is added to the growing chain the fluorescent label in
cleaved. The released fluorescent label is passed through a zero-mode wave
guide to a detector which determines the identity of the nucleotide based on

the colour of the fluorescent signal.*?

1.1.2.6 The future of m°A detection

Despite many mPA detection methods being developed in recent years there is
still a demand for new methods of accurate transcriptome wide mapping and
guantification of m®A. Such methods are essential for the progression of our

understanding of the m®A modification.

1.1.3  The m°A methyl transferase

complex (m°A writers)

mOA is deposited onto mRNA transcripts by a multi component
methyltransferase complex that uses SAM as the methyl donor.>1% |n
mammals the methyltransferase complex consists of the proteins METTL3,

METTL14, WTAP, KIAA1429, RBM15, HAKAI, and Zc3h13.
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1.1.3.1 METTL3

The first component of the methyltransferase complex to be identified was
METTL3.”? METTLS3 is highly conserved in eukaryotes and since its initial
discovery, functional homologs have been identified in Drosophila (Ime4),1?
Saccharomyces cerevisiae (IME4),'2" and Arabidopsis thaliana (MTA)".
Knockdown of METTL3 results in embryo lethality in both mice!?® and
plants,’* and results in increased levels of apoptosis in HepG2 (human liver
carcinoma) cells,'? and zebrafish embryos.? Drosophila flies lacking Ime4
survive to adulthood, however, have a range of developmental defects
including the inhibition of oogenesis, abnormal walking speed, locomotion,
the inability to fly, and altered male: female ratios due to disrupted sex
determination in females.'26139-132 Yeast can also survive without Ime4

however this results in the termination of sporulation.3

1.1.3.2 METTL14

20 years after the discovery of METTL3, a second methyltransferase protein,
METTL14 was shown to function in m®A methylation.”* METTL3 and
METTL14 join to form a stable heterodimer that has a considerably greater
methyltransferase activity than either of the proteins individually.” Initial
studies showed that METTL14 has a slightly higher methyltransferase activity
than METTL3 in vitro. However, it has now come to light that METTL3 is the
only catalytic component of the m®A methyltransferase complex. It has been
shown that METTL14 contains side chains within its putative SAM binding

pocket that sterically inhibit an interaction with SAM. METTL14 also lacks
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the essential aromatic residues required to facilitate an interaction with the

adenosine substrate. 13413

Instead of catalysing the methylation reaction, METTL14 functions as a
structural protein that stabilises the protein complex.®**1% A recent study has
shown that trimethylation of lysine 36 of histone H3 is a marker for méA
methylation of newly transcribed mMRNA. METTL14 directly interacts with
the methylated lysine residue and recruits the methyltransferase complex to

RNA polymerase 11.137

1.1.3.3 WTAP

WILMS TUMOUR1-ASSOCIATED PROTEIN (WTAP), a protein originally
known for its roles in alternative splicing®*® and embryo development**® was
the third protein to be implicated in the mammalian methyltransferase
complex. WTAP was first linked to the methyltransferase complex in a study
of its Arabidopsis homolog, FIP37 which was shown to interact with the MTA
methylase.”* Knock down of WTAP decreased m°A levels to a greater extent
than either METTL3 or METTL14. WTAP does not possess any
methyltransferase activity, instead it appears to function in recruiting
additional accessory proteins to the methyltransferase complex and targeting

the complex to specific sites in the MRNA. "3

1.1.3.4 Additional accessory proteins in the

methyltransferase complex

A number of regulatory proteins also play important roles in the

methyltransferase complex:
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e Slz1is ayeast protein that functions in shuttling the methyltransferase
complex from the cytoplasm to the nucleolus which is essential for
methylation and subsequent meiotic induction.®®

e KIAA1429 interacts with the methyltransferase METTL3.24 Silencing
of KIAA1429 in mammals, plants, and flies results in significant
reductions in m®A levels.3:14%.141 However, the mechanism by which
the protein is involved in m®A regulation is yet to be fully understood.

e Zc3h13 is a mammalian protein that recruits the methyltransferase
complex to the nucleus. Depletion of Zc3h13 expression results in a
significant reduction in m°A levels.1#2

e HAKAI is an E3-ubiquitin ligase that interacts with the
methyltransferase complex in mammals, Arabidopsis and Drosophila.
Knockdown of HAKAI significantly decreases m®A levels 141143144

e RBM15 and RBM15B are mammalian proteins that target the
methyltransferase complex to specific sites in the mRNA.2* RMB15
knockout in mice results in embryo lethality and a range of defects

related to the heart, spleen, and vasculature, 146147

1.1.4  Demethylation of m°A (m°A

erasers)

MRNAs are generally short lived with a high rate of turnover; they are
constantly being transcribed and degraded allowing the cell to rapidly alter its
protein output in response to changing conditions.?° For this reason, m®A was

assumed to be a static modification that could only be removed by degradation

43



of the methylated transcript. However, recent evidence suggests that the

modification may in fact be reversible.

1.1.4.1 FTO

In 2012, Jia and colleagues demonstrated that the human protein, Fat mass and
obesity associated protein (FTO) is able to demethylate m°A in vitro. They
also found that knockdown of FTO in human cell lines increased m°A levels
and overexpression of FTO decreased the levels of m°A.1%8 This led to the
hypothesis that m®A is not a static modification, but is instead a dynamic
process, governed by the activities of the m®A methyltransferase and
demethylase proteins. In vitro studies of FTO dependent demethylation of
mOSA showed that FTO oxidises m°A to form N8-hydroxymethyladenosine
(hmPA) and N°-formyladenosine (f®A) which converted back to adenosine
with a half-life of 2.5 hrs (Figure 17). Both hm®A and f°A were identified in

poly(A)+ RNA from human cells and mouse tissues.'*®
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Figure 17: FTO oxidises m°A to form hm®A and f°A in vitro. These molecules

were converted into adenosine under physiologically relevant conditions.#°



However, there is evidence to suggest that FTO is not actually an méA
demethylase. The catalytic activity of FTO towards m°A is considerably lower
than that of similar dioxygenase enzymes*>® and FTO does not preferentially
bind to, or demethylate m®A within its consensus sequence, DRACH.%015
Furthermore, MeRIP-Seq analysis of FTO knockout mice exhibited only a
small increase in the number of methylated transcripts. This indicates that the

in vitro m8A demethylation activity of FTO is not specific towards m®A 1%

It has since come to light that FTO actually functions as the demethylase of
m®Am. FTO demethylates m®Am with a catalytic efficiency around 100 times
higher than it does m®A.*%2 It was also shown that FTO will specifically
demethylate m®Am when incubated with a mixture of m8A and m®An

substrates.>

1.1.4.2 ALKBH5

Another candidate m°A demethylase is ALKBH5 which demethylates m°A
but not m®An, in vitro.”"152 ALKBH5 overexpression has been shown to
decrease m®A levels and conversely its knockdown increases m°A levels.
ALKBHS5 knockdown mice have been observed to have spermatogenesis
defects but are otherwise normal.”” ALKBH?5 is a nuclear localised protein,
whilst MRNA transcripts are transported to the cytoplasm soon after
transcription, this means the m°A demethylation activity of ALKBH5 must
take place either on the nascent pre-mRNA, or soon after the mature mRNA is

synthesised.”’
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FTO and ALKBHS5 are members of the non-heme Fe(ll)- and o-KG-dependent
dioxygenase AIKB protein family. FTO and ALKBH5 have been shown to
have unique structural elements, a nucleotide recognition lid domain, and L1
loop domain, these features may provide the methylases with specificity

towards m®Am and mPA respectively.'53:1%4

1.1.4.3 Functional role of MRNA demethylation

Only a small percentage of transcripts are demethylated, despite the ubiquitous
expression of FTO and ALKBH5.1% Future research will attempt to

understand the mechanisms that determine which transcripts are demethylated.

1.1.4.1 Programable RNA methylation

Liu and colleagues (2019) developed a method for the manipulation of méA
levels at specific sites within the mRNA, without effecting the primary
nucleotide sequence.'® They engineered an artificial m®A writer protein by
fusing the catalytic domains of METTL3 and METTL14 to CRISPR-Cas9. In
a similar manner, they engineered an artificial m®A eraser proteins using either
ALKBHS5 or FTO. These artificial writer and eraser proteins are targeted to
specific sites within the mMRNA using a sequence specific guide RNA
(sgRNA).® This allows the study of single m°A sites and will be a valuable

tool for uncovering the role of the m®A modification.

These artificial writer and eraser proteins are predominantly localised in the
cytoplasm,®®® whereas METTL3 and METTL14 are naturally located in the
nucleus.”" mPA regulates a number of nuclear localised processing events

that occur early in the life of the mRNA (such as splicing,* polyadenylation,?
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and nuclear export)®* which will not be affected by these artificial m®A writer

and eraser proteins.

1.1.4.2 Future research into m®A writers and

€erasers

Over the last few years our understanding of the writers and erasers of méA
has improved significantly. Despite this there are still a number of unanswered
questions. Many scientists in the field have predicted that there is much
greater complexity to the methyltransferase and demethylase complexes and it
is likely that in the coming years additional proteins and regulatory RNAs will
be identified as writers and erasers of m®A.%2 Identifying these proteins and
the precise mechanism by which they act will be of great importance. In order
to achieve this, it will be important to have a method to accurately detect and

quantify meA.

1.1.5 m®°A mechanism of action (m°A

readers)

Many biological functions have been attributed to m®A with regulatory roles at
almost every stage in the life cycle of the mRNA including splicing,*
polyadenylation,? nuclear export,>* stability,® translation,®® and
degradation.>® However, the exact mechanisms by which m®A acts remains
elusive. This is largely due to technological limitations, for instance, methods
to artificially manipulate mA levels at specific nucleotide positions are
limited,*® and methods for the detection and quantification of m®A require

significant improvement. Compounding the problem is the fact that the
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function of an individual m®A residue appears to depend on a range of factors
including the location of the modification within the transcript, the specific
tissue the mMRNA resides in, the levels of stress that the cell may be facing, and

the mechanism by which m°A is recognised.®?

1.1.5.1 m®A functions via RNA binding proteins

RNA binding proteins are proteins that specifically recognise and interact
with RNA molecules and play fundamental roles in post transcriptional
processes.?2 RNA binding proteins interact with RNA molecules via their
RNA binding domains which recognise RNA molecules based on either their

nucleotide sequence or their three-dimensional tertiary structure.

There are a number of mechanisms by which RNA binding proteins could
potentially interact with m®A: 1) proteins may directly bind to m®A. 2)
proteins binding may be inhibited by the modification. 3) Changes to the
mRNA secondary structure caused by the presence or absence of m°A could

regulate binding between the protein and the RNA.

To date a number of m®A binding proteins (m°A readers) have been identified
that either directly or indirectly bind to m®A modified RNA. Reasonable
progress has been made in understanding how these proteins recognise m°A
and the biological role that they play. m®A readers include: YTHDF1,®

YTHDF2,° YTHDCL1,” IMP1,*" and HNRNPA2B1.%8
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1.1.5.2 YTH protein family

The YTH domain family are a group of proteins that selectively bind to m®A
containing transcripts.'>® These proteins all consist of a low complexity N
terminal domain and a characteristic C terminal YTH domain. The YTH
domain contains a hydrophobic pocket that is the acceptor site of the methyl
group of m®A.”™ Mammals have five YTH proteins, compared with thirteen in
Arabidopsis, and just two in Drosophila. The mammalian YTH proteins are
YTHDC1 and YTHDC2 which are nuclear localised, and YTHDF1, YTHDF2,

and YTHDF3 which are located in the cytoplasm.!®

1.1.5.3 YTHDF1, YTHDF2 and YTHDF3

YTHDF2 was the first m®A reader to be discovered. YTHDF2 specifically
binds to modified transcripts and targets them for degradation.® YTHDF2
recruits the CCR4-NOT deadenylase complex which functions in the removal

of the mRNA poly(A) tail, which is an important step in mRNA degradation.’

At a certain point during embryo development, the maternal genome is
replaced by the zygotic genome. This process involves removal of all
components related to the maternal genome.*®® YTHDF2 plays a key role in

this process by targeting m®A modified maternal transcripts for degradation. 6t

YTHDF1 has the opposite role to YTHDF2 as it promotes protein synthesis of
mSA containing transcripts.Y THDF1 facilitates ribosome binding to the

mRNA and recruits a number of translation initiation factors.®
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YTHDFS3 plays a role in both degradation and translation of m®A modified
transcripts by interacting with either YTHDF2 or YTHDF1. YHDF1 and
YTHDF2 share a large number of their target RNA targets and appear to work
together in order to positively and negatively regulate the levels of m®A

methylated transcripts, 162163

1.1.5.4 YTHDC1: an m°A dependent regulator of

splicing

YTHDCI1 is a nuclear localised m°A reader that regulates the splicing of
nascent mRNA. It was first suggested that m®A was involved in splicing by
Salditt-Georgieff in 1976 who observed that the average number of m°A
residues per transcript was higher in nuclear pre mRNA (~4 residues) than in
mature cytoplasmic mMRNA (~2 residues) and suggested that the m°A
methylated nucleotides were lost during splicing.'®* meA levels are
significantly higher in transcripts that undergo alternative splicing and m®A

peaks accumulate at the 5° and 3 splice sites of nascent pre-mRNA.*213

YTHDCI1 regulates alternative splicing of m®A modified transcripts by
recruiting various splicing factors to the mRNA.! YTHDC1 recruits SRSF3 to
the m%A modified mRNA to promote exon inclusion and recruits SRSF10 to
have the exon removed from the mature transcript.>%® YTHDC1 also
promotes transport of mature m8A modified transcripts from the nucleus to the
cytoplasm. This nuclear exported is facilitated through interactions with

SRSF3 and NXF1 (nuclear RNA export factor 1).2
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1.1.5.5 IMP proteins

IMP1, IMP2, and IMP3 are a novel class of m®A reader proteins in humans.
The IMP proteins have been shown to stabilise m®A containing transcripts,
resulting in increased levels of transport and translation. Thousands of high

confidence methylated targets of the IMP proteins have been identified.’

1.1.5.1 elF3 — Cap independent translation

Under normal conditions, protein translation is initiated by the eukaryotic
initiation factor 4E (eIF4E) that binds to the 5°- m’G cap and recruits the 43S
ribosomal complex.t®® However, during cellular stress, translation can occur
independently of the 5°- cap in an m®A dependent manner.'®” Eukaryotic
initiation factor 3 (elF3) binds to an m®A residue at the 5°- of certain
transcripts known as an m°A induced ribosome engagement site (MIRES).®
eiF3 recruits the 43S ribosomal complex to the mRNA to initiate translation.
This process occurs independently of the m’G cap and elF4E and is known as

cap independent translation.

During cellular stress increased levels of m8A are observed in the 5> UTR.8 It
is hypothesised that cap independent translation allows a different set of
proteins to be synthesised as a response to cellular stress, whereby m®A marks

a subset of transcripts for preferential translation.'®

1.1.5.2 METTL3 as an m°A reader

In a recent study, METTL3 has been shown to be both a reader and writer of

mSA. METTL3 appears to enhance translation of méA containing transcripts.
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The methyltransferase activity of METTL3 comes from the C terminus of the

protein, whereas the reader function is from the N terminus.°

1.1.5.3 HNRNPA21B

HNRNPA2B1 has been identified as a nuclear reader of m®A. This protein has
been linked to alternative splicing of m®A containing mMRNAs. HNRNPA2B1
has also been shown to regulate the processing of m°A containing miRNAs,

by interacting with the miRNA processing enzyme DGCR8.1%8

1.1.5.4 Indirect m°A readers (the m®A switch)

mOA has been shown to have significant effects on RNA secondary structure
and has been shown to destabilise both RNA/RNA and RNA/DNA base
pairing.’>* This destabilisation is caused by the N-methylamino group of m®A
being forced to rotate into a high energy anti conformation in order to base
pair with uracil (Figure 18).1410 A single m°A residue is sufficient to

destabilise an RNA duplex and promote the formation of single stranded

RNA 171
“NH HNT
N N
AW <1 )
o} [N N 0 NN
2 0 %
o—ll)—o o _ O—IIJ—O 0
O O
~O0 OH ~0 OH
syn anti

Figure 18: m®A base pairing. In order to base pair with uracil, the N°-
methylamino group of m®A must rotate from its natural syn conformation to

the energetically less favourable anti conformation.*’
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The changes in RNA structure caused by m°A can alter the interactions
between the mMRNA and RNA binding proteins. The binding motifs on RNA
transcripts can be hidden within the complex folds of the RNA molecule.
Therefore, mMRNA structure can allow or inhibit access to the RNA binding
protein. This recently discovered phenomenon of proteins indirectly binding to

m°®A is known as the m®A switch (Figure 19).1/2173

a) L b)
RNA binding
protetn RNA binding
protein
'
A X méA
RNA binding
motif
37
PHN A 5 RNA binding

motif

Figure 19: The mPA switch. a) the RNA binding protein is unable to access the
RNA binding motif. b) m®A destabilises the RNA base pairing. The RNA
binding motif is now single stranded allowing the RNA binding protein to

bind (Adapted from Liu and Pan 2016).174

HNRNPC is an example of an indirect m°A reader that functions in post
transcriptional processing of mRNA transcripts. HNRNPC binds to U tract
motifs (repeats of at least 5 uridines), however, these motifs are often located
in the stem of stem loop structures which prevents HNRNPC binding.1”> m°A

methylation within the stem destabilises the base pairing, resulting in a single
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stranded U tract motif, facilitating HNRNPC binding.1"3"8177  Approximately

40,000 HNRPC based mPA switches have been identified in mMRNA.73

1.1.5.5 m®A can inhibit RNA binding proteins

The m®A modification has been shown to inhibit certain RNA binding proteins
which preferentially interact with unmodified transcripts. G3BP1 is a stress
granule protein that is inhibited by the presence of m®A in transcripts. The
m°A dependent binding of G3BP1 appears to stabilise the unmodified RNA

transcripts, preventing their degradation.'’®

1.1.6  Biological consequences of m°A

The ability to profile m®A levels throughout the transcriptome combined with
our understanding of m8A writers, erasers, and readers has provided the tools
for elucidating the biological role of m®A. Over the last few years a number of

studies have linked m®A to biological functions and disease.

1.1.6.1 Stem cell reprograming

Stem cells are undifferentiated cells which undergo self-renewal and are able
to differentiate into other cell types.” There is a clear link between m®A and
the regulation of stem cells, however, the mechanism of action is not yet
understood. The majority of embryonic stem cell related transcripts are méA
methylated which has been shown to reduce the half-life and abundance of
these transcripts.*?® The mechanism by which mPA destabilises these
transcripts is unknown; however, it is possible that an méA binding protein

such as YTHDF2 selectively targets these transcripts for degradation.t®
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Undifferentiated stem cells are in either a ‘naive’, or ‘primed’ state. In naive
stem cells, m®A destabilises pluripotency-promoting transcripts, resulting in
differentiation.'® In contrast, in primed stem cells m°A destabilises
differentiation promoting transcripts, resulting in the maintenance of a

pluripotent state.’312

Zinc Finger Protein 217 (ZFP217), a transcription factor required for stem
cell reprogramming, interacts with METTL3 and prevents methylation of
genes involved in maintaining a pluripotent state including Nanog and Sox2.
This METTL3 inhibition indirectly protects these transcripts from being

destabilised and maintains the undifferentiated state of the stem cells.8!

1.1.6.1 Cancer

Cancer refers to a group of diseases that are caused by uncontrolled cell
division of abnormal cells.¥ For a cell to transform into a cancer cell, the
genetic regulation of cell growth and differentiation must be altered. A number
of studies have linked m°A to cancer development, with abnormal levels of the

m®A modification promoting self-renewal and proliferation of cancer cells.

Hypoxia in breast cancer cells has been shown to upregulate the expression of
the m°A demethylase ALKBH5.% The increased levels of ALKBHS result in
demethylation of NANOG mRNA transcripts, stabilising them, and protecting
them from degradation. NANOG is an oncogene (oncogenes promote the
growth and differentiation of cancerous cells) that supresses differentiation
and maintains the pluripotent state that is required for cancer progression.8®

Similarly, in glioblastoma (a type of brain cancer) ALKBHS5 is upregulated,
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resulting in demethylation of MRNA of the oncogene FOXML1, which protects

the transcript from degradation 887

In hepatocellular carcinoma (liver cancer) the methyltransferase METTTL3 is
upregulated. This leads to increased methylation of the tumor suppressor
SOCS? leading to its degradation via the m®A reader YTHDF2.18 METTL3 is
also upregulated in acute myeloid leukemia (AML) (cancer of the blood and
bone marrow), this increases methylation levels of a number of oncogenes
including MYC, however, in this case the m®A mark stabilises the transcripts

and promotes their translation.848°

m°A has also been associated with many other cancers including lung
cancer,'8 pancreatic cancer,®® gastric cancer,'® nasopharyngeal carcinoma,®’
colorectal cancer,® prostate cancer,®® and renal cell carcinoma.'® The strong
association between m®A and cancer development suggests that clinical
applications involving the modification may be developed either for diagnosis

or therapeutic treatment of these diseases.t

1.1.6.1 Xist m°A mediated silencing

X chromosome inactivation is the random silencing of one of the X
chromosomes in female mammals. This process is regulated by XIST, a
nuclear non-coding RNA (ncRNA) that coats the entirety of one of the X
chromosomes and recruits chromatin-modifying factors to facilitate the

silencing of the chromosome.*!

mOA plays a fundamental role in this process.}*® The m®A methyltransferase

complex is targeted to XIST RNA by RBM15 and RBM15B, resulting in high
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levels of methylation of the transcript.X*> A total of 76 m°A residues have been
identified within the XIST transcript and global m°A depletion has been
shown to inhibit X chromosome inactivation.'*® YTHDC1 binds to XIST m°A
and is also essential for X chromosome silencing, however, the exact
mechanism by which YTHDC1 promotes X chromosome silencing is

currently unknown.

1.1.6.2 Circadian clock

The circadian clock is an oscillation of approximately 24 hours that regulates
transcription, translation, and biological activity in coordination with the day-
night cycle.*® A number of studies have linked m®A with the regulation of the
circadian clock. Many circadian clock genes and clock regulated transcripts
contain the m®A mark, and reducing global m°A levels by METTL3 silencing
has been shown to cause a delay in mRNA processing and an extension of the

circadian period.’98

1.1.6.3 The role of m®A in viral infection and the

Immune response

mOA in viral mMRNA appears to enhance gene expression by promoting
translation and enhances viral replication. HIV infection significantly
increases the levels of m®A in the mRNA of both virus and the host.1931%4
There is the potential to develop antiviral therapeutics which specifically

inhibit viral m8A.19
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1.1.6.4 m®A and miRNA

There is a link between the presence of m®A and miRNA binding sites on
mMRNA transcripts. 67 % of transcripts with at least 1 m°A residue in their 3’
UTR contain an miRNA binding site.®® This is particularly interesting as only
~30 % of genes have a miRNA binding site in their 3’UTR.1% This is
evidence to suggest that m®A may play a role in the regulation of miRNA
induced mRNA silencing. m°A has recently been shown to play a key role in

miRNA biogenesis.%

1.1.7  Concluding points

In recent years the study of the epitranscriptome and in particular m°A has
seen significant progress. It is likely that as new and improved methods of
mapping RNA modifications become available, there will be a shift from
locating these modifications to determining the exact biological roles they
play. This will give us a greater understanding of how abnormalities in these
modifications lead to disease. Replacing MeRIP-Seq and MiCLIP with more
accurate and reliable methods of m®A detection and quantification will be a
major step forward in m®A research. It is possible that an improved knowledge
of RNA modifications will lead to the development of new therapeutic
approaches to the treatment of human diseases, potentially through artificially

manipulating the levels of these modifications.

The use of CRISPR-Cas9 for m®A editing will likely become a common
procedure in m°A research. CRISPR-Cas9 can be used for the manipulation of

mOA writers, readers and erasers, and also for editing individual m®A residues
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by delivering m®A modifying proteins to specific sequences in the mRNA. %
However, this will first require an accurate and quantifiable method of méA

detection.%?

mOA is the most clearly understood internal modification of mMRNA though
this does not necessarily mean meA is uniquely important. It largely reflects
the fact m®A it is the most prevalent internal modification of mMRNA and
therefore has been the primary focus of research.®? The current knowledge of
m8A writers, erasers and readers allows researchers to easily modify the
landscape of the m®A modification which makes experimental design
significantly easier. For these reasons research into m®A has been considerably
greater than other epitranscriptomic modifications. It is likely that in the
coming years as methods of analysing RNA modifications continue to
improve, we will learn more about the less well understood mMRNA
modifications such as pseudouridine, inosine, m*A and m°C and can hopefully
learn from the struggles found in researching m®A. First it will be important to
identify the writers, readers and erasers involved in the maintenance of these
modifications. This is a rapidly expanding field and it is likely that novel
mRNA modifications will continue to be discovered as technology continues

to improve the sensitivity and precision of detection.
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1.2 Aims and objectives

1. Synthesis of modified oligonucleotides

The Hayes research group has developed a method for the single step
synthesis of alkylated nucleoside phosphoramidites.®” We aim to use this
method to synthesise a range of biologically relevant modified nucleoside
phosphoramidites to be incorporated into oligonucleotide chains. We will use
these modified oligonucleotides for a range of collaborative research projects
to study the biological activity of these modifications. These oligonucleotides
will also be used to test out the novel methods of m8A detection described in

this thesis.

ii. Develop an improved version of the
SCARLET method of m°A detection

SCARLET® has been described as the ‘gold standard’ of m°A detection and
quantification.! Despite this there are very few examples of this method being
used in the literature and there are examples of this method producing
unusable and unreliable results.* We have identified a number of inefficient
and unsuitable steps in the SCARLET protocol that we believe can be
improved upon. We aim to develop a new method of site-specific detection
and quantification based on the SCARLET method. We also aim to use these
methods to detect and quantify m®A at specific sites in the zipcode sequence
of the B-actin mRNA in an attempt to elucidate the mechanism by which m®A

regulates the processing of this transcript.
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lii.  Determine whether the modified nucleoside
(PhSeT) can be utilised for m®A detection

Previous work in the Hayes and Fray research groups has shown that a
modified nucleoside (PhSeT)*’ selectively crosslinks with adenosine and not
N®-methyladenosine under oxidative conditions. We aim to test whether this
selective crosslink is maintained in a poly nucleotide sequence context and
determine whether we can utilise this modified nucleoside for the site-specific

detection and quantification of méA in mRNA.

iv. Develop reverse transcription-based methods
of m°A sequencing

The majority of reverse transcriptase enzymes are unable to differentiate

between adenosine and mPA.%6 We aim to identify a modified nucleoside

triphosphate that stalls reverse transcription specifically at sites of m®A in the

RNA template.
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Chapter 2. Synthesis of
modified

oligonucleotides

Overview: Oligonucleotides containing modified nucleotides have a range of
biological applications. They can be used to study the functional role of the
modification and as biological probes to identify proteins, and nucleic acid

sequences that interact with the modification.

In this chapter we describe a one-step synthesis of alkylated phosphoramidites
which can be incorporated into synthetic oligonucleotides. We synthesise
oligonucleotides modified at their 5° end with either adenosine, Am, or m®An
which will be used to identify proteins involved in the regulation of the 5’ cap
of MRNA. We synthesise m®A modified, random sequence oligonucleotides
which will be used in a SELEX based assay to identify the sequence
specificity of m®A binding proteins and anti-m°A antibodies. Finally, we
synthesise m®A modified oligonucleotides corresponding to the zipcode
sequence of chicken B-actin mRNA, to determine the effect of m®A on ZBP

protein binding.
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2.1 Introduction

2.1.1 Modified oligonucleotides

Oligonucleotides containing modified nucleotides have a range of important
biological applications. They can be used as biological probes to identify and
study molecules such as nucleic acids and proteins that interact with the
modification. m®A modified oligonucleotides are valuable research tools that
can be used for the study of m®A writer, reader, and eraser proteins, and anti-
mPA antibodies. m®A modified oligonucleotides can also be used to test newly
developed methods of m®A sequencing. Throughout this thesis a number of
chemically modified oligonucleotides are utilised for the study of RNA

modifications.

2.1.2  Synthesis of modified RNA

oligonucleotides

There are three approaches to synthesising modified RNA oligonucleotides:
solid phase chemical synthesis, post synthetic modification of

oligonucleotides, and in vitro transcription.

2.1.2.1 Solid phase chemical synthesis

Nucleotides are not sufficiently reactive to be used directly in oligonucleotide
synthesis and must therefore be modified to increase their reactivity.?
Nucleoside phosphoramidites are relatively stable molecules which can
undergo rapid nucleotide coupling. Nucleoside phosphoramidites contain a 3'-
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[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite group that provides the
reactivity required for nucleoside coupling. The nucleosides are also modified
with protecting groups to eliminate undesirable side reactions. Nucleoside
phosphoramidites are protected at their 5° hydroxyl group with 4,4'-
dimethoxytrityl (DMTT), the exocyclic amino groups of the bases are also
protected, and RNA phosphoramidites are protected at their 2° hydroxyl group

with TBDMS (t-butyldimethylsilyl) (Figure 20 and Figure 21).%

Base Base
DMTrO DMTrO

NC/\/O\P/O NC/\/O\P/O OTBDMS

Il](iPr)z IlI(IPl')z
Figure 20: The structure of DNA (left) and RNA (right) phosphoramidites.
The 5" hydroxyl group is protected with DMTr, the 3' position is modified with
a cyanoethyl group, and the 2' of RNA phosphoramidites is protected with a

TBDMS group.?
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Figure 21: The protecting groups of A, G, and C RNA phosphoramidites.?!

Oligonucleotides are synthesised by the sequential coupling of nucleoside
phosphoramidites in the 3” to 5” direction whilst bound to a solid support at
the 3 end. Each coupling step involves 4 successive reactions, detritylation,

coupling, capping, and oxidation (Figure 22).2
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Figure 22: Oligonucleotide synthesis cycle.?!

The first step is the removal of the 5 DMTr group from the support bound

Base

phosphoramidite using trichloroacetic acid. This yields a 5'-terminal hydroxyl

group that is ready to couple with the incoming phosphoramidite. The

nucleoside phosphoramidite to be coupled to the oligonucleotide chain is

activated by a tetrazole catalyst which protonates the diisopropylamino group

which is displaced by the 5’ hydroxyl group of the support bound

oligonucleotide.?
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Yields of the coupling reaction are very high, however, they are rarely
quantitative. This means that a small number of unreacted 5’ hydroxyl groups
are still available which must be capped to prevent them from taking part in
subsequent coupling reactions. This is essential in order to eliminate the
occurrence of deletion mutations in the oligonucleotide product. The capping
step involves acetylation of the free 5* hydroxyl groups using acetic anhydride
and N-methylimidazole. The coupling reaction produces an unstable phosphite
triester (P(111)) which is converted to the more stable (P(v)) species by an

iodine oxidation step.?!

Modified phosphoramidites can be synthesised that are compatible with
oligonucleotide synthesis chemistry.? m8A modified oligonucleotides can be

synthesised using an m°A phosphoramidite (Figure 23).1%

DMTrO

CN

k/O\ P/O OTBDMS
|
Y

Figure 23: Structure of m®A RNA phosphoramidite.%

2.1.2.2 Post synthetic oligonucleotide

modifications

Certain nucleotide modifications are incompatible with solid phase
oligonucleotide synthesis, and therefore the oligonucleotides must be modified
after synthesis. It is possible to synthesise m®A modified oligonucleotides by

post synthetic modification.'®® The oligonucleotide is synthesised with a 6-
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methylthiopurine nucleotide at the desired position which is oxidised using
the magnesium salt of monoperoxyphtalic acid and subsequently reacted with

methylamine to produce the m®A modified oligonucleotides (Scheme 1).1%

So
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s~ N o HNT
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<N | /) Oxidation ¥ methylamine <N | /)
o N . Osur . o N
«~ S\\ N
le) (6] (6]
<1 )
~O  OTBDMS N N/) ~O  OTBDMS
\IJO
(6]
(6] OTBDMS

«

Scheme 1: Synthesis of m®A modified oligonucleotides by post synthetic

modification.'®®

2.1.2.3 Invitro transcription

In vitro transcription utilises a polymerase enzyme to synthesise an RNA
molecule using a DNA template.?®® The DNA template contains a double
stranded promoter region to which the RNA polymerase binds, and a single
stranded region which determines the sequence of the RNA to be synthesised
(Figure 24). The RNA polymerase uses ribonucleoside triphosphates (rNTPS)
to synthesise the RNA molecule. Modified ribonucleoside triphosphates such
as mPATP can be used in place of the unmodified nucleoside triphosphates and

incorporated into the synthetic RNA,200:201
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RNA synthesis T7 pol
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transcription template
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5 I 3’
5’ I 3’
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transcribed RNA

Figure 24: In vitro transcription. T7 RNA polymerase binds to a double
stranded promoter region and transcribes and RNA template complementary

to the single stranded region.?*

2.1.2.4 Comparison of synthetic methods

The advantages and disadvantages of methods to synthesise modified RNA
oligonucleotides are summarised in Table 1. Solid phase chemical synthesis is
the most suitable method for synthesising m®A modified RNA as it allows the
synthesis of oligonucleotides of a defined length and sequence, containing any
number of m®A nucleotides, which is not possible using other methods.
However, this method is limited to short oligonucleotide sequences, and the
synthesis is time consuming due to the slow coupling times of RNA

phosphoramidites.
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Table 1: Comparison of methods to synthesise modified RNA

oligonucleotides.

Low error rate

Method Advantages Disadvantages

Solid phase e Compatible with e Length <50
chemical wide range of nucleotides
synthesis modifications e Time consuming

synthesis and
purification

Post synthetic

Difficult purification

Time consuming
Not compatible

transcription

Fast synthesis

modification ° ot c _
with incorporating
multiple different
modifications

In vitro e Long sequences e Few modifications

are compatible
High error rate?%
Single nucleotide
positions cannot be
modified

2.1.3

m°A phosphoramidite synthesis

NE-methyladenosine can be made using a number of synthetic approaches.

