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Abstract

Abstract
Selective Chemical Modification of the DNA Bases

Emma Victoria Bristowe Wallace, Linacre College, Doctor of Philosophy, MT 2011

a-Hemolysin (aHL) is a biological nanopore, which is currently under investigation for
implementation into a new method for DNA sequencing. It has been established that aHL
is capable of discriminating the canonical bases (adenine, cytosine, guanine and thymine)
when they are immobilised within a pore by means of a biotinestreptavidin complex. Work
in this thesis develops this procedure for the discrimination of these standard nucleobases
from the the epigenetic modifications of cytosine — S5-methylcytosine (SmC) and
5-hydroxymethylcytosine (hmC). Strategies to selectively modify and detect the modified

bases are also explored.
Introduction

DNA sequencing strategies from the initial methods employed by Sanger up to current
techniques utilised for the sequencing of entire human genomes, are reviewed. The initial
discoveries of the epigenetic modifications 5-methylcytosine and
5-hydroxymethylcytosine are discussed. The proposed effects these bases have in vivo and
a number of methods for their detection are also covered. Finally, methods for the selective

chemical modification of the DNA bases are reviewed.
Results and Discussion

Initially, the biotinestrepatvidin immobilisation strategy is implemented for the
discrimination of the epigenetically modified analogues of cytosine (SmC and hmC),
without prior chemical modification. It is subsequently observed that an a-hemolysin
mutant is capable of discriminating all six bases — adenine, cytosine, guanine, thymine,
5-methylcytosine and 5-hydroxymethylcytosine. A number of different chemical reactions
are then investigated on the bis-TBS protected deoxynucleoside model system, for their
ability to selectively modify one of the DNA bases. Two selective oxidation reactions are
then further optimised for use on ssDNA. Finally, electrical recording experiments were
used to investigate two selective chemical reactions, as well as the modification of the

bases, by the cancer drug temozolomide.
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Chapter 1 — Introduction
1.1 — DNA Sequencing

1.1.1 — Introduction to DNA Sequencing

Deoxyribonucleic acid (DNA) contains the genetic information that allows all living
organisms to function, grow and reproduce. To better understand how DNA has affected
human evolution, the causation of disease and the interplay between heredity and the
environment in defining the human condition, the determination of its sequence is
necessary. Two methods were initially developed for DNA sequencing; 1) the chemical
degradation method of Maxam and Gilbert' and 2) the dideoxy chain termination method

of Sanger.?

In 1990 the Human Genome Project was launched. The project was a 15-year, $3 billion
plan for completing the sequence of the three billion base pairs that makes up the human
genome. By employing the Sanger method and either whole-genome shotgun sequencing
approach® * or hierarchical shotgun sequencing’ the initial sequencing and analysis of the
first human genomes were completed in 2001.*> Since then work has continued to try and
reduce the time and cost of sequencing, so that it will be possible to perform personal
genome sequencing. In 2004, in an effort to encourage further research in this area, the
National Institute of Health (NIH) set a challenge to sequence a complete human genome

for $1000 (http://grants.nih.gov/grants/guide/rfa-files/RFA-HG-04-003.html). A second prize

of $10 million known as the ‘Archon X-prize for genomics’, which was first launched in
2006, will go to the first team to build a device capable of sequencing 100 human
genomes, to a high degree of accuracy, within 10 days, for less than $1000/genome —

http://genomics.xprize.org/eenomics/archon-x-prize-for-eenomics. The current cost of

sequencing an entire genome is $4400, provided by Complete Genomics in California,® which

11
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is a considerable price reduction compared to the >$100 million that was necessary for the first
human genomes.* * The cost of sequencing is continuing to fall and it is proposed that in
time, personal genome sequencing could be carried out routinely, facilitating disease

prevention, improving diagnosis and guiding better treatment for that individual.”

1.1.2 — Sanger Sequencing

In 1977, Sanger reported a new method for DNA sequencing that was used to sequence the
DNA of the bacteriophage ¢X174.> This method relied on the fact that when
2'3'-dideoxythymine triphosphate (ddTTP) was incorporated into a growing
oligonucleotide chain, in place of deoxythymine triphosphate (dTTP), it prevented further
chain extension by DNA polymerase 1. At positions where ddTTP had been incorporated
the chain was terminated, as it could not be further extended, because the necessary
3'-hydroxyl group required for enzymatic chain extension was not present. This resulted in
chain termination specifically at positions where ddTTP had been incorporated. If a
mixture of ddTTP and dTTP were incubated with a primer, template, DNA polymerase I
and the other three deoxynucleoside triphosphates (dNTP) (one of which was
radio-labelled with *P), then a mixture of DNA fragments resulted. These fragments were
of varying lengths, had identical 5' ends and were all terminated at the 3' end with a
ddTTP. If the resultant mixture was then fractionated by electrophoresis on a denaturing
polyacrylamide gel, and the gel exposed to film, then the subsequent radiograph produced
a pattern of bands that indicated the location of the ddTTP’s in the newly synthesised
strand. If this process was repeated using ddATP, ddGTP and ddCTP, respectively, and all
four sample mixtures were run on a single gel in parallel, then the pattern of bands could

be used to manually read the DNA-template sequence (Figure 1 — 1).

12
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Figure 1 — 1 — Schematic representation of a polyacrylamide gel produced by Sanger
sequencing. In four separate reactions the template DNA, primers, DNA polymerase I,
radio-labelled dNTP’s and one type of dideoxynucleoside triphosphate (ddNTP) (which
promoted chain termination) were incubated together. The enzymatic replication of the
DNA template produced a mixture of radio-labelled fragments, which all terminated in a
ddNTP. When the fragments were purified by polyacrylamide gel electrophoresis (PAGE),
and the gel exposed to film, the radiography produced a pattern of bands from which the
DNA sequence could be determined.

Although this method was a great improvement over the techniques available at the time, it
had a number of disadvantages: 1) it employed radioactively labelled dNTP’s which were
unstable and hazardous, 2) four separate reactions were necessary to determine the DNA
sequence, 3) there was a delay in obtaining the sequencing data in order to allow for
exposure and development of the autoradiographic patterns and 4) the sequencing data that
was obtained required skilled interpretation and transcription. To combat these issues a
new method, that incorporated fluorescently-tagged oligonucleotide primers, was
developed by Smith ef al.* Smith used Sanger’s enzymatic method of DNA sequencing
but, instead of using radioisotopes for detection, four different fluorescent DNA primers
were used in each of the four sequencing reactions. For example when the ddNTP
employed in the sequencing reaction was ddTTP then a fluorescent primer conjugated to a
green dye was used, to initiate chain extension by DNA polymerase, and when ddGTP was

utilised a red fluorescently labelled primer was used etc. After the four different
13
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sequencing reactions were performed, they were combined and run on a single
polyacrylamide gel. The identity of the ddNTP, used to terminate DNA chain extension by
DNA polymerase, was identified by a different coloured band. Another significant
improvement provided by this method was that the fluorescence data could be
continuously acquired and stored. This eliminated the need to transfer information from
gel to film and the tedious manual analysis of the previous Sanger procedure. This
approach was so successful that it was further developed by Applied Biosystems, in 1987,
to give the first automated DNA sequencer (Figure 1 — 2). Subsequently, the fluorescently-
labelled primers were replaced with ddNTPs that were themselves fluorescently-tagged.
This meant that only one reaction, that directly incorporated the fluorescently-labelled

ddNTPs, was necessary to sequence a strand of DNA.’

Upper Buffer
r—ve Solution
Sample
/ m ve
/ -
o £ /B ™
ES /5=
= /s
] ) / 15 |
20 Ol .
a /
/ /
Detector [l { Laser ————= # ——» Detector
~ -
~
~ |
~
™
Lower Buffer +ve
L +ve Solution

Computer

Figure 1 — 2 — Simplified diagram, showing only one lane, of the Sanger automated DNA
sequencer for detecting fluorescently-tagged DNA. The fluorescently-tagged DNA
fragments were separated as they flowed through the polyacrylamide gel. They passed
through a laser which excited the fluorophore and the fluorescence signal was detected
automatically, in real-time, by the computer.

DNA sequencing was significantly improved by modification of the original Sanger

sequencing method. However, if this method were to be successfully implemented in the
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sequencing of the human genome, it would be necessary to drastically increase the
through-put of the technique. This was realised by the development of capillary array
electrophoresis.'® A low-viscosity separation matrix can be pumped through an array of
capillaries, eliminating the need for PAGE. These systems provide a read length of

10, 11

300-500 bases per capillary.

1.1.3 — Next Generation DNA Sequencing

Should the challenge of sequencing the human genome for less than $1000 be achieved, it
would be necessary to develop high-throughput approaches that could process large
quantities of data, more quickly and at a reduced cost. Since 2005, a number of next
generation sequencing methods have been commercialised.'*'* Several of these techniques

use the emulsion polymerase chain reaction (ePCR),"> 1

instead of bacterial cloning and
traditional PCR, to amplify the DNA templates required for sequencing. The genomic
DNA, to be sequenced, is prepared by fragmentation into ~1 kb sections which are then
circularised with a universal linker. The circularised DNA is then fragmented in the centre
of the universal linker, using restriction endonucleases, producing fragments of DNA
(template) that contain complementary ends to the two distinct amplification primers."
Biotinylated complementary primers are then pre-incubated with streptavidin coated
beads, creating beads which are coated in common primers (Figure 1 — 3). These beads are
then mixed with the fragmented genomic DNA (containing the universal sequences) in a
water/oil emulsion that contains all the necessary components for PCR (including the
DNA amplification primer). This results in the formation of aqueous compartments in oil
that each contain less than one primer-coated bead and one DNA template. This
micro-emulsion is then subjected to a standard PCR protocol. If both a DNA template and

a primer coated bead are present in a single aqueous compartment then the bead-bound

oligonucleotide primers initiate replication of the DNA template. After the first PCR cycle,
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the amplification primer, present in the emulsion can be used to replicate the newly
synthesised template DNA resulting in an exponential increase in the number of DNA
templates produced. The ePCR technique ensures that the products of PCR remain
separate, producing multiple copies of the same fragment tethered to one bead. The
resultant double-stranded DNA (dsDNA) is then denatured and the single-stranded DNA

(ssDNA) purified ready for sequencing (Figure 1 —3)."

T Templates
Biotinylated R
Oligonucleotides Bind penl— .

® Formation of
. . Oligonucleotides ——— Micro-

. . to Beads Emulsions
YL o

Streptavidin- 1 "' "' 2
Coated -*- _‘_

Magnetic
Beads

3 | PCR

K @

Figure 1 — 3 — Schematic representation of the process of ePCR onto streptavidin-coated
magnetic beads. 1) The biotinylated oligonucleotide amplification primers (red line) are
bound to the magnetic streptavidin-coated beads (blue circles). 2) An aqueous mixture
containing all the necessary components for PCR, plus the primer-bound beads and
template DNA (which has the appropriate complementary amplification primers attached
at either end) are stirred together in an oil/aqueous phase mixture to create a micro-
emulsion. The aqueous droplets (white circles) contain on average one template DNA
strand and less than one bead. 3) The microemulsion mixture undergoes standard PCR
treatment, where the bead bound oligonucleotides act as primers for replication of the

16



Chapter 1

DNA template. 4) Finally, the dsDNA produced by ePCR is denatured and the ssDNA
purified, in this example by using a magnet. Figure adapted from Dressman et al. 2003."

1.1.3.1 — Sequencing by Ligation

Work carried out by Shendure et al. pioneered the use of a next generation sequencing
method that employs four-colour sequencing by ligation.'> ePCR beads containing a single
DNA fragment are produced and then immobilised in a polyacrylamide gel in a disordered
monolayer. First the appropriate ‘anchor primer’ is annealed to its complementary site on
the DNA strand that is being sequenced. Four different fluorescently-labelled probes are
then added to the solution. These probes have degenerate sequences except at the query
point (Figure 1 — 4). An enzymatic ligation reaction is then performed to join the
corresponding dye-labelled probe to the strand. Any unligated probes are then washed
away. The incorporated probe is detected by fluorescent imaging and the base at that
position determined. The anchor primer:fluorescent-probe complexes are then stripped
from the target DNA and the cycle repeated. This procedure is designed to sequentially test
26 positions on the DNA fragment and report the identity of each base with its
corresponding fluorophore. This sequencing method was used to determine the entire
Escherichia coli (E. coli) genome, in two 60 hour instrument runs with 71% high-quality
coverage.'” The cost per base was $0.00011, roughly one-ninth of the cost of conventional
Sanger sequencing. Life/APG has since commercialised this technique and named it

support oligonucleotide ligation detection (SOLiD)."*
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Figure 1 — 4 — Sequencing by ligation. ePCR produces beads which contain multiple
copies of a single DNA template strand (only one copy is shown in the figure above for
illustration purposes), which are immobilised in a polyacrylamide gel. Anchor primers are
annealed to the DNA template and the ligation reaction performed in the presence of four
Sfluorescently-labelled probe strands. The probe strands are identical in sequence apart
from at the query point. This means only the fluorescently-labelled probe containing the
complementary base to the query point is incorporated. The unbound probes are then
washed away and the incorporated base detected by fluorescent imaging. The anchor

primer:fluorescent-probe complexes are then stripped from the target DNA and the cycle
repeated. Figure adapted from Shendure et al. 2005."
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1.1.3.2 — Sequencing by Synthesis

This method of sequencing employs the use of a DNA polymerase to synthesise a
complementary strand of DNA, whereby each base is identified as it is incorporated into
the growing DNA oligonucleotide. Two different methods, both of which have been
commercialised, will be discussed further — cyclic reversible termination (commercial
Genome Analyzer, Solexa, subsequently acquired by Illumina)'* and pyrosequencing (454

Life Sciences Corp., subsequently acquired by Roche)."

Cyclic reversible termination does not use ePCR to amplify DNA, it instead employs
solid-phase amplification methods. The solid surface is covered in primer adaptors that
complement the forward and reverse primers of the DNA template. The DNA template is
hybridised to the primers on the solid surface and the strand replicated by DNA
polymerase. The original template strand is then denatured from the newly replicated
strand and washed away. This produces a newly replicated strand, which has forward and
reverse primers at either end, and is covalently attached to the solid surface (Figure 1 — 5,
step 2).'* The previously unbound primer, at the 3' end of the ssDNA template, then forms
a bridge with another complementary primer immobilised on the surface. The primer acts
as an initiator for the DNA polymerase enzyme which synthesises a complementary strand
resulting in dsDNA bound to the surface at either end. If the DNA duplex is denatured it
produces two complementary ssDNA fragments. This cycle is repeated many times to
amplify the DNA template on the solid support. After the generation of the amplified
DNA, sequencing is initiated by the addition of primers and the four dNTPs, which are
each labelled with a different chain-terminating fluorescent group. A single
complementary nucleotide is incorporated into the strand adjacent to the primer and the
unbound nucleotides washed away (Figure 1 — 5, step 9). Fluorescent imaging is

performed to identify the base and then the chain terminating group and fluorophore are
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removed. It is necessary to wash the solid surface again before the incorporation of the
next nucleotide.'* Due to the prior amplification of the DNA sequence, the fluorescent
signal detected is a summation of fluorescent signals from each base that is incorporated

into each bound strand.'*
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Figure 1 — 5 — Sequencing by synthesis — cyclic reversible termination. 1) Forward and
reverse primers are attached to a solid surface. 2) The DNA template is hybridised to the
primer adaptor on the surface, and the template replicated by DNA polymerase. The
resultant dsDNA is denatured and the original template, which is not covalently attached
to the surface, is washed away. This produces a DNA fragment covalently attached to the
solid surface with amplification primers attached to either end. 3) The unbound primer at
the 3'-end of the DNA fragment (in this case purple) binds to its complementary primer on
the solid surface forming a bridge. 4) The complementary primer acts as an initiator for
DNA polymerase and it starts to synthesize a complementary strand. 5) Synthesis of the
complementary strand is completed with formation of dsDNA. 6) Denaturation of the
dsDNA duplex gives ssDNA. 7) Steps 3-7 are repeated until amplification of the DNA
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fragment has occurred. 8) Sequencing primers are added which anneal to the primer
adaptor. 9) Four fluorescently labelled dNTP’s each of which contains a different chain
terminating fluorescent group are added onto the solid surface (red circle). DNA
polymerase incorporates the complementary dNTP and the rest of the fluorescently
labelled dNTP’s are washed away. Fluorescent imaging is then performed to identify the
base, the chain terminating group and fluorophore are removed and the cycle repeated.
Figure adapted from www.illumina.com.

Another method for sequencing by synthesis is pyrosequencing. This procedure uses ePCR
to generate amplified DNA sequences that are then immobilised onto beads."® These beads
are positioned into individual wells on a fibre-optic slide which is mounted in a flow
chamber. One dANTP is allowed to flow over the slide at a time. If that base is
complementary to the next position in the sequence, then DNA polymerase incorporates it
into the growing complementary strand. This results in the release of inorganic
pyrophosphate (PPi). The pyrophosphate is detected as a photon release, owing to the
action of the enzymes adenosine triphosphate (ATP) sulfurylase and luciferase
(Figure 1 — 6). The first of these enzymes converts pyrophosphate to ATP which is
subsequently converted by luciferase to adenosine monophosphate (AMP) and visible
light. As each bead contains multiple copies of the same DNA sequence, many photons are
generated per correct base incorporation. In the case where there are homopolymeric
repeats the amount of light detected is proportional to the number of nucleotides
incorporated. However, this is only the case in the incorporation of up to six nucleotides.
This method was used to determine the sequence of the Mycoplasma genitalium genome
with 96% coverage and 99.96% accuracy.”” This technique would be ideal for high
through-put sequencing as one slide has approximately 1.6 million wells, each of which

holds one bead with multiple copies of the same DNA fragment attached to it.
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Figure 1 — 6 — Sequencing by synthesis — pyrosequencing. ePCR is used to generate
multiple copies of a fragment of DNA immobilised on a bead. The bead is placed in a well,
on a slide, mounted in a flow chamber. One dNTP flows across the cell at a time and if
that nucleotide is the complementary base for the next position in the growing strand
(blue), then it is incorporated by DNA polymerase. This produces pyrophosphate which is
converted to AMP plus light by the action of ATP sulfurylase and ATP luiciferase. The
light intensity is measured by the detector. Figure adapted from Bayley 2006."

In 2010 Ion Torrent Systems Inc. (who have recently been acquired by Life Technologies)
launched a DNA sequencer based on ion detection. It works on a similar principle to
pyrosequencing but instead of detecting light it measures the release of protons. As each
dNTP is incorporated into the complementary DNA strand, by DNA polymerase, a single
proton is released from the 3'-hydroxyl group of the growing strand, as well as a molecule
of pyrophosphate. The released proton changes the pH of the solution, which is detected
by an ion sensor. This method has a read length of approximately 100 base pairs and has

been termed ‘a pH meter that sequences’.'®

1.1.4 — Single Molecule Next Generation Sequencing

Single molecule sequencing is defined as a technique capable of sequencing one single
DNA molecule individually. There are some distinct advantages of this sequencing method
over the techniques which have been previously described. Firstly, it requires much less
genomic DNA material (<1 pg in comparison to 3-20 pg for methods that necessitate
DNA amplification).'"* The amount of DNA required is not an issue if it comes from an
abundant source (e.g. blood sample or a buccal swab), however, if the amount of DNA is

limited, such as in applications in forensic science, techniques which require less DNA
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provide a distinct advantage. As less DNA is required these techniques generally do not
require amplification by PCR. This means that by using single molecule methods sequence
biasing and mutation insertion, which can occur as a result of amplification, is reduced. In
data processing of sequencing techniques which require clonal amplification, the observed
signal is a consensus of all the nucleotides or probes being added to identical copies of the
same strand of DNA for a given cycle. This means that if either multiple nucleotides are
incorporated or if one nucleotide is not incorporated at all during one complete cycle, then
the growing primers move out of synchronicity with each other, which is known as signal
dephasing. This results in an increase in fluorescent signal noise which causes base-calling
errors and ultimately limits the maximum-read length of DNA that can be sequenced by a
given method.'* By using single molecule techniques one is monitoring only the
incorporation of a single base onto one individual strand of DNA and, therefore, signal

dephasing is not an issue.

1.1.4.1 — True Single-Molecule Sequencing (tSMS™)

Helicos Biosciences commercialised a true single-molecule sequencing method, which is
based upon work by S. Quake and co-workers.'? In this method a short poly(dA) sequence,
containing a single fluorescently labelled adenine, is attached to one end of the DNA
template. The poly(dA) tail pairs up with a corresponding poly(dT) oligonucleotide which
is immobilised onto a glass cover slip. The immobilised oligonucleotides are then imaged,
in order to determine their location on the glass clover slip. The fluorescently labelled
adenine is then cleaved and washed away. A fluorescently labelled dNTP is then attached
to the end of the poly(dT) primer, by a DNA polymerase enzyme, in order to synthesise
the complementary strand (Figure 1 — 7). The fluorescent group is subsequently imaged,
by total internal reflection fluorescence, cleaved and washed away before the cycle is

repeated. Four different dNTPs, each labelled with the same fluorescent group and
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dispensed individually in a predetermined order, are used to generate the complementary
DNA strand with a read length of 25 bases (www.helicosbio.com). Using this method,
each immobilised strand is sequenced individually, by detection of fluorescence as each
base is incorporated into the complementary strand. This sequencing technology was used

. . 1
to sequence an entire human genome in 2009."
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Figure 1 — 7 — True single-molecule sequencing. 1) Short strands of poly(dT)
oligonucleotides are immobilised on a glass cover slip. 2) The poly(dA) strand (containing
a single fluorescently labelled base) which has been attached to the end of the DNA
template is hybridised to the poly(dT), immobilising the DNA template on the cover slip.
The location of the strand is then determined by imaging of the fluorescently labelled
adenine base, before the fluorophore is cleaved and washed away. 3) One of the four
different dNTPs (each of which is labelled with the same fluorescent group) is added to the
surrounding solution (in this case dGTP). 4) DNA polymerase incorporates the
fluorescently labelled base into the growing complementary strand and any excess un-
incorporated fluorescently labelled base is washed away. The fluorescent group is then
imaged by total internal reflection fluorescence. 5) The fluorescent tag is then cleaved and
washed away. 6) The cycle begins again by the incorporation of another fluorescently
labelled dNTP (in this instance dCTP).

1.1.4.2 — Single-Molecule Real-Time Sequencing

Initial work by Webb and co-workers has been further developed by Pacific Biosciences

for the purpose of single molecule sequencing in zeptolitre observation volumes.?” ?' The
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ability to perform PCR, for the incorporation of fluorescently-tagged nucleotide analogues,
and then measure the fluorescent signal in real-time has proven to be challenging in the
past. This is owing to the fact that the enzyme requires a micromolar concentration of
fluorescently-tagged nucleotide analogue, for efficient incorporation into the growing
DNA strand, and the fluorescent detection system requires a concentration in the pico- to
nanomolar range, so that it can accurately measure the incorporation of one single
fluorophore (and it not be obscured by background signal). This new method immobilizes
a DNA polymerase enzyme at the bottom of a nanostructure, called a zero-mode
waveguide, which provides a zeptolitre-effective observation volume. Under these
conditions, the concentration of the fluorescently tagged nucleotide analogue is high
enough for the enzyme to work effectively and the dimensions of the waveguide are so
small, that the number of observable diffusing fluorescently-labelled analogues is reduced.
Under these conditions, it is possible to detect the signal for the incorporation of a single

fluorescently-tagged nucleotide analogue from the background.

In this single-molecule, real-time DNA sequencing method the zero-mode waveguides
consist of small holes in a metal film which is deposited on a microscope cover slip.
Millions of these holes can be made on one cover slip which makes this technique easily
adaptable for massive parallelism. DNA polymerase is adsorbed onto the bottom of the
waveguides, in the presence of a solution that contains all four fluorescently-tagged
nucleotide analogues and the DNA template. The polymerase begins to synthesize the
complementary strand to the DNA template and as each fluorescently-tagged nucleotide
analogue is incorporated the fluorophore is excited by a laser and a fluorescent pulse
detected. The duration of the pulse is governed by the catalytic rate and ends when the
fluorophore-linker-pyrophosphate group is released and diffuses out of the well.

Translocation of the DNA template then prepares the enzyme active site for incorporation
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of the next fluorescently-tagged nucleotide analogue and the beginning of the next pulse
(Figure 1 — 8). To test this sequencing technique a 158-base linear template was sequenced
using a four-colour sequencing setup. Of the 158 bases, 131 were correctly identified by
the automated base caller.?' This method utilises the processivity and high reaction rates of
DNA polymerases, which improve read lengths and throughput. It also eliminates the need
for complex and time-consuming flow cycles to remove chain-terminating fluorescent tags
from the surrounding solution. However, the enzyme is constantly being irradiated by the
laser, which is used to excite the fluorophores on the nucleotide analogues, and is

susceptible to photo damage which reduces the maximum read-length.
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Figure 1 — 8 — Single-molecule real-time sequencing. 1) A DNA polymerase (pink arc) is
immobilised at the base of a zeptolitre well which is constantly being excited by a laser. It
binds to the ssDNA template, in a solution which contains four fluorescently tagged
nucleotide analogues each with a different fluorescent label. The fluorescently labelled
nucleotide analogue, which corresponds to the next base to be incorporated into the
synthesised strand, associates with the DNA template by Watson-Crick base pairing. 2) As
the corresponding fluorescently tagged nucleotide analogue associates with the
polymerase it is excited by the laser and detected. 3) The incorporation of the base, and
subsequent phosphodiester bond formation, liberates the fluorophore, therefore, allowing
it to diffuse from the well. The cycle can then be repeated.

1.1.5 — Nanopore Sequencing

1.1.5.1 — Introduction to Nanopore Sequencing

Nanopore sequencing is another single molecule sequencing technique which has

22,23

undergone heavy exploration over the last fifteen years. It is based upon the principle

that an ionic current, which flows through a nanometer-scale pore, can be partially blocked
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when the pore is occupied by a target molecule. In order to gain information about the
concentration and identity of a particular analyte (e.g. ssDNA), the amount of current that
flows through the chamber when that analyte is present, the duration for which the analyte
is held in the pore, the frequency of the block events observed and the current pattern it
produces when residing in the pore can be monitored. Kasianowicz et al. showed that it
was possible for DNA to be electrophoretically driven through a biological nanopore
(o-hemolysin, oHL) and observe current blocks which were dependent upon the length of
the ssDNA.>* Subsequently, it was proposed that a single nucleobase passing through a
recognition element, within a nanopore, could modulate the current in such a manner that a
distinctive current reading for each base cytosine, thymine, adenine and guanine could be
determined.?* This illustrated the possibility that electrical recording experiments could be

utilised to determine the sequence of ssDNA (Figure 1 —9).

Ag/AgCl
Electrodes
(-ve)

Sequence-5'-TAGCTCGAT-3

Time (ms)

Figure 1 -9 — Two possible methods for employing nanopores to sequence DNA A) direct
strand sequencing and B) sequencing modulated by a covalently attached exonuclease.
A) In direct strand sequencing the ssDNA would be driven through the pore, under an
applied potential, and as each individual base (blue circle) passed through the recognition
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site the current would be modulated to give a direct read-out of the DNA sequence. B) In
exonuclease sequencing, the enzyme (red shape) would processively break down DNA into
its component nucleoside monophosphates (pink circle), each if which would be identified
as it was released and translocated through the pore. C) An ideal electrical recording
read-out from which it would be possible to identify each base in the sequence from its
characteristic block level.

There are several major advantages of nanopore sequencing which make it a worthy
technique for further investigation.” Due to the concentration-limited rate at which
nanopores capture DNA from the surrounding volume,® it was estimated by Branton et al.
that nanopore sequencing will require ~10° copies of the target genome to provide
adequate sequencing throughput, from the 25-50 pL. volume of material necessary to feed
an array of nanopores.” This can be directly obtained, using commercially available kits,
without the need for amplification. This will mean the errors normally associated with
PCR amplification will not be a problem for this sequencing method. It would also allow
for the direct detection of epigenetic modifications, such as 5-methylcytosine (5SmC) and
5-hydroxymethylcytosine (hmC) (See Chapter 1, section 1.2), which would normally be
lost during amplification or by using sequencing by synthesis methods. Once the necessary
quantity of DNA has been obtained, in an ideal nanopore sequencing system, the DNA
itself would require minimal sample processing. This would eliminate the need for
expensive fluorescently-labelled nucleotides, DNA polymerases and ligases that are

employed in other sequencing procedures.

It has been possible to produce both solid state’’ and biological”®>' nanopore arrays on a
disposable detector chip. One such technique, used to form lipid bilayers across apertures
on a glass chip, employs giant unilamellar vesicles (GUVs).”® * By the application of
negative pressure (~10-40 mbar) the GUVs are forced onto the surface of the glass chip,
where they burst and form bilayers, into which biological nanopores can be subsequently
inserted e.g. oHL*® or OmpF.” Work carried out by Fertig and co-workers, obtained a

60% functional insertion of OmpF into bilayer arrays using this approach.”” There have
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also been various techniques which have investigated the use of both biological and
solid-state nanopores in one system, by either forming lipid bilayers across solid-state
nanopores > >> or more recently by inserting biological nanopores directly into solid state
nanopores (see Chapter 1, section 1.1.5.3).** Therefore, if a practicable DNA sequencing
method could be achieved, then sequencing could be carried out by many pores in parallel.
This would make nanopore sequencing a very high-throughput technique, for which the
major costs would be preparation of adequate quantities of DNA (~700 pg of human

diploid genomic material for an entire human genome),” the cost of running the

instrument itself and a single disposable chip.

One of the major difficulties of current sequencing methods is the maximum read-length
that these techniques can process (approximately several hundred bases at a time). This
requires segmentation of the entire human genome into small fragments which are
sequenced and pieced back together in the correct alignment. For direct strand sequencing
using nanopores, it should be possible to fragment a mammalian genome into sections of
ssDNA consisting of 50,000 nucleotides.”> ** Meller and co-workers have demonstrated
that by employing a salt gradient, it has been possible to observe translocation of dsDNA
(consisting of 48, 000 base pairs) through solid-state nanopores.®® The extremely long read
lengths that may be possible with nanopore methods would drastically simplify the
genome assembly process. All of these factors combine to make nanopore sequencing a
much cheaper method which has the potential to meet the challenge of the $1000 per

. 2
mammalian genome target.”

There are two main varieties of nanopore used in this sequencing approach — biological
nanopores and solid-state nanopores (see Chapter 1, section 1.1.5.3). Currently, the two
main biological pores which are under investigation for implementation in DNA

sequencing are o-hemolysin (aHL)*® and Mycobacterium smegmatis porin A (MspA).>’
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1.1.5.2 — Nanopore Sequencing with Biological Nanopores

a-Hemolysin is a transmembrane pore found in Staphylococcus aureus. It is a
self-assembling monomer toxin (33.2 kDa) which binds to the plasma membranes of
susceptible cells, where it oligomerises into its heptameric form (232.4 kDa), producing a
water-filled transmembrane channel.’® It is a mushroom-shaped pore that is 100 A in
height and 100 A in diameter, consisting of cap and stem domains (Figure 1 — 10). The
pore has a solvent-filled channel running along its centre, which narrows at the
constriction point (between the cap and the stem domains) to a diameter of only 14 A
(1.4 nm).*® The narrow dimensions of the constriction site only allow translocation of

ssDNA as dsDNA is too wide (2.2 nm).*®

A cis Entrance

Cap Domain
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trans Entrance Y

Figure 1 — 10 — Cartoon representations of the a-hemolysin heptamer — made up of a cap
and a stem domain. A) Side view of the oHHL WT pore (created in Pymol from the pdb file
7AHL). The wild-type channel is known to exhibit partial rectification and modest anion
selectivity. The cap domain, which protrudes from the membrane by ~65 A, is composed of
seven f sandwiches (each highlighted in a different colour) and the amino latch of each
monomer unit. The stem domain is composed of 14 antiparallel p-strands, two of which
are contributed by each monomer, that form a right-handed barrel. Between these two
domains lies the constriction site — the narrowest part of the channel with a diameter of
14 A% The aHL cap domain protrudes out of the cis side of the bilayer (see Chapter 7 for
the definition of cis and trans) and stem domain forms the transmembrane channel which
opens out into the trans side.”®° B) View from the cis side looking down through the aHL
WT pore (created in Pymol from the pdb file 7AHL).

oHL has shown great promise for DNA sequencing applications.”” The pore can be

chemically engineered using molecular biology techniques such as site-directed
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mutagenesis, making it possible to produce well defined local changes in its structure.
Several studies have made drastically mutated forms of the pore which were still
hemolytically active (the mutant pores will insert into the membranes of red blood cells,
causing cell lysis) and inserted into artificial bilayers forming stable channels, illustrating
that mutations do not impair pore functionality.” This has allowed aHL to be specifically
engineered for DNA sequencing methods e.g. alteration of the charge distribution inside
the pore to aid DNA capture.*’ Such manipulations could not be performed with solid-state
nanopores. It is also a common misconception that biological nanopores are not
particularly stable. Extensive work by Bayley and co-workers has shown aHL to be stable
and functional at temperatures approaching 100 °C,*" at pH values as high as 11.7* and in
conditions that are known to prevent ssDNA from forming any secondary structure
(4 M urea).* a-Hemolysin has already been targeted as a stochastic sensor for analytes
other than DNA.* These included the detection of a divalent cation using a modified oHL
mutant which contained covalently attached metal chelators*’ and the detection of organic
molecules by non-covalent adaption of the lumen of oHL with B-cyclodextrin.* It has also
been utilised for the measurement of the hydrogen-deuterium isotope effect at the single

molecule level.”’

In 1996, Deamer and co-workers determined that ssDNA and ssRNA translocated through
wild-type (WT) o-hemolysin and that the duration of the translocation events gave a
measure of the length of the strand.** Since this initial publication, there has been great
interest in determining the base discriminating abilities of aHL. It was observed that aHL
could be used to distinguish between homopolymers of poly(dA) and poly(dC), when they
translocated through the pore, by comparison of the block level, event duration and overall

event dispersion.”® However, methods to detect single nucleotides in a fully translocating
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strand were unsuccessful as the DNA translocated too quickly for detection of individual

bases (~1-20 ps per base).***’

To overcome this issue, and establish if it was indeed possible to observe full base
discrimination using nanopores, two methods were targeted: 1) immobilisation of ssDNA

50-61

in the pore and 2) detection of individual nucleoside monophosphates by utilising a

cyclodextrin-adapted oHL.®* ® There are several methods for immobilisation of DNA

50, 51, 64

these include a 5' or 3'-terminal hairpin, a short complementary dsDNA region

attached to the 5' or 3' end of a ssDNA oligonucleotide™>’

or a biotinestreptavidin
complex.”® > 2> © The main advantage of immobilising DNA is that it increases the
residence time (e.g. >100 ms) of the base in the pore thus increasing the signal to noise
ratio and improving resolution.’” ** * Work by Stoddart ef al. has shown that by
employing the biotin-streptavidin immobilisation approach it was possible to distinguish
all four canonical bases when they were immobilised in the aHL pore (this approach will

be discussed in more detail in Chapter 2.1).>*°!

Jetha ef al. have also shown that cytosine
can be discriminated from its epigenetically modified base SmC by comparison of the
current block levels produced, upon immobilisation of oligonucleotides containing SmC
and C by the biotinestreptavidin approach.®® It was also important to investigate oHL’s
ability to detect individual nucleoside monophosphates because if an exonuclease was to
be utilised in tandem with aHL it could provide another method of sequencing DNA
(Figure 1—-9, see Chapter 1, section 1.1.6). To this end in 2009, workers at Oxford
Nanopore Technologies Ltd. illustrated that it was possible to distinguish the nucleoside
5'-monophosphates of C, T, A, G and the epigenetic modification 5-methylcytosine (5mC)
using an oHL mutant with a covalently attached cyclodextrin-adapter.”® Therefore, it has

been demonstrated, using both these methods that aHL has the ability to discriminate the

standard DNA bases — A, C, Gand T.
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MspA is an octameric porin isolated from Mycobacterium smegmatis.”’ It has a goblet
shape with a large barrel at the top (40 A in diameter) and a smaller 16-stranded P barrel,
that forms the channel constriction point towards the base (28 A in diameter,
Figure 1 — 10). The goblet is 96 A in height with a largest outer diameter of 88 A. Like
aHL, MspA is a robust channel that retains its activity at high temperature, within the pH
range 1-14 and in the presence of denaturants such as urea and sodium dodecyl sulfate.®®
The inside of the MspA channel contains several negatively charged residues, which
preclude translocation of ssDNA in the WT pore. However, mutation of the three
negatively charged aspartate residues, located near the constriction (at positions 90, 91 and
93), to neutral asparagines resulted in ssDNA translocation at a rate of ~2-10 base/us,
which is much faster than for aHL (~0.5-1 base/ps).®* MspA has also shown the ability to

discriminate C, T, A and G, when immobilised in the pore by means of a DNA hairpin.®’
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Figure 1 — 11 — Cartoon representations of the MspA biological nanopore. A) Side view of
the MspA WT pore (created in Jymol from the pdb file IUUN).The nanopore is goblet-like
in shape, with a single constriction site (1.2 nm in diameter) towards the base at the trans
side. B) View from the cis side looking down through the MspA WT pore (created in Jymol
from the pdb file IlUUN).

It was proposed that the structure of MspA might make it a superior porin for DNA
sequencing. This is because it may be able to resolve single nucleobases owing to it
possessing a single narrow constriction site (diameter ~1.2 nm and length 0.5 nm).

However, theoretical calculations have proposed, that even with an infinitely short
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6870 This is due to the

channel, it would not be possible to obtain single base resolution.
high electric field region, which determines the electrical read-out region of the pore, being
observed to extend approximately one channel diameter either side of the pore.®*"° This
would give MspA a calculated read region of approximately ~2.9 nm, which would
include multiple bases (~6-7 nucleotides). This is supported by initial experimental work

by Gundlach and co-workers which demonstrated that the read-region of MspA included at

least 3 nucleotides, when immobilised at the constriction site.®’

1.1.5.3 — Nanopore Sequencing Using Solid-State Nanopores

Solid-state nanopores provide an alternative means of nanopore sequencing.”® Very stable
and functionally useful nanopores can be formed (in silicon nitride (SiN), silicon oxide,
metal oxides or graphene’') using a variety of techniques such as ion-bean sculpting,’* e-
beam drilling” and atomic layer deposition.” As these types of nanopores can be
manufactured to have a specific internal diameter, it is possible to study the translocation
of both double and single stranded DNA.” ™ 7 The main advantages of solid-state
nanopores are that they do not require a lipid bilayer support, which is the major source of
instability of biological nanopore experimental design. However, collaborative work
between the Bayley and Dekker labs has also shown that it is possible to form a hybrid
pore by inserting a biological nanopore (aHL) into a solid state nanopore (SiN). This
system could be used to combine the improved stability of solid state pores with the
increased potential for genetic engineering provided by the biological nanopores.>* These
hybrid structures may also provide a new approach for the implementation of biological

nanopores into array based systems that do not employ lipid bilayers.
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1.1.6 — Challenges of Nanopore Sequencing

Before nanopore sequencing can be actively applied to the sequencing of entire human
genomes there are a number of challenges that must be overcome.” The first of these
would be achieving the potential of long DNA read lengths, which would offer a massive
advantage over current procedures. Nanopores read DNA, base by base, as it is threaded
through the pore and the accuracy of a base call at one particular moment in time does not
depend on the prior history of the system.? This would mean that in theory the maximum
length of DNA that could be read is limited only by the practicalities of fragmentation of
the original strand during sample preparation. In reality, however, there a number of other
factors which need consideration. As DNA’s genomic form is a double-stranded helix, it
would be necessary to denature this duplex for sequencing using aHL or MspA. One
method of doing this would be to perform sequencing experiments at high pH where
dsDNA would be fully denatured. Work carried out by Maglia et al. illustrated that aHL
remained stable and functional in the alkaline conditions required to denature DNA.*
Work by Fologea ef al. showed that in solid state nanopores, it was possible to denature
3 kb paired dsDNA at pH’s greater than 12 and observe ssDNA translocation events.”®
Another possible method would be electromechanically un-zip DNA using the nanopores
themselves. It has been shown that both solid state and biological nanopores are capable of
un-zipping DNA hairpins, 50 base-paired and 10 based-paired duplex regions

: 4
respectively.”* " 78

The next problem to be addressed would be the attainment of efficient capture and
translocation of long ssDNA through the pore. To reduce the chance of ssDNA forming
secondary structure by mediated base pairing, single-channel recording experiments have
been carried out in the presence of 4 M urea (a denaturant that eliminates the secondary

structure of ssDNA).* Strands of ssDNA and ssRNA (95 nucleotides in length), that were
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deliberately designed to have significant secondary structure, were successfully
translocated through WT aHL in the presence of 4 M urea at + 180 mV. No translocation
events were observed in the absence of urea.*’ Several experiments have also been carried
out in both solid-state®® and biological nanopores*® to improve the capture rate of DNA. In
solid-state nanopores, capture rate can be increased by a factor of more than 30 by
applying a 20-fold salt gradient across the pore.”> Whereas, with biological nanopores the
most effective way of increasing capture rate is by the site-directed mutagenesis of charged
amino acid residues in the lumen of aHL. By increasing the positive charge near the
internal constriction, the DNA translocation frequency (at + 120 mV) increased by almost
an order of magnitude and decreased the threshold voltage for which DNA translocation
occurred.*

48, 49 thlS

At present, the rate of DNA translocation is observed to be ~1-20 us per base,
highlights the potential for the use of this method for ultra-fast sequencing. However,
owing to the current limitation of patch clamp amplifiers, it is not possible to resolve
individual nucleotides travelling at these rates because it pushes the required detector
bandwidth into the MHz region which, therefore, precludes the measurement of pico-
ampere steps in ion current.”® This issue is further complicated by the fact that the motion
of DNA through nanopores is also not uniform owing to DNA interacting with the walls of
both solid-state and biological nanopores.” ** *> 7% This would mean that a DNA strand
could exhibit stick-slip transitions® as it translocates through the pore which could result
in bases not being detected by the probing element of the nanopore. Altering experimental
conditions such as decreasing temperature,” increasing solvent viscosity and salt

concentration®* have not been able to produce the required reduction in the translocation

rate.
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A procedure is, therefore, required that will effect unidirectional motion of DNA through a
nanopore in single nucleotide steps and at appropriate speeds so that the residence time for
each base in the channel is sufficient to enable its unequivocal determination. The most
likely method for achieving such processive motion of DNA through a nanopore is by the

use of a DNA processing enzyme. The most likely candidates would be either DNA

85, 86 53-55 62

helicases, polymerases or exonucleases.®”” © Work has been carried out in
real-time, by Ghadiri and co-workers, that demonstrates that DNA polymerase can be used
to control both the speed and ratcheted motion of ssDNA translocation through oHL.>
Another approach would be to covalently attach a DNA exonuclease to the nanopore, so
that as it processively breaks down DNA into its component nucleoside monophosphates,®’
each would be identified as it is released and translocated through the pore (Figure 1 — 9).
Towards this goal, work has been carried out to show that a mutant of aHL that contains a
covalently attached cyclodextrin can discriminate all four canonical bases and the
epigenetic modification 5SmC under conditions in which the exonuclease functions
(asymmetric salt).”® The next significant challenge for this approach is the alignment of the
active site of the exonuclease with the pore entrance, to ensure that as each nucleoside
monophosphate is released it enters the nanopore. Although both these techniques have

shown great promise, they still require significant optimisation before they will be able to

challenge current sequencing techniques.
1.2 — Epigenetic Modifications

Epigenetics is defined as ‘the study of heritable changes in gene expression that occur
without a change in DNA sequence’.™ It is a mechanism by which certain genes in a cell
are switched on and off, depending on whether or not they are necessary for that particular
cell’s normal development. There are several epigenetic modifications that occur in vivo,

to the DNA bases, these include 5-methylcytosine (5mC)® and 5-hydroxymethylcytosine
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(hmC).”° It has also been shown that epigenetic modifications that silence gene expression

can occur on amino acids (e.g. histone deacetylation and methylation).®

1.2.1 — 5-Methylcytosine (5mC)

5-Methylcytosine is the most commonly modified DNA base in the eukaryotic genome. It
was first discovered in 1948 and is produced by DNA methyltransferase enzymes
(DNMTs) which catalyse the transfer of a methyl group from the -cofactor
S-adenosylmethionine (SAM) to the 5'-carbon of the pyrimidine ring.”" ** Approximately
5% of cytosines in humans were found to be methylated, however, the exact percentage

4 . . .
9394 Methylation occurs almost exclusively on cytosines

depends on the cell tissue type.
that precede a guanosine in the DNA sequence, these sites are known as CpGs (cytosine-
phosphate-guanine). CpG dinucleotides are generally found in clusters in small stretches of
DNA termed ‘CpG islands’. These islands are often associated with promoter regions
which are areas of a gene where DNA transcription is believed to begin. In the human
genome around 80% of the CpG dinucleotides, that are not associated with these CpG
islands, were found to be methylated.* The CpG islands, themselves, are generally found

to be unmethylated (Figure 1 — 12).%

Normal
Ak R A L A, A SO
Exon 1 Exon 2 Exon 3
Promoter Region
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Figure 1 — 12 — A small section of the mammalian genome is depicted showing exons 1, 2
and 3 (grey boxes) of a sample gene, introns of that gene (black line between the exons)
and regions outside that gene which contain a small number of CpG sites (purple and blue
squares). Sections which are associated with gene promoter regions show a high level of
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CpG sites which are un-methylated (blue squares) in normal cells, these are known as
CpG islands. It is at these sites that gene transcription begins (black arrow). In normal
cells, most CpG sites outside of the CpG islands are methylated (purple squares).
However, in cancerous cells the promoter regions are found to be methylated preventing
transcription (red cross on the black arrow) of tumour suppressor genes. Other regions of
the gene, which are methylated in normal cells, are un-methylated in cancerous cells
leading to weakening of transcriptionally repressed genes and expression of potentially
harmful genes. This figure has been adapted from Herman et al. 2010.%

DNA methylation is required for normal development because it maintains a large amount
of the noncoding DNA in the cell in a transcriptionally inert state. This prevents the
replication of areas of the genome such as repeat elements, inserted viral sequences and
transposons (DNA sequences that have moved from their normal location into a different
section of the genome) which, if transcripted, may harm cells.*” However, abnormal
patterns of DNA methylation have also been linked with various types of cancer and
diseases.™ °* *° Virtually all varieties of cancer have shown both gains in methylation of
CpG islands, located at gene promoter regions, and losses of methylation in CpG depleted
regions, where most CpG dinucleotides would normally be methylated (Figure 1 — 12). In
the areas where methylation is lost this is likely to weaken transcriptional repression in
normally silent regions of the genome which could result in the expression of potentially
harmful genes. Losses in methylation could also result in functional instability of the
chromosomes, whereas, hypermethylation is associated with silencing of genes which are

known to act as tumour suppressors.”’

A key difference between cancers caused by epigenetic mutations versus those caused by
genetic mutations is that the later are irreversible but the former could potentially be
reversed. If the genes which code for the three different DMNT’s were disabled then this
would prevent methylation. However, this was not a viable approach as these enzymes are
vital for embryonic development and disabling them in mice resulted in embryonic and
early postnatal death.”” °® This has lead to the investigation of possible demethylating

agents that could cause re-expression of silenced genes.*” Two such inhibitors are
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5-azacytidine and deoxy-5-azacytidine which inhibit the DNMTs through covalent
binding. These inhibitors are thought to promote their effect through the reversal of gene
silencing. Despite their specificity for the DNMTs they caused toxic side effects. When
treatment was stopped the effects of these drugs were reversed, so prolonged low-dose
drug regimes would be necessary. Further investigation is required if these are to become
useful in cancer treatment, although they have shown promise in the low-dose treatment of

myelodysplastic syndromes.”” '%°

Owing to the fact that DNA methylation occurs at the early stages of cancer development,
it could be possible to use it as a biomarker for early diagnosis and for the detection and
assessment of high-risk individuals. This would be extremely useful in types of cancer
which currently do not have a method of premature detection e.g. lung cancer.”® However,
it is very important to be able to establish which hypermethylated genes are responsible for
cancer because some CpG islands (located in genes mostly in the colon) have been
observed to be increasingly methylated as individuals aged.*” This increase in methylation
could account for the increased risk of developing certain cancers with age (such as

101
colorectal cancer)'’

but it could also complicate the implementation of DNA methylation
as a suitable biomarker. However, if DNA methylation changes could be reliably detected

in body fluid such as plasma, sputum and urine, then it could provide an extremely useful,

. . : 102
non-invasive method of early cancer detection.'’

Over the past few years, there has been widespread interest in developing techniques
towards the analysis of DNA methylation — both the location of sites and the overall

percentage of methylation in the genome.”* ' '

One of the first methods used to provide
large-scale genome-wide analysis of cytosine methylation was DNA hydrolysis and

subsequent detection of the deoxyribonucleosides by chromatography-based methods.

DNA was initially quantitatively hydrolysed, using either DNA I and nuclease P1 or snake
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venom phosphodiesterase, and then treated with alkaline phosphatase. The resultant
deoxyribonucleosides were then separated and detected by various chromatographic
techniques e.g. thin layer chromatography or reverse-phase high-performance liquid

13- 194 This method is useful for whole

chromatography coupled with mass spectrometry.
genome analysis, however, it does not provide any information as to the location of the

sites of methylation.

Another technique that has been used to detect methylation in a genome-wide approach is
immunoprecipitation. This method involves a highly-specific reaction between a
monoclonal antibody and SmC. DNA is initially immobilised onto membranes and then
incubated with an antibody directed against SmC. The antibody can be detected in a
number of different ways including fluorescent labelling. In this instance the intensity of
the measured fluorescence was proportional to the degree of methylation. The main
limitation of this procedure was that it must be performed on ssDNA.'® This technique
was used to determine the methylation profile of the Arabidopsis thaliana genome in

2006.'%

Methods that use restriction endonucleases are also employed to measure the extent and
location of methylation sites in a specific gene. Restriction endonuclease isoschizomers,
that have different sensitivities to cytosine methylation, provide a mechanism for the study
of methylation changes within their recognition sites.'®* Methylation of a site renders it
sensitive to cleavage by one isoschizomer but not the other. There have been a number of
different methods developed for the detection of 5SmC from C, once they had been
successfully discriminated by endonucleases. These include southern blots'® and detection
of photocurrents.'® ' This is a popular laboratory technique for methylation detection as
it 1s simple to use and cheap to perform on a large number of samples. However, this

technique is only useful for probing a limited number of methylation sites, all of which
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must contain the restriction site of interest, making it impractical for whole-genome wide

profiling.'®

The most commonly implemented technique for the detection of 5-methylcytosine is the
bisulfite sequencing method.'” When ssDNA is treated with a high concentration of
sodium bisulfite it preferentially deaminates cytosine residues to uracil, compared with a
very slow rate of deamination of 5-methylcytosine (Figure 1 — 13).'% It is this difference
in reactivity that is used to discriminate cytosine from the epigenetically modified SmC.
The reacted DNA is then amplified by PCR yielding a DNA fragment in which all the
uracils (which were formally cytosines) and thymine residues have been amplified as
thymine and only SmC has been amplified as cytosine. The amplified DNA is most
commonly interpreted by DNA sequencing techniques — where the presence of a band in
the cytosine-track indicates a SmC. Using the bisulfite method in tandem with modern
DNA sequencing techniques (such as the Illumina’s Genome Analyzer, which uses cyclic

reversible termination sequencing by synthesis) it has been possible to sequence the

110, 111 112

methylome (the DNA methylation profile of an entire genome) of plants, animals
and humans.” ' There are, however, a number of disadvantages to this technique: 1) the
bisulfite reaction causes severe damage to the original DNA template (Okamoto and co-
workers measured the amount of DNA present before and after a 16 hour bisulfite assay
and found only 0.1% of the original DNA was available, which was a significant level of
degradation);''* 2) it can take up to half a day for complete modification of cytosine and a
shorter reaction time would be desirable; 3) it can suffer from incomplete conversion of
cytosines to uracil which results in false positive readings. Despite these issues the

bisulfite method is currently the most reliable and practical method of distinguishing

5-methylcytosine from cytosine.
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Figure 1 — 13 — The reaction of bisulfite with cytosine and 5-methylcytosine.

1.2.2 — 5-Hydroxymethylcytosine (hmC)

5-Hydroxymethylcytosine was first discovered in 1953, in E. coli infected with
bacteriophage T2, T4 or T6."" It was only in the last two years that it has been discovered
in mammalian DNA."® "7 Since the back-to-back publications in Science, where
Kriaucionis et al. discovered that hmC was present in 0.59 + 0.05% of Purkinje cells from
the brain of mice''® and Rao and co-workers noted that the enzyme TET1 converted 5mC

117

to hmC in mammalian DNA, "’ there has been immense interest in the precise location and

function of the ‘sixth-base’.”°

In order to determine more about the function of hmC in vivo, it is necessary to develop
techniques to accurately determine its distribution throughout the body and exact location
on individual genes. The most common method of determining the global percentage of
hmC found in a specific tissue type, is to enzymatically digest the DNA into its component
nucleosides and then determine the amount of hmC nucleoside present. hmC has been

detected by a number of different methods including chromatography''®

and liquid
chromatography combined with mass spectrometry (MS) analysis.''® "' These studies
showed that hmC was present in all mouse tissue-types tested but in varying amounts

(ranging from 0.03% up to 0.69% of deoxyguanosine) with the highest percentages being

isolated from the central nervous system (CNS).'" As the brain was found to contain a
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large percentage of hmC, it was further investigated to determine hmC’s distribution
within its different regions. In this study, the highest levels of hmC (>0.6% of
deoxyguanosine) were observed in the hippocampus and cortex — areas of the brain which
have higher cognitive function.''® This provided valuable information as to the distribution
of hmC, however, to determine its function it would be necessary to be able to pin-point

hmC’s location on individual genes.

Initially, the methods currently employed to distinguish SmC from C were investigated, to
determine if it they could also be used to identify hmC. An affinity-based detection of
hmC was investigated using a monoclonal antibody directed against SmC. When DNA
strands, exclusively containing either C, 5mC or hmC, were subjected to
immunoprecipitation with an anti-5mC antibody high affinity for the SmC strand was
observed. The strands containing only C or hmC exhibited no affinity.'*® This meant that
immunoprecipitation, employing an anti-5SmC antibody, could not be used to distinguish C,
5mC and hmC."*® Recently, anti-hmC antibodies have been developed which can be used
to determine its location. This technique was used to show that hmC was found to be
present, along with SmC, in mitochondrial DNA in humans."?! An antibody which can
target cytosine-5-methylenesulfonate (CMS), which is produced by the bisulfite
modification of hmC, can also be employed to detect the location of hmC (see

122,12
below).'** 1%

The implementation of restriction enzymes that are specific for SmC were investigated. By
using restriction enzymes that are either methylation-sensitive or methylation-insensitive,
it was not possible to clearly distinguish C, hmC and 5mC from each other.'?" '** 12
However, recent progress has developed a restriction enzyme that is able to selectively

cleave DNA containing hmC that has been glycosylated at the free hydroxyl.'*® This

technique has been employed to establish the genome-wide distribution of
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5-hydroxymethylcytosine in both mice'?’ and humans.'”

In both examples the glucose
moiety was installed using a B-glucosyltransferase enzyme and then a biotin tag was

attached onto the sugar (see Chapter 1, section 1.3.6 for further details).

Bisulfite sequencing is the most common method for distinguishing SmC and C from each
other. It converts all cytosines to uracils whilst leaving 5SmC unchanged. When
hmC-containing DNA  was treated with bisulfite it reacted to form
cytosine-5-methylenesulfonate (CMS) (Figure 1 — 14).'2* '2* 128 This was found to have a
deamination half-life to uridine-5-methylenesulfonate (UMS) of 28 h (at pH 5.5 at 37 °C)
which was significantly longer than C’s (half-life of 6 minutes) and SmC’s (half-life of
8 h).'” DNA strands which exclusively contained either C, 5mC or hmC have been

120 In the strand

subjected to bisulfite modification, PCR amplification and sequencing.
which contained only C, all the cytosines were converted to uracils and were read as
thymines in the sequencing reads. The strand which contained SmC did not react with
bisulfite and was, therefore, read as cytosine in the sequencing reads. The hmC containing
strand reacted with bisulfite forming the CMS adduct which was again read as a cytosine.
This meant that the bisulfite modification could be used to distinguish cytosine from its
epigenetic modifications but SmC and hmC could not be distinguished from each
other.'?* 124 128 130 Recent methods have attempted to target the product of the bisulfite
modification of hmC in order to aid its identification.'”* ' This process relied on an
antibody which acts against CMS (see Chapter 1, section 1.3.6). This technique has been
123

used to map genome-wide hydroxymethylation in human embryonic stem cells (ESC)

. . . . : 122
and for investigating the connection between hmC and myeloid cancers.
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Figure 1 — 14 — The mechanism of reaction of bisulfite with 5-hydroxymethylcytosine.
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There have been several attempts to develop other sequencing methods for the detection of
cytosine and its epigenetically modified bases.’*" '** One technique used solid-state
nanopores to try to distinguish hmC from 5mC."" This procedure relied on differences in
current-block levels, transport times and current signatures to distinguish the bases. In this
case it was possible to distinguish hmC from 5SmC and C but the signals produced by SmC
and C were too similar for discrimination between all three bases.">' Another approach
used single-molecule real-time sequencing to attempt to distinguish C, 5mC and hmC."**
This technique used a DNA polymerase to catalyse the incorporation of fluorescently
labelled nucleotides. It was differences in the kinetics of incorporation of each base that
distinguished them from one another. Flusberg et al. demonstrated that the incorporation
kinetics for SmC and hmC were sufficiently altered from that of C that it was possible to
directly distinguish cytosine from its epigenetic modifications. However, enhancement of
kinetic sensitivity would be required to discriminate SmC and hmC from each other.'*?
The final example that will be discussed employed an artificial phosphopeptide which
interacted with dsDNA."*® This phosphopeptide, which contained a phosphotyrosine
incorporated into the zinc finger peptide, was originally found to selectively bind

133 When it was used to

methylated DNA ten-times more strongly than unmethylated DNA.
distinguish between hmC and 5mC, it was shown to bind SmC much more tightly because
the CH,OH functionality of hmC sterically inhibited the approach of the
phosphopeptide.** However, it bound cytosine and hmC with a similar affinity and,

therefore, could not be used to distinguish C, 5mC and hmC."**

5-Hydroxymethylcytosine is produced by the action of TET enzymes on
5-methylcytosine.''” *° There are three different TET enzymes TET1, TET2 and TET3 all
of which require 2-oxoglutarate and Fe(Il) to function. Although all three enzymes

produce hmC they have differing functions in vivo."*> '*® TET1 and TET2 are thought to
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be linked to the maintenance of pluripotency in ESC (a pluripotent stem cell is one which
has the potential to differentiate into any of the three germ layers), whereas, TET3 has
been linked to the promotion of cell differentiation. This means that hmC is thought to be
involved with the formation and maintenance of pluripotent stem cells and their
differentiation into germ cell lines. TET enzymes have also been linked to cancer because
mutations in the gene which encoded for TET2 have resulted in myeloid malignancies.'*
These mutations were found to reduce the catalytic activity of TET2 and thus displayed

122
The accurate

low levels of hmC in genomic DNA, compared to healthy controls.
measurement of genomic hmC levels could be employed as a useful indicator for the early
diagnosis of these types of cancer. In an attempt to establish if low levels of hmC were
purely a consequence of cancer or if low levels of hmC caused it, Koh et al. injected stem
cells which had depleted TET1 levels into mice. Injection of non TET1-depleted cells
resulted in the production of benign teratomas (encapsulated tumour), whereas, TET1-
depleted cells formed very aggressive tumours that were in a state of high-cell division.'*°

This indicated that hmC levels are extremely important for the correct function of cells and

any perturbation of hmC levels and location could promote serious side-effects.