One method involves methylation of the N* position of the adenosine

nucleoside followed by an alkali mediated Dimroth rearrangement to produce

mSA (Scheme 2).29%-2% Another involves the nucleophilic aromatic

displacement of a 6-substituted adenosine derivative (Scheme 3).1%82% A third

option is to use Aritomo’s phase transfer catalysis method to methylate a

protected adenosine nucleoside (Scheme 4).2%
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Scheme 2: Synthesis of N°-methyladenosine using the Dimroth rearrangement

method 203-205
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Scheme 3: Synthesis of N®-methyladenosine by nucleophilic aromatic

substitution. 198206
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Scheme 4: Synthesis of N®-methyladenosine using Aritomo's phase transfer

catalysis method.?%’

In order to be compatible with solid phase chemical synthesis, the méA
nucleoside must then be converted into a phosphoramidite, requiring four

additional synthetic steps (Scheme 5).1%
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Scheme 5: Synthesis of the m®A phosphoramidite from the m®A nucleoside.%

Thankfully it is possible to synthesise the m®A phosphoramidite directly from
the unmodified adenosine phosphoramidite which is commercially available
and relatively inexpensive. This is achieved by direct alkylation of the
adenosine phosphoramidite using Aritomo’s phase transfer catalysis method
(Scheme 6).1%7297 This results in high yields of the phosphoramidite product as
well as the minor product of the N*-methyladenosine phosphoramidite. In this
chapter we use this chemistry to synthesise the m®A phosphoramidite along

with a range of other alkylated RNA phosphoramidites.

Bz,
z NH BZ\N,RZ BZ\N
|
N B N N R,
N R2X, SN j\)\N
<l < 2l
t
N N/) Bu,NBr, Ny /) <N . J
DMTrO — DMTrO DMTrO
o} 1M NaOH, o} 0
CH,Cly, 1t, 1 h
0. .0 OR
NC/\/ ll) NC/\/O\ l:/o OR, NC/\/O\IIJ/O OR,
N(Pr), N(Pr), N(P),
Major product Minor product

Scheme 6: Adenosine alkylation using Aritomo's phase transfer catalysis.?*’
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2.1.4 %A modified tRNA

tRNA molecules function in the decoding of mMRNA. tRNA molecules
recognise a three nucleotide codon sequences in mRNA using their
complementary anticodon sequence. This determines which amino acid is
added to the growing polypeptide chain. tRNA molecules have a distinctive
three-dimensional structure containing three hairpin loops, referred to as its

‘cloverleaf structure’. The ‘anticodon loop’ contains the three-nucleotide

anticodon (Figure 25).2°

Figure 25: The tRNA cloverleaf structure. The anticodon loop consists of

nucleotides 34, 35, and 36.2°

The majority of RNA modifications reside in tRNA. These modifications are
required for the specific three-dimensional structure of the RNA that is
essential for its function.?? One of the most common tRNA modifications is at

position 37 which is the nucleotide immediately 3’- to the anticodon.
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Modifications at position 37 stabilise base pairing between the codon and
anticodon, preventing frameshift mutations.?%® The most common
modifications at position 37 are t8A and m'G. i%A is also commonly found at
this position.?’® Mammalian tRNA-Sec-TCA contains the i®A modification at

position 37.21°

The synthesis of i®A modified oligonucleotides is challenging, however it is
possible to synthesise these molecules by post synthesis modification. The
oligonucleotide is synthesised with a 6-methylthiopurine nucleotide at the
desired position and is oxidised using the magnesium salt of
monoperoxyphtalic acid. The oligonucleotide is finally reacted with

isopentenylamine hydrochloride to produce the i®A modified product (Scheme

7).199
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Scheme 7: Post synthetic modification method for the synthesis of i°A

modified oligonucleotides.*®

A simpler method of synthesis would be to use an i°A phosphoramidite,
however, the double bond in the isopentyl group may be sensitive to the

repeated oxidation cycles of oligonucleotide synthesis. In this chapter we
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synthesise an i®A nucleoside phosphoramidite which will be used to test
whether this molecule is compatible with solid phase oligonucleotide synthesis

chemistry.

2.1.5 Random sequence

oligonucleotides

Systematic evolution of ligands by exponential enrichment (SELEX) is a
method of identifying oligonucleotides that interact with a specific ligand, for
example an RNA binding protein.?** SELEX requires the generation of a
random sequence oligonucleotide library. The oligonucleotides are composed
of an internal region consisting of a random nucleotide sequence, flanked by
conserved sequences at the 5°- and 3°- end to allow sequencing primers to
bind (Figure 26). The RNA library is exposed to the ligand of interest.
Sequences that bind to the ligand are enriched whilst non bound
oligonucleotides are washed away. The oligonucleotides that bind to the

ligand can be identified by RNA/DNA sequencing.?*213

Random sequence region

5’ ——— e 3’
Conserved sequence Conserved sequence
(primer binding) (primer binding)

Figure 26: Structure of a random sequence oligonucleotide for SELEX assays.

The most common application of SELEX is to generate aptamers, which are
single stranded oligonucleotides that bind to, and inhibit specific proteins for
therapeutic applications.?!! Random sequence oligonucleotide libraries can
also be used to identify the sequence binding motifs of RNA binding proteins.
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Zhang, et al., (2010) used SELEX to determine the RNA sequence preference
of the YT521-B domain. They found that the protein targeted a degenerate
consensus sequence of 5'-NGANNN-3’.22421> Random sequence
oligonucleotides containing the m®A modification have the potential to be
used to study the sequence preferences of mPA binding proteins and anti-m°A

antibodies.

2.1.6  m°A methylation of B-actin
MRNA

2.1.6.1 Localised translation

MRNAs are typically translated into protein in the cytoplasm. The protein is
then transported to wherever it is required in the cell. In certain cases, instead
of transporting the protein, the mRNA transcript is targeted to the site at which
the protein is required. This means the protein is located at its site of action
immediately after synthesis. A single mRNA transcript can be the template for
many copies of the protein, making it more energetically favourable to
transport the mRNA molecule instead of a large number of proteins. Localised
translation allows the cell to rapidly alter its protein output in response to its
environment and reduces the risk of proteins accumulating in the wrong

cellular compartment.
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2.1.6.2 B-actin mRNA undergoes localised

translation

Actin is a major component of the cytoskeleton which is essential for the
structural integrity of the cell along with numerous cellular processes.? p-
actin mRNA is the best understood example of an mRNA that undergoes

localised translation.?’

Cell crawling is a mechanism of cell movement that is achieved by the
continuous remodelling of the actin cytoskeleton. During cell crawling, B-actin
MRNA is localised to the front of cells at the ‘leading edge’. New actin
filaments are then rapidly polymerised, extending the membrane outwards in
the direction of travel, forming protrusions called filopodia (rod shaped) and
lamellipodia (sheet like). Crawling cells require approximately 2500 B-actin

proteins at their leading edge in order to facilitate movement.?!’

In situ hybridisation experiments have shown that in highly motile cells such
as myoblasts and fibroblasts p-actin mMRNAs accumulate at the cell periphery.
This allows the cell to economically synthesise the high levels of B-actin

required for cell motility.®

2.1.6.3 VICKZ proteins and the mRNA zipcode

Localised RNA molecules contain specific regions within their 3’ UTR that
target them for transport. These sequence motifs are known as ‘zipcodes’ and
are specifically recognised by RNA binding proteins which function in the
trafficking of mRNA transcripts. Zipcode motifs vary considerably in both

sequence and length.?’ VICKZ are a highly conserved family of RNA binding
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proteins that recognise the RNA zipcode and facilitate transport of the mMRNA
transcript.?*®* Humans have three VICKZ proteins (IMP1, IMP2, IMP3),%%
while Mice (CRD-BP),?? Chickens (ZBP),??? and Xenopus (Vg1-
RBP/VERA)?%3224 each have one. The VICKZ proteins interact with a large
number of mMRNA transcripts??>-22%, which fulfil diverse roles in transport,

stability and translation of the mRNA76:227:230-232

The mechanism by which the VICKZ proteins interact with mRNA is poorly
understood. The best studied example is -actin mMRNA. Two sequence
elements within the chicken [-actin zipcode are essential for ZBP binding,
GGACU, and ACA.?* ZBP interacts with the p-actin transcript using its two
C-terminal KH domains (KH3 and KH4). The two domains interact to form a
pseudo-dimer with their RNA binding motifs located on the outer edge. The
MRNA wraps around the outside of these protein domains with the KH3
domain binding to the CGGACU sequence, and the KH4 domain interacting
with ACA (Figure 27).22 The RRM domain of ZBP subsequently interacts
with the molecular motor protein KIF11, which transports the

ribonucleoprotein complex to its site of action.?®*

77



59

GGACU:

3’
KH3 KI7U
>

Figure 27: ZBP binding to f-actin mMRNA. The KH3 domain binds to the

CGGACU sequence, and the KH4 domain binds to ACA.?*?

A recent study has identified IMP1, IMP2, and IMP3 as a novel class of m°A
reader proteins in humans.®” The IMP proteins increase the stability of m®A
containing transcripts, resulting in increased levels of transport and translation.
Thousands of high confidence methylated targets of the IMP proteins have

been identified, including MYC, B-actin and LIN28B11.%%

A number of m®A sequencing studies have identified m®A within the B-actin
zipcode,**** however the exact location of the modification is unknown. We
hypothesise that the p-actin zipcode is methylated within the VICKZ binding
elements ‘GGACU’, and ‘ACA’ and the m®A modification is regulating
VICKZ protein binding. Using an in vitro pull-down assay, we demonstrate
that m®A methylation of the chicken zipcode ‘GGACU’ site promotes VICKZ

protein binding.
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2.2 AImsS

I.  Synthesis of alkylated phosphoramidites

To synthesise a range of alkylated adenosine phosphoramidites using the one
step method described by Kruse et al., (2011).1%” These phosphoramidites will

be incorporated into oligonucleotides for various biological applications.

Il.  Synthesis of oligonucleotides containing

modified 5’ nucleotides

To synthesise 3’°- biotinylated oligonucleotides containing either adenosine,
Am, or m®An, at their 5° end. These oligonucleotides will be used for the
identification of proteins that interact with different cap adjacent modifications
and will be used to test a new method of sequencing the 5’ cap structure of

MRNA molecules.

ii.  Synthesis of random sequence oligonucleotides

To synthesise a set of random sequence oligonucleotides either containing or
lacking m®A. These will be used in a SELEX based assay for identifying the

sequence preference of m®A binding proteins and anti-m°A antibodies.

iv. Synthesise m®A modified chicken actin

oligonucleotides for ZBP binding analysis

To synthesise oligonucleotides corresponding to the chicken B-actin zipcode

sequence containing the m®A modification at various positions. These
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oligonucleotides would be used in a gel shift assay to determine the effect of

the m8A modification on ZBP binding in vitro.
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2.3 Results and discussion

2.3.1 Synthesis of the adenosine

nucleoside

We synthesised N®-methyladenosine using the nucleophilic aromatic
displacement method (described in section 2.1.3).1%82% Firstly, (2R,3R,4R)-2-
((benzoyloxy)methyl)-5-(6-chloro-9H-purin-9-yl)tetrahydrofuran-3,4-diyl
dibenzoate was synthesised in a 71 % yield and subsequently reacted with
aqueous methylamine to methylate the N® position. The nucleoside was then
deprotected using methanolic ammonia to yield N8-methyladenosine in a 39 %

yield (Scheme 8).

-

Cl HN

. N A N X
6-Chloropurine, </ | N 1) CH3NH,, </ | N
OAc (CH3);SiCl, N N/) Dimethoxyethane, N N/)

BzO CF3S05Si(CHjy)s BzO rt, 16 h HO
o — o - . o
Hexamethyldisilazane, 2) NH,, CH;0H, 40
OBz OBz CH,CN, reflux, 3 h OBz OBz °C, 16 h OH OH
1% 39 %

Scheme 8: Synthesis of N5-methyladenosine.!®

2.3.2  Alkylation of adenosine

phosphoramidite

Kruse et al., (2012) demonstrated that Aritomo’s phase transfer catalysis
method can be used to methylate the 2°-O-Me adenosine phosphoramidites to

produce both m8Am and m*Am. 197207 Using this method with methy! iodide as
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the methyl donor, we synthesised m®A, m*A, méAn and m*An

phosphoramidites (Figure 28).

Bz\N/CH3 BZ\N
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N X N ~CH;
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N(Pr), N(Pr),
m®A,, (54 %) m'A, (22 %)

Figure 28: Synthesis of methylated phosphoramidites: m®A, m*A, m®An, and

miAnm.

2.3.3  Prenylation of the adenosine

phosphoramidite

The phosphoramidite phase transfer catalysis method is also compatible with
other alkylations. To demonstrate this, we synthesised i°A, i*A, i%Am and itAm
phosphoramidites (Figure 29). i®A has only been identified in tRNA whist i*A,
i®Am, and i*Am have not yet been identified in RNA,* however new RNA
modifications are regularly discovered as the technology to analyse RNA
modifications improves. It is therefore important to be able to synthesise

oligonucleotides containing these modifications. Future work will involve
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testing whether the i®A nucleoside phosphoramidite is compatible with solid

phase oligonucleotide synthesis chemistry.
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Figure 29: Prenylation of adenosine phosphoramidites: i°A, iA, i®An, and

itAm.

2.3.4  Synthesis of m°An, and An,

modified oligonucleotides

As part of a collaborative research project with Eleanor Bellows (Fray
research group) we synthesised oligonucleotides containing biotin at their 3’
end and either adenosine, Am, or m®Ay, at their 5 end (Table 2). Initially we
aimed to use these oligonucleotides in a protein pull down experiment to
identify the m®Am methyltransferase enzyme, however, soon after their
synthesis, three research groups independently identified PCIF1 as the
mammalian m®An, methyltransferase.>’ >
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Table 2: Oligonucleotides synthesised containing different 5' modified

adenosine nucleosides.

ACCACAGAGCAGGU-biotin

Name DNA/RNA | Sequence (5°-3°) Length (nt)

CAP-A RNA AACUGAUCAUCAUCACCA | 28
CAGAGCAGGU-biotin

CAP-An RNA (Am)ACUGAUCAUCAUCA | 28
CCACAGAGCAGGU-biotin

CAP-m°An | RNA (m°Am)ACUGAUCAUCAUC | 28

Instead, we will use these oligonucleotides to test our newly developed

method for the site-specific detection and quantification of the first nucleotide

adjacent to the 5 cap (Figure 30). This method involves de-capping the

mRNA and radiolabelling the first nucleotide at the 5’ end of the RNA. The

RNA is then splint ligated to a single stranded DNA molecule (SSDNA).

RNase treatment then removes any RNA that is not ligated to the sSDNA and

thin layer chromatography is used to identify the nucleotide adjacent to the 5’

cap.
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5'm'G I 3’
5m'G e 37
a) De-capping, de-phosphorylation,
and 3?P radiolabelling

5P e 3
5° 3P — 3°
5° 1P e 3
J b) Splint ligate target mRNA to a DNA

oligonucleotide

ssDNA ,
5 EEEEEEEEEEEEEEEE 3’ 57 P —— 3
3

J Splint 5
I P —— 3°
5 a
J ¢) RNase digestion and purification
5 I i P-]N 3
d) Nuclease digestion into 5°-
monophosphate nucleosides
RNA = [ ] 5 PN 3
DNA = —

e) TLC determines relative
levels of adenosine and mfA
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Figure 30: Method for the analysis of the first nucleotide at the 5' of specific
MRNA molecules: a) The mRNA is de-capped, dephosphorylated and
radiolabelled at its 5'- end with 2P b) The mRNA is splint ligated at its 5'- end
to a sSDNA molecule c) The nucleic acid is treated with RNase T1 and RNase

A which degrades all of the RNA except for 5° most nucleotide which is
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protected by the ligated sSSDNA d) The DNA/RNA is digested into 5’
nucleoside monophosphates e) and the identification of the 5’ nucleotide is

analysed by TLC.

For this method to work, the splint ligation reaction must be able to efficiently
ligate the sSDNA to Am and m®Ar, modified RNA. At the time of writing this
thesis, the oligonucleotides in Table 2 are being used to explore this ligation
reaction, in order to identify a ligase enzyme that can efficiently join single
stranded DNA to modified RNA. These experiments are being carried out by

Eleanor Bellows.

2.3.5  Synthesis of m°A modified

random sequence oligonucleotides

As part of a collaborative research project within the Fray research group, we
synthesised a number of m®A modified random sequence oligonucleotides
(Table 3). These oligonucleotides are currently being used by Cameron
Grundy (Fray research group) to determine the consensus binding motifs of
mOA binding proteins and anti-m°A antibodies. In order to obtain an equal
ratio of the four nucleotides at each position, an optimised ratio of the four
nucleoside phosphoramidites must be used, based upon the varying coupling
efficiencies of these molecules. We used a phosphoramidite ratio of (A/C/G/U
=0.30:0.25:0.23:0.20) to compensate for the slower coupling times of

adenosine and cytosine.?%®
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Table 3: Random sequence oligonucleotides for analysis of the sequence

specificity of m®A antibodies and m°A binding proteins (N = random

nucleotide of A/G/C/U).

Name | DNA/RNA | Sequence (5’-3°) Length (nt)
lagAgc | RNA GUGAGUCUUCNNNNANNNNU | 28
CCUGCAGCG
2gabcg | RNA GUGGAUCUUCNNNN(mMCA)NN | 28
NNUCCUCGAGCG

3ag6gc | RNA GUGAGUCUUCNNNN(mMCA)NN | 28
NNUCCUGCAGCG

4gaAcg | RNA GUGGAUCUUCNNNNANNNNU | 28
CCUCGAGCG

5N9 RNA GUGAGUCUUCNNNNNNNNNU | 28
CCUGCAGCG

These oligonucleotides contain a random sequence region consisting of nine

nucleotides with a single adenosine, m®A, or random nucleotide at the central

position. Nine nucleotides will be sufficient for these experiments as méA

binding proteins have been shown to target short sequence motifs. Nine

random nucleotides will result in a pool of approximately (4°) 262,000 unique

oligonucleotides.

The random sequence region is flanked at both ends with a barcode region for

the sequencing primers to bind to. Due to the possibility that the ligand may

interact with the 5°- or 3’- primer regions the experiment will be repeated
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using two different primer sequences. The 5’- primers are either ‘gugagucuuc’

or ‘guggaucuuc’ and the 3’- primer are either ‘uccugcagcg’ or ‘uccucgagcg’.

The use of two different barcode sequences will allow us to undertake this in
vitro binding assay using a mixture of méA and adenosine RNA
oligonucleotide pools which will directly compete with each other. The
presence of one barcode sequence will indicate binding to an unmodified
oligonucleotide whilst the other barcode will indicate binding to an m°A

modified oligonucleotide.

In July 2019, Arguello and colleagues published their work on a similar
study.?® They synthesised random sequence m®A modified oligonucleotides
to study the sequence binding motifs of the YTH proteins. They found that
YTHDC1 selectively binds to m°A within the DRACH consensus motif
whereas YTHDF1 and YTHDF2 bind to m®A independently of its consensus

motif.23

The study by Arguello et al., tested a limited subset of m°A reader proteins
and also did not test the binding sites of anti-m°A antibodies. One limitation of
their study that has been improved upon using our random sequence
oligonucleotides is that they did not use different barcode sequence for the
mPA and unmodified oligonucleotides. Therefore, they were unable to
evaluate the binding motifs of these proteins when in the presence of both

m°A modified and unmodified oligonucleotides.
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2.3.6  m°A methylation of the B-actin

transcript affects ZBP binding in vitro

Previous unpublished work in the Fray research group used MeRIP-Seq to
analyse m®A levels in the chicken embryo transcriptome. In this study, two
mOA peaks were identified in the B-actin mRNA, one of which was located in
the 3° UTR close to the region of the zipcode sequence.?®’ This is consistent
with published m®A sequencing results. **°* Two sequence elements in the
Chicken B-actin zipcode are essential for ZBP binding, GGACU, and ACA 2%
The human homologs of ZBP (IGF1, IGF2, and IGF3) are m°A readers'®’ and
the presence of an mPA peak over the B-actin zipcode indicates that m®A may

regulate the interaction between ZBP and the B-actin transcript.

As part of a collaborative research project within the Fray research group we
synthesised oligonucleotides corresponding to a 28 nt region of the p-actin
zipcode containing m®A at various nucleotide positions (Table 4). The same
oligonucleotide sequence was used in a gel shift experiment by Chao and
colleagues in 2012 when they identified the GGACU, and ACA sequences as

essential for ZBP binding.??
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Table 4: Chicken B-actin oligonucleotides containing m®A at various
positions. These oligonucleotides were used by Zsuzsanna Bodi in a gel shift

assay to determine the effect of m®A on VICKZ protein binding.

Name DNA/RNA | Sequence (5°-3°) Length
(nt)

Chicken - RNA ACCGGACUGUUACCAACAC |28

actin zipcode CCACAcCCcCC

unmodified

Chicken - RNA ACCGG(m°A)CUGUUACCAAC | 28

actin zipcode ACCCACACCCC

mBA (site

1202)

Chicken - RNA ACCGGACUGUUACCA(mMPA)C | 28

actin zipcode ACCCACACCCC

mOA (site

1211)

Chicken B- RNA ACCGGACUGUUACC(mPA)AC | 28

actin zipcode ACCCACACCCC

mCA (site

1212)

Chicken - RNA ACCGGACUGUUACCAACAC |28

actin zipcode CC(m®A)CACCCC

mBA (site

1218)

A polyacrylamide gel electrophoretic mobility shift assay (EMSA)
(undertaken by Zsuzsanna Bodi) was used to determine the affinity between
the radiolabelled RNA and a recombinant ZBP protein (expressed and purified
by Eleanor Bellows) (Figure 31). Consistent with results of Chao and
colleagues in 2012, we found that ZBP binds to the unmodified transcript.?3
mSA methylation of nucleotides 1211 and 1212 of the zipcode fragment had
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no effect on ZBP binding. However, mPA at position 1202 of the fragment
significantly increased ZBP binding, whilst m®A at position 1218 inhibited

ZBP binding.

oligonucleotide + protein

oligonucleotide ‘” .. .M

ZBP protein % - + S 4 o + - +
RNA miA méA méA méA A
1218 1212 1211 1202
Protein bound 7 0 16 0 29 0 42 0 21 0

oligonucleotide (%)

Figure 31: Gel shift assay of B-actin mMRNA and ZBP. The RNA/protein
complexes were resolved on a 5 % PAGE gel. The percentage of protein
bound oligonucleotide was calculated using the ratio of protein bound
oligonucleotide/ unbound oligonucleotide. m®A at position 1202 promoted
ZBP binding whilst m®A at position 1218 inhibited m®A binding. This

experiment was undertaken by Zsuzsanna Bodi.

Positions 1202 and 1218 are located in the sequence motifs ‘GGACU’ and
‘ACA’ respectively that are essential for ZBP binding.?*® The ‘GGACU’
sequence fits perfectly with the mA DRACH motif, and the presence of an
mOA peak over this region makes this a likely site of m®A methylation. As
MeRIP-Seq peaks can account for multiple m°A residues, it is possible that

positions 1202 and 1218 of the B-actin zipcode are both m®A methylated.
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2.3.7 Concluding points

The aim of this chapter was to synthesise various modified nucleoside
phosphoramidites and incorporate them into oligonucleotides. We have
synthesised the phosphoramidites méA, mA, mAm, miAn, i%A, i*A, i®Am, and
i*Am. We have also synthesised a number of modified oligonucleotides to be

used in collaborative research projects.
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Chapter 3: RedBaron

detection of m°A

Overview: To date, one of the most promising methods of m®A sequencing is
a method called SCARLET, which accurately detects and quantifies specific
mOA sites at a single nucleotide resolution.®® SCARLET is an invaluable tool
for m®A research; however, we have identified a number of problems with the

method that limit its accuracy, efficiency, and sensitivity.

In this chapter we present RedBaron, a novel method for the site-specific
detection and quantification of m®A. Both SCARLET and RedBaron involve
radiolabelling of an adenosine/m°A candidate site followed by analysis using
thin layer chromatography (TLC). We tested the RedBaron method on
synthetic oligonucleotides containing either adenosine or m®A within the m°A
consensus sequence. This demonstrated that the method can be used to

accurately quantify m®A levels at a single nucleotide resolution.

We used the RedBaron and SCARLET methods to detect and quantify the
mOA levels of the mRNA from various organisms and tissues. Using the
RedBaron method we observed m°A stoichiometries that were significantly
lower than expected. Unfortunately, we found that the presence of non-target
mRNA causes the RedBaron method to underrepresent m°A levels and for this
reason, in its present format, it is unsuitable as a method of m®A

quantification.
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3.1 Introduction

3.1.1 Targeted RNA cleavage using
RNase H

Restriction endonuclease enzymes provide a means for the targeted, sequence
dependent cleavage of DNA.2%82%° Analogous methods of targeted RNA
cleavage have been historically limited, making research and manipulation of
RNA particularly difficult. However, since 1987, the enzyme RNase H has
been utilised for accurate, site specific cleavage of RNA.?*° RNase H is an
endoribonuclease that specifically digests the RNA strand of a DNA/RNA
hybrid.?*! The enzyme hydrolytically cleaves oxygen-phosphorus bonds in the
RNA strand, yielding 5’- phosphate, and 3’- hydroxyl polynucleotide products
(Figure 32).2*! Double stranded RNA, and RNA hybridised to 2’-OMe

modified RNA are both resistant to the RNase H enzyme.?%

Base

Base ‘72’

OH Base RNase H

Figure 32: RNase H cleavage: RNase H hydrolytically cleaves the oxygen-
phosphorus bonds of the RNA strand of a DNA/RNA hybrid, yielding 5°-

phosphate and 3’- hydroxyl polynucleotide products.?**

A minimum of 4 nucleotides of hybridised DNA/RNA are required for RNA
cleavage.?*? Using a 2°-OMe-RNA/DNA chimeric oligonucleotide containing
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exactly 4 DNA nucleotides as a guide, RNase H can be programmed to make
highly specific cleavages at sites within the mMRNA.?4%242 RNase H will cleave
the RNA at the 3’- of the nucleotide that is base paired to the DNA nucleotide

nearest to the 5°- end of the chimeric oligonucleotide (Figure 33).242

Site of RNase H cleavage

|

5/ meeee—————— CUggac 37

5’

37 messmmm—— GACC
' RNase H

5’ e CUgg 3’ 5’/aC e '

RNA= I / Jowercase
DNA= UPPERCASE
2°-0OMe =

Figure 33: Targeted RNase H cleavage. In this example RNase H will cleave

the oxygen-phosphorus bond between the g and a of the RNA.242

The specificity of this targeted RNase H cleavage has been utilised for the
detection and quantification of a number of modified nucleotides in RNA; the
earliest example of which is the detection of 2°-OMe modified nucleosides.
This was achieved by identifying sites that are resistant to RNase H
cleavage.?® It is worth noting that different RNase H enzymes have been
shown to possess different cleavage specificities. This has resulted in certain
RNase H enzymes producing off target cleavages at the nucleotides adjacent

to the target site. 24424
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3.1.2 Detection of modified nucleotides
by TLC

For many years, thin layer chromatography (TLC) has been used for the
detection of modified nucleotides. Accurate nucleotide identification by TLC
requires a buffer system that provides clear separation between a number of
molecules. This was achieved in 2014 by Grosjean and colleagues who
compiled TLC maps showing the migration patterns for 70 modified

nucleotides.?46

The SCARLET method (Site-specific Cleavage And Radioactive-labelling
followed by Ligation-assisted Extraction and Thin-layer chromatography) is
currently the most accurate and reliable method of m°A detection and
quantification available. This method was published in 2013 by Liu and
colleagues,®® however, an almost identical method had been developed many
years previously for the detection of modified nucleotides in non-coding RNA
such as pseudouridine.?*247:248 | ju and colleagues demonstrated for the first

time that this method can be used to identify m®A within mRNA.%

The key step of the SCARLET method (outlined in Figure 34) is the RNase H
directed cleavage of the RNA at the 5°- of the target m®A/A candidate site.
After the RNA cleavage, all of the 5’-terminal phosphates in the RNA are
removed and subsequently replaced with a 32P radiolabelled phosphate. The
candidate m®A/A site is radiolabelled, along with a large number of non-target
nucleotides. The specific m®A/A site of interest undergoes a series of rigorous

purification steps during which the candidate site is splint ligated to a single
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stranded DNA oligonucleotide. The sample is then treated with RNase T1 and
RNase A which digest all of the RNA in the sample except for the single
mSA/A RNA nucleotide which is protected from the RNase degradation by the
DNA oligonucleotide it is ligated to. The DNA-32P-m°®A/A oligonucleotide is
then PAGE purified and digested into 5°- nucleoside monophosphates using
Nuclease P1. The sample is then analysed using TLC to quantify the relative

levels of m8A and adenosine.®®
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Figure 34: The SCARLET method of m°A detection: a) A 2°-OMe/DNA
chimera is used to target an RNase H cleavage of the oxygen-phosphorus bond

immediately 5°- to the m®A/A candidate site b) The RNA is cleaved using
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RNase H and 5 dephosphorylated ¢) The nucleic acid is re-phosphorylated
with 2P d) A single stranded DNA oligonucleotide is ligated to the 5° of the
mSA/A site €) RNase enzymes degrade all of the RNA, except for the m®A/A
nucleotide which is protected by the ligated DNA f) The m®A/A containing
DNA/RNA is PAGE purified and digested into single mononucleotides g) The

relative levels of m®A and adenosine are quantified by TLC.%

3.1.3 Inefficiencies in the SCARLET

method

Despite being referred to as the ‘gold standard’ of m®A detection,® the
SCARLET method is rarely used in the published literature. This is in contrast
with the antibody-based methods that are regularly used in m®A studies,
despite the low accuracy and low specificity of the anti-m°A antibody.'*
Recent work by Garcia-Campos et al., (2019) is one of the few examples of
the SCARLET method being used in the literature. They reported that 4 out of

the 23 sites that they analysed with SCARLET produced unusable results.*

The SCARLET method has a number of inefficient steps that we believe can
be improved upon. The main problem with the SCARLET method is that the
radiolabelling step is not specific to the mbA/A candidate site, resulting in off-
target labelling of every 5’ hydroxyl group in the sample. Prior to
radiolabelling, the SCARLET method requires heat inactivation of the RNase
H and alkaline phosphatase enzymes in the presence of the divalent cation
MgCl.. The Mg?* ions will cause unintentional fragmentation of the mMRNA

yielding a large number of off-target 5’ hydroxyl groups which will be
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radiolabelled.?*® This non-specific radiolabelling requires stringent
purification of the target A/m°A site including PAGE gel purification of the
target site, which is hazardous, time consuming, and risks cross sample

contamination if performing multiple SCARLET experiments in parallel.

The SCARLET method uses T4 DNA ligase to join a single stranded DNA
molecule to the 5’ candidate site. However, T4 DNA ligase is able to splint
ligate nucleic acid with base mismatches and gaps of 1 or 2 nucleotides.?>
This will lead to off target ligation, resulting in additional contaminating
nucleotides being present on the TLC plate. T4 DNA ligase has also been
shown to exhibit poor binding to DNA/RNA hybrids, often resulting in

abortive ligation.?!

The SCARLET method quantifies the relative amounts of m°A and adenosine
using one-dimensional TLC. The adenosine and m®A nucleotides can be
clearly distinguished by TLC, however it is difficult to eliminate all of the
contaminating radiolabelled material, particularly the free 32P.24® This
radiolabelled material is often indistinguishable from the adenosine and m°A
spots using one-dimensional TLC. Additionally, m®A and cytosine have
similar migration patterns on the one-dimensional TLC plate, so off target

ligations or RNase H digestions may result in false positive m°A signals. For

100



this reason, we suggest that SCARLET experiments should always be

analysed using two-dimensional TLC.

3.1.4 An alternative to the SCARLET

method

A similar method to SCARLET devised by Wu et al., (2010) has been used to
detect pseudouridine in small nucleolar RNAs (snRNA).?? This method
involves affinity purification of the target RNA using a biotinylated
oligonucleotide probe followed by targeted RNase H digestion at the 3’- of the
site of interest. The RNA was PAGE purified and ligated to a 5’- radiolabelled
RNA oligonucleotide. The RNA was again PAGE purified and digested into
3’- labelled mononucleotides which were analysed by two dimensional
TLC.%?2 In this chapter we present RedBaron, a novel method of site-specific

detection and quantification of méA, which is based on this method.
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3.2 AIms

I. Develop a TLC based method for the site-

specific detection of m°A

Due to the limitations we have identified within the SCARLET method, we

aimed to design a novel method for the detection and quantification of méA.

ll. Determine the migration patterns of 5’- and 3’-

nucleoside monophosphates

In order to analyse the TLC results of the RedBaron method, we aimed to
synthesise 2P radiolabelled 5’- and 3’- nucleoside monophosphates and

determine their relative migration patterns on the TLC plate.

ili. Determine whether the RedBaron method is

able to accurately detect and quantify m°A

To test the RedBaron method on synthetic oligonucleotides that either contain
or lack the m®A modification and to determine whether the method can be

used to accurately quantify meA.

Iv. Testing site specific detection and
quantification of m®A of real MRNA samples
using SCARLET and RedBaron

To use the RedBaron and SCARLET methods to detect and quantify m®A in

RNA transcripts from a range of tissues, cells, and organisms.
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3.3 Results and discussion

3.3.1 The RedBaron method of m°A

detection

We have developed a novel method for the detection and quantification of
mOA that will provide an alternative to SCARLET (outlined in Figure 36). The
RedBaron method involves an RNase H cleavage in which the cut site is at the
3’- of the A/m®A candidate site (as opposed to the 5°- in SCARLET) (Figure
35). A 5°- 3P radiolabelled ssDNA oligonucleotide is splint ligated to the 3’-
of the m®A/A site. The DNA/RNA is then digested into 3’- nucleoside
monophosphates, resulting in 3’- radiolabelling of the m®A/A nucleotide. The

relative levels of m8A and adenosine are then quantified by two-dimensional

TLC.
SCARLET
5 4 3
S e
2*-OMe DNA (4 nt) 2°-OMe
X =site of cleavage
RedBaron
5 4 3°
S e
2°-OMe (4 nt) 2°-OMe

Figure 35: RNase H cleavage step of the SCARLET and RedBaron methods.
RNase H cuts at the 5'- of the m®A/A candidate sites in SCARLET,*® and the

3'- in the RedBaron method.
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total mMRNA
57 e 37
5 e 30

l a) RNase H cleavage
5 4 3
(4 nt)
RNA = N l

DNA = | | ,
2. OMe = —— 5 aOHS

Site of cleavage = ¥

b) Splint ligation to a 5°- 32P
labelled DNA oligonucleotide

5 a OH 3’ 5 3p I 3’

5 .. 3’

5 aﬂP_ kN

¢) Digestion into 3°- nucleoside
monophosphates

d) TLC determines relative levels of A and mfA

Figure 36: The RedBaron method of m°A detection: a) A 2°-OMe/DNA
chimera is used to target an RNase H cleavage of the oxygen-phosphorus bond
immediately 3’- to the m®A/A candidate site b) A *2P radiolabelled single
stranded DNA oligonucleotide is ligated to the 5’- of the m®A/A candidate site
¢) The RNA is cartridge purified, digested into single mononucleotides e) The

relative levels of m®A and adenosine are quantified by TLC.
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3.3.2 Selecting an enzyme for splint

assisted ligation

For accurate detection of m®A, the ligation step must be specific to the m°A/A
candidate site. This is achieved by utilising splint assisted ligation. Splint
ligation is the joining of two adjacent single stranded nucleic acid sequences

using a bridging/splint oligonucleotide.??

The RedBaron method required an enzyme that is capable of splint ligating a

5’- DNA oligonucleotide to a 3°- RNA molecule. Most splint ligase enzymes

work optimally when using an RNA splint,>>® however due to the high cost of
RNA oligonucleotide synthesis, a DNA splint is more economical. We

identified a number of ligase enzymes capable of splint ligation (Table 5).

Table 5: Comparison of splint ligase enzymes.

Splint ligase Advantages/disadvantages
enzyme

T4 DNA ligase Risk of off-target and abortive ligation®>

T4 RNA ligase Il | Reduced efficiency when ligating with DNAZ

Splint R ligase Faster turnover rate and a considerably lower Km than
T4 DNA ligase®*

As previously mentioned, the T4 DNA ligase used in the SCARLET method is
prone to off-target and abortive splint ligation.?%%>! Therefore, an alternate
ligase enzyme was required. We considered using RNA ligase I, however,

this enzyme has a preference for double stranded RNA substrates meaning the
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cost of synthetic RNA splints for each m8A/A candidate site would be very

high.25

We opted to use Splint R ligase which maintains a high ligation efficiency for
RNA/DNA hybrids, allowing the low-cost synthesis of DNA splint and
sSDNA oligonucleotides. Splint R ligase also has a faster turnover rate and a
considerably lower Km than T4 DNA ligase.?®* Due to the problems we have
described with T4 DNA ligase we would also recommend using the Splint R

ligase when undertaking the SCARLET method.

3.3.3  Choice of nuclease enzyme

The standard SCARLET method uses Nuclease P1 to digest the nucleic acid
into 5°- nucleoside monophosphates. As the RedBaron method requires

digestion into 3’- nucleoside monophosphates an alternate nuclease enzyme
was required. We identified a number of candidate nuclease enzymes (Table

6).

Table 6: Nuclease enzymes capable of digesting DNA/RNA into 3'-nucleoside

monophosphates.

Nuclease enzyme Advantages/disadvantages

RNase | Unable to digest DNA?%®

2', 3'-cyclic monophosphate contamination??®

Phosphodiesterase Il | Minimal digestion observed in enzyme tests

Micrococcal Dinucleotide contamination®>®

nuclease
Efficiently digests DNA and RNA?2%
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We initially considered phosphodiesterase Il, however when testing the
enzyme, minimal digestion was observed, even with extended incubation
times. RNase | was a suitable candidate; however, the enzyme is reported to
produce 2'-, 3'- cyclic nucleoside monophosphates in addition to the required
3’- nucleoside monophosphates. As these molecules run very closely on the
TLC plate it would make analysis difficult. Additionally, RNase I is unable to
digest the ssDNA and the DNA splint?>®°, We opted to use micrococcal
nuclease for the digestion as it is an efficient nuclease of all forms of nucleic
acid. One disadvantage of micrococcal nuclease is that it results in
dinucleotide contamination?®®, however this can be easily distinguished from

m°A and adenosine on the TLC plate.

3.3.4 Reference compounds for TLC

analysis

The final step of the RedBaron method is to analyse the relative levels of m°A
and adenosine by TLC. In order to interpret the TLC results we needed to
determine the migration patterns of the 5’- and 3’- nucleoside monophosphates
(Figure 37). The TLC patterns of 5’- nucleoside monophosphates are known,
and we hypothesised that the phosphate group at the 3°- end of the nucleotide
would be sufficient to alter its position on the TLC plate. To test the migration
patterns of these nucleosides we synthesised and radiolabelled a range of

nucleoside monophosphates for comparison.
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le) Base Base

OH OH

Figure 37: Structure of 5°- nucleoside monophosphates (left) and 3°-

nucleoside monophosphates (right).

We first analysed 5°- nucleoside monophosphates to confirm that they had
migration patterns consistent with the published literature.?*® 5°- nucleoside
monophosphates from mouse testis MRNA were radiolabelled with 32P. The
MRNA was first digested into short fragments using RNase T1 (cuts at the 3’
of every G). These fragments were then 5°- radiolabelled with P, digested
into 5’- nucleoside monophosphates using ribonuclease P1, and analysed by
two-dimensional TLC (Figure 38). The observed migration patterns of PA, PG,

PC, PU, and Pm®A were consistent with those previously reported.?4

1%t dimension
&
e

15t dimension

\ 4

21d dimension 21d dimension

Figure 38: The TLC migration patterns of 5’- nucleoside monophosphates.

Mouse testis MRNA has been radiolabelled and digested into
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mononucleotides. Buffer 1 = isobutyric acid:0.5 M NH4OH (5:3, v/v), buffer 2

= isopropanol:HCl:water (70:15:15, v/v/v).

To compare the relative migration patterns of the 5’- and 3- nucleoside
monophosphates we radiolabelled the nucleosides from in vitro transcribed
mRNA. The *?P radiolabelled 3’- nucleoside monophosphates were
synthesised by substituting [a-32P]rCTP with rCTP in the in vitro transcription
reaction. The RNA was then digested into 3’- nucleoside monophosphates
resulting in radiolabelling of all nucleotides with an adjacent 3’- cytosine. This
was repeated using rm®ATP in place of rATP in the in vitro transcription

reaction.

Analysis by two-dimensional TLC showed that the 3’- nucleoside
monophosphates all ran slightly further in both the first and second
dimensions compared with their respective 5’- nucleoside monophosphates

(Figure 39).
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Figure 39: The TLC migration patterns of 5’- and 3’- nucleoside

v

monophosphates. The 3’- nucleoside monophosphates run slightly further in

both first and second dimension. Buffer 1 = isobutyric acid:0.5 M NH4OH

(5:3, v/v), buffer 2 = isopropanol:HCl:water (70:15:15, v/v/v).

We then synthesised radiolabelled 3’- nucleoside monophosphates of

adenosine and m®A in the absence of GP, CP, and UP, using the method

described in Figure 40.
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T7 promoter

57 TAATACGACTCACTATAG 37

DNA template
57 CGTCTAGTCCATGTACGTACCCTATAGTGAGTCGTATTA 37

|

3 Invitro transcription **P CTP oA TATCACTCAGCATAAT 57

-

57 CGTCTAGTCCATGTACGTACCCTATAGTGAGTCGTATTA 37

|

5" gguacguacauggacuagafecg 3’
1 Micrococcal nuclease

a” or meAP

Figure 40: Synthesis of adenosine and m°A 32P radiolabelled 3'- nucleoside
monophosphates. The in vitro transcription template was designed so that
every transcribed cytosine (C) was preceded by a 5'- A. The in vitro
transcription reaction used T7 polymerase, a primer containing the T7
promoter sequence and *?P CTP. The transcribed RNA was then digested into
3"- nucleoside monophosphates, passing the 5°- 32P of C to the 3’- of the

A/meA.

Our TLC analysis (Figure 41) showed that AP and m°AP are easily
distinguishable from each other. The labelled 5’- nucleoside monophosphates
PA, PG, PC, and PU make ideal reference molecules for the identification of AP

and m°®AP by two-dimensional TLC when using our RedBaron method.
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Figure 41: The 5°- nucleoside monophosphates are used as reference

compounds for two-dimensional TLC analysis of RedBaron experiments.

Buffer 1 = isobutyric acid:0.5 M NH4OH (5:3, v/v), buffer 2 =

isopropanol:HCl:water (70:15:15, v/v/v).

3.3.5 RedBaron can accurately detect
and quantify m°A in RNA

oligonucleotides

In order to test the RedBaron method we synthesised oligonucleotides

containing either adenosine or m®A within the GGACU consensus motif
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(Table 7). We found that our method was easily able to distinguish between

the adenosine and m®A containing oligonucleotides (Figure 42).

Table 7: Synthetic oligonucleotides for analysis of the RedBaron method.

Name DNA/RNA | Sequence (5°-3°) Length (nt)
Scarlettest | RNA GCAAGUGCUUCUAGGCG | 28
unmodified GACUGUUACUG

Scarlettest | RNA GCAAGUGCUUCUAGGCG |28

méA G(m®A)CUGUUACUG
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a) 5’ gcaagugcuucuaggcggacuguuacug 37
5’ gcaagugcuucuaggcggm®acuguuacug 37

15t dimension
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Figure 42: Using RedBaron to distinguish between adenosine and m°A in
synthetic RNA oligonucleotides. a) Synthetic RNA oligonucleotides used to
test the RedBaron method containing either adenosine or m®A at the GGACU
consensus sequence. b) RedBaron experiment using unmodified adenosine
oligonucleotide. c) RedBaron experiment using the m®A modified

oligonucleotide (reference molecules PA, PG, "C, PU (circled blue).

We then tested whether the method was able to quantify the relative levels of

adenosine and mPA. Varying ratios of the unmodified and m®A synthetic RNA
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oligonucleotides were analysed using the RedBaron method. The
mSA/adenosine ratio we observed accurately reflected that of the input
synthetic oligonucleotides. This result indicated that the RedBaron method is
able to accurately detect and quantify m°A within synthetic RNA
oligonucleotides (Figure 43). We have shown that the method is accurate
when using RNA levels as low as 4 fmol. Further work is required to
determine the feasibility of the method to detect m®A in lower concentrations

of RNA.
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Input méA/ 0.80 0.60 0.50 0.40
(mfA + A)

Observed mSA/ 0.84 0.62
(mfA + A)
Input mSA/ 0.20 0.10 0.05
(mfA +A)
R A

Observed mSA/ 0.20 0.08
(mfA + A)

=
~—

1.04

m®A/(m°®A+A) RedBaron

0.0 0.2 0.4 0.6 0.8 1.0
m®A/(m°A+A) Input

Figure 43: The RedBaron method is able to quantify levels of m®A. a)
RedBaron method using varying ratios of the adenosine and méA
oligonucleotides (the full-size TLC images are in Supplementary Figures 1-7).
b) Quantitative plot of the RedBaron experiments using varying ratios of the

m°A and adenosine oligonucleotides.
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3.3.6  Testing the RedBaron method on

real RNA samples

Having demonstrated that the RedBaron method can accurately detect and

quantify m®A and adenosine within synthetic oligonucleotides we tested the

method on real MRNA samples from various tissues and organisms (Table 8).

Table 8: Quantification of m®A in B-actin mMRNA from various tissues,

organisms and cells (the full-size TLC images are in Supplementary Figures 8-

17).

mRNA | Site Organismand | TLC méA
tissue stoichiometry

B-actin 1202 Chicken 3%
embryo

B-actin 1218 Chicken 0%
embryo

[-actin 1202 Chicken 3%
fibroblast cells

[B-actin 1217 Human HelLa 3%
cells

[B-actin 1242 Mouse heart 0%
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B-actin | 1242 Mouse liver TR | 0%
A Yy
o
o -1‘4""\;-. ‘
B-actin 1242 Mouse Kidney “‘“'""“ 0 %
B-actin 1242 Mouse testis S 0%
[-actin 1242 Mouse brain 1%
B-actin | 1263 Mouse brain CESTET 0%

In the Chicken B-actin experiments, no m®A was observed at position 1218
(‘ACA’ site), however m®A was identified at position 1202 (‘GGACU?” site) at
approximately 3 % m®A. The results from the ZBP gel shift assay in chapter 2
showed that ‘m®A-AC’ at position 1218 inhibited ZBP binding. This is
consistent with a previous study by Chao et al., (2012) which showed that
substitution of this adenosine residue with either G, C, or U, also abolished

ZBP binding.>*?

These results indicate that chicken ZBP selectively binds to m°A at site 1202
of the B-actin zipcode using its KH3 domain. This may provide a mechanism

to regulate which transcripts undergo localised translation. These results
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suggest that the m8A reader functionality of the human VICKZ proteins is
conserved in chickens. As with the VICKZ proteins from other organisms,
chicken ZBP targets a large number of mMRNA transcripts in addition to -
actin, and therefore its role as an m®A reader would likely play an important

role in the regulation of gene expression.?'°

Localised translation of p-actin has been shown to play a role in cell
motility.?*° As fibroblasts are highly motile cells, we hypothesised that they
would have increased levels of m®A within the B-actin zipcode. However, we
found that in chicken fibroblast mMRNA the mPA levels at position 1202 of the

[-actin zipcode were also at 3 % (Table 8).

No m®A was identified in mouse heart, liver, testis, or kidney at the ‘GGACU’
site within the B-actin zipcode. However, in the mouse brain we identified
mPA at this site at a fraction of approximately 1 %, and at 3 % in HeLa
(human ) cells (Table 8). This is consistent with the published literature which

reports elevated levels of m®A in the brain compared with other tissues.™®

We also used the standard SCARLET method to quantify m°A levels of -
actin site 1202 in chicken embryo mRNA, and B-actin site 1242 in mouse
brain mRNA (Figure 44). Using the SCARLET method, we observed very
weak radioactive spots on the TLC plate and a clear m®A spot was not visible.
We analysed our results on a two-dimensional TLC and observed a number of
spots in addition to adenosine and m®A which may not have been observed
using the one-dimensional TLCs described in the SCARLET protocol.*® This

reinforces the importance of two-dimensional analysis of TLC experiments.
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Figure 44: SCARLET analysis of p-actin mRNA. a) site 1202 in chicken
embryo mRNA. b) site 1242 in mouse brain mRNA. No clear m®A spot was

observed for either sample.

3.3.7 The RedBaron method

underestimates m°A stoichiometry

In all of the mMRNA samples tested we failed to observe any sites with an m°A
stoichiometry above 5 %, this is in contrast to the published literature where

reported m®A stoichiometries are significantly higher.*® We attempted to use
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the SCARLET method to validate our results however we failed to observe

sufficient m8A and adenosine radioactive signals using this method.

Liu and colleagues used the SCARLET method to quantify m°A in the 28S
rRNA of HelLa cells at sites A4189 (5 % mPA) and A4190 (96 % mPA), and
also in the INcRNA MALAT1 at site 2515 (61 % m®A).% We used the
RedBaron and SCARLET methods to reanalyse these m®A sites to determine

whether the RedBaron method is accurately quantifying m®A levels (Table 9).

Table 9: Quantification of m®A using RedBaron and SCARLET in MALAT1

and 28S rRNA (the full-size TLC images are in Supplementary Figures 18-

22).
RNA (site) | Method | TLC m°A meA
stoichiometry | stoichiometry
(observed) (literature)®

MALATL | RedBaron
(2515)

0% 61 %

MALAT1 | SCARLET
(2515)

0% 61 %

28S rRNA RedBaron
(A4189)

0% 5%

28S rRNA RedBaron
(A4190)

4% 96 %
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28S rRNA
(A4190)

SCARLET

88 %

96 %

Despite MALAT1 site 2515 being reported as containing 61 % m°A in the

literature,*® using both the SCARLET and RedBaron methods we observed no

mSA. However, when testing site A4190 in the 28S rRNA we observed 88 %

mOA using the SCARLET method and just 4 % using the RedBaron method.

This suggested that the RedBaron method may be under-representing the

stoichiometry of m®A when analysing real mMRNA samples.

To test whether this is the case we repeated the quantification test using the

synthetic oligonucleotides in the presence of 1 ug of non-target RNA (Table

10). We observed m°A levels were significantly underrepresented upon

addition of the non-target RNA indicating the RedBaron method is unable to

quantify m°A from real mMRNA samples.
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Table 10: Quantification of m®A using synthetic oligonucleotides and 1 pg of

non-target RNA (the full-size TLC images are in Supplementary Figures 23-

24).

Oligonucleotide Input RNA | TLC mSA méA

substrate observed | expected

Chicken B-actin Mouse T 6% 50 %
RNA (1 ug)

Mouse B-actin Chicken 7% 50 %
brain RNA PY
(1 ng) ®

3.3.7.1 Why does the RedBaron method

underestimate meA levels?

Our results indicate that the RedBaron method underestimates m°A levels
when analysing real RNA samples but not when using the synthetic test
oligonucleotides. In certain sequence contexts, both the SCARLET and
RedBaron methods may potentially underestimate m®A levels. This is because
mOA has been shown to slightly reduce the hybridisation efficiency of RNA
and therefore the chimeric and splint oligonucleotides will have a slightly
higher affinity for unmodified RNA sequences.®*'"31 This does not account
for the significantly different m®A stoichiometries observed between the
SCARLET and RedBaron methods as this phenomenon should affect both

methods equally.
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One explanation for the under representation of méA, observed with the
RedBaron method, is that the radiolabelled DNA molecule may be non-
specifically ligating to fragmented RNA with complementarity to the splint
oligonucleotide. The RedBaron and SCARLET methods both involve heating
of the RNA in the presence of divalent cations which is known to cause
fragmentation of the RNA.2*® The ligation step should be specific to a single
nucleotide position due to the use of a splint targeted ligation that is specific to
the site of interest.?>® However, fragmentation of the RNA could potentially
produce RNA fragments with complementarity to the splint which would
result in radiolabelling of adenosines that are not located within the target site.

An example of this is outlined in Figure 45.

a) Targeted libation using synthetic m®A/A oligonucleotide substrates

Target RNA ssDINA
5° ip 3
3 5°
DNA splint

b) Targeted libation using synthetic m®A/A oligonucleotide substrates

Target RNA ssDINA
5° ip 3
3 5°
DNA splint
Non-target RNA ssDNA
5° ip 3
3 5°
DNA splint
Non-target RNA ssDNA
5° ip 3
3 5°
DNA splint

Figure 45: Off-target ligation caused by fragmentation of RNA. a) using the

synthetic A/m8A RNA substrate only site-specific ligation was observed. b)
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When using real RNA substrates , RNA fragmentation resulted in RNA

fragments with complementarity to the DNA splint resulting in off-target

ligation and under representation of méA.

To test this hypothesis, we repeated the RedBaron analysis of the 28S rRNA

site A1490, however prior to the heat inactivation steps we added EDTA to a

final concentration of 20 mM in order to quench the divalent cations which

should reduce the amount of RNA fragmentation and therefore the amount of

off-target ligation. Using this modified version of the RedBaron method we

observed an increase in the m®A levels from 4 % to 7 % (Table 11). Although

this value is considerably lower than that reported in the literature, this result

indicates that there may be scope for the RedBaron method to be improved in

the future.

Table 11: A modified version of the RedBaron method using EDTA to chelate

divalent cations prior to sample heating. This increased the observed méA

levels from 4 % to 7 % (the full-size TLC images are in Supplementary

Figures 21, and 25).

MRNA Method TLC meA SCARLET

site stoichiometry | m®A
stoichiometry

HelLa 28S | RedBaron 4% 88 %

rRNA site | (standard)

A4190

HelLa 28S | RedBaron 7% 88 %

rRNA site | (EDTA before

A4190 heating)
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3.3.8 RedBaron using a biotinylated
RNA probe

In an attempt to optimise the RedBaron method to prevent fragmentation of
the mMRNA we adapted the method to be undertaken on streptavidin magnetic
beads. We in vitro transcribed a biotinylated RNA oligonucleotide probe,
complementary to the mouse B -actin mRNA. This probe was used to purify
the transcript using streptavidin magnetic beads. The RedBaron method was
performed with the RNA bound to the magnetic beads allowing the reaction
buffers to be easily replaced to suit the specific requirements of the various
enzymes used. Unfortunately using this method, we failed to observe
sufficient radioactive signals for either adenosine or m®A as the streptavidin

magnetic beads appeared to inhibit either the RNase H or ligation reactions.

3.3.9 Detecting 2°-OMe base

modifications

The RedBaron method is unsuitable for the detection of nucleotides modified
at their 2°- hydroxyl groups, for example Am and m®An. This is because
RNase H is unable to make a cleavage at the 3’- of a 2°-OMe methylated
nucleotide.?*® To date there is no evidence to suggest that SCARLET will
work on 2’-OMe modified nucleotides. It is therefore important to consider
that the m®A fraction obtained from RedBaron and SCARLET results is not
accounting for any 2’-OMe modified nucleotides including m®Am (if m®An is

located internally within mRNA).
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3.3.10 Concluding points

The aim of this chapter was to develop a novel method of m®A detection based
upon the pre-existing SCARLET method. We developed the RedBaron
method, which was able to accurately quantify m°A levels in synthetic RNA
oligonucleotides. We used this method to detect and quantify m®A in RNA
transcripts from a range of tissues, cells, and organisms, however, we
observed m°A levels that were lower than expected. Unfortunately, we
observed that the RedBaron method significantly underestimates m°A levels in
real mMRNA samples and is therefore unsuitable as a method of m®A detection.
In this chapter we made numerous attempts to use the SCARLET method for
mPA quantification, however, failed to observe clear and reliable spots for
m°A and adenosine on the TLC plate. This demonstrates the requirement for

new, accurate methods of m®A detection and quantification.
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Chapter 4. PhSeT
mediated nucleic acid

crosslinking

Overview: Nucleic acid crosslinking can be artificially induced for a range of
applications including the regulation of gene expression, the detection of

specific nucleotide sequences, and the development of antitumor agents.?%"2%8

5-phenyl selenide thymidine (PhSeT) is a modified nucleoside that forms a
covalent crosslink with adenosine in nucleoside and oligonucleotide sequence
contexts.*”2%° Unpublished work from the Hayes and Fray research groups has
demonstrated that the PhSeT nucleoside is unable to crosslink with m°A under
oxidative conditions.?®® We aimed to determine whether this chemistry could

be used as a biochemical method of m®A detection.

We synthesised PhSeT modified oligonucleotide probes and tested the
crosslinking reaction in a range of sequence contexts. The selective
crosslinking with adenosine over m®A was maintained in poly(A) sequence
contexts. However, in more complex sequences, we found the crosslinking
reaction to be inefficient and unreliable, and concluded that a crosslinking

based method using this chemistry is not suitable for m®A detection.
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4.1 Introduction

4.1.1 Nucleic acid analogues

Nucleic acid analogues are structurally similar to naturally occurring nucleic
acid, however, contain one or more modifications. The nitrogenous base,
pentose sugar, and phosphate groups can all be modified (Figure 46).2! The
modification of nucleosides is an important avenue of research in the fields of
medicinal chemistry and biochemistry with a range of applications, including
the treatment of disease and use as diagnostic tools for the analysis of genetic

information.261:262

Nitrogenous base
o

| NH
N /J§'0

0
Phosphate 0-F-0—
& ;

OH
Pentose sugar

Figure 46: Structure of deoxythymidine. The nucleic acid can be modified at

the nitrogenous base, pentose sugar, or phosphate group.

4.1.1.1 Examples of nucleic acid analogues

DNA and RNA molecules can be modified with fluorescent or radioactive tags
to study their structure, localisation, and processing. Radiolabelling of DNA
and RNA can be achieved by substituting a phosphate group with a radioactive
isotope such as *P.2*¢ Fluorescent labelling can be accomplished by

incorporating aminoallyl modified nucleotides into the nucleic acid chain.
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Fluorescent dyes are reacted with the primary amine resulting in the
generation of a fluorescent signal.?¢3-2% Nucleic acids can also be modified
with a biotin tag which binds to a molecule called streptavidin with a high
affinity under a wide range of conditions. This chemistry is commonly used
for the isolation and purification of nucleic acid, and the identification of DNA

and RNA binding proteins.?®

4.1.2  Crosslinking of DNA and RNA

Nucleic acid crosslinking is the formation of a covalent bond between two
nucleotides. Crosslinking prevents the separation of hybridised nucleic acid
strands, which inhibits important cellular processes such as DNA replication
and transcription, often resulting in cell death.?>® DNA crosslinking is a
natural cellular process that is induced by endogenous cellular agents such as
oxygen free radicals during oxidative stress,?®” and nitrous acids produced in
the stomach.?® Cells are able to repair these undesirable DNA crosslinks using
a number of methods, including homologous recombination, and nucleotide

excision repair.2%

Nucleic acid crosslinking can be artificially induced using exogenous agents
for a range of applications. These include the artificial regulation of gene
expression, the detection of specific nucleotide sequences,®’ and the

development of antitumor agents.?®
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4.1.3 Examples of artificial nucleic acid

crosslinking

4.1.3.1 Mitomycin C

Mitomycin C (Figure 47) is an anti-cancer, antibiotic agent used in the
treatment of breast, anal, bladder, and upper gastro-intestinal cancers. In the
cell, mitomycin is converted into mitosene via reductive activation. The
mitosene then N-alkylates two DNA bases resulting in crosslinking between
two base paired nucleotides.?®* This crosslink inhibits DNA synthesis and
leads to chromosomal breakage and genetic recombination.? A single

crosslink per genome is sufficient to kill a bacterial cell.?™

Figure 47: Mitomycin C is a DNA crosslinking agent used in the treatment of

cancer.%6!

4.1.3.2 Detecting modified nucleotides using

nucleic acid crosslinking

Nucleic acid crosslinking can be utilised for the detection of naturally
occurring modified nucleotides. Dohno et al. (2010) developed a method for
detecting the modified nucleotide 6mA in DNA. They synthesised a guanosine

nucleotide with an electrophilic formyl group at its O° position (‘G) (Figure
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48).%52 'G will crosslink with adenosine if it is located immediately to the 3’of
the cytosine that it is base paired with. However, this crosslinking is
suppressed if the adenosine is methylated to 6mA, allowing detection of the
modified nucleotide.?®? Unfortunately, this method is limited to detecting 6mA

in an ‘AC’ sequence context.

o]

J/f 5 AC ¥
o 3 T\G 5’ = DNA
fo\)N\H = (Crosshnking
: N7>NT O NH, 55 smp C 3> " No crosslinking
O—ll’—| o *
o 3') T fG_ 5’

O

Figure 48: A formyl modified guanosine nucleotide (fG) used for the
biochemical detection of 6mA in DNA. 'G forms a crosslink with adenosine

but not 6mA.252

4.1.4 Phenyl Selenide modified
thymidine

Over the last 15 years, Greenberg and colleagues have studied a phenyl
selenide modified thymidine (PhSeT) nucleoside 1 that is able to form a
selective and stable crosslink with adenosine.!’” Crosslinking between PhSeT
and adenosine can be achieved by two distinct mechanisms. The first
mechanism acts via a thymidine radical 2 that is formed by UV photolysis of
PhSeT. The radical thymidine forms a crosslink with the complementary

adenosine nucleoside 5 (Scheme 9).271:272
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Scheme 9: Crosslinking between PhSeT and adenosine under radical

conditions.?”?

The second mechanism of crosslinking between PhSeT and adenosine
involves mild oxidation of PhSeT with either singlet oxygen, hydrogen
peroxide, or sodium periodate. This converts PhSeT into a phenyl selenoxide 6
which rapidly forms an electrophilic allylic phenylselenate 8 via a
sigmatrophic rearrangement. The electrophilic group then crosslinks with the
N! position of adenosine to form 4. On reaction with a nucleophile the
crosslinked product then re-aromatizes via a Dimroth rearrangement to form

the more stable crosslink at the N° position of adenosine 5 (Scheme 10).27?
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Scheme 10: Mechanism of PhSeT crosslinking with adenosine under oxidative

conditions.?’?

4.1.5 PhSeT crosslinks with both
adenosine and m®A under UV

photolysis

The ability of PhSeT to form a specific crosslink with adenosine led us to
believe that the modified nucleotide could be utilised for m°A detection.
Unpublished work by the Hayes and Fray groups demonstrated that under
radical conditions the PhSeT mononucleotide crosslinks with both adenosine
and mPA (Scheme 11).2%9 We hypothesized that using these conditions, PhSeT
modified oligonucleotides could be used as biological probes to detect méA.
The PhSeT oligonucleotides could be targeted to crosslink with a specific

adenosine residue, which could be isolated, digested into its single nucleoside
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constituents, and the relative levels of adenosine and m°A could be determined

using mass spectrometry.
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HO OH
OH OH OH OH OH

Scheme 11: PhSeT crosslinks with both adenosine and m8A under radical

conditions (unpublished work).2%°

4.1.6 PhSeT selectively crosslinks with
Adenosine and not m®A under

oxidative conditions

Further unpublished work has demonstrated that under the oxidative
conditions of hydrogen peroxide or sodium periodate, crosslinking was
uniquely identified between PhSeT and adenosine, with no crosslinking
observed between PhSeT and mPA (Scheme 12). Additionally, the presence of
mOA does not inhibit crosslinking between PhSeT and adenosine (Scheme
13).2%% This showed even greater potential for the PhSeT nucleoside to be
utilised as an m°A detection method. We hypothesised that a PhSeT modified

oligonucleotide probe could be reacted with a candidate mPA site and the
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presence or absence of crosslinking could be used to distinguish between

adenosine and m°A.
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Scheme 12: PhSeT crosslinks with adenosine but not m®A under oxidative

conditions (unpublished work).2%°
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Scheme 13: Under oxidative conditions the presence of m®A of does not

inhibit crosslinking between PhSeT and adenosine (unpublished work).2%°
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4.2 AImS

I.  Synthesis of PhSeT modified oligonucleotides

To synthesise the PhSeT nucleoside and phosphoramidite and to synthesise
PhSeT modified oligonucleotides containing the modification in a range of

sequence contexts.

li. Testing the selective PhSeT crosslinking in an

interstrand context.

To test whether the selective crosslinking of PhSeT is maintained in an
interstrand context to determine whether this chemistry could be utilised for

the biochemical detection of m°A.

137



4.3 Results and discussion

4.3.1 Nucleoside context crosslinking

We aimed to build on the unpublished work demonstrating that PhSeT
crosslinks with adenosine but not m®A in a nucleoside context.?%° We began
by synthesising the PhSeT nucleoside 13 according to according to Hong and
Greenberg (2004) (Scheme 14).1” The 5°- and 3’- alcohols of thymidine 9
were protected with TBDPS groups to give 10. The 5 - phenyl selenide group
was then added by forming an allylic bromide intermediate 11 that was
displaced with a phenyl selenide group to give 12. The PhSeT nucleoside
product 13 was produced by removal of the 5’ and 3> TBDPS protecting

groups using tetrabutylammonium fluoride trihydrate.

(¢}

Br NH
\KLA TBDPSCI, imidazole, /g NBS, (PhCO,),, | P
DM, tt, | 18h O CCly, reflux, 1 h N" =0
TBDPSO — TBDPSO.
94 % 0 0
OTBDPS OTBDPS
9 10 11
PhSeSePh,NaBH,, | 58 %
DMF, rt, 16 h (2 steps)
o
PhS PhSe NH
CA&% TBAR3H.O, Aﬁx
THF, 1,2 h N° "0
TBDPSO
70 % )
OH OTBDPS
13 12

Scheme 14: Synthesis of 5- phenyl selenide thymidine nucleoside.’
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In the unpublished work, crosslinking of PhSeT with adenosine and m®A was
analysed by Liquid chromatography mass spectrometry (LCMS). Under the
oxidative conditions, no PhSeT- m®A crosslinking was observed.?® Instead of
LCMS, we used high resolution mass spectrometry (HRMS) to determine
whether even low levels of the PhSeT-m°A crosslinked product can be
observed. Using hydrogen peroxide as the oxidising agent we identified both
PhSeT-adenosine and PhSeT-m°®A crosslinked products. From these results we
concluded that PhSeT crosslinking is selective between mPA and adenosine,
however small amounts of the PhSeT-m°A crosslink are formed in the

reaction.

4.3.2  Synthesis of PhSeT

oligonucleotides

We aimed to determine whether the selective crosslinking of PhSeT with
adenosine and m®A is maintained in an interstrand context. PhSeT and m°®A
phosphoramidites were synthesised and incorporated into oligonucleotide
chains. The PhSeT phosphoramidite 15 was synthesised according to Hong et
al., 2005 (Scheme 15).2"* Firstly, the 5' alcohol was protected with a
dimethyoxytrityl (DMTr) group 14. The 3' alcohol was subsequently modified
to form the cyanoethyl phosphoramidite 15. The m®A phosphoramidite was
synthesised directly from the commercially available RNA BZ-A-CE-
phosphoramidite (as described in section 2.3.2). We then synthesised simple
oligonucleotide sequences of poly(A), poly(m®A), and poly(T) with a central

PhSeT nucleotide (Table 12).

139



Scheme 15: Synthesis of 5-phenyl selenide-thymidine phosphoramidite.
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Table 12: Oligonucleotides for analysis of PhSeT interstrand crosslinking in a

simple sequence context.

Name DNA/RNA Sequence (5°-3%) | Length (nt)
Poly(A) RNA Asg 18
Poly(m®A) RNA G-mPA7 18
T-PhSeT-T DNA To-PhSeT-Ts 18

4.3.2.1 Premature oxidation of the PhSeT

oligonucleotide

Oligonucleotide synthesis (described in detail in section 2.1.2.1) involves an
oxidation step which converts the unstable phosphite triester P(I11) into a
stabilised P(v) species.? This oxidation has the potential to prematurely
oxidise the phenyl selenide group. HPLC analysis of the PhSeT modified
oligonucleotides resulted in two peaks which we hypothesised were the
oxidised and non-oxidised forms of the oligonucleotide (Figure 49 a). This
was confirmed by reacting the oligonucleotide with H.O; (10 mM), which
resulted in full conversion of the oligonucleotide into the oxidised form, with
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the lower retention time (Figure 49 b). The significantly different retention
times allowed HPLC purification of the non-oxidised oligonucleotide (Figure

49 c).