At present the precise function of 5-hydroxymethylcytosine is not known. However, there
are several hypotheses as to what hmC’s biological role in vivo could be. It was proposed
that hmC could be a stable end-product that influences chromatin structure and local
transcriptional activity. It could do this by recruiting selective hmC binding proteins or by
excluding specific 5mC binding proteins which do not recognise or bind hmC."*” Although
no hmC specific binding proteins have been discovered there is evidence to support this
hypothesis because SmC-CpG binding protein 2 has been found to have a binding affinity

for hmC that is an order of magnitude less than for 5SmC."’
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Another possibility could be that hmC is an intermediate in an oxidative demethylation
process (Figure 1 — 15). Evidence to support this pathway was obtained during genome-
wide distribution studies.'* '*’ Both studies noted differences in the distribution of hmC
and SmC — hmC was found to be located at CpG and CAG sequences, whereas, SmC was

mainly found at CpG sites only.'?

If hmC and 5mC are found at sites of gene promotion
then this is generally predictive of low gene expression. However, hmC was found at gene
promoter regions, which were upregulated upon cell differentiation, suggesting that hmC
could be involved in priming a site for rapid activation in response to a specific signal.'*?
This could offset the gene repression effect of SmC which would support the idea of an
oxidative demethylation process. Carell and co-workers have also carried out several
experiments to try and determine if any 5-formylcytosine (fC) or 5-carboxylcytosine (caC)
were present in digested mammalian DNA.'" *® In an initial study of a variety of different
tissue types they were unable to detect any fC or caC. However, a more recent publication
has shown the presence of fC at a surprisingly high level in mice ESC (0.02% of
deoxyguanosine)."*® In this cell type around every tenth or twentieth hmC base is oxidised
to fC. No caC was detected during the experiments which meant, if this base is an
intermediate in oxidative demethylation, its levels were below the detection limit of the
current procedure.13 8 Carell also illustrated, that in DNMT double knock-out mice ESC,
practically no hmC (0.02% in comparison to 0.39% in normal cells) and no fC were

detected.”*® This further supported the hypothesis that fC is likely to be produced from

SmC via hmC through a further oxidation mechanism.
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Figure 1 — 15 — The proposed cycle of methylation and oxidative demethylation of
cytosine. DNMT is known to methylate the 5-position of cytosine to give 5-methylcytosine.
5mC is then oxidised by TET enzymes to produce hmC. 5-formylcytosine (fC) and
S-carboylcytosine (caC) are potential intermediates for the oxidative demethylation to
cytosine. fC has been detected in ESC, however, caC is yet to be found at measurable
concentrations in DNA. This figure has been adapted from Pfaffeneder et al. 2011."%°

The genome-wide hydroxymethylation study in mice performed by Song et al., also
proposed two additional functions for hmC."*” They observed enrichment in the level of
hmC in genes linked to hypoxia and angiogenesis (the process by which new blood vessels
grow from pre-existing vessels). This could mean that the oxidation of 5SmC to hmC by
TET proteins could constitute a new oxygen-sensing and regulation pathway in mammals.
This was further supported by the fact that the TET enzyme belongs to the same
mononuclear iron-containing dioxygenase super family as hypoxia-inducible factors (HIF),
a protein known to have links with hypoxia and angiogenesis.'*’ This work also
highlighted the fact that the level of hmC in mouse cerebellum was observed to gradually
increase from 0.1% of total nucleotides in the genome at postnatal day 7 to 0.4% of total
nucleotides in the genome when in the adult stage.'”’” This indicated that hmC could play a
role in neurological development. As hmC has also been associated with genes that have
been implicated in neurodegenerative disorders, this suggests that hmC could be associated

with the cause of some neurological diseases.'?’
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Despite the huge amount of progress that has been made in the last few years on
identifying the distribution and location of hmC, its precise function has yet to be
determined. An efficient process that could easily distinguish hmC, from C and 5mC,

would be hugely beneficial in identifying hmC’s role in vivo.
1.3 — Selective Chemical Modification of the DNA Bases

There has been a great deal of interest in chemical reactions and modifications of the DNA
bases over the past 40 yeaurs.1 Some of these investigations were prompted because
researchers were trying to understand the various reaction mechanisms which occur in vivo
e.g. what modified bases result from exposure of S5-methylcytosine to ultraviolet
light."** Others were designed for the modification of one base selectively, in order to
aid its detection for DNA sequencing purposes.” A number of these reactions will be
discussed below, highlighting those which have proven to be selective for each of the
bases —  adenine, guanine, thymine, cytosine, 5-methylcytosine  and
5-hydroxymethylcytosine (Figure 1 — 16).
NH, 0 0 NH, NH, NH,
NZ >N HN NO HN N7 N7 N7
k\N|N\> H2N)\\NIN\> OZ\NI o)\r}” O)\NI O)\NI

OH

A G T C 5mC hmC

Figure 1 — 16 — DNA bases adenine, guanine, thymine, cytosine, 5-methylcytosine and
5-hydroxymethylcytosine.

1.3.1 — Adenine

There have been a number of chemical methods investigated for the detection of adenine
in DNA. In 1972 a fluorometric assay was developed to selectively react adenine with

glyoxal hydrate trimer.'"!

When reacted under acidic conditions, adenine produced a
fluorescent response when excited with 328 nm wavelength light, whereas, thymine,

cytosine and uracil did not. Guanine, however, produced a fluorescent signal when excited
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by a different wavelength of light (285 nm), but when excited at 328 nm no fluorescence
was observed. The mechanism of reaction is thought to involve the free amine of adenine
because when this nitrogen was bis-methylated no fluorescent signal was noted. These
reaction conditions, although selective, are harsh (heating at ~100 °C for 3 h at pH 3.8) and

were not tested on ss or dsDNA.'*!

A variety of methylating agents have been used to selectively methylate the N-3 and N-1
positions of adenine." '**'* Maxam and Gilbert’s initial conditions for the identification
of adenine were also found to lead to a reaction with guanine. Dimethyl sulfate methylated
adenine at the N-3 position and guanine at the N-7 position, leaving the glycosidic bond of
both bases susceptible to cleavage upon heating at neutral pH. Subsequent treatment of the
DNA with 0.1 M NaOH at 90 °C resulted in cleavage of the sugar phosphate which was
then visualised by PAGE." Guanine was five-fold more reactive than adenine so it was
possible to distinguish the two bases from each other by their band intensities.'* It was
also noted that the methylated adenine was less stable than methylated guanine when
treated with dilute acid for the cleavage of the glycosidic bond. This produced cleavage
bands which were strong for adenine and weak for guanine. By inspection of the band
intensities of the two sets of reaction conditions it was possible to indentify the locations
of adenine and guanine residues in a strand of DNA." Accurate identification of the bases
sometimes proved difficult, by comparison of differences in band intensities only,
therefore, these conditions were improved by Maxam and Gilbert several years later. They
established two new sets of conditions where treatment with dimethyl sulfate and then
piperidine reacted selectively with guanine and treatment with acid caused reactions with
both adenine and guanine.'” Therefore, cleavage bands produced by both reactions
corresponded to G and those that were only visible after acid treatment corresponded to A.

This allowed for the selective chemical distinction between adenine and guanine bases in
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DNA.'"" A number of synthetic drugs have been found to selectively methylate adenine
bases in dsDNA e.g. AS-I-145 a novel antitumor analogue of duocarmycin
(Figure 1 —17)."** This family of drugs are known to specifically methylate adenines,
however, they could not be used in a sequencing context, to locate all adenines in a strand
of DNA, because methylation at the N-3 position is sequence dependent (for example only

one adenine was found to be methylated, by AS-1-145, in this sequence — 5'-ATAA-3")."**

Cl OMe
H | OMe
N N
OMe
SRS
NH,

Figure 1 — 17 — The novel antitumor analogue of duocarmycin — AS-1-145.

Iverson et al. utilised the complexation of K,PdCly with adenine at pH 2.0 followed by
piperidine cleavage to selectively modify and cleave this particular base in DNA.'* This
reaction resulted in high cleavage efficiency at adenine residues and produced DNA
fragments with similar electrophoretic mobilities to other DNA sequencing reactions. This
meant that this reaction could be used in tandem with other base-specific DNA sequencing
reactions for complete DNA sequence determination. Both adenine and guanine are known
to bind palladium at the N-1 and N-7 positions.'” At low pH, binding through N-7
predominates because for guanine this is the most reactive nitrogen and for adenine the
N-1 is protonated at this pH (see Figure 1 — 18). It is this increase in positive charge on the
adenine ring due to protonation, that increases the lability of its glycosidic bond towards
cleavage. As the N-1 of guanine is not protonated at pH 2, it makes this base more stable

to glycosidic bond cleavage, resulting in complete selectivity for adenine.'®
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Figure 1 — 18 — The proposed mechanism for the complexation of K;PdCl, to adenine and
guanine at pH 2.0. It is the positive charge on the six-membered adenine ring that is
thought to increase its susceptibility towards strand cleavage. This figure has been
adapted from Iverson et al. 1987.'"

1.3.2 — Guanine

There are two main types of selective chemical modification that have been extensively
investigated for reaction with guanine 1) reactions to aid in the detection of guanine
residues in DNA including methylation and reaction with phenylglyoxal, 2) investigation
of the products produced by one- and multiple-electron oxidations of guanine by various
reagents. ' 1 As discussed previously (see Chapter 1, section 1.3.1) Maxam and
Gilbert used a variety of methylation conditions to selectively modify guanine residues in
the presence of adenine." '** After optimisation they found conditions that methylated only
guanine residues by the use of dimethyl sulfate and piperidine (Figure 1 — 19).'* Work by
Kai et al. has shown that by the selective reaction of phenylglyoxal it was possible to

146 The mechanism

detect guanine bases as low as 47-210 pmol mL ™" by fluorescent means.
for this reaction is thought to involve the 1-imino and 2-amino functionalities of guanine,

reacting with the carbonyl groups of phenylglyoxal, because when the imino and amino
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groups are methylated no fluorescence was detected. However, these conditions have not

been tested on ss or dsDNA, only on the individual bases.
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Figure 1 — 19 — The proposed reaction mechanism for the modification of guanine by
sequential treatment with dimethyl sulfate and piperidine. This figure has been adapted
from Maxam et al. 1980.'%

Guanine is the most easily oxidised base in DNA. Its free energy is —0.15 V which is
significantly lower than A (—0.05 V), T (0.1 V) and C (0.25 V)."*" This low oxidation
potential makes guanine a likely target for one or multiple-electron oxidations. These
oxidised products have been linked to various degenerative diseases and an increased risk

148,149 1t is for this reason

of malignant cell transformation leading to cancer development.
that many oxidants have been tested and the oxidative products of guanine rigorously

investigated. A number of examples using several different oxidants will be

. 147,150, 151
discussed.”™" " 7™
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The single electron oxidation of guanine was investigated by the treatment of dSDNA with
ethidium bromide (eb) and methyl viologen (mv).'*” The eb was known to intercalate into
dsDNA and promote random oxidative strand breaks, on irradiation by laser light. This
reaction’s selectivity was improved by the tandem employment of mv which resulted in
base-specific cleavage at guanine residues. The two proposed mechanisms of reaction are
shown in Figure 1 — 20.""” In this case the products produced by oxidative damage were

not investigated.
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o e -
. F - ._- \ H,N NH
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Figure 1 — 20 — Two proposed mechanisms for the photo-induced cleavage of DNA by
ethidium bromide and methyl viologen. Route A — photoexcited eb accepted an electron
from guanine and this is transferred to the externally bound cosensitiser mv. Route B — the
photoexcited eb initially transfers an electron to mv before accepting an electron from the
adjacent guanine. This figure has been adapted from Dunn et al. 1992.""

In 2000, Kochevar and co-workers utilised Mn-TMPyP/KHSOs to perform a two-electron
guanine oxidation in dsDNA."" The reaction conditions were selective for guanine,
although some residues were preferentially oxidised over others e.g. end-of-duplex G’s.

The main purpose of this work was to investigate possible intermediates and end-products
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of the oxidation reaction. They discovered a new oxidation intermediate 5,8-dihydroxy-
7,8-dihydroguanine (5,8-di-OH-dG), which further transformed to guanidinohydantoin,
imidazolone and parabonic acid depending on the oxidation conditions (Figure 1 — 21)."*°
All of the oxidation products were found to be alkali-labile, resulting in strand breaks if

treated with piperidine.
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Figure 1 — 21 — The proposed reaction mechanism for the oxidation of guanine, in dsDNA,
by Mn-TMPyP/KHSOs. Figure has been adapted from Vialas et al. 2000.”°

The oxidation intermediates and products produced from guanine depend upon the reagent
used for oxidation. Joffe et al. utilised the biological free radical CO3;™ as a means of
four electron oxidation of guanine to form the diasteriomeric spiroiminodihydantoin (Sp)

lesions, via the 8-ox0-G adduct (Figure 1 — 22)."°! CO;™ was produced by the one electron
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oxidation of HCO3; by photochemically generated sulfate radical anions (SO, ). The
reaction of CO;” with the DNA bases was selective for guanine, however, the SO,
radical anion caused non-specific DNA degradation. The reaction conditions were,

511t was also noted

therefore, optimised to keep the concentration of SO~ to a minimum.
that oxidation of 8-oxo-G was significantly faster than that of G. This difference in

reactivity has been used by other researchers to selectively target 8-oxo-G for chemical

modification.'>
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Figure 1 — 22 — The proposed mechanism for the site-selective oxidation of guanine in
DNA."!

1.3.3 — Thymine

The methods developed over the years for the selective modification of thymine have
mainly involved oxidation of the C5-C6 substituted double bond. Maxam and Gilbert
initially employed a chemical modification using hydrazine, which reacted by the
mechanism shown cleaving the base from the sugar, causing strand cleavage on treatment
of piperidine (Figure 1 — 23)." '** These conditions were, however, not selective for T as
they also modified C. An improvement came from work by Rubin et al. who selectively
dihydroxylated thymine using potassium permanganate.”® Cleavage was observed at
thymine residues, by treatment with piperidine, with a faint background corresponding to
cleavage of C and G. This reagent was known to produce the cis-diol of thymine in ssDNA
but not react with T’s in dsDNA. This chemical modification has been utilised more
recently for the detection of the thymine [2+2] photodimer, whose presence has been

linked to skin cancer.'>*
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Figure 1 — 23 — The reaction mechanism for the modification of thymine by sequential

treatment with hydrazine and piperidine. This figure has been adapted from Maxam et al.
1980."%

Other oxidising reagents, such as osmium sources, have also been used for the selective

155-1
35157 or the

modification of thymine residues to form either the corresponding osmate ester
cis-diol."*® Osmium tetroxide alone has been found to selectively dihydroxylate thymine at
23 °C, with an overall conversion of ~95%, whereas under the same conditions only 10%
of cytosines were consumed and no reaction was observed with the purine nucleotides.'®
The use of nitrogen-containing ligands was then successfully employed to form more
stable osmate esters, as they increased the rate of reaction with osmium by several orders
of magnitude.'> These conditions were selective for T except for partial reactivity with
SmC. To give a measure of the relative reactivity of T, SmC and C with osmium, Okamoto
et al. measured their half-lives upon reaction with potassium osmate and a modified
bipyridine ligand. It was found that T was most reactive with a half-life of 2.2 minutes,
then 5SmC (11.0 minutes) and finally C (365 minutes)."”” However, thymine can be

modified with complete selectivity if a bipyridine-tethered oligonucleotide is used.'*® By

tethering the ligand to a short complementary strand of DNA it was possible to selectively
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oxidise a single thymine that was located opposite to the tethered ligand, without
modifying any other base in the strand (including other T bases). One disadvantage of this
method was that the osmium reagents did not react uniformly with all thymines, as two
consecutive thymines in a strand of DNA were found to oxidise more quickly than an

isolated thymine."”’

1.3.4 — Cytosine

Identification of cytosine residues for the purpose of DNA sequencing was first examined
by Maxam and Gilbert in 1977.! They utilised a reaction of both cytosine and thymine
with hydrazine to cause strand cleavage at these residues. If sodium chloride was added to
the reaction solution, suppression of hydrazine’s reaction with T occurred and C locations
could be determined directly. However, the use of a high salt concentration had some
distinct disadvantages. When the DNA was isolated by ethanol precipitation it was
difficult to remove all of the salt, which resulted in anomalous electrophoretic mobility and
blurriness of the sequencing gel, which made analysis of the sequence more difficult.'”
The hydrazine reagent was also known to degrade over time causing incomplete
suppression of the modification of T even in high salt conditions. To overcome these
issues Rubin and co-workers developed the selective modification of C using hydrazine
acetate. This alternative source of hydrazine still exhibited excellent C cleavage, with only
a faint T background. The reagent itself was also much more stable and more easily
removed than hydrazine.'”® An additional method of cytosine modification, also developed
by Rubin, was the selective reaction of hydroxylamine hydrochloride with C residues at
pH 6. This reagent was known to add across the C5-C6 double bond, thus labilising the
ring to internal rearrangement and strand cleavage by piperidine (Figure 1 — 24).153

Similarly, methoxyamine has also been employed for the selective modification of

- 160
cytosine bases.
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Figure 1 — 24 — The proposed mechanism of reaction of cytosine with hydroxylamine.

The most common method for selective modification of cytosine is by using bisulfite.'®’
As previously discussed, this reaction converts cytosine residues to uracil via the
mechanism shown in Figure 1 — 13. This reaction is also known to cause conversion of
S5SmC to thymine and form cytosine-5-methylenesulfonate from reaction with hmC.
Furthermore, the reaction with SmC is much slower than with C so these bases can be
clearly distinguished by their difference in reactivity. The CMS adduct does not undergo
deamination to form thymine, therefore, C can be distinguished from hmC by this method.
It is, however, not possible to distinguish SmC and hmC from each other by this
approach.'?’ Despite the fact that cytosine sometimes suffers from incomplete conversion
to uracil, this is still the most widely used method for its selective chemical modification.
A modification of the standard bisulfite sequencing, using semi-carbazide (1.0 M) and
bisulfite (0.5 M), has also shown high levels of selectivity for cytosine modification in

both DNA and RNA (Figure 1 —25).'¢% 163
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Figure 1 — 25 — The reaction mechanism of cytosine with semicarbazide in the presence of
bisulfite."* 1%
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1.3.5 — 5-Methylcytosine

The main types of chemical reactions which have successfully been employed to target
5-methylcytosine are oxidation reactions which dihydroxylate the C5-C6 double bond.
However, with many of the conditions tested there has been competing reactivity with
thymine, which is also prone to oxidation at this position (see Chapter 1, section 1.3.3).
Initial attempts in 1987 to oxidise SmC preferentially with potassium permanganate

164 This meant that Fritzsche and co-

resulted in dihydroxylation of both 5SmC and thymine.
workers had established a chemical reaction that could successfully discriminate C from
5SmC but not SmC from T.

Okamoto et al. have carried out extensive investigations into the use of osmium for the

selective dihydroxylation of 5SmC.'®

Under the conditions developed by Okamoto for the
formation of osmate esters, a chemical reaction was observed with both 5mC and T.
However, a number of techniques have been optimised to overcome this selectivity issue.
In 2005, Okamoto first reported that by using potassium osmate (a much less intractable
source of osmium), combined with a re-oxidant potassium ferricyanide and bipyridine as a
rate-accelerating ligand it was possible to form an osmate ester of 5SmC.'* When ssDNA
containing a single SmC was treated with the osmium mix mentioned previously, heated at
90 °C in piperidine (to cause strand cleavage at sites of oxidative damage) and then
analysed using PAGE it was possible to observe strand cleavage at the location
corresponding to SmC (Figure 1 — 26, lane 2).'” When a similar reaction was carried out
on a strand containing a single C in the middle, negligible strand cleavage was observed.
Cleavage of the DNA was completely inhibited when dsDNA was tested under the same
conditions. It is thought that no reaction could have occurred in dsDNA because the

n-orbital of the C5-C6 double bond is protected from attack by the osmium, by the

stacking of the DNA duplex structure. However, if the strand employed a mismatched base
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pair opposite the site of methylation, creating a bulged DNA duplex, then
sequence-selective SmC oxidation still occurred (Figure 1 — 26, lane 6). The rate constants
for the dihydroxylation at the C and 5SmC bulged DNA duplexes were calculated to be
2.51 x 107 and 1.11 x 107% 5" respectively.'®’ This illustrated the strong electron donating

effect of the methyl group which accelerated the reaction of SmC to give the desired

selectivity.
Lane 1 2 3 4 5 6
ssDNA  dsDNA  bulge
—t— —— ——
N= C 5mC C 5mC C 5mC

N=5mCorC
ssDNA=  5'-%P- AAAAAAGNGAAAAAA -3'

dsDNA= 5'-P- AAAAAAGNGAAAAAA -3'
3-TTTTTTCNCTTTTTT-5'

bulge = 5'-3%p - AAAAAAGGAAAAAA -3
3- TTTTTTCCTTTTTT -5

Figure 1 — 26 — Sequences of the *’P-labeled DNA that have been subjected to oxidation
with osmium and then cleavage with hot piperidine. The polyacrylamide gel shows the
analysis of strand cleavage. Oxidative cleavage was observed for ssDNA and bulge DNA
that contained 5mC but not for dsDNA. No detectable cleavage bands were observed for C

containing DNA. This figure has been adapted from Okamoto et al. 2006.""

To try and improve the ease with which 5SmC can be detected, Okamoto and co-workers
developed methods of incorporating both fluorescent'™” '®* (Figure 1 — 27) and

1'% 1% (Figure 1 — 28) signal-sending units. These methods allowed the

electrochemica
detection of SmC directly on the strand, without the need for time-consuming cleavage

assays, and may be further optimised for the high-throughput detection of methylation.
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Figure 1 — 27 — lllustration of a fluorescent signal-sending unit which can be incorporated
into a complementary oligodeoxyribonucleotide strand (ODN) for the detection of SmC.
14) The left-hand-side highlights how cytosine does not form an osmate ester and
therefore does not quench the fluorescent tag attached to the complementary strand, the
right-hand-side shows how the SmC osmate ester complex quenches the fluorescence of
the attached tag. 1B) The fluorescence spectra for the ssDNA fragments upon
hybridisation to the ssDNA containing the fluorescent tag. The blue line illustrates the
spectra produced by the unhybridised fluorescent tag containing ssDNA (cODN(D)). The
green line corresponds to cODN(D) hybridised to the DNA strand containing C where no
fluorescent quenching was observed. The orange line represents when cODN(D)
hybridises to the DNA strand containing 5mC, again no fluorescent quenching is detected.
The purple line illustrates when cODN(D) hybridises to the DNA strand containing the
5mC osmate ester complex. Significant quenching of the fluorescence signal produced by
the fluorophore in the cODN(D) tag is detected. 1C) A fluorescent image of the cODN(D)
hybridised to the DNA strand containing C (left) and the cODN(D) hybridised to the DNA
strand containing the SmC osmate ester complex (right). Figure 14-1C have been adapted
from Tanaka et al. Bioorganic and Medicinal Chemistry, 2007.'%
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Figure 1 — 28 — lllustration of an electrochemical signal-sending unit which can be
incorporated into the bipyridine ligand for the detection of SmC. 1A4) lllustration of how a
short complementary strand of DNA (cODN-S) is used to hybridise and immobilise a
strand containing either C or 5SmC ODN(N) onto an electrode. 1B) The structure of the
osmate ester anthraquinone complex that is formed by SmC (Mos ag). 1C) The square wave
voltammetry signal that is produced by the DNA strand containing C (blue line), the DNA
strand containing un-modified SmC (orange line), the DNA strand containing the osmate
ester complex of SmC without the anthraquinone derivative attached (green line), all of
which do not produce an electrochemical signal. The DNA strand containing the S5mC
osmate ester anthraquinone complex (red line), however, exhibits a strong electrochemical
response. Figure 2A and 2B have been adapted from Tanaka et al. Journal of the
American Chemical Society, 2007."°

Okamoto’s work up to this point had been on model strands of DNA which did not contain
any competing thymines. In order to use this methodology on native DNA, which had all
bases present, a number of different ways were developed to modify the rate-accelerating
ligand, so that an osmate ester could only be formed at 5SmC (Figure 1 — 28). One approach
employed a tethered bipyridine ligand which was covalently attached to an adenine

170, 171 Thig tether

incorporated in a short oligonucleotide (known as the ICON probe).
meant the osmate ester could have only been formed at the base opposite to the modified
adenosine in its complementary strand. This methodology has been used to quantify the
methylation status of a tissue-specific differentially methylated region of the mouse

genome in four different tissue types — kidney, liver, spleen and testis.'’’ One disadvantage

of this procedure was that thymine bases adjacent to the probed SmC also exhibited
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oxidation using this tethered approach.172 Recent work by Okamoto has shown that hmC

173 therefore, further

can also be oxidised to form an osmate ester using an ICON probe,
work is needed before this approach can be utilised for the 100% selective modification

and detection of 5SmC. "'

DNA(N) 5'-3P- GGTGGGGGCAGNGCCTCACA -3

DNA’ 3'- CCACCCCCGTCBCGGAGTGT -5'
Lanes 1 2 3 4 5 6 7 8
N C 5mC C 5mC C 5mC C 5mC
K,0s0, - - + + - - + +
DNA’ - - - - + + + + N
¢
A
— N
- e P o " e - l
B
G+A
B
*---——..
- &
-
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Figure 1 —28 — Illustration of how the ICON probe (pale blue) is used for the selective
detection of SmC (red) in ssDNA, by the formation of an osmate ester inter-strand linkage
(green, blue and red). A) PAGE analysis of the formation of the osmate ester inter-strand
linkage. A new band appears on the gel, that has lower mobility and higher molecular
weight, that corresponds to the formation of an inter-strand link between DNA' strand and
the DNA (N) strand where N = 5mC. B) Illustrates the polyacrylamide gel, after treatment
of the modified DNA with hot piperidine — strand cleavage indicates the formation of the
inter-strand link between the modified adenine and the 5mC residue. This figure has been
adapted from Tanaka et al. 2007.'"°

In 2008, Carell and co-workers published a selective chemical reaction for the

modification and detection of 5SmC in DNA.'7*

As 5mC is known to have a slightly lower
redox potential than C and T this property was used to attempt to selectively target SmC.
Initially, a vanadium(V) species was employed to oxidise the C5-C6 double bond because

the redox potential of the metal reagent could be controlled by altering cluster size and

composition.'” A short strand of DNA was reacted with a variety of vanadium sources,
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treated with hot piperidine and then analysed by polyacrylamide gel electrophoresis.
Cleavage was observed with SmC but not with either T or C. However, the vanadium
species also carried out a direct electron abstraction of guanine leading to oxidative
cleavage at these positions in the strand. To try and prevent the direct electron abstraction
of G, and increase the efficiency of the electrophilic attack of 5SmC, Carell added lithium
bromide to the reaction. This was observed by Emmanuvel et al. to accelerate the
dihydroxylation reaction.'’® This was found to increase the selectivity for 5SmC four-fold.
After additional optimisation, conditions were found that were selective for SmC — NalO4
(1 mM), LiBr (4 mM), Na3PO, buffer (100 mM), pH 5, 40 °C 1 h. Analysis of the DNA
strand, using MALDI-TOF mass spectrometry, showed a signal for the reaction product
which corresponded to the bromo-hydroxylated C5-C6 bond of 5mC."™* This method was
used to identify two CpG methylation sites in a 40 base pair long fragment of the P16
promoter gene, which is a regulator of the invasive proliferation of basal cell carcinoma

cells (Figure 1 —29).""

NH,
)j/ 4 mM LiBr /K/K
J\ I mM NalO, )\ )\

N pH540"C " X= BrorOH

NH,

Strand Sequence - 5' GGTGCCACATTXGTAATAGCACCTCGCTAAGTGCTYGGAGT -Fluo-3'
B 1 2 3 4

1-X=CY=5mC

Position X _— - 2-X=CY=C
3-X=5mC,Y=C

4-X=5mC,Y=5mC

Position Y | =.*

Figure 1 — 29 — Selective modification of SmC by sodium periodate and lithium bromide.
A) The reaction intermediates for the selective modification of 5SmC by sodium periodate
and lithium bromide. B) PAGE analysis of a small section of the P16 promoter gene
(sequence shown) exhibiting strand cleavage at two sites of DNA methylation. This figure
has been adapted from Bareyt et al. 2008."”
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Nishimoto and co-workers have used a one-electron photooxidation protocol to selectively
react and cause oxidative strand cleavage at 5mC residues.'”” A strand containing a
2-methyl-1,4-napthaquinone (NQ) chromophore was hybridised to its complementary
DNA strand forming a duplex, where the NQ chromophore was opposite the methylation
site being probed. This complex was irradiated with light and the photoexcitation of the
NQ chromophore allowed one electron oxidation of SmC to its radical cation intermediate,
which underwent subsequent deprotonation and addition of oxygen resulting in strand
cleavage at 5SmC (Figure 1 — 30). Replacement of the 5SmC residue with C, T or A
exhibited no photooxidation. Slight photooxidation was observed with G but this was
significantly reduced by the close proximity of the NQ chromophore which caused rapid
charge recombination, suppressing strand cleavage. This procedure has been further
modified for the detection of this chemical reaction by fluorescence.'” This method of
detection was a significant improvement on the cleavage assay as it enabled 5mC’s

recognition down to the sub-femtomole level.

G NQ C ¢ . G NeC ¢ & NaC C
C smC 6 G T > ¢ smc’'G G -—POMERL € smCEHIG G

Charge Transfer
Rapid
Charge Recombination : — : Oxygen Addition
G N C C .. Producing Alkali Label
) Adducts

)

5mC (G G

Figure 1 — 30 — A proposed photochemical reaction mechanism for exclusive DNA strand
cleavage at SmC using an NQ chromophore. The dsDNA was irradiated with light
oxidising 5mC to its radical cation intermediate which subsequently underwent
deprotonation and oxidation. This produced a 5mC adduct which was susceptible to alkali
strand cleavage by piperidine. When the radical cation was formed at 5mC, it was possible
for it to transfer to the neighbouring guanine bases, producing G radical cations (blue).
These moieties do not, however, undergo strand cleavage because the close proximity of
the NQ chromophore facilitates rapid charge recombination. This figure has been adapted
from Tanabe et al. 2007."”
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1.3.6 — 5-Hydroxymethylcytosine

There has been a great deal of interest in methods to chemical modify hmC in order to aid
its detection in vivo. These can be split into two major strategies: 1) targeting of the
product of the bisulfite modification of hmC — cytosine-5-methylenesulfonate (CMS) and
2) the use of enzymes for the incorporation of various functional groups at the free
hydroxyl of hmC.

As discussed previously (see Chapter 1, section 1.2.2), when hmC is treated under the
bisufite modification conditions it produces CMS. This adduct is very stable and
deaminates to thymine very slowly.'” CMS can be targeted by an anti-CMS antibody and
this can be used to detect the location of hmC."'" '** This procedure involved initial
bisulfite modification of the DNA strand, treatment with the anti-CMS antibody, PCR
amplification and then sequencing. This procedure has been used for genome wide

mapping of hmC'> and for investigating hmC’s link to myeloid cancers.'*

It is possible to use an enzyme, B-glucosyltransferase, to covalently attach a glucose
moiety to the free hydroxyl of hmC. At present, there are no other free hydroxyl’s known
to be found in DNA, therefore, this modification would be entirely selective for hmC. A
number of researchers have investigated a variety of ways of detecting the attached sugar

' or by modifying it in some way to make its detection easier.'* '* For direct

directly
detection of the sugar, when it has been attached to hmC, Robertson et al. used J-binding
protein 1 which was coupled to magnetic beads.'” This protein bound glycosylated hmC,
allowing its detection on either a single gene, by real-time PCR, or for genome-wide
analysis, by microarrays or sequencing techniques. In order to attach additional
functionality, to aid the detection of hmC, a chemically modified sugar can be directly

incorporated onto the free hydroxyl by B-glucosyltransferase. This was the approach

employed by Song and co-workers, where a modified sugar (6-N3-glucose) containing an
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additional azide group was incorporated and then further functionalised with biotin using
click chemistry.'”” Biotin was chosen in this case because it can be used for high-affinity
capture and/or enrichment of hmC-containing DNA allowing for sensitive detection and
deep sequencing to reveal the location of hmC residues. Furthermore, a variety of different
functionalities could be incorporated using click-chemistry making this an extremely
versatile approach.'”’ An additional hmC-detection strategy was developed by Pastor,
where an unmodified glucose moiety was attached to hmC and further derivatised when
connected to the DNA strand. After attachment of the glucose moiety its vicinal hydroxyls
were oxidised to aldehydes and then reacted with an aldehyde-reactive probe, which
incorporated two biotin molecules for every hmC. This technique was also employed

towards the genome-wide mapping of hmC. '**

A recent publication, by Klimasauskas, demonstrated how 5-methyltransferases
(C5-MTases) could be used to add exogenous aliphatic aldehydes (e.g. formaldehyde) to
cytosine.'™ This prompted further investigation to see if C5-MTases could be used to
incorporate additional functional groups onto other bases. It was found that when DNA
duplexes, containing hmC, were treated with C5-MTases in the presence of a millimolar
concentration of exogenous thiol (such as 2-mercaptoethanol, cysteamine and L-cysteine) a
new product was observed.'®' ESI-MS and UV analysis showed that the thiol group had
replaced the hydroxyl of hmC and was directly attached to the nucleoside. Similar
reactivity was observed with selenols but less reagent was required for the modification to
occur. The mechanism proposed by KlimaSauskas and co-workers is detailed in
Figure 1 —31.""" Due to the variety of co-factors which can be incorporated by the C5-
MTases under mild and selective conditions, this approach could be widely used for the

base-specific labelling and derivatization of DNA.
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Figure 1 — 31 — The proposed mechanism for the nucleophilic condensation of cysteamine
onto hmC by C5-MTase. The reaction was thought to proceed by either route A or B. Both
routes involved the initial formation of a covalent enamine intermediate (CEI), by attack of
the C6 bound sulfur atom of a cysteine residue in the C5-MTase active site. Route A then
proceeded by an acid-assisted dehydration of the 5-hydroxymethyl functionality giving a
highly active 5-methylene intermediate (AMI). Route B employed an intramolecular attack
onto the protonated 5-hydroxymethyl group, by the enzyme-borne C6-bound sulfur atom,
producing the bicyclic sulfonium intermediate (CSI). Addition/attack of the cysteamine
nucleophile provided the product (attack of water would have promoted the reverse
reaction returning hmC). This figure has been adapted from Liutkeviciité et al. 2011."%

The information highlighted in this introduction reviews the achievements in DNA
sequencing, to identify the canonical bases (C, T, A and G) as well as the epigenetically
modified bases SmC and hmC, by both chemical and other means to date. The work
portrayed in this thesis initially describes the use of nanopore techniques to identify all six
bases (Chapter 2). It then moves on to discuss possible methods of selective chemical

modification and detection of the modified bases (Chapters 3-6).
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Six-Nucleobase Discrimination by the a-Hemolysin

Protein Nanopore
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Chapter 2 — Six-Nucleobase Discrimination by the a-Hemolysin

Protein Nanopore

Declaration
The work in this chapter is also described in the manuscript:

Wallace, E. V. B., Stoddart D., Heron, A. J., Mikhailova, E., Maglia, G., Donohoe, T. J.,
and Bayley, H., Identification of epigenetic DNA modifications with a protein nanopore,

Chemical Communications 2010, 46 (43), 8195-8197.
2.1 — Introduction

In 1999, Deamer et al. published a paper detailing how it was possible to distinguish RNA
homopolymers (poly(A) and poly(C)) from each other by comparing the percentage
channel block produced by each oligonucleotide, as it translocated through the pore.'*
Subsequently, work by Branton and co-workers demonstrated that similar discrimination
was achievable between DNA homopolymers.*® Deamer and co-workers were also able to
distinguish the transition between poly(A) and poly(C) regions of a single RNA molecule
of pOIYA30C70.182 However, as poly(C) formed a helical structure small enough to
translocate through the pore, whereas, poly(A)’s helix required unwinding before
translocation was possible, this observable transition was attributed to differences in the
secondary structure of poly(A) compared to poly(C) not the structure of the individual

49, 182
nucleobases themselves,.

Deamer and Branton were unable to obtain single
nucleotide discrimination because both DNA and RNA strands translocated too fast
through the pore for accurate detection (3.3 ps/base for poly(dA);p and 1.2 ps/base for

poly(dC)00).*® 1t is also important to consider that, owing to the current limitation of patch

clamp amplifiers, it is not possible to resolve individual nucleotides travelling at these
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rates because it pushes the required detector bandwidth into the MHz region which,

. . 25.1
therefore, precludes the measurement of pico-ampere steps in ion current.”> '

A number of environmental factors have been investigated for their ability to slow the
translocation rate and increase the residence time of DNA inside nanopores e.g. viscosity

84

and temperature.48’ Another approach for overcoming the limitations of single

nucleobase discrimination has been the employment of enzymes, such as DNA

53:5% and exonucleases, for the control of DNA translocation. Work carried out

polymerases
in the groups of Ghadiri and Akeson has shown that DNA polymerases, coupled with aHL,
can be used to control the incorporation of single nucleoside monophosphates into growing
DNA strands.”® ** Oxford Nanopore Technologies have also demonstrated that single
nucleoside monophosphates, of C, T, A, G and the epigenetic modification SmC, can be
distinguished from each other, under asymmetric salt conditions, by using an engineered
oHL mutant with a covalently attached cyclodextrin adaptamer.®® This would mean that if
a DNA exonuclease could be effectively employed, in tandem with aHL, then it would be
possible to distinguish each DNA nucleobase by exonuclease-sequencing strategies.
However, a great deal of optimisation would still be required before either technique could
be scaled up for direct DNA sequencing.

Several groups have employed immobilisation techniques such as 5' or 3'-terminal

hairpin,”** ® a short complementary dsDNA region attached to the 5' or 3' end of a

52-55 52, 53, 55-61, 65

ssDNA oligonucleotide or a biotinestreptavidin complex, in an effort to
establish whether aHL can discriminate between individual DNA nucleobases. The main
advantage of immobilising DNA in this way, is that it dramatically increases the residence
time of each nucleobase in the pore (e.g. >100 ms), therefore, increasing the signal to noise

ratio.”” ** > Immobilisation of DNA in the aHL pore also provided a model system which
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mimicked the pauses between enzymatic nucleobase additions in the two potential

sequencing strategies described previously.

Bayley and co-workers have successfully utilised the biotinestreptavidin complex for
immobilisation of DNA in nucleobase discrimination experiments.””®' Stoddart et al.
investigated the nucleobase discriminating abilities of the E111N/K147N (NN) mutant of
oHL where the Glu-111 and Lys-147 residues at the constriction site were mutated to
asparagines. These mutations were made in the hope that they would result in increased
current flow through the pore, when DNA was present, subsequently producing greater
dispersion of residual current values. By sequentially moving a single adenine residue (in
an otherwise poly(dC)4 background) from positions 7-21 Stoddart ez al. established that
both the NN and the wild-type (WT) aHL pores have three distinct recognition points — Ry,
R, and R; (Figure 2 — 1A).” Recognition sites R, and R were capable of discriminating C,
T A and G (in a poly(dC)4o homopolymeric background) in the NN mutant but only R,
was able to fully distinguish the nucleobases in the WT.> The NN mutant was also shown
to fully discriminate the canonical nucleobases in a heteropolymeric DNA strand sequence

(Figure 2 — 1B).

A B
80 1
] A
60 T
z
" c
, 5 £} .
cis entrance 3
. 20
vestibule 1
constriction "R 0 FFE—— 3

& i 35 36 37 38 39

B barrel A e___ " Residual Current (%)
trans entrance o J 33 - 5'- ACTACCTAGTTTACGTAATCCATCTGCACAATGCAGCATT Btn - 3'
5'- ACTACCTAGTTTACGTAATCCATCTGTACAATGCAGCATT Btn - 3'
5'- ACTACCTAGTTTACGTAATCCATCTGAACAATGCAGCATT Btn - 3'

5'- ACTACCTAGTTTACGTAATCCATCTGGACAATGCAGCATT Btn - 3'

Figure 2 — 1 — Immobilisation of ssDNA in the NN mutant of oHL illustrating nucleobase
discrimination at R, when probed with a heteropolymeric strand sequence. A) ssDNA
(blue circles) was immobilised in the aHL pore by the use of a 3' biotin (yellow
circles)estreptavidin (red) complex. The location of the three recognition points R; (which

recognises positions 8-11 relative to the 3' biotin-TEG), R, (which recognises positions
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13-15 relative to the 3' biotin-TEG) and R; (which recognises positions 16-20 relative to
the 3' biotin-TEG) are indicated by red dotted lines. Figure adapted from Stoddart et al.,
2010.%" B) Histogram of the residual current levels for the E11IN/K147N mutant of oHL
probed with four heteropolymeric oligonucleotides that differ at only one position in their
DNA sequence (pink bold). Figure adapted from Stoddart et al., 2009.”

To further improve oHL’s nucleobase recognition it was necessary to preferentially
enhance nucleobase discrimination at one recognition site and remove all others.*”® Site-
directed mutagenesis has proven to be an effective strategy for altering nucleobase

3961 The residues 113, 117 and 147 comprise the amino acids located at the

recognition.
central constriction of aHL. To investigate how the chemical properties of the amino acids
effect recognition, 16 different E111N/K147N/M113X (NNX) mutant homoheptameric
pores were probed with poly(dC)s oligonucleotides which had single nucleobase
substitutions at recognition point R; (position 9 relative to the 3' biotin-TEG tag).60 There
were six different mutants (NNV, NNL, NNI, NNR, NNW and NNY) that could fully
discriminate C, T, A and G. The oaHL mutants which had the methionine residue at
position 113 altered to a hydrophobic amino acid (valine, leucine and isoleucine), that
were also capable of discriminating all four nucleobases, had bulky side-chains which
could potentially provide a steric barrier to the flow of ions and interact with the DNA
nucleobases by the formation of van der Waals bonds. The mutants containing aromatic
amino acids at position 113 (tyrosine and tryptophan), capable of four nucleobase
discrimination, also had bulky side groups but were thought to interact with the
nucleobases primarily by hydrogen bonding and m-stacking interactions. Finally, it was
proposed that the mutant containing a charged arginine residues at 113 interacted with
DNA via hydrogen bonding and cation-n interactions. Moreover, by mutation of the 113
amino acid to a glycine, a residue which has no side-chain, it was possible to completely

remove all recognition at R;. Although the exact methods by which nucleobase

discrimination occurred was not fully understood, this work proved that it was possible to
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both enhance and eliminate recognition by site-directed mutagenesis.®” The work that has
so far been discussed has concentrated on discrimination of the canonical nucleobases C,
T, A and G. The following sections describe how the biotinestreptavidin immobilisation
approach was used to investigate whether it was possible to discriminate the epigenetic
modifications 5-methylcytosoine and 5-hydroxymethylcytosine, as well as the standard

nucleobases, by site-directed mutagenesis of aHL.

2.2 — Results and Discussion

2.2.1 — Probing Recognition Site R, with Poly(dC)Nu4 Oligonucleotides for

Six-Nucleobase Discrimination

When the recognition points of the NN mutant were first probed for four-nucleobase
discrimination, by Stoddart et al., R, produced the greatest overall spread of block levels
(AIRESOVERALL =27 £ 0.1%, AIRESOVERALL is defined as the difference between the two
most widely dispersed Irgs block levels) of all three recognition sites (R; did not show full

discrimination and Rj Alrgs”" "

= 1.2 £ 0.0%).” It was for this reason that this
recognition site, in the NN mutant, was initially employed for the identification of the
additional epigenetically modified nucleobases (SmC and hmC). Homopolymeric ssDNA,
with single-nucleobase substitutions at position 14 relative to the 3' biotin-TEG
(poly(dC)N(14) where N = C, T, A, G, SmC or hmC), were incubated at room temperature
with streptavidin and sequentially added to the cis compartment (see Chapter 7, section
7.3.4). By utilising the episodic simulation mode in the pClamp software (version 10.1,
Molecular Devices), the Digidata 1440A digitizer (Molecular devices) was used to apply
repeated voltage steps that drove the single stranded DNA-biotinestreptavidin complexes
into the pore (applied potential of +160 mV in the frans side relative to the cis) and then

expelled them (—140 mV in the trans side relative to the cis). The capture of the

DNA-biotinestreptavidin, by the pore, resulted in a step-wise decrease in the open pore
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current (Ip) to a new block level (Ig). Another parameter that was used to describe the
amount of current flowing through the pore, when blocked with DNA, was the Irgs which
was defined as the residual current flowing through the pore expressed as a percentage of
the open pore current (Iggs = (Ig / Ip) * 100). Nucleobase discrimination by the NN mutant
(protein prepared by E. Mikhailova) was investigated at +160 mV in 1 M KCl, 25 mM
Tris, 100 uM EDTA, pH 8.0 (the conditions for all electrical recording experiments
conducted unless otherwise stated). Under these conditions, it was possible to discriminate
S5SmC from C but hmC and C produced identical block levels (Figure 2 — 2). Another
mutant the E111N/K147N/M113G/T115G/N123Y (NNGGY, protein prepared by E.
Mikhailova), that had been designed to improve discrimination at R, and remove it at R,
(initial experiments carried out by D. Stoddart, un-published results), was probed for

OVERALL {han the NN mutant

six-nucleobase discrimination. This mutant had a larger Alggs
(AIRESOVERALL=4.1 + 0.1% (n = 3) compared to the NN’s AIRESOVERALLZ 34+ 0.2%
(n=4)) but still produced similar nucleobase discrimination between C and its epigenetic
modifications SmC and hmC. In the NNGGY mutant the Alrgs between C and SmC was
slightly ~ smaller  (Alrgs SmC=-0.2+0.0%) than in the NN  mutant

(Alrgs SmC = —0.5 £ 0.0%), despite its greater AIRESOVERALL_ Therefore, full discrimination

was not obtained using either the NN or the NNGGY mutants.
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Figure 2 — 2 — Nucleobase discrimination abilities of the NN and NNGGY pores when
probed with poly(dC)N 4 oligonucleotides with a single substituted nucleobase (N = C, T,
A, G, 5mC or hmC) at position 14 relative to the 3' biotin-TEG.

Entry Io Ires Ings | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alges Alggs
@A) | poly | hmC | hmC | 5mC | 5smC| T | T% | A |A% | G | G% | OVERALE
dOuo | PA) | % | A % | (PA) (pA) (pA) %
(pA)

1 166 | 375 | 375 ] 0.0 | 370 0.5 | 38.7 1.2 | 39.1 1.7 1402 | 28 33

2 165 ] 377 | 37.7 ] 0.0 | 372 ] 0.5 | 38.9 1.2 ]394 1.7 1406 | 29 34

3 169 | 36.7 | 36.7] 0.0 | 362 ] 0.5 ] 38.0 1.3 38.4 1.7 13991 32 3.6

4 162 | 37.7 | 37.7 ] 0.0 | 37.3 | —0.5 | 39.0 1.2 | 394 1.7 1406 | 2.8 33

Mean | 166 | 374 | 374 ] 0.0 | 369 ] —0.5 | 38.6 1.2 | 39.1 1.7 1403 ] 29 34

SD 3 0.5 0.5 0.0 0.5 0.0 0.4 0.1 0.5 0.0 0.3 0.2 0.2

Table 2 — 2A — Residual current data for the NN mutant of oL probed with poly(dC)N 4
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 14 relative to the 3' biotin-TEG (n = 4). The Ip and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)yy and the poly(dC)-T 4 levels (Alres T = Iges T — Igres C). The
AIRESOVERALL is the difference in residual current levels between the two most distant
residual current levels (in this case AIRESOVERALL = Irgs G — Irgs SmC). The * indicates the
experiment which corresponds to the histogram in Figure 2 — 24 for the NN mutant.

Entry Io Ires Ings | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres Alggs
(pA) | poly |hmC | hmC |5mC|5mC| T | T% | A | A% | G | G% | OVERALE
dOu | A | % | (A | % | (PA) (pA) (pA) %
(pA)

1 171 1 39.1 |139.1] 00 389 -02]1409] 1.8 |43.0] 39 |414] 23 4.1

2 1751 390 ] 390] 00 387 -03]1407] 1.8 |429]| 39 |411] 22 4.2

3 173 | 387 | 387 ] 00 | 384 | -03 ]405] 1.8 J]424 | 3.7 1409 ] 2.3 4.0

Mean | 173 | 389 | 389 ] 00 | 387 ]| -02]1407] 1.8 |427] 38 |412] 23 4.1

SD 2 0.2 0.2 0.0 0.2 0.0 0.2 0.0 0.3 0.1 0.2 0.1 0.1

Table 2 — 2B — Residual current data for the NNGGY mutant of oHL probed with
poly(dC)N 14 oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC
or hmC) at position 14 relative to the 3' biotin-TEG (n = 3). The 1o and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
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individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)sy and the poly(dC)-Tyy levels (Alpes T = Ires T — Izes C). The *
indicates the experiment which corresponds to the histogram in Figure 2 — 2B for the
NNGGY mutant.

2.2.2 - Probing Recognition Site R; with Poly(dC)Ny, Oligonucleotides for

Six-Nucleobase Discrimination

Stoddart et al. had determined that out of the 16 EITIN/KI147N/M113X mutants
investigated, only six could fully discriminate C, T, A and G.* The mutants that did
discriminate the nucleobases had hydrophobic (NNV, NNL and NNI), basic (NNR) or
aromatic (NNW and NNY) amino acids substituted at position 113 in the NNX mutants.

All six mutants were probed for discrimination of the six DNA nucleobases.

The hydrophobic mutants NNV, NNL and NNI were initially tested for full discrimination
of the nucleobases (NNV, NNL and NNI proteins were prepared by E. Mikhailova)
(Figure 2 — 3). All three mutants produced the same order of increasing block level —
A>G > hmC/5mC > C > T. However, the AIRESOVERALL for these mutants gradually
decreased in the order NNI (Alggs® ™™ = 2.0 + 0.1% (n = 4) > NNV
(Alges®VFRA =15 £0.1% (n = 3)) > NNL (Alggs® ™ = 1.3 + 0.1% (n = 4)), which
resulted in poor nucleobase discrimination. NNI exhibited the best DNA nucleobase
identification as only the signals from SmC and hmC overlaid in this case. For NNL and
NNV the block level associated with G was also the same as that produced by 5SmC and
hmC. The nucleobase discrimination of these mutants did not directly correlate with the
size of the amino acid mutation made at position 113 (volume of I and L
at 113=166.7 A>, whereas the volume of Vat113=140.0 A’.°° Therefore,
discrimination of the nucleobases was not purely governed by sterics, hence, the
hydrophobic interactions could perhaps have played a key role in identification in these

cascs.
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A NNI Mutant B NNV Mutant C NNL Mutant
G G
5mC 5mC 5mC
) hmC hmC 30 hmcC
601 30 cr
“ ] C wn 20
£ 407 2 90 = A
= ] c T 5
3 ] 3 A S 190
O 207 J 10 v
0lamanl, ' 01== . r . . ,
33 34 35 36 37 36 37 38 39 35 36 37 38
Residual Current (%) Residual Current (%) Residual Current (%)
5'- C29CCCCCCCCCCCNCCCCS Bn - 3' 5'- C20CCCCCCCCCCCNCCECS Btn - 3 5'- C20CCCCCCCCCCCNCCCCs Btn - 31
10=188 + 2pA lo=195 + 2pA 10=173 + 1pA
Oligo] A G s5mC | hmC C T Oligo A G 5mC hmC C T Oligo| A G s5mC | hmC C T
IRES 34.2 349 35.4 354 35.9 36.3 IRER 371 37.8 37.8 37.8 383 38.6 IRES 35.9 36.4 36.4 36.4 36.8 37.2
(%) | +0.1 0.1 +0.1 01| 201 | t0. (%) 0.1 0.1 0.1 01| 01| 0.1 (9%) | +0.1 +0.2 0.2 +02 | +0.1 | £0.2

Figure 2 — 3 — Nucleobase discrimination abilities of the NNI, NNV and NNL aHL pores
when probed with poly(dC)Ny) oligonucleotides with a single substituted nucleobase
(N=C, T, A4, G, 5mC or hmC) at position 9 relative to the 3' biotin-TEG.

Entry Io Ires Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres Alggs
@A) | poly | hmC | hmC | 5mC | 5mC| T | T% | A | A% | G | G% | OVERALE
O | PAY | % | (A | % | (PA) (pA) (pA) %o
(pA)

1" 188 | 359 | 354 | 05 ] 354 ] 05 ] 363 04 342 ] -1.7 1349 | -1.0 2.1

2 181 | 329 | 324 | 05 | 324 | 0.5 ] 333 04 |313]-16]319] -1.0 2.0

3 188 | 357 | 353 ] 04 |353 ] 04 ]1359] 02 ]340 -1.7 | 347 | -1.0 1.9

4 187 | 36.1 | 356 ] -0.5 1356 | 0.5 ] 364 | 0.3 343 | -1.8 | 351 | -1.0 2.1

Mean | 186 | 352 | 347 ]| -05 1347 | 05 ]1355] 03 335 -1.7 1341 ] -1.0 2.0

SD 3 1.5 1.5 0.0 1.5 0.0 1.5 0.1 1.4 0.1 1.5 0.0 0.1

Table 2 — 34 — Residual current data for the NNI mutant of oaHL probed with poly(dC)N
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 9 relative to the 3' biotin-TEG (n = 4). The Ip and Irgs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)y and the poly(dC)-Tyy) levels (Alges T = Iges T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 34 for the NNI
mutant.

Entry IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES
(pA) | poly |hmC | hmC |5mC|5mC| T | T% | A | A% | G | G% | OVERALE
dOp | A ] % |A] % | A (pA) (pA) %
(pA)

1 189 | 388 | 383 ] 0571383 ] -05]1391] 03 |376] —-12]383] —-0.5 1.5

2 191 | 362 | 357 -05]1357] -05]365] 04 |350] —-1.1 357 -0.5 1.5

37 195 | 383 | 378 | -05 1378 | -05 386 03 |37.1| 1.1 |37.8] —0.5 1.4
Mean | 192 | 377 | 372 | 051372 ] 05381 03 |36.6] 12 |372] 0.5 1.5

SD 3 1.4 1.4 0.0 1.4 0.0 1.4 0.0 1.4 0.0 1.4 0.0 0.0

Table 2 — 3B — Residual current data for the NNV mutant of oL probed with poly(dC)N
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 9 relative to the 3' biotin-TEG (n = 3). The o and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current

80




Chapter 2

between the poly(dC)y and the poly(dC)-Tyy) levels (Algps T = Iges T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 3B for the NNV
mutant.

Entry Io Ires Ires | Alges Ires | Alges Ires | Alges Ires | Alges Ires Alggs Alggs
@A) | poly | hmC | hmC | 5mC | 5mC| T | T% | A |A% | G | G% | OVERALE
O | PAY | % | ®A) | % | (PA) (pA) (pA) %
(pA)

1 172 ] 345 | 340 ] 05 ]340 ] 051349 | 04 | 334 ] 1.1 ]34.0] 0.5 1.5

2" 173 ] 368 | 364 ]| 04 ]364 ]| 04 ]372] 03 |359] 09 |364] 04 1.2

3 178 | 335 | 33.0 ] -05 ]330 05 ]338] 03 324 | -1.1 | 33.0 ] 0.5 1.4

4 182 | 360 | 355 ] 0.5 ] 355 ] —0.5 | 36.3 0.3 350 ] 09 | 355 ] —0.5 1.2

Mean | 176 | 352 | 347 ] 05 ]347 ] -05]355] 03 342 | -1.0 | 347 ] 0.5 1.3

SD 5 1.5 1.5 | 0.0 1.5 | —0.0 1.5 0.1 1.6 | —0.1 1.5 | 0.0 0.1

Table 2 — 3C — Residual current data for the NNL mutant of oaHL probed with poly(dC)N v,
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 9 relative to the 3' biotin-TEG (n = 4). The lp and Irgs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)s and the poly(dC)-Tyy) levels (Alges T = Iges T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 3C for the NNL
mutant.

The basic (NNR) and aromatic (NNW and NNY) residue containing mutants of aHL were
also probed for six-nucleobase discrimination (NNR, NNW and NNY proteins were
prepared by E. Mikhailova). These amino acids can form multiple types of interaction with
the DNA nucleobases e.g. hydrogen bonds and m-cation interactions with NNR and
hydrogen bonding and =m-stacking interactions with NNW and NNY. These additional
interactions, which are generally stronger than transitory van der Waals forces, could allow

improved discrimination in comparison with NNI, NNV and NNL.