Oxidised

\ Non-oxidised
/
a) PhSeT modified

oligonucleotide - ;
k- VANV AN,

20

b) H;0; (10 mM),
21°C, 3hrs
JACE
— S SN,
¢) HPLC purified
oligonucleotide

Figure 49: HPLC analysis and purification of PhSeT modified
oligonucleotides. a) A PhSeT modified oligonucleotide is partially oxidised
during synthesis. b) Treatment of the oligonucleotide with hydrogen peroxide
confirmed that the oxidised oligonucleotide has a lower retention time. ¢) The

non-oxidised oligonucleotide was HPLC purified.

Analysis of the oxidised product by mass spectrometry demonstrated that
PhSeT is oxidised to form 5-hydroxymethyl-2°-deoxyuridine 18 which is

consistent with the published literature (Scheme 16 and Figure 50).%°
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Figure 50: Mass spectrometry analysis of a PhSeT modified oligonucleotide
before HPLC purification. Both the oxidised (5-hydroxymethyl-2°-

deoxyuridine) (blue) and non-oxidised (PhSeT) (red) products are observed.

We also observed complete oxidation of the oligonucleotide after treatment
with ammonia hydroxide at 65 °C, for 72 hrs (Figure 51), demonstrating that
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the deprotection conditions also cause premature oxidation of PhSeT. To
reduce the levels of undesirable oxidation, the phenyl selenide modified
oligonucleotides were deprotected by incubation with ammonia hydroxide at

room temperature for 48 hrs, instead of the standard 55 °C overnight.

Oxidised

\ Non-oxidised
a) PhSeT modified /
oligonucleotide i

ag [\ % ﬂ

- I AU
b) Ammonium hydroxide
65°C, 72 hrs
g § E 5

Figure 51: Oxidation of PhSeT modified oligonucleotides using ammonium
hydroxide. a) A PhSeT modified oligonucleotide is partially oxidised during
synthesis. b) Extended incubation in ammonium hydroxide at elevated

temperatures results in complete oxidation of the oligonucleotide .

4.3.3  Selective crosslinking in simple

oligonucleotide sequences

There are a number of potential oxidising agents suitable for the PhSeT
crosslinking reaction. Of the oxidising agents used to crosslink double
stranded DNA in the literature, sodium periodate resulted in the highest

crosslinking yields.?”> Unfortunately, sodium periodate also functions in the
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cleavage of vicinal diols that are present in RNA,2” for this reason we used

hydrogen peroxide as our oxidising agent.

We initially tested the crosslinking reaction in a simple poly(A)/ poly(mtA)
sequence context. The PhSeT modified oligonucleotide was radiolabelled at its
5°- end with 32P and annealed to either poly(A) or poly(m°®A) oligonucleotides.
The samples were treated with H20. (10 mM) for 1 hr, at 21 °C and analysed
by denaturing polyacrylamide gel electrophoresis to observe the presence or
absence of interstrand crosslinking. Consistent with our results from the
nucleoside crosslinking experiment, crosslinking was only observed between
PhSeT and adenosine (Figure 52). The lack of crosslinking between PhSeT
and m°A confirmed our hypothesis that the selective crosslinking of PhSeT is
maintained in an interstrand context, indicating that it may be possible to

utilise PhSeT as a method of m8A detection.
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Figure 52: Interstrand crosslinking between PhSeT and poly(A)/(mA).
Crosslinking was observed between PhSeT and adenosine in a 14 % yield. No

crosslinking was observed between PhSeT and m°A.

Only a small percentage of the PhSeT and adenosine containing
oligonucleotides exhibited crosslinking. In an attempt optimise the yield of the
crosslinked product the reaction was repeated using a range of hydrogen
peroxide concentrations from 10 mM to 500 mM (Figure 53). The highest
levels of crosslinking were observed in the 10 mM reactions and the amount
of the crosslinked product decreased as the concentration of hydrogen
peroxide was increased. We also tested a range of reaction temperatures and
incubation times. The highest crosslinking levels of 22 % were observed after

an incubation at 4 °C for 12 hrs (Figure 54).
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Figure 53: Interstrand crosslinking between PhSeT and poly(A)/(m°A).
Testing the method using various concentrations of H2O,. The reaction was
incubated at 21 °C for 1 hr. The highest crosslinking yield observed was 9 %,

when 10 mM H20; was used.

11 % 22 % 18 % 20 % Crosslinked
so— —— s <4— product
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Figure 54: Interstrand crosslinking between PhSeT and poly(A)/(m°A).
Testing the method using various temperatures and incubation times with 10

mM H2O:. The highest crosslinking yield observed was 22 %.
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4.3.4 Crosslinking in complex

oligonucleotide sequences

Confirmation that the selective reactivity of PhSeT is maintained in an
interstrand context was highly promising. However, the oligonucleotide
sequences used in this experiment were relatively simple and do not reflect
natural m®A modified mMRNA. Therefore, it was important to test the
crosslinking within the context of a known mRNA sequence. The zipcode of
B-actin mouse MRNA was an ideal candidate to test the PhSeT crosslinking as
B-actin is a highly abundant transcript with defined sites of m5A methylation

that have been mapped and quantified.*

We synthesised B-actin zipcode oligonucleotides that contained either
adenosine or m®A within the GG-A/m®A-CU or CU-A/m°A-GG sequence
contexts. We also synthesised complementary DNA oligonucleotide probes

with the PhSeT modification opposite the meA/A sites (Table 13).
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Table 13: B-actin zipcode oligonucleotides modified with either PhSeT or m°A

for the analysis of PhSeT interstrand crosslinking.

Name DNA/RNA | Sequence (5°-3) Length
(nt)

Mouse B-actin DNA TAACAG(PhseT)CCGCCT | 28

consensus PhSeT AGAAGC

Mouse B-actin DNA TAACAGTCCGCC(PhSeT) | 28

control PhSeT AGAAGC

Mouse B-actin RNA CUUCUAGGCGGACUGU | 19

unmodified UA

Mouse B-actin RNA GCUUCUAGGCGG(m®A) | 19

consensus meA CUGUUA

Mouse B-actin RNA GCUUCU(MPA)GGCGGA | 19

control méA CUGUUA

The corresponding oligonucleotides were annealed, treated with 10 mM H20-

and incubated at 4 °C for 12 hrs. The selective crosslinking was maintained in

the ‘CU-A/m°PA-GG’ sequence context with 18 % crosslinking observed

between PhSeT and adenosine, and no crosslinking observed between PhSeT

and m°A. However, when analysing the m®A consensus sequence ‘GG-

A/MPA-CU’ no crosslinking was observed with either m®A or adenosine

(Figure 55). This indicates that the PhSeT interstrand crosslinking is

dependent on sequence context. Due to the unreliable nature of this

crosslinking reaction we determined that a crosslinking based method using

PhSeT will be unsuitable for m®A detection.
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Figure 55: Interstrand crosslinking of PhSeT and m®A modified B-actin
zipcode oligonucleotides. The reactions were incubated at 4 °C for 12 hrs.
Selective crosslinking was observed between adenosine and m®A when in the
CU-A/mPA-GG sequence context. No crosslinking was observed when in the

GG-A/m®A-CU sequence context.

4.3.5 Discussion of the crosslinked

product

There are a number of potential explanations for the inability of PhSeT to
crosslink with m8A. We hypothesise that the crosslinking is inhibited due to
steric hindrance caused by the N®-methyl group. Alternatively, the
combination of the methyl group of m®A and the phenyl selenide group of
PhSeT may prevent normal base pairing between the two nucleotides,

inhibiting the crosslinking reaction.
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Although crosslinking was observed between PhSeT and adenosine, we have
not yet determined the exact product that was formed. The crosslinking can
occur at either the N* position 4 or the more stable N° position 5.27% In our
nucleoside studies, the crosslinked product was treated with piperidine to
ensure rearrangement to the more stable N® crosslinked product 5. In this study
piperidine was not used, in order to prevent undesirable RNA degradation,?’
therefore we have potentially formed the less stable crosslinked product 4. In
order to determine whether this is the case, NMR or HPLC analysis will be

required.

4.3.6 PhSeT crosslinking as a method of
MRNA purification

PhSeT crosslinking has proved unsuitable for the detection of m®A, however,
there are other potential applications for this chemistry. One possible
application is to use PhSeT modified oligonucleotides for the poly(A)

purification of mRNA.

The purification of mMRNA from total RNA is a commonly used molecular
biology technique.!® The most common method involves the use of a poly(T)
DNA probe bound to magnetic beads which base pair with to the poly(A) tail
of the mRNA, allowing contaminating non-coding RNAs to be washed
away.'® A limitation to the poly(T) magnetic bead mRNA purification method
is that the washing steps cannot be too severe as this will risk breaking the
base pairing between the poly(dT) and poly(rA) sequences. This means that

small quantities of the contaminating non-coding RNA will remain in the
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sample. We hypothesise that a poly(PhSeT) probe could be used as an
alternate method of mRNA purification. The covalent linkage formed between
PhSeT and adenosine is considerably stronger than nucleotide base pairing.
This will allow more stringent washing steps to be used which will ensure that

all of the contaminating non-coding RNA is eliminated from the sample.

In order to be used as a method of mMRNA purification, the PhSeT-adenosine
crosslinking yields would need to be as close to 100 % as possible. This is
considerably higher than the crosslinking yields we observed between the
poly(A) and PhSeT containing oligonucleotides. In an attempt to improve the
crosslinking yields we will synthesise a poly(T) oligonucleotide containing
multiple PhSeT modifications. Efforts to develop this technology are in

progress at the time of writing this thesis.

4.3.7  Concluding points

The aim of this chapter was to synthesise PhSeT modified oligonucleotides
and to test whether they could be used as biological probes for the detection
and quantification of m®A. We observed selective crosslinking between PhSeT
and adenosine in simple sequence contexts. Unfortunately, in more complex
sequence contexts such GG-A/mPA-CU we observed no crosslinking with
either m®A or adenosine indicating a crosslinking based method is unsuitable

for m8A detection.

Despite the lack of success using PhSeT for crosslinking based applications,

there is potential for the PhSeT nucleoside to be utilised in reverse

151



transcription-based applications including the detection and quantification of

mOA. This possibility is explored in Chapter 5.
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Chapter 5: PhSeT
triphosphate based m°A

detection

Overview: Modified nucleoside triphosphates have a range of applications,
including use as therapeutic drugs,?”® and in the detection of nucleotide
modifications in DNA and RNA.16113 A 4-Se modified thymidine nucleoside
triphosphate has previously been utilised for the detection of m®A in RNA 113
In chapter 4 we demonstrated that a PhSeT modified nucleoside selectively
crosslinks with adenosine and not m®A. We hypothesise that PhSeT and m°A
may also be incompatible in reverse transcription reactions which would allow

site specific mapping of m°A.

We have synthesised PhSeT triphosphate (PhSe-dTTP) and tested its ability to
be incorporated in reverse transcription reactions opposite adenosine and méA
in the RNA template, using a range of reverse transcriptase enzymes. We have
found that the enzymes Bst DNA polymerase and Bst 3.0 DNA polymerase
selectively incorporate PhSe-dTTP opposite adenosine and not méA. We have
tested these enzymes under a range of conditions to optimise the efficiency
and selectivity of this reaction. Further analysis and optimisation are required,
however the selectivity of PhSe-dTTP has the potential to be utilised for

transcriptome wide mapping of m°A.
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5.1 Introduction

5.1.1  Nucleoside triphosphates

Nucleoside triphosphates (NTPs) are nucleosides with three phosphate groups
bonded to the 5°- of the sugar (Figure 56). These molecules are the building
blocks of DNA and RNA and are the substrates of DNA replication and
transcription.?! Nucleoside triphosphates also fulfil a number of essential
cellular functions. The most important of which is the provision of energy for
the majority of chemical reactions in the cell as provided by ATP, a well-

known example of a nucleoside triphosphate .’

NH,
N X
<)
NN

OH OH

Figure 56: Structure of the nucleoside triphosphate ATP. Nucleoside
triphosphates are composed of a nitrogenous base, and either a ribose or

deoxyribose sugar bonded to three 5’ phosphates.?

5.1.1.1 Nucleoside triphosphates in transcription

and DNA replication

Transcription is the synthesis of single stranded RNA using a DNA template.
A covalent bond is formed between the 3’- hydroxyl group of the growing
RNA chain and the alpha phosphate of the incoming nucleoside triphosphate.

The beta and gamma phosphate groups are released in the form of
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pyrophosphate. This reaction is catalysed by an RNA polymerase enzyme
(Figure 57). DNA replication occurs by a similar mechanism; however, the
DNA template is used to synthesise a complementary DNA molecule, and the
reaction is carried out by a DNA polymerase enzyme. Transcription uses the
nucleoside triphosphates ATP, CTP, GTP, and UTP, whilst DNA replication

uses the deoxynucleoside triphosphates dATP, dCTP, dGTP, and dUTP.%

Nucleoside triphosphates are essential for a number of molecular biology
techniques including reverse transcription and polymerase chain reaction
(PCR). These methods are used for the in vitro synthesis and amplification of

RNA and DNA respectively.?’"278
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Figure 57: Mechanism of reverse transcription. RNA polymerase catalyses the
formation of a covalent bond between the 3’- hydroxyl group of the growing
RNA chain and the alpha phosphate of the incoming nucleoside

triphosphate.’®

5.1.2  Modified nucleoside triphosphates

Modified nucleoside triphosphates have a range of applications including use
as therapeutic drugs,?” and the sequencing of DNA and RNA.2"°. Modified

155



nucleoside triphosphates can be incorporated into nucleic acid using
polymerase enzymes. Modified nucleoside triphosphates are incorporated less
efficiently than unmodified molecules, however, the efficiency of

incorporation varies greatly depending on the type of modification.?®

5.1.2.1 Applications of modified nucleoside

triphosphates

Modified nucleoside triphosphates can be used as antiviral agents. This is
achieved when the nucleoside triphosphate acts as a chain terminator, which
inhibits the polymerase enzymes and prevents the replication and expression
of the virus’s genetic information.?” Aciclovir (Figure 58) is an example of a
modified nucleoside used to treat herpes simplex virus, shingles, and
chickenpox. Aciclovir mimics guanosine and is efficiently incorporated into
the viral DNA. The lack of a 3* hydroxyl group in Aciclovir prevents further

nucleotides from being incorporated into the growing DNA chain.?’

[0}

Py

o N7 NH,
\I/O\l

Figure 58: Aciclovir is a modified nucleoside used as an antiviral agent.
Aciclovir acts as a chain terminator, inhibiting the activity of DNA

polymerase enzymes.?”

Modified nucleoside triphosphates are also used in the sequencing of DNA.
An example of which is Sanger sequencing which utilises chain-terminating

dideoxynucleotides (ddNTPs). These molecules lack the 3” hydroxyl group,
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preventing the coupling of subsequent nucleotides to the growing chain
(Figure 59). The sequence of nucleotides is mapped based on sites of stalling

of each dideoxynucleotide (ddATP, ddGTP, ddCTP, and ddTTP).2"

NH,
N ~ N

<
0 0 N N/)

Figure 59: Structure of adenosine dideoxyadenosine triphosphate (ddATP)
used in Sanger sequencing of DNA. This molecule lacks a 3' hydroxyl group,
preventing the coupling of subsequent nucleotides which results in stalling of

the polymerase enzyme.?”

5.1.3 Using polymerase enzymes and
modified nucleoside triphosphates for

the detection of m°A

Due to the numerous difficulties regarding the detection and quantification of
mOA, research attempting to utilise polymerase enzymes and modified
nucleoside triphosphates for m®A sequencing has been undertaken in recent

years, this research is discussed below.

5.1.3.1 Polymerase dependent detection of

modified nucleotides

Polymerase enzymes have the potential to be used for the detection of
modified nucleotides. This is because they have sterically sensitive active sites

which allow the enzyme to differentiate between modified and unmodified
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nucleotides.'® There are a number of mechanisms by which a polymerase

enzyme could be used to detect a modified nucleotide:

1)

2)

3)

The polymerase may recognise the modified nucleotide differently
from its unmodified counterpart. For example, 8-oxoguanine
(80x0G) which is formed from guanosine by reactive oxygen species
under anaerobic conditions. Certain polymerases enzymes have been
shown to incorporate adenosine opposite 80xoG instead of cytidine.?8
The polymerase enzyme may be stalled by the presence of a
modified nucleoside. An example of this is 2'-O-methylated
nucleotides in ribosomal RNA which have been mapped by identifying
sites of reverse transcription stalling.282283

The polymerase may take longer to incorporate the nucleoside
triphosphate opposite the modified nucleotide. This is how 6mA is

detected in DNA using SMRT sequencing.?

Attempts have been made to identify polymerase enzymes that react

differently with adenosine and m®A. When using Bst DNA polymerase or Tth

DNA polymerase, nucleoside triphosphates are incorporated less efficiently

opposite m8A compared with adenosine'®?%, However, the reverse

transcription efficiency is only slightly reduced and a difference in polymerase

activity could only be observed in single nucleotide incorporation experiments

with very short reaction times.

285
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5.1.3.2 Modified nucleoside triphosphates for the

detection of mfA

A series of 5-substituted 2’ deoxyuridine 5’ triphosphate analogues: 5-F-
dUTP, 5-Br-dUTP, 5-lodo-dUTP, 5-hmdUTP, and 5-Formyl-dUTP (Figure
60) have been tested for their ability to differentiate between adenosine and
mOA in a reverse transcription reaction. All of the triphosphates tested were
incorporated opposite both adenosine and m°A in reverse transcription
reactions. A number of the triphosphates exhibited a reduced incorporation
efficiency opposite m°A. However, they only slightly improved upon the
standard unmodified nucleoside triphosphates and the difference in
incorporation efficiency was not sufficient for use as an m®A detection

method. 16

159



N)§O
o 9 9 a9 9
HO—?—O—F—O—?—O o HO—?—O—?—O—?—O o
OH OH OH OH OH OH
OH OH
5-F-dUTP 5-Br-dUTP
(6] (6]
L X
N (6]
o 9 9 I o o o
HO—P—0-P—0-P-0 HO—P—0—-P-0-P-0
| | | o | | | (0]
OH OH OH OH OH OH
OH OH
5-Iodo-dUTP 5-hmdUTP
(0] (6]
HO | NH
N)§O

noon o0
HO-P—-0O—-P-0-P-0

] ] ] o

OH OH OH

5-Formyl-dUTP

Figure 60: 5-substituted 2’ deoxyuridine 5’ triphosphate analogues: 5-F-dUTP,

5-Br-dUTP, 5-lodo-dUTP, 5-hmdUTP, and 5-Formyl-dUTP.16

Hong and co-workers (2018) synthesised a modified nucleoside triphosphate
(4Se-dTTP) which causes truncation of reverse transcription when opposite
mOA but not adenosine.*® They substituted the oxygen at the 4-position of
deoxythymidine triphosphate (dTTP) with a larger selenium atom (Figure
61).1'2 The increased radius of the selenium atom resulted in significant
truncation of reverse transcription at sites of m®A in the RNA template,
making it a promising tool for the detection of m®A. However, the amount of
truncation observed was only a fraction of the full-length product.*® There is a
requirement for further modified nucleoside triphosphates to be tested to

evaluate their ability to differentiate between m®A and adenosine.
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Figure 61: Structure of 4Se-dTTP, used for the detection of m°A in RNA.1*3

5.1.4 PhSeT triphosphate may
differentiate between m®A and

adenosine

In chapter 4, we demonstrated that the PhSeT nucleoside is able to selectively
crosslink with adenosine but not m®A in both mononucleotide and interstrand
contexts. This chemistry is not suitable to be developed as an m®A detection
method. However, the inability of PhSeT to crosslink with mPA led us to
question whether a PhSeT modified nucleoside triphosphate (Figure 62) could
be used to differentiate between m®A and adenosine. We hypothesised that
reverse transcription would terminate opposite m®A when PhSe-dTTP is used
in place of dTTP, which would provide an ideal method of m®A detection that

could potentially be adapted for transcriptome wide m®A sequencing.
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Figure 62: Structure of phenyl selenide modified thymidine triphosphate.?%
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5.2 AImS

I.  Synthesis of the PhSeT nucleoside triphosphate

To synthesise and purify the PhSeT nucleoside triphosphate using the method
described by Greenberg et al. (2006),2% and to assess alternative methods of

PhSe-dTTP synthesis in an attempt to increase the reaction yield.

ii. Reverse transcription of PhSe-dTTP using m°A

and adenosine templates

To test the ability of PhSe-dTTP to be incorporated opposite m°A and
adenosine in the RNA template using a range of reverse transcriptase
enzymes, and to determine whether this can be used for the detection and

quantification of m°A.

162



5.3 Results and discussion

5.3.1 Synthesis of PhSeT triphosphate

Synthesis of nucleoside triphosphates has historically proved to be very
difficult.?®” Thankfully Hong et al. (2006) have successfully synthesised
PhSeT triphosphate (PhSe-dTTP) using the Yoshikawa method,?® in a low 3
% yield.?® Using their methodology, we converted the PhSeT nucleoside into
its triphosphate form (Scheme 17). A laborious, multistep purification was
required in order to remove the numerous contaminants that are inhibitory to
the reverse transcription reaction. The product was first purified by DEAE
sephadex ion exchange chromatography, followed by purification using C-18
reverse phase HPLC. The identity and purity of the PhSe-dTTP was confirmed
by HPLC and mass spectrometry. We observed low yields using this method
and the two-step purification made synthesis of this molecule inefficient and
time consuming. For this reason, we also synthesised PhSe-dTTP using a
Ludwig Eckstein based method (Scheme 18)!328 which required a single

HPLC purification step and resulted in significantly improved yields.
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Scheme 17: Synthesis of 5-phenyl selenyl-thymidine-triphosphate (Yoshikawa
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Scheme 18: Synthesis of 5-phenyl selenyl-thymidine-triphosphate (Ludwig

Eckstein method)2°,
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5.3.2 PhSe-dTTP can be used as a
substrate for primer extension

reactions

For this experiment to be successful the reverse transcriptase must recognise
PhSeT as its natural substrate thymidine. The Klenow exo-fragment of DNA
polymerase | has previously been shown to incorporate PhSe-dTTP opposite
adenosine in a DNA template, however, with an incorporation efficiency 150

times lower than unmodified dTTP.28

Our initial aim was to test whether PhSe-dTTP can be used as a substrate in
reverse transcription reactions using an unmodified RNA template. Using the
MuLV reverse transcriptase, we observed no difference in primer extension
when using PhSe-dTTP and dTTP with the primer extending to the full length

of the RNA template in both cases (Figure 63).
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A RNA

28nt —-— i

23nt

17nt .

dNTPs None C/G/A | C/G/A

T PhSeT
28nt 23nt  17nt
3’ tggttgtgggtgtgggg-**p 5’
5’ accggacuguuaccaacacCCacacccc 37

Figure 63: Testing PhSe-dTTP on an unmodified RNA template. Using MuLV
reverse transcriptase, full length primer extension was observed when using

both dTTP and PhSe-dTTP.

5.3.3  Determining the selectivity of
PhSe-dTTP towards m°A and

adenosine

In order to determine whether PhSe-dTTP exhibits selectivity between méA
and adenosine, we synthesised two identical RNA oligonucleotides, 28 nt in
length, containing either m8A or adenosine at position 23. Using a
radiolabelled 17 nt primer we tested a series of reverse transcriptase enzymes
to determine their ability to incorporate PhSe-dTTP opposite méA and
adenosine. The majority of the reverse transcriptase enzymes showed no
selectivity between m®A and adenosine, with MuLV RT, AffinityScript

Multiple Temperature RT, OPTIZYME, and ImProm-II all extending the full
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length of the template when using the m®A modified and unmodified
templates (Figure 64). However, Bst DNA polymerase showed a high degree
of selectivity between m°A and adenosine, with the majority primer extension

stalling opposite mPA in the RNA template (Figure 65).

AffinityScript Multiple Temperature
Reverse Transcriptase

ARNA mfA RNA

28nt -
-
23nt - ’
- .-
17nt - ) :‘v
-
dNTPs | None | C/G/A/ | C/G/A/ | None C/G/IA/ | CIG/A/
T PhSeT T PhSeT
28nt 23nt 17nt
3’ i tggttgtgggtgtgggg-*F 5’
5’ accggacuguuaccaacacccacacccc 37

Figure 64: PhSe-dTTP was tested using a range of reverse transcriptase
enzymes. AffinityScript Multiple Temperature Reverse Transcriptase was one
the enzymes that exhibited no selectivity between m®A and adenosine, with

the primer extending the full length of the RNA template in both cases.
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Bst DNA polymerase
ARNA mfA RNA

28nt

T

23nt

.

| dNTPs | None C/G/A/ | C/G/A/ | None | C/G/AS | C/G/AS
T PhSeT T PhSeT
28nt 23nt  17nt
3’ tggttgtgggtgtgggg-**p 5’
5’ accggacuguuaccaacacCCacacccc 37

Figure 65: Using Bst DNA polymerase and PhSe-dTTP, the reverse

transcription stalled opposite the m°A but not adenosine.

5.3.4  Testing m°A quantification using
PhSe-dTTP and Bst DNA polymerase

We observed high levels of reverse transcription stalling opposite m°A when
using a combination of PhSe-dTTP and Bst DNA polymerase. To test whether
this stalling could be used to quantitatively determine the relative levels of
m°A and adenosine at a single nucleotide position, we repeated the experiment
using varying ratios of the m®A modified and unmodified RNA templates
(Figure 66). We observed a linear relationship between the amount of primer
extension stalling and the ratio of m®A modified and unmodified input RNA,
however, at less than 10 % m°®A the amount of reverse transcription stalling

did not accurately reflect m°A levels.
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mer extension using PhSe-dTTP and Bst DNA polymerase using

different ratios of the m®A modified and unmodified RNA template. We

observed a lin

ear relationship between the amount of primer extension stalling

and the ratio of m®A modified and unmodified input RNA.

5.3.5

Bst 3.0 DNA polymerase

Bst DNA polymerase is primarily a DNA dependent DNA polymerase,

however it does possess some reverse transcriptase activity, as is observed in

our primer extension experiments. For this reason, Bst DNA polymerase is
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unsuitable for a transcriptome wide reverse transcription-based method. An
alternative enzyme is Bst 3.0 DNA polymerase which is a genetically
engineered version of Bst DNA polymerase with significantly improved
reverse transcriptase activity.?°%2%! We tested this enzyme using the PhSeT
primer extension assay and observed high levels of stalling opposite the m°A
site in the RNA template (Figure 67). However, we also observed low
intensity stalling bands opposite the unmodified adenosine when using both

dTTP and PhSe-dTTP.

Bst 3.0 DNA polymerase

A RNA mfA RNA
28nt - —— s e—— -
23nt - - PR ——. ' -

17nt ' '

dNTPs None C/G/A/ | C/G/AS None C/G/A/ | C/G/A/
T PhSeT T PhSeT

28nt 23nt  17nt

37 l tggttgtgggtgtgggg-**p 5’
5’ accggacuguuaccaacacCCacacccc 37

Figure 67: Using Bst 3.0 DNA polymerase, a large amount of stalling was
observed opposite m®A using PhSe-dTTP. Low intensity stalling bands were

also observed opposite adenosine when using both dTTP and PhSe-dTTP.

We therefore attempted to optimise the reverse transcription reaction
conditions to maximise stalling opposite m®A residues whilst eliminating
stalling opposite adenosine. We tested a range of reaction temperatures

(Figure 68), and buffer components (Figure 69), and concluded that the

170



optimal conditions were using 4 mM MgSOs, and a reaction temperature of 60
°C. under these conditions, we observed high levels of reverse transcription

stalling opposite m®A with minimal stalling opposite adenosine.

Bst 3.0 DNA polymerase

O e RS W e

23nt 3
17nt % -
RNA A mA| A |mA| A | mA| A | moa

Temp (°C) 50 | 50 | 55 | 55 | 60 | 60 | 65 | 65

28nt 23nt 17nt
37 tggttgtgggtgtgggg-*P 5’
5/ &CCggacugUUACCAACACCCACACCCC 37
Figure 68: Temperature optimisation for the PhSe-dTTP Bst 3.0 polymerase
primer extension reaction. We identified 60 °C as the optimal temperature
with high levels of stalling opposite m®A and full-length primer extension

using the unmodified RNA template.
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Bst 3.0 DNA polymerase

" —_— - -
23nt - -~
- p—
17 nt

RNA A |mA| A mfA| A mfA| A | mfA
Temp (°C) 60 60 60 60 60 60 60 60
MgSO, (mM) 4 4 6 6 8 8 10 10
28nt 23nt 17nt
37 tggttgtgggtgtgggg-*F 5’
5’ accggacuguuaccaacacCcCacacccc 37
Figure 69: MgSO4 optimisation for the PhSe-dTTP Bst 3.0 polymerase primer
extension reaction. When using a reaction temperature of 60 °C, we identified
4 mM MgSO; as the optimal concentration for selective reverse transcription,
with the high levels of stalling opposite m®A and minimal stalling opposite

adenosine.

Using these optimised conditions, we tested the reverse transcription reaction
with a range of incubation times (Figure 70) and found that a 20 min
incubation time was required to observe mostly full-length primer extension
using the unmodified RNA template. Increasing the incubation time from 20

mins to 1 hr slightly reduced the amount of stalling at sites of m°A.
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Bst 3.0 DNA polymerase

28nt
23nt
17nt '
RNA A
Time (mins) 5 5 10 10 20 20 60 60

28nt 23nt 17nt
37 tggttgtgggtgtgggg-*P 5’
5’ accggacuguuaccaacacccacacccc 37
Figure 70: Reverse transcription incubation time. The amount of reverse
transcription stalling opposite both m®A and adenosine decreased as the

reaction time was increased.

We tested the ability of Bst 3.0 DNA polymerase to quantify m®A levels by
using different ratios of the unmodified and m°®A modified RNA templates
(Figure 71). As the amount of m°A in the input RNA increased we observed
higher levels of reverse transcription stalling, however, the amount of reverse
transcription stalling did not accurately reflect the ratio of the input
oligonucleotide. Additionally, the levels of reverse transcription stalling were
not as high as in the quantification experiment using the standard Bst DNA

polymerase (Figure 66, section 5.3.4).
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Figure 71: Testing quantification of m®A levels using Bst 3.0 DNA
polymerase. The amount of reverse transcription stalling did not accurately

reflect the ratio of the input oligonucleotide.

One explanation for the low accuracy of this quantification experiment is the
high reaction temperature of 60 °C. In this experiment, any DNA primer that
stalls at an m®A site will be 23 nucleotides in length and will have a melting

temperature of approximately 58 °C. As the primer has a lower melting

temperature than the reaction temperature, the partially extended primers will
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be able to re-anneal with an unmodified RNA oligonucleotide and extend to

the full length of the RNA template.

A solution to this problem would be to use longer template RNA
oligonucleotides however synthesis of RNA oligonucleotides exceeding 40
nucleotides in length is challenging. Alternatively, the template RNA can be in
vitro transcribed however using this method it is not possible to have both

adenosine and m®A nucleotides in the same RNA template.

5.3.6  Testing PhSe-dTTP on real
MRNA samples

Having demonstrated that PhSe-dTTP selectively stalls reverse transcription at
mOA sites using synthetic RNA templates, we needed to test the molecule on a
real MRNA sample. To determine at which nucleotides reverse transcription
stalling was occurring, we designed the experiment outlined in Figure 72.
Firstly a 5 biotinylated poly(dT) primer was annealed to poly(A)+ mRNA and
the primer was extended in a reverse transcription reaction. The mRNA was
then treated with RNase T1, which cleaves at the 3’- of every G nucleotide
(however, any RNA that is annealed to the extended DNA strand would be
protected from the RNase treatment). The DNA/RNA hybrids were then
purified using streptavidin magnetic beads and 5’ radiolabelled with 32P.
Finally, the RNA was digested into 5’-*2P-nucleoside monophosphates and
analysed by two-dimensional TLC. This experiment should in theory
determine the identity of the nucleotides at which reverse transcription stalling

occurs.
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stalling. A Biotinylated poly(dT) primer was annealed to an mRNA sample

5°- 32P nucleoside monophosphates, and analysed by two-dimensional TLC.

The optimum temperature for m®A detection using PhSe-dTTP and Bst 3.0
DNA polymerase is 60 °C. The melting temperature of a 17-nucleotide

poly(dT) oligonucleotide primer is approximately 47 °C, which is too low for

bases in the poly(dT) primer in order to increase the temperature of the 17-

nucleotide primer to approximately 64 °C. Locked nucleic acid containsa 2'-
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Figure 72: Determining the nucleoside identity of sites of reverse transcription

and extended in a reverse transcription reaction. The mRNA was then digested

using RNase T1, purified using the biotin tag, radiolabelled, and digested into

the reverse transcription reaction. To combat this problem, we used dT locked



O, 4'-C methylene bridge that increases the rigidity of the ribofuranose ring
which stabilises the base pairing and reduces the melting temperature of the

oligonucleotide (Figure 73).2%2

Base
§

Figure 73: Structure of a locked base.?%

We tested this method on chicken embryo total RNA using Bst 3.0 DNA
polymerase and PhSe-dTTP in place of dTTP. Initially we only observed
unincorporated phosphate (*2P) on the TLC plate. This was because the high
melting temperature of the DNA/RNA hybrid prevented elution of the
radiolabelled DNA from the RNA template when heating the sample to 95 °C.
To overcome this problem, we eluted the DNA by treating the DNA/RNA
hybrid with RNase H which digested the RNA strand into smaller fragments.
After this digestion step, the DNA could then be eluted from the magnetic

beads by incubating at 75 °C for 5 mins.