When the NNR mutant was probed with poly(dC)N) oligonucleotides, the additional
charged residue inside the pore caused this mutant to exhibit superior ssDNA capture, in
comparison to the other mutants tested. Like the hydrophobic residues the arginine mutant
was unable to differentiate the epigenetic modifications SmC and hmC from each other but
it produced a different overall order of increased current block level

(G>T>A>5mC/hmC > C) (Figure 2 — 4). The tyrosine and tryptophan mutants were,
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however, both able to clearly distinguish cytosine from each of its epigenetically modified
nucleobases (Figure 2 — 4). This would allow either mutant to be used in a detection assay
for discrimination of SmC, hmC and C only. However, full six-nucleobase discrimination
was not obtained for NNY because G and 5SmC exhibited identical block levels, as did A
and hmC. The NNW mutant should have produced six distinct block levels because it had
previously been shown to discriminate C, T, A and G fully and in this case 5SmC and
hmC’s block levels did not directly overlap with any of these signals.®® Unfortunately,
when all six oligonucleotides were present in the same experiments, the block levels for G,
A, 5mC and hmC all had Irgs values which were within ~0.3% of each other. This meant
that under these conditions the block levels of A and G were observed to overlap. Probing

all six R; mutants with poly(dC)N9) oligonucleotides did not produced six distinct current

signals.
A NNR Mutant B NNW Mutant C NNY Mutant
5mC ASmC 5mC hmC
60 hmC G T
C C
401 1 [[lhmc 60 1 G A
a
E c 40
520 3
S o 20
0 i : 0 . | - 0 E e e S S S T T S
13 14 15 16 17 24 25 26 27 28 25 26 27 28 29 30
Residual Current (%) Residual Current (%) Residual Current (%)
5'- C9CCCCCCCCCCONCCCCs Btn - 31 5'- C20CCCCCCCCCCCNCCCCs Btn - 3' 5'- C0CCCCCCCCCCONCCCCs Btn - 3'
10=207 + 1pA 10=180 + 2pA l0=173 + 3pA
Oligo] G T A smC | hmC C Oligo| T A G s5mC | hmC C Oligo| T 5mC G hmC A C
Ig{s 134 143 14.7 149 149 | 156 |ngg 25.0 25.7 25.7 26.1 264 | 27.9 IRES 26.2 27.2 27.2 276 | 276 | 290
%9 | £0.1 0.2 +0.1 01 [ 07| £0 9 | +0.1 0.1 +0.1 +0.1 | £0.1 | +0.1 %) | £0.1 0.1 0.1 02|02 t0.1

Figure 2 — 4 — Nucleobase discrimination abilities of the NNR, NNW and NNY aHL pores
when probed with poly(dC)Ny) oligonucleotides with a single substituted nucleobase
(N=C, T, A, G, 5mC or hmC) at position 9 relative to the 3' biotin-TEG.
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Entry | Io Ings | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Alggs
(pA) | poly |hmC | hmC |5SmC|5mC| T | T% | A | A% | G | G% | OVERALE
O | A | % | GA ] % | (A (pA) (pA) %
(pA)

1 215 | 155 | 148 08 ]| 148 ]| 08 | 143 | -12 148 08 | 132 ] 23 23

2 218 | 157 | 149 ] 08 1149 08 | 144 | -13 |147] -1.0 134 ] 23 23

3 207 | 156 | 149 ] 0.7 ] 149 ] 0.7 | 143 | -13 | 147] -09 | 134 ] 2.2 2.2

Mean | 213 | 156 | 149 ]| 08 1149 ] 08 | 143 ] -13]147] -09 | 133 ]| 23 23

SD 6 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.0

Table 2 — 44 — Residual current data for the NNR mutant of al{L probed with poly(dC)Ny,
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 9 relative to the 3' biotin-TEG (n = 3). The lp and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alrgs T, for example, is the difference in residual current
between the poly(dC)y and the poly(dC)-Tyw) levels (Alrps T = Ires T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 44 for the NNR
mutant.

Entry Io Ires Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres Alggs
(A) | poly | hmC | hmC | 5mC [ 5mC | T [ T% | A | A% | G | G% | OVERALE
Oy | A | % | ®A) | % | (PA) (pA) (pA) %o
(pA)
1 172 28.0 264 | -15 1262 | —-1.8 | 251 | 29 | 257 | 22 | 257 | 2.2 2.9
2 175 27.9 263 | -1.6 | 260 | -19 | 250 | 2.8 | 25.8 | —2.1 | 25.8 | 2.1 2.8
3 179 27.5 26.0 | -1.5 ] 258 | 1.7 1246 | 29 |256 ]| —-19 ]256 | —-1.9 2.9
4" 180 27.9 264 | -15 1261 | —-19 250 | 29 | 257 | 22257 ]| 22 2.9
Mean | 177 27.8 263 | -1.5 1260 -1.8 250 | 29 | 257 | 21| 257 | 2.1 2.9
SD 4 0.2 0.2 0.0 0.1 0.1 0.2 0.0 0.1 0.2 0.1 0.2 0.0

Table 2 — 4B — Residual current data for the NNW mutant of oHL probed with
poly(dC)Ny, oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC
or hmC) at position 9 relative to the 3' biotin-TEG (n = 4). The 1o and Ixgs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)y and the poly(dC)-Tyy) levels (Algps T = Iges T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 4B for the
NNW mutant.

Entry Io Trgs Irgs | Alges | Ires | Alres | Ires | Alres | Tres | Alres | Tres | Algres Alggs
(pA) | poly |hmC | hmC |5mC|5mC| T | T% | A | A% | G | G% | OVERALE
Oy | PA) | % | (A | % | (PA) (pA) (pA) %
(pA)

1" 173 1 29.0 | 276 ] -14 1272 | -19|262 ]| 28 |276]|-14]272] -19 2.8

2 169 | 313 | 298] -1.6 1292 | 2.1 | 284 | 29 ]298 | -1.6 1292 ] 2.1 2.9

3 172 ] 316 | 301 ) -14 1295 | 2.1 | 295 2.1 ] 30.1 | -1.4 ]295] 2.1 2.1

Mean | 171 | 306 | 292 | -1.5]28.6 | 2.0 | 28.0 | 2.6 | 29.2 | -1.5 | 28.6 | —2.0 2.6

SD 2 1.4 1.4 0.1 1.3 0.1 1.7 0.5 1.4 0.1 1.3 0.1 0.5

Table 2 — 4C — Residual current data for the NNY mutant of aHL probed with poly(dC)Ny,
oligonucleotides with a single substituted nucleobase (N = C, T, A, G, 5mC or hmC) at
position 9 relative to the 3' biotin-TEG (n = 3). The lop and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
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between the poly(dC)y and the poly(dC)-Tyy) levels (Algps T = Iges T — Iges C). The #
indicates the experiment which corresponds to the histogram in Figure 2 — 4C for the NNY
mutant.

2.2.3 — Probing Recognition Sites R; and R; with CpG Oligonucleotides for
Six-Nucleobase Discrimination

Owing to the fact that both epigenetic modifications occur largely at CpG sites (see

Chapter 1, section 1.2),% 1%

additional oligonucleotide sequences that contained a guanine
next to the site that was being probed (poly(dC)N9)G) and poly(dC)N(14yGq3) where

N=C, T, A, G, 5mC or hmC) were investigated, as a more relevant sequencing

background.

Probing of the NN and NNGGY mutants showed some slight differences in discrimination
and overall distribution of the block levels for the poly(dC)N14)G(13) oligonucleotides. In
the case of the NN mutant, improved discrimination between C and 5SmC was observed
(Alrgs SmC =-0.8 £ 0.1% for the poly(dC)N14G13) compared with
Alggs SmC = —0.5 + 0.0% for the poly(dC)N(i4) see Table 2 — 2A and 2 — 5A) and a greater
Alrgs”V* A was measured (Alres”” M =4.1£0.1% (n = 8) for the poly(dC)Nu4Gs)
compared with Algps® R =3 4 1+ 0.2% (n = 4) for the poly(dC)N14) see Table 2 — 2A
and 2 — 5A). However, the block levels for C and hmC were still observed to directly
overlap and six-nucleobase discrimination was not obtained (Figure 2 —5A). Poor
discrimination was observed with the NNGGY mutant when probed with the
poly(dC)N14Gq3) oligonucleotides. hmC’s residual current level no longer directly
overlapped with C, it instead coincided with SmC and the signals produced by G and T
were now also identical (Figure 2 — 5B). Therefore, probing recognition point R, with
both poly(dC)N4) and poly(dC)N4Gqs) oligonucleotides, did not result in full

discrimination of the six DNA nucleobases.
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Counts

NN Mutant
C
80 hmC
60 5mC
T
40
20

38

A
G
. "JJ—]IH
40 42

Residual Current (%)
5' - Co9CCCCCCNGCCCCCCCCs Btn - 3'

B

NNGGY Mutant
5mC
hmC G
T
C

39 40 41 42 43 44 45
Residual Current (%)
5'- C30CCCCCCNGCCCCCCCCs Btn - 3'

lo=168 % 1pA lo=150 t 1pA
Oligo| 5mC C hmC T A G Oligo| 5mC | hmC C G T A
les | 381 | 389 | 389 | 402 | 405 | 422 les | 400 | 400 | 402 | 420 | 420 | 440
%9 | t0.1 0.1 0.1 01| ¥01 | 204 (%) | £0.1 10.1 102 | 202 | $02 | t0.2

Figure 2 — 5 — Nucleobase discrimination abilities of the NN and NNGGY pores when
probed with poly(dC)N14G3) oligonucleotides with a single substituted nucleobase
(N=C, T, A, G, 5mC or hmC) at position 14 relative to the 3' biotin-TEG.

Entry IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES

@A) C |mC|hmC |5mC|5mC| T | T% | A | A% | G | G% | OVERALE
PA [PA) | % A ] % | (A (pA) (pA) o

1 167 | 39.0 | 39.0 0.0 38.1 | —0.8 | 40.1 1.1 40.5 1.5 42.2 3.2 4.1
2 159 | 38.3 | 38.3 0.0 37.6 | —0.7 | 39.6 1.3 39.9 1.6 41.6 3.3 4.0
3 161 | 39.1 | 39.1 0.0 382 | —09 | 40.2 1.1 40.5 1.4 42.3 3.3 4.1
47 168 | 38.9 | 38.9 0.0 38.1 | —0.8 | 40.2 1.2 40.5 1.6 42.2 3.3 4.1
5 162 | 39.2 | 39.2 0.0 384 | -0.8 | 40.3 1.2 40.8 1.6 42.6 3.4 4.1
6 161 | 39.3 | 39.3 0.0 384 | —09 | 404 1.1 40.8 1.5 42.6 3.3 4.2
7 164 | 38.9 | 38.9 0.0 38.0 | —1.0 | 40.2 1.2 40.5 1.6 42.2 3.2 4.2
8 171 | 38.5 | 38.5 0.0 37.6 | —0.8 | 39.6 1.2 40.0 1.5 41.7 3.2 4.0
Mean | 164 | 389 [ 389 [ 00 [381 | -08 1401 [ 12 [404] 15 [422] 33 4.1
sSD | 4 o303 o0 o3 ]o1 o3| o1 o3 ]| o1 |o4] ol 0.1
Table 2 — 54 - Residual current data for the NN mutant of oHL probed with

poly(dC)N14G13) oligonucleotides with a single substituted nucleobase (N = C, T, A, G,
SmC or hmC) at position 14 relative to the 3' biotin-TEG (n = 8). The 1o and Irgs given for
each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)C 149G 3 and the poly(dC)T 149G 3) levels (Alrgs T = Irgs T — Iges C).
The " indicates the experiment which corresponds to the histogram in Figure 2 — 54 for the

NN mutant.
Entry IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES
@A) € |mmC|hmC|smC| {5mC| T | T% | A | A% | G | G% | OVERALE

EA 1 EA L % [ eA ] % | A (pA) (pA) %

1 171 [ 39.1 387 ] 0338703407 16 [429] 39 [407] 1.6 4.2

2 155 | 413410 03 [ 410 03432 19 [453] 40 [432] 1.9 43

37 1150 [4021400] 02]400] 02]420] 18 |440] 38 [420] 18 4.1

Mean | 159 [ 402 [ 399 | -03 1399 03 [420] 18 [441] 39 [420] 18 4.2

SD 1ttt lor1arlorl12lor[12]o1r]12]o01 0.1

Table 2 — 5B — Residual current data for the NNGGY mutant of oHL probed with
poly(dC)N14G13) oligonucleotides with a single substituted nucleobase (N = C, T, A, G,
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SmC or hmC) at position 14 relative to the 3' biotin-TEG (n = 3). The Ip and Iggs given for
each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)C14G13) and the poly(dC)T(149G3) levels (Alrps T = Ires T — Ires C).
The " indicates the experiment which corresponds to the histogram in Figure 2 — 5B for the
NNGGY mutant.

As NNI, NNV and NNL were previously observed to have produced similar discrimination
patterns, when probed with poly(dC)N) oligonucleotides, only NNI, which exhibited the
greatest nucleobase identification ability, was probed with the poly(dC)NG) ssDNA

VERALL
sequences. The AIRESO

, when probed with poly(dC)N9)G(g), was smaller than for the
poly(dC)N(o) strands (Alges®VERAE = 1.6 + 0.1% (n = 3) for the poly(dC)N9)Gs) compared
with Alres” VM = 2.0 £ 0.1% (n = 4) for the poly(dC)N o) see tables 2 — 3A and 2 — 6A).
As the overall signal distribution was smaller, this resulted in poorer nucleobase
discrimination because the block levels, which were in the same order of increasing block
(A>G>5mC/hmC > C > T), were all much closer together (Figure 2 — 6A). Inferior
nucleobase discrimination was also observed when NNR was probed with poly(dC)N9)Gs)
oligonucleotides (Figure 2 — 6B). A similar range of block levels was noted, when
compared to the poly(dC)N o) signals, however, it was not possible to distinguish T from A
or 5SmC from hmC with this oHL mutant. However, a significant improvement in
nucleobase identification was noted when the NNW mutant was probed with the
poly(dC)N(9Gs) oligonucleotides (Figure 2 — 6C). The Alges®’ """ had increased by
over 1.5 times when compared to the block level range produced by poly(dC)Ny
(Algps? M = 49 + 0.1% (n = 3) for the poly(dC)N9)Gs) compared with
Alges” VR =29 1+ 0.0% (n = 4) for the poly(dC)N(9)). This in turn resulted in improved
discrimination of the two epigenetic modifications whose block levels were quite close
when probed with poly(dC)N o) containing ssDNA

(Alggs POV INMMCOIGE ~polydOIMCOGE) — 0 8 1 0.2%  for  the  poly(dC)NoGys)

oligonucleotides compared with Algps POYEOMMEO) = poly(@OSmCO) — 3 1 (.19% for the
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poly(dC)N(9) see table 2 — 4B and 2 — 6C). Despite the dramatic increase in Algpg?VERALL

the block levels produced by A and G still directly overlaid with each other.

A NNI Mutant B NNR Mutant C NNW Mutant
T T 5mC é
] A hmC
60 5mC C 1 301 T hmC
] hmC 40- 5mC C
N on] G “ 290
=~ A 3 20 3
0 += - . 0+—L . ] 0 - : - )
34 35 36 37 38 11 12 13 14 15 16 22 24 26 28
Residual Current (%) Residual Current (%) Residual Current (%)
5'- C3CCCCCCCCCCCNGCCCS Btn - 3 5' - C2gCCCCCCCCCCCNGCCCs Btn - 3' 5'- C0CCCCCCCCCCONGCCCs Btn - 3'
lo=184 + 1pA 10=210 + 2pA 10=179 * 2pA
Oligo] A G smC | hmC C T Oligo]| G T A 5mC | hmC C Oligo] T 5mC [ hmC A G C
IRES 353 35.7 36.0 36.0 36.6 37.0 IRES 123 13.8 13.8 14.2 14.2 148 |g[5 223 23.7 24.2 248 | 248 | 27.2
(%) | +0.1 0.1 +0.1 01| 201 | t0.1 %) | 04 0.2 0.2 0.1 | +0.1 | £0.2 (%) | £0.2 0.3 +0.1 t03 ] £03 | +01

Figure 2 — 6 — Nucleobase discrimination abilities of the NNI, NNR and NNW aHL pores
when probed with poly(dC)N«G s oligonucleotides with a single substituted nucleobase
(N=C, T, A4, G, 5mC or hmC) at position 9 relative to the 3' biotin-TEG.

Entry lo Ings | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Alggs
(pA) C hmC | hmC | 5mC | 5mC T T % A A% G G % | OVERALL

A 1A | % | AL % | (A (@A) (@A) %

1" 184 |1 36.6 | 36.0 | 0.7 1360]| -0.7]370] 03 |353 | -13]357]-09 1.7

2 186 | 364 | 357 ]| 08 1357 08]367] 03 |352]|-13]355]-1.0 1.6

3 186 | 36.0 | 353 | 0.7 ] 353 | —0.7 ] 363 | 03 | 347 | —-1.3 | 350 | —1.0 1.7

Mean | 185 | 364 | 356 | —0.7 | 35.6 | 0.7 | 36.7 | 03 350 | -13 354 ] -1.0 1.6

SD 2 0.3 0.3 0.1 0.3 0.1 0.3 0.0 0.3 0.0 0.4 0.0 0.1

Table 2 — 6A — Residual current data for the NNI mutant of aHL probed with
poly(dC)Ny)Gs) oligonucleotides with a single substituted nucleobase (N = C, T, 4, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG (n = 3). The Ip and Iggs given for
each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the pOly(dC)C(g)G(g) and the pOly(dC)T(g)G(g) levels (AIRESTZIREsT_IRES C)
The " indicates the experiment which corresponds to the histogram in Figure 2 — 6A4 for the
NNI mutant.

Entry IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES
@A) C |mmC|mmC|smC| {5mC| T | T% | A | A% | G | G% | OVERALE

EA @A % AL % | (A (@A) (@A) %

1" 210 | 148 | 142 | 06 | 142 ] 06 | 13.8 | -1.0 | 13.8 | -1.0 | 123 ] 2.5 2.5

2 213 | 148 1142 ]| 06 | 142 ] 06 | 138 | -1.0 | 13.8 ] -1.0 | 125 | 23 23

3 215 ] 138 | 134 | 04 | 134 ] 04 ] 129 | -09 | 129 | 09 | 11.3 | —2.5 2.5

Mean | 212 | 145 | 139 | —05 ] 139 | 05 | 13.5] -09 | 135 | 09 | 12.0 | 24 24

SD 2 0.6 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.6 0.1 0.1

Table 2 — 6B — Residual current data for the NNR mutant of oHL probed with
poly(dC)N G s) oligonucleotides with a single substituted nucleobase (N = C, T, 4, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG (n = 3). The Ip and Irgs given for
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each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alrgs T, for example, is the difference in residual current
between the pOly(dC)C@)G(g) and the pOly(dC)T(g)G(g) levels (AIREST=IREST_IRES C)
The * indicates the experiment which corresponds to the histogram in Figure 2 — 6B for the
NNR mutant.

Entry IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES
(pA)| C | hmC | hmC | 5mC | 5mC T T% A A% G G % | OVERALL

EA1EA) | % | @A % | (A (PA) (PA) %

1 170 1 26.6 | 23.8 | 2.7 1 230 )] 3.6 216 | 49 |242 | 24 ]|242 | 24 4.9

2" 179 1272 1242 | 29 1 23.7] 351223 ] 49 248 | 241248 | 24 4.9

3 177 1279 | 25.1 | 2.8 | 240 ) 3.8 1] 229 | -5.0 ] 25.6 | 23 | 25.6 | —2.3 5.0

Mean | 175 | 272 1244 | 28 | 235 3.6 | 223 | 49 | 249 | 23 1249 | 23 4.9

SD 5 0.6 0.6 0.1 0.5 0.2 0.6 0.0 0.7 0.0 0.7 0.0 0.0

Table 2 — 6C — Residual current data for the NNW mutant of oHL probed with
poly(dC)Ny)Gs) oligonucleotides with a single substituted nucleobase (N = C, T, A, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG (n = 3). The Ip and Irgs given for
each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. The Alggs T, for example, is the difference in residual current
between the poly(dC)C )G and the poly(dC)T )G levels (Alrps T = Ires T — Ires C).
The * indicates the experiment which corresponds to the histogram in Figure 2 — 6C for
the NNW mutant.

Finally, the NNY mutant was probed for six-nucleobase discrimination with the
poly(dC)N9)Gs) oligonucleotides. This mutant showed a notable improvement as the
Alres® VPR (Alggs®VHAM = 9.6 + 0.4% (n = 3) for the poly(dC)N9)Gig) compared with
Alres?V*AM =2.6 £0.5% (n = 3) for poly(dC)N(y see tables 2 — 3C and 2 — 7) had
increased by over 3.5 times and the signals for SmC and hmC no longer produced identical
block levels with G and A respectively. The identification of C from its epigenetically
modified nucleobases was easily observed, owing to the very large block level range
(Alrgs SmC =—6.8 £ 0.2% and Alggs hmC = —4.8 + 0.2% see table 2 — 7). Similarly to the
NNW mutant, the NNY still produced block levels for A and G that were identical.
Therefore, all of the mutants tested at R; did not facilitate six-nucleobase discrimination
upon probing with both poly(dC)N)Gs) and poly(dC)N9) oligonucleotides at an applied

potential of +160 mV.
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NNY Mutant +160 mV
A
60+ G
C
,2 40 T
S
o 5mC
o LJL\M
0

T T 1

T L T
20 22 24 26 28 30 32
Residual Current (%)
5'- C29CCCCCCCCCCCNGCCCs Btn - 3
lo=160 * 3pA
Oligo| T 5mC | hmC A G C

lees | 203 229 | 249 | 27.7 | 277 | 295
%) | 0.1 0.1 $02 [ #07 ] £0.1 | 01

Figure 2 — 7 — Nucleobase discriminating ability of the NNY oHL pore when probed with
poly(dC)N)Gs) oligonucleotides with a single substituted nucleobase (N = C, T, 4, G,

SmC or hmC) at position 9 relative to the 3' biotin-TEG at an applied potential of
+160 mV.

Entry | Io Ires | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Algrges
A | C |hmC|hmC|5mC|5mC| T [ T% | A | A% | G | G% | OVERALE
EA 1A ] % 1AL % | A (pA) (pA) %

1" 160 | 2951249 | 46 1229 6.6 203 ]| 92 |27.7]|-19 1277 -19 9.2

2 169 | 31.8 1270 49 1250]) 69 ]221] 971299 ] -19 1299 -19 9.7

3 163 | 31.7 1 269 | 48 | 248 ] 6.8 | 21.7] -9.9 1 29.7 | -1.9 | 29.7 | —-1.9 9.9

Mean | 164 | 31.0 | 262 | 48 | 242 ] 68 1214 ] -9.6 | 29.1 | -1.9 ] 29.1 | —-1.9 9.6

SD 4 1.3 1.2 0.1 1.1 0.2 1.0 0.4 1.3 0.0 1.3 0.0 0.4

Table 2 — 7 — Residual current data for the NNY mutant of oHL probed with
poly(dC)Ny)Gs) oligonucleotides with a single substituted nucleobase (N = C, T, A, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG, at an applied potential of
+160 mV (n = 3). The Ip and Iggs given for each oligonucleotide are mean values taken
from Gaussian fits of event histograms, for individual experiments. The Alggs T, for
example, is the difference in residual current between the poly(dC)Cu)Gs) and the
poly(dC)T9)Gs) levels (Alres T = Ires T — Ires C). The * indicates the experiment which
corresponds to the histogram in Figure 2 — 7 for the NNY mutant.

2.2.4 — Optimisation of Experimental Conditions for Six-Nucleobase Discrimination

by the aHL Mutant E111N/K147N/M113Y Upon Probing with CpG Oligonucleotides

The Alggs®VERM for the E1TIN/K147N/M113Y was so large, it was proposed that if the
experimental conditions were optimised (+160 mV in 1 M KCI, 25 mM Tris, 100 uM
EDTA, pH 8.0), it might be possible to separate the signals for A and G and obtain
six-nucleobase discrimination. Previous work in the group had shown that by altering the

physical conditions, such as: pH, salt concentration, salt type and applied potential it was
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possible to modify nucleobase discrimination (unpublished results carried out by L.
Franceschini, Z. Epsek, D. Stoddart, A. Heron and G. Maglia). In an attempt to enhance
the signal separation between A and G, applied potentials between +100 mV and +200 mV
were examined (Figure 2 — 8A). At applied potentials below +130 mV it was possible to
discriminate the residual current signals produced by A and G. Therefore, an applied
potential of +110 mV was selected for further investigation as, discrimination was

improved sufficiently to distinguish the two nucleobases (Figure 2 — 8).

A 32 1
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._928
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32
33
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5 29
O ] L
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0.2s Residual Current (%)

Figure 2 — 8 — The discrimination of the poly(dC)A«9Gs) and poly(dC)G )G s) signals in
the NNY mutant. A) Typical plot of the residual current values for poly(dC)AGs) and
poly(dC)G)Gs) over the applied voltage range +100-200 mV for a single experiment
(n = 1). Below +140 mV it was possible to distinguish the two oligonucleotides from each
other. B) Typical current levels for the NNY mutant when blocked with poly(dC)A9)Gs)
and poly(dC)Gw)Gs) at an applied potential of +110 mV (filtered at 50 Hz for display
purposes). C) Event histogram displaying only the residual current levels resulting from
poly(dC)Aw9Gs) and poly(dC)G )G s) levels. The shaded region corresponds to the region
where nucleobases cannot be called with greater than 95% confidence (~17% of the total
events). Figure 2 — 8 section C was produced and analysed by A. Heron. This figure has
been adapted from Wallace et al. 2010."**

At an applied potential of +110 mV six distinct residual current levels were observed

OVERALL

(Figure 2 — 9), over an even greater range (Alrgs ) than was observed at +160 mV
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(Alrps”VERME = 9.6 + 0.4% (n = 3) at +160 mV increased to Algps®" RAM = 12.1 + 0.5%
(n =4) at +110 mV). The Algrgs values for hmC and 5SmC were also even greater at this
applied potential than the previously measured values at +160 mV
(Alrgs hmC =—6.2 £ 0.2% and Alrgs SmC = —8.4 + 0.3%, Table 2 — 9). By optimisation of
the experimental conditions, it was possible to distinguish the epigenetic modifications

5mC and hmC from the other four canonical nucleobases C, T, A and G.

NNY Mutant +110 mV

40

5mC hmC

Counts
[ =]
il

016 18 20 22 24 26 28 30 32
Residual Current (%)
5' - C20CCCCCCCCCCCNGCCs Btn - 3
lo=113 + 1pA

Oligo| T 5mC hmC A G C

lges | 171 213 236 27.4 27.8 300
%) | 0.2 102 0.2 | 01 | t01 | £0a

Figure 2 — 9 — Nucleobase discriminating ability of the NNY aHL pore when probed with
poly(dC)G G oligonucleotides with a single substituted nucleobase (N = C, T, 4, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG at an applied potential of
+110 mV.

Entry | Io Ires | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Ires | Alres | Alres
pA)| C |mC|mmC|5mC|5mC| T | T% | A |A% | G | G% |OVERALE
PA) | A | % | (®A) ] % | (pA) (pA) (pA) %

1" 113 1 300 | 236 | =64 | 213 | 8.7 | 17.1 | -129]1274 | 26 | 278 | 2.2 12.9

2 121 1 294 1234 ] 6.0 | 213 ] 81 | 173 | -12.1] 268 | 2.6 | 273 | 2.1 12.1

3 113 12971235 62 |214 ]| 83| 178 | -11.9]1270 ] 2.7 |275 | 22 11.9

4 114 1 294 |1 23.1 | =63 | 208 | 8.6 | 16.8 | -12.6 ] 26.7 | 2.7 | 27.1 | —2.3 12.6

Mean | 115 | 296 ] 234 | -62 | 21.2 | 84 | 173 | -124] 270 | 2.7 | 274 | 2.2 12.4

SD 4 0.3 0.2 0.2 0.3 0.3 0.4 0.5 0.3 0.1 0.3 0.1 0.5

Table 2 — 9 — Residual current data for the NNY mutant of oHL probed with
poly(dC)N G s) oligonucleotides with a single substituted nucleobase (N = C, T, 4, G,
SmC or hmC) at position 9 relative to the 3' biotin-TEG, at an applied potential of
+110mV (n =4). The lp and Iggs given for each oligonucleotide are mean values taken
from Gaussian fits of event histograms, for individual experiments. The Alrgs T, for
example, is the difference in residual current between the poly(dC)Cw)Gs) and the
poly(dC)T9)Gs) levels (Alges T = Irps T — Ires C). The * indicates the experiment which
corresponds to the histogram in Figure 2 — 9 for the NNY mutant.

91




Chapter 2

2.3 — Conclusions

By investigating a number of aHL mutants, which previously exhibited four-nucleobase

discrimination at either recognition site R; or R2,5 % 60

it was possible to identify the NNY
mutant which had improved discrimination when probed with the epigenetically relevant
sequence poly(dC)N9Gg) (Where N = C, T, A, G, 5SmC or hmC). This mutant had a large
overall block level range and could distinguish cytosine from its epigenetically modified
nucleobases. Optimisation of the experimental conditions, by applying a lower potential of

+110 mV, resulted in six-nucleobase discrimination by probing the recognition site R; of

the NNY mutant pore.

There are a number of factors which seem to contribute to overall nucleobase
discrimination, these include the amino acid residues present at the recognition sites of the
oHL mutant being probed, the sequence of the probing oligonucleotide and the
experimental conditions. The molecular reasoning behind the observed changes in
nucleobase discrimination is, however, not well understood. Clearly, mutation of the
amino acids that are located at the constriction has a great effect on nucleobase
discrimination at this recognition site, as it was observed that R; could be enhanced (e.g. in
the case of NNY) or removed completely (e.g. NNG mutant).”” These differences in
discrimination have also been mirrored in the experiments documented here where by
varying the side chain of the amino acid located at 113, from hydrophobic NNI to aromatic
NNY, a wide change in discrimination of the epigenetically modified nucleobases was also
observed.

Work carried out by Okamoto and co-workers, has shown that a chemically designed zinc

finger peptide was able to distinguish hmC from 5mC."**

The selectivity for the two
nucleobases was explained on the basis of a CH-n interaction between a phosphotyrosine

residue, on the zinc finger peptide, and the epigenetic modifications. A strong CH-n
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interaction was observed between SmC and the phosphotyrosine amino acid, whereas,
hmC’s hydroxymethyl group sterically hindered the approach of the peptide making the
CH-r interaction significantly weaker. This difference in binding strength could account
for the 5SmC containing oligonucleotide producing a lower residual current signal, than that
which contained the hmC nucleobase, when probing the NNY mutant. A similar CH-nt
interaction may have resulted between SmC and the tyrosine amino acid at position 113 in
the NNY oHL mutant pore. The greater current block produced for 5SmC could be
rationalised by the increased interaction between this nucleobase and the pore resulting in

134

reduced current flow through the constriction of aHL. ™ However, further experiments

would need to be performed to confirm if this is indeed the case.

Stoddart et al. observed that R; and R, showed maximum recognition at positions 9 and
14 relative to the 3' biotin-TEG, however, these recognition sites were broad and therefore
could recognise nucleobases either side of this position (Figure 2 — 10).” As the additional
guanine nucleobase present in the CpG oligonucleotide was within the recognition region,
this could account for why changing the nucleobase at position 8 and 13, respectively, to a
guanine had a dramatic effect on nucleobase discrimination. However, the exact
interactions or conformational changes that the single additional guanine promoted in the

OVERALL

ssDNA oligonucleotides, that caused such dramatic alterations in the Alggs and

single nucleobase discrimination, is not clearly understood.
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Residual Current (%)
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Figure 2 — 10 — The location of the different recognition sites within the oHL pore. The
central graph plots the difference in residual current (Alrgs) between poly(dC)yy and
poly(dC) with a single adenine nucleobase (the sequence of each oligonucleotide is shown
on the left) at various different positions in the strand, for both the WT and the NN pores.
The sites of discrimination are labelled R;, R, and R; and their probable location within
the aHL barrel is indicated on the right. Figure adapted from Stoddart et al, 2009.”

As the applied potential was lowered from +160 mV to +110 mV, it was possible to
enhance discrimination of the six DNA nucleobases. This initially seemed counter intuitive
because at higher applied potentials discrimination can improve owing to an increase in the
overall current flowing through the pore resulting in improved signal to noise ratios.'®
However, at lower applied potentials the DNA will experience a weaker overall force
pulling on the immobilised ssDNA-biotinestreptavidin complex, allowing an increased

interaction with the aHL pore.®> '8¢ 1%

Therefore at a lower applied potential the DNA
may be able to adopt a different base-specific conformation, as it is in a slightly more
relaxed state, and this alternative conformation may have resulted in improved

discrimination. Further work is required before it will be possible to fully distinguish the

mechanisms behind nucleobase discrimination in biological nanopores.

Despite not fully understanding the manner by which oHL discriminates the DNA
nucleobases, this work demonstrated that by site-directed mutagenesis and experimental

optimisation it was indeed possible to use nanopore technology to detect all six
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nucleobases. This would mean that if this technology can be integrated into a practicable
nanopore sequencing device, it could potentially be used to study epigenetic modifications.

This would be of great benefit as both SmC and hmC have been linked with a number of

89, 96, 122

diseases and types of cancer. It has also been suggested that both nucleobases could

89, 122 therefore if a

be used as potential biomarkers in the early diagnosis of cancer,
technique can be developed that can accurately distinguish cytosine from its epigenetically

modified adducts then it could contribute to future fundamental medical diagnostic studies.
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Screening Chemical Reactions for the Selective

Modification of DNA
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Chapter 3 — Screening Chemical Reactions for the Selective

Modification of DNA

3.1 — Introduction

The impetus behind developing chemical reactions which are selective for only one DNA
nucleobase is generally to aid detection of that base for DNA sequencing. A large number
of different types of reaction have been developed for this purpose (see Chapter 1,
section 1.3). Guanine and adenine have both been targeted for the selective modification
by methylating agents.” '* The C5-C6 substituted double bond of thymine and
5-methylcytosine has been extensively investigated for modification by various oxidising
agents.'>> 120 198 13917 Cytogine has been selectively modified by the bisulfite reaction,
which is the main method to date for determining cytosine from its epigenetically modified
base SmC.'" Since the discovery of 5-hydroxymethylcytosine in mammals in 2009, it has
also been targeted for selective modification, mostly by enzymes which target the free

hydroxymethyl group at the C5 position.'* '*" '¥!

Despite the documentation of many
different DNA modification methods in the literature, more selective methods that occur

under milder conditions, resulting in less DNA damage, are still required.

There are a number of factors which need to be considered when designing a selective
chemical reaction for one of the DNA bases. Firstly, it is necessary to consider which of
the six bases (C, T, A, G, SmC or hmC) is to be targeted by the reaction and, in particular,
what functional moiety present in that base one wishes the reaction to chemically modify.
For example a reaction which would target the free hydroxyl of hmC could prove to be
highly selective because there are no other free hydroxyls present in DNA. On the other
hand a modification which could target free NH; is less likely to be selective owing to the

fact that C, A, G, 5SmC and hmC all contain this reactive functional group (Figure 3 — 1).
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Adenine Guanine Thymine Cytosine 5-methylcytosine 5-hydroxymethylcytosine

A G T C 5mC hmC

Figure 3 — 1 — The DNA bases adenine, guanine, thymine, cytosine, 5-methylcytosine and
S-hydroxymethylcytosine. Blue circles highlight the number of free NH, present in the
DNA bases, whereas, the single free hydroxyl is highlighted by a red square.

Once the base to be modified has been chosen, the conditions employed to carry out the
reaction must be designed. ssDNA is a relatively stable entity, particularly in comparison
to other biological molecules such as proteins, however it does impose certain
constrictions on the conditions that can be employed to modify it. As DNA requires
additional additives to increase its solubility in organic solvents,'™ the reaction conditions
utilised would require water as a co-solvent to solubilise the DNA. The presence of water
in the reaction solution would, therefore, preclude the use of any reagents which
decompose upon exposure to water e.g. such as tert-butyllithium. DNA is prone to
depurination of adenine and guanine residues and hydrolytic deamination of cytosine and
5-methylcytosine residues.'® The rates of these processes are affected by temperature and
pH. Therefore, chemical reactions employed for the selective modification of DNA should
be designed to react with DNA at temperatures below 40 °C and within a pH range of
approximately 5-9, in order to prevent these undesired modifications. This chapter details
several different types of chemical reaction that were screened in an attempt to identify a
chemical reagent that was capable of selectively modifying one of the DNA bases in the
presence of all the others. Those which were found to be selective were further optimised

for modification of individual bases within ssDNA.
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3.2 — Results and Discussion

3.2.1 — Identification of an Effective Model System for the Individual DNA Bases

With the aim of screening a variety of different reaction conditions for the selective
chemical modification of DNA, it was necessary to develop a system that would provide
an accurate model for the DNA bases, as well as facilitating easy and efficient purification
of the reaction products. Several options were available, these included individual
protected/unprotected analogues of the 1) nitrogenous nucleobases, 2) deoxynucleosides or
3) deoxynucleotides 3',5'-bisphosphates (Figure 3 — 2). Unprotected analogues of the
nitrogenous nucleobases were deemed a poor model because they contained a free NH
moiety, that is not present in ssDNA and could augment the chemical reactivity of the
bases. The nucleotides were considered unsuitable owing to the difficulties involved with
purification of these molecules e.g. the pendant phosphate groups would cause these
molecules to enter the aqueous phase in chemical purification and would require reverse
phase HPLC rather than standard flash chromatography. The unprotected nucleosides were
deemed another poor model system because they contained two free hydroxyls that are
protected with phosphate groups in ssDNA. The presence of these functional units could
again affect reaction selectivity and efficiency. However, if the free hydroxyls were
protected with a relatively stable and functionally inert group, such as a silicon protecting-
group, then this should provide a system that has similar reactivity to the DNA bases,
when present in ssDNA, and decrease the polarity of the bases aiding purification by flash

chromatography.
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Adenine Deoxyadenosine Deoxyadenosine 3’,5’-bisphosphate
Nitrogenous Nucleobase Deoxynucleoside Deoxynucleoside 3’°,5’-bisphosphate
Figure 3 — 2 — The chemical structure of the adenine nitrogenous nucleobase,

deoxynucleoside and deoxynucleotide.

tert-Butyldimethylsilyl (TBS) groups have previously been used to selectively protect the
free alcohols of DNA bases for the synthesis of a variety of different DNA analogues, in
the presence of both primary and secondary amine functionalities.'”*"** Accordingly, this
protecting group was selected for protection of the deoxyribose sugar. fert-
Butyldimethylsilyl chloride was used to protect all five DNA deoxynucleosides (1, 3, 5, 7
and 9), because tert-butyldimethylsilyl triflate was observed to be too reactive a source
resulting in decomposition of the deoxynucleosides (Figure and Table 3 — 3). The TBS
protection of hmC was not investigated as the deoxynucleoside analogue was not
commercially available. The syntheses of all five bis-TBS protected deoxynucleosides
were established in high yields. It was evident in all cases (2, 4, 6, 8 and 10) that the TBS
protection had occurred at both hydroxyls, because the 'H NMR spectrum exhibited
integrals of 12H and 18H respectively for the characteristic methyls of the TBS moiety.
This provided a model system upon which various selective chemical reactions could be

tested.
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R R
HO TBSCI (eq.), imidazole (eq.) TBSO
0 N,N-dimethylformamide, 0
temperature, time
OH OTBS
1(R=A) 2 (R=A)
3(R=G) 4 (R=G)
5(R=T) 6 (R=T)
7(R=C) 8 (R=0C)
9 (R=5mC) 10 (R =5mC)

Figure 3 — 3 — General reaction scheme for the bis-TBS protection of the
deoxynucleosides by tert-butyldimethylsilyl chloride.

Entry R Conditions Yield (%)
1 NH; TBSCI (4.0 eq.), imidazole (7.0 eq.), rt, 24 h ™! 89% of 2
/N N N
<’}j | .
' ()
2 0 TBSCI (4.0 eq.), imidazole (7.0 eq.), rt, 24 h 88% of 4
N
NH
¢ ]
N N//kNHZ
' 3)
3 0 TBSCI (2.2 eq.), imidazole (4.0 eq.), 50 °C, 6 h '*° 94% of 6
HNJE/
PN
! 3
4 NH; TBSCI (2.2 eq.), imidazole (4.0 eq.), 50 °C, 8 h 95% of 8
N)E
07N
)
5 NH, TBSCI (4.0 eq.), imidazole (7.0 eq.), rt, 4 d 90% of 10
N7 |
O)\l}l
' (€]

Table 3 — 3 — Conditions for bis-TBS protection of the deoxynucleosides.

3.2.2 — Selective Modification of the bis-TBS protected Deoxynucleosides by

Bromination

Selective halogenation has been successfully used as a tool for the introduction of a
functional handle into the DNA bases. This has enabled them to be further derivatised by

193-1 . . . 1 .
9319 hitration reactions, 7 thiol

various chemical means e.g. palladium couplings,
. 1 . . . . 1 . .
couplings,'*® S\2 reactions for the attachment of various aromatic rings'”’ and oxidation to

alcohols." Although some of the reaction conditions reported were suitable for testing on

the DNA model system,'”> " 1°® many were carried out under anhydrous conditions in
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190, 194-196, 199

organic solvents. Halogenation reactions have been successfully employed to

react at a number of positions on the DNA bases indicated below (Figure 3 —4).

NH2 o} NH
</'Z‘ 5N </N M — N
— >3 B
)2 N N/)\NHQ ,& r}l/go

Figure 3 — 4 — The positions at which the DNA bases have previously been observed to
have been halogenated by various chemical methods. For clarity, the IUPAC numbering
system for the purine and pyrimidine bases has been indicated for both adenine and
cytosine (blue numbers).

It was proposed that despite the high level of reactivity that has been observed for the
DNA bases, with a variety of brominating agents, it could be possible to selectively react
one of the bases in the presence of all the others. Any selective modifications could then be
further optimised for the use with ssDNA. A number of conditions were investigated for
the selective modification of the bis-TBS protected deoxynucleosides with brominating
reagents. The first of which employed bromine itself as the halogenating agent (Figure and
Table 3 — 5).'" Compound 2 was observed to undergo bromination at the 8-position to
form 11 in 43% yield. The structure of 11 was confirmed by analysis of the 'H and “C
NMR spectra which showed the disappearance of the singlet at 8.35 ppm (HS8) in the 'H
NMR spectrum of 2 and a shift in the corresponding carbon signal from 152.5 to
139.0 ppm. The MS spectrum also showed the characteristic isotope splitting pattern for
mono-bromination of compound 2. Guanine (4) reacted, in a similar way to that of
adenine, resulting in bromine substitution at the 8-position, but in a lower 21% yield (12).
Modification of 6 resulted in the production of a single diastereomer of the bromohydrin of
thymine (13) in a modest 37% yield (this structure was confirmed by X-ray
crystallography, see Figure 3 — 6). The low yield was attributed to decomposition of the
starting material under these conditions. The bromo-hydroxylation of the C5-C6 double

bond resulted in the shifting of the characteristic singlet C6 alkene signal, at 7.40 ppm,
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upfield to a doublet (owing to coupling with the appended hydroxyl) at 5.13 ppm in the 'H
NMR. The modification of cytosine (8) produced the desired mono-brominated analogue
14 in 46% yield. The substitution of the bromine at the C5 position was confirmed by the
disappearance of the alkene peak (corresponding to the HS5 proton of 8) and the
replacement of the H6 doublet proton signal (at 7.82 ppm) with a singlet at 8.08 ppm.
Finally, 5-methylcytosine (10) was not observed to undergo any reaction with bromine
under these conditions and only starting material was recovered. Bromine was observed to
react to a certain extent with A, G, T and C, however, SmC was not modified. This low

degree of selectivity was not unsurprising, however, as bromine is an extremely reactive

electrophile.
R R
TBSO Br, (1.25 eq.), TBSO
o 1,4-dioxane:0.5M AcONa 5:8 o
pH47.1t, 18 h
OTBS OTBS

Figure 3 — 5 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by bromine.
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Entry R R' Yield R:R' (%)
1 NH; NH, 43% 11
SN Ny 54% RSM
</N | N/) Br—</N | ¥
i @) | (an
2 o o 21% 12
N N 67% RSM
NH NH
¢ f o ]
NTSNTNH, N N/)\NHZ
' ) ' (12)
3 o o 37% 13
HN)H/ HN e
|
o)\ry O)\l}l OH
! (6) ' (13)
4 NH, NH, 46% 14
NAE N 39% RSM
5y by
(8 ' (14)
5 NH, 72% RSM
N ~
| )
O)\I}l
' (10)

Table 3 — 5 — The yields for the reaction of bromine with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

Figure 3 — 6 — Crystal structure of the major diastereomer of the bromo-hydrin of thymine
(13). It shows that bromination has occurred from the top-face producing the (5R,6R)
distereomer. See Chapter 9, appendix 9.1 for additional crystallographic data. This crystal
structure was run and characterised by D. Baker.

Another commonly utilised brominating reagent, N-bromosuccinimide (NBS, 15),"7 was
examined to see if it could facilitate selective modification of one of the five bis-TBS

protected deoxynucleosides (Figure and Table 3 — 7). This reagent was slightly more
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selective than bromine as it did not brominate the 8-position of adenine, with only starting
material being recovered. It was still observed to modify guanine, although the yield of 12
was lower than that formed by reaction with bromine (21% with bromine compared with
12% with NBS). NBS was found to promote bromination at the C5-C6 bond of thymine,
from either face producing diastereomers 13 and 16 in 37% and 27% yield respectively.
The difference between the two diastereomers is most notable at the junction between the
deoxyribose sugar and the nucleobase, where the 'H and '>*C NMR spectra showed signals
at 6.51 ppm and 84.8 ppm for 13 and 5.84 ppm and 87.1 ppm for 16. The reaction of NBS
with 8 resulted in a low yield of desired product 14, with no recoverable unmodified
starting material; this was due to decomposition of the starting material. Again no
modification of SmC (10) was noted and only significant decomposition was observed
upon reaction of NBS with this nucleobase. NBS was slightly more selective than
bromine, although the yields of brominated products were much lower and decomposition

of the protected deoxynucleosides was more prevalent with this reagent.

I|3r

N

R (6) (0] R'
TBSO v 15, (1 eq.), TBSO
0 water:acetonitrile 2:1, 0
0°C,4h
OTBS OTBS

Figure 3 — 7 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by NBS (15).
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Entry R R' Yield R:R' (%)
1 NH; 88% RSM
SN
< .
N N)
' 2
2 o 9 12% of 12
(kaNH o 68% RSM
NTSNTNH, N /)\NHZ
! 4 ' 12
3 o . o 64% of 13 and 16
o)\ry O)\N OH o)\ry “'OH
. (6) ! (13) ! (16)
4 NH, NH, 25% of 14
N)E N7 | Br
by by
(8 ! 14
5 NH, 43% RSM
N o’
A -
o™ N
' (10)

Table 3 — 7 — The yields for the reaction of NBS (15) with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

2,4,4,6-Tetrabromocyclohexa-2,5-dienone (TBCD, 17) has been employed in the Donohoe
group for the selective bromination of the pyrrolidinone ring of the natural product
microsclerodermin F (work carried out by J. Kershaw and C. Winter).?”’ It was noted that
TBCD was a less reactive and more selective brominating source than bromine and NBS.
This brominating agent was also examined for selective modification of the bis-TBS
protected deoxynucleosides (Figure and Table 3 — 8). TBCD was indeed observed to be a
much milder source of bromine because it resulted in significantly less decomposition of
the starting material, as the yields of recovered unmodified A, C and 5mC were much
higher than that previously observed with NBS. However, the selectivity of the reaction
showed little change from that observed by NBS, as the same three bases C, T and G
reacted. This reagent, like bromine, was also observed to produce a single diastereomer of

the bromohydrin 13.
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O

Br. Br
R R
TBSO TBSO
o gr17.(1eq.) o

Br

acetone:water 3:1,
OTBS rt,7h OTBS

Figure 3 — 8 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by TBCD (17).

Entry R R' Yield R:R' (%)
1 NH; 100% RSM
N B
N
e :
N N)
' 2
2 o o) 11% of 12
N N 40% RSM
NH NH
¢ Br— ||
N N/)\NHZ N N)\NHZ
! (C) ! (12)
3 o o 19% of 13
HN)j/ HN)S:Me 75% RSM
O)\'}‘ o)\r}l OH
! (6) ! 13)
4 NH, NH, 19% of 14
NQE N)TBr 75% RSM
oy oAy
. C)) ! a4
5 NH, 93% RSM
N ’
A -
o7
! (10)

Table 3 — 8 — The yields for the reaction of TBCD (17) with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

The brominating agent 1,3-dibromo-5,5-dimethylimidazolidine-2,4-dione (18) was used by
Magnus et al. for the formation of the bromohydrin of an isolated double bond, in an

21 The reaction promoted the formation of a

intermediate in the synthesis of codeine.
bromonium ion, which was subsequently opened under the aqueous conditions. This
bromine source was tested in the hope that it would selectively produce the bromohydrin
diastereomers of T (13 and 16) (Figure and Table 3 — 9). As predicted, this reagent formed
the bromohydrins of T (13 and 16) in the highest combined yield observed so far (53% of

13 and 32% of 16). However, it also reacted to a certain extent with the bis-TBS protected

analogues of A, C and G. In the case of G, these conditions not only promoted bromination
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but they resulted in the removal of the TBS protecting group on the primary hydroxyl of
the sugar, affording 19 in a yield of 37%. Interestingly, this reagent was reactive enough to
also form the bromohydrins of SmC (20 and 21) in quantitative yield (56% and 44%). The
two bromohydrin distereomers of SmC were identified by the characteristic upfield shift of
the proton at C6 from 7.52 ppm in 10 to 5.40 ppm and 5.03 ppm in the 'H spectra of the
respective bromohydrins (the exact stereochemistry was not defined for 20 and 21 because
the diastereomers were not crystalline). Despite this reagent’s increased propensity to form

the bromohydrins of T and 5SmC, the reagent was unselective and was not investigated

further.
O
R \HN—Br
TBSO Br” TBSO
(0] O 18 (1eq.) (0]
acetone:water 10:1,
OTBS rt, 12 h dark OTBS

Figure 3 — 9 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by 18.
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Entry R R' Yield R:R' (%)
1 NH; NH; 46% of 11
S N 54% RSM
Br
N N/) N A
' 2 ! an
7 o 0 37% of 19
N NH N NH
AL oL A
NTSNTNH, N7 >N “NH,
! () HO
o
OTBS (19)
3 o oo O a 85% of 13 and 16
HN | HN =,Me HN \Me (dr = 6238)
oéj\r}l o)\r}l OH Oél\l}l ‘OH
! (6) ' 13) ! (16)
4 NH, NH> 17% of 14
N7 | N7 | Br
O)\l}l OZ\I}I
) ! (14)
5 NH, NH, NH, 100% of 20 and 21
N S Blme WA Me (d.r. = 56:44)
O)\N O)\l}l OH O)\I}l “'OH
' (10) | (20) . (21)

Table 3 — 9 — The yields for the reaction of 18 with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

Conditions for the oxidative bromination of unsaturated C-C bonds, mediated by
Selectfluor™ (22) and potassium bromide, were developed by Shreeve and co-workers.”*
By employing these conditions, they were able to brominate an alkene that was conjugated
to a carbonyl group. This is a similar system to that of the double bond of thymine, except
that T is substituted at the five position. These conditions were tested on the five bis-TBS
protected nucleosides in the hope that they may show selectivity towards thymine (Figure
and Table 3 — 10). These conditions provided a reasonably high yield of the bromohydrins
of T (combined yield of 13 and 16 was 67%). However, the reaction selectivity was poor
as the conditions used promoted a reaction with A, G and C as well as causing complete
decomposition of 5mC (10). This particular reagent produced a 20% yield of the
brominated guanine base 12. However, the reaction conditions also resulted in the removal

of the TBS protecting group, resulting in the formation of the brominated base 19. If the
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reaction conditions promoted the removal of the TBS groups then the unprotected bases
would be soluble in the aqueous work-up conditions and would not be recovered, which
could account for the decomposition of SmC and lack of recovered starting material for the
other bases. Due to the lack of selectivity and high level of decomposition these conditions

were not investigated further.

Cl
N+7BF4

. & -

N+_
TBSO \ BF4 TBSO

o} o}

F
22 (2 eq.), KBr(2.5€eq.)

acetonitrile:water 25:1,
rt,2h

OTBS OTBS

Figure 3 — 10 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by Selectﬂuor® (22) and potassium bromide.

Entry R R' Yield R:R' (%)
1 NH, NH; 43% of 11
(NfN _</N Sw 25% RSM
Br
N N/) N N/)
' (2 ! an
2 o o 20% of 12
N N 36% of 19
NH NH
¢l o |
N N/)\NHQ N /)\NHZ
' 4) ' (12)
N
Py
N7 >N “NH,
HO
o
oTBS (19)
3 o Br 67% of 13 and 16
HN | HN O HN Me (dr = 5248)
o)\ry O)\l}l OH o)\r}l “/OH
: (6) ' (a3) : (1e)
4 NH, NH> 57% of 14
N7 | N7 | Br
oA Ao
- ® (4
5 NH, Decomp.
N ’
A | B
07N
! 10

Table 3 — 10 — The yields for the reaction of Selectfluor (21) and potassium bromide with
the bis-TBS protected deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered
starting material).
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Another source of bromine that was examined for the selective modification of the
bis-TBS protected deoxynucleosides was tetrabutylammonium tribromide (TBATB). This
reagent was investigated under two different sets of conditions one of which was carried
out at room temperature, the other at 0 °C.*** 2** The reaction at room temperature in a
tetrahydrofuran:water (1:1) mix was tested first (Figure and Table 3 — 11).*”* These
conditions were found to be highly reactive towards the pyrimidine bases, as high levels of
decomposition were noted under these conditions and only a small amount of 13, 14 and
16 were detected. It was, however, observed to be less reactive towards the purine bases
producing only a trace of 11 and a low yield of 12. As these conditions were highly
reactive, lower temperature conditions which also employed a shorter reaction time were

investigated (Figure and Table 3 — 12).2%

The milder brominating conditions were found
to be the most selective tested. High levels of unmodified G, A and 5mC were recovered
and no decomposition was observed for C and T. A 20% yield of the single diastereomer
13 was produced by the reaction of T with TBATB at 0 °C in
N,N-dimethylformamide:water (7:3), with a high yield of unreacted 6 also recovered. A
similar yield and level of unmodified cytosine was also observed (19% of 14 and 64%
RSM). The lower temperature and shorter reaction time made a significant difference to
the reaction selectivity when using tetrabutylammonium tribromide. However, these

conditions, despite being the most selective tested, were not further optimised because a

reaction which promoted complete base selectivity was required.

R R
TBSO _ TBSO
B +
o Br- = Br (N"Bu), (1eq.) o
tetrahydrofuran:water 1:1,
OTBS rt 20 h OTBS

Figure 3 — 11 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by TBATB at room temperature.
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Entry R R' Yield R:R' (%)
1 NH, NH; 1% of 11
SN _</N S 78% RSM
J A
NT>N NTN
' 2 ' an
2 o 9 17% of 12
N N 48% RSM
Xy LT
N™ N7 NH, N7 >N NH,
' “4) ' (12)
3 o Q& Q& 11% of 13 and 16
HN)j/ HN z Me HN Me (dr = 7921)
8% RSM
o)\ry O)\l}l OH O)\I}l “/OH
! (6) ' 13) ! (16)
4 NH, NH> 20% of 14
N)E N7 | Br
O)\l}l OZ\I}I
(8 ' (14
5 NH, Decomp.
N ’
| _
O)\I}l
! (10)

Table 3 — 11 — The yields for the reaction of TBATB with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

R R
TBSO _ TBSO
B +
© Br” " Br(N'Bu)s (1 eq.) ©
N,N-dimethylformamide:water,
OTBS 7:3.0°C, 2 h OTBS

Figure 3 — 12 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) with TBATB at 0 °C.
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Entry R R' Yield R:R' (%)
1 NH, 100% RSM
SN
< ] )
N N)
! (2)
2 o 95% RSM
N
¢ fNH )
N" >N NH,
! 4)
3 ) oL 20% of 13
o)\ry O)\l}l OH
! (6) ' 13)
4 NH, NH, 19% of 14
Ao oo
r (8 ! (14)
5 NH, 85% RSM
N ’
A -
07N
! 10)

Table 3 — 12 — The yields for the reaction of TBATB with the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) (RSM refers to recovered starting material).

In summary, seven different sets of conditions, and a variety of different bromine sources
were tested for the selective modification of DNA. All brominating agents were found to
produce a variety of different products upon reaction with the bases, however, all of those
tested also reacted with at least two different bases. Therefore, no further optimisation was

carried out for selective halogenation of the DNA bases.

3.2.3 — Selective Modification of the bis-TBS Protected Deoxynucleosides by the

Palladium-Catalysed Heck Reaction

Palladium-catalysed cross-coupling reactions provide great versatility in organic synthesis.
Various palladium reagents have been wused to couple functionally derivatised

205-207 It was

DNA'" 19197 a5 well as to form metal complexes with the bases themselves.
proposed that palladium could be used to couple additional aromatic functional groups

directly onto individual DNA bases. If this is possible it would prove an extremely

versatile method of directly derivatising DNA strands. Although there are many types of
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palladium-catalysed cross-coupling reactions, the most useful for this system would be the
Heck reaction. This is due to the fact that it could be used directly with the DNA bases
rather than requiring the addition of another functional unit e.g. a boronic ester for Suzuki
cross-couplings. The standard conditions employed for Heck reactions, generally involve
heating at high temperature (~80 °C) in organic solvent under basic conditions. Although
the Heck reaction has been carried out under aqueous conditions, the high temperature and
basic conditions employed would not be tolerated by DNA 22!

In 2009, Davis et al. published conditions for the aqueous Suzuki-Miyaura Cross coupling

. . . . 212
reaction of aryl boronic acids to a model protein.

They had developed an aqueous
soluble palladium catalyst (23) that could successfully couple amino acids to aromatic
boronic acids in high yields at 37 °C in phosphate buffer in the presence of oxygen. These
conditions appeared ideal for the coupling of DNA to aryl groups. It was proposed that by
optimisation of the reaction conditions, it could be possible to use the newly developed
catalyst to promote Heck reactions with the bis-TBS protected deoxynucleosides. It was
thought that the reaction was most likely to affect coupling with cytosine as its C5-C6
double bond was least sterically hindered. To test the activity of the palladium catalyst 23,
1odo-tyrosine analogue 24 was successfully coupled to phenyl boronic acid producing 26

212

in 70% yield (literature value was 94% yield, Figure 3 — 13)

NaO

N
/(©il + PhB(OH), NaO 2 23 1 mol% /gjiph
K2HPO4 (5 eq.),
BocNH™ “CO,H formic acid (0.05 eq.), BocNH CO,H
(1.5eq.) (1eq.) water, pH 8, 37 °C, 4 h
24 25 26

Figure 3 — 13 — The reaction of tyrosine analogue (24) with phenyl boronic acid (25),
catalysed by an aqueous soluble palladium catalyst (23).*°

The reaction conditions were then investigated for the selective palladium catalysed Heck

reaction of cytosine (8) with boc-3-iodo-L-tyrosine (24) (Figure and Table 3 — 14). In all
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cases the reaction was left for 24 h to allow sufficient time for the Heck reaction to
proceed. Initially, a 1 mol% catalyst loading, employed by Davis and co-workers,*'? was
used to catalyse the reaction, however, under these conditions no reaction was observed.
High levels of 8 were recovered suggesting that the reaction was not resulting in
decomposition of the starting materials. The catalyst loading was increased ten-fold in an
attempt to promote the reaction, however, this was unsuccessful and again high levels of 8
were recovered. It was hypothesised that because of the TBS protecting groups, employed
to decrease the polarity of the bases, 8 was not sufficiently soluble in the reaction mixture.
Therefore a 1:1 mixture of water and acetonitrile was tested, which again resulted in the
isolation of 8 only. These conditions (Table 3 — 14, entry 3) were also tested on the other
bis-TBS protected bases, to see if the Heck reaction could be promoted for T, G, A or SmC
(Figure 3 — 15). However, only unreacted starting material was recovered in all cases.
After optimisation of the conditions, originally developed for the Suzuki-Miyaura
palladium-catalysed cross-coupling, it was established that these were not compatible for
the implementation of the Heck reaction. Owing to the lack of other DNA compatible
reaction conditions for promotion of the Heck reaction,”’' no further investigations were

carried out on palladium couplings of the DNA bases.

NaO
N OH
NH;, 7N NH,| - Pd(0AC), NH,
—N
NH OH X
| /& NaO 2 N
N"So . 23 catalyst loading (mol%) BocNH CO,H NAO
TBSO !
o KoHPO, (5 eq.), HCO,H (0.05 eq.), TBSO
BocNH™ “CO,H solvent system, o
OTBS pH 8,37 °C, 24 h
(15 eq) (1eq) OTBS
8 24 27

Figure 3 — 14 — The conditions that were employed in Table 3 — 14 for the
palladium-catalysed Heck reaction of 8 with 24. The catalyst loading and solvent system
used were investigated for their effect on the yield of 27.
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Entry 23 Catalyst Loading Solvent System Yield 8:27 (%)
(mol %)
1 1 100% water 95% RSM
2 10 100% water 98% RSM
3 10 1:1 water:acetonitrile 81% RSM

Table 3 — 14 — Conditions tested for the optimisation of the palladium-catalysed Heck
reaction of 8 and 24 upon variation of the ratio of the catalyst loading and the solvent
system (RSM refers to recovered starting material).

NaO
Y N
C»_NHz . Pd(OAc),
OH =N R
TBSO NaO 2 23,10 mol% TBSO
(0] + |
KoHPO, (5 eq.), HCO,H (0.05 eq.),
OTBS BocNH™ "CO,H water:acetronitrile 1:1, OTBS
(1.5eq.) (1eq) pH 8,37 °C, 24 h
(2,4, 6,8and 10) 24

Figure 3 — 15 — Reaction conditions for the palladium catalysed Heck reaction of the bis-
TBS protected deoxynucleosides (2, 4, 6, 8 and 10) with 24. No reaction was observed with
any of the bases under the conditions shown and >80% RSM was obtained in all cases.

3.2.4 — Selective Modification of the bis-TBS Protected Deoxynucleosides by

Diels-Alder Reactions

Owing to a desire to make chemical reactions more environmentally friendly, there has
been an increased interest in those which can occur in pure water (the ultimate ‘green
solvent’).”” One such reaction which has been widely and successfully employed in an
aqueous environment is the Diels-Alder reaction — one of the most synthetically useful
reactions in organic chemistry for the synthesis of highly complex six-membered rings.*"?
In 1980, work by Breslow and co-workers highlighted that certain Diels-Alder reactions
could occur in water with drastically improved reaction rates, in comparison to those

214

observed with organic solvents.” " It was clear from work subsequently carried out by

Griesbeck, that the reaction conversion and endo/exo selectivity could be improved and
tailored when water was used as the solvent at various different overall reaction

215

concentrations (Figure and Table 3 — 16).”° It was proposed that it might be possible to

use this reaction, which favours implementation in an aqueous environment, for the
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selective modification of one of the DNA bases. There was no literature precedent
indicating that Diels-Alder reactions have been carried out directly on any of the
unmodified DNA bases themselves, however, Diels-Alder reactions have occurred in the

A?'*?'® and have even been catalysed by it."? It was hoped, that owing to

presence of DN
the Diels-Alder reaction’s sensitivity to sterics, cytosine could be selectively modified

under these conditions.

E>_< __ solvent _
concentratlon
rt, reaction
duratlon

28 29

Figure 3 — 16 — The two possible products from the Diels-Alder reaction of 28 with 29.
The solvent and concentration of a 1:1 mixture of 28 and 29 were investigated for their

effect on the yield of 30 and 31. Figure adapted from Griesbeck 1988.*"°

Entry Solvent Concentration of | Reaction duration % Conversion Endo:Exo
a 1:1 mixture of
28 and 29 (M)
1 carbon 0.15 14d 40 55:45
tetrachloride
2 methanol 0.15 10d 95 44:56
3 water 0.15 11h 100 65.35
4 water 0.0010 24 h - 14:86
5 water 1.60 8 h - 88:12

Table 3 — 16 — lllustration of how the % conversion and endo vs. exo selectivity was
affected by the type of solvent used and the concentration of a 1:1 mixture of 28 and 29.
Table adapted from Griesbeck, 1988.*"°

Owing to its high reactivity in Diels-Alder reactions, cyclopentadiene was initially
investigated for reaction with the bis-TBS protected deoxynucleosides.”*” The Diels-Alder
reaction of cyclopentadiene (32) was initially carried out on two test substrate dienophiles
(33 and 34) (Figure and Table 3 — 16), before advancing onto the bis-TBS protected
deoxynucleoside system. Dienophiles 33 and 34 were selected as test substrates because
they are less volatile versions of substrates which have previously been shown to

successfully undergo Diels-Alder reactions in water (e.g. methyl acrylate and dimethyl
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maleate).”*’

The reaction of 32 with 33 was high yielding in both ethanol and water
(Figure 3 — 17, entries 1 and 3). However, the reaction of 32 with 34 clearly illustrated the
rate enhancement that can be experienced when the Diels-Alder reaction is performed in
water in comparison to organic solvents (Figure 3 — 17, entries 2 and 4). Due to the low
molecular weight of cyclopentadiene and the small scale on which the DNA modification
reactions were performed, it was proposed that an excess of cyclopentadiene could be
employed in these reactions. Therefore, 32 was reacted with 33 in a ten-fold excess to
establish whether the reaction yield would be retarded by dimerisation of the excess 32,
pleasingly this was not the case (see Table 3 — 17, entries 3 and 5).

@ + [COZEt or o ___Solvent _ Lb
COpEt ﬁOBn rt, 24 h ng)EztEt
(eq.) (1eq.) (1eq.)
32 33 34
Figure 3 — 17 — The Diels-Alder reaction of 32 with 33 and 34. The equivalents of 32
employed and the solvent system used were investigated for their effect on the yield of 35
and 36.

Entry Solvent Dienophile Diene (eq.) Yield (%)
1 ethanol 33 1 72
2 ethanol 34 1 30
3 water 33 1 73
4 water 34 1 66
5 water 33 10 70

Table 3 — 17 — The reaction conditions and yields for the Diels-Alder reaction of 32 with
33 and 34, upon variation of the solvent, dienophile and equivalents of diene.

The reaction of cyclopentadiene (32) with the bis-TBS protected deoxynucleosides was
first investigated in pure water at room temperature (Figure 3 — 18), and under these
conditions no reaction was observed with any of the DNA bases.””” To investigate if the
lack of reactivity was owing to an issue with solubility, the reaction was repeated with 2, 4,
6, 8 and 10 in ethanol (a solvent in which the bases were fully soluble) and on the
unprotected deoxynucleosides of A (1), G (3), T (5), C (7) and 5SmC (9) in water. Both sets

of conditions resulted in the recovery of unmodified starting material in high yields. In an
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effort to encourage a Diels-Alder reaction to occur with DNA, several different Lewis
acids were employed in both catalytic and stoichiometric amounts. The catalysts
investigated included silver trifilate,”®' fluoroboric acid (with and without SDS as an

additional surfactant)*** and copper(Il) nitrate.”*

Despite the implementation of catalysts
known to improve Diels-Alder reactions, no reaction was observed with any of the

conditions investigated.

- O .
TBSO TBSO

o 32 (10eq.) o)
water, rt, 24 h
OTBS OTBS
(2, 4,6,8and10)

Figure 3 — 18 — Reaction conditions for the Diels-Alder reaction of cyclopentadiene (32)
with the bis-TBS protected deoxynucleosides (2, 4, 6, 8 and 10). No reaction was observed
with any of the bases under the conditions shown and >90% RSM was obtained in all
cases.

Another diene which has previously shown high reactivity for Diels-Alder reactions in
water is Danishefsky’s diene (37).72" *** This diene was also investigated for the selective
modification of one of the DNA bases by a Diels-Alder reaction. In this instance, only a
three-fold excess of Danishefsky’s diene was employed for the reaction of 37 with the
bis-TBS protected deoxynucleosides, owing to its higher molecular weight (Figure 3 — 19).
When 2, 4, 6, 8 and 10 were treated with three equivalents of 37 at room temperature in
water, no reaction was observed with any of the bases with this alternative diene source.**’
The reaction of 37 with 2, 4, 6, 8 and 10 was again repeated in ethanol and in water with
stoichiometric amounts of the Lewis acid catalysts silver trifilate,”*' fluoroboric acid*** and

copper(Il) nitrate.””?

Without exceptions, no chemical modification of any of the DNA
bases was observed under these different conditions. Owing to lack of reactivity, no further

investigations were carried out to promote Diels-Alder reactions of the bis-TBS protected

deoxynucleosides.

119



Chapter 3

OMe
/i
R Me;SiO R
TBSO TBSO
3eq.
o ?,:\7 (3eq.) o
water, rt, 24 h
OTBS OTBS
(2, 4,6,8and 10)

Figure 3 — 19 — Reaction conditions for the Diels-Alder reaction of Danishefsky’s diene
(37) with the bis-TBS protected deoxynucleosides (2, 4, 6, 8 and 10). No reaction was
observed with any of the bases under the conditions shown and >70% RSM was obtained
in all cases.

3.2.5 — Selective Modification of the bis-TBS Protected Deoxynucleosides by a

Thiol-Michael Addition

The 1,4-addition of thiols to conjugated alkenes has attracted considerable interest for a
number of reasons. The olefinic double bond of the o,B-unsaturated carbonyl species can
be protected as its P-sulfido complex and can be easily regenerated by either
copper(I)-induced®** or oxidative induced elimination.””> Organo-sulfur compounds are
also extremely useful because they themselves have multiple applications in the synthesis

226, 227
’ It was

of biologically active molecules e.g. calcium antagonist diltiazem.
hypothesised that this particular method of reaction could be implemented for the selective

modification of thymine in ssDNA (examples of cyclic alkenes that have undergone this

transformation are shown in Figure 3 — 20).

O

Water
rt, 10 min s C 90%
40
(0]
SH 0.5 M sodium K
©/ _ bicarbonate @ 60%
“water.rt, 24 h .
water, ri s
43

Figure 3 — 20 — Two examples from the literature showing successful thiol-Michael
additions. A) This example was from Khatik et al. 2006.”*B) This example was from
Rodrigues de Almeida et al. 2008.”*°
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Initially, the reaction between the thiol, benzyl mercaptan (39), and the bis-TBS protected
deoxynucleosides was investigated. This thiol was chosen because there were several
examples in the literature of it undergoing this type of transformation.”® % %! 39 was
stirred at 35 °C for 24 h with each of the protected nucleosides 2, 4, 6, 8 and 10
(Figure 3 —21).**® For all five bases tested, only high levels of starting material were
recovered (indicating that decomposition did not occur under the reaction conditions).
Several Lewis acids were investigated (on bases 2, 4, 6, 8 and 10) to see if they could

promote the reaction between benzyl mercaptan and DNA; these included borax, %

manganese(II) chloride® and copper tetrafluoroborate.”*’

Unfortunately, only unmodified
bis-TBS protected deoxynucleosides were recovered under these conditions. Owing to the
fact that these reactions can be catalysed by both acid and base, conditions which
employed sodium bicarbonate were also investigated, however, these to proved unreactive
towards DNA.**’ Work by Baishya er al. showed that the thiol-Michael addition could also
take place in an ionic liquid.>®' These conditions were tested, in the anticipation that the
ionic liquid would be able to solubilise both organic reagents and enhance the rate of
reaction and selectivity in this case. Unfortunately, no reaction was observed in this
reaction medium either. Under all the conditions tested no reaction was observed for any
of the bases with benzyl mercaptan (39).

O :
TBSO 39 (1.1eq.) TBSO

o} o}

water, 35 °C, 24 h
OoTBS OoTBS

(2,4, 6,8and 10)

Figure 3 — 21 — Reaction conditions for Thiol-Michael addition of benzyl mercaptan (39)
with the bis-TBS protected deoxynucleosides (2, 4, 6, 8 and 10). No reaction was observed
with any of the bases under the conditions shown and >70% RSM was obtained in all
cases.

An additional thiol, that has also been successfully employed in the thiol-Michael addition,

226, 228-232

was also investigated — thiophenol (42). The previous Lewis acid catalysed

121




Chapter 3

226 230
)

conditions (utilising borax,”” manganese(II) chloride®* and copper tetrafluoroborate
were examined for the implementation of the thiol-Michael addition reaction of thiophenol
(42) with the protected deoxynucleosides (2, 4, 6, 8 and 10). Again, in all cases, no
reaction was observed with any of the DNA bases. Owing to the complete lack of

reactivity of the system to thiol-Michael additions, investigations into these reactions

ceased.

3.2.6 — Selective Modification of the bis-TBS Protected Deoxynucleosides by an
Osmium-Catalysed Dihydroxylation Reaction

There are many examples in the literature of modification of the C5-C6 bond, of thymine

: 155, 156, 158, 159, 233
and 5-methylcytosine, to form osmate esters. ~> >

Experiments by Okamoto and
co-workers have also shown that T was more susceptible to oxidation than 5SmC."*° Work
by Barvian ef al. also illustrated that it was possible to use various osmium oxidation
conditions to dihydroxylate thymine, however, the reactivity of these conditions for other
bases was not examined.'”> Therefore, it was hypothesised that it might be possible to
selectively dihydroxylate T in the presence of all the other bases. If this could be achieved,

it may be possible to condense an osmate ester onto the diol at a later stage to produce an

even bulkier modification.

A number of dihydroxylation reactions were examined for the selective modification of the
pyrimidine bases (6, 8, and 10). The Upjohn dihydroxylation conditions, initially tested
for modification of T by Barvian were investigated for modification of the pyrimidine
bases (Figure and Table 3 — 22)."% A mixture of the two diastereomers of the diol of
thymine were formed in an 84% yield in a ratio of 81:19. The major diastereomer reported
by Barvian was the (5S5,6R) diastereomer, producing a signal at 5.22 for the C6 proton.
This was used to reference and integrate the signal obtained for this proton in the 'H NMR

spectrum of 44 (the minor diastercomer 45 shows a signal at 4.95 ppm for this proton).
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These conditions were found to be very reactive, as a high level of decomposition was
observed for 8 (only 50% yield of 8 was recovered). Moreover, no dihydroxylation of this
base was observed, this was likely owing to the lower reactivity of cis alkenes verses tri-
substituted alkenes towards dihydroxylation.”** Upon treatment of 10 under the same
reaction conditions, it was noted that the C5-C6 bond of 5mC was susceptible to
dihydroxylation. However, the diol of SmC was unstable under the reaction conditions and
spontaneously deaminated to give 51% yield of the two diastereomers of the thymine diol
(ratio of 44:45 = 84:16). The instability of the SmC diol was not unsurprising, as there are
several examples in the literature of SmC-diols deaminating to T-diol under oxidising

conditions.”> *** Owing to lack of selectivity, these conditions were not investigated

further.
R R
TBSO ° 0s0, (6 mol%), NMO (2 eq)  BSO °
THF:tert-butanol:water (5:5:2),
oTBS 45°C,48h oTBS

Figure 3 — 22 — General reaction scheme for the Upjohn dihydroxylation of the bis-TBS
protected deoxynucleosides (6, 8 and 10).

Entry R R' Yield R:R' (%)
I o o o 84% of 44 and 45
HNJE/ HN~ ] wOH N L (d.r. 81:19)
oéj\r}l O)\N "/OH O)\l}l OH
! Q) ' (44) ! (45)
2 NH, 50% RSM
N7
o)\rlu )
@
3 NH; Me Me 51% of 44 and 45
29% RSM
O)\l}l O)\N "/OH o)\r}l OH
L (10) . @4 (45)

Table 3 — 22 — The yields for the Upjohn dihydroxylation of the bis-TBS protected

deoxynucleosides (6, 8 and 10) (RSM refers to recovered starting material).

In 1992, Sharpless and co-workers developed the PHAL ligands for the asymmetric

dihydroxylation (AD) of substituted alkenes.”

7

Depending on the ligand used
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(DHQ),PHAL or (DHQD),PHAL), it was possible to preferentially dihydroxylate one
face of an alkene producing a single enantiomer.”*® The conditions optimised by Sharpless
and co-workers for the asymmetric dihydroxylation of tri-substituted alkenes were
investigated for the selective modification of the bis-TBS protected deoxynucleosides.*®
Initially, the use of the (DHQ),PHAL was investigated (Figure 3 — 23). This ligand should
have promoted the dihydroxylation of thymine from the more hindered pro-(5S,6R) face
(mismatched). Unfortunately due to the (DHQ),PHAL ligand promoting the formation of
the disfavoured diastereomer, the reaction conditions resulted in complete decomposition
of 6. These conditions did not promote any reaction with 5SmC or C (82% and 60% RSM
was obtained respectively). The (DHQD),PHAL ligand was then examined for the
formation of the favoured diastereomer of T (5R,6S, 44) (matched). Pleasingly, it produced
44 in 59% yield with complete diastereoselectivity. These conditions were not found to
modify 8 but did cause a very low conversion of SmC to the diol of T (8% yield with 98:2
ratio of 44:45, Figure and Table 3 — 24). To try and improve the rate of reaction, the solid
pre-made AD-mix B was also tested because inhomogeneities in the reaction mixture,
brought about by the separate addition of all the individual components, have previously
resulted in reaction rate variations.”® The pre-made AD-mix B was tested and showed
comparable results to when each reagent was added separately. These conditions were
much more selective than those previously tested and had potential for further

optimisation.
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K20304.2H20 (5 mOl%), R’

TBSO o (DHQ),PHAL (0.25eq.),  1BSO

KsFe(CN)s (3 eq.),
OTBS K,CO3 (3 eq.), MeSONH, (1 eq.), OTBS
(6, 8 and 10) tert-butanol:water (1:1), rt, 5d

N—N
\

5 X 7 o S
=

N (DHQ),PHAL

MeO OMe

Figure 3 — 23 — General reaction scheme for the asymmetric dihydroxylation of the
bis-TBS protected deoxynucleosides (6, 8 and 10) (employing the (DHQ),PHAL ligand).

K»0s04.2H,0 (5 mol%), ¥
TBSO o (DHQD),PHAL (0.25 eq.), 7880 o)
KsFe(CN)g (3 eq.),
OTBS  KoCO; (3 eq.), MeSONH, (1 eq.), oTBS

(6, 8 and 10) tert-butanol:water (1:1), rt, 5d

MeO OMe

N N
(DHQD),PHAL

Figure 3 — 24 — General reaction scheme for the asymmetric dihydroxylation of the
bis-TBS protected deoxynucleosides (6, 8 and 10) (employing the (DHQD),PHAL ligand).

Entry R R' Yield R:R' (%)
1 0 D e 59% of 44
HN | HNJj"\O
0)\'}1 O)\l}l “OH
! Q) ! (44)
2 NH, 89% RSM
Nﬁ
07N _
)
3 NH; Me Me 8% of 44 and 45
N7 | HN OH N L (d.r. 98:2)
58% RSM
O)\l}l O)\N 'OH O)\l}l OH
(10 | 44 | 45)

Figure 3 — 24 — The yields for the asymmetric dihydroxylation of the bis-TBS protected
deoxynucleosides (6, 8 and 10) (employing the (DHQD),PHAL ligand) (RSM refers to
recovered starting material).

Another set of dihydroxylation conditions, also developed by Sharpless, which employed

the additive citric acid were tested.” The use of citric acid in the dihydroxylation of
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olefins has three distinct advantages; 1) it maintains the pH of the reaction in its optimum
pH range (4-6) because it neutralises 4-methymorpholine (the bi-product produced from
the co-oxidant 4-methylmorpholine-N-oxide (NMO)); 2) it acts as a ligand for osmium
stabilising the osmium(VI) form, therefore, preventing disproportionation to Os(VII) and
Os(IV) (an insoluble form of osmium that precipitates out of the reaction solution,
therefore, reducing the amount of available osmium to catalyse the reaction); 3) it results
in a very clean reaction, thus, making product isolation easier. This final set of conditions
produced an 89% yield of a 90:10 mixture of 44 and 45 in only 36 h. As expected, the
diastereoselectivity was similar to that observed for the Upjohn conditions (d.r. 81:19).
Neither 8 nor 10 were observed to react under these conditions. For this particular
application, it was not necessary to produce a single diastereomer of T, therefore, the citric
acid dihydroxylation conditions (Figure and Table 3 — 25) were considered to be the best
and most selective conditions examined. In order for these conditions to be tested on
ssDNA it was necessary for them to occur under buffered conditions, therefore, the

reaction conditions were selected for further optimisation.

TBSO R citric acid (0.75 eq.), TBSO R’
o K,0s0,4.2H,0 (5 mol%), o
NMO (1.2 eq.),
tert-butanol:water 1:1,
OTBS tt, 24 h OTBS

Figure 3 — 25 — General reaction scheme for the citric acid dihydroxylation of the bis-TBS
protected deoxynucleosides (6, 8 and 10).
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Entry R R' Yield R:R' (%)
1 o 89% of 44 and 45
M M
e nogeor I Eon (d.r. 90:10)
o)\ry O)\l}l “OH o)\ry OH
: (6) ' 44) : 45
2 NH, 89% RSM
N7 |
o)\rlu )
o ®
3 NH; 96% RSM
N ’
A -
o~ N
! 10

Table 3 — 25 — The yields for the citric acid dihydroxylation of the bis-TBS protected
deoxynucleosides (6, 8 and 10) (RSM refers to recovered starting material).

3.2.7 — Optimisation of the Citric Acid Dihydroxylation of Thymine

It was necessary to further optimise the reaction conditions for the citric acid
dihydroxylation owing to the fact that the pH of the reaction solution was ~4. This pH is
likely to be too acidic for the modification of ssDNA as the conditions may have resulted
in unwanted side reactions e.g. deamination and depurination.'* '* Initially, the reaction
duration was reduced to 24 h and repeated with thymine (the conditions and percentage
conversion of 6 to 44 and 45 that were observed are shown in Figure 3 — 26). The yields
quoted for the formation of the diol of thymine are denoted as percentage conversions
because it was not possible to separate 6 from 44 and 45 using flash chromatography (the
% conversion was established by determining the relative integrals in the '"H NMR of the

C6 proton in 6, 44 and 45).

(e} (0] (0]
Me Me
HN)E/ eacs 07500 HNH_“OH HN)tOH
CItric acl . eq.),
2\ }\ o )\ OH

0“ >N K,0s0,.2H,0 (5 mol%), 07 >N” OH 0“ N
TBSO NMO (1.2 eq.), TBSO + TBSO
O tert-butanol:water 1:1, o 9)
rt, 24 h, 15.0 mL/mmol
OTBS OTBS OTBS
6 44 45

79%, d.r. 91:9

Figure 3 — 26 — The standard un-optimised conditions for the citric acid dihydroxylation

of 6.
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Before attempting to buffer the reaction, investigations were made into how the co-solvent,
overall concentration and the ratio of water to co-solvent affected the percentage
conversion to the diols 44 and 45. Sharpless and co-workers had observed that the
dihydroxylation reaction, carried out in the presence of citric acid, could be performed

239 When acetonitrile

using either tert-butanol or acetonitrile as a co-solvent with water.
was employed in the conditions described in Figure 3 — 26 the yield decreased to 58%

(d.r. = 81:19 (44:45)). As a result, all future experiments were carried out with zert-butanol

as the preferred organic solvent.

The effect of concentration of the overall reaction mixture was then investigated. A
significant improvement in reaction conversion was observed at an overall concentration
of 30 mL/mmol (93% conversion (d.r. = 94:6)), however, at 60 mL/mmol the reaction
conversion was retarded in comparison to the original system (61% conversion
(d.r.=>99:1)). Concentrations lower than 15 mL/mmol were not investigated, owing to
lack of solubility of the reagents. Finally, the effect of the ratio of ters-butanol to water was
probed (see Figure and Table 3 — 27). A marked enhancement in % conversion was
obtained at a 3:2 ratio of fert-butanol:water (Figure and Table 3 — 27, entry 2). The ratio of
tert-butanol:water and the overall reaction concentration were investigated further, once

optimised buffer conditions were obtained.

(0] (0] (0]
Me Me
HN o HN <OH HN™ Y OH
)\ | citric acid (0.75 eq.), )\ )\
0N K,0s0,.2H,0 (5 mol%), 07 >N" "'OH . 07 >N~ TOH
0 ratio tert-butanol:water, o o
rt, 24 h, 15.0 mL/mmol
OTBS OTBS OTBS
6 44 45

Figure 3 — 27 — The conditions that were employed in Table 3 — 27 for the citric acid
dihydroxylation of 6. The ratio of tert-butanol:water was investigated for its effect on the
% conversion of 6 to 44 and 45.
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Entry Ratio tert- % Conversion d.r. (44:45)
butanol:water
1 4:1 77 98:2
2 3:2 100 84:16
3 1:1 79 91:9
4 2:3 70 98:2
5 1:4 68 89:11

Table 3 — 27 — The calculated % conversions and d.r.’s for the dihydroxylation reaction
(Figure 3 — 27), upon variation of the ratio of tert-butanol:water.

The main concern with the original conditions (shown in Figure 3 — 26) was that the
reaction pH was too low for selective modification of ssDNA. Therefore, several buffers at
two different pH’s (5 and 6) were investigated for the conversion of 6 to 44 and 45
(Figure and Table 3 — 28). The table includes the buffering agent and the solution used to
alter the pH to the desired value (e.g. pH 5 or 6). The use of citric acid/sodium hydroxide
and sodium citrate/hydrochloric acid had a significant effect on the % conversion reducing
it by almost half when compared to the original conditions (Figure 3 — 26). However, the
use of potassium citrate/hydrochloric acid showed a marked improvement when compared
to sodium citrate/hydrochloric acid (52 and 60% conversion at pH’s 5 and 6 for potassium
citrate/HCI when compared to 26 and 39% conversion for sodium citrate/hydrochloric
acid). The greatest % conversion observed for the buffered reactions was when potassium
citrate/citric acid buffer was used. This could be due to the fact that no new counter ions
had been added to the system, which could have reduced the reaction efficiency
(i.e. potassium was already present owing to the potassium osmate and the citrate anion
was present from the citric acid). The concentration of potassium citrate/citric acid was
chosen so that when the buffer was added to the reaction mixture there would be 0.75 eq.
of citrate anion present in the solution. The pH 5 and 6 potassium citrate/citric acid buffers

were used for all subsequent experimental optimisation.
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(0]
Me
- OH
Y
A OH

O
Ij\)j/ buffer (0.75 eq.),

0N K;0804.2H,0 (5 mol%), 07 >N” ""OH 0N
TBSO NMO (1.2 eq.), TBSO * TBSO
o) tert-butanol:water 1:1, o o
rt, 24 h, 15.0 mL/mmol
OTBS OTBS OTBS
6 44 45

Figure 3 — 28 — The conditions that were employed in Table 3 — 28 for the citric acid
dihydroxylation of 6. The buffer, that was used for stabilisation of the reaction pH, was
investigated for its effect on the % conversion of 6 to 44 and 45.

Entry Buffering Solution used to pH % d.r. (44:45)
Reagent alter Buffer pH Conversion
1 99 mM citric 1 M sodium 5 40 100:0
acid hydroxide
2 99 mM citric 1 M sodium 6 39 100:0
acid hydroxide
3 99 mM sodium 1 M hydrochloric 5 26 100:0
citrate acid
4 99 mM sodium 1 M hydrochloric 6 39 100:0
citrate acid
5 99 mM 1 M hydrochloric 5 52 100:0
potassium citrate acid
6 99 mM 1 M hydrochloric 6 60 99:1
potassium citrate acid
7 99 mM 99 mM citric acid 5 72 89:11
potassium citrate
8 99 mM 99 mM citric acid 6 87 100:0
potassium citrate

Table 3 — 28 — The calculated % conversions
(Figure 3 — 28), upon variation of the buffer.

and d.r.’s for the dihydroxylation reaction

Several more aspects of the dihydroxylation required additional investigation to determine
whether the reaction conversion could be further improved from 87% conversion at pH 6
in potassium citrate/citric acid buffer (Table 3 — 28, entry 8). The mol% of potassium
osmate was increased from 5 to 10, 15 and 25 mol%, at both pH 5 and 6, however, this did
not result in a marked increase in % conversion (see Chapter 9, appendix 9.2 for yields and
d.r. values). As Sharpless had previously shown that this could be beneficial for increasing
the rate of some slower dihydroxylations,”’ the amount of citrate anion present in the
reaction was doubled to 1.5 eq. However, in this system no significant yield increase was

observed. Finally, the previously observed improvements in reaction conversion, that were
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detected by altering both the overall concentration and the ratio of tert-butanol:water, were
investigated in the potassium citrate/citric acid buffered system (Figure and Table 3 — 29).
It was found that although these alterations improved the reaction conversion when water
was used as a co-solvent, when potassium citrate/citric acid buffer was used this

enhancement in % conversion was not observed.

0} o} O
Me Me
HN potassium citrate/citric HN WOH HN OH
)\ | acid buffer (0.75 eq.), )\ ' 4]\
07N K,0804.2H,0 (5 mol%), 07 >N~ "OH 07 >N~ TOH
TBSO NMO (1.2 eq.), TBSO * TBSO
o ratio tert-butanol:water o o
rt, 24 h, overall
OTBS concentration OTBS OTBS
6 44 45

Figure 3 — 29 — The conditions that were employed in Table 3 — 29 for the citric acid
dihydroxylation of 6. The ratio of tert-butanol:water and the overall concentration were
investigated for their effect on the % conversion of 6 to 44 and 45.

Entry pH Overall Ratio tert- Yield % d.r. (44:45)
Concentration butanol:water

1 5 15 mL/mmol 1:1 72 89:11
base

2 6 15 mL/mmol 1:1 87 100:0
base

3 5 30 mL/mmol 1:1 44 97:3
base

4 6 30 mL/mmol 1:1 28 98:2
base

5 5 15 mL/mmol 3:2 53 99:1
base

6 6 15 mL/mmol 3:2 39 99:1
base

7 5 30 mL/mmol 3:2 37 100:0
base

8 6 30 mL/mmol 3:2 42 100:0
base

Table 3 — 29 — The calculated % conversions and d.r.’s for the dihydroxylation reaction
(Figure 3 — 29), upon variation of the overall concentration and solvent ratio.

After optimisation, the conditions which led to the highest conversion of thymine to its
corresponding distereomeric diol was 5 mol% potassium osmate, 1.2 eq. NMO, potassium
citrate/citric acid (0.75 eq.) buffer, pH 6, tert-butanol:water (1:1), overall concentration of

15 mL/mmol, at room temperature for 24 h (Table 3 — 29, entry 2). These conditions were
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tested on the other bases A, C, G and 5mC, to see if selectivity was maintained under the
buffered conditions (Figure 3 — 30). Pleasingly, no modification of the bis-TBS protected
deoxynucleosides was observed under these reaction conditions. The next step, was to test
the optimised and selective conditions on ssDNA, to see if the selectivity for thymine was

maintained in this system (Chapter 4).

potassium citrate/citric

R’
acid buffer (0.75 eq.),
BSOS | Kz0s0,.2H;0 (5 mol%), '0o0N
NMO (1.2 eq.),
tert-butanol:water 1:1,
OTBS rt, 24 h, 15.0 mL/mmol oTBS
(2,4,6,8and10)

Figure 3 — 30 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 6, 8 and 10) by the optimised buffered dihydroxylation conditions.
The conditions shown resulted in a 87% conversion to the diols 44 and 45, for the
modification of thymine (6), and >80% RSM was obtained for A, C, G and 5mC.

3.2.8 — Investigations into the Formation of Osmate Esters Directly from the Diol of

Thymine

It has been shown previously by others that it was possible to selectively form osmate
esters of both thymine and 5-methylcytosine.'>>"*® Although both bases reacted to form
these osmium-containing metal complexes, thymine had been observed to be the most
reactive of the two bases.'” It was proposed that the diols of thymine (44 and 45, formed
by the optimised citric acid dihydroxylation conditions) could be further modified by the
subsequent formation of an osmate ester. This would enable further modification of
thymine, into a bulkier and possibly more easily identified base, as the increased size of
the modified complex could result in a greater current block when immobilised in the aHL

pore during electrical recording experiments.

Now that conditions have been successfully developed for the selective dihydroxylation of
T (Chapter 3, sections 3.2.6 and 3.2.7), it was necessary to establish if it was possible to

form and isolate stable osmate esters of thymine and 5-methylcytosine (the two bases
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which have been previously shown to react to form osmate esters).'>> 3¢ 1% 139 [f the

TMEDA (N,N,N',N'-tetramethylethylenediamine) osmate esters of thymine were found to

be stable then the direct condensation onto the diols of T (44 and 45) could be investigated.

Donohoe and co-workers have illustrated that it was possible to isolate osmate esters of
diols derived from cyclic allylic alcohols and trichloroacetamides.”** This procedure was
used to attempt the isolation of the bis-TBS protected deoxynucleoside TMEDA osmate
esters of T and 5SmC (Figure 3 — 31). The osmate esters 46, 47 and 48 were formed in
almost quantitative yields (and in the case for SmC with complete diastereoselectivity).
The TMEDA osmate esters were easily identified by the characteristic four individual
singlet peaks in the "H NMR (all of which integrated to 3 protons) which corresponded to
the four methyl groups of the TMEDA when bound to the osmate ester complex. A
distinctive osmium isotope splitting pattern was also produced in the MS spectrum.
Diastereomer 46 was assigned as the major product by analogy to the facial selectivity
observed by osmium complexes for the dihydroxylation of thymine. As compound 48 was

not crystalline, it was not possible to determine the stereochemistry of the osmate ester.

O o}

M \ s M \ s
HN HN ~‘?O\(|)|/N HN ':eo\lcl)/N
)\ | 0s0O, (1.05 eq.), )\ /Os\ j él\ /Os\ j
PN TMEDA (1.1 eq.), 07 N7 0" N o 07 NTTOS h
TBSO CH,Cly, —~78°Ctort, TBSO TBSO
o] 18h o] o]
OTBS OTBS OTBS
6 46 47
95%, d.r. 80:20
NH2 NH2 \ /
N7 No~o RN
By | 0s0, (1.05 eq.), T 0 j
0“ >N TMEDA (1.10 eq.), 07 N7 O EN
AN
TBSO CH,Cl,,-78°Ctort,  TBSO /
o 18 h o
oTBS oTBS
10 48

95%

Figure 3 — 31 — The conditions employed for the formation of the bis-TBS protected
deoxynucleoside TMEDA osmate esters of T and SmC (46, 47 and 48).
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With osmate esters 46, 47 and 48 shown to be stable to column chromatography, it was
necessary to investigate a new system for the condensation of an osmate ester directly onto
the diols of thymine (44 and 45) under aqueous conditions. Unlike the previous conditions,
these needed to be carried out with water as a co-solvent in the temperature range 0-40 °C
and pH range 5-9. In 2008, Donohoe and co-workers developed conditions for the
condensation of a TMEDA osmate ester onto an N-tosyl amino alcohol at pH 7.%*! These
conditions were tested on an inseparable mixture of 44 and 45 and, after 24 h, 96% of the
TMEDA osmate esters 46 and 47 were produced with a d.r. of 94:6 (Figure 3 — 32). By
comparison of the 'H and *C NMRs of the major diastereomer, produced from the
condensation of osmium onto 44, it was possible to confirm that 46 was the major
disatereomer produced by direct osmate ester formation onto the alkene of 6. The scope of
the reaction for the employment of a variety of different ligands was further investigated
because it was proposed that bulkier amines could facilitate better base discrimination
when investigated by electrical recording experiments. To this end, two bulkier amine
ligands were tested for the condensation of an osmate ester onto 44 and 45 —
2,2'-bipyridine (BIPY) and 2,10-phenanthroline (PHEN) (Figure 3 — 32). An almost
quantitative yield of the BIPY osmate esters 49 and 50 was obtained (96% yield, d.r. of
95:5) but the reduced reactivity of the PHEN ligand meant only a 51% yield was obtained
of these osmate esters (51 and 52, d.r. of 93:7). Both types of osmate ester exhibited the
distinctive osmium isotope splitting pattern in the MS spectrum. In order to investigate the
rate with which complexation occurred, reactions to form the TMEDA and BIPY osmate
esters were repeated for only 2 h. The TMEDA osmate ester was isolated in 84% yield
(d.r. 93:7) and the BIPY osmate ester in 54% yield (d.r. 94:6), indicating that the ligand

acceleration effect was greater for TMEDA than BIPY.**

A two-step, one-pot procedure
was investigated for the selective modification of thymine (6) by dihydroxylation and

subsequent osmate ester condensation. However, only 18% of the desired TMEDA osmate
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esters (46 and 47, d.r. 80:20) and 80% of the diols of thymine (44 and 45, d.r. 75:25) were
detected. Further investigation showed that the presence of both NMO and citric acid
(which are necessary for step 1) inhibited the formation of the osmate esters 46 and 47.
Therefore, as a one-pot procedure was not viable, it was necessary to investigate methods

for buffering the reaction to form the osmate esters of thymine via a two-step procedure.
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Figure 3 — 32 — The aqueous conditions employed for the condensation of the TMEDA,
BIPY and PHEN osmate esters onto the two diastereomers of the diols of thymine (44 and
45). In all cases, for simplicity, only the chemical structures of the major diastereomers
were depicted (the stereochemistry of the osmate ester products was inferred from the
major diastereomer of the diol 44).

Although the condensation of an osmate ester onto the diol of thymine occurs at pH 7, a
solution of potassium osmate was initially added to the reaction mixture and then the pH
altered to pH 7 by the addition of 1 M hydrochloric acid. Once the addition of the osmium
reagent was complete, the initial pH of the solution was around 11 which was too high for
experimentation on ssDNA. In order to maintain the pH of the reaction at pH 7 from the
start, 10 mM phosphate buffer was utilised as the co-solvent with acetone (Figure and
Table 3 — 33). The substitution of water with 10 mM potassium phosphate buffer resulted
in a dramatic drop in yield of the TMEDA osmate esters (46 and 47). Increasing the

reaction time and altering the co-solvent ratio failed to improve the yield of the desired
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product. Therefore, no further optimisation was carried out on this system owing to poor

conversion to the desired product under the buffered conditions.
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Figure 3 — 33 — The conditions that were employed in Table 3 — 33 for the condensation of
a TMEDA osmate ester onto the diols of thymine (44 and 45). The co-solvent, ratio of
acetone:co-solvent and reaction duration were investigated for their effect on the yield of
46 and 47. For simplicity, only the chemical structures of the major diastereomers (44 and
46) were depicted.

Entry Co-solvent Ratio of Reaction | Yield (%) d.r. of
acetone:co- duration 46:47
solvent (h)
1 water 1:1 2 84 93:7
2 water 4:1 2 54 >99:1
3 10 mM potassium phosphate 1:1 2 6 of 46 >99:1
89 of 44
4 10 mM potassium phosphate 4:1 2 10 of 46 >99:1
89 of 44
5 10 mM potassium phosphate 1:1 24 8 0f 46 >99:1
90 of 44

Table 3 — 33 — The calculated yields and d.r.s for the condensation of a TMEDA osmate
ester onto the diols of thymine (shown in Figure 3 — 33) upon variation of the co-solvent,
ratio of acetone:co-solvent and reaction duration.

It was hypothesised that another source of osmium(VI) could be used for the condensation
of an osmate ester onto the diol of thymine. Sharpless and co-workers observed that when
osmium(VIII) tetroxide coordinated to quinuclidine it formed a bright orange complex
(53), which upon reaction with cyclohexene turned bright green (54) indicating the
formation of the osmate ester and the reduction of osmium(VIII) to osmium(VI).>** This
cyclohexene osmate ester complex could be employed as a source of osmium(VI) (54) for
the condensation of an osmate ester onto the thymine diols (44 and 45). Under aqueous
conditions it would be expected that the osmium complex would be in equilibrium,

between being bound to either the cyclohexene diol or the thymine diol, because
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quinuclidine is a mono-dentate ligand that does not form stable osmate esters. It was
proposed that the osmium complex would be more stable when attached to thymine
because it has a more substituted electron rich system (as it contains a methyl group at
C5)** and the carbonyl oxygen (at C4) might be able to provide additional stabilisation
through weak coordination to the osmium. If the thymine osmate ester was the preferred
complex, then if an additional one equivalent of TMEDA was added to the reaction it
would displace quinuclidine, thereby trapping out the desired stable osmate ester of T.
Therefore, this system could provide an alternative source of osmium(VI) which would be
easily monitored by the distinct colour changes of the various osmium complexes

(Figure 3 — 34).2412%
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Figure 3 — 34 — Proposed mechanism for condensation of an osmate ester onto the diols of
thymine using 54 (only the major diastereomers 44 and 46 were depicted for simplicity).
This scheme illustrates the characteristic colour changes that would be observed for the
formation of the various osmium complexes.

The hypothesised method for the condensation of an osmate ester onto thymine was

initially investigated in both organic and aqueous solvent systems (Figure and
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Table 3 —35). In both dichloromethane and acetone:water (4:1), no osmate ester of
thymine was observed when additional quinuclidine was added to the reaction solution
(Table 3 — 35, entries 1 and 3). This highlighted the fact that quinuclidine was not able to
form stable and isolatable osmate esters of thymidine. Pleasingly, when additional
TMEDA was added to the reaction, it was possible to isolate high yields of the desired
osmate ester in both organic and aqueous solvent systems (Table 3 — 35, entries 2, 4 and
5). This proved in principle that it was possible to condense an osmate ester onto the diol

of thymine using complex 54 as the source of osmium(VI).
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Figure 3 — 35 — The conditions that were employed in Table 3 — 35 for the formation of a
TMEDA osmate ester from the diols of thymine (44 and 45), using 54 as a source of
osmium(VI). The ligand, solvent system and the ratio of the solvent system were
investigated for their effect on the yield of 46 and 47. For simplicity, only the chemical
structures of the major diastereomers (44 and 46) were depicted.

Entry Solvent System Solvent Ratio Additional Yield d.r. 46:47
Ligand
1 dichloromethane 1 quinuclidine | 100% RSM -
2 dichloromethane 1 TMEDA 88% 92:8
3 acetone:water 4:1 quinuclidine | 100% RSM -
4 acetone:water 4:1 TMEDA 67% 94:6
5 acetone:water 1:1 TMEDA 60% 92:8

Table 3 — 35 — The calculated yields and d.r.’s for the formation of a TMEDA osmate ester

from the diols of thymine (shown in Figure 3 — 35) using 54 as a source of osmium(VI).
The ligand, solvent system and the ratio of the solvent system were investigated for their
effect on the yield of 46 and 47 (RSM refers to recovered starting material).

In order for the new osmium source to be suitable for reaction with ssDNA it was
necessary to buffer the reaction, as the pH of the unbuffered reaction solution was recorded

as ~11. Potassium phosphate (50 mM) at pH 7 (at a ratio of both 1:1 and 4:1
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acetone:buffer) was tested as the buffering agent for the formation of the TMEDA osmate
esters (46 and 47) from their corresponding diols (44 and 45). These conditions produced
moderate yields of the desired product (Figure and Table 3 — 36, entries 1 and 2), although,
these were significantly higher than those previously observed with the conditions
developed by Donohoe and co-workers (Figure and Table 3 — 33).**! In an effort to further
increase the yield of 46 and 47 2.2 equivalents of TMEDA was added to the reaction
mixture, however, this reduced the yield of product by 20%. Finally, increasing the
temperature of the reaction was probed for its effect on the yield of the desired osmate
ester. Pleasingly, when the reaction was heated to 40 °C an increase in overall yield was
observed at both solvent ratios tested (Table 3 — 36, entries 4 and 5). Therefore, the newly
developed osmium(VI) source 54 was able to condense an osmate ester onto the diols of

thymine (44 and 45) under pH 7 buffered conditions at 40 °C.
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Figure 3 — 36 — The buffered conditions that were employed in Table 3 — 36 for the
formation of a TMEDA osmate ester from the diols of thymine (44 and 45), using 54 as a
source of osmium(VI). The number of equivalents of ligand, the ratio of the solvent system
and the temperature were investigated for their effect on the yield of 46 and 47. For
simplicity, only the chemical structures of the major diastereomers (44 and 46) were
depicted.
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Entry Solvent Ratio Temperature TMEDA Yield (%) d.r. 46:47
CO (eq.)
1 4:1 25 1.1 63 92:8
2 1:1 25 1.1 58 94:6
3 4:1 25 2.2 40 95:5
4 4:1 40 1.1 77 93:7
5 1:1 40 1.1 66 93:7

Table 3 — 36 — The calculated yields and d.r.’s for the formation of TMEDA osmate esters
from the diols of thymine (shown in Figure 3 — 36) upon variation of the ratio of the
solvent system, temperature and equivalents of ligand.

Finally, it was necessary to test if the reaction of osmium complex 54 was selective for the
modification of thymine diols. The optimised conditions (Table 3 — 36, entry 4) were
tested on the bis-TBS deoxynucleosides of C, A, G and 5SmC and no reaction was detected
with any of these nucleobases (Figure 3 — 37). Therefore, the two-step selective
modification of thymine to its TMEDA osmate ester had been successfully optimised for

use under buffered conditions.
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acetone:potassium
oTBS phosphate buffer (50 mM), oTBS
(2, 4, 8,10, 4:1,pH7,40°C, 24 h
44 and 45)

Figure 3 — 37 — General reaction scheme for the modification of the bis-TBS protected
deoxynucleosides (2, 4, 8, 10, 44 and 45) by the optimised TMEDA osmate ester
condensation conditions. The conditions shown resulted in a 77% yield of the osmate
esters 46 and 47, by condensation onto the diols (44 and 45), and >75% RSM was
obtained for A, C, G and 5mC.

3.3 — Conclusions

A model system has been successfully developed for the screening of the reactivity of the
canonical DNA bases, C, T, A and G, as well as the epigenetic modification SmC. A
number of different types of chemical reaction have been investigated for the selective

modification of the deoxynucleosides. Halogenation conditions proved too reactive, and in
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all of the conditions tested, at least two of the bases were found to be modified.
Furthermore, many of the conditions examined were found to lead to significant amounts
of decomposition of the starting materials (2, 4, 6, 8 and 10). Several other types of
reaction were also investigated, and were found to show complete lack of reactivity with
this model system. Finally, the osmium-catalysed dihydroxylation reactions were probed
and the citric acid dihydroxylation was observed to be selective for thymine. Despite the
high degree of selectivity, the low pH of the reaction was not suitable for use on ssDNA.
Therefore, these conditions were extensively optimised and new buffered conditions were
found that resulted in 87% conversion to the diol of thymine (44) whilst still maintaining

the reaction selectivity

It was hypothesised that an osmate ester could be directly condensed onto the diol of
thymine. This would result in further modification of the thymine base producing a bulky
osmate ester which could potentially be more easily identified by electrical recording
experimental techniques, as the increased size of the modified complex could result in a
greater current block when immobilised in the aHL pore. Conditions that were initially
developed by Donohoe and co-workers, for the condensation of an osmate ester onto an
N-tosyl amino alcohol, were unsuccessful for the formation of TMEDA osmate esters of
the thymine diol under buffered conditions because only ~10% yield of the desired osmate
ester was isolated.”*' However, employment of the osmium(VI) source 54, under buffered
conditions, allowed the formation of the desired TMEDA osmate ester in 77% yield
without modification of any of the other bases. As the two-step process for the selective
dihydroxylation and subsequent osmate ester formation of thymine had been optimised, it
was necessary to investigate the modification reactions by electrical recording experiments

(Chapter 4).
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In conclusion, by utilising an appropriate model system (the bis-TBS protected
deoxynucleosides) it was possible to investigate a number of chemical reactions for the
selective modification of the DNA bases. Those conditions which were found to be
selective (in this case selective dihydroxylation and osmate ester formation of thymine)

were then optimised for use with ssDNA.
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Chemical Modification of the DNA Bases

Monitored by Electrical Recording Experiments
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Chapter 4 — Chemical Modification of the DNA Bases

Monitored by Electrical Recording Experiments

4.1 — Introduction

There has been a great deal of interest in chemical reactions which can selectively modify
a single base in a strand of DNA. By reacting one of the bases, it was hoped that the base
could be identified more easily for the purposes of DNA sequencing.' For example the
selective oxidation of thymine, using potassium permanganate, formed the diol of T which
was susceptible to base-catalysed strand cleavage. Therefore, the position of the thymine
base in a strand of DNA was determined by running the reaction cleaved products on a
polyacrylamide gel, where the cleavage band corresponded to the location of the thymine

'%* The work included in this chapter discusses two different oxidation reactions

base.
which have been optimised for modification of one of the DNA base: 1) Carell’s selective

oxidation of the C5-C6 bond of 5SmC and 2) the citric acid dihydroxylation which was

optimised (Chapter 3) for the selective modification of thymine.

4.2 — Results and Discussion

4.2.1 — Discrimination of Unmodified Poly(dA)N(4) Oligonucleotides by the NN aHL

Mutant

A variety of aHL mutants have been shown to discriminate C, T, A and G, when probed
with homopolymeric ssDNA containing a single altered base at positions 9 (R;), 14 (R,) or
18 (R;).Sg'61 The EI11N/K147N/M113Y has also been shown to discriminate the

¥ 1t was

epigenetic modifications (SmC and hmC) as well as the canonical bases.
hypothesised that aHL mutants could be used to detect the reaction conversion and the

product(s) of a selective chemical reaction of one of the DNA bases. To this end, two
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oxidation reactions which had been developed for selective modification of either SmC

(Carell’s oxidation) or T (citric acid dihydroxylation) were tested on ssDNA.

Poly(dA)N(14) oligonucleotides (where N = A, C, T, G or 5SmC, located at position 14
relative to the 3' biotin TEG in 40nt long ssDNA) were utilised for the investigation of the
chemical modification of the DNA bases because the oxidation conditions tested were not
observed to react with adenine (the base comprising the majority of the poly(dA)N(4

oligonucleotide sequence, Chapter 3).'™

The NN mutant of aHL (protein prepared by E.
Mikhailova) was initially probed with unmodified poly(dA)N4) (where N=A, C, T, G or
5mC), to determine the base discrimination properties of this mutant (the experimental
conditions used, unless otherwise stated, were 1 M KCI, 25 mM Tris, 100 uM EDTA, pH
8.0 at +160 mV, Figure and Table 4 — 1). The NN mutant was able to fully discriminate C,
T, A and G but 5SmC and A produced identical block levels. A different order of increasing

block level and a slightly smaller Algps® R4

was also noted, upon probing with
poly(dA)Nq4) oligonucleotides, when compared with poly(dC)N4, oligonucleotides
(5SmC>C/hmC>T>A>G and a Algs” ' =3.4+0.2% (n = 4) for poly(dC)N(14
(Figure and Table 2 — 2A) and SmC/A > C > T > G and a Alggs®' " = 2.8 + 0.0%
(n=4) for poly(dA)N4) (Figure and Table 4 — 1)). Poly(dA)N4) oligonucleotides were
also observed to block NN to a greater extent than the poly(dC). Therefore, under the
electrical recording experimental conditions which were utilised for investigation of the

chemical modification of the DNA bases (Chapters 4.2.2 — 4.2.3), the NN mutant was not

capable of identifying a distinct block level for each of the five DNA bases tested.
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NN Mutant
A
60 5mC
- C
040 G
S T
o
v 20-
[ SH LS| } A .

0 T T T T T T
33 34 35 36 37 38
Residual Current (%)
5'- C20CCCCCCNCCCCCCCCCs Btn - 3!

lo=175 + 1pA

Oligo| A 5mC C T G
les | 340 | 340 | 344 | 350 | 368
B8 | 02 | t02 | 01 | 01 ] $01

Figure 4 — 1 — Base discrimination abilities of the NN pore when probed with
poly(dA)N 4 oligonucleotides with a single substituted base (N = C, T, A, G or 5SmC) at
position 14 relative to the 3' biotin-TEG.

Entry Io Ires Ires | Alges | Ires | Alres | Ires | Alres | Ires | Alges Alggs
(A) | polydA)s | C | C% |5mC|5mC| T | T% | G | G% | OVERALE
(pA) (pA) (pA) | % | (pA) (pA) %
1 175 34.0 34.4 0.4 34.0 0.0 35.0 1.0 36.8 2.8 2.8
2 172 34.5 34.9 0.4 34.5 0.0 35.6 1.0 37.3 2.8 2.8
3 171 35.1 35.5 0.4 35.1 0.0 36.2 1.1 38.0 2.9 2.9
4 173 34.8 35.2 0.3 34.8 0.0 35.9 1.0 37.7 2.8 2.8
Mean | 173 34.6 35.0 0.4 34.6 0.0 35.7 1.1 37.4 2.8 2.8
SD 2 0.5 0.5 0.0 0.5 0.0 0.5 0.0 0.5 0.0 0.0

Table 4 — 1 — Residual current data for the NN mutant of aflL probed with poly(dA)N 14
oligonucleotides with a single substituted base (N = C, T, A, G or 5mC) at position 14
relative to the 3' biotin-TEG (n = 4). The 1o and Iggs given for each oligonucleotide are
mean values taken from Gaussian fits of event histograms, for individual experiments. The
Alggs T, for example, is the difference in residual current between the poly(dA)4y and the
poly(dA)-T 4 levels (Alges T = Iggs T — Ires A). The * indicates the experiment which
corresponds to the histogram in Figure 4 — 1 for the NN mutant.

4.2.2 — Electrical Recording Studies of Carell’s Selective Oxidation of SmC

Thomas Carell and co-workers investigated the differing redox-potentials of SmC, C and
T, in order to selectively oxidise the C5-C6 bond of 5SmC in the presence of all other
bases.'” The conditions that were initially developed employed vanadium(V)-containing
clusters to oxidise SmC and subsequent piperidine cleavage to observe the site of reaction.
However, under these conditions, cleavage was also observed at guanine bases because the

vanadium species promoted direct electron abstraction producing oxidatively damaged
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DNA lesions at these positions. Experimental optimisation produced conditions which
were completely selective for 5SmC (NalO4/LiBr, phosphate buffer, pH 5 40 °C,
Figure 4 — 2). In order to determine the possible product of the oxidation reaction, Carell
and co-workers analysed DNA, treated under the oxidation conditions, by mass
spectrometry (MS). An increase in molecular weight of m/z 96 was observed,

corresponding to the formation of the bromohydrin of 5SmC.

NH, NH, NH,

4 mM LiBr
H,O
N* | )f 2 N)fx X = OH or Br
N 1 mM NaIO4 éj\ él\ X

0”N
' pH54OC '

O

Figure 4 — 2 — Proposed reaction intermediates for the selective chemical modification of

5mC. Figure adapted from Bareyt et al. 2008."™

It was hypothesised that Carrel’s conditions for the selective modification of SmC, using
sodium periodate and lithium bromide, could also be investigated by electrical recording
experiments.'’* Carell and co-workers monitored the reaction selectivity by observing
cleavage bands that were produced at the location of the oxidatively damaged DNA
residues. Polyacrylamide gel analysis showed relatively weak cleavage bands, in
comparison to the unmodified strand, indicating low reaction conversion for the selective
modification of 5SmC. However, Carell and co-workers observed a loss of base selectivity
upon increasing both the reaction duration and temperature.'” Therefore, to maintain
selectivity the conditions that were tested for the modification of poly(dA)N4 (where
N=C, T, A, G or 5SmC) oligonucleotides were — ImM sodium periodate, 4 mM lithium
bromide, 100 mM sodium phosphate buffer, pH 5.0 for 1 h at 40 °C."”* Under these
conditions it would be expected that only poly(dA)SmC 4, would be observed to react by

electrical recording experiments.

The poly(dA)so oligonucleotide was initially tested for reactivity under these conditions,

because it was necessary to confirm, that the nucleobase which comprised the majority of
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the poly(dA)N(4 background DNA sequence, was not modified under the oxidation
conditions being investigated. For the electrical recording experiments, modified
poly(dA)4y (A-CR) (that had been reacted by the conditions described above, purified and
then pre-incubated with excess streptavidin at room temperature for at least 5 min) was
added to the cis compartment and a one second pulling and releasing voltage sweep (see
Chapter 7, section 7.3.5) was applied (for a minimum of 200 sweeps), to sample the
various reacted oligonucleotide species. In the case of poly(dA)s, when the modified
DNA (A-CR) was added to the cis compartment, a single residual current level was
observed in the residual current histogram (Figure 4 — 3A left). As only one residual
current level was produced, this indicated that either poly(dA)4 had completely reacted to
produce a new product or no reaction had occurred. To determine which scenario was
correct, a sample of unreacted stock solution of poly(dA)s (A) was then added to the cis
compartment and measured (for a minimum of 200 sweeps, Figure 4 — 3A, right). This
resulted in a histogram containing a single residual current population that had an
increased count number (i.e. more DNA block events had occurred, in the same length of
time, implying the number of ssDNA biotinestreptavidin complexes resulting in that
particular block level had increased). As no new population had been observed in the
histogram, and the population of the previously measured block level had increased in
count number, it was assumed that adenine had not reacted under these conditions and no
chemical modification had occurred. However, to confirm that this was indeed the case, a
second control experiment was performed in which the unmodified poly(dA)s (A) was
added to the cis compartment first to verify that this oligonucleotide produced a single
block level (Figure 4 — 3B, left). Subsequent addition of A-CR again produced a single
block level with increased count number. Therefore, under the reaction conditions
investigated, no modification of adenine (the base which comprises the majority of the

poly(dA)N4) (where N = C, T, A, G or 5mC) oligonucleotide sequences) was observed,
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which was supported by previous data in the literature on the base selectivity of Carell’s

174 . . . .
"™ Therefore, as adenine is not modified under the reaction

oxidation conditions.
conditions, it will provide a suitable unreactive background oligonucleotide sequence upon

which selective oxidation of 5mC, by Carell’s oxidation conditions,'’* can be investigated.
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Figure 4 — 3 — The NN pore probed with reacted and unreacted poly(dA)s. A) The
histogram on the left shows only the presence of A-CR in the cis compartment. The
histogram on the right corresponds to when A was added to the cis compartment and a
single residual current level with increased count number was observed when both
modified (A-CR) and wunmodified oligonucleotides (A) were present in the cis
compartment. B) The control experiment on the left shows only the presence of A in the cis
compartment — a single block level is observed in the histogram. The histogram on the
right corresponds to when A-CR was added to the cis compartment and again a single
residual current level with increased count number was detected, when both the modified
and unmodified oligonucleotides were present in the cis compartment. This suggests that
no reaction had occurred.
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Entry | 1o (pA) Tres A Ires A-CR Alggs
(pA) (pA) (A-CR-A) %
la" 156 - 34.10 -
1b* 158 34.15 34.15 0.00
2a" 166 33.52 - -
2b° 164 34.02 34.02 0.00
3a 181 - 36.66 -
3b 184 36.57 36.57 0.00
Mean 168 34.57 35.10 0.00
SD 12 1.37 1.38 0.00

Table 4 — 3 — Residual current data for the NN pore probed with reacted poly(dA)4
(A-CR) and un-reacted poly(dA)s (A) (n = 3). The lp and Irgs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number la and 1b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case A-CR) and ‘b’ denotes when both oligonucleotides are
present in the cis compartment (A and A-CR). The * indicates the experiments which
correspond to the histograms in Figure 4 — 3 (A corresponds to la and 1b and B
corresponds to 2a and 2b).