Using this method, we observed PA, PC, and PU 5’ nucleoside monophosphates
on the TLC plate, however, no spot for Pm®A was observed (Figure 74). This
demonstrated that using the conditions tested, reverse transcription did not
predominantly stall at sites of m®A. Interestingly, the spots for A, C and U
have similar intensities indicating that the reverse transcription stalling is not
predominantly at sites of adenosine which appears to demonstrate that PhSe-
dTTP is working efficiently in the reverse transcription reaction, as the primer

must be extending beyond the poly(A) tail. Future work will involve repeating
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this experiment using a greater range of reverse transcription conditions and
with suitable experimental controls, both of which were not possible in this

study due to time constraints.

15t dimension
&
&

15t dimension

\ A

\ 4

2nd dimension 2nd dimension

Figure 74: TLC analysis of PhSe-dTTP reverse transcription using Bst 3.0
DNA polymerase, and chicken embryo total RNA. Spots corresponding to PA,
PC, and "U were present on the TLC plate with similar intensities. No spot for

PmEA was observed.

5.3.7 Comparison with other reverse
transcription based m°A detection

methods

A number of studies have used reverse transcriptase enzymes and modified
nucleoside triphosphates for the detection of méA113285 The most successful
of these methods is 4Se-dTTP which also stalls reverse transcription reactions
specifically at m°A sites in the RNA template.**® For both 4Se-dTTP and

PhSe-dTTP, the reverse transcription inhibition is not at 100 %, with a fraction
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of the reverse transcription reactions extending past m°A in the RNA template.
This is potentially beneficial as it will allow the detection of multiple closely
located mPA sites, which would not be possible if the reverse transcription
stalling was 100 %. However, quantification of the amount of methylation at a
particular site will be more accurate with higher levels of reverse transcription
stalling at sites of m8A. There is room for further reaction optimisation in

order to maximise the selective reverse transcription stalling at sites of m°A.

It is likely that other modified nucleoside triphosphates will also selectively
inhibit reverse transcription at m®A sites. Future work should therefore involve
testing a range of modified nucleoside triphosphates for the ability to
differentiate between m®A and adenosine. A combination of the 4-Se and 5-
PhSe modifications may also improve the selectivity between m°A and

adenosine.

A further potential improvement would be to test Tth DNA polymerase with
both 4Se-dTTP or PhSe-dTTP. Tth is a DNA polymerase from Thermus
thermophilus that possess reverse transcriptase activity with an 18-fold
selectivity for incorporating thymidine opposite adenosine in comparison with
m°A.18. The high cost of Tth DNA polymerase prevented us from testing this

enzyme in our study.

5.3.8 Concluding points

The aims of this chapter were to synthesise PhSe-dTTP and to test its ability to
differentiate between m°A and adenosine in reverse transcription reactions.

We successfully synthesised PhSe-dTTP and identified Bst DNA polymerase
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and Bst 3.0 DNA polymerase which both exhibited selectivity between m°A
and adenosine when using PhSeTTP as a substrate. Bst 3.0 DNA polymerase
is the most promising candidate due to its superior reverse transcriptase
activity, however this technology will require significant optimisation in order

to be a useful m8A detection method.
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Chapter 6: Conclusions

Overview: This chapter discusses the findings made in this thesis and the
main conclusions reached. Future work that will follow this study is also

discussed.
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6.1.1 Conclusion

In order to conclude this thesis, it is important to review the aims we initially
set out to meet. These were to synthesise various modified oligonucleotides as
part of collaborative research projects and to develop new methods of m°A
detection and quantification. We have met these aims with varied levels of
success, an evaluation of our respective outcomes and shortcomings are

discussed in this chapter.

6.1.1.1 Synthesis of alkylated oligonucleotides

Chapter 2 describes the one step synthesis of m®A phosphoramidite. This is
considerably more efficient than the seven-step synthesis described in the
literature.'®® The m®A phosphoramidite is commercially available, however, at
a cost of over £4,000/g,% this is considerably more expensive than our
synthesis which costs well under £100/g. We believe our method of synthesis
is suitable for researchers with little to no experience with synthetic organic
chemistry and should improve the access of research groups to m®A modified

oligonucleotides.

This alkylation reaction can also be used for the synthesis of a range of other
modified nucleoside phosphoramidites as demonstrated in unpublished work
from the Hayes research group.?®* In recent years, many new modified
nucleotides have been discovered in mMRNA, and there are over a hundred
modified nucleotides present in non-coding RNA with unknown functions.*
The synthesis of oligonucleotides containing these modifications may prove to

be invaluable research tools. Future work will involve determining whether
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the i%A nucleoside phosphoramidite is compatible with oligonucleotide

synthesis chemistry.

6.1.1.2 RedBaron method of m°A detection

We developed the RedBaron method as an alternative to SCARLET® for the
site-specific detection and quantification of m®A. This method was able to
accurately detect and quantify m®A within synthetic oligonucleotide
sequences, however we found that the method significantly underrepresented

mPA levels when detecting m®A within real mMRNA samples.

The RedBaron and SCARLET methods are both time consuming and labour
intensive, and their inability to detect more than one m°®A site per experiment
makes them unsuitable for high throughput m®A sequencing. The main benefit
of the SCARLET method is the ability to accurately quantify m®A which is
not currently possible using other methods. As the RedBaron method is unable
to quantify mPA levels it will have very limited use as an m®A detection

method.

In this study we used the SCARLET method to detect and quantify a number
of mPA sites. Despite what was reported in the literature® we observed very
low radioactive signals using this method and in the majority of attempts we
were unable to distinguish clear spots for either adenosine or m®A on the TLC
plate. We were only able to observe clear signals when analysing highly

abundant mMRNA transcripts such as the 28S rRNA.

In the literature there are very few examples of the SCARLET method being

used. Of the few examples, all were analysed using one-dimensional TLC.%
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However, we ran our SCARLET TLCs in two-dimensions and a large number
of spots were observed that would not be seen when using a one-dimensional
TLC. For this reason, we suggest that SCARLET experiments should always
analysed in two-dimensions, despite the fact that this will increase the time

and labour intensity of SCARLET experiments.

6.1.1.3 PhSeT crosslinking

The PhSeT nucleoside crosslinking method showed promising selectivity
between adenosine and m°A, however unfortunately we found the crosslinking
reaction to be unreliable, with no crosslinking observed in certain sequence
contexts. Importantly no crosslinking was observed in the ‘GGACU’ sequence
context which is most common sequence motif of m®A. For this reason, we
decided that a crosslinking based method was unsuitable for m®A detection,
however, with increased time and resources it would be interesting to test this

selective crosslinking method using a wider range of reaction conditions.

A further problem with the crosslinking method is that even with optimal
crosslinking yields, PhSeT would only crosslink with the unmodified
adenosine. This gives the method limited use for m®A detection as a lack of
crosslinking at a specific site could not be assumed to be caused by the m®A
modification, as other factors may also cause inhibition of the crosslinking
reaction, as was observed with the sequence dependent crosslinking inhibition.
Future work will involve testing the PhSeT crosslinking as a method of

poly(A)+ mRNA purification.
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6.1.1.4 PhSe-dTTP reverse transcription

The PhSe-dTTP reverse transcription based m8A detection method shows
great promise to be developed as a new technology for the transcriptome wide
sequencing and quantification of m®A. However, further improvements and

tests are required to determine whether this method will be successful.

A number of research groups have attempted to develop reverse transcription
based methods of m°®A detection by testing a range of reverse transcriptase
enzymes and modified nucleoside triphosphates.'61328° The majority of these
methods exhibited limited ability to differentiate between adenosine and m°A.
However, 4Se-dTTP showed high levels of reverse transcription stalling
specifically at sites of m®A in the RNA template.'!3 This molecule is currently
the benchmark for reverse transcription based m®A detection. Our initial
studies appear to demonstrate that PhSe-dTTP results in greater selectivity
between mPA and adenosine than 4Se-dTTP. However, due to time limitations
we were unable to test the reverse transcription in more than one sequence

context.

Both the PhSe-dTTP and 4Se-dTTP molecules have not yet been tested on
other modified adenosine nucleosides such as Am, m°Am, and m*A so it is
possible that reverse transcription stalling will also occur at these nucleotides
in the RNA template. If this is the case, then these methods will be unsuitable
for differentiating between these modified nucleotides. As stalling is observed
at mBA it is likely that stalling will also be observed opposite m®Am due to the

similar structures of these molecules.
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At the time of submission of this thesis we are in the process of testing the
PhSe-dTTP method on a range of mMRNA samples and are in the process of

trying to develop this method for a transcriptome wide sequencing of méA.

6.1.2 Final comments

There is a great demand for new methods of m®A mapping and quantification
with numerous attempts made in recent years with varied levels of success.
Although many of the methods developed in this thesis have proved
unsuccessful, we hope they will provide a foundation for the development of
new methods of m®A sequencing in the future. We are pleased that the PhSe-
dTTP molecule shows promise, and hope that with improvements, this

technology can be developed as a method of m®A detection and quantification.
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Chapter 7: Materials and

methods

Overview: This chapter provides an account of the materials, and research

methods used throughout this thesis.
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7.1 Materials

7.1.1 Tissue and RNA samples

e Mouse tissues (heart, liver, testis, kidney, and brain) from five-month-
old male mice (C57) were supplied by Catrin Rutland.

e Total RNA from 5-day old chicken embryos was supplied by
Zsuzsanna Bodi.

e DF1 chicken fibroblasts cells were provided by Simon Welham.

e Human total RNA was purchased from Agilent Technologies: ‘Total

RNA, HeLa-S3 Cells, Human, 25 ug’

7.1.2  Kits, equipment, TLC, and PAGE

e QIAquick Nucleotide Removal Kit (QIAGEN)

e Riboprobe® System - T7 in vitro transcription kit (Promega)

e TLC Cellulose F Glass plates (20 x 20 cm) (Sigma Aldrich)

e Thin polythene sleeves to accommodate 20 x 20 cm glass TLC plates
for imaging

e Kodak Imaging Screen-K

e Bio-Rad Molecular Imager FX Phospho scanner

e Bio-Rad “Quantity One” analysis software version 4.6.3.

e 15% Mini-PROTEAN® TBE-Urea Gel, 10 well, 30 pl (Bio-Rad)

e SYBR™ Gold Nucleic Acid Gel Stain (Invitrogen™)
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e Mini-PROTEAN Tetra Cell (Bio-Rad)

e Mini Trans-Blot Module (Bio-Rad)

e GeneScreen Plus Hybridization Transfer Membrane

e Hydrophilic Streptavidin Magnetic Beads (NEB)

e Oligo d(T)25 Magnetic Beads (NEB)

e Phenomenex Clarity 3 p Oligo-RP 50 x 4.6 mm column
e Agilent 1100 series HPLC

e Agilent Technologies, Chemstation for LC software

e Thermo Scientific: LTQ FT Ultra Mass Spectrometer

7.1.3  Enzymes, buffers and reagents

All enzymes, buffers, and reagents were purchased from either: New England
Biolabs (NEB) Ltd (Hitchin, Thermo Fisher Scientific (Loughborough,
Leicestershire, UK), Hertfordshire, UK), VWR International Ltd (Lutterworth,

Leicestershire, UK), Sigma-Aldrich Company Ltd (Gillingham, Dorset, UK),

e ATP, [y-32P]- 3000Ci/mmol 10mCi/ml Lead, 250 uCi, 25 pl (Perkin,
Elmer)

e CTP, [0-32P]- 3000Ci/mmol 10mCi/ml , 250 pCi, 25 pl (Perkin,
Elmer)

e T4 Polynucleotide Kinase (10,000 - units/ml) (NEB)

e FastAP Thermosensitive Alkaline Phosphatase (1 U/uL) (Thermo
Fisher Scientific)

e RNase H (5 U/uL) (NEB)

e T4 DNA Ligase (400 U/uL) (NEB)
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SplintR® Ligase (25 U/uL) (NEB)

RNase T1 (1000 U/uL) (Thermo Fisher Scientific)

RNase A, DNase and protease-free (10 mg/mL) (Thermo Fisher
Scientific)

Nuclease P1 from Penicillium citrinum (> 200 units/mg, 0.1 mg/mL)
(Sigma Aldrich)

RNase I (10 U/uL) (Thermo Fisher Scientific)

Phosphodiesterase II from bovine spleen (> 5.0 units/mg, 1 mg/mL)
(Sigma Aldrich)

Micrococcal Nuclease (2000 units/pL) (NEB)

ATP (for ligation)

Purified BSA (NEB)

7.1.4  Oligonucleotides purchased

Oligonucleotides were purchased from either Eurofins Genomics Ltd

(Ebersberg, Germany) or Sigma-Aldrich Company Ltd (Gillingham, Dorset,

UK) an

d were either HPSF, HPLC, or PAGE purified.

Table 14: Sequences of purchased oligonucleotides. Nm = 2’-OMe-modified

nucleotide, UPPERCASE = DNA, lowercase = RNA

Name

Sequence (5’ - 37)

ssDNA RedBaron (40 nt) | GGACTTGACGACTTACGGACCTTACGGA

CTCACCCATCGG
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ssDNA SCARLET (116
nt)

GGACTTGACGACTTACGGACCTTAAAAG
ATTAATTTAAAATTTATCAAAAAGAGTA
TTGACTTAAAGTCTAACCTATAGGATAC
TTACAGCCATCGCTTACGGACTCACCCA
TCGG

RedBaron - Chimera —
Mouse - B-actin
(GGm®ACU)

CmGMCMAMGMCmMUMCmMAMGMUMAMAM
CmAMGmMTCCGCmCm

RedBaron - Splint -
Mouse - B-actin
(GGmMPACU)

GTCCGTAAGTCGTCAAGTCCTCCGCCTA
GAAGCACTTGCG

SCARLET - Chimera -
Mouse - B-actin
(GGmMPACU)

GmMUmMCCGCCmUMAMGMAMAMGMCmMAM
CmUmUmGmMCmGmMGMUMGmMCmAMmM

SCARLET - Splint -
Mouse - B-actin
(GGmMPACU)

AAACGCAGCTCAGTAACAGTCCGATGGG
TGAGTCCGTAAG

RedBaron - Chimera -
Chicken - B-actin
(GGmPACU)

GMmMUMGMGMGMUMGMUMUMGMGmMUmMA
MAMCMAMGMUCCGGmMUm

RedBaron - Splint -
Chicken - B-actin
(GGmMPACU)

GTCCGTAAGTCGTCAAGTCCTCCGGTTT
AGAAGCATTTGC

RedBaron - Chimera -
Chicken - -actin
(CCm°ACA)

GMTMTMTMCMAMTMCMAMCMAMGMGm
GmMGMTMGMTGGGTMGmM

RedBaron - Splint -
Chicken - B-actin
(CCmPACA)

GTCCGTAAGTCGTCAAGTCCTGGGTGTT
GGTAACAGTCCG

SCARLET - Splint -
Chicken - B-actin
(GGm°®ACU)

GTGTGGGTGTTGGTAACAGTCCGATGGG
TGAGTCCGTAAG

RedBaron - Chimera -
Human - B-actin
(GGm®ACU)

CmAMAMCMUMAMAMGMUMCmAMUMAmM
GTCCGmCmC
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RedBaron - Splint -
Human - B-actin
(GGmMPACU)

GTCCGTAAGTCGTCAAGTCCTCCGCCTA
GAAGCATTTGCG

SCARLET - Chimera -
Human - B-actin
(GGm®ACU)

CmAMUMAMGmMUmMCCGCCmUmMAMGmMAmM
AmGm

SCARLET - Splint -
Human - B-actin
(GGm®ACU)

TAACGCAACTAAGTCATAGTCCGATGGG
TGAGTCCGTAAG

RedBaron - Chimera -
Human - MALAT1 site
2515

AMGMTCCTUMCmMAMCmMmAMUMUmMUmMUm
UmCmAmMAMAmM

RedBaron - Splint -
Human - MALAT1 site
2515

GTCCGTAAGTCGTCAAGTCCTCCTTCAC
ATTTTTCAAACT

SCARLET - Chimera -
Human - MALAT1 site
2515

MAMCMGMAMAMAMGMUCCTTmCmAMC
mAmUmuU

SCARLET - Splint -
Human - MALAT1 site
2515

ATTACTTCCGTTACGAAAGTCCGATGGG
TGAGTCCGTAAG

RedBaron - Chimera -
Human - 28S rRNA
A4190

CmGMTTACCMGMTMTMTMGmMAMCMAMG
mGmTmGmTm

RedBaron - Splint -
Human - 28S rRNA
A4190

GTCCGTAAGTCGTCAAGTCCTTACCGTTT
GACAGGTGTAC

RedBaron - Chimera -
Human - 28S rRNA
A4189

AmMCmMCmMUmMGMCmMmGMUMTACCGmUmMUm
UmGmAmMCmAmM

RedBaron - Splint -
Human - 28S rRNA
A4189

GTCCGTAAGTCGTCAAGTCCTACCGTTT
GACAGGTGTACC
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SCARLET - Chimera - Same oligonucleotide as ‘RedBaron - Chimera -

Human - 28S rRNA Human - 28S rRNA A4189’

A4190

SCARLET - Splint - TCGCCTTAGGACACCTGCGTCCGATGGG
Human - 28S rRNA TGAGTCCGTAAG

A4190

PCR primer Chicken B- | TAATACGACTCACTATAGGAGTACGATG
actin zipcode T7 invitro | AGTCCGGCCCCTC

transcription template -
Forward

PCR primer Chicken f- | GCGCAAGTTAGGTTTTGTCAAAGAAAG
actin zipcode T7 in vitro
transcription template -

Reverse
In vitro transcription CGTCTAGTCCATGTACGTACCCTATAGT
template for 3’ GAGTCGTATTA

radiolabelled A/m°A

T7 promoter primer TAATACGACTCACTATAG

7.1.5 Oligonucleotide synthesis

7.1.5.1 Nucleoside phosphoramidites

e 5'-(4,4'-Dimethoxytrityl)-N-benzoyl-2'-deoxyadenosine, 3'-[(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite

e 5'-(4,4'-Dimethoxytrityl)-N-acetyl-2'-deoxycytidine, 3'-[2-cyanoethyl)-
N,N-(diisopropyl)]-phosphoramidite

e 5'-(4,4'-Dimethoxytrityl)-N-dimethylformamidine-2'-deoxyguanosine,
3'- [(2-cyanoethyl)-N,N-diisopropyl]-phosphoramidite

e 5'-(4,4'-Dimethoxytrityl)-thymidine, 3'-[(2-cyanoethyl)-N,N-

diisopropyl]- phosphoramidite
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5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-N-acetyl-cytidine, 2'-O-TBDMS-3'-[(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-N-dimethylformamidine-guanosine, 2'- O-
TBDMS-3'-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-uridine, 2'-O-TBDMS-3'-[(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-methyl-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-N-acetyl-cytidine, 2'-O-methyl-3'-[(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-N-dimethylformamidine-guanosine, 2'- O-
methyl-3'-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
5'-(4,4'-Dimethoxytrityl)-uridine, 2'-O-methyl-3'-[(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite
1-(4,4'-Dimethoxytrityloxy)-2-(N-biotinyl-4-aminobutyl)-propyl- 3-O-

[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite

7.1.5.2 Phosphoramidite solid supports

Ac-dC SynBase™ CPG 1000/110 (0.2 pmol)

dT SynBase™ CPG 1000/110 (0.2 pmol)

Bz-A RNA SynBase™ CPG 1000/110 (0.2 pmol)
Ac-C RNA SynBase™ CPG 1000/110 (0.2 pmol)

dmf-G RNA SynBase™ CPG 1000/110 (0.2 pmol)

194



e 2-OMe-A RNA SynBase™ CPG 1000/110 (0.2 pmol)

e 2-OMe-dmf-G RNA SynBase™ CPG 1000/110 (0.2 pmol)

e 2-OMe-U RNA SynBase™ CPG 1000/110 (0.2 umol)

e 1-(4,4-Dimethoxytrityloxy)-3-O-(N-biotinyl-3-aminopropyl)-
triethyleneglycolyl- glyceryl-2-O-succinyl-Icaa-CPG 1000A (0.2

pmol)

7.1.5.3 Solvents and liquid reagents

e Anhydrous acetonitrile

e Deblock Mix (3 %, w/v trichloroacetic acid in dichloromethane)

e BTT Activator (0.3M 5-benzylthio-1-H tetrazole in acetonitrile,
anhydrous)

e Oxidiser (0.02M iodine in THF/pyridine/water = 7:2:1)

e Cap Mix A (THF/pyridine/acetic anhydride = 8:1:1)

e Cap Mix B (10 %, w/v methylimidazole in THF)

7.1.5.4 Oligonucleotides synthesised (sequences)

Table 15: Oligonucleotides synthesised. Nm = 2’-OMe-modified nucleotide,
UPPERCASE = DNA, lowercase = RNA, m°A = RNA, An = RNA, méAn, =

RNA, n = random RNA nucleotide.

Oligonucleotide | Sequence (5’ - 3)

Cap-1 aacugaucaucaucaccacagagcaggu-biotin

Cap-2 Am-acugaucaucaucaccacagagcaggu-biotin
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Cap-3 m®Am-acugaucaucaucaccacagagcaggu-biotin
lagAgc gugagucuuc-nnnn-a-nnnn-uccugcageg
2ga6cg guggaucuuc-nnnn-mA-nnnn-uccucgageg
3ag6bgc gugagucuuc-nnnn-m8A-nnnn-uccugcageg
4gaAcg guggaucuuc-nnnn-a-nnnn-uccucgagcg

5N9 gugagucuuc-nnnnnnnnn-uccugcagceg
Sec-TCA-1-1- ugcaggcuucaaccugua

truncated

Chicken B-actin —
unmodified

accggacuguuaccaacacccacacccc

Chicken B-actin —
m®A modified 1

accgg-mPA-cuguuaccaacacccacaccee

Chicken B-actin —
mPA modified 2

accggacuguuacca-m°A-cacccacacccee

Chicken B-actin —
m®A modified 3

accggacuguuacc-mPA-acacccacacccce

Chicken B-actin —
m®A modified 4

accggacuguuaccaacaccc-mPA-caccce

Poly(A) aaaaaaaaaaaaaaaaaa

Poly(m®A) mSA-m8A-meA-mPA-m8A-meA-mPA-m8A-meA-mCA-
mMSA-m8A-meA-mPA-m8A-meA-mPA-g

Poly(T/PhSeT) TTTTTTTTT-PhSeT-TTTTTTTT

Poly(T) TTTTTTTTTTTITTTTTT

Mouse B-actin -
unmodified

gcuucuaggcggacuguua
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Mouse B-actin —
mCA modified 1

gcuucuaggegg-meA-cuguua

Mouse B-actin —
m®A modified 2

gcuucu-mA-ggeggacuguua

Mouse B-actin —
PhSeT modified 1

CAGTAACAG-PhseT-CCGCCTAGAAGCACTTGC

Mouse B-actin —
PhSeT modified 2

CAGTAACAGTCCGCC-PhSeT-AGAAGCACTTGC

SCARLET -
Chimera —
Chicken B-actin —
Al

GmUmGMUmMUmMGMGmMUmMAMAMCmMAmMGmMUmM-
CCGG-UmUm

SCARLET GmMGMGMUMGMUMGMGMGMUMGMUM-TGGT-
chimera — chicken | AmAmM

B-actin — A4

SCARLET CmAMUMCMAMCMAMGMGMGMGMUMGmMUmM-
chimera — chicken | GGGT-GmUm

B-actin — A6

RedBaron GmMGMGMGMUMGMUMGMGMGMUMGM-TTGG-
chimera — chicken | UmAmM

B-actin — A4

RedBaron UmUmUmCmAMUMCmMAMCMAMGMGMGmMGm-
chimera — chicken | TGTG-GmGm

B-actin — A7
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7.2 Methods

7.2.1 General methods for chemical

synthesis

All starting materials and solvents were purchased from commercial suppliers.
Monitoring of reactions was observed by TLC using TLC Silica gel 60 F2s4
aluminium sheets, visualized with ultraviolet light and subsequently stained
with either a basic solution of potassium permanganate or an acidic solution of
vanillin in methanol. All solvents were removed using a Buchi rotary
evaporator. Fluorochem silica gel 60 A was used as the stationary phase for
column chromatography. NMR spectra were obtained using either a Bruker
AV400, a Bruker AV3400, or a Bruker DPX300 spectrometer, and were ran
using dilute sample solutions in CDClIs, or CD3OD. Coupling constants are
reported in Hertz (Hz). Multiplicities have been labelled s (singlet), d
(doublet), t (triplet), q (quartet), sep (septet), m (multiplet), br (broad), app
(apparent). Hydrogen atoms of the sugar ring are designated by the superscript
prime mark. Hydrogen atoms of the base lack the superscript prime mark. The
labels Ha and Hg have been used where there are two hydrogen atoms
attached to a sugar ring carbon. NMR spectra assignments were made based
on two-dimensional NMR spectroscopy; COSY, and HSQC, and HMBC.

Mass spectra were recorded on a Bruker MicroTOF spectrometer.
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7.2.2  Chemical synthesis

7.2.2.1 5'-(4,4’-Dimethoxytrityl)-6-N-benzoyl-6-
N-methyl-adenosine,2’-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite and 5'-(4,4'-
Dimethoxytrityl)-6-N-benzoyl-1-methyl-
adenosine,2’-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-

phosphoramidite

Bz ~CHs Bz\lN
N N Nf\N/C"b
¢ | ¢ ]
P N
DMTrO DMTrO.
0 O
(0} 0} OTBDMS o o} OTBDMS
N e \FI,/ NC/\/ \T/
N(Pr), N(Pr),
A B

5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (148 mg, 150 umol) was
dissolved in anhydrous dichloromethane (1.3 mL). lodomethane (38 uL, 606
umol) was added under an argon atmosphere. The solution was stirred for 5
mins at room temperature. Tetrabutylammonium bromide (50 mg, 156 umol)
and ag. NaOH (1 M, 1.3 mL) were added. The solution was stirred vigorously
for 30 mins at room temperature. Water (50 mL) and diethyl ether (50 mL)
were added and the layers were separated. The aqueous layer was extracted

with diethyl ether (3 x 25 mL). The organic phase was dried over anhydrous
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Na>SO4 and the solvent was evaporated in vacuo. The crude material was
purified by silica gel column chromatography (1:3 ethyl acetate/ petrol to 9:1
ethyl acetate/methanol) to yield product A (104 mg, 69 %) and product B (36

mg, 24 %) as white powders.

Product A

S (400 MHz, CDCls) 8.47 (0.5H, s, H-2), 8.45 (0.5H, s, H-2), 8.16 (0.5H, s,
H-8), 8.14 (0.5H, s, H-8), 7.51 — 7.40 (4H, m, Ar-H), 7.41 — 7.31 (4H, m, Ar-
H), 7.33 — 7.19 (4H, m, Ar-H), 7.20 — 7.12 (2H, m Ar-H), 6.87 — 6.78 (4H, m,
Ar-H), 6.06 (0.5H, d, J 6.7 Hz, H-1°), 6.00 (0.5H, d, J 6.6 Hz, H-1°), 5.06 —
4.95 (1H, m, H-2"), 4.47 — 4.33 (2H, m, H-3", H-4"), 4.02 — 3.86 (1H, m,
CH2CH:CN), 3.85 — 3.75 (9H, m, NCHs, 2 X ArOCHs), 3.72 — 3.48 (4H, m,
Ha-5", CH2CH2CN, CH(CH3)2), 3.36-3.28 (1H, m, Hg-5"), 2.75 — 2.57, (1H,
m, CH2CH2CN), 2.40 — 2.22, (1H, m, CH2CH2CN), 1.25 — 1.15 (9H, m,
CH(CHa)z), 1.07 (3H, d, J 6.6 Hz, CH(CHs)2), 0.75 (9H, s, SiC(CHz)3), -0.04
(1.5H, s, Si(CHs)2), -0.07 (1.5H, s, Si(CHa)2), -0.29 (1.5H, s, Si(CHs)2), -0.30

(1.5H, s, Si(CHa)y).

8¢ (101 MHz, CDCls) 172.1 (CO), 158.6 (ArC), 155.0 (C-6), 155.0 (C-6),
152.8 (C-4), 151.8 (C-2), 144.6 (ArC), 144.4(ArC), 142.5(CH-8), 142.5 (CH-
8), 136.2 (ArC), 135.7 (ArC), 135.7(ArC), 135.5 (ArC), 135.5 (ArC), 130.5
(ArC), 130.2 (ArC), 130.1 (ArC), 130.1 (ArC), 130.0 (ArC), 128.7 (ArC),
128.2 (ArC), 128.1 (ArC), 127.9 (ArC), 127.9 (ArC), 127.9 (ArC), 127.0
(ArC), 126.8 (C-5), 126.7 (C-5), 117.6 (CN), 117.3 (CN), 113.2 (ArC), 113.2
(ArC), 88.1 (CH-1), 87.9 (CH-1"), 86.8 (CArs), 86.6 (CArs), 84.4 (CH-4"),

84.04 (d, J 4.0 Hz, CH-4"), 75.07 (d, J 2.9 Hz, CH-2"), 74.40 (d, J 6.0 Hz, CH-
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2%), 73.46 (d, J 10.2 Hz, CH-3"), 72.65 (d, J 14.6 Hz, CH-3") , 63.26 (CH2-5),
63.12 (CH2-5'), 58.84 (d, J 16.8 Hz, CH2CH,CN), 57.56 (d, J 20.6 Hz,
CH2CH:CN), 55.3 (ArOCHs), 55.2 (ArOCHs), 43.43 (d, J 13.1 Hz,
CH(CH3)2), 42.95 (d, J 12.5 Hz, CH(CHs)2), 35.9 (NCHs), 25.6 (SiC(CHs)3),
25.6 (SIC(CH3)3), 24.8 (CH(CHa)z), 24.7 (CH(CHs)y), 24.6 (CH(CHs)2), 24.6
(CH(CHa)2), 20.46 (d, J 6.5 Hz, CH2CH2CN), 20.09 (d, J 7.0 Hz,
CH2CH,CN), 17.9 (SiC(CHs)s), 17.8 (SiC(CH3)3), -4.6 (Si(CH3)2), -4.7

(Si(CHs)2), -5.2 (Si(CH3)z2).

dp (162 MHz, CDCls) 151.20, 149.02.

HRMS (ESI+) calculated for Cs4H7oN7O0sP1Si (M+H)+ 1002.4709, found

1002.4688.

Product B

8 (400 MHz, CDCls) 8.21 — 8.51 (2H, m, ArH), 7.87 (0.5H, s, H-8), 7.85
(0.5H, s, H-8), 7.84 (0.5H, s, H-2), 7.82 (0.5H, s, H-2), 7.54 — 7.39 (4H, m,
ArH), 7.38 — 7.30 (4H, m, ArH), 7.30 — 7.13 (4H, m, ArH), 6.86 — 6.76 (4H,
m, ArH), 5.93 (0.5H, d, J 6.1 Hz, H-1°), 5.86 (0.5H, d, J 6.0 Hz, H-1°), 4.91-
4.86 (0.5H, dd, J 4.9, 6.0 Hz, H-2"), 4.83 (0.5H, dd, J 4.3, 6.2 Hz, H-2"), 4.40
(0.5H, app g, J 3.6 Hz, H-4"), 4.36 — 4.23 (L5H, m, H-3’, H-4"), 4.02 - 3.82
(1H, m, CH2CH,CN), 3.79 (3H, m, ArOCH3), 3.78 (3H, m, ArOCHs) 3.73
(3H, s, NCHs3), 3.68 — 3.50 (4H, m, CH2CH2CN, Ha-5', CH(CHz)y), 3.43
(0.5H, dd, J 10.5, 3.3, Ha-5"), 3.24 (1H, 3.30-3.19, Hg-5"), 2.65 (1H, t, J 6.6
Hz, CH2CH,CN), 2.34-2.20 (1H, m, CH2CH,CN), 1.22 — 1.14 (9H, m,

CH(CHs)2), 1.02 (3H, d, J 6.7 Hz, CH(CHs)z), 0.85 — 0.79 (9H, s, SiC(CHa)s),
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0.02 (1.5H, s, Si(CHs)2), 0.00 (1.5H, s, Si(CHs)2), -0.11 (1.5H, s, Si(CHs)2), -

0.12 (1.5H, s, Si(CHa)2).

3¢ (101 MHz, CDCls) 177.05 (CO), 177.00 (CO), 158.52 (4 x ArC), 147.63
(C-6), 147.55 (C-6), 146.68 (C-2), 146.55 (C-2), 145.61 (2 x C-4), 144.69
(ArC), 144.55 (ArC), 138.81 (CH-8), 138.57 (CH-8), 135.88 (ArC), 135.86
(ArC), 135.81 (ArC), 135.71 (ArC), 135.55 (ArC), 135.54 (ArC), 131.80 (2 x
ArCH), 130.13 (ArCH), 130.11 (ArCH), 130.07 (2 x ArCH), 129.74 (4 x
ArCH), 128.18 (ArCH), 128.04 (ArCH), 128.00 (ArCH), 127.89 (ArCH),
127.85 (ArCH), 126.87 (ArCH), 122.72 (C-5), 122.57 (C-5), 117.53 (CN),
117.22 (CN), 113.21 (ArCH), 113.15 (ArCH), 88.35 (CH-1'), 87.94 (CH-1"),
86.59 (CAr3), 86.42 (CAr3), 84.00 (CH-4'), 83.53 (CH-4"), 83.51 (d, J 4.1 Hz,
CH-4%), 75.44 (d, J 1.9 Hz, CH-2"), 74.62 (d, J 5.8 Hz, CH-2"), 73.14 (d, J 9.6
Hz, CH-3"), 72.62 (d, J 15.2 Hz, CH-3), 63.41 (CH2-5"), 63.31 (CH2-5"),
58.78 (d, J 16.8 Hz, CH2CH2CN), 57.63 (d, J 20.7 Hz, CH2CH:CN), 55.27
(ArOCH3), 55.24 (ArOCHs), 43.40 (d, J 12.8 Hz, CH(CHs),), 42.94 (d, J 12.7
Hz, CH(CHs)2), 36.88 (2 X NCHs), 25.70 (3 x SiC(CHs)s3), 25.66 (3 x
SiC(CHz)3), 24.78 (CH(CHz)y), 24.68 (CH(CHs)y), 24.62 (CH(CHa)2), 24.60
(CH(CHa)2), 24.52 (CH(CHs)2), 20.37 (d, J 6.2 Hz, CH2CH:2CN), 20.01 (d, J
6.9 Hz, CH,CH,CN), 17.97 (Si(CHa)2), 17.89 (Si(CHs)2), -4.62 (Si(CHs)y), -

4.66 (Si(CHa)z), -4.69 (Si(CHz)z), -4.93 (Si(CHa)z), -5.00 (Si(CHz)y).

dp (162 MHz, CDCls) 150.90, 149.25.