Carell and co-workers have previously observed direct one-electron abstraction with
guanine, under some of the conditions employed for oxidation of the C5-C6 bond of
5mC.""* The conditions tested in this system, however, have been optimised by Carell and
co-workers to minimise this unwanted side reaction.'” Poly(dA)G(14) was investigated for
modification by the sodium periodate/lithium bromide reaction mixture and no reaction
was detected with this nucleobase (e.g. a single block level, with increased count number,
was detected when G and G-CR were both present in the cis compartment, Figure 4 — 4A,
right). The control experiment, where G was added to the cis compartment first and G-CR
second, also resulted in the observation of a single block level when both modified and
unmodified poly(dA)G4) samples were present (Figure 4 — 4B). Therefore, the direct
one-electron abstraction had been successfully suppressed in the modification conditions

tested (Figure and Table 4 — 4).
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Figure 4 — 4 — The NN pore probed with reacted poly(dA)G 4 (G-CR) and un-reacted
poly(dA)G 14 (G). A) The histogram on the left shows only the presence of G-CR in the cis
compartment. The histogram on the right corresponds to when G was added to the cis
compartment and a single residual current level with increased count number was
observed when both modified (G-CR) and unmodified oligonucleotides (G) were present in
the cis compartment. B) The control experiment on the left shows only the presence of G in
the cis compartment — a single block level is observed in the histogram. The histogram on
the right corresponds to when G-CR was added to the cis compartment and again a single
residual current level with increased count number was detected, when both the modified
and unmodified oligonucleotides were present in the cis compartment. This suggests that
no reaction had occurred.

Entry IO (pA) IRES G IRES G-CR AIRES
(pA) (pA) (G-CR-G) %

la" 163 36.63 - -

1v* 162 36.75 36.75 0.00

2b 163 36.84 36.84 0.00

3a" 160 - 36.88 -

3b° 160 36.84 36.84 0.00
Mean 162 36.77 36.83 0.00

SD 2 0.10 0.06 0.00

Table 4 — 4 — Residual current data for the NN pore probed with reacted poly(dA)G 4
(G-CR) and un-reacted poly(dA)Gqy (G) (n = 3). The lo and Iges given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number la and 1b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case G) and ‘b’ denotes when both oligonucleotides are present
in the cis compartment (G and G-CR). The " indicates the experiments which correspond

to the histograms in Figure 4 — 4 (A corresponds to 3a and 3b and B corresponds to la
and 1b).
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The pyrimidine bases T and C were also investigated for chemical oxidation by Carell’s
method. Modified poly(dA)T4) (T-CR) produced two distinguishable current signals, after
treatment with sodium periodate and lithium bromide (Figure 4 — 5A, left). The two
signals produced could have corresponded to either 1) incomplete modification of thymine
to a single product, with unmodified poly(dA)T 4 still present in the sample (e.g. a 3:1 or
1:3 mixture of modified:unmodified poly(dA)Tg 4 (n = 1)) or 2) thymine had been
completely modified to two different products in a 3:1 ratio. Upon addition of unmodified
poly(dA)T(4) it was confirmed that incomplete modification of T had occurred, with the
modified product species producing a greater current block, when immobilised in the NN
pore (Figure 4 — 5A, right). The control experiment (Figure 4 — 5B) confirmed that the
unmodified strand produced a single block level when added to the cis compartment and
that two distinct block levels were observed upon subsequent addition of modified
poly(dA)Tg4 (T-CR). The electrical recording data indicated that the
Alrgs "R " =—0.41 + 0.08% (n = 3) (Table 4 — 5A,B). Poly(dA)C 14 was also found to
react with the sodium periodate/lithium bromide mixture. However, cytosine was
completely converted to the new product within the 1 h reaction time-period because C-CR
alone produced a single block level (Figure 4 — 5C, left) and addition of unmodified
poly(dA)Ci4y (C) resulted in two distinct residual current signals (Figure 4 — 5C, right).
The control experiment corroborated these findings (Figure 4 — 5D). The Alggs @R~ ©
observed was less than that measured for T (AIRES(C'CR ~9=-0.29+0.03% (n=4), Table
4 — 5C,D). The observed reactivity was not predicted as Carell’s oxidation conditions were

selective for 5mC.!"

However, some T bases were observed, by Carell and co-workers, to
react and form cleavage bands, which was explained by hypothesising that the most
reactive sites e.g. 5SmC had been shielded by DNA secondary structure.'”* Therefore, as the

poly(dA)T14) and poly(dA)C14) strands did not contain any reactive 5SmC'’s, the reagents

could have modified the next most reactive bases — C and T.

152



Chapter 4

A
] T-CR a04 TCR
20 : T
2 g
c ] c
3 10. T Additionof T~ 3 20
s ——> © ]
0 -'|rL| | 'J-IJ'L| 0 -_'J-l-rl . ol —n .
30 31 32 33 33 34 35 36
Residual Current (%) Residual Current (%)
B _ - T T-CR
20-_ T
8 220
S ] :
O 10- Addition of T-CR ©
<o —
0 L ! 0 Jlon q— o
34 35 36 37 34 35 36 37
Residual Current (%) Residual Current (%)
C
401 C-CR ] C-CR
. ] C
2] 2 407
c g ]
3 207 AdditionofC 3 |
7] — LD
0+= 1 1 0 e T = !
33 34 35 36 33 34 35 36
Residual Current (%) Residual Current (%)
° G 1504 CCR
v a [} E
£ 20 €100 C
3 Additionof CCR 3 3
= 107 —
0 onn L iml D .
32 33 34 35 32 33 34 35

Residual Current (%) Residual Current (%)

Figure 4 — 5 — The NN pore probed with reacted and unreacted poly(dA)T 14 (A and B)
and poly(dA)Cq14 (C and D). A) The histogram on the left shows only the presence of T-CR
— this suggested that T had undergone incomplete conversion to the product, with the
modified base producing a lower residual current. The histogram on the right corresponds
to when T was added to the cis compartment, resulting in the presence of both modified
and unmodified oligonucleotides in the cis compartment — one of the residual current
levels increased its count number upon addition of T indicating this peak corresponded to
the un-modified poly(dA)T 14 (these histograms correspond to different experiments). B)
The control experiment on the left shows only the presence of T in the cis compartment — a
single block level was observed. The histogram on the right corresponds to when T-CR
was added to the cis compartment, resulting in the presence of both modified and
unmodified oligonucleotides in the cis compartment — the appearance of a new lower
residual current block level corresponded to the product species (T-CR). C) The histogram
on the left shows only the presence of C-CR — this suggested that either C had undergone
complete conversion to the product or no reaction had occurred at all. The histogram on
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the right corresponds to when C was added to the cis compartment, resulting in the
presence of both modified and unmodified oligonucleotides in the cis compartment — a new
residual current level was observed upon addition of C indicating this peak corresponded
to the unmodified poly(dA)C 4, with the modified base (C-CR) producing a lower residual
current. Therefore, under these conditions complete modification of C was observe.
D) The control experiment on the left shows only the presence of C in the cis compartment
— a single block level was observed. The histogram on the right corresponds to when C-CR
was added to the cis compartment, resulting in the presence of both modified and
unmodified oligonucleotides in the cis compartment, the appearance of a new lower
residual current block level corresponded to product species (C-CR) (these histograms
correspond to different experiments).

Entry IO (pA) IRES T (pA) IRES T-CR AIRES
(pA) (T-CR-T) %
la" 163 31.88 31.40 -0.47
2b" 169 34.23 33.92 -0.32
3a 168 35.35 35.02 —0.34
3b 170 35.37 34.92 —0.45
4a" 165 35.01 - -
4b" 166 35.34 34.86 —0.48
Mean 167 34.53 34.02 -0.41
SD 3 1.37 1.53 0.08

Table 4 — 54,B — Residual current data for the NN pore probed with reacted poly(dA)T 14
(T-CR) and un-reacted poly(dA)Tus (T) (n = 3). The lo and Iges given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number 3a and 3b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case T-CR) and ‘b’ denotes when both oligonucleotides are
present in the cis compartment (T and T-CR). The " indicates the experiments which
correspond to the histograms in Figure4 — 5 (A corresponds to la and 2b and B
corresponds to 4a and 4b).

Entry Io (pA) Ires C (pA) | Irgs C-CR Alggs
(pA) (C-CR-C) %

la" 163 33.57 - -
267 166 35.09 34.83 -0.26
3a" 164 - 34.41 -
3b” 165 34.85 34.54 -0.31
4b 165 34.82 34.55 -0.27
5a 163 - 34.96 -
5b 164 35.31 34.99 -0.33

Mean 164 34.73 34.71 -0.29
SD 1 0.68 0.24 0.03

Table 4 — 5C,D — Residual current data for the NN pore probed with reacted poly(dA)C 14
(C-CR) and un-reacted poly(dA)Cy (C) (n = 4). The 1o and Irgs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number 3a and 3b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case C-CR) and ‘b’ denotes when both oligonucleotides are
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present in the cis compartment (C and C-CR). The * indicates the experiments which
correspond to the histograms in Figure4 — 5 (C corresponds to 3a and 3b and D
corresponds to la and 2b).

Finally poly(dA)SmC4) was investigated for its reactivity under the oxidative sodium
periodate/lithium bromide conditions. When the modified (poly(dA)SmC4) ssDNA
(5mC-CR) was initially added to the cis compartment a number of distinguishable block
levels were observed (Figure 4 — 6A, left). This suggested that a number of different
products had been detected by the NN mutant of aHL. The mechanism that was proposed
by Carell and co-workers showed that a number of possible intermediates and products

could have been produced upon oxidation of 5SmC (Figure 4 — 7.7

It was possible that
upon reaction with sodium periodate/lithium bromide 5SmC had reacted and produced a
number of these intermediates or end products which were stable and detectable under the
electrical recording experimental conditions. However, upon addition of unmodified
poly(dA)5mC 4 the residual current signal that resulted was a single block level over a
very wide range (~2%, Figure 4 — 6A, right). This was because the individual signals,
produced by the multiple products of 5SmC, were broad and located relatively close
together. Therefore, when additional unreacted ssDNA was added, and its signal appeared
in close proximity to the signals corresponding to SmC-CR (Figure and Table 4 — 6A), one
broad residual current population was measured. The control experiment showed a single
residual current level upon addition of un-modified poly(dA)SmC4 (5SmC)
(Figure 4 — 6B, left). Subsequent addition of the modified oligonucleotide resulted in a
broadening on the signal, which was indicative of the multiple products observed for
reaction with SmC under Carell’s oxidation conditions. Owing to the resultant multiple
signal overlap, it was not possible to calculate a value for Alges®™“® ™™, Therefore, by

probing the NN mutant of aHL it was possible to detect multiple products from the

reaction of 5SmC with lithium bromide/sodium periodate.
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Figure 4 — 6 — The NN pore probed with reacted poly(d4)5mCgy (5mC-CR) and
un-reacted poly(dA)5mC 14 (SmC). A) The histogram on the left shows only the presence
of SmC-CR in the cis compartment — this suggested that multiple products were produced
as there was more than one residual current level. The histogram on the right corresponds
to when 5mC was added to the cis compartment, resulting in the presence of both modified
and unmodified oligonucleotides in the cis compartment, — one broad residual current
level was observed. B) The histogram on the left shows only the presence of 5mC in the cis
compartment — one narrow signal was produced. The histogram on the right corresponds
to when 5mC-CR was added to the cis compartment, resulting in the presence of both
modified and unmodified oligonucleotides in the cis compartment — one broad residual
current level was observed.

Entry Io (pA) Irgs SmC Ires SMC- | Iggs SMC- | Iggs SmC-
(pA) CR Major | CR Minor | CR Minor
(2) (pA) (1) (pA) (3) (pA)
la" 161 - 32.00 31.27 32.58
1b” 170 31.73 31.73 - -
2a" 176 33.76 - - -
2b" 176 33.78 33.78 - -
3a 172 - 34.32 33.49 35.07
3b 176 34.42 34.42 - -
Mean 172 33.42 33.25
SD 6 1.17 1.29

Table 4 — 6 — Residual current data for the NN pore probed with reacted poly(dA)5mC 4
(5mC-CR) and un-reacted poly(dA)5mCy (5mC) (n = 3). The 1o and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number la and 1b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case SmC-CR) and ‘b’ denotes when both oligonucleotides are
present in the cis compartment (SmC and 5mC-CR). The " indicates the experiments which
correspond to the histograms in Figure 4 — 6 (A corresponds to la and 1b and B
corresponds to 2a and 2b).
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Figure 4 — 7 — Proposed reaction intermediates for the selective chemical modification of
5mC. Figure adapted from Bareyt et al. 2008."”

4.2.3 — Investigation of the Optimised Dihydroxylation Conditions by Electrical

Recording Experiments

It was proposed that the newly developed conditions for the selective dihydroxylation of
thymine could be investigated by electrical recording experiments. As an intermediate
system between the single bis-TBS protected deoxynucleosides and 40 nucleotide ssDNA,
the optimised dihydroxylation conditions were investigated by 'H NMR spectroscopy on a
10 nucleotide ssDNA fragment (sequence 5' — GGAATGGCAA —3'). Signals for the HS
and H6 alkene protons of cytosine and the CH; and the H6 protons of thymine were easily
identified in the '"H NMR spectrum of the 10 nucleotide ssDNA (see Chapter 9, appendix
9.3 for the '"H NMR spectrum). It was also possible to distinguish the H1 proton of the
deoxyribose sugar for each of the ten bases in the strand. The ssDNA fragment was
subjected to the optimised dihydroxylation conditions, however, upon purification of the
ssDNA, by a biological spin column, significant broadening of the '"H NMR spectrum of
the modified product was observed. This was likely due to introduction of paramagnetic
material, such as copper(Il) salts, into the sample during the purification step.
Unfortunately, no accurate information relating to the reactivity and selectivity of the DNA

bases in the short strand of DNA could, therefore, be determined.
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Investigation of the selective chemical modification of ssDNA, by the optimised
dihydroxylation conditions, was performed on the poly(dA)N4) (where N=C, T, A, G or
5mC) oligonucleotide system. This particular system was selected because the bis-TBS
protected deoxyadenosine base had not been observed to react under the dihydroxylation
conditions (Chapter 3). Due to the significant difference in mass between the bis-TBS
protected deoxynucleosides and the 40 nucleotide ssDNA, it was not possible to accurately
replicate the concentration of the reaction solution of the deoxynucleosides with the larger
ssDNA (66.4 mM for the deoxynucleosides, whereas the ssDNA stock solution was only
100 uM). An excess of reagents (1000 eq.) was initially employed for the selective
modification of the poly(dA)N(4) oligonucleotides, in order to compensate for the low

concentration of ssDNA and ensure that modification of the ssDNA was observed.

In order to confirm that no reaction was observed with adenine (the nucleobase that
comprises the majority of the poly(dA)N(;4) oligonucleotide background DNA sequence)
the poly(dA)s oligonucleotide was initially investigated for modification under the
optimised dihydroxylation conditions (1000 eq.). No chemical reaction was detected for
the poly(dA)s oligonucleotide under these conditions, as the modified oligonucleotide
sample (A-D) produced a single block level, which increased in count number upon
addition of unmodified (A) (Figure 4 — 8A). The control experiment, where unmodified
poly(dA)sy (A) was added to the cis compartment first and modified poly(dA)sy (A-D)
second, was investigated, in order to confirm that A produced a single block level
(Figure 4 — 8B). Under the reaction conditions tested, no modification of adenine was
observed, which supports the previous experimental results obtained for the bis-TBS
protected model system (subsection 3.2.6). Therefore, as adenine is not modified under the

reaction conditions, it will provide an unreactive background oligonucleotide sequence
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upon which selective oxidation of T, by the citric acid dihydroxylation conditions, can be

investigated.
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Figure 4 — 8 — The NN pore probed with reacted poly(dA)s (A-D) and un-reacted
poly(dA)4 (A). A) The histogram on the left shows only the presence of A-D in the cis
compartment. The histogram on the right corresponds to when A was added to the cis
compartment and a single residual current level with increased count number was
observed when both modified (A-D) and unmodified oligonucleotides (4) were present in
the cis compartment. B) The control experiment on the left shows only the presence of A in
the cis compartment — a single block level is observed in the histogram. The histogram on
the right corresponds to when A-D was added to the cis compartment and again a single
residual current level with increased count number was detected, when both the modified
and unmodified oligonucleotides were present in the cis compartment. This suggests that
no reaction had occurred.

Entry Io (pA) IRES A IRES A-D AIRES
(pA) (pA) (A-D-A)%

la" 165 - 34,71 -

1b° 166 34.70 34.70 0.00

24" 165 33.47 - -

2b° 167 33.60 33.60 0.00

3a 168 - 34.15 -

3b 170 34.20 34.20 0.00
Mean 167 33.99 34.27 0.00

SD 2 0.57 0.46 0.00

Table 4 — 8 — Residual current data for the NN pore probed with reacted poly(dA) 9 (A-D)
and un-reacted poly(dA)4 (A) (n = 3). The Ip and Irgs given for each oligonucleotide are
mean values taken from Gaussian fits of event histograms, for individual experiments.
Experiment number la and 1b correspond to the same experiment, where ‘a’ denotes the
residual current data for the first oligonucleotide to be added to the cis compartment (in
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this case A-D) and ‘b’ denotes when both oligonucleotides are present in the cis
compartment (A and A-D). The " indicates the experiments which correspond to the
histograms in Figure 4 — 8 (A corresponds to la and 1b and B corresponds to 2a and 2b).

These reaction conditions were also investigated for the modification of the other purine
base guanine. The modified poly(dA)G 4 oligonucleotide (G-D) produced a single
residual current level (Figure 4 — 9A, left). Upon addition of unmodified poly(dA)G4) (G)
a single block level with an increased count number was observed (Figure 4 — 9A, right).
The control experiment, where G was added to the cis compartment first and G-D second,
also observed a single residual current level when both reacted and unreacted
poly(dA)G4) were present (Figure 4 — 9B). Therefore, as was previously observed with
the bis-TBS protected deoxynucleoside system, the optimised dihydroxylation conditions

did not cause modification of either of the purine bases.
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Figure 4 — 9 — The NN pore probed with reacted poly(d4)G 4 (G-D) and un-reacted
poly(dA)G 14 (G). A) The histogram on the left shows only the presence of G-D in the cis
compartment. The histogram on the right corresponds to when G was added to the cis
compartment and a single residual current level with increased count number was
observed when both modified (G-D) and unmodified oligonucleotides (G) were present in
the cis compartment. B) The control experiment on the left shows only the presence of G in
the cis compartment — a single block level is observed in the histogram. The histogram on
the right corresponds to when G-D was added to the cis compartment and again a single
residual current level with increased count number was detected, when both the modified
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and unmodified oligonucleotides were present in the cis compartment. This suggests that
no reaction had occurred.

Entry Io (pA) Ires G Ires G-D Alggs
(pA) (pA) (G-D-G) %

la" 169 - 36.50 -

1v* 170 36.56 36.56 0.00

2b 171 33.14 33.14 0.00

3a" 160 37.77 - -

3b” 163 37.71 37.71 0.00
Mean 167 36.30 35.91 0.00

SD 5 2.18 1.57 0.00

Table 4 — 9 — Residual current data for the NN pore probed with reacted poly(dA)G 4
(G-D) and un-reacted poly(dA)G.y (G) (n = 3). The lop and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number la and 1b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case G-D) and ‘b’ denotes when both oligonucleotides are
present in the cis compartment (G and G-D). The " indicates the experiments which
correspond to the histograms in Figure 4 — 9 (A corresponds to la and 1b and B
corresponds to 3a and 3b).

The next base to be investigated for modification under the dihydroxylation (1000 eq.)
conditions was thymine itself. This nucleobase was previously found to undergo reaction
to the diol of thymine (44) in 87% conversion in the bis-TBS protected deoxynucloside
system. Upon treatment with 1000 eq. of dihydroxylation reagents the modified
poly(dA)T4) oligonucleotide (T-D) was found to produced a single residual current level
(Figure 4 — 10A, left). This was indicative of either complete modification to a new
product or no reaction having occurred at all. Pleasingly, upon addition of unmodified
poly(dA)T4) two distinct block levels were observed (Figure 4 — 10A, right), with the
modified base corresponding to the lower residual current. The control experiment
(Figure 4 — 10B) confirmed that the unmodified strand produced a single block level when
added to the cis compartment (T) and that two distinct block levels were observed upon
subsequent addition of modified poly(dA)T4 (T-D). The electrical recording data

indicated that the Alggs"™ =P = —0.41 £ 0.00% (n =3, Table 4 — 10). These findings
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supported those previously observed for the bis-TBS protected model system, as complete

conversion would be expected with an excess of dihydroxylation reagents.
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Figure 4 — 10 — The NN pore probed with reacted and unreacted poly(dA)T 4. A) The
histogram on the left shows only the presence of T-D — this suggested that T had either
undergone complete conversion to the product or that no reaction had occurred. The
histogram on the right corresponds to when T was added to the cis compartment, resulting
in the presence of both modified and unmodified oligonucleotides in the cis compartment —
a new residual current level was detected upon addition of T indicating this peak
corresponded to the un-modified poly(dA)T4 Therefore, complete modification of
thymine had occurred under the reaction conditions tested. B) The control experiment on
the left shows only the presence of T in the cis compartment — a single block level was
observed The histogram on the right corresponds to when T-D was added to the cis
compartment, resulting in the presence of both modified and unmodified oligonucleotides
in the cis compartment — the appearance of a new lower residual current block level
corresponded to product species (T-D).

Entry Io (pA) Ires T (PA) | Ires T-D Alggs
(pA) (T-D-T) %
la" 182 - 32.90 -
1b° 183 33.59 33.17 —0.42
2a" 169 34.19 - -
2b" 168 34.56 34.15 —-0.41
3b 171 34.35 33.94 —-0.41
Mean 175 34.17 33.54 —-0.41
SD 7 0.42 0.60 0.00

Table 4 — 10 — Residual current data for the NN pore probed with reacted poly(dA)T 14
(T-D) and un-reacted poly(dA)Tqy (1) (n = 3). The lop and Iggs given for each
oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number la and 1b correspond to the same experiment,
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where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case T-D) and ‘b’ denotes when both oligonucleotides are present
in the cis compartment (T and T-D). The " indicates the experiments which correspond to
the histograms in Figure 4 — 10 (A corresponds to la and 1b and B corresponds to 2a and
2b).

Finally, the other pyrimidine bases SmC and C were investigated for modification by the
dihydroxylation conditions (1000 eq.). Modified poly(dA)SmC14) (5SmC-D) was observed
to produce a single block level upon addition to the cis compartment (Figure 4 — 11A, left).
Addition of unmodified poly(dA)SmC4) (5mC) resulted in two distinct current block
levels, with the modified base producing a greater block when immobilised in the aHL
pore (Figure 4 — 11A, right). Subsequent control experiments showed that the unmodified
poly(dA)5mC4) (5mC) produced a single block level, and that a new distinguishable
block level was detected upon addition of the modified oligonucleotide (5mC-D)
(Figure 4 — 11B). Similar reactivity was observed for C when exposed to the optimised
dihydroxylation conditions (Figures 4 — 11C and D). Although both bases exhibited
complete modification under the dihydroxylation conditions, they produced different Alrgs
values when the modified and unmodified residual block levels were compared for each
ssDNA sequence (Alrps®™ P "™ =-0.44+0.06% (n=3) (Table4—11A,B) and
Alres P9 =-0.29+0.01% (n = 3) (Table 4 — 11C,D) respectively). From previously
obtained results, these two bases were not expected to be modified under the
dihydroxylation conditions. The lack of selectivity observed in the electrical recording
experiments was considered to be owing to the large excess of reagent utilised in the

reaction conditions.
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Figure 4 — 11 — The NN pore probed with reacted and unreacted poly(dA)5mCi4) (A and
B) and poly(dA)Cq14) (C and D). A) The histogram on the left shows only the presence of
SmC-D — this suggested that SmC had either undergone complete conversion to the
product or that no DNA modification reaction had occurred. The histogram on the right
corresponds to when SmC was added to the cis compartment, resulting in the presence of
both modified and unmodified oligonucleotides in the cis compartment — a new residual
current level was observed upon addition of S5mC indicating this peak corresponded to the
unmodified poly(dA)5mCy), with the modified base (5SmC-D) producing a lower residual
current. Therefore, complete modification of 5-methylcytosine had occurred under the
reaction conditions tested. B) The control experiment on the left shows only the presence
of SmC in the cis compartment — a single block level was observed. The histogram on the
right corresponds to when 5SmC-D was added to the cis compartment, resulting in the
presence of both modified and unmodified oligonucleotides in the cis compartment, the
appearance of a new lower residual current block level corresponded to product species
(5mC-D). C) The histogram on the left shows only the presence of C-D — this suggested
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that C had either undergone complete conversion to the product or that no DNA
modification reaction had occurred. The histogram on the right corresponds to when C
was added to the cis compartment, resulting in the presence of both modified and
unmodified oligonucleotides in the cis compartment — a new residual current level was
observed upon addition of C indicating this peak corresponded to the unmodified
poly(dA)C14), with the modified base (C-D) producing a lower residual current. Therefore,
complete modification of cytosine had occurred under the reaction conditions tested. D)
The control experiment on the left shows only the presence of C in the cis compartment — a
single block level was observed. The histogram on the right corresponds to when C-D was
added to the cis compartment, resulting in the presence of both modified and unmodified
oligonucleotides in the cis compartment, the appearance of a new lower residual current
block level corresponded to product species (C-D).

Entry IO (pA) IRES 5mC IRES SmC-D AIRES
(pA) (pA) (SmC-D —
5mC) %
la” 165 - 33.71 -
1v* 165 34.08 33.71 —-0.37
24" 153 32.66 - -
2b° 153 32.89 32.43 —0.46
3b 175 32.37 31.90 —0.48
Mean 163 33.00 32.93 —0.44
SD 9 0.75 0.92 0.06

Table 4 — 114,B — Residual current data for the NN pore probed with reacted
poly(dA)5mCy (5mC-D) and un-reacted poly(dA)SmCry (SmC) (n = 3). The 1o and Iggs
given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. Experiment number la and 1b correspond to the
same experiment, where ‘a’ denotes the residual current data for the first oligonucleotide
to be added to the cis compartment (in this case SmC-D) and ‘b’ denotes when both
oligonucleotides are present in the cis compartment (SmC and 5mC-D). The " indicates the
experiments which correspond to the histograms in Figure 4 — 11 (A corresponds to la
and 1b and B corresponds to 2a and 2b).

Entry Io (pA) Ires C (pA) | Ires C-D Alggs
(pA) (C-D-C) %
1b 166 34.74 34.46 —-0.28
2b 170 34.49 3421 —0.28
3a" 175 - 34.54 -
3b 178 34.66 34.36 —0.29
4a" 168 33.78 - -
4b" 169 34.12 33.81 —0.31
Mean 171 34.35 34.28 —0.29
SD 5 0.40 0.29 0.01

Table 4 — 11C,D — Residual current data for the NN pore probed with reacted
poly(dA)C14) (C-D) and un-reacted poly(dA)C 4 (C) (n = 3). The 1o and Ires given for
each oligonucleotide are mean values taken from Gaussian fits of event histograms, for
individual experiments. Experiment number 3a and 3b correspond to the same experiment,
where ‘a’ denotes the residual current data for the first oligonucleotide to be added to the
cis compartment (in this case C-D) and ‘b’ denotes when both oligonucleotides are
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present in the cis compartment (C and C-D). The " indicates the experiments which
correspond to the histograms in Figure 4 — 11 (C corresponds to 3a and 3b and D
corresponds to 4a and 4b).

In an effort to regain the selectivity that was previously observed in the bis-TBS protected
deoxynucleotide system, the number of equivalents of reagent used to modify the bases
was reduced to 100 and 10 equivalents, respectively (Table 4 — 12). It was proposed that if
the equivalents of reagent were reduced, the previously observed less reactive bases (5SmC
and C, which did not react in the bis-TBS protected model system (subsection 3.2.6))
would not be dihydroxylated and only thymine would be modified under the reaction
conditions. Initially, when 1000 eq. of dihydroxylation promoting reagent had been
employed, complete product conversion was observed for each of the pyrimidine bases
tested. Reduction of the number of equivalents of dihydroxylation reagents resulted in a
general trend of reduction in overall product conversion. This was established because
when modified oligonucleotides were added to the cis compartment, it was possible to
observe two current block levels (one corresponding to the product and the other
corresponding to the unmodified nucleobase) suggesting incomplete modification of the
nucleobase had occurred (Figure 4 — 12). The Alrgs value for each oligonucleotide
(poly(dA)T14), poly(dA)SmCi4) and poly(dA)C(14)) was, within experimental error, the
same for each set of experimental conditions investigated. This indicated that the same
dihydroxylated products of T, SmC and C were detected under each of the modification
conditions tested (e.g. 1000, 100 and 10 equivalents of dihydroxylation reagents
respectively, see Table 4 — 12). Unfortunately, reduction of the number of equivalents of
reagent added to modify the DNA did not result in selective modification of thymine, as

5-methylcytosine and cytosine still exhibited a reaction.
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Figure 4 — 12 — Example histograms corresponding to the modification of poly(dA)T 4,
poly(dA)5mCy) and poly(dA)C4) when treated with 10 equivalents of dihydroxylation
promoting reagents. Histograms A-C show the presence of only the modified
oligonucleotide in the cis compartment (A — T-D, B — 5mC-D and C — C-D), suggesting
that complete modification of the bases was not observed because block levels
corresponding to the unmodified strands were detected.

Entry | Strand Sequence | Equivalents of Alges™ PV £ S.D (%)
Dihydroxylation
Reagents
1 oy (dA) T s, 1000 041 = 0.00
2 poly(dA)SmCa 1000 044 0.06
3 pOly(dA)C(M) 1000 —-0.29 £ 0.01
4 poly(dA)T 1s) 100 0372 0.01
5 poly(dA)SmCya 100 ~0.38%0.02
6 poly(dA)Cora 100 ~0.26 % 0.05
7 poly(dA) T 10 037+ 0.05
8 poly(dA)5mC,a) 10 033002
9 poly(dA)Ca 10 ~0.23+0.02

Table 4 — 12 — Alyes™™” ~ Y values ( n > 3) for the NN pore probed with reacted and
unreacted poly(dA)T4) (T-D and T), poly(dA)5mC14(5mC-D and 5mC) and poly(dA)C 14
(C-D and C) that had been subjected to either 1000, 100 or 10 equivalents of
dihydroxylation promoting reagents.

4.2.4 — Mass Spectrometry Analysis of the Modified ssDNA Oligonucleotides which
were Produced upon Treatment under Oxidising Conditions (Carell’s Conditions and

the Optimised Dihydroxylation Conditions)

In an effort to identify the product species produced by the two modification reactions
investigated and determine the reason for the observed discrepancies between the model
bis-TBS protected system and ssDNA, for the citric acid dihydroxylation reaction, mass
spectrometry analysis was performed on the modified oligonucleotides. Analysis of the
poly(dA)T4), poly(dA)Cqs4 and poly(dA)SmC 4 oligonucleotides, which had been

subjected to Carell’s oxidation conditions, showed MS peaks corresponding to an increase
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in mass of +18 Da (Figure 4 — 13 shows the MS spectra for unmodified and modified
poly(dA)T4)). This corresponded to the mass of a single oxygen atom (within

experimental error of the machine, for masses ~10-15 thousand daltons, which is + 3 Da).

A B
13026
100 100 13044

R50 250

13108 13155

12900 13000 13100 13200 12900 13000 13100 13200

Figure 4 — 13 — MS spectra corresponding to unmodified and modified poly(dA)T 4
before and after treatment with Carell’s oxidation conditions. A) Corresponds to

unmodified poly(dA)T 14 (T) (calculated mass = 13027) and B) corresponds to modified
poly(dA)T 14 (T-CR), the 100% peak corresponds to an increase in mass of 18 Da which
corresponds to the addition of one oxygen atom (within experimental error of the machine,
for masses ~10-15 thousand daltons, which is + 3 Da).

Analysis of poly(dA)ao, poly(dA)Gi4), poly(dA)T(14), poly(dA)Cq4) and poly(dA)SmC4),
which had been subjected to the citric acid dihydroxylation conditions, showed peaks in
the MS spectra corresponding to an increase in mass of between +30-33 Da in all cases.
This corresponded to the mass of two oxygen atoms (within experimental error of the
machine, for masses ~10-15 thousand daltons, which is + 3 Da). As the same increase in
mass was observed for each of the oligonucleotides, which were exposed to the
dihydroxylation conditions, it was likely that this mass increase corresponded to
modification at a region of the oligonucleotide that was common to all strands, despite the
fact that this increase in mass could also have correspond to dihydroxylation of the DNA

bases.
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Figure 4 — 14 — MS spectra corresponding to unmodified and modified poly(dA). and
poly(dA)T 14 before and after treatment with the optimised dihydroxylation conditions. A)
Corresponds to unmodified poly(dA)4 (A) (calculated mass = 13036) and B) corresponds
to modified poly(dA)s (A-CR), the 100% peak corresponds to an increase in mass of
30 Da which corresponds to the addition of two oxygen atoms (within experimental error
of the machine, for masses ~10-15 thousand daltons, which is = 3 Da). C) Corresponds to
unmodified poly(dA)T 14 (T) (calculated mass = 13027) and D) corresponds to modified
poly(dA)T 14 (T-CR), the 100% peak corresponds to an increase in mass of 33 Da which
corresponds to the addition of two oxygen atoms (within experimental error of the
machine, for masses ~10-15 thousand daltons, which is = 3 Da).

A possible explanation for the results observed was that under the oxidation conditions, the
sulfur moiety of the biotin had been oxidised to the corresponding sulfoxide and/or
sulfone. The oxidation of this moiety would not have prevented binding of the biotin to
streptavidin, however, it was possible that the binding conformation might have been

altered.”**

If the oxidised biotin was bound to streptavidin in such a way that it resulted in
a slight change in the overall length of the linker, then it would have altered the positioning

of the base (N) at position 14 relative to the recognition site (R;). In subsequent electrical
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recording experiments of the modified oligonucleotide it would have appeared that a DNA
base modification had occurred, when in actual fact it was an alteration in the location of
the base at position 14 in relation to the recognition site. In an effort to confirm that
oxidation of the biotin had occurred, under the conditions investigated, a model biotin
linker was exposed to both Carell’s oxidation conditions and the optimised citric acid
dihydroxylation conditions (Figure 4 — 13). In both cases, signals corresponding to the
mass of the linker plus one and two additional oxygens were detected by MS analysis. This
supports the proposed hypothesis that these conditions resulted in oxidation of the sulfur

moiety of the biotin linker.

0O

X

HN™ “NH

H
Zj\/\/\WN \/\/O\/\O/\/O\/\O/\/\OH

o OH
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Citric Acid Dihydroxylation
Conditions
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H
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oo

o OH

Figure 4 — 13 — Treatment of the model biotin linker with both Carell’s oxidation
conditions and the citric acid dihydroxylation conditions. Both experiments produced
signals in the MS spectra which correspond to the addition of one or two oxygens (MS
analysis detected a signal at 546, corresponding to the mass of the linker containing a
sulfoxide moiety plus sodium and a signal at 562, corresponding to the mass of the linker
containing a sulfone moiety plus sodium).

Evidence in the literature to support the proposed binding conformational change of the

245, 246
k.o

oxidised biotin comes from work carried out by Qureshi and Garlic Qureshi et al.
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showed that the sulfur of biotin formed a hydrogen bonding interaction with the Thr-90
residue in streptavidin and when the threonine was mutated to an alanine, the binding
affinity of biotin to streptavidin decreased.”*® Therefore if the sulfur was oxidised, this
would disrupt this hydrogen bonding interaction and could result in a slightly different
binding conformation. Garlick et al. investigated the binding affinity of oxidised biotin to
avidin (another protein known to bind biotin). It was observed that a biotin moiety which
had been oxidised to the corresponding sulfoxide exhibited a decreased binding affinity for
avidin. It was also proposed that the resultant sulfoxide oxygen would exhibit an
unfavourable interaction between three tyrosine residues when bound to streptavidin.**®
This would support the theory that the oxidised sulfur moiety could promote an alteration

in biotin’s binding conformation, in order to minimise these unfavourable interactions.

The proposed hypothesis that the oxidation of the sulfur moiety of the biotin linker, had
occurred under the conditions investigated, would account for the reactivity displayed by
the poly(dA)N4) oligonucleotides. The poly(dA)T14) and poly(dA)C4) oligonucleotides
exhibited oxidation under both sets of conditions tested. If oxidation of the sulfur resulted
in a similar conformational binding change for each of the reaction conditions then this
would account for why similar Alrgs values were obtained for thymine and cytosine, for
both sets of reaction conditions investigated, despite different products being predicted
(AlrgsT = —0.41 £ 0.08% for Carell’s conditions and AlggsT = —0.41 £ 0.00% for the
dihydroxylation reaction, AlggsC = —0.29 £ 0.03% for Carell’s conditions and
AlgesC =-0.29 £+ 0.01% for the dihydroxylation reaction, respectively). The observed
block levels for the poly(dA)SmC 4, oligonucleotide were not identical for both oxidation
conditions investigated, however, the reason for these observed differences is not fully
understood. Oxidation of the biotin linker of the poly(dA)s oligonucleotide would not

have been expected to result in the production of a different residual current level when
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compared to the unmodified oligonucleotide. This was because the sequence at the
detection region of R, (bases 13-15) would not have been altered, in a strand where the
entire sequence was comprised of a single DNA base (adenine in this case).” The
poly(dA)G4) oligonucleotide was observed to undergo oxidation upon exposure to the
dihydroxylation conditions, however, no new block level was observed for this modified
oligonucleotide. The precise reason for the lack of detection of a new residual current level
when the modified oligonucleotide was immobilised in aHL is unknown. Therefore, it was
proposed that the poly(dA)N(i4) oligonucleotides were unreactive under both conditions
investigated and only oxidation of the biotin linker was observed for the oligonucleotides

tested.
4.3 — Conclusions

Owing to the fact that mutants of aHL were able to distinguish cytosine from its epigenetic
modifications, despite there being little difference in their chemical structures (e.g. a single
Me group at C5 for SmC and a hydroxymethyl group for hmC), it was proposed that aHL
could be used to monitor chemical reactions on ssDNA. This theory was tested by
investigating two sets of oxidation conditions developed for the selective modification of
the DNA bases — Carell’s oxidation conditions and the optimised citric acid
dihydroxylation reaction (Chapter 3).'”* By treatment of poly(dA)N4) (where N = C, T,
A, G or 5SmC) oligonucleotides with a chemical reaction mixture, purification of the DNA
from the excess reagents and subsequent concentration of the sample it was possible to test
the NN oHL mutant’s discriminatory ability for the reaction products.

Differences in the expected reactivity of the DNA bases were observed for the oxidation

conditions tested (Chapter 3).'”*

Therefore, the modified oligonucleotides were further
investigated by MS analysis. The oligonucleotides subjected to Carell’s oxidation reaction

exhibited an increase in mass of +18 Da. Those that were treated under the
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dihydroxylation conditions showed an increase in mass of between +30-33 Da. Therefore,
it was proposed that the reaction conditions had resulted in oxidation of the sulfur moiety
in the biotin linker (to a sulfoxide or sulfone) instead of the desired modification of the
DNA bases. Evidence to support this hypothesis was obtained by exposing the model
biotin linker to the oxidation conditions investigated, for which MS signals corresponding
to the addition of one and two oxygen’s were detected. The oxidation of the sulfur moiety
of biotin could have caused a change its binding conformation with streptavidin, therefore,
leading to an alteration in the overall length of the linker. This would have resulted in a
change in the location of the DNA base at position 14 relative to the recognition site,
which could have manifested itself as an observable change in block level. Literature
evidence which supported the hypothesis that oxidation of the sulfur moiety could have
produced an alteration in the binding conformation of biotin to streptavidin was also

245,24
noted 2+ 24

In conclusion, it was not possible to investigate oxidiation reactions in the poly(dA)N4
biotinestreptavidin immobilised system because oxidation of the biotin linker was thought

to have occurred, instead of direct modification of the DNA bases themselves.
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Investigations by Electrical Recording
Experiments into the Modification of DNA by the

Cancer Drug Temozolomide
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Chapter 5 — Investigations by Electrical Recording Experiments
into the Modification of DNA by the Cancer Drug

Temozolomide

5.1 — Introduction

Owing to difficulties encountered monitoring oxidative chemical reactions of the DNA
bases (Chapter 4), it was hypothesised that modified DNA bases, which resulted from
non-oxidative chemical damage, could perhaps be identified using electrical recording
experiments. This would facilitate the monitoring of the effects of various drug molecules

on the structure of DNA.

Many drugs, used in cancer treatment, promote their therapeutic effect by altering the
structure of DNA in a variety of ways (for example by alkylating the bases themselves,
causing DNA strand breaks or by producing DNA cross-links).”*’ It would not be easy to
effectively monitor DNA cross-linking or strand cleavage by electrical recording
experiments, however, electrical recording experiments could be used to monitor
alkylation of the bases. Before selecting a drug for investigation some additional factors
needed to be considered, such as the method by which the pro-drug is converted to its
active form. Some drugs require an additional in vivo modification to convert them into an
active agent e.g. hepatic metabolism (e.g. dacarbazine)** or activation by complexation
with dsDNA (e.g. the duocarmycins which are activated by undergoing a DNA
binding-induced conformational change).”*” Both of these scenarios would be difficult to
replicate in an in vitro model system that would also be suitable for electrical recording
experiments. Therefore, the cancer drug temozolomide was chosen, for further exploration
by electrical recording experiments, because it is known to act by alkylation of DNA and

the conversion of the prodrug to the active methylating agent is controlled solely by the pH
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of the surrounding solution. A brief introduction to temozolomide and its mechanism of

action in vivo is detailed below.

Temozolomide is a monofunctional alkylating prodrug that was first discovered in the mid
1990s.%*® 1t was initially investigated because the original lead compound, mitozolomide,
produced only limited clinical activity and resulted in unpredictable and severe
myelosuppression (a decrease in the ability of bone marrow to produce blood cells),
despite its potent anti-tumour activity in a number of rodent tumour models.*** 2%
Temozolomide was chosen for further study because it demonstrated excellent
bioavailability, exhibited a different profile of antitumor activity against mouse tumours”"

. . . 24
and was less toxic than mitozolomide.**

Temozolomide is stable under acidic pH but decomposes to the active methylating agent,
above pH 7, by the mechanism shown in Figure 5 — 1.”'* The C4 position of
temozolomide (marked with a * in Figure 5 — 1) carries the greatest positive charge and is,
therefore, most susceptible to nucleophilic attack by water. The base-catalysed attack of
water has been observed to be the rate-determining step in the overall decomposition of

. 252
temozolomide.?’

The methyltriazen-1-yl imidazole-4-carboxamide (MTIC) which is
produced by this reaction is rapidly degraded to the inactive carboxcyclic acid derivative,

5-aminoimidazole-4-carboxamide  (AIC) and the active methylating agent

methyldiazonium cation.
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Figure 5 — 1 — The molecular mechanism of decomposition of temozolomide to its active
methylating agent — the methyldiazonium cation. Figure adapted from Newlands et al.
1997.°%

Due to the high reactivity of the methyldiazonium cation, it has not been observed to
facilitate selective methylation of one particular base (Figure 5 — 2). Temozolomide
methylates the N-7 of guanine (70% of adducts), the O-6 of guanine (5% of adducts), the
N-1 and N-3 of adenine and the N-3 of cytosine (all three combine to make up the

additional 25% of adducts).””

NH, NH, —0 0

S WSS ey T %NH
al | anl |
<N N NAO <N N/*NHQ NAO
A c G T

Figure 5 — 2 — Diagram indicating the temozolomide methylation sites on the canonical
bases adenine, cytosine, guanine and thymine.

There are a number of methods by which the methylated DNA, resulting from
temozolomide treatment, can be repaired by cells: 1) O%alkylguanine-DNA
alkyltransferase (AGT), 2) DNA-mismatch repair (MMR) enzymes and 3) base excision

repair, assisted by poly(ADP-ribose) polymerase. AGT is the primary method by which
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the methyl group at the O-6 position of guanine is removed. The enzyme transfers the
methyl moiety onto an internal cysteine in its catalytic domain, which effectively reverses
the cytotoxic effects of this lesion. If the O°~-methylguanine base is not removed by AGT it
is known to form mismatched base pairs with thymine.”*® Therefore, in cell lines which
contain low-levels of AGT, DNA-mismatch repair (MMR) enzymes attempt to correct the
mismatch by excising the thymine base in the daughter strand. Finally, base excision
repair, assisted by poly(ADP-ribose) polymerase, removes the N’-guanine and N*-adenine

. 248,254
residues.?*® %

The observed therapeutic effect upon temozolomide treatment is cell apoptosis. The
O°-guanine moiety is the base thought to be responsible for mediating cell death, despite
its low overall abundance. This is because cell lines which exhibit high levels of the
AGT (the enzyme responsible for removing the O°-guanine residue) are found to be
resistant to temozolomide.**> **® If the O®-methyguanine lesion is not repaired by AGT, it
results in the repeated mismatching of a thymine base in the corresponding daughter
strand. Therefore, the MMR enzymes attempt to continually repair the mismatch leading to
breaks and permanent nicks in the daughter strand which consequently results in

. 254
apoptosis.”

Temozolomide is generally administered as an oral drug, owing to its stability under acid
conditions.” **" Due to its relatively short half-life in vivo (which was measured to be

approximately 1.8 hours),”"

temozolomide is normally administered at a dose of
150 to 200 mg/m” per day, on days 1 to 5 of a 28 cycle.”>’ This regime has been widely
utilised for the treatment of patients suffering with recurrent high-grade glioma and
advanced metastatic melanoma since the late 1990’s.>> *** *" Temozolomide has been

particularly successful in the treatment of gliomas due to the fact that it can cross the blood

brain barrier, without decomposing to its active agent. Several more recent clinical trials
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have been investigating methods of overcoming temozolomide resistance, promoted by
high levels of AGT. These trials have either employed combination therapies with other
drugs which inhibit AGT (such as O°-benzylguanine)*® or utilised a dose-dense
temozolomide regime (where the drug is administered over a longer period of time with
less time between treatments e.g. treatment for 21 days out of 28 instead of 5 days out
28).%7 However, these combination treatments require further investigation as some have

. . . .. . 254
been linked with an increased incidence of secondary leukemias.

5.2 — Results and Discussion

5.2.1 — Discrimination of Unmodified Poly(dT)N) Oligonucleotides by the NNY aHL

Mutant

It was necessary to identify a DNA background that had not previously been observed to
undergo any reaction with temozolomide, in order to successfully investigate the
methylation of the DNA bases by this cancer drug. A poly(dT)s oligonucleotide
background was chosen because temozolomide was not observed to methylate this base.*>
Previous work by Purnell ef al. detected improved base discrimination, at the constriction
site of WT oHL when probed with poly(dT)s oligonucleotides.”® Therefore, the single
base substitutions in the poly(dT)4o oligonucleotides were made at position 9, which is
known to reside within recognition point R;, located at the central constriction of oHL.%°
As the NNY mutant of aHL had previously exhibited the best base discriminating abilities
at the constriction site, when probed with poly(dC)4y oligonucleotides, this mutant was
investigated for base discrimination of single base substitutions in the poly(dT)a
background. The NNY mutant (protein prepared by E. Mikhailova) was probed with
poly(dT)N) (where N = C, T, A, G, 5SmC or hmC) oligonucleotides at applied potentials
of +160 and +140 mV (Figure and Tables 5 —3) in 1 M KCl, 25 mM Tris, 100 uM EDTA,

pH 8.0 buffer (see Chapter 5, section 5.2.2 for the reasons behind the application of a
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potential of +140 mV). Despite probing a different aHL mutant, at +160 mV the bases

resulted in the same order of increasing block level as was observed by Purnell

(T>G>C>A).>® A similar order of increasing block level was observed at +140 mV.

Furthermore, at +160 mV G, 5SmC and hmC all produced identical block levels, whereas,

at +140 mV the epigenetically modified bases could be distinguished from each other (as

G overlaid with hmC and C overlaid with 5SmC). The Alrgs OVERALL 25 also noted to have

been slightly larger at +160 mV than at +140 mV. However, neither applied potential

facilitated six base discrimination when the poly(dT)N(o) oligonucleotides probed the NNY

mutant of aHL.

A +160 mV B +140 mV
G
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T 5mC T hmC 5mC
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Figure 5 — 3 — Base discrimination abilities of the NNY pore when probed with
poly(dT)N ) oligonucleotides with a single substituted base (N = C, T, A, G, 5mC or hmC)
at position 9 relative to the 3' biotin-TEG. A) Corresponds to an applied voltage of
+160 mV and B) corresponds to an applied voltage of +140 mV. Figures A and B relate to
separate experiments.

Entl'y IO IRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES IRES AIRES AIRES
(pA) | poly C |Cc% | mmC|hmC|5mC|5mC| A | A% | G | G% | OVERALL
(dT)4o | (pA) EA |l % | A | % | A (pA) %
(pA)

1 164 | 229 [ 255 26 | 247 1.8 [ 247 ] 18 | 265 36 | 247 18 3.6
27 1168 | 224 1249 25 [ 241 ] 18 241 | 18 [257] 34 241 ] 18 3.4
3 171 [ 227 [ 253 26 | 245 17 [ 2451 17 261 | 34 | 245 1.7 3.4
4 164 | 231 [ 257 26 | 249 1.8 [ 249 ] 18 265 35 [249 ] 18 35
5 1671 232 [ 256 | 24 | 250 1.8 [250] 18 [ 267 | 35 [250] 18 35
Mean | 167 | 229 | 254 | 26 | 246 ]| 18 | 246 | 1.8 [ 263 ] 35 | 246]| 1.8 3.5
SD 3 0.3 03 [ o1 o3| oo o3 o0 [o4] o1 ]o03] 00 0.1

Table 5 — 34 — Residual current data for the NNY mutant of al{L probed with poly(dT)Ny,
oligonucleotides with a single substituted base (N = C, T, A, G, 5mC or hmC) at position 9
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relative to the 3' biotin-TEG, at an applied voltage of +160 mV (n = 5). The 1o and Iggs
given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. The Alrgs A, for example, is the difference in
residual ~ current  between  the poly(dT),y and the poly(dT)-Aw  levels
(Algps A = Irps A — Igps T). The * indicates the experiment which corresponds to the
histogram in Figure 5 — 34 for the NNY mutant.

Entry | Io Ikes | Ires | Alres | Ires | Alres | Tres | Alres | Ires | Alres | Ires | Alres | Alres

(pA) | poly C | C% | hmC|hmC |5mC|5mC| A | A% | G | G% | OVERALE
(dD)go | (pA) PA | % | A % | (A (pA) %

(pA)
1 144 | 209 [ 228 | 1.9 [ 224 15 | 228 | 19 | 240 32 [ 224 | 1.5 3.2
2 148 | 203 [ 221 ] 19 | 217 14 [ 221 ] 19 [ 233] 30 [217] 14 3.0
3 151 | 202 [ 221 ] 19 [ 217 14 221 ] 19 | 232 30 [217] 14 3.0

4 142 1 21.0 | 23.0 | 2.0 | 225 1.5 1230 2.0 241 | 3.1 | 225 1.5 3.1

5" 143 | 21.1 | 22.9 1.9 | 22.5 14 ] 229 1.9 | 241 ]| 3.0 | 225 1.4 3.0

Mean | 146 | 20.7 | 226 | 19 | 22.1 14 | 226 | 19 |238] 3.1 ]22.1 1.4 3.1

SD 4 0.4 0.4 0.0 0.4 0.0 0.4 0.0 0.5 0.1 0.4 0.0 0.1

Table 5 — 3B — Residual current data for the NNY mutant of al{L probed with poly(dT)Ny,
oligonucleotides with a single substituted base (N = C, T, A, G, 5mC or hmC) at position 9
relative to the 3' biotin-TEG, at an applied voltage of +140 mV (n = 5). The 1o and Iggs
given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. The Alrgs A, for example, is the difference in
residual  current  between the poly(dT),y and the poly(dT)-Aqs levels
(Algps A = Irgs A — Iggs T). The * indicates the experiment which corresponds to the
histogram in Figure 5 — 3B for the NNY mutant.

5.2.2 — Electrical Recording Studies of the Methylation of the DNA Bases by the

Action of the Cancer Drug Temozolomide

In order to investigate the methylation of DNA by temozolomide, suitable reaction
conditions needed to be employed such that temzolomide would decompose to its active
agent (methyldiazonium cation) and promote a reaction. Stability studies of the
decomposition of temozolomide revealed its half-life to be 1.83 h in 0.1 M potassium
phosphate buffer at pH 7.4 at 37 °C.”>* Therefore, these conditions were used for the
modification of poly(dT)N) (where N = C, T, A or G) oligonucleotides, where a one
hundred fold excess of temozolomide (when compared to the oligonucleotide
concentration) was employed to maximise the opportunity of methylation occurring. The
ssDNA was incubated with temozolomide for 18 h to allow for complete decomposition of

the drug over the reaction timeframe. Therefore, the final conditions were poly(dT)No)
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(50 uM) (where N = C, T, A or G) incubated with 5 mM temozolomide in 0.1 M

potassium phosphate buffer, pH 7.4, at 37 °C for 18 h.

Modified and unmodified poly(dT)so were initially used to probe the NNY mutant of aHL
(at +140 and +160 mV) to establish whether methylation of thymine was observed under
the conditions investigated. Electrical recording experiments were performed in a similar
manner to those previously described, for the investigation of the modification of DNA by
a variety of chemical reagents (Chapters 4). The modified poly(dT)so (T-TM1) was pre-
incubated with excess streptavidin (10 pL of 1 mg/mL stock solution in 10 mM sodium
phosphate, 150 mM sodium chloride, pH 7.2) and then added to the cis compartment
(Figure and Table 5 — 4A, left). At an applied potential of +140 mV, a single residual
current level was observed, indicating that either no modification had occurred or complete
conversion to a new product, had resulted. Pleasingly, upon addition of unmodified
poly(dT)4 (T), to the cis compartment, the same current level with increased count number
was produced, indicating that no methylation of thymine had occurred (Figure 5 — 5A,
right). To confirm that the unmodified poly(dT)4 (T) produced a single block level, a
control experiment was performed where this oligonucleotide was added to the chamber
first and T-TM1 second (Figure 5 — 5B). The control experiment also resulted in the
observation of a single block level when both modified and unmodified poly(dT)s
samples were present in the cis compartment. A single residual current level was also
observed for the modified and unmodified poly(dT)4 oligonucleotide, at an applied
potential of +160 mV. Under the reaction conditions investigated, no modification of
thymine (the base which comprises the majority of the poly(dT)N) (where N =C, T, A or
G) oligonucleotide sequences) was observed, which was supported by previous data in the
literature on the base selectivity of methylation by temozolomide.**® Therefore, as thymine

i1s not modified under the reaction conditions, it will provide an unreactive background
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oligonucleotide sequence upon which methylation of the bases C, A and G, by

temozolomide, can be investigated.

A 60 T-TM1 I
: - 100- T-TM1
2407 8
S Addition of T S 504
S 3]
S 207 > S
0- 0 : o
19 20 21 22 19 20 21 22
Residual Current (%) Residual Current (%)
B T
20 T ] T-TM1
2 ., 40-
€ 10 Additionof T-TM1 & ]
3 — P
) U204
> ]
03 ot 0- .
22 23 24 25 22 23 24 25
Residual Current (%) Residual Current (%)

Figure 5 — 4 — The NNY pore probed with reacted poly(dT), (T-TM1) and un-reacted
poly(dT)yy (T) at an applied potential of +140 mV. A) The histogram on the left shows only
the presence of T-TM1 in the cis compartment. The histogram on the right corresponds to
when T was added to the cis compartment and a single residual current level with
increased count number was observed when both modified (T-TM1) and unmodified
oligonucleotides (T) were present in the cis compartment. This suggests that no reaction
had occurred (these histograms correspond to different experiments). B) The control
experiment on the left shows only the presence of T in the cis compartment — a single
residual current level was observed. The histogram on the right corresponds to when
T-TM1 was added to the cis compartment and again a single residual current level with
increased count number was detected when both the modified and unmodified
oligonucleotides were present in the cis compartment (these histograms correspond to
different experiments). Therefore, this suggested that no DNA modification reaction had
occurred.
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Entry | o (pA) Ires T (pA) | Ires T-TM1 Alggs
(pA) (T-TM1 - T)

%

la” 143 - 20.70 -
2b* 145 20.16 20.16 0.00

3a" 155 24.00 - _
4" 148 23.59 23.59 0.00
5b 152 22.72 22.72 0.00

6a 153 23.66 - -
6b 152 23.68 23.68 0.00
7b 156 23.45 23.45 0.00
Mean 150 23.04 22.38 0.00
SD 5 1.33 1.56 0.00

Table 5 — 4 — Residual current data for the NNY pore probed with reacted poly(dT)
(T-TM1) and un-reacted poly(dT)4y (T) at an applied potential of +140 mV (n = 5). The Ip
and Irgs given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. Experiment number 6a and 6b correspond to the
same experiment, where ‘a’ denotes the residual current data for the first oligonucleotide
to be added to the cis compartment (in this case T) and ‘b’ denotes when both
oligonucleotides are present in the cis compartment (T and T-TM1). The " indicates the
experiments which correspond to the histograms in Figure 5 — 4 (A corresponds to 1 a" and
2b" and B corresponds to 3a” and 4b").

Poly(dT)Ge) was the next oligonucleotide to be investigated for methylation by
temzolomide because the drug’s therapeutic effect is mediated by methylation of guanine
at the O-6 position.”> Upon addition of modified poly(dT)Gw) (G-TMI1) to the cis
compartment, a single block level was observed at an applied potential of +140 mV
(Figure 5 — 5A, left). This meant that either 1) complete modification to a new product had
occurred or 2) no reaction had been observed. To establish which outcome was correct,
additional unmodified poly(dT)Go) (G) was added to the cis compartment and two distinct
residual current levels were produced (Figure 5 — 5A, right). The control experiment,
where G was added to the cis compartment first and G-TM1 second, also resulted in the
observation of two distinct residual current levels when both modified and unmodified
poly(dT)G) samples were present. The electrical recording data indicated that the
Alges ™! =9 = 026 + 0.02% (n = 4) (Table 5 — 5). This suggested that complete
conversion to a new product had been observed. The applied potential used for these

(G-TM1 - G)

experiments was +140 mV, because at +160 mV the Alggs was slightly smaller
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(AIRES(G'TM 9 =022 +0.01% at +160 mV) and the signal resolution was not as clear.
Therefore, the applied potential of +140 mV was used for all subsequent experiments

investigating methylation by temozolomide.