HRMS (ESI+) calculated for Cs4sH7oN7OgP1Si (M+H)+ 1002.4709, found

1002.4700.
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7.2.2.2 5'-(4,4’-Dimethoxytrityl)-6-N-benzoyl-6-
N-methyl-adenosine,2’-O-methyl-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite and 5'-(4,4'-
Dimethoxytrityl)-6-N-benzoyl-1-methyl-
adenosine,2’-O-methyl-3'- [(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite!®’

Bz\N/CH3

Bz
IN
N N Nf\N/CHB
7 7
A A
(0]

DMTrO DMTrO

- /\/O\T /‘o OCH, - /\/O\T /‘o OCH,
N(Pr), N(Pr),

A B
5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-methyl-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (133 mg, 150 umol) was
dissolved in anhydrous dichloromethane (1.3 mL). lodomethane (38 pL, 606
umol) was added under an argon atmosphere. The solution was stirred for 5
mins at room temperature. Tetrabutylammonium bromide (50 mg, 156 umol)
and ag. NaOH (1 M, 3.76 mL) were added. The solution was stirred
vigorously for 30 mins at room temperature. Water (50 mL) and diethyl ether
(50 mL) were added and the layers were separated. The aqueous layer was
extracted with diethyl ether (3 x 25 mL). The organic phase was dried over

anhydrous Na»SO4 and the solvent was evaporated in vacuo. The crude
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material was purified by silica gel column chromatography (3:2 ethyl acetate/
petrol to 9:1 ethyl acetate/ methanol) to yield product A (73 mg, 54 %) and

product B (30 mg, 22 %) as white powders.

Product A

S (400 MHz, CDCls) 8.49 (1H, s, H-2), 8.15 (0.5H, s, H-8), 8.09 (0.5H, s, H-
8), 7.50 — 7.38 (4H, m, ArH), 7.37 — 7.21 (8H, m, ArH), 7.16 (2H, m, ArH),
6.87-6.77 (4H, m, ArH), 6.14 (0.5H, d, J 5.2 Hz, H-1°), 6.12 (0.5H, d, J 5.3
Hz, H-1°), 4.62 (2H, m, H-2’, H-3'), 4.41 (0.5H, app g, J 3.9 Hz, H-4"), 4.35
(0.5H, app g, J 3.9 Hz, H-4'), 4.01 — 3.85 (1H, m, CH2CH,CN), 3.82 (6H, s,
ArOCH3), 3.81 (3H, s, NCHs), 3.75 — 3.48 (4H, m, CH2CH.CN, HA-5', 2 x
CH(CHs3)2), 3.46 (3H, s, 2'-OCHs), 3.40 — 3.31 (1H, m, Hg-5"), 2.66 (1H, t, J
6.4 Hz, OCH,CH,CN), 2.40 (1H, t, J 6.4 Hz, OCH,CH,CN), 1.24 — 1.18 (9H,

m, CH(CHs)2), 1.09 (3H, d, J 6.8 Hz, CH(CHs),).

8¢ (101 MHz, CDCls) 172.21 (2 x CO), 158.60 (4 X ArC), 154.87 (C-6),
154.82 (C-6), 152.59 (C-4), 152.54 (C-4), 151.86 (C-2), 151.83 (C-2), 144.45
(ArC), 144.38 (ArC), 142.22 (2 x CH-8), 136.08 (ArC), 136.06 (ArC), 135.59
(2 x ArC), 135.52 (ArC), 135.50 (ArC), 130.59 (ArCH), 130.16 (ArCH),
130.14 (ArCH), 130.09 (ArCH), 130.07 (ArCH), 128.64 (4 x ArCH), 128.22
(2 x ArCH), 128.14 (2 x ArCH), 127.87 (8 x ArCH), 126.99 (ArCH), 126.97
(ArCH), 126.61 (2 x C-5), 117.65 (CN), 117.37 (CN), 113.17 (8 x ArCH),
86.68 (CAr3), 86.64 (CH-1'), 86.60 (CArs), 86.55 (CH-1'), 83.87 (CH-4),
83.84 (CH-4), 82.28 (d, J 4.0 Hz, CH-2), 81.86 (d, J 5.0 Hz, CH-2), 71.19
(d, J 15.5 Hz, CH-3"), 70.63 (d, J 17.6 Hz, CH-3"), 63.02 (CH2-5), 62.59

(CH2-5), 58.95 (d, J 22.6 Hz, CH2CH2CN), 58.77 (d, J 1.5 Hz, 2°-OCHs),
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58.34 (d, J 2.9 Hz, 2°-OCHs), 57.94 (d, J 19.8 Hz, CH,CH,CN), 55.26 (2 x
ArOCHs), 55.24 (2 x ArOCHs), 43.45 (d, J 12.2 Hz, CH(CHsa),), 43.15 (d, J
12.0 Hz, CH(CHa)y), 35.87 (2 x NCHg), 24.66 (2 X CH(CHs),), 24.63 (2 X
CH(CHa)z), 24.59 (2 x CH(CHa)z), 24.56 (2 x CH(CHs3)2), 20.37 (d, J 6.2 Hz,

CH.CH.CN), 20.18 (d, J 7.0 Hz, CH2CH.CN).

op (162 MHz, CDCls) 151.09, 150.32.

HRMS (ESI+) calculated for Ca9HssN7OgP1 (M+Na)*™ 924.3820, found

924.3812.

Product B

S (400 MHz, CDCls) 8.26 — 8.16 (2H, app d, J 7.5 Hz, ArH), 7.90 — 7.85
(1.5H, m, H-2, H-8), 7.84 (0.5H, s, H-8) 7.55 — 7.47 (1H, m, AH), 7.47 — 7.38
(4H, m, ArH), 7.36 — 7.13 (7H, m, ArH), 6.87 — 6.73 (4H, m, ArH), 6.01
(0.5H, d, J 6.2 Hz, H-1°), 5.98 (0.5H, d, J 6.0 Hz, H-1), 4.51 (1H, m, H-3"),
4.39 (1.5H, m, H-2’, H-4"), 4.34 — 4.29 (0.5H, m, H-4"), 3.99 — 3.83 (1H, m,
OCH,CH,CN), 3.80 (3H, s, ArOCHz), 3.79 — 3.78 (3H, s, ArOCH), 3.74 (3H,
s, NCHz), 3.70 — 3.46 (4H, m, CH2CH2CN, HA-5', 2 x CH(CHa)y)), 3.44
(1.5H, s, 2'-OCHs3), 3.41 (1.5H, s, 2'-OCH3), 3.33-3.26 (1H, m, 2.67 (1H, t, J
6.4 Hz, CH,CH,CN), 2.37 (1H, t, J 6.5 Hz, CH2CH:CN), 1.24 — 1.15 (9H, m,

CH(CHs)2), 1.06 (3H, d, J 6.8 Hz, CH(CHs)z).

8¢ (101 MHz, CDCls) 176.97 (CO), 158.55 (4 x ArC), 147.84 (C-6), 147.80
(C-6) 146.83 (C-2), 146.77 (CH-2), 145.64 (CH-4), 145.59 (CH-4), 144.54
(ArC), 144.47 (ArC), 138.55 (CH-8), 138.42 (CH-8), 135.87 (ArC), 135.86

(ArC), 135.66 (ArC), 135.62 (ArC), 135.53 (2 x ArC), 131.87 (2 x ArC),

205



130.13 (4 x ArCH), 130.06 (4 x ArCH), 129.78 (4 x ArCH), 128.20 (2 x
ArCH), 128.09 (2 x ArCH), 128.02, (4 x ArCH), 127.86 (4 x ArCH), 126.91
(2 x ArCH), 122.64 (C-5), 122.61 (C-5), 117.68 (CN), 117.33 (CN), 113.18 (4
x ArCH), 113.16 (8 x ArCH), 86.59 (CAr3), 86.47 (CArs), 86.27 (CH-1"),
86.09 (CH-1°), 84.09 (d, J 2.1 Hz, CH-4"), 83.95 (d, J 3.5, CH-4") 82.83 (d, J
3.0 Hz, CH-2"), 82.35 (d, J 5.3 Hz, CH-2"), 71.25 (d, J 15.8 Hz, CH-3"), 70.45
(d, J 19.3 Hz, CH-3"), 63.28 (CH2-5'), 62.92 (CH2-5'), 58.94 (d, J 16.7 Hz,
CH2CH2CN), 58.79(d, J 4.5, 2'-OCHs) 58.32 (d, J 2.8 Hz, 2'-OCH3), 57.93
(d, J 19.2 Hz, CH2CH2CN), 55.27 (2 x ArOCHs3), 55.25 (2 x ArOCHs), 43.39
(d, J 12.1 Hz, 2 x CH(CHs3)2), 43.18 (d, J 12.5 Hz, 2 X CH(CH3)2), 36.88 (2 X
NCHs), 24.66 (2 x CH(CHs)2), 24.63 (2 x CH(CHa)z), 24.57 (2 X CH(CHa)2),
24.54 (2 X CH(CHa)y), 20.37 (d, J 5.9 Hz, CH2CH2CN), 20.10 (d, J 7.2 Hz,

CH2CH,CN).

op (162 MHz, CDClz) 151.13, 150.48.

HRMS (ESI+) calculated for CagHssN7OsP1 (M+Na)* 924.3820, found

924.3788.
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7.2.2.3 5'-(4,4’-Dimethoxytrityl)-6-N-benzoyl-6-
N-prenyl-adenosine,2’-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite and 5'-(4,4'-
Dimethoxytrityl)-6-N-benzoyl-1-prenyl-
adenosine,2’-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-

phosphoramidite

BZ\N/\)\ BZ\N
! /\)\
N N Nf\N =
7 4
AL AL
o

DMTrO DMTrO.

NC/\/O\T/O OTBDMS NC/\/O\T/O OTBDMS
N(Pr), N(Pr),

A B

5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-TBDMS-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (148 mg, 150 umol) was
dissolved in anhydrous dichloromethane (1.3 mL). Prenyl bromide (70 pL,
606 umol) was added under an argon atmosphere. The solution was stirred for
5 mins at room temperature. Tetrabutylammonium bromide (50 mg, 156
umol) and aq. NaOH (1 M, 3.76 mL) were added. The solution was stirred
vigorously for 30 mins at room temperature. Water (50 mL) and diethyl ether
(50 mL) were added and the layers were separated. The aqueous layer was
extracted with diethyl ether (3 x 25 mL). The organic phase was dried on

anhydrous Na>SO4 and the solvent was evaporated in vacuo. The crude
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material was purified by silica gel column chromatography (1:3 ethyl acetate/
petrol to 9:1 ethyl acetate/methanol) to yield product A (79 mg, 50 %) and

product B (33 mg, 21 %) as white powders.

Product A

3 (400 MHz, CDCls) 8.49 (0.5H, s, H-2), 8.47 (0.5H, s, H-2), 8.12 (0.5H, s,
H-8), 8.10 (0.5H, s, H-8), 7.50 — 7.42 (4H, m, ArH), 7.40 — 7.31 (4H, m, ArH),
7.31-7.22 (4H, m, ArH), 7.20 — 7.11 (2H, m, ArH), 6.87 — 6.78 (4H, m,
ArH), 6.05 (0.5H, d, J = 7.0 Hz, CH-1"), 5.98 (0.5H, d, J = 6.9 Hz, CH-1"),
5.46 — 5.36 (1H, m, NCH2CH=C(CHs),), 5.04 — 4.93 (3H, m,
NCH2CH=C(CHs)z, CH-2"), 4.47 — 4.30 (2H, m, H-3", H-4"), 4.06 — 3.85 (1H,
m, OCH;CH:CN), 3.82 — 3.80 (6H, m, ArOCHs), 3.75 — 3.48 (4H, m,
OCH2CH,CN, 2x CH(CH3)2), Ha-5", 3.32 (1H, m, Hg-5"), 2.77 — 2.60 (1H,
m, OCH2CH:CN), 2.31 (1H, td, J 3.8, 6.5 Hz, OCH,CH,CN), 1.65 (3H, s,
NCH2CH=C(CHz)y), 1.63 (3H, s, NCH,CH=C(CHs)2), 1.25 — 1.15 (9H, m,
CH(CHa)), 1.07 (3H, d, J 6.7 Hz, CH(CHa)2), 0.73 (9H, s, Si(CHa)3), -0.07
(1.5H, s, Si(CHs)2), -0.10 (1.5H, s, Si(CHa)2), -0.35 (1.5H, s, Si(CHs)2), -0.37

(1.5H, s, Si(CHa)y).

8¢ (101 MHz, CDCls) 171.87 (CO), 171.86 (CO), 158.59 7 (4 X ArC), 154.47
(C-6), 154.45 (C-6), 152.64 (C-4), 151.94 (CH-2), 144.54 (ArC), 144.41
(ArC), 142.46 (CH-8), 142.38 (CH-8), 136.54 (4 x ArC), 136.14 (2 x ArC),
135.73 (NCH,CH=C(CHs3)2), 135.65 (NCH2CH=C(CHs3),), 135.52
(NCH2CH=C(CHs)2), 135.48 (NCH,CH=C(CHs)2), 130.51 (2 x ArCH),
130.15 (2 x ArCH), 130.10 (2 x ArCH), 130.07 (2 x ArCH), 130.03 (2 x

ArCH), 128.75 (4 x ArCH), 128.19 (2 x ArCH), 128.07 (2 x ArCH), 127.93 (2
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x ArCH), 127.90 (2 x ArCH), 127.81(4 x ArCH), 127.28 (2 x C-5), 126.95 (2
x ArCH), 119.93 (2 x NCH2CH=C(CHs)2), 117.56 (CN), 117.24 (CN), 113.24
(4 x ArCH), 113.20 (4 x ArCH), 87.90 (CH-1"), 87.67 (CH-1'), 86.77 (CAr3),
86.62 (CAr3), 84.57 (CH-4"), 84.18 (d, J 3.7 Hz, CH-4"), 75.03 (d, J 3.1 Hz,
CH-3"), 74.42 (d, J 5.9 Hz, CH-3"), 73.61 (d, J 10.3 Hz, CH-2"), 72.66 (d, J
14.4 Hz, CH-2"), 63.35 (CH2-5"), 63.19 (CH2-5"), 58.91 (d, J 16.7 Hz,
OCH,CHCN), 57.55 (d, J 21.0 Hz, OCH,CH,CN), 55.26 (2 x ArOCHy),
55.23 (2 X ArOCHys), 46.69 (2 x NCH,CH=C(CHs)), 43.44 (d, J 12.8 Hz,
CH(CHa)2), 42.94 (d, J 12.5 Hz, CH(CHs)2), 25.70 (2 x NCH,CH=C(CHs)y),
25.59 (SiC(CHs), 25.55 (SiC(CHs), 24.80 (2 x CH(CHs3)2), 24.72 (2 x
CH(CHs),), 24.63 (2 x CH(CHs)), 24.55 (2 x CH(CHs),), 20.46 (d, J 6.4 Hz,
OCHCH,CN), 20.08 (d, J 6.7 Hz, OCH,CH,CN), 17.95
(NCH2CH=C(CHs),), 17.86 (NCH.CH=C(CHjz)2), 17.79 (2 x SiC(CHs)s), -

4.65 (Si(CHa)2), -4.68 (Si(CHa)2), -5.26 (Si(CH3)2), -5.29 (Si(CHs)2).

3 (162 MHz, CDCls) 151.38, 148.93

HRMS (ESI+) calculated for CsgH72N70sP1Si1 (M+Na)*™ 1078.4998, found

1078.4968.

Product B

81 (400 MHz, CDCls) 8.21 — 8.12 (2H, m, ArH), 7.86 (1H, d, J 2.4 Hz, H-8),
7.84 (1H, d, J 1.1 Hz, H-2), 7.53 — 7.38 (6H, m, ArH), 7.38 — 7.30 (4H, m,
ArH), 7.30 — 7.16 (4H, m, ArH), 6.81 (4H, dd, J 6.4, 8.7 Hz, ArH), 5.93
(0.7H, d, J 6.1 Hz, H-1°), 5.87 (0.3H, d, J 6.0 Hz, H-1°), 5.47 — 5.38 (1H, m,
NCH,CH=C(CHs),), 4.89 — 4.79 (1H, m, H-2"), 4.77 (2H, d, J 7.2 Hz,

NCH2CH=C(CHs),), 4.39 (0.3H, g, J 3.6 Hz, H-4"), 4.29 (1.7H, dt, J 3.3, 14.8
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Hz, H-3’ and H-4"), 4.00 — 3.83 (1.3H, m, OCH2CH2CN), 3.79 (2H, s,
ArOCHs), 3.78 ( 4H, s, ArOCH3), 3.67 — 3.49 (2H, m, CH(CHs); and Ha-5"),
3.45 (0.7H, dd, J 3.4, 10.5 Hz, OCH,CH,CN), 3.23 (1H, ddd, J 4.2, 10.5, 15.7
Hz, Hg-5), 2.65 (0.7H, t, J 6.6 Hz, OCH2CH,CN), 2.37 — 2.21 (1.3H, m,
OCH,CH,CN), 1.86 — 1.77 (6H, m, NCH,CH=C(CHs3)2), 1.18 (8H, dt, J 3.8,
7.2 Hz, m), 1.02 (4H, d, J 6.7 Hz, CH(CHz),), 0.84 — 0.79 (9H, m, SiC(CHs)3),

0.02 (1H, s, Si(CHa)2), 0.01 (2H, s, Si(CHs)2), -0.11 (3H, s, Si(CHa)2).

3¢ (101 MHz, CDCls) 176.85 (CO), 176.79 (CO), 158.53 (4 x ArC), 147.02
(C-6), 146.92 (C-6), 146.25 (CH-2), 146.15 (CH-2), 145.50 (C-4), 145.47 (C-
4), 144.68 (ArC), 144.54 (ArC), 139.35 (4 x ArC), 138.63 (CH-8), 138.42
(CH-8), 136.04 (ArC), 135.97 (ArC), 135.79 (ArC), 135.70 (ArC), 135.56
(NCH2CH=C(CHs)»), 135.53 (NCH,CH=C(CHj)2), 131.68 (2 X ArCH),
130.14 (2 x ArCH), 130.10 (2 x ArCH), 130.06 (4 x ArCH), 129.72 (4 x
ArCH), 128.19 (2 x ArCH), 128.06 (2 x ArCH), 127.96 (4 x ArCH), 127.88
(4 x ArCH), 127.84 (2 x ArCH), 126.85 (2 x ArCH), 122.79 (C-5), 122.66 (C-
5), 118.08 ( NCHCH=C(CHs)2), 118.01 (NCH.CH=C(CHs),), 117.53 (CN),
117.20 (CN), 113.20 (4 x ArCH), 113.16 (4 x ArCH), 88.23 (CH-1'), 87.87
(CH-1°), 86.60 (CArs), 86.44 (CArs), 83.95 (CH-4"), 83.47 (d, J 4.2 Hz, CH-
4),75.47 (d, 3 3.0 Hz, CH-3"), 74.67 (d, J 5.4 Hz, CH-3"), 73.13 (d, J 10.1
Hz, CH-2"), 72.59 (d, J 15.2 Hz, CH-2), 63.42 (CH2-5"), 63.30 (CH2-5"),
58.78 (d, J 16.7 Hz, OCH2CH,CN), 57.63 (d, J 21.0 Hz, OCH,CH,CN), 55.25
(2 x ArOCHs), 55.23 (2 x ArOCHs), 46.63 (2 x NCH2CH=C(CHs),), 46.60 (2
x NCH2CH=C(CHs),), 43.40 (d, J 13.0 Hz, CH(CHs)y), 42.94 (d, J 12.6 Hz,
CH(CHa)z), 25.82 (2 x NCH,CH=C(CHs)2), 25.70 (2 X SiC(CHs)3), 25.66 (2 X

SiC(CHa)s), 24.78 (2 x CH(CH3)2), 24.68 (2 x CH(CHa)2), 24.59 (2 X
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CH(CH3)2), 24.52 (2 x CH(CHs3)2), 20.38 (d, J 6.1 Hz, OCH2CH,CN), 19.99
(d, J 7.1 Hz, OCH2CH2CN), 18.29 (NCH,CH=C(CHs)2), 17.96 (SiC(CHs)s),
17.89 (SiC(CHa)s), 1.03, -4.62 (Si(CH)2), -4.65 (Si(CHs)2), -4.96 (Si(CHs)z),

-5.01 (Si(CHs)2).

op (162 MHz, CDCls) 150.89, 149.21.

HRMS (ESI+) calculated for CsgH7aN7OgP1Sii (M+Na)* 1078.4998, found

1078.5060.
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7.2.2.4 5'-(4,4’-Dimethoxytrityl)-6-N-benzoyl-6-
N-prenyl-adenosine,2’-O-methyl-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite and 5'-(4,4'-
Dimethoxytrityl)-6-N-benzoyl-1-prenyl-
adenosine,2’-O-methyl-3'- [(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite

BZ\N/\)\ Bz\N
l /\)\
N N Nf\N =
7 7
< L < L
o]

DMTrO DMTrO

" /\/o\ﬁ, /,O OCH, - /\/o\ﬁ, /‘o OCH,
N(Pr), N(Pr),

A B
5'-(4,4'-Dimethoxytrityl)-N-benzoyl-adenosine, 2'-O-methyl-3'- [(2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (Link Technologies, 133 mg,
150 pumol) was dissolved in anhydrous dichloromethane (1.3 mL). Prenyl
bromide (70 pL, 606 umol) was added under an argon atmosphere. The
solution was stirred for 5 mins at room temperature. Tetrabutylammonium
bromide (50 mg, 156 pumol) and aq. NaOH (1 M, 3.76 mL) were added. The
solution was stirred vigorously for 30 mins at room temperature. Water (50
mL) and diethyl ether (50 mL) were added and the layers were separated. The
aqueous layer was extracted with diethyl ether (3 x 25 mL). The organic phase
was dried on anhydrous Na>.SO4 and the solvent was evaporated in vacuo. The

crude material was purified by silica gel column chromatography (3:2 ethyl
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acetate/ petrol to 9:1 ethyl acetate/ methanol) to yield product A (34 mg, 24

%) and product B (70 mg, 49 %) as white powders.

Product A

81 (400 MHz, CDCls) 8.52 (0.6H, s, H-2), 8.51 (0.4H, s, H-2), 8.12 (0.4H, s,
H-8), 8.07 (0.6H, s, H-8), 7.50 — 7.37 (4H, m, ArH), 7.36 — 7.20 (8H, m, ArH),
7.14 (2H, m, ArH), 6.88 — 6.76 (4H, m, ArH), 6.13 (0.6H, d, J 5.4 Hz, H-1"),
6.11 (0.4H, J 5.4 Hz, H-1°), 5.43 (1H, m, NCH,CH=C(CHa),), 5.01 — 4.91
(2H, m, NCH2CH=C(CHa)2), 4.70 — 4.50 (2H, m, H-2’, H-3"), 4.40 (0.4H, app
q, J 3.8 Hz, H-4"), 4.34 (0.6H, app q, J 3.7 Hz, H-4"), 4.0-3.84 (1H, m,
CH,CHCN), 3.82-3.80 (6H, s, ArOCHj), 3.76 — 3.46 (4H, m, OCH,CH-CN,
2 x CH(CH3)2, Ha-5"), 3.45 (3H, s, 2’-OCHs), 3.37-3.29 (1H, m, Hg-5"), 2.66
(1H, t,J 6.4 Hz, CH,CH2CN), 2.40 (1H, t, J 6.4 Hz, CH.CH>CN), 1.64 (6H,
m, NCH,CH=C(CHj3)2), 1.23-1.17 (9H, m, CH(CHz3),), 1.08 (3H, d, J 6.8 Hz,

CH(CHs3)2).

8¢ (101 MHz, CDCls) 171.94 (CO), 171.15 (CO), 158.60 (ArC), 154.40 (C-6),
154.36 (C-6), 152.46 (C-4), 152.41 (C-4), 151.97 (CH-2"), 151.95 (CH-2"),
144.45 (ArC), 144.38 (ArC), 142.07 (CH-8), 136.39 (ArC), 136.37 (ArC),
136.14 (NCH2CH=C(CHs),), 136.12 (NCH2CH=C(CHs),), 135.62 (ArC),
135.58 (ArC), 135.52 (ArC), 135.32 (ArC), 130.55 (ArCH), 130.16 (ArCH),
130.14 (ArCH), 130.08 (ArCH), 130.07 (ArCH), 129.66 (ArCH), 128.70
(ArCH), 128.22 (ArCH), 128.13 (ArCH), 127.88 (ArCH), 127.81 (ArCH),
127.02 (C-5), 126.99 (ArCH), 126.96 (ArCH), 120.03 (NCH2CH=C(CH3)2),
120.02 (NCH2CH=C(CHs),), 117.67 (CN), 117.38 (CN), 113.17 (ArC), 66.67

(CH-17), 86.59 (CH-1), 86.51 (CArs), 86.42 (CArs), 83.86 (CH-4"), 83.82
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(CH-4%), 82.27 (d, J 3.4 Hz, CH-3"), 81.84 (d, J 4.7 Hz, CH-2"), 71.20 (d, J
15.6 Hz, CH-3"), 70.62 (d, J 18.0 Hz, CH-2"), 63.04 (CH2-5°), 62.60 (CH2-
5%), 58.90 (d, J 17.1 Hz, OCH,CH2CN), 58.73 (d, J 3.6 Hz, 2°-OCHj3), 58.34
(d, J 2.7 Hz, 2°-OCHs), 57.96 (d, J 19.8 Hz OCH,CH:CN), 55.26 (ArOCHs),
55.23 (ArOCHs), 46.78 (NCH,CH=C(CHs)2), 43.38 (d, J 12.2 Hz, CH(CHsa),),
43.21 (d, J 12.6 Hz, CH(CHz)y), 25.71 (NCH2CH=C(CHs),), 24.66
(CH(CHa)2), 24.63 (CH(CHsa)2), 24.60 (CH(CHa)2), 24.57 (CH(CHs)2), 20.37
(d, J 6.2 Hz OCH2CH:CN), 20.18 (d, J 6.8 Hz, OCH,CH:CN), 17.94

(NCH2CH=C(CHs)>).

op (162 MHz, CDCls) 151.12, 150.30

HRMS (ESI+) calculated for CssHs2N7OsP1 (M+Na)* 978.4290, found

978.4278.

Product B

81 (400 MHz, CDCls) 8.23 — 8.20 (1H, m, H-2), 8.20 — 8.17 (1H, m, H-8),
7.92 - 7.81 (2H, m, ArH), 7.55 — 7.45 (1H, m, ArH), 7.48 — 7.36 (4H, m,
ArH), 7.37 — 7.10 (7H, m, ArH), 6.87 — 6.76 (4H, m, ArH), 6.01 (0.4H, d, J
6.2 Hz, H-1°), 5.98 (0.6H, d, J 5.9 Hz, H-1°), 5.44 (1H, m,
NCH,CH=C(CHs)2), 4.78 (2H, d, J 7.2 Hz, NCH,CH=C(CHs),), 4.54 (0.6H,
ddd, J 3.6, 5.1, 10.0 Hz, H-3), 4.48 (0.4H, ddd, J 3.2, 4.9, 11.1 Hz, H-3),4.43
—4.34 (1.6H, m, H-2> and H-4"), 4.34 — 4.29 (0.4H, m, H-4°), 3.98 — 3.81 (LH,
m, CH2CH,CN), 3.79 (6H, d, m, ArOCHs), 3.72 — 3.38 (7H, m, OCH,CH:CN,
2 X CH(CHa)2, Ha-5°, 2’-OCHs), 3.28 (1H, m, Hg-5), 2.66 (1H, t, J 6.4 Hz,

CH,CH,CN), 2.36 (1H, t, J 6.5 Hz, CH2CH,CN), 1.83 (3H, s,
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NCH.CH=C(CHx),), 1.82 (3H, s, NCH,CH=C(CHs)), 1.22 — 1.16 (9H, m,

CH(CHs)2), 1.05 (3H, d, J 6.8 Hz, CH(CHs3),)

3¢ (101 MHz, CDCls) 176.76 (CO), 176.74 (CO), 158.65 (ArC), 158.55
(ArC), 147.29 (C-6), 147.24 (C-6), 146.43 (C-2), 146.38 (C-2), 145.52 (C-5),
145.48 (C-5), 144.53 (ArC), 144.46 (ArC), 139.43 (ArC), 138.38 (CH-8),
138.26 (CH-8), 136.04 (ArC), 136.02 (ArC), 135.65 (ArC), 135.61, 135.52
(NCH2CH=C(CHs),), 131.76 (ArCH), 130.12 (ArCH), 130.06 (ArCH),
129.77 (ArCH), 128.21 (ArCH), 128.11 (ArCH), 127.98 (ArCH), 127.86
(ArCH), 126.91 (ArCH), 122.69 (C-5), 122.68 (C-5), 118.02
(NCH2CH=C(CHs),), 117.70 (CN), 117.34 (CN), 113.23 (ArCH), 113.18
(ArCH), 113.16 (ArCH), 86.60 (CH-1"), 86.48 (CH-1"), 86.16 (CAr3), 86.00
(CAr3), 84.07 (d, J 2.7 Hz, CH-4"), 83.91 (d, J 4.1 Hz, CH-4"), 82.87 (d, J 3.4
Hz, CH-2"), 82.38 (d, J 5.4 Hz, CH-2), 71.24 (d, J 16.3 Hz, H-3"), 70.52 (d, J
18.6 Hz, H-3"), 63.29 (CH2- 5°), 62.90 (CH2-5), 58.94 (d, J 16.4 Hz,
OCH,CH,CN), 58.80 (d, J 3.8 Hz, 2°-OCH3), 58.30 (d, J 3.2 Hz, 2°-OCHg),
57.92 (d, J 19.2 Hz, OCH2CH2CN), 55.26 (ArOCHs), 55.24 (ArOCHs), 46.65
(NCH2CH=C(CHs),), 46.63 (NCH,CH=C(CHs)), 43.39 (d, J 12.1 Hz,
CH(CHa)y), 43.18 (d, J 12.1 Hz, CH(CHs)2), 25.84 (NCH2CH=C(CHa)y),
24.66 (CH(CHs)2), 24.63 (CH(CH3)2), 24.60 (CH(CHs)2), 24.56 (CH(CHa)y),
24.54 (CH(CHs)2), 20.34 (d, J 6.1 Hz, OCH,CH:CN), 20.09 (d, J 7.3 Hz,

OCH,CH:CN), 18.28(NCH,CH=C(CHz)y).

op (162 MHz, CDClz) 151.15, 150.44.

HRMS (ESI+) calculated for Cs3sHs2N70sP1 (M+Na)*™ 978.4290, found

978.4290.
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7.2.2.5 3',5'-bis-O-[(1,1-
Dimethylethyl)diphenylsilyl]-thymidine
1017

0 Thymidine (5.0 g, 20 mmol) was dissolved in anhydrous

NH
TL)%O dimethylformamide (41 mL) under an argon atmosphere

N

TBDPSO R .
0 and stirred for 30 minutes. tert-

OTBDPS Butyl(chloro)diphenylsilane (11.9 mL, 82.6 mmol) was
then added to the solution followed by 1H-imidazole (5.61 g, 82.64 mmol).
The reaction was stirred at room temperature for 24 h. The mixture was
diluted with ethyl acetate (200 mL) and extracted with water (3 x 100 mL),
dried over anhydrous MgSQzg, filtered and concentrated in vacuo to yield a
crude white foam. The crude material was purified by silica gel column

chromatography (2:1 petrol/ diethyl ether) to yield the title compound as a

white foam (14.05 g, 94%).

S (400 MHz, CDCls) 8.59 (1H, br. s., NH), 7.66 (2H, d, J 7.3 Hz, 2H, Ar-H),
7.61 (2H, d, J 7.4 Hz, Ar-H), 7.55 (2H, d, J 7.3 Hz, Ar-H), 7.51 — 7.38 (9H, m,
H-6 and Ar-H), 7.38 — 7.27 (6H, m, Ar-H), 6.54 (1H, dd, J 9.1, 5.2 Hz, H-1"),
458 (1H, d, J 5.5 Hz, H-3"), 4.02 (1H, d, ] 2.7 Hz, H-4"), 3.77 (1H, dd, J 2.3,
11.6 Hz, HA-5"), 3.33 (1H, dd, J 1.8, 11.7 Hz, Hs-5"), 2.36 (1H, ddd, J 13.1,
5.3, 1.5 Hz, Ha-2"), 1.9 (1H, ddd, J 13.9, 9.0, 5.7 Hz, Hg-2"), 1.52 (3H, d, J

1.2 Hz, H-7), 1.11 (9H, s, SiC(CHs)s), 0.96 (9H, s, SIC(CHs)s).

3¢ (101 MHz, CDCls) 163.49 (CO-4), 150.18 (CO-2), 135.72, 135.67, 135.44,
135.40, 135.15, 133.21, 133.12, 132.99, 132.15, 130.04, 130.00, 129.97,
127.92, 127.89 (ArCH, CH-6), 111.07 (C-5), 87.78 (CH-4"), 84.78 (CH-1"),
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74.01 (CH-3"), 64.02 (CH,-5), 41.30 (CH2-2), 26.90 (SiC(CHa)s), 19.31

(SiC(CHs)3)), 19.02 (SiC(CHs)3)), 11.88 (CHs, C-7).

HRMS (ESI+) calculated for C42HsoN20sSi-Na (M+Na)* 741.3150, found

741.3173.

Data in accordance with literature.