A G-TM1 . G
40- ] G-TM1
I 40
2 y £
3 50 Addition of G 3 -
9 —
0=l : 0 : .
21 22 23 24 21 22 23 24
Residual Current (%) Residual Current (%)
] ] G-TM1
207 1520
§ ’ Addition of G-TM1 §
Y107 — VA
0 : n 0 :r| Im| nlJL r nn
20 21 22 23 20 21 22 23
Residual Current (%) Residual Current (%)

Figure 5 — 5 — The NNY pore probed with reacted poly(dT)G ) (G-TM1) and un-reacted
poly(dT)G) (G) at an applied potential of +140 mV. A) The histogram on the left shows
only the presence of G-TMI — this suggests that either G had undergone complete
conversion to the product or no DNA modification reaction had occurred. The histogram
on the right corresponds to when G was added to the cis compartment, resulting in the
presence of both modified and unmodified oligonucleotides in the cis compartment, — a
new residual current level was observed upon addition of G indicating this peak
corresponded to the unmodified poly(dT)G «), with the modified base (G-TM1) producing a
higher residual current (these histograms correspond to two different experiments).
Therefore, complete modification of guanine had occurred under the reaction conditions
investigated. B) The control experiment on the left shows only the presence of G in the cis
compartment — a single block level was observed. The histogram on the right corresponds
to when G-TM1 was added to the cis compartment, resulting in the presence of both
modified and unmodified oligonucleotides in the cis compartment, the appearance of a
new greater residual current block level corresponds to product species (G-TM1).
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Entry | 1o (pA) Ires G Ires G-TM1 Alggs
(pA) (pA) (G-TM1 - G)
%
la" 150 21.44 - -
1b* 144 21.65 21.93 0.28
2a" 146 - 22.81 -
3b° 152 21.79 22.04 0.25
4b 146 22.18 22.44 0.26
5b 146 22.25 22.49 0.24
Mean 147 21.86 22.34 0.26
SD 3 0.35 0.36 0.02

Table 5 — 5 — Residual current data for the NNY pore probed with reacted poly(dT)G )
(G-TM1) and un-reacted poly(dT)G«) (G) at an applied potential of +140 mV (n = 4). The
lo and Iggs given for each oligonucleotide are mean values taken from Gaussian fits of
event histograms, for individual experiments. Experiment number la and 1b correspond to
the same experiment, where ‘a’ denotes the residual current data for the first
oligonucleotide to be added to the cis compartment (in this case G-TM1) and ‘b’ denotes
when both oligonucleotides are present in the cis compartment (G and G-TMI). The #
indicates the experiments which correspond to the histograms in Figure5 — 5
(4 corresponds to 2a” and 3b" and B corresponds to 1a" and 1b").

Temozolomide is also known to methylate adenine in two positions (N-1 and N-3) and
cytosine in only one (N-3). The methylated products of these two bases were also
investigated by electrical recording experiments at an applied potential of +140 mV.
Reacted poly(dT)A«) (A-TM1) exhibited two distinct block levels, which indicated that
either complete conversion to the two products had occurred or incomplete modification
had resulted and some residual unmodified poly(dT)A ) was still present (Figure 5 — 6A,
left). Addition of unmodified poly(dT)A ) resulted in an increase in the count number of
the histogram peak corresponding to a lower residual current (Figure 5 — 6A, right).
Subsequent control experiments showed that the unmodified poly(dT)A«) produced a
single block level, and that a new distinguishable block level was detected upon addition
of the modified oligonucleotide (A-TM1) (Figure 5 — 6B). A much larger Alggs
(AIRES(A ™I = A)) was produced by modification of the poly(dT)A«, oligonucleotide in
comparison to that produced by poly(dT)Go) (AIRES(A'TMl ~ N =0.66 + 0.04% (n=135) at
+140 mV). Similar reactivity was observed for C when exposed to temozolomide, with

incomplete conversion to a product again being observed (Figure 5 — 6C, D). The
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Alges©™! = 9 corresponding to the modification of the poly(dT)C9) oligonucleotide

(Alges©™! =9 =0.97 + 0.03% (n = 5) at +140 mV) was larger than that observed for both
poly(dT)Gy) and poly(dT)A). Therefore, from the results obtained it was possible to
detect residual current levels which corresponded to the modified oligonucleotides
G-TM1, A-TM1 and C-TM1, by electrical recording experiments, all of which produced a

higher residual current level than the corresponding unmodified oligonucleotides.
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c g c _
3,01 AdditionofA 3. 1
w 204 [ O 20
0 P = LS 04
22 23 24 25 22
Residual Current (%) Re5|dua| Current %)
B A 604
30 1
Z L
c c 40
= =] T
8% Addition of ATM1 3 ATMI
10 — P
03 n_ 04
22 23 24 25 22
Residual Current (%) Re5|dual Current (%)
€ aod C-TM1 ]
J 40 C-TM1
2 2
c | S ]
=5 i
8 20—_ Addition of C 8 20__
0tney “—|J-L" -. 0 :
21 23 24 21 24
ResrduaICurrent (%) Resrdual Current (%)
D C C-TM1
w 30 " 30
- -
S S 20
5 20 Addition of C-TM1 ©
O u
10 —
04 T o, 0-+ -
21 22 23 24 21
Residual Current (%) Resrdual Current (%)

Figure 5 — 6 — The NNY pore probed with reacted and un-reacted poly(dT)A«) and
poly(dT)Cyy) at an applied potential of +140 mV. A) The histogram on the left shows only
the presence of A-TM1 — this suggests that A-TM1 had undergone incomplete conversion
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to a product. The histogram on the right corresponds to when A was added to the cis
compartment, resulting in the presence of both modified and unmodified oligonucleotides
in the cis compartment, — one of the residual current levels increased its count number
upon addition of A indicating this peak corresponds to the un-modified poly(dT)Ao,.
B) The control experiment on the left shows only the presence of A in the cis compartment
— a single block level was observed. The histogram on the right shows when A-TM1 was
added to the cis compartment, the appearance of a new higher residual current level
corresponded to the product species (A-TM1). C) The histogram on the left shows only the
presence of C-TM1 in the cis compartment — this suggests that C-TM1 had undergone
incomplete conversion to the product. The histogram on the right shows both C-TM1 and
C present in the cis compartment — one of the residual current levels increased its count
number upon addition of C indicating this peak corresponds to the un-modified
poly(dT)C). D) The control experiment on the left shows only the presence of C in the cis
compartment — a single block level was observed. The histogram on the right showed when
C-TM1 was added to the cis compartment, resulting in the presence of both modified and
unmodified oligonucleotides in the cis compartment, the appearance of a new greater
residual current level corresponds to product species (C-TMI1) (these histograms
correspond to two different experiments).

Entry Io (pA) IRES A IRES A-TM1 AIRES
(pA) (pA) (A-TM1 - A)
%
la” 144 23.41 24.04 0.63
1v* 145 23.41 24.04 0.63
2b 149 32.12 23.78 0.66
3b 152 23.14 23.79 0.65
4b 152 22.88 23.60 0.73
5a" 145 22.74 - -
5b° 145 23.10 23.74 0.63
Mean 147 23.12 23.83 0.65
SD 4 0.25 0.17 0.04

Table 5 — 6A,B — Residual current data for the NNY pore probed with reacted
poly(dT)A ) (A-TM1) and un-reacted poly(dT)A«) (A) at an applied potential of +140 mV
(n = 5). The Ip and Irgs given for each oligonucleotide are mean values taken from
Gaussian fits of event histograms, for individual experiments Experiment number la and
1b correspond to the same experiment, where ‘a’ denotes the residual current data for the
first oligonucleotide to be added to the cis compartment (in this case A-TM1) and ‘b’
denotes when both oligonucleotides are present in the cis compartment (A and A-TM1I).
The * indicates the experiments which correspond to the histograms in Figure 5 — 6 (4
corresponds to 1a" and 1b" and B corresponds to 5a" and 5b%).
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Entry | o (pA) Ires C (pA) | Lres C-TM1 Alggs
(pA) (C-TM1 - C)
%
la" 143 22.14 23.10 0.96
167 147 22.05 22.99 0.93
2b 151 21.91 22.86 0.95
3a 148 22.08 - -
3b 146 22.58 23.59 1.01
4a" 150 21.89 - -
5b° 151 22.23 23.23 1.00
6b 144 22.68 23.66 0.98
Mean 148 22.20 23.24 0.97
SD 3 0.29 0.33 0.03

Table 5 — 6C,D — Residual current data for the NNY pore probed with reacted
poly(dT)C) (C-TM1) and un-reacted poly(dT)C ) (C) at an applied potential of +140 mV
(n = 5). The Ip and Irgs given for each oligonucleotide are mean values taken from
Gaussian fits of event histograms, for individual experiments. Experiment number la and
1b correspond to the same experiment, where ‘a’ denotes the residual current data for the
first oligonucleotide to be added to the cis compartment (in this case C-TM1) and ‘b’
denotes when both oligonucleotides are present in the cis compartment (C and C-TM]I).
The * indicates the experiments which correspond to the histograms in Figure 5 — 6 (C
corresponds to 1a" and 1b" and D corresponds to 4a” and 5b").

In order to confirm that methylation of the bases had occurred, MS analysis was performed
on the reacted samples of ssDNA — poly(dT)s, poly(dT)Aw), poly(dT)Cw) and
poly(dT)Gy) (Figure 5 — 7 shows the modified and unmodified oligonucleotide MS for
poly(dT)4o and poly(dT)Gg)). Surprisingly, no methylation was detected for any of the
oligonucleotide samples tested, only unmodified starting material was observed (within
experimental error of the machine, for masses ~10-15 thousand daltons, which is = 3 Da).
On further examination of the initial conditions employed for temozolomide modification,
it was noted that Denny ef al. had observed methylation of both the phosphate buffer and

2 Therefore, it was likely, that owing to the twenty-fold

solvent (water) by temozolomide.
excess of phosphate buffer present in the reaction solution, in comparison to the
temozolomide concentration, that the buffer was being preferentially methylated over the
DNA bases. This would explain why no methylation was detected by MS analysis. Future

experiments for studying this methylation reaction would need to be carried out in the

presence of a buffering agent that would not react with temozolomide e.g. Tris buffer.
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However, this does not explain why the electrophysiology results appear to indicate that
the DNA had been modified, whereas, the MS analysis clearly showed that this was not the

case. Further investigation into the anomalous electrophysiology results was required.

A 12674 B 12674
100 100

12600 12700 12800 12900 12600 12700 12800 12900

C D 12703

100 12700 100

12724

12724 12749

12765
12755 12869 12871

12600 12700 12800 12900 12600 12700 12800 12900

Figure 5 — 7 — MS spectra corresponding to unmodified and modified poly(dT)4) and
poly(dT)G ) before and after treatment with temozolomide. A) Corresponds to unmodified
poly(dT)y (T) (calculated mass = 12674) and B) corresponds to modified poly(dT)q
(T-TM1), the 100% peaks for A and B correspond to the calculated mass of the unmodified
oligonucleotide (within experimental error of the machine, for masses ~10-15 thousand
daltons, which is = 3 Da). C) Corresponds to unmodified poly(dT)Gw) (calculated
mass = 12699) and D) corresponds to modified poly(dT)G ), the 100% peaks for C and D
correspond to the calculated mass of the unmodified oligonucleotide (within experimental
error of the machine, for masses ~10-15 thousand daltons, which is = 3 Da).

5.2.3 — Investigations into the Identification of the Species Producing an Unknown

Residual Current Signal in the Electrical Recording Experiments

In an effort to establish what species (with identical mass to the starting material) might be
causing the emergence of a new residual current block level in the poly(dT)N() (where

N =G, A and C) reactions with temozolomide, a number of control reactions were carried
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out. The control reactions were performed on the poly(dT)A o) oligonucleotide as there was
a large Alrgs observed between the signal corresponding to unmodified poly(dT)A ) and

the unknown species (X).

Initially, it was investigated if a particular step in the reaction and purification process was
producing species X. The reaction procedure itself could be split into three steps 1) heating
at 37 °C for 18 h with temozolomide, 2) purification by Econo Pac 10DG columns
(Biorad) and 3) concentration of the DNA sample by solvent evaporation under vacuum.
Steps 1-3 were repeated on the poly(dT)A«) oligonucleotide (A), in the absence of
temozolomide. Under these reaction conditions, complete conversion to species X was
observed (Table 5 — 8). These conditions were also tested on poly(dT)C(9) and incomplete
conversion to the unknown species was also noted (ratio of 9:1 X:unmodified poly(dT)Cy)
(n = 1)). As species X was detected in the absence of temozolomide, these steps were
further divided and individually examined for the production of X. Each of the three steps
resulted in incomplete conversion to the unknown species X, with all experiments

(species X = polydDAC) yalye (within experimental error, Table 5 — 8).

observing the same Alrgs
It was not possible to test step 2 individually because the DNA concentration, which
resulted from purification by the minimum dilution protocol, was too dilute for use in
electrical recording experiments (< 5 puM). It was also investigated if species X was
produced when the DNA sample was stored at room temperature in pH 8 Tris buffer
solution for one week. Under these conditions, incomplete conversion to X was observed
(ratio of 1:1 X:unmodified poly(dT)A«) (n = 1), Figure and Table 5 — 8). Therefore, it has
been established that the production of species X occurred gradually over time, under a

variety of conditions, and that this modification of the oligonucleotide did not result in a

detectable change in mass.
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Figure 5 — 8 — Representative histograms showing the incomplete conversion of
poly(dT)A ) to species X. The histograms shown correspond to incubation of poly(dT)A )
at room temperature, in pH 8 Tris buffer, for one week (Table 5 — 8, entry 6). The
histogram on the left shows the distribution of residual current block levels detected when
only the modified poly(dT)A ) sample was present in the cis compartment — this suggests
that A had undergone incomplete conversion to species X, with X producing a higher
residual current block level (ratio of 1:1 X:unmodified poly(dT)Aw (n = 1)). The
histogram on the right corresponds to when both modified and unmodified poly(dT)A ) are
present in the cis compartment — one of the residual current levels increased its count
number upon addition of A indicating this peak corresponds to the unmodified
poly(dT)A ).

Entry | Oligonucleotide Reaction Conditions Alrgs (Species X —
Sequence poly(dT)N)) = SD
(poly(dT)N)) Yo
1 poly(dT)A«, Steps 1, 2 and 3 (no 0.64 £0.03
temozolomide)
2 poly(dT)C, Steps 1, 2 and 3 (no 0.99 £0.03
temozolomide)
3 poly(dT)A«, Step 1 0.64 +0.06
4 poly(dT)A«, Steps 2 and 3 0.68 +0.06
5 poly(dT)A«, Step 3 0.61 £0.05
6 poly(dT)Aq, Room temperature, pH 8 0.65+0.02
Tris buffer, one week

Table 5 — 8 — The different control experiments that were performed to try and determine
to what extent the reaction conditions resulted in the production of species X. The "
indicates the experiment which corresponds to the histogram in Figure 5 — 8 for the NNY
mutant. The Alrgs values quoted are for n > 3 experiments.

It was hypothesised that species X was produced as a result of phosphate migration of the
3'-phosphate, attached to the first thymine in the DNA sequence, one carbon along the
biotin linker (Figure 5 — 9A). The previously obtained MS data would support phosphate
migration (the proposed mechanism is shown in Figure 5 — 9B) because it does not result
in an observable change in mass. In an attempt to investigate this process further by 'H and
3P NMR, a very short oligonucleotide was purchased 5'-TT-Biotin TEG 3' (ATDBio).

Owing to purification issues, the oligonucleotide sample received was a 50:50 mixture of
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the desired product plus an oligonucleotide containing an additional two thymines. The
exact location of the additionally attached thymines could not be determined by 'H NMR
spectroscopy, therefore, it was not possible to utilise this system to monitor phosphate
migration by 'H and *'P NMR experiments. Further investigation of the phosphate
migration theory, by examining the DNA fragmentation patterns of modified
oligonucleotides produced in MS, was not practical because these experiments were not
feasible on the 40nt ssDNA fragments used. However, there was literature precedent for
acid/base catalysed phosphate migration of the 3'-phosphate of RNA migrating onto the
hydroxyl at C-2 position of the ribose ring.>>” Therefore, it would not be unreasonable to
predict that migration one carbon along the biotin linker would also be possible.
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| NH
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o 0
HN"~ NH Phosphate
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§ o o 0o
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B Base Base
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OH
O\\ /O
Biotin Linker___O o o

Figure 5 — 9 — A) the structure of the biotin linker attached to the first base of the ssDNA
oligonucleotide, the phosphate moiety which is proposed to undergo migration is
highlighted in red. B) Proposed mechanism for the migration of a phosphate group one
carbon along the biotin linker chain.
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The phosphate migration hypothesis could have explained the electrical recording
experimental results obtained for poly(dT)A), poly(dT)C() and poly(dT)G) because it
would have resulted in a change in the overall length of the biotin linker. This in turn
would have slightly displaced the base, substituted at position 9, in relation to recognition
site R;, altering the amount of residual current flowing through the aHL mutant. This
process would have been unlikely to alter the residual current level for the poly(dT)4
oligonucleotide because the sequence at the detection region of R; (bases 8-10) would not
have altered, in a strand where all the bases are identical. Therefore, from the data obtained
it seemed that the proposed phosphate migration was likely to be responsible for the

production of the previously unknown residual current level (labelled as species X).

5.2.4 — Investigations into a Method for the Prevention of Phosphate Migration

In order to prevent migration onto the hydroxyl of the adjacent carbon, a protected biotin
linker was utilised for the immobilisation of poly(dT)N)* (where N =C, T, A or G and
the * indicates the presence of the protected biotin linker) oligonucleotides inside the aHL

protein pore (Figure 5 — 10).

BASE
DNA-O o
o ?
L 0=P-0
HN” NH 3
H
s N\/\/O\/\O/\/o\/\o
o o)
|
0=P-0

|
OW
OH

Figure 5 — 10 — The structure of the new biotin linker which can bind to streptavidin and
immobilise ssDNA inside the aHL protein pore. The protecting group employed is
highlighted in red.

In order to investigate the modification of the DNA oligonucleotides by temozolomide, it

was first necessary to establish whether the addition of this protecting group affected the

194



Chapter 5

base discrimination properties of the NNY mutant and if the substitution of different bases
at position 9 was still within recognition site R;. The oligonucleotides poly(dT)Nq)*
(where N =C, T, A or G) were used to probe the base discriminating abilities of the NNY
oHL mutant, at applied voltages of +140 mV and +160 mV (Figure 5 — 11). The new
linker did not alter base discrimination and the Alrgg values were the same as observed for
immobilisation by the previous biotin linker (within experimental error, see Figures and

Tables 5—3 and 5—11).

A +160 mV B +140 mV
601 G* A*
*
¥ A 40 - T* C-!(-
»n 401 T c* wn G*
- -
[ =y c
2 320!
O 207 O
0 - 0+ r . ay
22 23 24 25 26 27 28 20 21 22 23 24 25 26
Residual Current (%) Residual Current (%)
5 _ToQTTTTTTTTTTINTTTTs Btn* - 3' 5 _ToQTTTTTTTTTTTNTTTTs Btn* - 3'
lo=161 + 1pA lo=141 + 1pA
Oligo] T G C A Oligo| T G C A
les | 23.0 | 248 | 256 | 265 les | 210 | 226 | 2301 | 240
(%) 0.1 0.1 0.1 0.1 (%6) 0.1 0.1 10.1 0.1

Figure 5 — 11 — Base discrimination abilities of the NNY pore when probed with
poly(dT)N«)* oligonucleotides with a single substituted base (N = C, T, A or G) at position
9 relative to the 3' biotin protected TEG. A) Corresponds to an applied voltage of
+160 mV and B) corresponds to an applied voltage of +140 mV. Figures A and B
correspond to the same experiment.

Entry Io Ires Iges | Alres | Ires | Alres | Ires | Alres | Alges
(pA) | poly(dT)* | C* | C* | A* | A* | G* | G* |OVERALL

(pA) (PA) ] % | (A | % | (PA) | % %
1 162 22.8 25.3 2.5 26.2 33 24.6 1.8 3.3
2 159 22.1 24.8 2.8 25.7 3.6 23.9 1.8 3.6
3" 161 23.0 25.6 2.6 26.5 34 24.8 1.8 3.4
Mean | 161 22.6 25.3 2.6 26.1 3.5 24 .4 1.8 3.5
SD 1 0.5 0.4 0.1 0.4 0.2 0.5 0.0 0.2

Table 5 — 114 — Residual current data for the NNY mutant of oHL probed with
poly(dT)N)* oligonucleotides with a single substituted base (N = C, T, A or G) at position
9 relative to the 3' biotin protected TEG, at an applied voltage of +160 mV (n = 3). The Ip
and Irgs given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. The Alrgs A, for example, is the difference in
residual  current  between the poly(dT)s,* and the poly(dT)-Aw™ levels
(Algps A* = Igps A* — Iggs T*). The * indicates the experiment which corresponds to the
histogram in Figure 5 — 114 for the NNY mutant.
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Entry Io Ires Ires | Alres | Ires | Alres | Ires | Alres | Alggs
(pA) | poly(dT)e* | C* | C* | A* | A* | G* | G* |OVERALL

(pA) PA) | % A % | (A | % %0
1 140 20.9 229 ] 20 | 239 ] 3.0 | 224 1.5 3.0
2 139 20.0 222 2.2 | 233 3.3 21.6 1.6 3.3
37 141 21.1 23.1 2.0 | 24.1 3.1 22.6 1.5 3.1
Mean | 140 20.7 22.7 | 2.1 23.8 | 3.1 22.2 1.5 3.1
SD 1 0.6 0.5 0.1 0.4 0.2 0.5 0.1 0.2

Table 5 — 11B — Residual current data for the NNY mutant of aHL probed with
poly(dT)Nw)* oligonucleotides with a single substituted base (N = C, T, A or G) at position
9 relative to the 3' biotin protected TEG at an applied voltage of +140 mV (n = 3). The Ip
and Iggs given for each oligonucleotide are mean values taken from Gaussian fits of event
histograms, for individual experiments. The Alrgs A%, for example, is the difference in
residual  current  between the poly(dT)s* and the poly(dT)-Aw™ levels
(Algps A* = Igps A* — Iggs T*). The * indicates the experiment which corresponds to the
histogram in Figure 5 — 11B for the NNY mutant.

The poly(dT)N)* (where N = C, T, A or G) oligonucleotides were then stored at room
temperature for a week to see if the protected biotin TEG was able to prevent phosphate
migration under these conditions. Pleasingly, none of the oligonucleotides underwent
modification to produce a product species under these conditions. This provided a system
that could be used to study the ability of temozolomide to methylate the DNA bases by

electrical recording experiments.

5.2.5 — Electrical Recording Studies of the Methylation of the DNA Bases by the
Action of the Cancer Drug Temozolomide Utilising the Protected Biotin*Streptavidin

Immobilisation System

The conditions used previously for the modification of the DNA bases by temozolomide
did not result in any DNA methylation being observed because the buffer used to stabilise
the pH (0.1 M phosphate buffer pH 7.4) was preferentially methylated by

2 Therefore, new conditions were developed for the modification of the

temozolomide.
poly(dT)N)* (where N = C, T, A or G) oligonucleotides. The reaction was carried out at

room temperature utilising a saturated solution of temozolomide (to maximise the

opportunity of observing methylation of the DNA bases) in pH 8.0 Tris buffer (12.5 mM).
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Thymine was initially investigated for modification by temozolomide, to establish whether
methylation of the background DNA sequence occurred. Under the improved modification
conditions, a single block level was observed for modified poly(dT)s* (T-TM2%*) at an
applied potential of +140 mV in electrical recording experiments (Figure 5 — 12A, left).
Subsequent addition of unmodified poly(dT)4* resulted in a single residual current level
with an increased count number (Figure 5 — 12A, right). The corresponding control
experiment where unmodified poly(dT)s0* was added to the cis compartment first and the
modified oligonucleotide second, produced a single residual current level
(Figure 5 — 12B). This meant that the oligonucleotide background sequence (which
consists of thymine bases in this case) did not appear to be modified under the new
reaction conditions and that this system was suitable for investigating the methylation of

the other three bases C, A and G.

A T
T-TM2% 50 : T-TM2*
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- Additionof T* £ 1
3101 —> 3%
10 ]
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20 21 2 23 20 21 22 23
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Figure 5 — 12 — The NNY pore was probed with reacted poly(dT),* (T-TM2%*) and
un-reacted poly(dT)* (T*) at an applied potential of +140 mV. A) The histogram on the
left shows only the presence of T-TM2* in the cis compartment. The histogram on the right
corresponds to when T* was added to the cis compartment and a single residual current
level with increased count number was observed when both modified (T-TM2%*) and
unmodified oligonucleotides (T*) were present in the cis compartment. This suggests that
no reaction had occurred. B) The control experiment on the left shows only the presence of
T* in the cis compartment — a single block level is observed in the histogram. The
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histogram on the right corresponds to when T-TM2* was added to the cis compartment
and a single residual current level with increased count number was observed when both
modified (T-TM2%*) and unmodified oligonucleotides (T*) were present in the cis
compartment. This suggests that no reaction had occurred.

Entry | Io (pA) Ires T* Irgs T- Alggs
(pA) TM2* (pA) | (T-TM2* — T*)

%

la 133 - 20.98 -
1b 135 20.90 20.90 0.00

24" 133 21.44 - -
26" 132 21.21 21.21 0.00

3a" 134 - 21.60 -
3b" 132 21.36 21.36 0.00
Mean 133 21.23 21.21 0.00
SD 1 0.24 0.28 0.00

Table 5 —12 — Residual current data for the NNY pore probed with reacted poly(dT)p*
(T-TM2%*) and un-reacted poly(dT),* (T*) at an applied potential of +140 mV (n = 3).
The 1o and Iggs given for each oligonucleotide are mean values taken from Gaussian fits of
event histograms, for individual experiments. Experiment number la and 1b correspond to
the same experiment, where ‘a’ denotes the residual current data for the first
oligonucleotide to be added to the cis compartment (in this case T-TM2%*) and ‘b’ denotes
when both oligonucleotides are present in the cis compartment (T* and T-TM2%). The #
indicates the experiments which correspond to the histograms in Figure 5 — 12 (4
corresponds to 3a" and 3b" and B corresponds to 2a" and 2b").

By employing the new temozolomide modification conditions, the methylation of adenine,
guanine and cytosine was also investigated. At an applied potential of +140 mV, modified
poly(dT)G)* (G-TM2*) produced two distinct block levels (Figure 5 — 13A, left),
suggesting either incomplete conversion to the product species (ratio of
modified:unmodified 4:6 or 6:4 (n = 1)) or complete conversion to two different products.
Addition of unmodified poly(dT)G)* (G*) to the cis compartment resulted in the lower
residual current signal increasing in count number (Figure 5 — 13A, right). The control
experiment, where unmodified G* was added to the cis compartment first, confirmed that
G* resulted in a single block level and that a new residual current signal was subsequently
detected upon addition of G-TM2* (Figure 5 — 13B). Electrical recording experiments

observed the Alrps @™ %) = 0.19 + 0.05% (n = 5, Table 5 — 13). This indicated that it

198



Chapter 5

was possible to use electrical recording experiments to distinguish the modified

oligonucleotide (G-TM2*) from unmodified poly(dT)G)*.
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Residual Current (%) Residual Current (%)
B G* - G*
30 100 ]
] b
c 20 c
3 Addition of G-TM2* 2 507 G-TM2¥
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nrn = 0-
21 22 23 24 21 22 23 24
Residual Current (%) Residual Current (%)

Figure 5 — 13 — The NNY pore probed with reacted poly(dT)Gw* (G-TM2*) and
un-reacted poly(dT)Gw)* (G*) at an applied potential of +140 mV. A) The histogram on
the left shows only the presence of G-TM2* in the cis compartment — this suggests that
guanine has undergone incomplete conversion to the product species. The histogram on
the right corresponds to when G* was added to the cis compartment, resulting in the
presence of both modified and unmodified oligonucleotides in the cis compartment, — one
of the residual current levels increased its count number upon addition of G* indicating
that this peak corresponds to the un-modified poly(dT)Gw)*. B) The control experiment on
the left showed only the presence of G* in the cis compartment — a single block level was
observed. The histogram on the right corresponds to when G-TM2* was added to the cis
compartment, resulting in the presence of both modified and unmodified oligonucleotides
in the cis compartment, the appearance of a new greater residual current block level
signal corresponds to product species (G-TM2%).
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Entry lo (pA) Ires G* Ires G-TM2* Alggs
(pA) (pA) (G-TM2* - G*)

%
1a" 134 21.64 21.88 0.25
1v° 134 21.68 21.91 0.23

24" 137 22.69 - -
2b° 137 23.15 23.30 0.15
3a 138 22.72 22.92 0.20
3b 138 22.69 22.92 0.23
4a 140 22.58 22.74 0.16
4b 141 22.60 22.71 0.11
5b 144 22.95 23.15 0.21
Mean 138 22.52 22.69 0.19
SD 3 0.52 0.53 0.05

Table 5 — 13 — Residual current data for the NNY pore probed with reacted poly(dT)G )*
(G-TM2%*) and un-reacted poly(dT)G«* (G*) at an applied potential of +140 mV (n = 5).
The 1o and Iggs given for each oligonucleotide are mean values taken from Gaussian fits of
event histograms, for individual experiments. Experiment number la and 1b correspond to
the same experiment, where ‘a’ denotes the residual current data for the first
oligonucleotide to be added to the cis compartment (in this case G-TM2*) and ‘b’ denotes
when both oligonucleotides are present in the cis compartment (G* and G-TM2%*). The #
indicates the experiments which correspond to the histograms in Figure 5 — 13 (4
corresponds to 1a” and 1b" and B corresponds to 2a" and 2b").

When adenine was investigated by electrical recording experiments, for methylation by
temozolomide, incomplete conversion to the methylated products was also observed.
When added to the cis compartment, A-TM2* produced two distinguishable block levels,
one of which increased in count number upon addition of A* (Figure 5 — 14A). The
product was observed to produce a higher residual current signal with a
Alrgs™ ™A = 0.64 + 0.06% (n = 3). Control experiments confirmed that poly(dT)A o)*
(A*) produced a single block level and that addition of A-TM2* resulted in the detection
of a new and distinguishable residual current signal (Figure 5 — 14B). Finally, methylation
of cytosine was investigated by electrical recording experiments. Modified poly(dT)Co)*
(C-TM2%*) exhibited two distinguishable block levels, the lower residual current signal was
found to correspond to unmodified poly(dT)Co)* as it increased in count number upon
addition of the unmodified strand (C*) (Figure 5 — 14C). The control experiment
confirmed that the unmodified strand produced a single block level (Figure 5 — 14D). The

electrical recording experiments established Alges©™2 ) = 1.07 + 0.19% (n=4). In all

200




Chapter 5

cases, where modification was observed, incomplete conversion to the product was
detected, with the modified oligonucleotides allowing more current to flow through the
oHL mutant than the corresponding unmodified oligonucleotides. The bases which were
observed, by electrical recording experiments, to be modified by temozolomide (A, C and

G) were those previously noted in the literature to undergo methylation by this cancer

drug.253
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Figure 5 — 14 — The NNY pore probed with reacted and un-reacted poly(dT)Aw™* and
poly(dT)Cy)* at an applied potential of +140 mV. A) The histogram on the left shows only
the presence of A-TM2* in the cis compartment — this suggests that adenine had
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undergone incomplete conversion, with the product producing a higher residual current.
The histogram on the right corresponds to when A* was added to the cis compartment,
resulting in the presence of both modified and unmodified oligonucleotides in the cis
compartment, — one of the residual current levels increased its count number upon
addition of A* indicating this peak corresponds to the un-modified poly(dT)Aw*. B) The
control experiment on the left shows only the presence of A* in the cis compartment — a
single block level was observed. The histogram on the right corresponds to when A-TM2*
was added to the cis compartment, resulting in the presence of both modified and
unmodified oligonucleotides in the cis compartment, the appearance of a new higher
residual current block level corresponded to product species (A-TM2%*). C) The histogram
on the left shows only the presence of C-TM2* in the cis compartment — this suggests that
cytosine had undergone incomplete conversion, with the product producing a higher
residual current level. The histogram on the right corresponds to when C* was added to
the cis compartment, resulting in the presence of both modified and unmodified
oligonucleotides in the cis compartment — one of the residual current levels increased its
count number upon addition of C* indicating this peak corresponds to the un-modified
poly(dT)C)*. D) The control experiment on the left shows only the presence of C* in the
cis compartment — a single block level was observed. The histogram on the right
corresponds to when C-TM2* was added to the cis compartment, resulting in the presence
of both modified and unmodified oligonucleotides in the cis compartment, the appearance
of a new greater residual current block level corresponded to product species (C-TM2%).

Entry IO (pA) IRES A* IRES A-TM2* AIRES
(pA) (pA) (A-TM2* — A¥)
%
la 133 24.49 25.08 0.59
1b 133 2431 24.96 0.65
2a 134 24.47 25.07 0.59
3a" 133 25.11 25.83 0.72
3b” 132 25.05 25.64 0.59
4a" 130 23.97 - _
4b" 130 23.89 24.59 0.70
Mean 132 24.47 25.19 0.64
SD 2 0.48 0.46 0.06

Table 5 — 14A,B — Residual current data for the NNY pore probed with reacted
poly(dT)Aw* (A-TM2*) and un-reacted poly(dT)Aw™* (A*) at an applied potential of
+140 mV (n = 3). The Ip and Irgs given for each oligonucleotide are mean values taken
from Gaussian fits of event histograms, for individual experiments. Experiment number la
and 1b correspond to the same experiment, where ‘a’ denotes the residual current data for
the first oligonucleotide to be added to the cis compartment (in this case A-TM2%*) and ‘b’
denotes when both oligonucleotides are present in the cis compartment (A* and A-TM2%).
The " indicates the experiments which correspond to the histograms in Figure 5 — 14 (4
corresponds to 3a” and 3b" and B corresponds to 4a” and 4b").
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Entry lo (pA) Ires C* Ires C-TM2* Alggs
(PA) (PA) | (C-T™M2*—C¥)
%
la 134 22.81 24.26 1.45
1b 137 22.81 23.76 0.95
2a" 134 21.54 - -
2b° 134 21.83 22.84 1.01
3a" 135 22.89 23.85 0.95
3b” 135 22.87 23.92 1.05
4b 141 22.63 23.61 0.97
Mean 136 22.48 23.71 1.07
SD 3 0.56 0.48 0.19

Table 5 — 14C,D — Residual current data for the NNY pore probed with reacted
poly(dT)C)* (C-TM2*) and un-reacted poly(dT)Cw)* (C*) at an applied potential of
+140 mV (n = 4). The 1o and Iggs given for each oligonucleotide are mean values taken
from Gaussian fits of event histograms, for individual experiments. Experiment number la
and 1b correspond to the same experiment, where ‘a’ denotes the residual current data for
the first oligonucleotide to be added to the cis compartment (in this case C-TM2%*) and ‘b’
denotes when both oligonucleotides are present in the cis compartment (C* and C-TM2%*).
The * indicates the experiments which correspond to the histograms in Figure 5 — 14 (C
corresponds to 3a" and 3b" and B corresponds to 2a" and 2b").

5.2.6 — Mass Spectrometry Analysis of the Modified Poly(dT)N«)* Oligonucleotides

Produced Upon Reaction with Temozolomide

In order to confirm methylation of the DNA bases (adenine, guanine and cytosine) by
temozolomide, MS analysis was carried out on the modified oligonucleotides. In all cases,
a peak for the mass of the unmodified oligonucleotide and a peak corresponding to an
increase in mass of +15 Da were observed (within experimental error of the machine, for
masses ~10-15 thousand daltons, which is + 3 Da). For example, Figure 5 — 15 shows the
MS spectra of the unmodified and unmodified poly(dT)s* and poly(dT)Ge)*
oligonucleotides. The unmodified sample of poly(dT)s* (T*) (Figure 5 — 15A) shows a
sharp signal corresponding to the mass of the unmodified oligonucleotide (within
experimental error of the machine, for masses ~10-15 thousand daltons, which is + 3 Da).
The modified sample of poly(dT)4* (T-TM2*) (Figure 5 — 15B) exhibited peaks which
correspond to the unmodified strand (12815) and a signal corresponding to the addition of

a methyl group (12830). This sample exhibited several other signals which did not
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correlate exactly to the addition of multiple methyl groups, however, with the observed
resolution and quality of the spectra, the possibility of multiple methylations of the
oligonucleotide cannot be discounted. Again for the poly(dT)G* a sharp signal
corresponding to the mass of the unmodified oligonucleotide (within experimental error of
the machine, for masses ~10-15 thousand daltons, which is = 3 Da) was detected. The
modified oligonucleotide (G-TM2*) shows a signal for the starting material (12839) and
another signal corresponding to the addition of one methyl group (12854). A similar
quality spectrum was also observed for this and for the other the oligonucleotide sequences
investigated (poly(dT)A)* and poly(dT)C9)*).

A B

100 12813 100

3250 50

12700 12800 12900 13000 12700 12800 12900 13000

c 12838 D

100 100

250 R50

12700 12800 12900 13000 12700 12800 12900 13000

Figure 5 — 15 — MS spectra corresponding to unmodified and modified poly(dT)* and
poly(dT)Gw)* before and after treatment with a saturated solution of temozolomide.
A) Corresponds to unmodified poly(dT)s* (T*) (calculated mass = 12813) and
B) corresponds to modified poly(dT)s* (T-TM2%*), this MS spectrum shows signals for
unmethylated and methylated DNA (within experimental error of the machine, for masses
~10-15 thousand daltons, which is = 3 Da). C) Corresponds to unmodified poly(dT)G w)*
(calculated mass = 12836) and D) corresponds to modified poly(dT)Gw)™* (G-TM2%), this
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MS spectrum shows signals for unmethylated and methylated DNA (within experimental
error of the machine, for masses ~10-15 thousand daltons, which is + 3 Da).

After treatment with temozolomide, methylation was expected for bases A, C and G only,
as temozolomide is not known to methylate thymine.”>® It is possible that methylation
occurred at bases A, C and G, however, it was proposed that methylation was also
occurring at a region of the oligonucleotide which was common to all four of the DNA
strands because methylation of thymine was detected. It was possible that temozolomide

could have methylated either the backbone phosphates of the ssDNA or the biotin linker.

There is literature precedent for methylation of the backbone phosphates because
methylated phosphotriesters were detected by Mizuno et al. upon treatment of calf thymus
DNA with mitozolomide (which is a similar pro-drug to temozolomide that produces the

. . . 2
same reactive intermediate).”®

Although only the addition of a single methyl group can be
clearly established by the MS spectra (Figure 5 — 15), owing to the quality and resolution
of the spectra obtained, for the modified oligonucleotides after temozolomide treatment
(Figure 5 — 15 B and D), it is possible that multiple methylation of the strands could have
occurred. If methylation of the phosphate backbone of DNA had occurred on the
oligonucleotide strands, it could have produced an overall change in the conformation of
the ssDNA, when it was immobilised in the pore, manifesting as a change in the residual
current level detected. Another possible explanation could be that if methylation was
observed within the region of the recognition site, then the presence of the methyl group
itself could produce a new Iggs level. It is not known which of the two hypothesise is
correct as it was not possible to determine the location(s) of the methyl group(s).
Methylation of the phosphate backbone would explain the electrical recording data
observed when poly(dT)A«)*, poly(dT)C)* or poly(dT)Gw)* were immobilised inside
aHL. The fact that a new block level was not observed for poly(dT)so* could be explained

if methylation of the backbone had not occurred near recognition site (R;), however, if
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methylation did promote a conformational change then a different residual current signal

would also have been expected for the modified poly(dT)4* oligonucleotide (T-TM2%*).

Another possible theory, which would account for the observed MS spectra, was that
temozolomide had methylated the biotin linker used to immobilise the ssDNA
oligonucleotides. In an effort to determine whether methylation of the biotin linker had
occurred, a model biotin linker compound was exposed to a saturated solution of
temozolomide (Figure 5 — 16). MS analysis observed a signal corresponding to the mass of
the unmodified linker plus a sodium atom, with no signals corresponding to methylation of

the linker being detected, therefore, this hypothesis was discounted.
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Figure 5 — 16 — Treatment of the model biotin linker with a saturated solution of

temozolomide did not result in methylation of the model compound (MS analysis detected
a signal of 530, corresponding to the mass of the linker plus sodium).

From the data obtained by electrical recording experiments and MS analysis it is proposed
that the observed methylation of the poly(dT)Nq* oligonucleotides (where N=C, T, A or
G) was owing to both methylation of the A, C and G bases, as expected,253 and additional

methylation of the backbone phosphates.
5.3 — Conclusions

Due to the oxidation of the biotin linker, that was detected by electrical recording
experiments, when poly(dA)N(4 oligonucleotides were subjected to two different
oxidation conditions (Carell’s oxidation reaction and the optimised citric acid

dihydroxylation reaction (Chapter 4)),'”* it was not possible to investigate oxidation of the
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DNA bases using the biotinestreptavidin immobilisation method. However, it was
proposed that chemical modification of the DNA bases could still be investigated, using
this system, if non-oxidising conditions were employed. To this end, the cancer drug
temozolomide, which had been observed to methylate adenine, cytosine and guanine, was
examined. Poly(dT)Nq), (where N = A, C, G or T) oligonucleotides were probed for
reaction with temozolomide because thymine, the base which comprises the majority of
the poly(dT)N) oligonucleotide sequences, was not observed to be methylated by the

drug®® and, therefore, would have provided an un-reactive background control.

The conditions initially investigated for the methylation of the bases was unsuccessful in
promoting the methylation reaction. This was likely owing to the occurrence of
preferential methylation of the phosphate buffer occurring because the experimental
conditions tested had been previously observed to methylate both the solvent and the
phosphate use to buffer the reaction.”> However, electrical recording experiments detected
modification of the poly(dT)A ), poly(dT)Cs) and poly(dT)Go) oligonucleotides under the
conditions tested. It was proposed that the oligonucleotides underwent phosphate
migration of the DNA strand one carbon along the biotin linker chain. This would have
resulted in an alteration in the linker length, which could have produced a new residual
current level for the poly(dT)A), poly(dT)Cs and poly(dT)G() oligonucleotides as the
location of the base at position 9 would have been altered in relation to recognition site R;.
This hypothesis was also supported by MS analysis of the modified oligonucletides

(Figure 5-9).

In an effort to prevent phosphate migration, a protected biotin linker was employed
(structure shown in Figure 5 — 10). Once it was confirmed that immobilisation using the
new linker did not affect the residual current signals produced by the ssDNA, the

oligonucleotides (poly(dT)N)* where N = A, C, G or T) were treated with a saturated
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solution of temozolomide. Selective methylation of adenine, cytosine and guanine was
thought to have occurred, however, MS analysis showed methylation of all four strands
treated with the cancer drug. As thymine was not predicted to have been methylated by
temozolomide it was proposed that methylation of the backbone phosphates had also
occurred. There is literature precedent for the methyaltion of the backbone phosphates as
methylated phosphotriesters were detected by Mizuno et al. upon treatment of calf thymus
DNA with mitozolomide (a similar pro-drug to temozolomide that produces the same
reactive intermediate).’®® Therefore, the observed residual current levels for modified
poly(dT)A«*, poly(dT)C)* and poly(dT)G)* oligonucleotides were thought to have
occurred as a result of methylation of C, A and G and additional methylation of the
backbone phosphates by temozolomide. Methylation of the poly(dT)4* oligonucleotide
was thought to have not resulted in a different residual current level because methylation
had occurred outside of the recognition site, where it is unlikely that it would have been

detected by electrical recording experiments.

Therefore, it was proposed that investigations into the modification of the DNA bases, by
the cancer drug temozolomide, had exhibited methylation of both the phosphate backbone

and the DNA bases themselves.
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Chapter 6 — Conclusions and Future Work

6.1 — Conclusions

Work included in this thesis has concentrated on the discrimination of unmodified DNA
bases, as well as the investigation, optimisation and detection of selective chemical
modifications of the individual nucleobases in ssDNA, using ionic current blocking
through a biological nanopore (aHL). It has been established that two of the aHL mutants
that were probed for six-base discrimination (NNW and NNY) had the ability to
distinguish cytosine from its epigenetic modifications 5-methylcytosine and
5-hydroxymethylcytosine. The NNY mutant was further optimised and shown to
distinguish a distinct residual current level for each of the six bases, at an applied potential
of +110 mV, when immobilised within recognition site R;."™ Consequently, this proved
that aHL is capable of detecting all the four standard bases along with the epigenetic
modifications SmC and hmC when they are immobilised using the biotinestreptavidin

complex.

A model system (the bis-TBS protected deoxynucleoside) was developed in order to
investigate the reactivity and selectivity of a number of chemical reagents for the
modification of the DNA bases. The citric acid dihydroxylation and subsequent
condensation of an osmate ester was a two-step reaction process that was observed to be
selective for bis-TBS protected thymidine and was subsequently optimised for use on
ssDNA. However, treatment of poly(dA)N4) (where N = A, C, G, T or 5mC) with two
different oxidising conditions (Carell’s conditions'™ for the selective oxidation of the
C5-C6 bond of SmC and the citric acid dihydroxylation) resulted in oxidation of the sulfur

moiety within the biotin linker, instead of DNA base modification. It was, therefore,
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established that it was not possible to investigate oxidising modification conditions,

employing the biotinestreptavidin immobilisation strategy.

Finally, the methylation of the DNA bases, by the cancer drug temozolomide, was probed
by electrical recording experiments, as these conditions would not have been expected to
result in oxidation of the biotin linker. Initially, the conditions which were employed to
promote methylation were observed to preferentially methylate the phosphate buffer, used
to maintain the pH. Although no chemical modification was detected by MS analysis,
modification of the oligonucleotides was detected by electrical recording experiments.
Further investigations illustrated that the probable cause, for the detection of new residual
current levels, was likely to be the phosphate migration of the ssDNA along the biotin
linker. A new protected biotin linker was subsequently utilised for the immobilisation of
ssDNA and the methylation of the bases, by a saturated solution of temozolomide, was
investigated. Electrical recording data suggested that selective methylation of A, C and G
had occurred, however, MS analysis showed methylation of all four poly(dT)N)* (where
N =A, C, G or T) oligonucleotides. It was hypothesised that additional methylation of the
phosphate backbone had occurred. Therefore, it was proposed that investigations into the
modification of the DNA bases, by the cancer drug temozolomide, had observed both

methylation of the phosphate backbone and the DNA bases themselves.

As a result of the work carried out herein, it was established that the aHL nanopore is
capable of distinguishing all six bases, when they are immobilised using the stalling
biotinestreptavidin complex. A model system was effectively employed for the
investigation of selective chemical modification reactions, two of which were further
optimised for the modification of ssDNA. The biotinestrepatividin immobilisation strategy
was employed for the investigation of two selective oxidation reaction conditions,

however, the sulfur moiety of the biotin linker itself was observed to react under both
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reaction conditions investigated. This meant that another immobilisation strategy would
need to be employed, in order to successfully investigate oxidation reactions in the future.
The cancer drug temozolomide was utilised in an attempt to modify the DNA nucleobases.
The ssDNA attached to the biotin linker was observed to undergo phosphate migration,
therefore, a protected biotin linker was employed for all further experiments. Upon
treatment of ssSDNA (containing the protected biotin linker) with a saturated solution of
temozolomide, methylation of A, C and G as well as the backbone phosphates was

observed.
6.2 — Future Work

It has been demonstrated in this thesis that by utilising nanopore technology, it is possible
to discriminate the four canonical bases as well as the epigenetically modified bases SmC
and hmC."* Consequently, if this technology can be integrated into a practicable nanopore
device, then it should be possible for aHL to identify each of the bases individually.
Currently, there are a number of challenges which need to be overcome before nanopores
could be effectively employed for the sequencing of DNA (Section 1.1.6).>> The next
major challenge is to significantly reduce the rate at which ssDNA currently translocates
(~1-20 ps per base) so that individual nucleotide transitions can be detected as they pass
through the pore.*® * One potential method for controlling unidirectional processive

motion of DNA through the aHL pore, is by the employment of enzymes such as DNA

85, 86 53-55

helicases, polymerases or DNA exonucleases.®” * Another viable approach could
involve the detection of DNA’s component nucleoside monophosphates as they are
released (by the action of a DNA exonuclease covalently attached to the nanopore) and
translocated through the pore.”” Both of the above methods, for the slowing of DNA

translocation, are currently under intense investigation by a number of research groups and
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companies and it is hoped that, in the future, nanopores will provide a fast and effective

. . 4
method of sequencing entire human genomes.>***

The biotinestreptavidin complex has provided an excellent system for the immobilisation
of DNA, to enable the study of the base discriminating ability of the aHL pore. However,
this immobilisation method has not been effective for the investigation of chemical
modifications of the DNA bases, as it has been modified under the chemical reaction
conditions. This has resulted in the detection of chemical modifications, by electrical
recording experiments, which have not occurred to the DNA bases themselves e.g.
oxidation of the sulfur moiety of biotin. This meant that it was not possible to effectively
monitor chemical modifications of DNA by electrical recording, when this immobilisation
strategy was used, because the reactivity of the linker itself affected the residual current
signal observed for the modified oligonucleotides. Therefore, it is necessary to develop a
new method for immobilising the DNA. One option would be to attach the biotin moiety
after the chemical modification reaction has occurred and the other would be to utilise a

different immobilisation strategy.

There are a number of different methods for the attachment of biotin to the 3' or 5' end of
DNA or even to a DNA base within the ssDNA sequence.”*'® As the biotin moiety will
need to be attached to the ssDNA after the selective modification reaction has occurred,
there are several important factors which require consideration before a method of
attachment is selected. Firstly, it would be necessary to establish biotin attachment
conditions which promote the incorporation of a single biotin moiety at a predetermined
location (e.g. the 3' end of the ssDNA). If incorporation of more than one biotin
functionality was possible, at several sites along the DNA oligonucleotide, then this would
potentially result in either the detection of multiple block levels in the electrical recording

experiments or the complete prevention of DNA capture. The employment of completely
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selective biotin attachment conditions would be vital, so that modification of the DNA
bases did not occur under the reaction conditions. For example attachment of biotin via the
reaction of a N-hydroxysuccinimide biotin analogue with an NH; functionality would need
to be carefully controlled so as to avoid biotin incorporation at multiple positions in the
DNA strand (as cytosine, adenine and guanine all contain the NH; functionality). Finally,
it would be important to establish reaction conditions that promoted quantitative
conversion to the biotinylated oligonucleotides as incomplete modification would prevent
detection of the non-biotinylated ssDNA in electrical recording experiments.

The enzyme terminal deoxynucleotidyl transferase (TdT) could offer a possible method for

biotin attachment to the 3' end of DNA %! 22

The main advantages of this approach are
that it can be used to incorporate a single biotin moiety, a template DNA sequence is not
required for the enzyme to function and the enzyme is not significantly affected by the

DNA sequence. However, enzyme incorporation is generally performed on a small scale,

which would limit the quantity of DNA that could be biotinylated using this method.

A number of methods, other than the biotinestreptavidin approach, have been utilised for
the immobilisation of DNA or the formation of DNA oHL rotaxanes.’*>> " * 7 The two

main methods employ either a DNA hairpin®” " >7

or a short complementary dsDNA
fragment at one end of a long ssDNA oligonucleotide (Figure 6 — 1).>*°> * 7 These
immobilisation techniques would provide a system that would consist entirely of DNA and
contain no additional chemical functionality. As a consequence of this, any modifications
observed by MS and electrical recording analysis would be due to DNA modification
alone, and not modification of the linker required for immobilisation. However, there are
various technical challenges that would need to be overcome for this method to be utilised

for the immobilisation of DNA. There is literature precedent, from the work of Ghadiri and

co-workers, for the use of the DNA hairpin immobilisation technique for determining
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single nucleobase recognition in aHL.”® However, despite being able to observe single
nucleobase resolution, it was discovered that variations in the hairpin structure shifted the
alignment of the captured DNA strand relative to the recognition site. Furthermore, Purnell
et al. observed multiple dynamic current levels when a DNA hairpin was immobilised
within the aHL pore.”” This was also observed by Akeson and co-workers, who illustrated
that the block level produced by an immobilised DNA hairpin depended on the length and
base pairing of the hairpin.’' Therefore, the sequence used for either the hairpin or a short
complementary DNA fragment would need to be carefully designed to minimise the
production of multiple block levels when immobilised in the pore. It has also been
observed that the DNA double helix can be un-zipped if sufficiently high potentials are
applied across the bilayer in the presence of immobilised strands.>* " Therefore, another
important experimental consideration would be the employment of sufficiently low
potentials so as to facilitate ssDNA capture but prevent the un-zipping of the DNA double
helix. However, this should not limit the use of this particular immobilisation technique for
the electrical recording experiments discussed here because experiments carried out by
Ghadiri and co-workers shows that hairpins containing 12 base pairs could be used to

immobilise DNA in the aHL pore at applied potentials up to +170 mV.>

A B C

Figure 6 — 1 — Cartoon representation of three possible methods of immobilisation of DNA
within the aHL pore: A — biotinestreptavindin, B — DNA hairpin and C — complementary
dsDNA fragment.
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If either of the described immobilisation techniques could be developed into a viable
model system, a number of different modification conditions could be investigated.
Selective chemical reactions, such as the citric acid dihydroxylation of thymine, could be
developed on the bis-TBS protected deoxynucleosides and then tested for modification of
ssDNA by electrical recording experiments. The effects of many drug compounds, such as
temozolomide, could also be explored using this technique. This system could be
particularly useful for the investigation of how new drugs promote their therapeutic effect
in vivo, when their mechanism of action is unknown. Furthermore, if a practicable
nanopore sequencing device is developed, then it could be used to monitor cancer
treatment, by drugs such as temozolomide, as it would be possible to detect modified bases
directly by sequencing of DNA extracted from cancer cells. This is currently not possible
using other sequencing techniques which can only identify the standard bases adenine,

. . . 14
cytosine, guanine and thymine.
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Chapter 7 — Materials and Methods

7.1 — Molecular Biology

All of the aHL genes and constructs were assembled in the pT7 expression vector.
Heptameric oHL E111IN/K147N (NN), EITIN/K147N/M1131 (NNID),
E111IN/K147N/M113L (NNL), E111N/K147N/M113V (NNV), E111N/K147N/M113R
(NNR), EIT1IN/K147N/M113W (NNW) and EITIN/KI47N/M113Y (NNY) were
produced as described.”® All aHL mutants were kindly prepared by E. Mikhailova. The
mutant genes were prepared by using a kit for site-directed mutagenesis (QuikChange II
XL, no. 200533-5, Stratagene). The DNA sequences were verified by sequencing at the
Source BioScience LifeSciences centre, located in the Department of Biochemistry, at the
University of Oxford. aHL heptamers were stored at —80 °C in 10.0 mM Tris buffer,

100 uM EDTA, pH 8.00.

7.2 — Planar Bilayer Recordings

7.2.1 — Materials

In nearly all cases, single-channel recording experiments were carried out in 1 M KClI,
25 mM Tris, 100 uM EDTA, pH 8.0 buffer. To reduce contaminants in the buffer solution
the potassium chloride was of the highest purity available (less than 0.0005% trace metals,

Fluka catalog no. 05257).

Custom synthesised oligonucleotides were obtained as lyophilized pellets from Sigma
Genosys and ATDBio Ltd. As pure oliognucleotides are vital for nanopore sequencing
experiments the samples were all desalted and HPLC purified (with the exception of the
biotinylated oligonucleotide that was two nucleotides in length) by the company which

provided them. All single stranded DNA (ssDNA) had a biotinyl group attached at the 3’
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end through either a triethyleneglycol (TEG) linker or a modified triethyleneglycol linker
with an additional protecting group on the free hydroxyl of the biotin linker (Figure 7 — 1).
The * symbol denotes oligonucleotides containing the protected biotin-TEG at the 3' end.
ssDNA samples were dissolved in 25 mM Tris, pH 8.0, 100 uM EDTA to a final

concentration of 100 uM and stored at —20 °C.

Biotin-TEG I:I)NA
o ?
0=P-0
HN” “NH 3
H
s N\/\/O\/\O/\/o\/\o
o OH
Protected Biotin-TEG IIl)NA
o) ? )
PR 0=P-0
HN” “NH 5
H
s NV\/OV\O/\/O\/\O
o o)
|
0=P-0
-0

OH

Figure 7 — 1 — The chemical structure of the two types of biotin-TEG linker used to
biotinylate the 3’ end of the ssDNA oligonucleotides. The length of the linker, from biotin
to the 3’ phosphate group of the first DNA base, was calculated to be ~3nm using the
program pymol.

7.2.2 — Electrical Recording Equipment

Current recordings were performed using a patch clamp amplifier (Axopatch 200B,
Molecular Devices), with a Digidata 1440A 16-bit digitizer (Molecular Devices).
Experiments were carried out in the voltage-clamp mode, where the applied potential is
fixed and the transmembrane current generated by the that voltage drop was measured.
The measured transmembrane current is proportional to the conductance of the biological
nanopore at a given voltage. It was important to be able to control the applied potential as

many of the interactions between DNA and aHL are voltage-dependent.
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7.2.3 — Faraday Cage

All experiments were conducted inside a Faraday cage in order to shield the active
electrodes from external electrical noise. The cage consisted of a steel box with rigid side

walls that was grounded via the common ground in the patch clamp amplifier.

7.2.4 — Electrodes

In all experiments Ag/AgCl electrodes (Figure 7 — 2) were used — these were known as the
‘ground electrode’ and the ‘active electrode’ which were connected to the cis and trans
compartments respectively. For the experiments discussed in this thesis, the cis
compartment is defined as the compartment which connected the ‘ground electrode’ to the
recording equipment, the side of the bilayer to which protein was added in electrical
recording experiments and side of the bilayer into which the cap domain of oHL
protruded.*® * The trans compartment is defined as the compartment which connected the
‘active electrode’ to the recording equipment and the side of the bilayer into which the
stem domain of aHL protruded.’® This particular type of electrode was used because it
gave long-term chemical stability, allowed reversible electrochemical behaviour, gave
predictable junction potentials and a low-noise electrical performance.'®® To prepare the
electrodes we used 1.5 mm diameter silver wire (Sigma-Aldrich), which was cleaned with
water and scrubbed with an abrasive material (e.g. glass paper), to increase the surface area
of the electrode. The electrodes were then treated overnight with a 30% (w/v) NaClO
solution (Fisher Scientific) to chlorinate them with a thick-coating of AgCl. To prolong the
electrode life-time and prevent UV conversion from AgCl to Ag, the electrodes were

rinsed with water after use and stored in the dark.
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AgCl plated
Ag Wire

_/"

Figure 7 — 2 — Photograph of a Ag/AgCl electrode that has been pre-treated with
hypochlorite solution. Figure adapted from Maglia et al. 2010.""

7.2.5 — Chamber

The open planar-bilayer chambers that were used for all single channel recording
experiments were custom made from Delrin (see Figure 7 — 3). The chamber consisted of
two main compartments (cis and trans), each with a volume of 500 pL which were
separated by a 25 pm-thick polytetrafluoroethylene film (PTFE, Goodfellow, UK). With
this set-up both compartments were easily accessible for the purposes of adding reagents

and perfusion of the solution (see Chapter 7, section 7.2.7).

Cis and Trans
Compartments

Electrode 25 pm PTFE Film

Figure 7 — 3 — Custom-built planar-bilayer chamber (left), with two compartments (each
holding 500 uL) that are separated by a 25 um PTFE film (in expanded view on the right).
Clamped between the two halves of the chambers, by two screws, is the PTFE film which is
sealed with silicon glue to provide water-tightness. In the middle of the PTFE is a small
aperture, approximately 100 um in diameter, across which bilayers are formed. This
figure was adapted from Maglia et al. 2010."%
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The only connecting pathway between the cis and frans compartments was through a
central aperture in the PTFE film, across which the bilayer was formed. To form the
aperture the PTFE must first be weakened, in the desired location, by gently indenting the
film with a sharp needle. The film was then mounted between the two electrodes of a
30 kV spark source (Ealing Corporation, Rocklin, California) and a series of 50 us sparks
applied at 1 Hz. The sparks continually cause localized melting of the PTFE centred on the
weakened area, resulting in a perfectly round aperture of variable sized depending on

264 . . . .
% The diameter of the aperture was measured using a microscope with a

sparking time.
graticle and was generally found to be ~ 100 pm.**> The chamber was cleaned between

experiments by rinsing with water, then distilled water and finally ethanol. The ethanol

was removed by drying the chamber under a stream of nitrogen gas.

7.2.6 — Preparing Bilayers

In order to form planar lipid bilayers, the approach developed by Montal and Mueller**

was employed. The aperture was pre-treated with ~ 5 pLL hexadecane solution (10% (v/v)
in pentane) and the pentane allowed to evaporate. This resulted in the oil forming an
annulus around the rim of the aperture, which allowed the bilayer to form an interface with

the plastic film (Plateau-Gibbs border).*®’

To both the cis and trans compartments were
added 500 pL of buffered, aqueous electrolyte solution (typically 1 M KCI, 25 mM Tris,
100 uM EDTA, pH 8.0) and the Ag/AgCl electrodes were connected via the electrode
ports (Figure 7 — 3), such that the cis was connected to the ground. At this point, there was
no bilayer formed over the aperture, therefore, it should be possible to measure an
electrical current. In the case where oil was blocking the aperture (i.e. no current was
measured) this was removed by gentle pipetting of the solution at the aperture. A small

quantity (~5 pL) of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, Avanti Polar

Lipids), at a concentration of 10 mg mL™" (w/v) in pentane, was added to the surface of the
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aqueous phase of both compartments. The pentane was again allowed to evaporate,
forming a phospholipid monolayer at the solution air interface, then the solution was
pipetted from the bottom so that the level of the lipid monolayer, at the water-air interface,
was lowered past the level of the aperture forming a monolayer with the hydrophobic lipid
tails towards the air. The solution level was then slowly raised back above the aperture
folding the second monolayer across the aperture forming a bilayer. This process was
repeated in both the cis and trans compartments until a bilayer formed (Figure 7 — 4). The
bilayer formation was detected by a current measurement reading of 0 pA, indicating that

an electrical seal was present between the two compartments.
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Figure 7 — 4 — The planar-bilayer was formed by the Montal and Mueller’*approach. The
aperture was pre-treated with hexadecane (10% (v/v)) and the bilayer was formed by
flowing lipid monolayers over the aperture. This figure was adapted from Maglia et al.
2010."%

7.2.7 — Inserting Pores and Perfusion

In order to initiate oHL pore insertion into the planar bilayer typically 0.2 pL of aliquoted
protein (approximate concentration 1 ng/pL") was added to the cis compartment. The
solution was then mixed by pipetting. The insertion of a protein into the bilayer, under an

applied potential (typically +200 mV), was observed as a single step-wise change in the
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current (Figure 7 — 5). The current step was dependent on the applied voltage, the aHL
mutant being used and the concentration of the electrolyte (1 M KCI in most cases). Once
a single pore had inserted the cis compartment was perfused by manual pipetting (removal
of protein-containing buffer and replacement with protein-free buffer solution). This
perfusion removes free protein from the bulk solution, reducing the overall protein
concentration in the cis compartment and decreasing the probability of additional proteins

inserting into the bilayer.

A Ag/AgCI
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Figure 7 — 5 — Current measurements observed upon bilayer formation and pore insertion.
A) Formation of a planar bilayer is defined by a current reading of zero pA (under positive
or negative applied potential) between the cis and trans compartments. This is owing to
complete electrical isolation of the two compartments. B) Upon insertion of oHL
(grey/black cross-section) the cis and trans compartments become electrically connected.
This allows an ionic current to flow between the compartments, which is characterised as
a step-wise change in the current reading (applied potential in this instance of +200 mV).
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7.3 — Data Acquisition and Processing

7.3.1 — Data Digitization

The ionic current that flows through a nanopore can be measured using the commercially
available Axopatch 200B patch-clamp amplifier (Molecular Devices). This instrument
converted the generated continuous analog current signal into an analog voltage signal,
which was in turn fed to a 16-bit digitizer (Digidata 1440A, Molecular Devices) that
converted it into binary numbers which had a finite resolution. Finally, the digitizer was
connected to a computer that converted and displayed the digitized current information.
For the single channel recording experiments the output gain, that was applied to the
amplifier, was set to 10X (i.e the conversion of 1 pA measured current to 10 mV voltage).

This corresponded to a dynamic range of +1 nA and a resolution of 0.0305 pA per bin.'*?

7.3.2 — Filtering and Sampling

In order to remove the high-frequency electrical noise generated during the experiment, the
signal collected by the amplifier must be filtered. The filter employed in this case was a
low pass 4-pole Bessel filter which was built into the amplifier. Bessel filters were used in
preference to the Butterworth filter because it preserves the shape of the single-channel

% To keep errors in the current levels estimates to <3% the

response (Axon Guide).
applied filter cut-off used should be greater than five times the inverse mean event time.**®

If the signal is over filtered then it will lead to inaccurate determination of the current

levels.

As well as filtering the signal it is important to consider the sampling of the data. The

Nyquist Sampling Theorem states that the rate of sampling should be twice the cut-off

269

frequency of the applied filter for an ideal filter (The Axon Guide).”" In practice, for a real

filter with a non-brick wall transfer function, and a non-sinusoidal signal, a higher
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sampling rate is necessary to avoid significant aliasing, therefore, a sampling rate of five

times the cut-off frequency was used.'®

7.3.3 — Acquisition Protocols

The software used to collect and display the data obtained throughout single channel
recordings was pClamp 10. (Molecular Devices). This programme can also be used to
control the digitizer so that it will apply a potential through the amplifier. The ‘gap-free’
acquisition mode was used while waiting for a channel to insert into the bilayer. A
constant DC voltage is applied, and the current data are passively and continuously

digitized, displayed and saved.

The episodic stimulation mode was used to output a voltage signal from the digitizer, and
apply it to the bilayer system, while at the same time acquiring the resulting current signal.
The voltage protocol shown in Figure 7 — 6 was used to study the immobilization of
ssDNA inside the aHL protein.”” " '™ ¥ Using the Episodic Stimulation mode in the
Clampex software (Molecular Devices), a Digidata 1440A digitizer (Molecular Devices)
was used to apply repeated voltage steps to drive a DNA-biotinestreptavidin complex into
the pore (positive potential) and then eject the complex (negative potential). The changes
in the current level, that were observed as a result of the applied voltage protocol, were
simultaneously acquired. The protocol can be repeated hundreds of times to record many

DNA blocking events.
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Figure 7 — 6 — Episodic simulation mode allows both an output voltage to be applied
(dashed line), while recording the resulting changes in ionic current (lower — black trace)
at the same time. A positive voltage, in this case +160 mV, was applied to the system,
resulting in an open pore current level of ~ 160 pA. Under the applied potential a DNA
molecule was attracted into the pore and immobilised (through a terminal
biotinestreptavidin complex). This is observed as a reduction in the current flowing
through the pore. The applied potential is then reversed (—140 mV) and the
DNA-biotinestreptavidin complex expelled. The applied potential is then returned to zero.
This entire protocol takes one second and is defined as one episodic simulation sweep. The
protO%)jl can be repeated hundreds of times. This figure was adapted from Maglia et al.
2010.

7.3.4 — Analysis of Unmodified DNA-BiotineStreptavidin Molecules

ssDNA oligonucleotides (2 pL of 100 pM in 25 mM Tris, pH 8.0, 100 pM EDTA), with
an appropriate biotinyl group attached at the 3' end were pre-incubated with streptavidin
(3 uL of 1 mg/mL stock solution in 10 mM sodium phosphate, 150 mM sodium chloride,
pH 7.2, Sigma-Aldrich) at room temperature for at least 5 min (see Chapter 9, appendix
9.4 for the sequences of all oligonucleotides). Each DNA strand was added to the cis
compartment to a final concentration of typically 200 nM. In a standard experiment,
+160 mV was applied to the frans side for 900 ms to drive the negatively charged
DNA-biotinestreptavidin complex into the pore (Figure 7 — 6). The capture of a DNA
strand by the aHL pore was observed as a stepwise decrease in the open pore current level

(Io) to a lower current level known as the block level (Ig) (Figure 7 — 7). A voltage of —140
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mV was then applied for 50 ms to eject the immobilized DNA complex from the pore. The
applied potential was then stepped to 0 mV for 50 ms. This one-second sequence or sweep
was repeated for at least 100 cycles for each DNA species added. The signal was low-pass

filtered at 1 kHz and sampled at 5 kHz.
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Figure 7 — 7 — Typical DNA-biotinestreptavidin block event. The current changed from an
open pore event to a blocked pore event and this was analysed by Clampfit sofiware. The
program assigns the events and calculates the mean value for lo (blue) and Iy (red)
(indicated by dashed lines).

Data were analyzed and presented using pClamp (version 10.1, Molecular Devices).
Single-channel searches were performed to find the average current level for each ssDNA
block event (Ig). It was necessary to estimate pre-defined threshold levels for the open pore
(level 1) and the blocked pore level (level 2) respectively. The software detects when the
ionic current crosses from a level 1 event (open pore) to a level 2 event (blocked pore) and
determines the arithmetic mean current of each event from all acquired samples belonging
to a particular event. The Iy values observed from repeated blocks, for a particular DNA
sequence, have approximately a Gaussian distribution (Figure 7 — 8). To determine the
mean Ig value for each sequence a Gaussian was fitted to the histogram of all of the Ip
values from repeated blocks. The current block for each oligonucleotide was expressed as

a percentage of the open pore current (Ip): Irgs = (Is/lp) % 100 (Figure 7 — 8B).
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Figure 7 — 8 — Residual current histograms to determine the average block level of an
oligonucleotide sequence. A) Histogram detailing the residual current blocks that were
observed for a ssDNA sequence. B) A Gaussian was then fitted to the histogram
(illustrated by the red line) to calculate the average block of the oligonucleotide sequence.

In order to compare several oligonucleotides, a single oligonucleotide species was first
added to the cis compartment and the current trace required to determine Iz was recorded.
A second (and if required, a third, a fourth, a fifth and a sixth) oligonucleotide species was
added and additional currents recorded. When these experiments were repeated the

61, 184
3961184 1n order to

oligonucleotides were added to the cis compartment in a different order.
establish if it was possible to discriminate two individual sequences, based solely on
single-channel current measurements, the difference between the Irgs levels was
determined — Alggs (Figure 7—9). In this case, the signal for poly(dA)so, poly(dC)s or

poly(dT)s generally acted as the point of reference. For example, if one wished to

compare poly(dT)a4 with poly(dT)-5mC) then
AIRES(poly(dT)SmC(9) = poly(dT)40) _ IRESpoly(dT)SmC(9) IRESpOly(dT)4O- If

AlggsPOYITSMEO) ~polydTH0) — ) then it was not possible to distinguish the two sequences

from each other. However, if AlggsPoY@DSmCO) = poly@D40) o then the oligonucleotides
were distinguishable (Figure 7 — 9). The Alrgs was found to show little experimental
variation whereas, the Iz value often showed slight pore-to-pore variation that exceeded

Alggs.”’
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Figure 7 — 9 — Histogram illustrating how the Alggs values were determined. The Irgs
value for each ssDNA sequence, in this case poly(dT) and poly(dT)5mC), were taken
from the Gaussian fits (red line) to the block events, and the Alggs value was calculated as

the difference between the signals:
Al POY@DINC) = poby@DA0 _ p poly@DsnC(s) _ g poly(dni0 59, 184

7.3.5 — Analysis of Chemically Modified DNA-Biotin*Streptavidin Molecules

All experiments were carried out as detailed previously with minor modifications
(7.3.1-7.3.4). Samples containing chemically modified DNA had a lower stock-solution
concentration (approximately 20-50 pM) than unmodified DNA. In order to observe an
equivalent number of blocking events a larger volume of the modified DNA was added to
the cis compartment. Experiments were performed such that the number of moles of
chemically-modified DNA that was added to the cis compartment was the same as the

number of moles of unmodified DNA.

Chemically modified DNA was also pre-incubated with excess streptavidin (10 pL of
1 mg/mL stock solution in 10 mM sodium phosphate, 150 mM sodium chloride, pH 7.2,
Sigma-Aldrich) at room temperature for at least 5 min. This was to maximise the

formation of the DNA-biotinestreptavidin complex.

Upon the addition of chemically-modified DNA to the cis compartment, the one-second
episodic simulation sequence was repeated for at least 200 sweeps (Figure 7 — 6). If one I

level was observed then this could have corresponded to either 1) a new product having
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been produced or 2) no reaction having been detected e.g. the observed block
corresponded to unmodified DNA (Figure 7 — 10). To establish if a reaction had occurred
unmodified DNA, with an identical sequence, was then added to the cis compartment. If
subsequently two populations were detected this meant that complete modification of the
DNA base had been observed and the block level corresponding to the modified base was
identified (Figure 7 — 10A). However, if only one population was observed, when both
modified and unmodified DNA samples were present in the cis compartment, it was

assumed that no reaction had resulted (Figure 7 — 10B, right).

A
Un-Modified
60‘_ 60'_ DNA
)l Modified
o 40] M%med » 40 DNA
E 1 Addition of *g' ]
O 204 Un-Modified DNA O 20
° N N—A - R
0 ] 1 - r a 0 i T T 1
23 24 25 26 23 24 25 26
Residual Current (%) Residual Current (%)
Un-Modified
B DNA
Modified
DNA
80 80
60 60
] Modified Addition of »
*g 40 DNA Un-Modified DNA *g 40
0 o o]
O 20 A O 20
0 0

22 23 24 25 23 24 25 26
Residual Current (%) Residual Current (%)

Figure 7 — 10 — Histograms illustrating how it was possible to determine that modification
of a DNA base had been detected by electrical recording experiments. A) These
histograms illustrate the scenario where complete modification of a DNA base had
occurred. The histogram on the left illustrates when modified DNA only had been added to
the cis compartment. Subsequent addition of unmodified DNA lead to the observation of
two distinct Irgs levels, indicating that complete conversion to the chemically-modified
base had occurred. B) These histograms illustrate the scenario where no modification of
the DNA base had occurred. The histogram on the left illustrates when modified DNA only
had been added to the cis compartment. When unmodified DNA was added to the cis
compartment only one Irgs level was detected, indicating no reaction had occurred.

231



Chapter 7

If two distinguishable Iy levels were noted, when only the chemically modified DNA was
present in the cis compartment, then two possible scenarios could have explained this
observation 1) the DNA oligonucleotide had undergone incomplete modification to form a
single product, with unmodified DNA still present in the sample (e.g. a 1:1 mixture
modified:unmodified (determined from the event ratio of n = 1 experiments) for the
example shown in Figure 7 — 11A, left) or 2) the DNA oligonucleotide had reacted to form
two different products (Figure 7 — 11B, left). If scenario 1 was correct then when
unmodified DNA, with the same sequence, was added to the cis compartment an increase
in the count intensity of one of the peaks relative to the other would have been observed
(Figure 7 — 11A, right). If scenario 2 was correct then the appearance of a third block level
would be expected upon addition of unmodified DNA to the cis compartment

(Figure 7 — 11B, right).
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A 80; go; DONA
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P 60 @ 60 DNA
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Figure 7 — 11 — Histograms illustrating how it was possible to determine that modification
of a DNA base had been detected by electrical recording experiments. A) These
histograms illustrate scenario 1 where incomplete modification of the DNA base occurred
producing one single product. The histogram on the left represents when only modified
DNA had been added to the cis compartment and partial conversion to the product was
observed (1:1 ratio of modified:unmodified, determined from the event ratio of n = 1
experiments). Subsequent addition of unmodified DNA lead to one of the two residual
current block levels increasing in count intensity, relative to the other, indicating that this
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level corresponded to unmodified DNA. B) These histograms illustrate scenario 2 where
complete modification of the DNA to two different distinguishable products was observed.
The histogram on the left represents when only modified DNA had been added to the cis
compartment and complete conversion to two different products was observed (2:1 ratio of
the modified product species, determined from the event ratio of n = 1 experiments).
Subsequent addition of unmodified DNA lead to the appearance of a third residual current
block level, indicating that this level corresponded to unmodified DNA and the previously
detected levels corresponded to two different product species.

In all cases, when experimental repeats were carried out, the unmodified DNA was added
to the cis compartment first, followed by the chemically-modified DNA. This was to
confirm that the unmodified oligonucleotide did not produce more than one residual block
level. The Algrgs was calculated in the same manner previously outlined (see Chapter 7,
section 7.3.4), using the signal for unmodified DNA as the point of reference. Again, the
Alggs was found to show little experimental variation whereas the I value often showed

slight pore-to-pore variation that exceeded Alggs.

7.4 — Chemical Modification Procedures

7.4.1 — Carell’s Oxidation Conditions'”*

Poly(dA)so (20 pL, 100 uM in 25 mM Tris, pH 8.0, 100 uM EDTA) was treated with a
380 uL (100 mM sodium phosphate buffer, pH 5.0) reaction solution containing sodium
periodate (1.05 mM) and lithium bromide (4.21 mM). The reaction was sealed and heated
at 40 °C for 1 h. The DNA was removed from the chemical reagents by purification using
a Econo-Pac® 10 DG disposable chromatography column (minimal dilution protocol)
using 25 mM Tris, pH 8.0, 100 uM EDTA as the elution buffer. The concentration of
DNA in the column fraction was measured using a NanoDrop® ND-1000
Spectrophotometer. The samples containing DNA were then concentrated under vacuum from
approximately 1 mL to 200 pL. The final concentration of the DNA was measured using a
NanoDrop® ND-1000 Spectrophotometer. The DNA sample was then stored in the freezer at

—20 °C until it was required for experimental use.
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The above procedure was repeated for the following DNA sequences poly(dA)T 4,

poly(dA)SmC<14), poly(dA)C(m) and poly(dA)G(14).

7.4.2 — Dihydroxylation Conditions

1000 eq. Procedure — Poly(dA)s (20 pL, 100 uM in 25 mM Tris, pH 8.0, 100 uM
EDTA) was treated with a 10 pL (1:1 water:tert-butanol, pH 6.0) reaction solution
containing potassium osmate dihydrate (4.88 mM), 4-methylmorpholine-N-oxide
(119 mM), potassium citrate (14.9 mM), citric acid (14.9 mM) and EDTA (100 uM). The
reaction was sealed and incubated at room temperature for 24 h. The DNA was removed
from the chemical reagents by purification using a Econo-Pac® 10 DG disposable
chromatography column (minimal dilution protocol) using 25 mM Tris, pH 8.0, 100 uM
EDTA as the elution buffer. The concentration of DNA in the column fraction was
measured using a NanoDrop® ND-1000 Spectrophotometer. The samples containing DNA
were then concentrated under vacuum from approximately 1 mL to 200 pL. The final
concentration of the DNA was measured using a NanoDrop® ND-1000 Spectrophotometer.
The DNA sample was then stored in the freezer at —20 °C until it was required for

experimental use.

The above procedure was repeated for the following DNA sequences poly(dA)T 4,

poly(dA)SmC(14), pOly(dA)C(14) and pOly(dA)G(M).

100 eq. Procedure — Poly(dA)T4) (20 pL, 100 uM in 25 mM Tris, pH 8.0, 100 pM
EDTA) was treated with a 10 pL (1:1 water:tert-butanol, pH 6.0) reaction solution
containing potassium osmate dihydrate (0.48 mM), 4-methylmorpholine-N-oxide
(11.9 mM), potassium citrate (1.49 mM), citric acid (1.49 mM) and EDTA (100 uM). The
reaction was sealed and incubated at room temperature for 24 h. The DNA was removed
from the chemical reagents by purification using a Econo-Pac® 10 DG disposable

chromatography column (minimal dilution protocol) using 25 mM Tris, pH 8.0, 100 uM
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EDTA as the elution buffer. The concentration of DNA in the column fraction was
measured using a NanoDrop® ND-1000 Spectrophotometer. The samples containing DNA
were then concentrated under vacuum from approximately 1 mL to 200 pL. The final
concentration of the DNA was measured using a NanoDrop® ND-1000 Spectrophotometer.
The DNA sample was then stored in the freezer at —20 °C until it was required for

experimental use.

The above procedure was repeated for the following DNA sequences poly(dA)5mC 4 and

pOly(dA)C(14).

10 eq. Procedure — Poly(dA)T4 (20 puL, 100 pM in 25 mM Tris, pH 8.0, 100 uM
EDTA) was treated with a 10 pL (1:1 water:tert-butanol, pH 6.0) reaction solution
containing potassium osmate dihydrate (0.048 mM), 4-methylmorpholine-N-oxide
(1.19 mM), potassium citrate (0.149 mM), citric acid (0.149 mM) and EDTA (100 uM).
The reaction was sealed and incubated at room temperature for 24 h. The DNA was
removed from the chemical reagents by purification using a Econo-Pac® 10 DG disposable
chromatography column (minimal dilution protocol) using 25 mM Tris, pH 8.0, 100 uM
EDTA as the elution buffer. The concentration of DNA in the column fraction was
measured using a NanoDrop® ND-1000 Spectrophotometer. The samples containing DNA
were then concentrated under vacuum from approximately 1 mL to 200 pL. The final
concentration of the DNA was measured using a NanoDrop® ND-1000 Spectrophotometer.
The DNA sample was then stored in the freezer at —20 °C until it was required for

experimental use.

The above procedure was repeated for the following DNA sequences poly(dA)5mC 4 and

poly(dA)C14).
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7.4.3 — Temozolomide Modification

Procedure 1 — Poly(dT)4o (20 pL, 100 pM in 25 mM Tris, pH 8.0, 100 uM EDTA) was
treated with a 20 pL (0.1 M potassium phosphate buffer, pH 7.4) reaction solution
containing temozolomide (I mM) and EDTA (100 uM). The reaction was sealed and
incubated at 37 ‘C for 18 h. The DNA was removed from the chemical reagents by
purification using a Econo-Pac® 10 DG disposable chromatography column (minimal
dilution protocol) using 25 mM Tris, pH 8.0, 100 uM EDTA as the elution buffer. The
concentration of DNA in the column fraction was measured using a NanoDrop® ND-1000
Spectrophotometer. The samples containing DNA were then concentrated under vacuum from
approximately 1 mL to 200 pL. The final concentration of the DNA was measured using a
NanoDrop® ND-1000 Spectrophotometer. The DNA sample was then stored in the freezer at

—20 °C until it was required for experimental use.

The above procedure was repeated for the following DNA sequences poly(dT)Ai4),
Poly(dT)C) and poly(dT)-Gisy.

Procedure 2 — Poly(dT)4o* (20 pL, 100 uM in 25 mM Tris, pH 8.0, 100 uM EDTA) was
treated with a 20 pL saturated solution of temozolomide (9.7 mg in 800 uL double

distilled water). The reaction was incubated at room temperature for 7 days. The DNA

sample was then stored in the freezer at —20 °C until it was required for experimental use.

The above procedure was repeated for the following DNA sequences poly(dT)A 4%,

pOly(dT)-C(m)* and poly(dT)-G(M)* .
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Chemistry Experimental
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Chapter 8 — Chemistry Experimental

8.1 — General Techniques

Solvents and Reagents — Dichloromethane was purified prior to use by filtration through
two columns of basic activated aluminium oxide (Brockmann I, standard grade,
~150 mesh, 58 A) as supplied by Sigma Aldrich.’”® All other solvents were used as
supplied without further purification. Petrol refers to the fraction of petroleum ether which
boils in the range 30-40 °C, unless otherwise stated. Chemical reagents obtained from
Acros, Sigma Aldrich, Avocado, Fluka, TCI and Lancaster fine chemical suppliers were
used as supplied or were purified according to procedures reported by Perrin and

271
Armarego.

Cyclopentadiene was always freshly prepared by pyrolysis of
dicyclopentadiene.”’* All reactions were carried out under an atmosphere of argon and all
non-aqueous reactions were conducted in flame-dried glassware. Buffer solutions were

prepared using water from a Millipore Elix® 10 system, purified further through a

0.22 um filter by a Millipore Milli-Q system.

Chromatography — Column fractions and reactions were monitored using thin-layer
chromatography (TLC), which was run on commercially available Merck Kieselgel 60
F254 0.25 mm pre-coated aluminium backed silica plates. Spots were visualised with UV
light and/or by staining with potassium permanganate or vanillin solution. Flash column
chromatography was carried out according to the method of Still,*”* using Merck Kieselgel
60 (0.040-0.063 mm) or Merck reverse phase Kieselgel (0.015-0.035 mm) with head

pressure supplied by means of bellows.

Nuclear Magnetic Resonance (NMR) Spectroscopy — 'H NMR, *C NMR and *'P NMR
were recorded using either a Bruker AVANCE AV400 (400 MHz) spectrometer, a Bruker

AVANCE AVC500 (500 MHz) spectrometer, a Bruker DRX500 (500 MHz) or a Bruker
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AVIII 700 (700MHz). Chemical shifts (8) are quoted in parts per million (ppm), to the
nearest 0.01 ppm for 'H and 0.1 ppm for "°C, relative to residual solvent peaks or
tetramethylsilane (SiMe4) as an internal standard. Signal splittings are recorded as
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and broad (br) respectively.
Coupling constants are in the units of Hertz and are uncorrected. Assignments of 'H and
BC were made by COSY (correlated spectroscopy), HMQC (heteronuclear multiple-
quantum correlation), HMBC (heteronuclear multiple-bond correlation), HSQC
(heteronuclear single-quantum coherence) and DEPT (distortionless enhancement by

polarization transfer) where necessary.

Infra-red Spectroscopy — IR spectroscopy was recorded on a Bruker Tensor 27 FT-IR
spectrometer. Compounds were analysed as thin films or pressed solids using the Infrared
Diamond ATR Module. Absorption maxima are quoted in wavenumbers (cm ') and

relative intensities are quoted as strong (s), medium (m), weak (w) and broad (br).

Mass Spectrometry — Mass spectra (m/z) were recorded on a Fisons Platform II, under
electrospray ionisation (ESI) conditions. High resolution mass spectrometry data were
recorded under ESI conditions on a Bruker Micro Tof (resolution = 5000 FWHM) using a
lock-spray source. The lock-mass which is used for calibration was tetraoctyl ammonium
bromide in positive ion and sodium dodecyl sulfate in negative ion. The m/z values are
reported in Daltons, with the percentage abundance in parentheses. The Waters Acquity
UPLC coupled to the LCT premier XE mass spectrometer was used to analyse strands of

DNA.

Melting Points — Melting points were determined using a Leica VMTG heated-stage

microscope and are uncorrected.
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8.2 — General Procedures

8.2.1 — Bromination Procedure 1'**

To a stirred solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
1,4-dioxane (2.7 mL) and an aqueous solution of sodium acetate buffer (0.5 M, pH 4.7,
4.3 mL) was added a solution of bromine (1.3 mmol) in 1,4-dioxane (5.4 mL) drop-wise.
The mixture was stirred for 16 h at room temperature. The reaction was quenched by the
addition of an aqueous saturated solution of sodium metabisulfite, which was added until
the solution became colourless. The pH was altered to pH 7 by the addition of an aqueous
solution of sodium hydroxide (0.50 M). The aqueous layer was then extracted with ethyl
acetate (3 x30 mL) and the combined organic fractions were washed with brine
(3 x 30 mL), dried over magnesium sulfate, filtered, concentrated in vacuo and purified as

specified.

8.2.2 — Bromination Procedure 2"’

A solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
water:acetonitrile (2:1, 23 mL) was cooled to 0 °C. N-bromosuccinimide (15, 1.0 mmol)
was then added and the resultant solution was stirred for 4 h. The resultant reaction

mixture was concentrated in vacuo and purified as specified.

8.2.3 — Bromination Procedure 3

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
acetone:water (3:1, 28 mL) was added 2.4,4,6-tetrabromocyclohexa-2,5-dione (17,
1.0 mmol) and the reaction stirred at room temperature for 7 h. The reaction was quenched
by the addition of solid sodium thiosulfate (100 mg) and the aqueous layer extracted using
ethyl acetate (3 x 30 mL). The combined organic fractions were dried over sodium sulfate,

filtered, concentrated in vacuo and purified as specified.
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8.2.4 — Bromination Procedure 4°"!

To a stirred solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
acetone:water (10:1, 15 mL) was added 1,3-bromo-3,5-dimethyl-hydantoin (18, 1.0 mmol)
portionwise over 5 min. The experiment was placed in the dark and stirred at room
temperature for 8 h. The reaction was quenched by the addition of an aqueous saturated
solution of ammonium chloride (30 mL) and diluted with water (30 mL). The aqueous
layer was then extracted with ethyl acetate (3 x 30 mL) and the combined organic fractions
were washed with brine (3 X 30 mL), dried over sodium sulfate, filtered, concentrated in

vacuo and purified as specified.

8.2.5 — Bromination Procedure 5>

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
acetonitrile:water (25:1, 26 mL) was added potassium bromide (2.5 mmol) and
Selectfluor® (22) (2.0 mmol) and the reaction stirred at room temperature for 24 h. The
reaction was then diluted with water (30 mL) and the aqueous layer extracted with ethyl
acetate (3 x 30 mL). The combined organic fractions were then washed with an aqueous
saturated solution of sodium bicarbonate (3 x 30 mL), an aqueous saturated solution of
sodium sulfite (3 x 30 mL) and brine (3 x 30 mL), dried over sodium sulfate, filtered,

concentrated in vacuo and purified as specified.

8.2.6 — Bromination Procedure 62"

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
tetrahydrofuran:water (1:1, 6.0 mL) was added tetrabutylammonium tribromide
(1.0 mmol) portionwise over 5 min. The reaction was stirred at room temperature for 16 h

before being quenched with water (30 mL) and the aqueous layer extracted with ethyl
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acetate (3 x 30 mL). The combined organic fractions were washed with brine (3 x 30 mL),

dried over sodium sulfate, filtered, concentrated in vacuo and purified as specified.

8.2.7 — Bromination Procedure 72"

A solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
N,N-dimethylformamide:water (7:3, 26 mL) was cooled to 0 °C. Tetrabutylammonium
tribromide (1.0 mmol) in N,N-dimethylformamide (3.7 mL) was added to the reaction
mixture and the reaction stirred at room temperature for 2 h. The mixture was then
quenched with an aqueous solution of sodium bisulfite (5% wt, 30 mL) and the aqueous
layer extracted with ethyl acetate (3 x 30 mL). The combined organic fractions were dried

over magnesium sulfate, filtered, concentrated in vacuo and purified as specified.

8.2.8 — Dihydroxylation Procedure 1'*

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
tetrahydrofuran:fert-butanol:water (5:5:2, 6.0 mL) was added
4-methylmorpholine-N-oxide (2.0 mmol) and osmium tetroxide (0.060 mmol). The
reaction was stirred at 45 °C for 36 h before an additional portion of osmium tetroxide
(0.040 mmol) was added. After a further 12 h the reaction was cooled to 0 °C, quenched by
the addition of solid sodium sulfite (1.0 mmol) and stirred for 30 min. The mixture was
diluted with water (30 mL) and the aqueous layer extracted with dichloromethane
(3 x30 mL). The combined organic fractions were then dried over magnesium sulfate,

filtered, concentrated in vacuo and purified as specified.

8.2.9 — Dihydroxylation Procedure 227

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
tert-butanol:water (1:1, 19 mL) was added potassium ferricyanide(IlI) (3.0 mmol),

potassium carbonate (3.0 mmol), (DHQD),PHAL (0.25 mmol), methanesulfonamide
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(1.0 mmol) potassium osmate dihydrate (0.050 mmol) and the reaction stirred at room
temperature for 5 d. The reaction was then quenched by the addition of solid sodium
sulfite (1.0 mmol) and stirred for 30 min. The mixture was then diluted with water (30 mL)
and the aqueous layer extracted with ethyl acetate (3 x 30 mL). The combined organic
fractions were then washed with an aqueous solution of potassium hydroxide (2.0 M,
3 x 30 mL) and brine (3 x 30 mL), dried over magnesium sulfate, filtered, concentrated in

vacuo and purified as specified.

8.2.10 — Dihydroxylation Procedure 3**

To a solution of bis-TBS-protected deoxynucleoside (2, 4, 6, 8 or 10, 1.0 mmol) in
tert-butanol:water  (1:1, 9.5 mL) was added citric acid (0.75 mmol),
4-methylmorpholine-N-oxide (1.2 mmol), potassium osmate dihydrate (0.050 mmol) and
the reaction stirred at room temperature for 36 h. The reaction was then quenched by the
addition of solid sodium sulfite (1.0 mmol) and stirred for 30 min. The mixture was then
diluted with water (30 mL) and the aqueous layer extracted with ethyl acetate (3 x 30 mL).
The combined organic fractions were then washed with brine (3 % 30 mL), dried over

magnesium sulfate, filtered, concentrated in vacuo and purified as specified.

8.2.11 — Formation of Osmate Esters Procedure 12*!

To a stirred solution of diols 44 and 45 (1.0 mmol) in acetone (100 mL) was added a
diamine source (1.1 mmol) and a solution of potassium osmate dihydrate (1.1 mmol) in
water (25 mL). The pH was altered to pH 7 by the addition of an aqueous solution of
hydrochloric acid (1.0 M). The resulting brown solution was stirred at room temperature

for 24 h, concentrated in vacuo and purified as specified.
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8.2.12 — Formation of Osmate Esters Procedure 2

To a solution of osmium tetroxide (280 mg, 1.10 mmol) in acetone (16.4 mL) was added
quinuclidine (122 mg, 1.10 mmol) and the reaction stirred for 5 min — the solution was
observed to turn bright orange (53). Cyclohexene (82.0 mg, 1.00 mmol) was then added
and the reaction stirred for a further 5 min — the reaction was observed to turn green. This
produced a 1.1 mmol solution of the osmium source 54. To a solution of the appropriate
substrate (2, 4, 8, 10 or 44 and 45), 1.0 mmol) in acetone:water (10:3, 110 mL) was added
a solution of the osmium source 54 (16 mL in acetone) dropwise. The reaction mixture
was stirred at room temperature for 5 min before N, N,N',N'-tetramethylethylenediamine
(1.1 mmol) was added — the reaction solution was observed to turn dark brown. The
reaction was stirred at room temperature for 24 h, concentrated in vacuo and purified as

specified.

8.3 — Experimental Details

9-((2R,4S,5R)-4-((tert-Butyldimethylsilyl)oxy)-5-(((zert-

butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-9 H-purin-6-amine, 2

NH,
N—_X
N
</N|/)
TBSO N
o
OTBS

To a solution of 2'-deoxyadenosine (1) (50 mg, 0.19 mmol) in anhydrous
N,N-dimethylformamide (110 pL) was added tert-butyldimethylsilyl chloride (110 mg,
0.74 mmol) and imidazole (89 mg, 1.3 mmol). The mixture was stirred at room
temperature for 24 h before being diluted with ethyl acetate (15 mL). The resultant mixture
was washed with an aqueous saturated solution of ammonium chloride (3 x 15 mL) and

brine (3 x 15 mL), dried over Na,SO,, filtered and concentrated in vacuo. The crude
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product was purified by flash column chromatography [SiO,, 1:99—3:97
methanol:dichloromethane] which afforded bis-TBS-protected 2 (79.0 mg, 89%) as a
white solid. m.p. (132-133 °C); IR v,y (thin ﬁlm)/cm_l 3321 br, 3165 br, 2954 s, 2930 s,
2886 m, 2858 m, 1648 s, 1599 s, 1472 m, 1254 s, 1211 s, 837 s; '"H NMR &y (500 MHz,
CDCls) 8.35 (1 H, s, OCHNCH), 8.15 (1 H, s, CHNCNH,), 6.44 (1 H, t, J = 6.5, OCHN),
5.80 (2 H, br s, NH,), 4.62 (1 H, dt, J = 6.7, 2.9, CHOTBS), 4.02 (1 H, q, J = 3.5,
CHCH,0OTBS) 3.88 (1 H, dd, J = 11.0, 4.0, CH4HgOTBS), 3.78 (1 H, dd, J = 11.0, 3.0,
CHAHOTBS), 2.64 (1 H, dt, J = 13.0, 6.5, NCHCH,Hp), 2.44 (1 H, ddd, J = 13.0, 6.0,
4.0, NCHCHaH3p), 092 (9 H, s, CHy0Si(CH;),C(CH3);), 091 (9 H, s,
CHOSI(CH3),C(CH;)3), 0.11 (6 H, s, CH,OSi(CH3),), 0.04 (6 H, CHOSi(CHj3),); C
NMR d¢ (125 MHz, CDCl3) 155.3 (CNH,), 152.9 (CHNCNH,), 149.6 (NH,C=C), 139.0
(OCHNCH), 119.9 (NC=C), 87.9 (CHCH,OTBS), 84.3 (OCHN), 71.8 (CHOTBS), 62.7
(CH,0TBS), 41.3 (NCHCH,), 25.9, 25.7 (2 x SiC(CHs)3), 18.4, 18.0 (2 x SiC(CHj3)3),
—4.7,-4.8, —5.4,—5.5 (2 x Si(CH3),); MS m/z (EST") 480 (100%, [M-H]"); HRMS (ESI")
C,,H4N5O;Si, requires M+H 480.2821, found 480.2822 (0.3 ppm); [a]p>> —6.1 (¢ 1.0,

dichloromethane).

2-Amino-9-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((ter?-

butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-1H-purin-6(9H)-one, 4

TBSO
OTBS

To a solution of 2'-deoxyguanosine (3) (300 mg, 1.12 mmol) in anhydrous
N,N-dimethylformamide (636 pL) was added fert-butyldimethylsilyl chloride (677 mg,

4.49 mmol) and imidazole (535 mg, 7.86 mmol). The reaction was stirred at room
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temperature for 24 h before being diluted with ethyl acetate (30 mL). The resultant mixture
was washed with an aqueous saturated solution of ammonium chloride (3 x 30 mL) and
brine (3 x 30 mL) and concentrated in vacuo. The crude product was purified by flash
column chromatography [SiO,, 2:98—9:91 methanol:dichloromethane] which afforded
bis-TBS protected 4 (491 mg, 88%) as a white solid. m.p. (> 325 °C); IR vy, (thin
film)/cm™' 3317 br, 3168 br, 2954 m, 2927 s, 2895 m, 2856 s, 1691 s, 1603 s, 1472 m,
1382 m, 1169 s, 835 s; "H NMR &y (500 MHz, (CD;),SO) 10.60 (1 H, br s, NHC=0),
7.88 (1 H, s, NCH=N), 6.46 (2 H, br s, NH>), 6.10 (1 H, dd, J = 7.5, 6.5, OCHN), 4.48
(1LH, dt, J = 5.5, 2.8, CHOTBS), 3.82-3.79 (1 H, m, CHCH,OTBS) 3.69 (1 H, dd,
J=11.0, 5.8, CHHgOTBS), 3.64 (1 H, dd, J = 11.0, 4.3, CH,H3OTBS), 2.63 (1 H, ddd,
J=13.3, 7.8, 5.5, NCHCHHg), 2.23 (1 H, ddd, J = 13.3, 5.9, 3.4, NCHCHH3), 0.89
(9 H, s, CH,0Si(CH3),C(CH3)3), 0.87 (9 H, s, CHOSi(CH3),C(CHj3)3), 0.10 (6 H, s,
CH,O0Si(CHj3),), 0.04 (6 H, s, CHOSi(CH3),); C NMR 8¢ (125 MHz, (CD3),S0) 156.7
(C=0), 153.7 (N=CNH,), 151.0 (NC=CC=0), 134.9 (NCH=N), 116.6 (C=CC=0), 87.0
(CHCH,OTBS), 82.1 (OCHN), 72.2 (CHOTBS), 62.7 (CHCH,OTBS), obscured by
(CD;),SO (NCHCHp), 25.8, 25.7 (2 x SiC(CH3)s), 18.0, 17.7 (2 x SiC(CHs3)3), —4.8, —5.0,
-5.5, =5.5 (2 x Si(CH3),); MS m/z (ESI') 494 (100%, [M-H]); HRMS (ESI")

C22H41N5048S1, requires M+Na 518.2589, found 518.2587 (0.3 ppm).
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1-((2R,4S,5R)-4-((tert-Butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-5-methylpyrimidine-

2,4(1H,3H)-dione, 6

OTBS

To a solution of 2'-deoxythymidine (5) (500 mg, 2.06 mmol) in anhydrous
N,N-dimethylformamide (1.89 mL) was added ters-butyldimethylsilyl chloride (685 mg,
4.54 mmol) and imidazole (562 mg, 8.25 mmol). The reaction stirred at 50 °C for 6 h,
before being diluted with ethyl acetate (30 mL). The resultant mixture washed with an
aqueous saturated solution of ammonium chloride (3 x 30 mL) and brine (3 x 30 mL),
dried over sodium sulfate, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography [SiO,, 10:90—35:65 ethyl acetate:petrol] which
afforded bis-TBS protected 6 (909 mg, 94%) as a white solid. m.p. (142-145 °C); IR vy
(thin ﬁlm)/cm71 3178 br, 3049 br, 2954 s, 2929 s, 2857 m, 1698 s, 1471 m, 1255 m, 836 s,
778 m; "H NMR &y (400 MHz, CDCls) 9.45 (1 H, s, NH), 7.40 (1 H, d, J = 1.2, NCH),
6.28 (1 H, dd, J = 7.6, 6.0, OCHN), 4.33 (1 H, dt, J =5.7, 2.8, CHOTBS), 3.86 (1 H, dd,
J= 2.4, CHCH,OTBS), 3.80 (1 H, dd, J = 11.5, 2.6, CH4HgOTBS), 3.69 (1 H, dd,
J=1L1.5, 2.4, CHAH3OTBS), 2.18 (1 H, ddd, J = 13.3, 5.8, 2.6, NCHCHHg), 1.93 (1 H,
ddd, J = 13.3, 7.6, 6.0, NCHCHaH3), 1.83 (3 H, d, J = 0.8, CH=CCHj3), 0.85 (9 H, s,
CH,OSi(CH3),C(CH3)3), 0.81 (9 H, s, CHOSi(CH3),C(CH3)3), 0.04 (6 H, d, J = 1.2,
CH,O0Si(CH3),), 0.03 (6 H, d, J = 2.8, CHOSi(CH3),); *C NMR &¢ (100 MHz, CDCl3)
164.1 (C(CH3)C=0), 150.5 (NC=0O), 1354 (NCH), 110.8 (CH=CCHj;), 87.8
(CHCH,OTBS), 84.8 (OCHN), 72.2 (CHOTBS), 62.9 (CH,OTBS), 41.4 (NCHCH,), 25.9,

25.7 (2 x SiC(CH;)3), 18.4, 18.0 (2 x SiC(CHs)3), 12.6 (CH=CCHj), —4.7, 4.9, =5.4, —5.5
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(2 x Si(CHs),): MS m/z (EST') 469 (95%, [M-H]); HRMS (ESI") C,H,:N,05Si, requires

M+Na 493.2524, found 493.2526 (~0.4 ppm); [a]p>2 +18.0 (¢ 1.0, dichloromethane).

4-Amino-1-((2R,4S5,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((zert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)pyrimidin-2(1H)-one, 8
NH,

OTBS

TBSO

To a solution of 2'-deoxycytidine (7) (300 mg, 1.31 mmol) in anhydrous
N,N-dimethylformamide (1.20 mL) was added tert-butyldimethylsilyl chloride (434 mg,
2.88 mmol) and imidazole (357 mg, 5.24 mmol). The reaction stirred at 50 °C for 8 h,
before being diluted with ethyl acetate (30 mL). The resultant mixture washed with an
aqueous saturated solution of ammonium chloride (3 x 30 mL) and brine (3 x 30 mL),
dried over sodium sulfate, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography [SiO,, 1:99—5:95 methanol:dichloromethane]
which afforded bis-TBS-protected 8 (599 mg, 95%) as a white solid. m.p. (94-96 °C); IR
Vmax (thin film)/cm™" 3330 br, 3135 br, 2930 s, 2858 m, 1627 s, 1488 s, 1407 m, 1255 s,
1115s, 837 s; "H NMR &y (400 MHz, CDCl3) 7.82 (1 H, d, J= 7.2, NCH=CH), 6.21 (1 H,
t, J =5.8, OCHN), 5.74 (1 H, d, J = 7.2, NCH=CH), 431 (1 H, q, J = 5.2, CHOTBS),
3.84-3.81 (2 H, m, CHCH,4HgOTBS), 3.70 (1 H, dd, J = 12.2, 3.4, CHAHzOTBS),
2.35-2.28 (1 H, m, NCHCHHg), 2.03-1.95 (1 H, m, NCHCHxHp), 0.86 (9 H, t, J = 3.0,
CH,0Si(CHj3),C(CH3)3), 0.81 (9 H, t, J = 3.0, CHOSi(CH3),C(CHj3)3), 0.04 (6 H, s,
CH,O0Si(CH;),), 0.00 (6 H, t, J = 3.2, CHOSi(CH3),); *C NMR &¢ (100 MHz, CDCl5)
166.0 (N=CNH,), 156.0 (C=0), 140.6 (NCH=CH), 94.6 (NCH=CH), 87.1

(CHCH,OTBS), 85.6 (OCHN), 70.4 (CHOTBS), 62.0 (CH,OTBS), 42.0 (NCHCH,), 25.9,
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25.7 (2 x SiC(CHj3)3), 18.3, 17.9 (2 x SiC(CHs)3), —4.6, —4.9, —5.5, =5.6 (2 x Si(CH3),);
MS m/z (EST) 454 (100%, [M-H]); HRMS (ESI') C,H4N30,Si, requires M+Na

478.2528, found 478.2532 (0.9 ppm); [a]p>* +80.5 (¢ 1.0, dichloromethane).

4-Amino-1-((2R,4S5,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((zert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-5-methylpyrimidin-2(1H)-one,

10

TBSO
OTBS

To a solution of 2'-deoxy-5-methylcytidine (9) (300 mg, 1.24 mmol) in anhydrous
N,N-dimethylformamide (1.14 mL) was added tert-butyldimethylsilyl chloride (412 mg,
2.74 mmol) and imidazole (339 mg, 4.97 mmol). The reaction was stirred at room
temperature for 4 d, before being diluted with ethyl acetate. The resultant mixture was
washed with an aqueous saturated solution of ammonium chloride (3 < 30 mL) and brine
(3 x30 mL), dried over sodium sulfate, filtered and concentrated in vacuo. The crude
product was purified by flash column chromatography [SiO,, 2:98—7:93
methanol:dichloromethane] which afforded bis-TBS-protected 10 (524 mg, 90%) as a
white solid. m.p. (109-111 °C); IR v,y (thin ﬁlm)/crn_1 3339 br, 3193 br, 2953 s, 2929 s,
2858 m, 1669 s, 1611 m, 1513 s, 1294 m, 1111 m, 836 s; '"H NMR &y (400 MHz, CDCls)
7.52 (1 H, s, NCH), 6.30 (1 H, t, J= 6.6, OCHN), 4.34 (1 H, dt, J = 6.3, 3.2, CHOTBS),
391 (1 H, q, J =28, CHCH,OTBS), 3.85 (1 H, dd, J = 11.2, 3.0, CH,HgOTBS), 3.74
(1H, dd, J=11.2, 2.4, CH,HOTBS), 2.35 (1 H, ddd, J = 13.2, 6.0, 3.6, NCHCHHp),
1.97-192 (1 H, m, NCHCHaHjp), 1.89 (3 H, s, CH=CCH;), 090 (9 H, s,

CH,0Si(CH3),C(CH3)3), 0.86 (9 H, s, CHOSi(CH3),C(CH3)3), 0.08 (6 H, d, J = 2.8,
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CH,O0Si(CH3),), 0.04 (6 H, d, J = 1.6, CHOSi(CH3),); *C NMR &¢ (100 MHz, CDCl3)
165.6 (N=CNH,), 155.8 (C=0), 137.8 (NCH), 101.5 (CH=CCHj3), 87.6 (CHCH,OTBS),
85.7 (OCHN), 71.8 (CHOTBS), 62.7 (CH,OTBS), 42.1 (NCHCH,), 25.9, 25.8, 25.7
(2 x SiC(CHs)3), 18.4, 18.0 (2 x SiC(CHs)s), 13.3 (CH=CCH3), —4.6, —4.9, —5.4, —5.5
(2 x Si(CHs),); MS m/z (ESI') 468 (100%, [M-H]"); HRMS (ESI") CjH43N30,Si
requires M+Na 4922684, found 492.2687 (-0.6 ppm); [alp> + 49.7 (¢ 1.0,

dichloromethane).

8-Bromo-9-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((zert-

butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-9H-purin-6-amine, 11
NH,
N A
Br—< f\N
r—<N |N B
o

OTBS

TBSO

Bis-TBS protected 2 (52 mg, 0.11 mmol) was subjected to standard procedure 8.2.4. The
crude product was purified by flash column chromatography [SiO,, 1:99—3:97
methanol:dichloromethane] which afforded mono-brominated 11 (28 mg, 46%) as a brown
solid. m.p. (134-137 °C); IR vy (thin ﬁlm)/cm71 3322 br, 3178 br, 2954 s, 2929 s, 2885
m, 2857 m, 1647 s, 1600 s, 1461 m, 1321 m, 1293 m, 1255 s, 1109 s, 1080 s, 836 s, 777s;
"H NMR &y (400 MHz, CDCl3) 8.25 (1 H, s, CHNCNH,), 6.35 (1 H, t, J = 6.8, OCHN),
5776 (2 H, br s, NH), 4.87 (1H, dt, J = 6.4, 3.8, CHOTBS), 3.98-3.89 (2 H, m,
CHCH,HOTBS), 3.70-3.64 (2 H, m, CH,H;OTBS + NCHCH,Hg), 2.24 (1 H, ddd,
J=13.2, 7.0, 4.2, NCHCHaHp), 0.94 (9 H, s, CH,OSi(CH3),C(CH3)3), 0.83 (9 H, s,
CHOSIi(CH;),C(CH3)3), 0.15 (6 H, s, CH,OSi(CH;),C(CH3);), 0.00 (3 H,
1 x CHOSI(CHj3),), —0.04 (3 H, 1 x CHOSi(CH3),); *C NMR 8¢ (100 MHz, CDCls)

154.2 (CNH,), 152.5 (CHNCNH,), 150.9 (NH,C=C), 128.2 (NCBr), 120.5 (NC=CCNH,),
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87.7 (CHCH,0OTBS), 86.3 (OCHN), 72.3 (CHOTBS), 62.5 (CH,OTBS), 36.7 (NCHCH,),
25.8 (2 x SiC(CHs)3), 18.3, 18.0 (2 x SiC(CH3)3), —4.7, —4.8, —5.4, —5.5 (2 x Si(CH3),);
MS m/z (EST") 580, 582 (94%, 100% [M-Na]"); HRMS (ESI") C,,H4BrOsN;Si, requires

M+Na 580.1745, found 580.1730 (2.6 ppm); [a]p*2 —14.5 (¢ 1.0, dichloromethane).

2-Amino-8-bromo-9-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-1H-purin-6(9H)-one, 12

O

N

NH
Br—</N | //k
TBSO N™ NH
o

OTBS

Bis-TBS-protected 4 (54 mg, 0.11 mmol) was subjected to standard procedure 8.2.1. The
crude product was purified by flash column chromatography [SiO;, 1:99—10:90
methanol:dichloromethane], which afforded mono-brominated 12 (13 mg, 21%) as a white
solid. m.p. (140-142 °C); IR Wy (thin film)/cm™' 3305 br, 3138 br, 2954 m, 2930 s, 2858
m, 1694 s, 1603 s, 1471 m, 1286 m, 1111 s, 1084 m, 837 s, 778 m; '"H NMR &y
(500 MHz, CD;0D) 6.28 (1 H, t, J= 7.0, OCHN), 4.75 (1 H, dt, J = 6.5, 3.4, CHOTBS),
3.68-3.84 (2 H, m, CH4HgOTBS), 3.77-3.79 (1 H, m, CH,HzOTBS), 3.55 (1 H, dt,
J=13.3,6.6, NCHCH,Hg), 2.20 (1 H, ddd, J = 13.4, 7.1, 4.1, NCHCHaH3), 0.95 (9 H, s,
CH,0Si(CH;),C(CH;)3), 0.86 (9 H, s, CHOSi(CH;3),C(CH;);), 0.17 (6 H, s,
CH,O0Si(CH3),), 0.02 (6 H, d, J= 11.5, CHOSi(CHj),); *C NMR &¢ (125 MHz, CD;0D)
158.3 (C=0), 154.8 (N=CNH;), 154.1 (NC=CC=0), 124.0 (NCBr), 118.9 (NC=CC=0),
89.1 (CHCH,OTBS), 87.1 (OCHN), 73.8 (CHOTBS), 64.1 (CH,OTBS), 37.7 (NCHCH,),
26.3, 26.4 (2 x SiC(CHs);), 19.2, 18.9 (2 x SiC(CHj3);), —4.3, —4.4, —5.2, —5.3

(2 x Si(CHs),); MS m/z (ESI) 596, 598 (94%, 100% [M-Na]’); HRMS (ESI)
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C2oH40BrNsO4Si, requires M+Na 596.1694, found 596.1715 (—2.9 ppm); [a]p>> +18.7 (¢

1.0, methanol).

(5R,6R)-5-Bromo-1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-6-hydroxy-5-
methyldihydropyrimidine-2,4(1H,3H)-dione, 13

(0]
Br

HN™ Y
O)\N OH

TBSO
o}

OTBS
13

Bis-TBS-protected 6 (51 mg, 0.11 mmol) was subjected to standard procedure 8.2.4. The
crude product was purified by flash column chromatography [SiO;, 5:95—20:80
acetone:petrol], which afforded the bromohydrin 13 (32 mg, 53%) as a white solid.
Diastereomer 16 (20 mg, 32%) was also isolated as a white solid. m.p. (195-196 °C); IR
Vmax (thin film)/cm™' 3214 br, 3095 br, 2954 s, 2929 s, 2858 m, 1699 s, 1471 m, 1281 m,
1114 m, 836's, 779 m; '"H NMR &y (400 MHz, CDCls) 7.84 (1 H, br s, NH), 6.51 (1 H, t,
J=6.8, OCHN), 5.13 (1 H, d, J= 2.6, NCHOH), 4.43 (1 H, dt, J = 6.8, 4.8, CHOTBS),
4.14 (1 H, d, J = 2.6, OH), 3.86 (1 H, dd, J = 11.2, 2.4, CH,HOTBS), 3.80 (1 H, dt,
J=44,2.1, CHCH,0OTBS), 3.75 (1 H, dd, J = 11.2, 1.6, CHAH3OTBS), 2.31-2.24 (1 H,
m, NCHCH Hg), 2.22-2.15 (1 H, m, NCHCHAHp), 1.99 (3 H, s, CBrCHj;), 0.93 (9 H, s,
CH,0Si(CH3),C(CH;)3), 0.91 (9 H, s, CHOSi(CH3),C(CH3)3), 0.12 (6 H, d, J = 1.2,
CH,O0Si(CH;),), 0.10 (6 H, d, J = 2.8, CHOSi(CH3),); ®C NMR &¢ (100 MHz, CDCl3)
166.6 (CBrCH;C=0), 150.6 (NC=0), 85.9 (CHCH,OTBS), 84.8 (OCHN), 81.0
(NCHOH), 70.8 (CHOTBS), 61.8 (CH,OTBS), 53.1 (CBrCH3;), 38.4 (NCHCH,), 26.0,

25.7 (2 x SiC(CHs)3), 22.8 (CBrCHs), 18.5, 17.9 (2 x SiC(CHa)s), —4.5, —4.8, —5.4, =5.5
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(2 x Si(CHi),); MS m/z (ESI") 589, 591 (100%, 100%, [M-Na]'); HRMS (ESI")
C2,H43BrN,O6Si, requires M+Na 589.1735, found 589.1735 (0.1 ppm); [a]p?® +46.4 (c

1.0, dichloromethane).