7.2.2.6 3', 5'-Bis-O-(tert-butyldiphenylsilyl)-5-
phenylselenylmethyl-2'-deoxyuridine 12/
a 3', 5’-Bis-O-(tert-butyldiphenylsilyl)-thymidine (1.5 g,

PhSe NH
| A, 2.1 mmol) was flushed 3 times with argon using a

TBDPSO . .
o Schlenk line. Carbon tetrachloride (29 mL) was added,

OTBDRS and the solution was stirred for 30 minutes at reflux. N-
bromo-succinimide (728 mg, 4.09 mmol), and benzoyl peroxide (54 mg, 0.2
mmol) were then added to the reaction which was stirred at reflux for a further
1h. The solution changed from colourless to orange. An equal volume of
toluene was added to the reaction (29 mL) The mixture was then filtered to

remove succinimide and concentrated in vacuo to yield the crude bromide

intermediate as an orange oil.

Diphenyldiselenide (729 mg, 2.34 mmol) was dissolved in anhydrous
dimethylformamide (18 mL) under an argon atmosphere. Sodium borohydride
(202 mg, 5.34 mmol) was added and the solution stirred for 30 minutes at
room temperature. The bromide intermediate was dissolved in anhydrous
dimethylformamide (37 mL) and was added dropwise to the reaction. The

solution was stirred room temperature overnight. The mixture was diluted with
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ethyl acetate (200 mL) and extracted with water (3 x 100 mL). The solution
was then washed with saturated NaHCOs (3 x, 50 mL), followed by brine (2 x
50 mL) and then dried over anhydrous Na,SOa. The solution was filtered and
concentrated in vacuo to yield a yellow foam. The crude material was purified
by silica gel column chromatography (2:1 petrol/ diethyl ether) to yield the

title compound as a white foam (717 mg, 58%).

8 (400 MHz, CDCls) 8.31 (LH, br. s., NH), 7.66 (1H, g, J 1.6 Hz, Ar-H), 7.64
(1H, d, J 1.5 Hz, Ar-H), 7.60 (1H, g, J 1.6 Hz, Ar-H), 7.58 (1H, d, J 1.5 Hz,
Ar-H), 7.53 (1H, g, J 1.4 Hz, Ar-H), 7.51 (2H, dt, J 2.8, 1.7 Hz, Ar-H), 7.50 —
7.47 (2H, m, Ar-H), 7.46 — 7.39 (6H, m, Ar-H), 7.37 — 7.29 (9H, m, Ar-H),
7.11-7.04 (3H, m, Ar-H), 7.03 (1H, s, H-6), 6.38 (1H, dd, J 9.0, 5.2 Hz, H-
3%), 4.42 (1H, dt, J 5.8, 1.7 Hz, H-4"), 4.02 (1H, td, J 3.2, 1.8 Hz, H-4"), 3.57
(1H, dd, J 11.4, 3.2 Hz, Ha-5"), 3.51 — 3.35 (2H, m, H-7), 3.31 (1H, dd, J 11.4,
3.4 Hz, Hg-5"), 2.20 (1H, ddd, J 13.2, 5.3, 1.5 Hz, Ha-2"), 1.61-1.54 (1H, m,

Hg-2") 1.10 (9H, s, SiC(CHz)3), 0.94 (9H, s, SiC(CHj3)3).

8¢ (101 MHz, CDCls) 161.74 (CO-4), 149.75 (CO-2), 135.85, 135.73, 135.67,
135.57, 135.51, 135.29, 134.91, 134.82, 134.61, 133.14, 133.12, 132.93,
132.32, 130.07, 130.02, 130.00, 129.97, 129.65, 129.09, 129.05, 128.96,
127.91, 127.88, 127.58 (ArCH and CH-6), 112.13 (C-5), 87.69 (CH-4"), 84.80
(CH-1°), 73.64 (CH-3"), 63.91 (CH2-5), 40.86 (CH2-2"), 26.90 (SiC(CHs)3),

26.88 (SiC(CHa)s), 23.16 (CHz, C-7), 19.22 (SiC(CHs)3), 19.02 (SiC(CHa)s).

HRMS (ESI+) calculated for C4gHssN20sSi>Se (M+H)* 875.2809, found

875.2816.

Data in accordance with literature.
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7.2.2.7 5-phenylselenylmethyl-2'-deoxyuridine
1317

AfoL 3',5'-Bis-O-(tert-butyldiphenylsilyl)-5-phenylselenylmethyl-
PhSe NH
|

N/&o 2'-deoxyuridine (800 mg, 0.92 mmol) was dissolved in

HO
o tetrahydrofuran (6.5 mL) under an argon atmosphere.

on Tetrabutylammonium fluoride*3H>0 (1.5 g, 4.6 mmol) was
added and the solution was stirred at room temperature for 1.5 h. The solution
was concentrated in vacuo. The crude material was purified via silica gel

column chromatography (100:1 ethyl acetate/methanol) to yield the title

compound as a white solid (253 mg, 70 %).

S (400 MHz, CDsOD) § 7.57 — 7.46 (2H, m, Ar-H), 7.44 (1H, s, H-6), 7.38 —
7.25 (3H, m, Ar-H), 6.18 (1H, dd, J 7.4, 6.1 Hz, H-1°), 4.22 (1H, dt, J 6.5, 3.3
Hz, H-3"), 3.84 (1H, g, J 3.4 Hz, H-4"), 3.81 — 3.71 (2H, m, H-7), 3.66 (1H,

dd, J 12.0, 3.3 Hz, Ha-5"), 3.61 (1H, dd, J 11.9, 3.7 Hz, Hs-5"), 2.09 (1H, ddd,

J13.6, 6.2, 3.3 Hz, Ha-2"), 1.75 (1H, ddd, J 13.7, 7.4, 6.3 Hz, Hg-2").

8¢ (101 MHz, CDs0OD) 163.2 (CO-4), 150.5 (CO-2), 136.8, 134.7, 129.0,
127.5 (ArCH and CH-6), 111.7 (C-5), 87.4 (C-4), 84.6 (C-1°), 70.7 (CH-3"),

61.4 (CH2-5’), 39.8 (CH2-2"), 23.4 (CH2-7).

HRMS (ESI+) calculated for C16H1sN20sSeiNa (M+Na)* 421.0273, found

421.0279.

Data in accordance with literature.
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7.2.2.8 5°-O-Dimethoxytrityl-5-
phenylselenylmethyl-2°-deoxyuridine 144

o 5-phenylselenylmethyl-2'-deoxyuridine (1.26 g, 3.17
PhSe
|

NH
N/&o mmol) was dissolved in anhydrous pyridine (25 mL). The

DMTrO
) :o: solution was stirred at 0°C for 15 minutes under an argon

OH

atmosphere. Dimethoxytrityl chloride (1.08 g, 3.17
mmol) was dissolved in anhydrous pyridine (7.5 mL) under an argon
atmosphere and was added drop wise to the above solution. The reaction was
stirred for 1 hr at 0 °C followed by 12 hrs at room temperature. The solvent
was evaporated in vacuo to give a crude purple oil. The oil was diluted with
ethyl acetate (50 mL) and washed with saturated sodium hydrogen carbonate
(3x 15 mL), followed by brine (2 x 15 mL), dried over anhydrous Na,SO4and
concentrated in vacuo. The crude material was purified via silica gel column
chromatography using oven dried silica gel (2:1 ethyl acetate/Hexane with 1

% triethylamine) to yield the title compound as a white foam (1.40 g, 63 %).

8 (400 MHz, CDCls) 8.64 (1H, s, NH), 7.44 — 7.35 (4H, m, Ar-H), 7.35 —
7.29 (TH, m, Ar-H, H-6), 7.28 — 7.25 (1H, m, Ar-H), 7.21 — 7.11 (3H, m, Ar-
H), 6.91 — 6.81 (4H, m, Ar-H), 6.26 (1H, t, J 6.6 Hz, H-17), 4.34 (1H, dt, J 7.2,
3.8 Hz, H-3"), 3.99 (1H, g, J 4.1 Hz, H-4"), 3.80 (6H ,d, J 2.5 Hz, OCH3), 3.51
(1H, dd, J 12.1, 0.7 Hz, Ha-7), 3.42 — 3.35 (2H, m, Ha-5", He-7), 3.29 (1H,
dd, J 10.3, 4.6 Hz, He-5"), 2.32 (1H, ddd, J 13.7, 6.2, 3.9 Hz, Ha-2"), 1.95

(1H, dt, J 13.6, 6.8 Hz, Hg-2").

3¢ (101 MHz, CDCI3) 171.19 (2 x BzCO), 161.85 (CO-4), 158.72 (ArC),

149.76 (CO-2), 144.34 (ArC), 136.09, 135.49, 135.35, 135.00, 134.41, 130.08,
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130.05, 129.81, 129.14, 129.03, 128.09, 128.05, 127.77, 127.58, 127.17
(ArCH and CH-6), 113.33 (ArC), 112.21 (C-5), 86.89 (CAr3), 85.45 (CH-4"),
84.60 (CH-1°), 72.20 (CH-3"), 63.58 (CH2-5"), 55.27 (OCH3) , 40.46 (CH2-

2), 23.02 (CH2-7).

HRMS (ESI+) calculated for C37H3sN207Se1Na (M+Na)* 723.1580, found

723.1608.

Data in accordance with literature.
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7.2.2.9 5°-O-Dimethoxytrityl-5-
phenylselenylmethyl-2’-deoxyuridine-
cyanoethyl phosphoramidite 1527

5’-O-Dimethoxytrityl-5-phenylselenylmethyl-2’-

PhSe

| NH o ) _
N/&O deoxyuridine (700 mg, 1.00 mmol) was dissolved in

e o anhydrous dichloromethane (2.5 mL). Anhydrous
NC/\/O\E;:)Z diisopropylethylamine (703 pL, 4.05 mmol) was
added to the solution which was stirred at 0°C for 30 minutes. 2-cyanoethyl
diisopropylchlorophosphoramidite (250 mg, 1.06 mmol) was diluted with
anhydrous dichloromethane (2.5 mL) and was added dropwise to the above
solution. The reaction was stirred for 2 hrs at room temperature, diluted with
ethyl acetate (50 mL), washed with saturated sodium bicarbonate (3 x 15 mL),
brine (2 x 15 mL), dried over anhydrous Na>SO4and concentrated in vacuo.
The crude product was purified via silica gel flash chromatography using

oven-dried silica gel (1:1 ethyl acetate/petrol ether) to yield the title compound

as a white foam (370 mg, 41 %).

8 (400 MHz, CDCls) 7.42 (2H, ddt, J 5.3, 3.7, 2.1 Hz, Ar-H), 7.34 (8H, dddd,
J15.6,7.0, 4.0, 2.2 Hz, Ar-H, H-6), 7.28 — 7.12 (4H, m, Ar-H), 6.85 (4H, ddd,
J9.0,4.3, 2.6 Hz, Ar-H), 6.27 (1H, dt, J 7.6, 6.1 Hz, H-1°), 4.59 — 4.51 (1H,
m, H-4%), 4.16 (1H, dd, J 11.2, 3.5 Hz, H-3"), 3.92 — 3.72 (7H, m, OCH,
CH2CH,CN), 3.73 — 3.54 (2H, m, CH,CH,CN), 3.50 (1H, dd, J 11.9, 1.7 Hz,
Ha-7), 3.41 - 3.23 (3H, m, Ha-5", Hg-5" Hg-7), 2.64 (1H, t, J 6.2 Hz,

CH2CH2CN), 2.52 — 2.34 (2H, m, CH2CH2CN, Ha-2’), 2.16 — 1.95 (1H, m,
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Hg-27), 1.20 (9H, dd, J 6.8, 4.5 Hz, CH(CHs)2), 1.11 (3H, d, J 6.8 Hz,

CH(CHs)y).

3¢ (101 MHz, CDCls) 171.15 (2 x CO), 161.81 (CO-4), 158.70 (ArC), 149.74
(CO-2), 149.69 (CO-2), 144.31 (ArC), 136.35, 136.29, 135.50, 135.35,
135.32, 134.17, 130.19, 130.14, 130.10, 129.99, 128.98, 128.24, 128.17,
128.01, 127.50, 127.16, 127.12 (ArCH and CH-6), 117.53 (CN), 117.39 (CN),
113.29 (ArC), 112.23 (C-5), 112.18 (C-5), 86.79 (CArs), 85.56 (d, J 3.4 Hz,
CH-3°), 85.30 (d, J 6.0 Hz, CH-3"), 84.87 (CH-1°), 73.81 (d, J 17.3 Hz, CH-
4%),73.30 (d, J 17.4 Hz, CH-4), 63.35 (CH2-5"), 63.14 (CH,-5"), 58.31 (d, J
4.5 Hz, OCH,CH,CN), 58.12 (d, J 4.6 Hz, OCH,CH,CN), 55.28 (OCHs),
55.25 (OCH3), 43.34 (d, J 7.0 Hz, CH(CHs),), 43.22 (d, J 6.9 Hz, CH(CHsa),),
39.77 (CH2-2"), 39.72 (CHz-2"), 24.66 (CH(CHz)2), 24.59 (CH(CHz)z), 24.56
(CH(CHa)2), 24.52 (CH(CHs)2), 22.89 (CHz, C-7), 21.07, 20.43 (d, J 7.3 Hz,

OCH2CH:CN), 20.21 (d, J 7.2 Hz, OCH2CH,CN).

dp (162 MHz, CDCls) 149.05, 148.58.

HRMS (ESI+) calculated for C4sHs4N4OgP1Se (M+H)* 901.2839, found

901.2863.

Data in accordance with literature.
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7.2.2.1 (2R,3R,4R)-2-((benzoyloxy)methyl)-5-(6-
chloro-9H-purin-9-yhtetrahydrofuran-3,4-

diyl dibenzoate!®

¢ 1-O-acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose (2.10 g, 4
</N | N/) mmol) and 6-chloropurine (700 mg, 4.5 mmol) were

BzO
dissolved in acetonitrile (25 mL). Hexamethyldisilazane

e (816 pL, 4 mmol), trimethylsilyl chloride (795 uL, 6.25
mmol) and trimethylsilyl triflate (1.13 mL, 6.25 mmol) were then added. The
solution was heated at reflux for 2.5 hrs, followed by room temperature for 15
mins. Dichloromethane (50 mL) was added, and the solution was extracted
three times with saturated sodium bicarbonate solution (50 mL). The organic
phase was dried over sodium sulfate and evaporated under vacuum. The crude

material was purified by column chromatography (4:1 petrol/ethyl acetate) to

yield the title compound as a colourless foam (1.72 g, 71 %).

8+ (400 MHz, CDCls) 8.63 (1H, s, H-8), 8.30 (1H, s, H-2)), 8.13 — 8.06 (2H,
m, ArH), 8.06 — 8.01 (2H, m, ArH), 7.98 — 7.90 (2H, m, ArH), 7.66 — 7.53
(3H, m, ArH), 7.52 — 7.33 (6H, m, ArH), 6.51 — 6.39 (2H, m, H-1°, H-2"), 6.27
(1H, dd, J 5.0, 5.6 Hz, H-3"), 4.96 (1H, dd, J 3.2, 12.3 Hz, HA-5"), 4.88 (1H,

ddd, J 3.2,4.2,5.1 Hz, H-4°),4.72 (1H, dd, J 4.2, 12.2 Hz, HB-5").

8¢ (400 MHz, CDCls) 166.09 (ArH), 165.31 (ArH), 165.13 (ArH), 152.32
(CH-8), 151.64 (ArH), 151.27 (ArH), 143.95 (CH-2), 133.94 (ArH), 133.84
(ArH), 133.56 (ArH), 132.40 (ArH), 129.84 (ArH), 129.71 (ArH), 129.24
(ArH), 128.62 (ArH), 128.58 (ArH), 128.23 (ArH), 87.53 (CH-1"), 81.05 (CH-
4%), 73.86 (H-2"), 71.38 (CH-3"), 63.28 (H2-5").
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HRMS (ESI+) calculated for C31H23CIliN4O7 (M+Na)* 621.1147, found

621.1145

Data in accordance with literature
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7.2.2.2 Nb-methyladenosine!®®

i (2R,3R,4R)-2-((benzoyloxy)methyl)-5-(6-chloro-9H-
N N
</N | _J purin-9-yl)tetrahydrofuran-3,4-diyl dibenzoate (1.0 g,
N
HO
© 1.66 mmol) was dissolved in anhydrous 1,2-

o dimethoxyethane (40 mL) . Methylamine (443 pL, 10
mmol) was added and the solution was stirred for 16 hrs at room temperature.
The mixture was filtered and concentrated in vacuo. The product was purified
silica gel column chromatography (100 % ethyl acetate) to yield a colourless
foam. This was dissolved in methanolic ammonia (8 mL, 7M) and the solution
was stirred at 40 °C for 16 hrs. The solution was again concentrated in vacuo
and the crude material was purified by silica gel column chromatography (4:1

ethyl acetate/ ethanol) to yield the title compound as a white solid. (185 mg,

39 %).

81 (400 MHz, MeOD) 8.25 (1H, s, H-8), 8.25 (1H, s, H-2) 5.97 (1H, d, J 6.4
Hz, H-1°), 4.76 (1H, dd, J 5.1, 6.5 Hz, H-2"), 4.34 (1H, dd, J 2.5, 5.1 Hz, H-
3), 4.19 (1H, g, J 2.5 Hz, H-4"), 3.91 (1H, dd, J 2.5, 12.5 Hz, HA-5"), 3.76
(1H, dd, J 2.7, 12.6 Hz, HB-5"), 3.33 (3H, p, J 1.6 Hz, 3 x OH), 3.13 (3H, s,

CHs).

8¢ (400 MHz, MeOD) 155.50 (C-6), 152.07 (C-4), 140.06 (CH-8), 89.89

(CH-1°), 86.82 (CH-4"), 74.04 (CH-2"), 71.31 (CH-3"), 62.13 (CHz-5").
HRMS (ESI+) calculated for C11H15NsO4 (M+H)* 282.1197, found 282.1195

Data in accordance with literature
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7.2.2.3 5-Phenylselenylmethyl-2"-Deoxyuridine
5"-Triphosphate?3®

7.2.2.31 Method 1286288

a 5-Phenylselenylmethyl-2”-deoxyuridine (52
PhSe

NH
| N/&O mg, 0.13 mmol) and 1,8-bis-

<!_0O (I)H OH
P~ Np-Ol1_ 0O . )
4 (';T o :o: (dimethylamino)naphthalene (Proton Sponge®,

o 42 mg, 0.19 mmol) were dissolved in trimethyl

phosphate (0.6 mL). The solution was stirred at 0 °C for 30 minutes.
Phosphorous oxytrichloride (27 pL, 0.29 mmol) was then added and the

reaction was stirred at 4 °C for 3 hrs.

Tributylammonium pyrophosphate (308 mg, 0.65 mmol) was dissolved in
anhydrous dimethylformamide (1.3 mL) and tributylamine (130 pL, 0.55
mmol) was added. This solution was added dropwise to the reaction over the
course of 5 mins. The reaction was stirred for 2 hrs at room temperature and
was then quenched by the addition of 1 M triethylammonium bicarbonate
buffer (12 mL, pH 8.5), and stirred for 10 mins at room temperature. The
solution was lyophilised, dissolved in methanol (200 puL) and mixed with a
solution of 0.75 M NaClO4 in acetone (1.2 mL). The solution was incubated at
room temperature for 10 mins, followed by -80 °C for 10 mins. The solution
was centrifuged at 13,000 x g for 10 mins and the supernatant was discarded.
The pellet was then washed 3 times with acetone (1 mL) to remove excess

NaClOa.
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The product was then purified by DEAE Sephadex A-25 column
chromatography. The Sephadex resin was swelled in NaCl (200 mM) at room
temperature for 3 days and was packed into an empty column (2 x 10 cm)
using a peristaltic pump. The column washed with 3 bed volumes of H20. The
2 uL reaction was loaded onto the column. Chromatography was performed
using a gradient of 100 % H,O to 100 % 1 M triethylammonium bicarbonate
buffer (pH 8.5) at a flow rate of 6 ml/min. Seventy 15 ml fractions were
collected and fractions eluted with between 400 mM and 800 mM
triethylammonium bicarbonate buffer were lyophilised. Fractions containing
the product were identified by mass spectrometry, and combined. The product
was then purified by reverse phase HPLC using a BETASIL C18 250 x 10 mm

column and the conditions outlined in Table 16.

Table 16: PhSe-dTTP HPLC purification elution gradient. BETASIL C18 250
x 10 mm column. 3 mL/min. Buffer A: TEAA (50 mM) in H20, Buffer B:

HPLC grade acetonitrile.

Time Buffer A (%) Buffer B (%)
(mins)

0 95 5

5 95 3)

40 80 20

50 20 80

55 95 5

60 95 5
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Fractions containing the triphosphate product were dissolved in methanol (200
uL) and mixed with a solution of 0.75 M NaClOs in acetone (1.2 m). The
solution was incubated at room temperature for 10 mins, followed by -80 °C
for 10 mins. The solution was centrifuged at 13,000 x g for 10 mins and the
supernatant was discarded. The pellet was then washed 3 times with acetone
(1 mL). The precipitate was dissolved in H>O, and the concentration of the
nucleoside triphosphate was calculated using the extinction coefficient at 270

nm (10,100 M-1cm-1) (Hong, Ding, Greenberg, 2007).

HRMS (ESI-) calculated for C16H20N2014P3Se (M-H)- 636.9298, found

636.9306

Data in accordance with literature.

7.2.2.3.2 Method 2113289

a Tributylammonium pyrophosphate (308 mg,

Y, 0.65 mmol) was dissolved in anhydrous

HO o, ] /Ho\?fo _ _ _ _
§ U h ) dimethylformamide (250 pL) and triethylamine

o (750 pL). The solution was stirred at room

temperature for 5 mins. 2-chloro-4-H-1,3,2- benzodioxaphosphorin-4-one (20
mg, 0.1 mmol) dissolved in DMF (1 mL) was then added and the solution was
stirred at room temperature for 30 mins. 5-Phenylselenylmethyl-2”-
deoxyuridine (20 mg, 0.05 mmol) was then added and the reaction was stirred
at room temperature for 1.5 hours. A solution of iodine (3 %) dissolved in
pyridine/ water (9:1) was slowly added until a brown colour was maintained.
The solution was stirred at room temperature for 5 mins. H.O (5 mL) was
added and the solution was stirred at room temperature for 1.5 hours.
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The solution was transferred to two 50 mL centrifuge tubes. NaCl (3M, 0.6
mL) and EtOH (19 mL) were then added and the solution was vortexed. The
solution was incubated at -80°C for 1 h. The sample was centrifuged (3200 x
g, 20 mins) and the supernatant discarded. The nucleoside triphosphate was
then HPLC purified and precipitated with NaClO4 in acetone (as described in

method 1).

230



7.2.3  Oligonucleotide synthesis

An Applied Biosystems 3400, or 394 DNA Synthesizer was used for

oligonucleotide synthesis.

7.2.3.1 DNA oligonucleotide synthesis and

purification

The standard 0.2 uM DNA synthesis cycle was used with 0.2 uM solid CPG
supports. The coupling time was set to 20 seconds for unmodified
phosphoramidites and 200 seconds for modified phosphoramidites. Following
the final coupling the 5° most DMTr group was not cleaved. The columns
were vacuum dried for 20 minutes. The support bound oligonucleotides were
then incubated in 2 mL concentrated ammonium hydroxide, at 55 °C,
overnight to facilitate cleavage from the solid support and to remove the base-
labile protecting groups. PhSeT containing oligonucleotides were deprotected
at room temperature for 48 hrs. The Oligonucleotides were then purified and
detritylated using an OPC cartridge. The oligonucleotides were then desalted

using NapTM-5 columns and eluted in H20 (1 mL).

7.2.3.2 RNA oligonucleotide synthesis and

purification

The standard 0.2 puM RNA synthesis cycle was used with 0.2 pM solid CPG
supports. The coupling time was set to 15 mins. The final coupling was
followed by cleavage of the 5’-DMTr group on the synthesiser. Once

synthesised, the oligonucleotides were deprotected and purified using standard
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conditions®®’. Firstly, the support bound oligonucleotides were resuspended in
MeNH: (1 mL) and incubated for 10 mins at 65 °C to cleave the base
protecting and cyanoethyl groups. The solution was then incubated on ice for
15 mins and centrifuged (1 min, 10,000 x g). The supernatant was removed,
and the beads were washed with RNase free H>O (0.25 mL) and centrifuged.
This washing step was repeated, and the supernatants were combined and
lyophilized under vacuum. The 2’-O-TBDMS groups were then cleaved by
resuspending the beads in 250 uL of an anhydrous solution of
NEt3-3HF/NEt3/NMP (1.5 mL NMP, 750 uL NEt3 and 1.0 mL NEt3-3HF).
The solution was incubated for 1.5 h at 65 °C, cooled to room temperature,
briefly centrifuged, and quenched by the addition of 3M NaOAc (25 pL). The
oligonucleotides were precipitated from the solution by the addition of n-
BuOH (1 mL). The solution was briefly vortexed and incubated at -70 °C for 2
h. The solution was centrifuged for 30 mins (13,000 x g) and the supernatant
discarded. The pellet was then washed twice with 70 %, v/v EtOH (500 uL)
and dried under vacuum (1 hr). The pellet was resuspended in 1 mL RNase

free H.O and desalted using a NapTM-5 column.

7.2.3.1 Oligonucleotide HPLC purification

Phenyl selenide modified thymidine oligos were subject to purification by
HPLC. A BETASIL C18 250 x 10 mm column was used with the conditions

described in Table 17.
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Table 17: HPLC oligonucleotide purification elution gradient. BETASIL C18
250 x 10 mm column. 3 mL/min. Buffer A: TEAA (50 mM) in H2O, Buffer B:

HPLC grade acetonitrile.

Time (mins) | Buffer A (%) | Buffer B (%)
0 92.5 7.5

5 92.5 7.5

35 80 20

40 80 20

41 92.5 7.5

45 92.5 7.5

7.2.3.1 Oligonucleotide PAGE purification

Certain oligonucleotides were purified using a 15 % Mini-PROTEAN® TBE-
Urea Gel pre-cast gel. The oligonucleotide was visualised by soaking the gel
in a solution of ‘SYBR™ Gold Nucleic Acid Gel Stain’ (5 pL, 50,000 x) and
TBE buffer (50 mL, 1 x) for 30 mins. The corresponding band was excised
and added to a 1.5 ml Eppendorf tube containing Crush and Soak buffer (400
uL, KCI (200 mM), Potassium Acetate (50 mM), pH 7), the tube was rotated
for 4 hrs at room temperature. The DNA/RNA was recovered by ethanol
precipitation (See section 7.2.4.2) and the pellet was dissolved in an

appropriate volume of H.O
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7.2.3.2 Oligonucleotide quantification.

The concentration of the oligonucleotide was calculated using a Thermo

Scientific NanoDrop™ 1000 Spectrophotometer.

7.2.3.3 Oligonucleotide HPLC analysis

The purity of the synthesised DNA and RNA oligonucleotides was analysed
by analytical HPLC. A Phenomenex Clarity 3 p Oligo-RP 50 % 4.6 mm

column was used with the conditions described in Table 18.

Table 18: HPLC elution gradient for oligonucleotide analysis. Phenomenex
Clarity 3 p Oligo-RP 50 x 4.6 mm column. 1 mL/min. Buffer A: TEAA (100

mM) in H>O, Buffer B: HPLC grade acetonitrile.

Time (mins) | Buffer A (%) | Buffer B (%)
0 95 5

5 95 5

25 80 20

30 80 20

31 95 5

35 95 )
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Table 19: Results of oligonucleotide HPLC analysis

Oligonucleotide DNA/RNA | Length Retention time
(nt) (mins)
Cap-1 RNA 28 20.27
Cap-2 RNA 28 19.14
Cap-3 RNA 28 19.17
lagAgc RNA 28 13.43
2gaocg RNA 28 13.68
3ag6gc RNA 28 13.62
4gaAcg RNA 28 13.51
5N9 RNA 28 13.40
Chicken B-actin zipcode — RNA 28 13.73
unmodified
Chicken B-actin zipcode — RNA 28 14.03
mCA (site 1202)
Chicken B-actin zipcode — RNA 28 12.64
meA (site 1211)
Chicken B-actin zipcode — RNA 28 14.26
mOA (site 1212)
Chicken B-actin zipcode — RNA 28 13.94
mBA (site 1218)
Al RNA 18 10.23
GIméAY’ RNA 18 19.75
ToPhSeT!T® DNA 18 11.01
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T8 DNA 18 17.72
Mouse B-actin — unmodified | RNA 19 13.61
Mouse B-actin — m°A RNA 19 13.41
modified 1

Mouse B-actin — m°A RNA 19 15.30
modified 2

Mouse B-actin — PhSeT DNA 28 17.47
modified 1

Mouse B-actin — PhSeT DNA 28 17.32
modified 2

SCARLET chimera — 2’-0O- 20 17.12
chicken B-actin — Al Me/DNA

SCARLET chimera — 2’-0- 18 16.79
chicken B-actin — A4 Me/DNA

SCARLET chimera — 2’-0O- 20 15.91
chicken B-actin — A6 Me/DNA

RedBaron chimera — chicken | 2°-O- 18 17.64
B-actin — A4 Me/DNA

RedBaron chimera — chicken | 2°-O- 20 17.38
B-actin — A7 Me/DNA

7.2.3.4 Oligonucleotide mass spectrometry

analysis

The identity of the oligonucleotide was confirmed by mass spectrometry using
a Thermo Scientific: LTQ FT Ultra Mass Spectrometer in negative mode.
Mass ions were calculated using the equation p1z: = Mr — Maz1 = Mr — 1.0079
z1 (p1 is the peaks m/z value, z; is the peaks charge, Mr is the molecular weight

of the oligonucleotide, and M is the molecular weight of the charge-carrying
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species (which is a proton)?%°. The peak charge used for the calculation was

either: -7, -8, -9, -10 -11, -12, -13, or -14, depending on the oligonucleotide

analysed.

Table 20: Oligonucleotide mass spectrometry analysis

unmodified

Oligonucleotide Expected mass | Adduct Observed
mass

Cap-1 (A) 9493.4806 M-12H 9493.4952
Cap-2 (Am) 9507.4963 M-11H 9507.5442
Cap-3 (m°An) 9521.5119 M-12H 9521.5296
Chicken B-actin — 8794.2606 M-13H 8794.2634
unmodified

Chicken p-actin — 8808.2763 M-13H 8808.2852
m8A modified 1

Chicken B-actin — 8808.2763 M-12H 8808.2676
m®A modified 2

Chicken p-actin — 8808.2763 M-11H 8808.2940
m8A modified 3

Chicken p-actin — 8808.2763 M-11H 8808.2863
m8A modified 4

Al 5860.9896 M-7H 5861.0139
GIméAY’ 6115.2506 M-7H 6115.2455
T°PhSeT!T® 5566.8207 M-6H 5566.8444
L 5410.8729 M-6H 5410.8924
Mouse B-actin — 6051.8034 M-8H 6051.8224
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Mouse B-actin — m°A | 6065.8190 M-7H 6065.8220
modified 1

Mouse B-actin — m°A | 6065.8190 M-7H 6065.8220
modified 2

Mouse B-actin — 8694.4155 M-11H 8694.4473
PhSeT modified 1

(control)

Mouse B-actin — 8694.4155 M-11 8694.4418
PhSeT modified 2

(consensus)

SCARLET chimera — | 6558.1055 M-8H 6558.1000
chicken B-actin — Al

SCARLET chimera — | 6043.0462 M-7H 6043.0580
chicken B-actin — A4

SCARLET chimera— | 6650.1655 M-8H 6650.1792
chicken B-actin — A6

RedBaron chimera— | 6059.0411 M-7H 6059.0467
chicken B-actin — A4

RedBaron chimera— | 6625.1590 M-8H 6625.1752
chicken B-actin — A7

7.2.4  General molecular biology

methods

7.2.4.1 Phenol chloroform extraction of RNA

The RNA solution was mixed with an equal volume of phenol: chloroform:
isoamyl alcohol (25:24:1). The solution was centrifuged (5 mins at 14,000 x Q)
and the upper agueous phase was transferred to a fresh Eppendorf tube. The

RNA solution was mixed with chloroform: isoamyl alcohol (24:1) (200 uL)

238



and the solution was centrifuged (5 mins at 13,000 x g). The upper aqueous
phase was transferred to a fresh Eppendorf tube and the RNA was purified by

ethanol precipitation.

7.2.4.2 Ethanol precipitation of DNA and RNA

The RNA solution was mixed with 3 M NaOAc (1/10™ of the volume, pH
5.2), ethanol (3 volumes), and glycogen (1 pL, 20 ug). The solution was
incubated at -20 °C for a minimum of 1 hr. The solution was centrifuged (30
mins at 13,000 x g), and the supernatant discarded. The pellet was then
washed three times with ethanol (500 pL, 75 % v/v). The Eppendorf tube was
incubated at room temperature for 20 mins with the lid open to allow residual
ethanol to evaporate. The pellet was dissolved H>O, and the concentration of

the RNA was analysed using a Nanodrop spectrophotometer.

7.2.4.3 5’ radiolabelling of oligonucleotides

Oligonucleotides were radiolabelled with 3P at their 5°- end. The
oligonucleotide (1 pL, 5 pmol) was mixed with ATP [y->2P] (2 uL, 6.6 pmol,
20 uCi), T4 PNK buffer A (2 puL 10 x), H20 (14 pL), and T4 Polynucleotide
kinase (1 pL, 10 units). The solution was then incubated for 1 hr at 37 °C. The
labelled oligonucleotides were purified using a QIAquick Nucleotide Removal

Kit to remove unincorporated ATP and eluted in H20 (30 uL).
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7.2.4.4 Denaturing PAGE analysis of

radioactively labelled oligonucleotides

Radiolabelled oligonucleotides were analysed using a 15 % (w/v) Mini-
PROTEAN® TBE-Urea denaturing gel. Approximately 100 cps in a volume
of 10 uL was loaded into each well. The gel was run in TBE buffer (1 x) at

180 volts for approximately 1 hr.
The gel was prepared for visualization using one of two methods:

1) The gel was soaked in a solution of TBE (1 %)/ methanol (4:1) for 20
mins. The gel was then dried on a gel drier for (3 hrs, 70 °C).

2) The RNA was transferred from the gel to a ‘GeneScreen Plus
Hybridization Transfer Membrane’ using a ‘Mini Trans-Blot Module’

ran at 100 volts for 30 mins in a buffer of TBE (0.5 x).

The dried gel/ membrane was then exposed to a phosphor imager screen and

visualised using a phosphor imager.

7.2.4.5 Two-dimensional TLC analysis

Two-dimensional thin layer chromatography was used for the analysis of 3’-
and 5°- nucleoside monophosphates. The RNA/DNA solution (~1 uL, ~20
counts per second) was spotted onto the bottom left corner of a glass backed
cellulose F TLC plate (20 x 20 cm). The plate was resolved in two dimensions.
The first-dimension buffer was composed of isobutyric acid: NHsOH (0.5 M)
(5:3, v/v). The second-dimension buffer was composed of

isopropanol:HCl:water (70:15:15, v/v/v). Each dimension was run for
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approximately 16 hours at room temperature. The TLC plate was then dried at
room temperature for 3 hrs, exposed to a phosphorimager screen and

visualised using a phosphor imager.

7.2.4.6 One-dimensional TLC analysis

One dimensional TLC was achieved using a buffer composed of isopropanol:
HCI: H20 (70:15:15, v/v/v). The TLC plate was dried at room temperature for
3 hrs, exposed to a phosphor imager screen and visualised using a phosphor

imager.

7.2.5 RNA purification

7.2.5.1 total RNA purification from tissue

samples

A pestle and mortar were chilled using liquid nitrogen and used to grind
approximately 1 cm?® of tissue sample into a fine powder. Liquid nitrogen was
used to ensure the sample remained frozen during this process. The powder
was added to an Eppendorf tube containing SDS (40 uL, 10 % w/v) and AG
buffer (400 uL) (NaOAc (50 mM, pH 5.2), EDTA (10 mM)). The samples
were vortexed, mixed with phenol (400 uL) and vortexed again. The solution
was incubated at 65 °C for 5 mins. The samples were briefly dipped in liquid
nitrogen, centrifuged (5 mins at 13,000 x g) and the supernatant was
transferred to a fresh 1.5 mL Eppendorf. The RNA was purified by a phenol
chloroform extraction (See section 7.2.4.1) followed by ethanol precipitation

(See section 7.2.4.2). The RNA pellet was dissolved in H2O, and the

241



concentration was analysed using a Nanodrop spectrophotometer. The purity

of the extracted RNA was analysed on an agarose gel (1 % wi/v).

7.2.5.2 Total RNA purification from cell samples

The cell suspension was transferred to 1.5 mL Eppendorf tube (5-6 million
cells per tube). The cells were centrifuged (15 mins, 12,000 x g) and the
supernatant was discarded. The pellet was mixed with TRIzol™ (750 uL) by
pipetting the solution up and down several times. The solution was incubated
at room temperature for 5 mins. The solution was mixed with chloroform (150
uL) and incubated at room temperature for 3 mins. The solution was
centrifuged (15 mins, 13,000 x g) and the upper aqueous phase was transferred
to a new Eppendorf tube. Isopropanol (375 uL) and glycogen (1 uL, 20 ug)
were mixed with the supernatant and the solution was incubated at room
temperature for 10 mins. The solution was centrifuged (15 mins, 12,000 x g)
and the supernatant discarded. The pellet was resuspended in ethanol (750 pL,
75 % vIv), briefly vortexed, and centrifuged (5 mins, 7500 x g). The
supernatant was discarded, and the Eppendorf tube was incubated at room
temperature for 20 mins with the lid open to allow residual isopropanol to
evaporate. The pellet was dissolved H20, and the concentration of the RNA

was analysed using a Nanodrop spectrophotometer.

7.2.5.3 poly(A)+ RNA purification

NEBNext Magnetic Oligo d(T)25 Beads (200 uL) were added to a 1.5 mL
Eppendorf tube. The supernatant was separated from the magnetic beads using

a magnetic rack and discarded. The magnetic beads were washed 2 times with
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NEBNext RNA binding buffer (2 x, 100 uL) (Table 21). The magnetic beads
were resuspended in NEBNext RNA binding buffer (2 x, 50 uL) and total
RNA in H20 (50 pL, 25 pg). The solution was incubated at 65 °C for 5 mins,
followed by room temperature for 10 mins to anneal the RNA to the d(T)25
magnetic beads. The supernatant was discarded using the magnetic rack. The
beads were then washed two times with NEBNext wash buffer (1 x, 200 uL)
(Table 21). The dry beads were then resuspended in H>O (50 uL). The
solution was incubated at 80 °C for 2 mins, followed room temperature for 5
mins to denature the RNA. The solution was mixed with NEBNext binding
buffer (2 x, 50 uL) and incubated at room temperature for 5 mins to anneal the
RNA d(T)25 magnetic beads. The supernatant was discarded, and the beads
were washed with NEBNext wash buffer (1 x, 200 uL). The dry beads were
resuspended in H20 (20 uL), incubated at 80 °C for 2 mins to denature the
RNA and the supernatant was removed from the magnetic beads and
transferred to a fresh Eppendorf tube. The concentration of the mRNA was

analysed using a Nanodrop spectrophotometer.

Table 21: Buffers used for the purification of poly(A)+ mRNA

Buffer Components
NEBNext RNA binding LiCl (2 M), Tris-HCL (40 mM, pH 7.5),
buffer (2 x) EDTA (2 mM), NP40 (0.1 %, v/v)

NEBNext wash buffer (1 x) | LiCl (150 mM), Tris-HCL (20 mM, pH 7.5),
EDTA (1 mM), NP40 (0.01 %, v/v)
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7.2.6 SCARLET and RedBaron

experiments

7.2.6.1 Synthesising 5’ labelled mononucleotide

reference molecules

A 4 kb RNA molecule was synthesised using a Riboprobe System T7 in vitro
transcription kit. pPGEM® Express Positive Control Template (1 uL, 1 ug),
was mixed with: rATP (1 uL, 10 mM), rGTP (1 uL, 10 mM), rCTP (1 uL, 10
mM), rUTP (1 puL, 10 mM), Transcription Optimized (5 x) Buffer,
Recombinant RNasin® Ribonuclease Inhibitor (2 uL, 40 units), DTT (2 uL,
100 mM), and T7 RNA Polymerase (1 pL, 20 units), in a total volume of 20
uL. The solution was incubated at 37 °C for 1 hr. RQ1 RNase-Free DNase (1
uL, 1 unit) of was then added and the solution was incubated at 37 °C for 15

mins.

The RNA was purified by a phenol chloroform extraction (See section 7.2.4.1)
followed by ethanol precipitation (See section 7.2.4.2). The RNA pellet was
resuspended in H20 (26 uL) and mixed with PNK buffer (3 uL, 10 x) , and T1
ribonuclease (1 pL, 2000 units). The solution was incubated at 37 °C for 1 hr.
PNK buffer (2 pL, 10 x), ATP [y-32P] (3.3 pmol, 10 uCi), and T4 PNK (1 pL,
10 units) were then added. The solution was incubated for 1 hr at 37 °C. The
enzyme was inactivated by incubating at 65 °C for 20 mins. The RNA was
purified by ethanol precipitation and the RNA pellet was resuspended in a

solution of H2O (17 uL), nuclease P1 (2 uL, 1 unit), and NaOAc (1 uL, 1 M,
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pH 5.3). The solution was incubated at 37 °C for 2 hrs to digest the RNA into

5’- nucleoside monophosphates.

7.2.6.2 Synthesising 3’ labelled mononucleotide

reference molecules

A 4 kb RNA molecule was synthesised using a Riboprobe System T7 in vitro
transcription kit. pPGEM® Express Positive Control Template (1 uL, 1 ug),
was mixed with: rCTP [0-32P] (1 pL, 10 uCi, 3.3 pM), rCTP (1 uL, 10 mM),
rATP (1 puL, 10 mM), rGTP (1 puL, 10 mM), rCTP (1 uL, 10 mM), rUTP (1
uL, 10 mM), Transcription Optimized (5 x) Buffer, Recombinant RNasin®
Ribonuclease Inhibitor (2 uL, 40 units), DTT (2 puL, 100 mM), and T7 RNA
Polymerase (1 uL, 20 units), in a total volume of 20 pL. The solution was
incubated a 37 °C for 1 hr. RQ1 RNase-Free DNase (1 uL, 1 unit) and Calf
Intestinal Alkaline Phosphatase (1 pL, 20 units) were then added, and the

solution was incubated at 37 °C for 15 mins.

The RNA was purified by a phenol chloroform extraction (See section 7.2.4.1)
followed by ethanol precipitation (See section 7.2.4.2). The RNA was then
purified using a QIAquick nucleotide removal kit. The RNA was eluted in
nuclease free H2O (30 uL). NEB buffer 3 (4 uL, 10 x), RNase I (1 pL, 10
units), and H20 (6 uL) were then added, and the solution was incubated at 37

°C for 3 hrs to digest the RNA into 3’ nucleoside monophosphates.

Synthesis of adenosine and m®A radiolabelled 3’- nucleoside monophosphates
that did not contain any 3?P-G/C/A was achieved using the same method

however the oligonucleotides 5’-
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CGTCTAGTCCATGTACGTACCCTATAGTGAGTCGTATTA-3’, and 5°-
TAATACGACTCACTATAGG-3’ were used in place of the pGEM® Express

Positive Control Template.

7.2.6.3 SCARLET protocol®

7.2.6.3.1 RNase H digestion and dephosphorylation

Poly(A)+ RNA (1 ug) was mixed with the chimeric oligonucleotide (3 pmol)
in Tris-HCI (3 pL, 30 mM, pH 7.5). The oligonucleotide was annealed to the
RNA by incubating the solution at 95 °C for 1 min followed by incubation at
20 °C for 10 mins. FastAP Thermosensitive Alkaline Phosphatase (0.4 uL, 0.4
units), RNase H (0.4 uL, 2 units), and T4 PNK buffer (0.2 uL, 10 x) were then
added and the solution was incubated at 44 °C for 1 hr. The solution was then
incubated at 75 °C for 5 mins to inactivate the RNase H and alkaline

phosphatase enzymes.

7.2.6.3.2 32P Radiolabelling

Radiolabelling of 5” hydroxyl groups was achieved by adding T4 PNK (0.8
uL, 8 units), ATP [y-*P] (2.8 uL, 28 uCi, 9.24 pmol), T4 PNK buffer (0.4
uL, 8 x) and incubating at 37 °C for 1 hr. The PNK enzyme was then

inactivated by incubating the solution at 75 °C for 5 mins.

7.2.6.3.3 Splint assisted ligation

The splint oligonucleotide (0.5 pL, 4 pmol) and the sSDNA oligonucleotide
(0.5 uL, 5 pmol) were added to the reaction. The oligonucleotides were

annealed to the mRNA by incubating the solution at 75 °C for 5 mins,
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followed by 20 °C for 10 mins. T4 PNK buffer (0.4 uL, 10 x), ATP (0.2 uL,
60 mM), DMSO (1.2 uL), and T4 DNA ligase (1 uL, 400 units) were then

added, and the solution was incubated at 37 °C for 3.5 hrs.

7.2.6.3.4 Dephosphorylation, and RNase digestion

The ligase enzyme was inactivated by adding RNA loading buffer (14 uL, 2 X,
Urea (9 M) and EDTA (100 mM)). RNase T1 (0.5 uL, 500 units), and RNase
A (0.5 uL, 5 ng) were then added and the solution was incubated at 37 °C
overnight to digest all of the RNA in the sample except for the A/m°®A

nucleotide that was ligated to the ssDNA.

7.2.6.3.5 Purification, RNase Digestion, and TLC (two-
dimensional TLC)

The DNA/RNA was purified using a QIAquick Nucleotide Removal Kit and
eluted in H20 (30 pL). 8 puL of this DNA/RNA solution was mixed with
Nuclease P1 (1 uL, 100 units), and Nuclease P1 buffer (1 uL, 10 x). The
solution was incubated at 37 °C for 2 hrs to digest the DNA/RNA into 5’-
nucleoside monophosphates. 1 pL of this solution was spotted ontoa TLC

plate and ran in two dimensions (See section 7.2.4.5).

7.2.6.3.6 Purification, RNase Digestion, and TLC (1D TLC)

The DNA/RNA was purified using a 15 % Mini-PROTEAN® TBE-Urea Gel
pre-cast gel. The DNA/RNA was visualised by soaking the gel in a solution of
‘SYBR™ Gold Nucleic Acid Gel Stain’ (5 pL, 50,000 x) and TBE buffer (50
mL, 1 X). The corresponding band was excised and added to a 1.5 mL

Eppendorf tube containing Crush and Soak buffer (400 uL, KCI (200 mM),
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Potassium Acetate (50 mM), pH 7), the tube was rotated for 4 hrs at room
temperature. The DNA/RNA was recovered by ethanol precipitation (See
section 7.2.4.2). The DNA/RNA pellet was resuspended in H20 (3 pL),
Nuclease P1 (1 pL, 100 units), and Nuclease P1 buffer (1 uL, 5 x). The
solution was incubated at 37 °C for 2 hrs to digest the DNA/RNA into 5’
nucleoside monophosphates. 1 puL of the reaction mixture was spotted onto a

TLC plate and ran in a single dimension (See section 7.2.4.6).

7.2.6.4 RedBaron protocol

7.2.6.4.1 RNase H digestion and dephosphorylation

Poly(A)+ RNA (1 ug) was mixed with the chimeric oligonucleotide (3 pmol)
in Tris-HCI (3 pL, 30 mM, pH 7.5). The oligonucleotide was annealed to the
RNA by incubating the solution at 95 °C for 1 min followed by incubation at
20 °C for 10 mins. RNase H (1 uL, 5 units), and RNase H buffer (1 puL, 5 x)
were then added and the solution was incubated at 37 °C for 1 hr. The solution

was then incubated at 75 °C for 5 mins to inactivate the enzyme.

7.2.6.4.2 32P Radiolabelling of ssDNA oligonucleotide

In a separate tube, the sSSDNA oligonucleotide (1 puL, 5 pmol) was mixed with
ATP [y-32P] (2 pL, 6.6 pmol, 20 uCi), and T4 Polynucleotide kinase (1 pL, 10
units) in a final volume of 10 uLL. T4 PNK buffer A (1 x). The reaction was
incubated at 37 °C for 1 hr, followed by 65°C for 20 mins to inactivate the

enzyme.
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7.2.6.4.3 Splint assisted ligation and dephosphorylation

The ssDNA PNK reaction (10 puL) was combined with the RNase H reaction
(5 uL) and the splint oligonucleotide (1 pL, 4 pmol). The oligonucleotides
were annealed to the mRNA by incubating the solution at 75 °C for 5 mins,
followed by 20 °C for 10 mins. SplintR® Ligase buffer (1.5 uL, 10 x), ATP
(1.5 pL, 10 mM), PEG (3 uL, 50 % v/v), H20 (6 pL), and T4 SplintR® Ligase
(1 uL, 25 units) were then added and the solution was incubated at 37 °C for

3.5 hrs.

FastAP Thermosensitive Alkaline Phosphatase (1 pL, 1 unit) was added and
the solution was incubated at 37 °C for 30 mins. EDTA (3 uL, 500 mM) was
added and the solution was incubated at 75 °C for 5 mins to inactivate the

ligase and alkaline phosphatase enzymes.

7.2.6.4.4 Purification, RNase Digestion, and TLC (two-
dimensional TLC)

The DNA/RNA was purified using a QIAquick Nucleotide Removal Kit and
eluted in H20 (30 pL). 6 pL of this solution was mixed with Micrococcal
Nuclease Reaction Buffer (1 uL, 10 x), Purified BSA (1 uL, 2 pg), and
Micrococcal Nuclease (1 pL, 2000 units). The solution was incubated at 37 °C
for 3 hrs to digest the DNA/RNA into 3’ nucleoside monophosphates. 1 pL of
the reaction mixture was spotted onto a TLC plate and ran in two dimensions

(See section 7.2.4.5).
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7.2.6.5 Synthesis of a biotinylated RNA probe for

RedBaron experiments

7.2.6.5.1 Mouse cDNA synthesis

Mouse total RNA (5 ng) was mixed a Poly(T)2z DNA oligonucleotide primer
(200 pmol), dATP (10 nmol), dGTP (10 nmol), dCTP (10 nmol), and dTTP
(20 nmol), in a volume of 10 uL H20. The solution was incubated at 65 °C for
5 mins and placed immediately onto ice to anneal the primer to the mRNA.
H20 (6 uL), AMV buffer (2 uL, 10 x), AMV reverse transcriptase (1 uL, 10
units), and RNase Inhibitor (1 pL, 40 units) were then added. The solution was
incubated at 42 °C for 1 hr. The enzymes were then inactivated by incubating

the solution at 80 °C for 5 mins.

7.2.6.5.2 PCR amplification of in vitro transcription template

PCR was used to synthesise a template for the T7 in vitro transcription of a
RNA probe with complementarity to the mouse p-actin zipcode. The forward
primer contains the T7 promoter at its 5’- end. The mouse cDNA (1 pL) was
mixed with H2O (12 uL), Phusion HF buffer (4 uL, 5 x), ANTP mix (1 L,
(dATP, dGTP, dCTP, dTTP), 10 nmol each), Forward primer (1 uL, 10 pmol),
Reverse primer (1 puL, 10 pmol), Phusion Hot Start 1| DNA Polymerase (1 pL,
2 units). The solution was incubated at 98 °C for 30 secs, followed by 30
cycles of incubation at 98 °C for 10 secs, 64 °C for 30 secs, and 72 °C for 30
secs. This was followed by a final incubation at 72 °C for 10 mins. The cDNA

product was visualised using agarose gel electrophoresis (1 %).
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Table 22: Primers used for the synthesis of a template for the in vitro
transcription of an RNA probe with complementarity to the mouse p-actin
zipcode. The Forward primer contains the T7 promoter sequence at its 5’- end

(highlighted yellow).

Primer Sequence (5°-3%)

Forward primer | TAATACGACTCACTATAGGAGTACGATGAGTCC
GGCCCCTC

Reverse primer | GCGCAAGTTAGGTTTTGTCAAAGAAAG

7.2.6.5.3 Invitro transcription of biotinylated RNA

A Riboprobe System T7 in vitro transcription Kit was used to synthesise the
biotinylated RNA probe. The mouse B-actin zipcode T7 in vitro transcription
template (21 uL, 1 ug) was mixed with Transcription optimised buffer (8 uL,
5x), DTT (2 uL 100 mM) Recombinant RNasin® Ribonuclease Inhibitor (2
uL, 40 units), rATP (1 uL, 10 mM), rCTP (1 puL, 10 mM), and rGTP (1 uL, 10
mM), rUTP (1 uL, 3.5 mM), biotin-16-UTP (1 uL, 6.5 mM), and T7 RNA
Polymerase (1 uL, 20 units). The solution was incubated a 37 °C for 1 hr. RQ1
RNase-Free DNase (1 pL, 1 unit) was then added and the solution was
incubated at 37 °C for 15 mins. The RNA was then purified by a phenol
chloroform extraction (See section 7.2.4.1) followed by ethanol precipitation
(See section 7.2.4.2). The concentration of the RNA was calculated using a

NanoDrop spectrophotometer.
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7.2.6.6 RedBaron method using streptavidin

magnetic beads

7.2.6.6.1 Purification of p-actin mRNA using biotinylated RNA
probe

The biotinylated RNA probe (400 ng) was mixed with hydrophilic streptavidin
magnetic beads (25 pL, and mouse total RNA (10 ug) in Binding buffer (50
uL, 1 x) (0.5 M NaCl, 20 mM Tris HCI (pH 7.5), 1 mM EDTA). The solution
was incubated at room temperature for 5 mins to bind the biotin to the
streptavidin magnetic beads. The solution was then incubated at 90 °C for 1
min followed by room temperature for 10 mins to anneal the mRNA to the
biotinylated RNA probe. The magnetic beads were washed twice with Tris

HCI (200 pL, 30 mM, pH 7.5) to remove unbound RNA.

7.2.6.6.2 RNase H digestion and dephosphorylation

The dry magnetic beads were mixed with the chimeric oligonucleotide (3
pmol) in Tris-HCI (10 pL 30 mM, pH 7.5). The solution was incubated at 95
°C for 1 min followed by room temperature for 10 mins to anneal the chimera.
The supernatant was discarded, and the magnetic beads were resuspended in
H20 (17 puL). RNase H Reaction Buffer (2 uL, 10 x) and RNase H (1 uL, 5
units) were added and the solution was incubated at 37 °C for 1 hr. EDTA (2
uL, 500 mM) was added and the solution was incubated at 75 °C for 5 mins to

inactivate the enzyme. The supernatant was then discarded.
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7.2.6.6.3 2P Radiolabelling

In a separate tube, the sSSDNA oligonucleotide (1 puL, 5 pmol) was mixed with
ATP [y-32P] (2 pL, 6.6 pmol, 20 uCi), and T4 Polynucleotide kinase (1 pL, 10
units) in a final volume of 10 uLL T4 PNK buffer A (1 x). The reaction was
incubated at 37 °C for 1 hour, followed by 65°C for 20 mins to inactivate the

enzyme.

7.2.6.6.4 Splint assisted ligation and dephosphorylation

The dry magnetic beads were mixed with the splint oligonucleotide (1 pL, 4
pmol), the radiolabelled sSDNA (30 uL, 5 pmol) and Tris HCI (5 pL, 360
mM). The solution was incubated at 75 °C for 3 mins, followed by room
temperature for 10 mins to anneal the DNA and RNA. The magnetic beads
were then washed with SplintR® Ligase buffer (100 pL, 1 x). The dry
magnetic beads were mixed with H>O (15 pL), SplintR® Ligase buffer (2 uL,
10 x), PEG (2 pL, 50 % v/v), and T4 SplintR® Ligase (1 uL, 25 units) and the

solution was incubated at 37 °C for 3.5 hrs.

FastAP Thermosensitive Alkaline Phosphatase (1 pL, 1 unit) was added and
the solution was incubated at 37 °C for 30 mins. EDTA (3 uL, 500 mM) was
added and the solution was incubated at 75 °C for 5 mins to inactivate the

ligase and alkaline phosphatase enzymes.

7.2.6.6.5 Purification, RNase Digestion, and TLC (two-
dimensional TLC)

The supernatant was separated from the magnetic beads and discarded. The

magnetic beads were mixed with H>O (7 uL), Micrococcal Nuclease Reaction

253



Buffer (1 uL, 10 x), Purified BSA (1 uL, 2 pg), and Micrococcal Nuclease (1
uL, 2000 units). The solution was incubated at 37 °C for 3 hrs to digest the
DNA/RNA into 3’ nucleoside monophosphates. 1 puL of the reaction mixture

was spotted onto a TLC plate and ran in two dimensions.

7.2.7  Phenyl selenide thymidine

crosslinking

7.2.7.1 Nucleoside crosslinking of PhSeT and

adenosinel’:259.272

Q 5-phenylselenylmethyl-2'-deoxyuridine (6 mg,

HN NH
</N | \)N | N/&O 15 umol) and adenosine (4 mg, 15 pmol) were
NN dissolved in H2O (125 pL). Hydrogen peroxide

9)
(0]

5 OH (25 pL, 0.075 mmol) was then added and the
solution was stirred at room temperature for 3 hrs. The solution was

concentrated in vacuo and aqueous piperidine (1M, 125 pL, 0.125 mmol) was
added. The solution was then incubated at 90 °C for 20 mins. The mixture was

concentrated in vacuo (9.6 mg, 69%), dissolved in 125 puL H»0O, and analysed

by high resolution mass spectrometry.

HRMS (ESI+) calculated for CooH2sN7O9 (M+H)+ 508.1787, found 508.1792.
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7.2.7.2 Nucleoside crosslinking PhSeT and N°-

methyladenosine!’ 29272

o 5-phenylselenylmethyl-2'-deoxyuridine (6 mg,

N NH
</N | \)N | NAO 15 pumol) and Né-methyladenosine (4.2 mg, 15
HO NN umol) were dissolved in H20 (125 pL).

o O
— L, " OH Hydrogen peroxide (25 pL, 0.075 mmol) was
then added and the reaction was stirred at room temperature for 3 hrs. The
solution was concentrated in vacuo and aqueous piperidine (1M, 125 pL,
0.125 mmol) was added. The solution was then incubated at 90 °C for 20

mins. The mixture was concentrated in vacuo (9.6 mg, 69%), dissolved in 125

pL H20, and analysed by high resolution mass spectrometry.

HRMS (ESI+) calculated for C21H2sN70g (M+H)+ 522.1943, found 522.1962.

7.2.7.3 Interstrand crosslinking reaction

The %" radiolabelled PhSeT modified DNA oligonucleotide (1 pL, 0.3 pmol)
was mixed with the unlabelled complementary RNA oligonucleotide (1 pL,

1.5 pmol), sodium phosphate (1 pL, 100 mM, pH 7.4), NaCl (1 pL, 1M), and
H>0 (11 pL). The oligonucleotides were annealed by incubating the solution

at 65 °C for 10 mins, followed by incubation at 21 °C for 10 mins.

Sodium phosphate (1 uL, 100 mM, pH 7.2), NaCl (1 uL, 1 M), H202 (1 pL,
300 mM), and H20 (12 pL) were then added. The solution was incubated at 21
°C for 1 hr, and then mixed with 95 % formamide loading buffer (30 pL)

(deionised formamide (95 %), EDTA (5 mM, pH 8.0), SDS (0.025 %)). The
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reaction was analysed using a 15 % Mini-PROTEAN® TBE-Urea Gel pre-

cast gel.

7.2.8 PhSe-dTTP reverse transcription

reactions!is

7.2.8.1 PhSeT primer extension

Either A-RNA or méA-RNA (2 pmol) was mixed with 32P radiolabelled RT
primer (1 pmol) in H20 (6 pL) (Table 23). The oligonucleotides were
annealed by incubating the solution at 75°C for 5 mins followed by room
temperature for 10 mins. Either dTTP (1 pL, 30 pmol) or PhSe-dTTP (1 uL,
120 pmol) was then added along with the reverse transcription buffer (1 uL,
10 x) (Table 24), dATP/dGTP/dCTP mix (1 pL, 30 pmol each), and the
reverse transcriptase enzyme (1 uL) (Table 24). The solution was incubated at
42 °C for 1 hr. RNase H (0.5 pL, 2 units) was added and the solution was
incubated at 37 °C for 1 hr. The enzymes were then inactivated by incubating
at 90 °C for 5 mins. An equal volume of 95 % formamide loading buffer (10.5
uL) was then added and the solution was incubated at 90 °C for 5 mins,
followed by incubation on ice for 5 mins. The reaction was then analysed

using a 15 % Mini-PROTEAN® TBE-Urea Gel pre-cast gel.
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Table 23: Oligonucleotides used in primer extension reactions. Nm = 2’-OMe-

modified nucleotide, UPPERCASE = DNA, lowercase = RNA, mfA = RNA

Oligonucleotides Sequence (5°-3°)

A-RNA accggacuguuaccaacacccacacccc
mSA-RNA accgg-m°A-cuguuaccaacacccacaccee
RT primer (DNA) GGGGTGTGGGTGTTGGT

Table 24: Reverse transcriptase enzymes and reaction buffers used in PhSe-

dTTP primer extension reactions.

RT enzyme RT buffer

M-MuLV Reverse Transcriptase M-MuLV Reaction Buffer
(200 units/pL)

Optizyme™ Reverse Transcriptase OPTIZYME™ M-MLYV RT Buffer
(200 units/pL) (1x)

ImProm-11™ Reverse Transcriptase | ImProm-II™ Reaction Buffer (1 x)
(1 unit/pL)

Bst DNA polymerase, Large ThermoPol® Reaction Buffer (1 x)
Fragment (8 units/pL)

Bst 3.0 DNA polymerase (8 Isothermal Amplification Buffer Il
units/pL) (1x)
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7.2.8.2 PhSe-dTTP primer extension reaction
optimisation
The primer extension reactions using Bst 3.0 DNA polymerase were repeated

with varying reaction temperatures, buffer compositions, and enzyme

concentrations in order to optimise the reaction conditions.

7.2.8.3 PhSe-dTTP primer extension test

quantification

The PhSe-dTTP primer extension reactions were repeated using varying ratios

of the A-RNA and m®A-RNA oligonucleotides.

7.2.8.4 TLC analysis of PhSe-dTTP reverse
transcription of total RNA

7.2.8.4.1 Reverse transcription

5’ biotinylated poly(dT)17 oligonucleotide containing 9 locked bases (100
pmol) was mixed with mouse total RNA (1 ug) in H20 (6 pL). The solution
was incubated at 90 °C for 1 min, followed by room temperature for 10 mins
to anneal the oligonucleotide to the RNA. The solution was mixed with
MgSOs (2 pL, 20 mM), Isothermal Amplification Buffer Il (2 pL, 10 x),
dATP/dGTP/dCTP mix (1 pL, 10 nmol each), PhSe-dTTP (1 pL, 12.5 nmol),

and Bst 3.0 DNA polymerase (1 pL, 8 units) and incubated at 60 °C for 1 hr.
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7.2.8.4.2 RNase T1 digestion

Hydrophilic Streptavidin Magnetic Beads (100 pL, 400 ng) were added. The
solution was vortexed and incubated at room temperature for 10 mins to bind
to the biotinylated oligonucleotide to the streptavidin magnetic beads. A
magnetic rack was used to remove the supernatant which was discarded. The
magnetic beads were washed in RNase T1 buffer (100 pL, 1 x) (Tris HCI (50
mM, pH 7.5), and EDTA (2 mM)) and resuspended in H2O (17 pL). RNase T1
buffer (2 pL, 10 x) and RNase T1 (1 pL, 1 unit) were added, and the solution

was incubated at 37 °C for 1 hr.

7.2.8.4.3 PNK radiolabelling

The supernatant was discarded using the magnetic rack and the magnetic
beads were washed in T4 Polynucleotide Kinase Buffer (100 uL, 1 x) and
resuspended in H20 (15 pL). ATP [y-*2P] (2 pL, 6.6 pmol, 20 uCi), T4 PNK
buffer A (2 pL 10 x), and T4 Polynucleotide Kinase (1 pL, 10 units) were
added and the solution was incubated at 37 °C for 1 hr. EDTA (1 uL, 500
mM) was added and the solution was incubated at 65 °C for 20 mins to

inactivate the enzyme.

7.2.8.4.4 Digestion into 5’ nucleoside monophosphates

The magnetic beads were washed with RNase H reaction buffer (100 pL, 1 x),
and resuspended in H20 (17 pL). RNase H reaction buffer (2 uL, 10 x), and
RNase H (1 pL, 5 units) were added, and the solution was incubated at 37 °C
for 1 hr, followed by 65 °C for 20 mins to inactivate the enzyme. The

RNA/DNA was purified by ethanol precipitation (See section 7.2.4.2). The
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pellet was resuspended in H2O (8 uL), Nuclease P1 buffer (1 pL, 10 x) and
Nuclease P1 (1 pL, 100 units) and the solution was incubated at 37 °C for 2
hours to digest the DNA/RNA into 5’- nucleoside monophosphates. 1 pL. of
this solution was spotted onto a TLC plate and ran in two dimensions (See

section 7.2.4.5).
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The Professional Internship for PhD
Students (PIPS)

Note to examiners: This statement is included as an appendix to the thesis

in order that the thesis accurately captures the PhD training experienced by

the candidate as a BBSRC Doctoral Training Partnership student.

The Professional Internship for PhD Students is a compulsory 3-month
placement which must be undertaken by DTP students. It is usually
centred on a specific project and must not be related to the PhD project.
This reflective statement is designed to capture the skills development
which has taken place during the student’s placement and the impact on

their career plans it has had.

PIPS Reflective Statement

| spent three months completing my Professional Internship for PhD
Students (PIPS) through the Net4FS, as part of my BBSRC-funded,
Doctoral Training Programme (DTP) PhD. | worked with the research
group of Professor Zheng Yuan at Shanghai Jiao Tong University (SJTU)

in China.

The aim of this placement was to undertake research into the network of

proteins that regulate Jasmonic acid (JA) dependent flower development in

Rice. A previous student had completed a number of yeast 2 hybrid assays
to identify key protein-protein interactions in the Rice JA signalling

pathway. The aim of my research was to validate these protein-protein
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interaction results using biomolecular inflorescence complementation
(BIFC) assays yeast 2 hybrid. We identified 79 BIFC experimental
combinations that needed to be analysed. Over the 3 months we completed
the majority of the molecular cloning and experimentation for the majority

of these combinations.

In a separate project we used yeast 2 hybrid analysis to identify novel
interacting partners of the key JA signalling proteins JAZ1 and MADS32.
We managed to complete all of the cloning for this experiment however
due to time constraints we were unable to undertake the yeast 2 hybrid
assays during my placement. During my placement I presented both my

literature and research findings in research group meetings.

My placement gave me lots of new experiences in molecular biological
techniques and plant research methods. | found it very interesting to work
in a completely different research environment and enjoyed the challenge
of living and working abroad. During my placement I also enjoyed the

opportunity to travel around Shanghai and its neighbouring cities.

| thoroughly enjoyed my time working in Shanghai. | am very grateful to

Miriam Colombi and Professor Zoe Wilson for arranging my placement. |
would like to thank Professor Zheng Yuan for supervising my project and
allowing me to be part of his research group. | would also like to thank all
of the members of my research group for being so friendly and

accommodating and for all of their help during my placement.
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Supplementary Figure 11: RedBaron Human HeLa cells B-actin (site 1217).
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Supplementary Figure 12: RedBaron Mouse heart B-actin (Site 1242).
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Supplementary Figure 16: RedBaron Mouse brain B-actin (site 1242).
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Supplementary Figure 17: RedBaron Mouse brain B-actin (site 1263).
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Supplementary Figure 21: RedBaron 28S rRNA (site A4190).

1%t dimension

1%t dimension

21d dimension 21d dimension

Supplementary Figure 22: SCARLET 28S rRNA (site A4190).
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