(55,65)-5-Bromo-1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((zert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-6-hydroxy-5-
methyldihydropyrimidine-2,4(1H,3H)-dione, 16
0
Br
HN
O}\N OH

o}

TBSO

OTBS
16

Bromohydrin 16 was isolated as the minor diastereomer in the formation of bromohydrin
13. m.p. (151-153 °C); IR vy (thin ﬁlm)/cmf1 3222 br, 2955 s, 2930 s, 2858 m, 1703 s,
1464 m, 1253 m, 1116 m, 1031 m, 836 s, 778 m; 'H NMR &y (400 MHz, CDCls) 7.69
(1 H,s,NH),5.84 (1 H,t,J=6.0,0CHN), 5.47 (1 H, br s, NCHOH), 4.54 (1 H, d, J=2.6,
OH), 4.40 (1 H, dt, J = 6.1, 4.1, CHOTBS), 3.98-3.94 (2 H, m, CHCH,HgOTBS), 3.78
(1 H, dd, J = 12.0, 3.2, CHAHzOTBS), 2.49-2.43 (1 H, m, NCHCH,H3), 2.36 (1 H, ddd,
J= 132, 6.2, 4.6, NCHCHxHp), 197 (3 H, s, CBrCH;), 093 (9 H, s,
CH,0Si(CHj3),C(CH3)3), 0.89 (9 H, s, CHOSi(CH3),C(CHj3)3), 0.13 (6 H, d, J = 1.2,
CH,O0Si(CH3),), 0.08 (6 H, d, J = 2.8, CHOSi(CH3),); *C NMR &¢ (100 MHz, CDCl3)
167.1 (CBrCH;C=0), 149.4 (NC=0), 87.4 (CHCH,OTBS), 87.1 (OCHN), 80.9
(NCHOH), 71.3 (CHOTBS), 63.3 (CH,OTBS), 52.9 (CBrCHj3), 41.2 (NCHCH,), 26.0,
25.7 (2 x SiC(CHj3)3), 22.8 (CBrCH3), 18.7, 18.0 (2 x SiC(CHz3)3), —4.5, —4.8, =5.2, =5.6
(2 x Si(CHs),); MS m/z (ESI") 589, 591 (100%, 100%, [M-Na]'); HRMS (ESI")
C2,H43BrN,O6Si, requires M+Na 589.1735, found 589.1749 (—2.3 ppm); [alp?? —29.5 (¢

1.0, dichloromethane).
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4-Amino-5-bromo-1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)pyrimidin-2-2(/H)-one, 14
NH,
N )TBr
N

o}

TBSO

OTBS

Bis-TBS-protected 8 (50 mg, 0.11 mmol) was subjected to standard procedure 8.2.5. The
crude product was purified by flash column chromatography [SiO,, 1:99—7:93
methanol:dichloromethane], which afforded mono-brominated 14 (33mg, 57%) as a white
solid. m.p. (decomp. 216 °C); IR Ve (thin film)/cm ™' 3058 br, 2954 s, 2292 s, 2857 m,
1655's, 1495 s, 1472 m, 1255 s, 1108 s, 834 s, 777 s; "H NMR 8y (500 MHz, CDCl5) 8.08
(1 H, s, NCH=CBr), 7.43 (1 H, br s, NHxHp), 6.25 (1 H, t, /= 6.3, OCHN), 5.63 (1 H, br
s, NHaH3g), 4.36 (1 H, dt, J = 6.3, 3.1, CHOTBS), 3.98 (1 H, q, J = 2.5, CHCH,OTBS),
392 (1 H, dd, J = 11.5, 2.5, CH4HgOTBS), 3.76 (1 H, dd, J = 8.5, 3.0, CHAHzOTBS),
2.47 (1 H, ddd, J = 13.1, 6.0, 3.8, NCHCH4Hg), 2.03-1.98 (1 H, m, NCHCHaH3), 0.93
(9 H, s, CH,OSi(CHj3),C(CHj3)3), 0.89 (9 H, s, CHOSi(CH3),C(CH;)3), 0.13 (6 H, d,
J=5.5, CH,OSi(CH3),), 0.07 (6 H, d, J = 3.5, CHOSi(CH3),); *C NMR & (125 MHz,
CDCl;) 162.1 (N=CNH,), 154.4 (C=0), 141.4 (NCH=CBr), 88.1 (CHCH,OTBS), 86.9
(NCH=CBr), 86.7 (OCHN), 71.7 (CHOTBS), 62.6 (CH,OTBS), 42.6 (NCHCH,), 26.0,
25.7, 25.6 (2 x SiC(CHs)3), 18.4, 18.0 (2 x SiC(CHs)3), —4.6, —4.9, —=5.4 (2 x Si(CH3)y);
MS m/z (ESI") 556, 558 (95%, 100%, [M-Na]"); HRMS (ESI") C,1H4BrN;0,Si, requires

M+Na 556.1633, found 556.1636 (~0.5 ppm); [a]p>> +28.8 (¢ 1.0, dichloromethane).
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2-Amino-8-bromo-9-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-1H-purin-6(9H)-one, 19

o

N
NH
Br—C LI
HO N NH,
(e}

OTBS

Bis-TBS-protected 4 (54 mg, 0.11 mmol) was subjected to standard procedure 8.2.4. The
crude product was purified by flash column chromatography [SiO;, 1:99—10:90
methanol:dichloromethane], which afforded mono-brominated 19 (19 mg, 37%) as a white
solid. m.p. (decomp. 300 °C); IR Ve (thin film)/cm ™' 3306 br, 3138 br, 2954 m, 2930 s,
2858 m, 1705 s, 1598 s, 1523 m, 1472 m, 1287 m, 1103 s, 1026 m, 834 s, 778 m; "H NMR
o (500 MHz, CD5;0D) 6.32 (1 H, t, J = 7.5, OCHN), 4.68 (1 H, t, J = 2.5, CHOTBYS),
4.02-4.00 (1 H, m, CHCH,OH) 3.84 (1 H, dd, J = 12.0, 4.0, CH,HgOH), 3.73 (1 H, dd,
J=12.0, 4.0, CHsHzOH), 3.21-3.16 (1 H, m, NCHCH, Hp), 2.21-2.17 (1 H, m,
NCHCHaHj3), 0.96 (9 H, s, CH,0Si(CH;),C(CH3)s), 0.16 (6 H, s, CH,OSi(CHj),); “C
NMR 6c¢ (125 MHz, CDs;0D) 157.9 (C=0), 154.8 (N=CNH,), 153.2 (NC=CC=0), 123.2
(NCBr), 119.0 (NC=CC=0), 90.0 (CHCH,0OH), 88.1 (OCHN), 74.5 (CHOTBS), 63.4
(CH,0H), 39.3 (NCHCH»), 26.0 (SiC(CH3)3), 18.7 (SiC(CHs)3), —4.8 (Si(CHs),); MS m/z
(ESI") 482, 484 (95%, 100%, [M-Na]"); HRMS (ESI") C;sH26BrNsO,Si requires M+Na

482.0830, found 482.0833 (—0.8 ppm); [a]p>> —8.0 (¢ 1.0, methanol).
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(55,6 R)-4-Amino-5-bromo-1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((zert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-6-hydroxy-5-methyl-5,6-

dihydropyrimidin-2(1H)-one, 20

TBSO

OTBS
20

Bis-TBS-protected 10 (51 mg, 0.11 mmol) was subjected to standard procedure 8.2.4. The
crude product was purified by flash column chromatography [SiO;, 2:98—20:80
acetone:petrol], which afforded bromohydrin 20 (35 mg, 56%) as a white solid.
Diastereomer 21 (28 mg, 44%) was also isolated as a white solid. m.p. (106-109 °C); IR
Vmax (thin film)/em ™ 3207 br, 2954 s, 2929 s, 2857 m, 1718 s, 1461 m, 1254 s, 1091 m,
836 s, 779 m; "H NMR &y (400 MHz, CDCls) 7.80 (2 H, br s, NH,), 6.50 (1 H, t, J=6.5,
OCHN), 5.03 (1 H, s, NCHOH), 4.42 (1 H, dt, J = 6.8, 4.8, CHOTBS), 3.85 (1 H, dt,
J=112, 2.4, CHHOTBS), 3.80 (1 H, dt, J = 4.3, 2.1, CHCH,OTBS), 3.29 (1 H, dd,
J=11.2, 1.6, CHAHzOTBS), 2.27 (1 H, ap dt, J = 13.6, 6.8, NCHCHHg), 2.18 (1 H, ddd,
J=133, 7.5, 5.6, NCHCHaHp), 2.11 (3 H, s, CBrCH;), 093 (9 H, s,
CH,0Si(CH3),C(CH;)3), 0.91 (9 H, s, CHOSi(CH3),C(CH3)3), 0.12 (6 H, d, J = 4.4,
CH,O0Si(CH3),), 0.10 (6 H, d, J = 2.4, CHOSi(CH3),); *C NMR &¢ (100 MHz, CDCl3)
159.2 (N=CNH,), 149.2 (C=0), 85.8 (CHCH,OTBS), 84.2 (OCHN), 81.6 (NCHOH), 70.9
(CHOTBS), 61.8 (CH,OTBS), 53.5 (CBrCHs), 384 (NCHCH,), 26.0, 25.7
(2 x SiC(CHj3)3), 24.2 (CBrCH;), 18.5, 17.9 (2 x SiC(CHs);), —4.5, —4.8, —=5.3, —5.5

(2 x Si(CHs),); [a]p>* +22.1 (c 1.0, methanol).
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(5R,6S)-4-Amino-5-bromo-1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-6-hydroxy-5-methyl-5,6-

dihydropyrimidin-2(1H)-one, 21

TBSO

OTBS
21

Bromohydrin 21 was isolated as the minor diastereomer in the formation of bromohydrin
20. m.p. (56-59 °C); IR vy4y (thin ﬁlm)/cmf1 3210 br, 2955 s, 2929 s, 2857 m, 1704 s,
1462 s, 1362 m, 1253 s, 1094 m, 1030 m, 836 s, 778 m; 'H NMR &y (400 MHz, CDCl;)
7.66 (2 H, br s, NH>), 5.82 (1 H, t, J = 5.8, OCHN), 5.40 (1 H, s, NCHOH), 4.41-4.38
(1 H, m, CHOTBS), 3.96-3.94 (2 H, m, CHCHHgOTBS), 3.78 (1 H, dd, J = 11.0, 1.8,
CHAH3OTBS), 2.46 (1 H, ap dt, J=13.5, 5.9, NCHCH H3), 2.36 (1 H, ddd, J = 13.5, 6.3,
4.9, NCHCHaHp), 2.09 (3 H, s, CBrCHj3), 0.93 (9 H, s, CH,OSi(CH3),C(CH3)3), 0.89
(9 H, s, CHOSi(CH3),C(CHj3)3), 0.13 (6 H, d, J = 6.8, CH,OSi1(CH3),), 0.08 (6 H, d,
J=5.6, CHOSi(CHj;),); *C NMR 8¢ (100 MHz, CDCl5) 159.5 (N=CNH.,), 148.2 (C=0),
87.3 (CHCH,OTBS), 86.9 (OCHN), 81.3 (NCHOH), 70.8 (CHOTBS), 63.1 (CH,OTBS),
53.6 (CBrCHz3), 41.5 (NCHCH,), 26.1, 25.7 (2 x SiC(CHj3)3), 24.1 (CBrCH3), 18.7, 18.0

(2 x SiC(CHs)3), —4.5, 4.9, —5.2, 5.5 (2 x Si(CHs),); [alp>2 —9.5 (¢ 1.0, methanol).

Palladium(II) catalyst 23%12

NaO

—N
 )—NHp| *Pd(OAQy
N

NaO 2

A stirred suspension of 2-amino-4,6-dihydroxypyrimidine (13 mg, 0.10 mmol) in an

aqueous sodium hydroxide solution (0.10 M, 2.0 mL) was dissolved by heating at 65 °C
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for 5 min. Palladium(II) acetate (11 mg, 0.050 mmol) was then added and the reaction
mixture stirred at 65 °C for 30 minutes. The reaction mixture was cooled to room
temperature and then diluted with distilled water (3.0 mL) which afforded a solution of

palladium(II) catalyst 23 (0.01 M).

(8)-2-((tert-Butoxycarbonyl)amino)-3-(4-hydroxy-3-iodophenyl)propanoic acid, 24?12

OH
L
07 N7 COoM

To a stirred solution of 3-iodo-L-tyrosine (400 mg, 1.30 mmol) in water (5.00 mL) at 0 °C
was added an aqueous sodium hydroxide solution (5.0 M,). Di-tert-butyl dicarbonate
(299 mg, 1.37 mmol) in dioxane (5.00 mL) was added dropwise to the reaction mixture at
0 °C. The reaction was then warmed to room temperature over a period of 3 h. The
reaction was then quenched with the addition of an aqueous hydrochloric acid solution
(1.0 M, 100 mL) and extracted with ethyl acetate (3 x 50 mL). The combined organics
fractions were washed with brine (3 x 30 mL), dried over magnesium sulfate, filtered and
concentrated in vacuo. The crude product was purified by flash column chromatography
[S10,, 1:99—15:85 methanol:dichloromethane] to afford N-Boc protected 24 as a white
solid (452 mg, 85%). m.p. (80-82 °C); "H NMR &y (400 MHz, CD;0D) 7.55 (1 H, br s,
CI=CH), 7.06 (1 H, d, J = 8.0, COH=CHCH), 6.76 (1 H, d, J = 8.0, COH=CH), 4.26-4.23
(1 H, m, NHCH), 3.06 (1 H, dd, J=13.0, 4.4, CHCHHp), 2.82-2.76 (1 H, m, CHCHxHp),
1.41 (9 H, s, C(CHs)3); *C NMR ¢ (100 MHz, CD;0D) 174.7 (CO,H), 156.7 (COH),
155.8 (NHC=0), 140.1 (CI=CH), 130.7 (CH,C), 130.5 (COH=CHCH), 114.6 (COH=CH),
83.5 (CI=CH), 79.5 (C(CHj3)3;), 55.8 (NHCH), 36.5 (CHCH;), 27.8 (C(CHs)3);
[a]p?’ =+18.8 (c = 1.0, methanol). Spectroscopic data was in good agreement with that of

the literature.?'?
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(8)-2-((tert-Butoxycarbonyl)amino)-3-(6-hydroxy-[1,1’-biphenyl]-3-yl)propanoic acid,

! OH
O)J\N CO,H
H

To a solution of boc-3-iodo-L-tyrosine (24) (56 mg, 0.14 mmol) in water (3.2 mL) was

26212

added phenyl boronic acid (25) (25 mg, 0.21 mmol) and dipotassium hydrogen phosphate
(0.12 g, 0.69 mmol) and the reaction was stirred for 2 min at 37 °C. Formic acid (0.26 uL
in 10 pL of water) and palladium(II) catalyst 23 solution (0.01 M, 140 uL) were then
added and the resulting mixture was stirred at 37 °C for 4 h. The reaction was quenched by
the addition of an aqueous solution of hydrochloric acid (1.0 M, 50 mL) before the
aqueous layer was extracted with ethyl acetate (3 x 50 mL). The combined organic layers
were dried over magnesium sulfate, filtered and concentrated in vacuo. The crude product
was  purified by  flash  column  chromatography [Si10,, 1:99—8:92
methanol:dichloromethane] which afforded (§)-2-((fert-butoxycarbonyl)amino)-3-(6-
hydroxy-[1,1°-biphenyl]-3-yl)propanoic acid 26 as (34 mg, 70%) as a glassy foam. 'H
NMR 6y (400 MHz, (CD3),S0) 9.41 (1 H, brs, NH), 7.53 (2 H, d, J=7.6, 2 x ArH), 7.38
H,t,J=74,2x ArH), 7.28 (1 H, t, J= 7.4, ArH), 7.13 (1 H, s, COHC(Ph)=CH), 7.00
(1 H, t, J = 10.6, CHCH=COH), 6.83 (1 H, d, J = 8.4, CHCH=COH), 4.05 (1 H, td,
J=9.8, 44, CHCO,H), 2.95 (1 H, dd, J = 13.6, 4.4, NHCHCH,Hg), 2.76 (1 H, dd,
J=13.6,9.8, NHCHCHHj), 1.31 (9 H, s, 3 x Me); *C NMR 8¢ (100 MHz, (CD3),SO)
174.6 (CO,H), 156.3 (NHC=0), 153.6 (COH), 139.5 (CH,C), 132.1 (CHC=CH), 129.9,
129.5, 128.7 128.0 (ArC), 127.3 (CCOH), 116.7 (CH=COH), 78.9 (C(CHs)3), 56.2
(CHCO,H), 36.6 (CHCH,), 29.0 (C(CH3);) [a]*p = +243 (¢ = 1.0, methanol).

Spectroscopic data was in good agreement with that of the literature.”'?
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(1R,3S,45)-Diethyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate, 35°%°

4
CO,Et

CO,Et

To a solution of diethyl maleate (33) (1.86 mL, 14.9 mmol) in water (100 mL) was added
freshly cracked cyclopentadiene (32) (1.00 mL, 14.9 mmol). The reaction was stirred
vigorously for 24 h before the aqueous phase was extracted with ethyl acetate (3 x 50 mL).
The combined organic fractions were washed with brine (3 x 50 mL), dried over
magnesium sulfate, filtered and concentrated in vacuo, which afforded (1R,3S,45)-diethyl
bicycle[2.2.1]hept-5-ene-2,3-dicarboxylate 35 (2.57 g, 73%) as a colourless oil. IR vy,
(thin film)/cm™' 2982 br, 1724 s, 1178 s, 1032m; "H NMR &y (400 MHz, CDCl3) 6.12
(1H,dd,J=5.5,3.0,HC=CH), 591 (1 H,dd, J=5.5, 2.8, HC=CH), 4.01 2 H, q,/J=7.2,
1 x CO,CH,CH3), 3.94 2 H, qd, J = 7.1, 3.1, 1 x CO,CH,CHj3), 3.22 (1 H, t, J = 4.4,
1 x CHCO;Et), 3.10 (1 H, brs, 1 x CHCHCO,Et), 2.96 (1 H, br s, 1 x CHCHCO,Et), 2.52
(1 H,dd, J=4.4,1.0, 1 x CHCOEY), 1.47 (1 H, d, J = 8.4, CHCH,HgCH), 1.29 (1 H, d,
J= 8.4, CHCHsHsCH), 1.12 3 H, t, J = 7.1, 1 x CO,CH,CH3), 1.08 3 H, J = 7.2,
1 x CO,CH,CH;3); “C NMR ¢ (100 MHz, CDCl3) 173.9 (CO,EY), 172.7 (CO,EY), 137.1
(CH=CH), 134.7 (CH=CH), 60.3 (CO,CH,CHj3), 60.0 (CO,CH,CHs), 47.5 (CHCO;EY),
47.4 (CHCO;EY), 46.8 (2 x CHCHCO;EY), 45.3 (CHCH,CH), 13.9 (CO,CH,CH3), 13.8
(CO,CH,CH3); MS m/z (ESI") 261 (100%, [M-Na]"); HRMS (ESI") C,;3H ;304 requires

M+Na 621.1097, found 621.1097 (0.0 ppm).
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((1S5,25,4S5)-Benzyl bicyclo[2.2.1]hept-5-ene-2-carboxylate, 36*2

4

07 ~0Bn

To a solution of benzyl acrylate (34) (2.28 mL, 14.9 mmol) in water (100 mL) was added
freshly cracked cyclopentadiene (32) (1.00 mL, 14.9 mmol). The reaction was stirred
vigorously for 24 h before the aqueous phase was extracted with ethyl acetate (3 x 50 mL).
The combined organic fractions were washed with brine (3 x 50 mL), dried over
magnesium sulfate, filtered and concentrated in vacuo. The crude product was purified by
flash column chromatography [SiO;, 1:99—3:97 diethyl ether:petrol], which afforded
((185,25,45)-benzyl bicyclo[2.2.1]hept-5-ene-2-carboxylate 36 (2.09 g, 66%) as a
colourless oil. "H NMR &y (400 MHz, CDCl;) 7.41-7.33 (5§ H, m, 5 x ArH), 6.22 (1 H, dd,
J=5.6,3.0,1 x CH=CH), 5.92 (1 H, dd, J=5.6,2.8, 1 x CH=CH), 5.14 (1 H,d, J=12.4,
CH,HgPh), 5.08 (1 H, d, J = 12.4, CHAHPh), 3.27 (1 H, br s, CHCHC=0), 3.04 (1 H, dt,
J=9.3,4.0, CHCHC=0), 2.94 (1 H, br s, CHCH,CHC=0), 1.95 (1 H, ddd, J=11.6, 9.4,
3.8, CH4HgCHC=0), 1.54-1.44 (2 H, m, CH\HzCHC=0 + CHCH,HpCH), 1.30 (1 H, d,
J= 8.4, CHCHAH3CH); ®C NMR &¢ (100 MHz, CDCl3) 174.3 (C=0), 137.6 (CH=CH),
136.2 (CHyC), 132.2 (CH=CH), 128.3, 1279 (5 x Ar C’s), 65.8 (CH,Ph), 49.5
(CHCH,CH), 45.6 (CHCHC=0), 43.2 (CH,CHC=0), 42.4 (CHCH,CHC=0), 29.1

(CH,CHC=0). Spectroscopic data was in good agreement with that of the literature.””*
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1-((2R,4S,5R)-4-((tert-Butyldimethylsilyl)oxy)-5-(((zert-
butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-5,6-dihydroxy-5-

methyldihydropyrimidine-2,4(1H,3H)-dione 44 and 45

o) o
H Z,OH
ey
07 >N~ “"OH O)\N OH
TBSO TBSO
o o
OTBS OTBS
44 45

Bis-TBS-protected 6 (50 mg, 0.11 mmol) was subjected to standard procedure 8.2.10. The
crude product was purified by flash column chromatography [SiO,, 5:95—20:80 ethyl
acetate:dichloromethane] which afforded an diols 44 and 45 (49 mg, 89%, d.r. 90:10) as a
white solid and as an inseparable diastereomeric mixture. m.p. (182-185 °C); IR vy (thin
film)/cm ™' 3389 br, 3102 br, 2954 s, 2929 s, 2858 m, 1717 s, 1462 m, 1227 m, 1120 m,
837 s, 778 m; "H NMR &y (400 MHz, CDCl3) 8.08 (1 H, br s, NH), 6.27 (1 H, dd, J= 7.6,
6.0, OCHN), 5.28 (1 H, s, NCHOH), 4.45 (1 H, dt, J=6.2, 3.1, CHOTBS), 3.91-3.75 (3 H,
m, CHCH,OTBS), 2.33 (1 H, ddd, J = 13.5, 7.6, 6.2, NCHCH,Hg), 2.16 (1 H, dq,
J=13.4,3.1, NCHCHxHj;), 1.49 (3 H, s, COHCHj3), 0.98 (9 H, s, CH,OSi(CH3),C(CHj)3),
0.94 (9 H, s, CHOSIi(CH3),C(CH3)3), 0.15 (6 H, s, CH,OSi(CH;),), 0.12 (6 H, s,
CHOSI(CH3),); *C NMR &¢ (100 MHz, CDCls) 173.5 (C(CH3)C=0), 150.2 (NC=0),
86.7 (CHCH,OTBS), 84.2 (OCHN), 77.6 (NCHOH), 71.9 (CHOTBS), 64.8 (COHCHj3),
63.2 (CHCH,OTBS), 39.2 (NCHCH,), 26.0, 25.9, 25.8, 25.7 (2 x SiC(CHas)3), 22.7
(COHCH3;), 18.4, 18.0 (2 x SiC(CHjs)3), —4.6, —4.9, =5.5, =5.6 (2 x Si(CHs),); MS m/z
(ESI") 503 (100%, [M-H]); HRMS (ESI") C;,H44N,0,Si requires M+Na 527.2579,
found 527.2556 (—4.5 ppm). The 'H and "°C data correspond to the major diastereomer 44,

whose spectroscopic data was found to be in good agreement with the literature.'*?
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Bis-TBS protected 2'-deoxythymidine TMEDA Osmate Esters, 46 and 47

O
o \/ : o \/
HN WO W N HN =0 W N
)\ y /O”s\ j 41\ /O”S\ j
0 N" 'O 0 N 0°>N" 0o N
TBSO I\ TBSO /\
o (e}
OTBS OTBS
46 47

A mixture of diols 44 and 45 (23 mg, 0.046 mmol) was subjected to standard procedure
8.2.11 (24 h) using the diamine N,N,N',N'-tetramethylethylenediamine. The crude product
was  purified by  flash  column  chromatography  [SiO,,  2:98—4:96
methanol:dichloromethane], which afforded bis-TBS-protected 2-deoxythymidine TMEDA
osmate esters 46 and 47 (36 mg, 96%, d.r. 94:6) as a brown solid and as an inseparable
diastereomeric mixture. IR v, (thin ﬁlm)/cm_1 3507 br, 3208 br, 2954 s, 2929 s, 2897 m,
2858 m, 1699 s, 1462 s, 1284 m, 1026 m, 878 s, 778 m; 'H NMR &y (400 MHz, CDCls)
7.21 (1 H, br s, NH), 6.35 (1 H, dd, J = 8.0, 6.0, OCHN), 5.22 (1 H, s, NCHOOs), 4.30
(1 H, dt, J = 6.0, 3.0, CHOTBS), 3.80 (1 H, ddd, J = 6.8, 4.0, 2.4, CHCH,OTBS), 3.69
(1H, dd, J = 10.8, 4.8, CH4HgOTBS), 3.56 (1 H, dd, J = 10.8, 6.4, CHAHzOTBS)
3.13-3.08 (4 H, m, 2 x NCH,), 2.97 3 H, s, 1 x NCH3), 2.92 (3 H, s, | x NCHj3), 2.87
(3H,s, 1 x NCH;), 2.83 3 H, s, 1 x NCH;), 2.44-2.35 (1 H, m, NCHCH Hp), 2.11 (1 H,
ddd, J = 13.4, 6.2, 3.2, NCHCHxH;), 1.68 (3 H, s, C=OCCHj3), 0.89 (9 H, s,
CH,0Si(CH3),C(CHs)3), 0.88 (9 H, s, CHOSIi(CH3),C(CH;s);), 0.08 (6 H, s,
CH,O0Si(CH3),), 0.06 (6 H, s, CHOSi(CHs),); *C NMR &¢ (100 MHz, CDCls) 173.1
(C=0OCCHz), 151.1 (NC=0), 96.2 (NCOOs), 86.0 (CHCHAHgOTBS), 84.4 (C=OCCHy),
83.9 (OCHN), 72.4 (CHOTBS), 64.8, 64.5 (2 x NCH,), 63.7 (CH,OTBS), 52.3, 52.1, 51.9,
51.8 (4 x NCH3), 38.1 (NCHCH,), 26.0, 25.8, (2 x SiC(CHj3)3), 21.7 (C=OCCH3), 18.4,
18.0 (2 x SiC(CH3)3), —4.6, —4.7, —=5.3, =5.4 (2 x Si(CH3),) MS m/z (EST)) 901 (100%,

[M-MeCN-NH4]"); HRMS (ESI") Cy3HsgOoN4OsSi, requires M+Na 865.3248, found
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865.3267 (-2.0 ppm). The 'H and "*C data correspond to the major diasterecomer 46,

whose stereochemistry was inferred from that of diol 44.

Bis-TBS protected 2'deoxymethylcytidine TMEDA Osmate Ester, 48

NH,

\/
O N
N/ (o) n
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o
OTBS

To a solution of bis-TBS protected deoxynucleoside 10 (25 mg, 0.053 mmol) in
dichloromethane (5.3 mL) was added N,N,N',N'-tetramethylethylenediamine (9.00 pL,
0.060 mmol) and the reaction was cooled to =78 °C. A solution of osmium tetroxide
(15 mg, 0.06 mmol) in dichloromethane (1.0 mL) was added dropwise and the reaction
was stirred at —78 °C for 4 h. The reaction mixture was then allowed to warm to room
temperature over 16 h before the solvent was removed in vacuo. The crude product was
purified by flash column chromatography [SiO,, 2:98—10:90 methanol:dichloromethane],
which afforded the bis-TBS-protected 2'-deoxymethylcytidine TMEDA osmate ester 48
(42 mg, 95%) as a brown solid and as a single diastereomer. IR v, (thin film)/cm™' 3440
br, 2954 s, 2930 s, 2898 m, 2858 m, 1706 s, 1614 s, 1462 s, 1257 s, 1124 m, 1027 m, 839
s, 778 m; "H NMR &y (500 MHz, CDCl3) 6.35 (1 H, t, J = 7.0, OCHN), 5.09 (1 H, s,
NCHOO:s), 4.27 (1 H, t, J = 2.8, CHOTBS), 3.77-3.74 (1 H, m, CHCH,OTBS), 3.65 (1 H,
dd, J=10.5, 4.5, CHHgOTBS), 3.52 (1 H, dd, J = 10.8, 6.3, CHCHsHzOTBS), 3.25-3.07
(4 H, m, 2 x NCH>), 297 3 H, s, 1 x NCHj3), 291 (3 H, s, 1 x NCHj3), 2.88 (3 H, s,
1 x NCH3), 2.84 (3 H, s, 1 x NCH3), 2.34-2.30 (1 H, m, NCHCH Hp), 2.05-2.02 (1 H, m,
NCHCHaHp), 1.59 (3 H, s, C(NH,)CCHj3), 0.88 (9 H, s, CH,OSi(CH3),C(CHj3)3), 0.87
(9H, s, CHOSi(CH3),C(CH3);), 0.05 (6 H, s, CH,OSi(CH3),), 0.03 (6 H, s,

CHOSI(CHj3),); ®C NMR 6¢ (125 MHz, CDCls) 174.3 (N=CNH,), 155.9 (NC=0), 96.1
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(NCOOs), 85.9 (C(NH,)CCH3) 83.8 (CHCH,OTBS), 80.2 (OCHN), 72.3 (CHOTBS),
64.9, 64.8 (2 x NCH,), 63.5 (CHCH,OTBS), 53.0, 52.8, 52.1, 51.6 (4 x NCH3), 37.9
(NCHCH,), 26.0, 25.8 (2 x SiC(CH3)3), 23.6 (C(NH,)CCH3), 18.4, 17.9 (2 x SiC(CH;)s),
—4.6, —4.8, —5.3, —5.4 (2 x Si(CH3),) MS m/z (ESI") 864 (80%, [M-Na]"); HRMS (ESI")

Ca8Hs9N50g0sSi; requires M+H 842.3588, found 842.3575 (1.8 ppm).

Bis-TBS-protected 2'-Deoxythymidine BIPY Osmate Esters, 49 and 50

o -
HN HN™ Y
Oéi\N Oéi\N
TBSO
o o
OTBS oTBS
49 50

A mixture of diols 44 and 45 (23 mg, 0.046 mmol) were subjected to standard procedure
8.2.11 (24 h) using the diamine 2,2'-bipyridine. The crude product was purified by flash
column chromatography [SiO,, 1:99—9:91 methanol:dichloromethane], which afforded
the bis-TBS-protected 2-deoxythymidine BIPY osmate esters 49 and 50 as (36 mg, 96%,
d.r. 95:5) as a brown solid and as an inseparable diastereomeric mixture. IR v, (thin
film)/cm™' 3491 br, 3210 br, 2954 s, 2929 s, 2897 m, 2858 m, 1696 s, 1500 s, 1254 m,
1023 m, 874 s, 775 m; '"H NMR &y (500 MHz, CDCl;) 9.46 (1 H, dd, J = 5.5, 1.0,
1 x OsN=CH), 9.21 (1 H, dd, J=5.3, 0.8, 1 x OsN=CH), 8.36 (2 H, t,J=8.3,2 x NCCH),
8.26-8.21 (2 H, m, 2 x NCCHCH), 7.76-7.72 (2 H, m, OsN=CHCH), 7.34 (1 H, br s, NH),
6.44 (1 H, dd, J = 8.0, 6.0, OCHN), 5.46 (1 H, s, NCHOOs), 435 (1 H, dt, J= 6.7, 2.9,
CHOTBS), 3.83 (1 H, ddd, J = 6.0, 5.0, 3.0, CHCH,OTBS), 3.68 (1 H, dd, J = 10.5, 5.0,
CH,HgOTBS), 3.54 (1 H, dd, J = 10.5, 6.5, CHAHzOTBS), 2.58 (1 H, ddd, J = 13.5, 8.0,
6.0, NCHCH Hjp), 2.21 (1 H, ddd, J = 13.5, 6.0, 3.0, NCHCHxH3), 1.81 (3 H, s,
C=0CCHj3), 0.89 (9 H, s, CH,OSi(CH3),C(CH3)3), 0.83 (9 H, s, CHOSi(CH3),C(CH3)3),

0.08 (3 H, s, 1 x CH,OSi(CH3),), 0.06 (3 H, s, 1 x CHOSi(CH3),), 0.00 (3 H, s,
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1 x CHOSI(CHj3),), —0.03 (3 H, s, 1 x CHOSi(CHj3),); *C NMR &¢ (125 MHz, CDCls)
173.1 (C=OCCHj), 156.0, 155.8 (2 x OsN=CH), 152.5, 152.2 (2 x OsNC) 150.9 (NC=0),
141.1, 141.0 (NCCHCH), 127.6, 127.4 (2 x OsN=CHCH), 123.6, 123.5 (2 x NCCH), 95.9
(NCHOOs), 86.1 (CHCH,OTBS), 84.0 (C=OCCH3), 83.6 (OCHN), 72.6 (CHOTBS), 63.7
(CHCH,OTBS), 38.2 (NCHCH),), 25.9, 25.8, 25.7 (2 x SiC(CHs)3), 22.1 (C=OCCHj),
18.3, 18.0 (2 x SiC(CHs);), —4.6, —4.7, (2 x Si(CHs)); MS m/z (ESI") 941 (100%,
[M-MeCN-NH,]"); HRMS (ESI") C3;Hs5oN4O9OsSi, requires M+Na 905.2622, found
905.2610 (1.5 ppm). The 'H and "*C data correspond to the major diastereomer 49, whose

stereochemistry was inferred from that of diol 44.

Bis-TBS-protected 2'-Deoxythymidine PHEN Osmate Esters, 51 and 52

0 N o N
HNH-“O\(?s/N HNH SN
O)\N 075N O)\N 074
TBSO. | TBso 5 L
oTBS oTBS
51 52

A mixture of diols 44 and 45 (23 mg, 0.046 mmol) were subjected to standard procedure
8.2.11 (24 h) using the diamine 1,10'-phenanthroline. The crude product was purified by
flash column chromatography [SiO;, 1:99—9:91 methanol:dichloromethane], which
afforded the bis-TBS-protected 2-deoxythymidine BIPY osmate esters 51 and 52 (23 mg,
51%, d.r. 93:7) as a brown solid and as an inseparable diastereomeric mixture. IR v,,4y
(thin film)/cm ™' 3411 m, 3208 br, 3073 br, 2954 s, 2929 s, 2897 m, 2858 m, 1703 s, 1460
m, 1255 m, 1119 m, 1022 m, 838 s, 778 m; "H NMR &y (500 MHz, CDCl3) 9.71 (1 H, dd,
J=48, 13,1 x OsN=CH) 9.44 (1 H, dd, J = 5.0, 1.0, 1 x OsN=CH), 8.74 (1 H, dd,
J=18.3,13,1x NCHCHCH), 8.71 (1 H, dd, J = 8.5, 1.0, 1 x NCHCHCH), 8.38 (2 H, s,
2 x C=CHCH=C), 8.06-8.01 (2 H, m, 2 x NCHCH), 7.42 (1 H, br s, NH), 6.50 (1 H, dd,

J=8.0, 6.0, OCHN), 5.55 (1 H, s, NCHOOs), 4.40 (1 H, dt, J = 5.8, 2.9, CHOTBS), 3.87
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(1 H, ddd, J = 6.5, 5.0, 3.0, CHCH,OTBS), 3.72 (1 H, dd, J = 10.5, 5.0, CH,HgOTBS),
359 (1 H, dd, J = 11.0, 7.0, CHAHzOTBS), 2.65 (1 H, ddd, J = 13.5, 8.0, 6.0,
NCHCHaHp), 2.27 (1 H, ddd, J = 13.5, 6.0, 3.0, NCHCHAH3), 1.89 (3 H, s, C=O0CCHj3),
0.92 (9 H, s, CH,0Si(CHj3),C(CHj3)3), 0.84 (9 H, s, CHOSi(CHj3),C(CHj3)3), 0.12 (3 H, s,
1 x CH,0Si1(CHj3),), 0.08 (3 H, s, 1 x CHOSi(CHj),), 0.02 (3 H, s, 1 x CHOSi(CHj3),),
0.01 (3 H, s, 1 x CHOSi(CH;),); *C NMR &¢ (125 MHz, CDCl3) 173.0 (C=<OCCHj3),
151.9 (NC=0), 151.3, 150.9 (2 x OsN=CH), 147.9, 147.8 (2 x OsNC), 139.8, 139.7
(2 x NCHCHCH), 131.3 (2 x C=CHCH=C), 128.2, 127.9 (2 x OsN=CHCH), 125.8, 125.5
(2 x NCCCH), 96.1 (NCHOOs), 86.2 (CH,OTBS), 84.1 (OCHN), 83.7 (C=OCCHy), 72.6
(CHOTBS), 63.8 (CHCH,OTBS), 38.2 (NCHCH,), 26.0, 25.9, 25.8 (2 x SiC(CHs3)3), 22.2
(C=0OCCHz), 18.4, 18.0 (2 x SiC(CH3)3), — 4.5, — 4.6, — 5.3, — 5.3 (2 x Si(CH3),); MS m/z
(ESI") 965 (100%, [M-MeCN-NH4]"); HRMS (ESI") C34HsoNsOgOsSi, requires M+Na
929.2860, found 929.2617 (1.5 ppm). The 'H and "*C data correspond to the major

diastereomer 51, whose stereochemistry was inferred from that of diol 44.
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Chapter 9 — Appendix

Appendix 9.1 — Crystallography Data for the Bromohydrin of Thymine (13)

Figure 9 — 1 — Crystal structure of bromohydrin of thymine (13).

Crystals of 13 were grown from chloroform. A single crystal having dimensions
approximately 0.02 x 0.2 x (.2 mm was mounted on a glass fibre using perfluoropolyether
oil and cooled rapidly to 150 K in a stream of cold N, using an Oxford Cryosystems
CRYOSTREAM unit. Diffraction data were measured using a Nonius Kappa CCD
diffractometer (graphite-monochromated Mo K, radiation, 2 = 0.71073 A). Intensity data

were processed using the DENZO/SCALEPACK package.

Examination of the systematic absences of the intensity data showed the space group to be
P 1 21 1. The structure was solved in this space group using the direct-methods program
SIR92, which located all non-hydrogen atoms. The H atoms were all located in a
difference map, but those attached to carbon atoms were repositioned geometrically.
Subsequent full-matrix least-squares refinement was carried out against F* using the

CRYSTALS program suite. Coordinates and anisotropic thermal parameters were refined
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for all non-hydrogen atoms, and the hydrogens were refined with riding constraints. A
modified statistical weighting scheme was applied. Refinement converged satisfactorily to

give R =0.0591, wR =0.1090.

Figure 9 — 1 shows a thermal ellipsoid plot (CAMERON) at 50 % probability. A summary
of crystallographic data is given below, as are full lists of atomic coordinates, anisotropic

thermal parameters and those bond lengths and angles not concerning H atoms.

Crystal identification 004tjd11
Chemical formula Cy,Hy3BriN,OgSi,
Formula weight 567.67
Temperature (K) 150
Wavelength () 0.7107

Crystal system Orthorhombic
Space group P22121

a(A) 7.495(10)

b (A) 35.094(7)
CA) 10.979(2)

a(®) 90

B () 90

A G) 90

Cell volume (A%) 2887.8(9)

Z 4

Calculated density (Mg/m®) 1.306
Absorption coefficient (mm™") 1.542

Fooo 1200.00
Crystal size (mm) 0.02 x0.2 x0.2

Description of crystal

Clear Pale Colourless Plate

Absorption correction

Multi-scan

Transmission coefficients (min, max)

—0.76, 1.17

0 range for data collection (°)

5.157<0<£26.405

Index ranges

—9<h<9,-40<k<43,-13<1< 13

Reflections measured

10150

Unique reflections

5787

Refinement method

Full-matrix least-squares on Fsqd

Parameters refined

299

Weighting scheme Calc

Goodness of fit 1.0119
R 0.0834
wR 0.1203

Table 9 — 2 — Crystal structure and refinement details.
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Atom X y z ULequiv
Br(1) 0.00204(10) | 0.311953(16) -0.02860(5) | 0.0305
C(2) 0.0649(7) 0.26376(17) 0.0545(5) 0.0226
C(3) 0.2189(7) 0.27156(17) 0.1408(5) 0.0227
04) 0.2570(5) 0.23655(11) 0.1948(3) 0.0267
N(5) 0.3753(6) 0.28545(13) 0.0710(4) 0.0197
C(6) 0.4269(8) 0.26667(17) -0.0316(5) 0.0190
o(7) 0.5718(5) 0.27059(13) -0.0816(4) 0.0274
N(®) 0.3010(6) 0.24168(14) -0.0812(4) 0.0237
C(9) 0.1262(8) 0.23732(17) -0.0468(5) 0.0232
0(10) 0.0307(5) 0.21395(12) -0.0951(3) 0.0300
Cc(11) 0.4872(9) 0.31552(15) 0.1205(4) 0.0214
0(12) 0.5274(5) 0.30640(10) 0.2458(3) 0.0228
C(13) 0.5327(8) 0.34079(16) 0.3177(5) 0.0240
Cc(14) 0.5089(9) 0.37347(15) 0.2268(4) 0.0237
C(15) 0.4030(8) 0.35446(17) 0.1256(5) 0.0271
0O(16) 0.6766(5) 0.38531(12) 0.1813(4) 0.0338
Si(17) 0.7443(2) 0.42851(5) 0.14904(15) | 0.0307
C(18) 0.8978(9) 0.4449(2) 0.2728(6) 0.0378
C(19) 0.7931(10) 0.4476(2) 0.3924(6) 0.0561
C(20) 1.0472(9) 0.4161(2) 0.2894(7) 0.0570
C(21) 0.9776(13) 0.4838(2) 0.2437(8) 0.0668
C(22) 0.5506(10) 0.4611(2) 0.1330(7) 0.0524
C(23) 0.8702(11) 0.4247(2) 0.0043(6) 0.0586
C(24) 0.3842(8) 0.33848(18) 0.4122(5) 0.0291
0(25) 0.4003(6) 0.37128(12) 0.4889(4) 0.0325
Si(26) 0.3122(2) 0.37313(5) 0.62734(14) | 0.0277
C(27) 0.4035(10) 0.3342(2) 0.7234(6) 0.0425
C(28) 0.3822(10) 0.4214(2) 0.6840(6) 0.0334
C(29) 0.3351(10) 0.45242(19) 0.5927(6) 0.0379
C(30) 0.2830(12) 0.4300(2) 0.8049(6) 0.0536
C@31) 0.5837(11) 0.4216(2) 0.7066(8) 0.0520
C(32) 0.0662(8) 0.3684(2) 0.6177(6) 0.0455
C(33) -0.0979(8) 0.2490(2) 0.1206(6) 0.0318

Table 9 — 3 — Atomic coordinates and equivalent isotropic thermal parameters (4°) of

non-hydrogen atoms.
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Atom X y z Uequiv
H(31) 0.1831 0.2904 0.1997 0.0270
H(111) 0.5986 0.3164 0.0756 0.0247
H(131) 0.6478 0.3427 0.3569 0.0289
H(141) 0.4412 0.3948 0.2638 0.0284
H(151) 0.4127 0.3675 0.0477 0.0327
H(152) 0.2792 0.3527 0.1475 0.0333
H(193) 0.8692 0.4558 0.4565 0.0840
H(192) 0.6979 0.4653 0.3836 0.0840
H(191) 0.7465 0.4231 0.4117 0.0839
H(201) 1.1241 0.4249 0.3521 0.0839
H(202) 1.1148 0.4138 0.2148 0.0838
H(203) 0.9990 0.3918 0.3121 0.0838
H(213) 1.0608 0.4908 0.3073 0.1020
H(212) 0.8842 0.5026 0.2407 0.1017
H(211) 1.0389 0.4836 0.1661 0.1018
H(223) 0.5903 0.4863 0.1136 0.0737
H(222) 0.4865 0.4621 0.2076 0.0740
H(221) 0.4738 0.4520 0.0701 0.0741
H(231) 0.9202 0.4488 -0.0176 0.0878
H(232) 0.9638 0.4062 0.0113 0.0882
H(233) 0.7900 0.4167 -0.0591 0.0880
H(241) 0.2710 0.3390 0.3698 0.0347
H(242) 0.3956 0.3150 0.4577 0.0351
H(273) 0.3447 0.3342 0.8015 0.0628
H(272) 0.5288 0.3374 0.7362 0.0627
H(271) 0.3841 0.3097 0.6852 0.0627
H(293) 0.3760 0.4773 0.6199 0.0556
H(292) 0.2082 0.4534 0.5792 0.0560
H(291) 0.3912 0.4469 0.5170 0.0561
H(301) 0.3195 0.4550 0.8326 0.0778
H(302) 0.1570 0.4293 0.7904 0.0782
H(303) 0.3148 0.4108 0.8636 0.0780
H(313) 0.6206 0.4465 0.7332 0.0779
H(312) 0.6162 0.4029 0.7670 0.0782
H(311) 0.6435 0.4159 0.6319 0.0779
H(321) 0.0191 0.3627 0.6961 0.0691
H(322) 0.0186 0.3919 0.5883 0.0692
H(323) 0.0381 0.3482 0.5615 0.0690
H(333) -0.1916 0.2451 0.0631 0.0489
H(332) -0.1323 0.2677 0.1780 0.0488
H(331) -0.0698 0.2255 0.1606 0.0489
H(81) 0.3346 0.2297 -0.1463 0.0289
H(41) 0.3112 0.2391 0.2591 0.0403

Table 9 — 4 — Atomic coordinates and isotropic thermal parameters (A°) of hydrogen

atoms.
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Atom Un Uy Uss Uy Uis Up

Br(1) 0.02413) | 0.03623) | 0.03123) | 0.00493) | -0.0034(3) | 0.0030(4)
cQ) 0.022(3) 0.031(3) 0.015(3) 20.0013) | 0.005(2) 0.001(3)
C@3) 0.018(3) 0.029(3) 0.022(3) 20.0013) | 0.008(3) 20.001(3)
0(4) 0.029(2) 0.036(3) 0.015(2) 0.0026(18) | -0.0027(18) | -0.002(2)
N(GS) 0.015(2) 0.030(3) 0.014(2) 20.002(2) | 0.0034(19) | -0.003(2)
C(6) 0.012(3) 0.030(3) 0.015(3) 0.003(3) -0.0083) | 0.004(2)
o(7) 0.019(2) 0.042(3) 0.021(2) -0.003(2) | 0.0038(19) | -0.0018(19)
N(8) 0.021(3) 0.030(3) 0.020(2) 20.0032) | 0.003(2) -0.001(2)
Co9) 0.027(3) 0.025(3) 0.017(3) 0.002(3) -0.0023) | -0.0053)
0(10) 0.025(3) 0.041(2) 0.024(2) 20.0011(18) | -0.0002(19) | -0.010(2)
can 0.021(3) 0.032(3) 0.011(2) 20.0022) | 0.003(3) -0.007(4)
0(12) 0.024(2) 0.028(2) 0.0159(17) | -0.0028(16) | -0.0031(17) | 0.002(2)
C(13) 0.019(4) 0.025(3) 0.028(3) 20.006(2) | -0.0033) | -0.002(3)
C(14) 0.017(3) 0.024(3) 0.030(3) 20.002(2) | 0.003(3) -0.003(3)
ca5) 0.030(3) 0.032(4) 0.019(3) 0.005(3) 0.001(3) 0.001(3)
0(16) 0.022(2) 0.040(3) 0.040(3) 20.0042) | 0.002(2) 0.000(2)
Si(17) 0.0300(10) | 0.0358(10) | 0.0262(9) | 0.0036(8) | -0.0034(8) | -0.0046(8)
C(18) 0.030(4) 0.042(5) 0.041(4) .0.0084) | -0.0043) | -0.001(3)
C(19) 0.047(5) 0.076(6) 0.045(4) -0.0234) | -0.004(4) | 0.008(4)
C(20) 0.034(5) 0.079(6) 0.058(5) 0.0144) | -0.018(4) | 0.009(4)
ce 0.052(5) 0.045(4) 0.104(7) .0.0084) | -0.016(6) | -0.017(5)
C(22) 0.055(6) 0.046(4) 0.056(5) 0.012(4) -0.016(4) | 0.000(4)
C(23) 0.074(6) 0.072(6) 0.029(4) 0.009(4) 0.014(4) -0.004(5)
C(24) 0.033(4) 0.028(4) 0.026(3) -0.0073) | 0.008(3) -0.001(3)
0(25) 0.040(3) 0.033(3) 0.025(2) 20.0052) | 0.0052(19) | -0.002(2)
Si(26) 0.0300(9) 0.0346(10) 0.0183(8) -0.0007(8) 0.0036(7) 0.0034(8)
cQ7) 0.042(4) 0.044(5) 0.041(4) 0.009(4) 0.001(3) 0.007(3)
C(28) 0.038(4) 0.042(5) 0.020(3) 20.0023) | -0.0013) | 0.006(3)
C(29) 0.048(4) 0.031(4) 0.035(4) -0.0033) | 0.000(3) 0.008(3)
C(30) 0.091(6) 0.046(5) 0.025(4) 20.0093) | 0.005(4) 0.014(5)
C@31) 0.053(5) 0.050(5) 0.052(5) 20.007(4) | -0.016(4) | -0.001(4)
C(32) 0.037(4) 0.056(5) 0.044(4) 0.007(4) 0.004(3) -0.001(4)
C(33) 0.016(3) 0.059(5) 0.021(3) 20.0013) | -0.0053) | -0.004(3)

Table — 9 — 5 — Anisotropic thermal parameters (4°).
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Br(1) - C(2) 1.978(6) C(14) - C(15) 1.519(8)
C(2) - CQ) 1.519(8) C(14) - 0(16) 1.415(7)
C(2) - C(9) 1.519(8) 0(16) - Si(17) 1.638(5)
C(2)-C(33) 1.511(8) Si(17) - C(18) 1.872(7)
C(3) — O(4) 1.394(7) Si(17) - C(22) 1.857(7)
C(3) - N(5) 1.483(7) Si(17) — C(23) 1.853(7)
N(5) — C(6) 1.361(7) C(18) — C(19) 1.532(10)

N(5) — C(11) 1.453(7) C(18) — C(20) 1.519(9)
C(6) — O(7) 1.224(6) C(18) - C21) 1.522(10)
C(6) — N(8) 1.399(7) C(24) — 0(25) 1.431(7)
N(8) — C(9) 1.372(7) 0(25) - Si(26) 1.659(4)

C(9) — 0(10) 1.212(6) Si(26) — C(27) 1.857(7)

C(11)— 0(12) 1.445(5) Si(26) — C(28) 1.880(7)

C(11) - C(15) 1.506(8) Si(26) - C(32) 1.854(7)

0(12) — C(13) 1.442(6) C(28) - C(29) 1.521(9)

C(13) - C(14) 1.531(7) C(28) — C(30) 1.551(10)

C(13) - C(24) 1.524(8) C(28) - C(31) 1.530(9)

Table 9 — 6 — Bond lengths (4) (Excluding C-H bonds).
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Brl - C2-C3 108.3(4) Cl4-Cl15-Cl1 101.9(5)
Brl - C2 - C9 104.9(4) Cl4- 016 - Sil7 128.6(4)
C3-C2-C9 109.7(5) 016 -Sil7-CI8 108.6(3)
Brl - C2 - C33 108.8(4) 016 - Sil7-C22 110.4(3)
C3-C2-C33 112.1(4) C18 - Sil7 - C22 111.1(3)
C9-C2-C33 112.8(5) 016 - Sil7 - C23 106.0(3)
C2-C3-04 105.2(5) C18 - Sil7 - C23 109.4(3)
C2-C3-N5 109.7(4) €22 - Sil7 - C23 111.2(4)
04-C3-N5 110.3(4) Sil7-C18-Cl19 109.0(5)
C3-N5-C6 119.6(5) Sil7 - C18 — C20 109.6(5)
C3-N5-Cll1 120.1(4) C19-C18 - C20 108.4(6)
C6-N5-Cl1 119.8(5) Sil7 - C18 - C21 111.4(5)
N5 - C6-07 124.7(6) C19-CI8 - C21 109.0(6)
N5 - C6 - N8 115.7(5) C20 - C18 - C21 109.4(6)
07 - C6-N8 119.6(6) C13-C24 - 025 107.2(5)
C6— N8 — C9 127.3(5) C24 - 025 - Si26 122.5(4)
C2-C9 - N8 115.0(5) 025 - Si26 — C27 110.2(3)
C2-C9-010 123.7(5) 025 - Si26 — C28 103.1(3)
N8 - C9-010 121.3(5) C27 - Si26 — C28 111.9(3)
N5-Cl1-012 108.4(4) 025 — Si26 — C32 109.9(3)
N5-Cl1-Cl5 115.5(5) C27 - Si26 - C32 109.5(3)
012-Cl1-CI5 104.6(4) C28 - Si26 — C32 112.1(3)
Cl1-012-CI3 110.0(4) Si26 — C28 — €29 111.2(5)
012-CI13-Cl4 105.5(4) Si26 — C28 — C30 109.0(5)
012-CI3-C24 107.9(4) €29 — C28 — C30 108.3(6)
Cl4-Cl13-C24 113.5(5) Si26 — C28 — C31 109.4(6)
C13-Cl4-CI5 102.0(4) €29 — C28 — C31 109.5(7)
C13-Cl4-016 110.3(5) C30 - C28 — C31 109.5(7)
C15-Cl14-016 109.6(4)

Table 9 — 7 — Bond angles (°) (Excluding H atoms).
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Appendix 9.2 — Data for the Additional Citric Acid Dihydroxylation Optimisation

Conditions that were Screened

0} o} O
ium ci MeoH YoH
HN)j/ ) Fota§;|(l$n17§|tra;e/ y HN)K/:E HNH"\
citric aci /o5 €eq), pH, .
O)\N K,0s0,.2H,0 (mol%) O)\N OH O)\N 'OH
TBSO NMO (1.2 eq), TBSO TBSO
(0] tert-butanol:water (1:1) (0] O
rt, 24 h, 15.0 mL/mmol
OTBS OTBS OTBS
6 44 45

Figure 9 — 8 — The conditions that were employed in Table 11 — 1 for the citric acid
dihydroxylation of 6. The reaction pH and mol% of potassium osmate used were
investigated for their effect on the % conversion of 6 to 44 and 45.

Mol% of Potassium

pH S5 pH6
Osmate Yield (%) d.r. (44:45) Yield (%) d.r. (44:45)
5% 72 89:11 87 100:0
10% 89 81:19 58 93:7
15% 84 100:0 71 92:8
25% 76 89:11 66 88:12

Table 9 — 8 — The calculated % conversions and d.r’s for the dihydroxylation reaction of
thymine (Figure 9 — 8), upon variation of the buffer, pH and mol% of potassium osmate.
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Appendix 9.3 — 'H NMR Spectra

5' - GGAATGGCAA - 3'

0.0015+
0.0014-

0.0013-
- 10x C1 Hof

0.0012; Deoxyribose
0.0011- Sugar

0.0010- —

00009 C6HofC C5HofC

0.0008 C6Hof T
0.0007

0.0006-
0.0005 - ]
0.0004- Y

Normalized Intensity

0.0003 -
0.0002-
0.0001 -

of the short

Chemical Shift (ppm)

C5Meof T

O R I - LJN‘J W

ssDNA  Sequence

Figure 9 — 9 — 'H NMR spectrum of the short DNA oligonucleotide sequence
5" = GGAATGGCAA - 3, identifying some key proton signals.
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Appendix 9.4 — Oligonucleotide Sequences

Oligonucleotide Oligonucleotide Sequence (5'—3')
Name
poly(dC)4 CCCCCCCCCCCLCLCCCCeereeeeceeeeeecececececeecceeece-Biotin
poly(dC)A14 CCCCCCCCCCCCCeeeeeeeeecececCAcceeecececceccececce-Biotin
poly(dC)G14 CCCCCCCCCCLCLeeeeeeeeececeecareeceeececeececce-Biotin
poly(dC)T 14 CCCCCCCCCCCCLeeeeeeeeeceeceeerecceceeceeeceece-Biotin

poly(dC)SmC(m

CCCCCCCCCLrereeeeeecececeeesmeicecececeecececcecee-Biotin

pOly(dC)th(M)

CCCCCCCCCLreeeeecececceceecChmciceccecececeececcecee-Biotin

poly(dC)A CCCCCCCCCCCCeeeeeeeeeeceececeeececCAcceeeccececce-Biotin
poly(dC)Gye CCCCCCCCCCLCLeeeeeeeeeeceeececeeceeaeecceeccce-Biotin
poly(dC)T CCCCCCCCCCCLLeeeeeeeeeeecececeeeeecreeeeeceece-Biotin
poly(dC)5mCy CCCCCCCCCLLLeeeeeeeeeeceeeceeeceesmececececece-Biotin
poly(dC)hmCy CCCCCCCCCLrereeeeeececeeceeececeeceChmcccceccecC-Biotin

poly(dC)CuiGaz)

CCCCCCCCCCCCrereeeeeeeeececeecececareececeecececcce-Biotin

poly(dC)Au4Gaus

CCCCCCCCCCCCCeeeeeeeeecececCAGeeecceeeeeccece-Biotin

poly(dC)GuaGaus

CCCCCCCCCLLLreeeeeeeeeeceeecaaeecceeeceeecece-Biotin

poly(dO)T14Gas

CCCCCCCCCCCCeeeeeeeeeeceecraeeececceecceece-Biotin

poly(dC)5SmCy4Ga3)

CCCCCCCCCCrrreeeeeeeeeeceeesmCiGCeccceccCeeele-Biotin

pOly(dC)th(m)G( 13)

CCCCCCCCCrreeeeeceececcecececChmCiGCCCCCCCCCCC-Biotin

poly(dC)C,Gsy CCCCCCCCCCCCCeeeeeeeeececeeeeeeceeecaeeeceece-Biotin
poly(dC)A«)Gys) CCCCCCCCCCLCCCCCCCerreeeceeCCCCCAGLCeeeee-Biotin
poly(dC)G)Gys) CCCCCCCCCLCLCeeeeeeeeeeeceeeceeececeaiGreeceece-Biotin
poly(dO)T 9 Gg CCCCCCCCCCCCeeeeeeeeeeeceeeeeeCTGeeecceCe-Biotin
poly(dC)5mCo)Gys) CCCCCCCCCCCCCeeeeeeeeeeceeeeelersmCjGCCCCCCC-Biotin
poly(dC)hmC9)Ggs, CCCCCCCCCCrrreeeceeecececececececcCCCrhmC]GCCCCCCC-Biotin
poly(dA)4 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-Biotin

poly(dA)Cq4)

AAAAAAAAAAAAAAAAAAAAAAAAAACAAAAAAAAAAAAA-Biotin

pOly(dA)G(M)

AAAAAAAAAAAAAAAAAAAAAAAAAAGAAAAAAAAAAAAA-Biotin

poly(dA)T4)

AAAAAAAAAAAAAAAAAAAAAAAAAATAAAAAAAAAAAAA-Biotin

poly(dA)SmC(M)

AAAAAAAAAAAAAAAAAAAAAAAAAAISMCIAAAAAAAAAAAAA-Biotin

poly(dT)4

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-Biotin

poly(dT)A,

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTATTTTTTTT-Biotin

poly(dT)C

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTTTTTTTT-Biotin

poly(dT)Gyy

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGTTTTTTTT-Biotin

poly(dT)5mC)

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT[SmC]TTTTTTTT-Biotin

poly(dT)hmC,

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT[hmC]TTTTTTTT-Biotin

poly(dT)4o*

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-Protected Biotin

poly(dT)A*

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTATTTTTTTT-Protected Biotin

poly(dT)Co)*

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTTTTTTTT-Protected Biotin

poly(dT)Go*

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGTTTTTTTT-Protected Biotin

Table 9 — 10 — The oligonucleotide strand names and sequences referred to throughout

Chapters 2-9.
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