A new Peptide Nucleic Acid (PNA) structure
with potential for high affinity duplex and
triplex binding

Victoria Kamperi

A thesis submitted for the Degree of Master of Science by Research

E\

University of East Anglia

University of East Anglia
School of Pharmacy

September 2022

© This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognise that its copyright rests with the author and that use of any
information derived therefrom must be in accordance with current UK Copyright Law. In
addition, any quotation or extract must include full attribution.



Abstract

Peptide Nucleic Acids (PNA) are synthetic DNA analogues, first discovered by Prof Peter
E. Nielsen and his team in 1991. The deoxyribose phosphate backbone of DNA is replaced
by a 2-aminoethyl glycine unit to which the nucleobases are linked through a methyl
carbonyl linker. The lack of charge in the PNA’s backbone, allows for the formation of PNA-
DNA or PNA-RNA chimeras with significantly higher affinity and selectivity than the relevant
homo- or heteroduplexes. This tight binding of the DNA mimics to DNA or RNA, allows them
to inhibit processes such as transcription and translation, leading to their potential as

antisense or antigene agents.

Certain limitations with the initially suggested structure by Nielsen led to further
investigations into synthesizing partially altered PNA structures that could overcome them,
including PNAs forming triplex structures with double-stranded DNA. Topham et al. recently
disclosed a theoretical modified PNA monomeric residue unit comprised of a 2-cis olefin
carbonyl side-chain linker that is optimised to target thymine or uracil. Homopyrimidine
PNAs have the ability to strand invade double-stranded homopurine DNA, leading to the
formation of highly stable PNA-DNA-PNA triple helix structures via Watson-Crick and

Hoogsteen base pairing.

In this project, we investigated the synthesis of the PNA analogue described by Topham et
al. Most of the initial synthetic pathway was successfully completed. However, a number of
different directions had to be explored, due to complications with the synthesis of certain

intermediate compounds, which are discussed and described in this report.
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Chapter 1: Introduction

1.1 Discovery of DNA/RNA structure and orientation

Nucleic acids are macromolecules made up of monomers, called nucleotides, which carry
genetic information. There are two main classes, deoxyribonucleic acids (DNA) and
ribonucleic acids (RNA). Each nucleotide is made up of three parts: a sugar, a phosphate
group and a nitrogen-containing ring structure, called a base. Nucleotides contain one of
four bases, namely adenine (A), cytosine (C) or guanine (G) -which are found in both DNA
and RNA-, with the fourth base option being thymine (T) in DNA and uracil (U) in RNAL,
Cytosine, thymine and uracil contain a single ring made up of carbon and nitrogen atoms,
and are known as pyrimidines (py), as seen in figure 1A. Adenine and guanine, also known
as purines (pu), are made up of two carbon-nitrogen rings (figure 1A). The bases are
attached to the sugar through a bond connecting the 1’ carbon of the sugar with the nitrogen
found at position 9 of the purines and position 1 of the pyrimidines. The phosphate group,
binds to the &’ carbon of the sugar, as seen in figure 1A. DNA chains are formed by the
binding of nucleotides through phosphodiester bonds between the 5 carbon of the
phosphate group of one nucleotide and the 3’ carbon of the sugar of the next nucleotide,

thus forming polynucleotides?.

Phosphate Base pair

group

Major Groove

Minor Groove

Sugar-phosphate
backbone

Figure 1: A. Structure of a double-stranded DNA molecule, made up of nucleotides. A is always bound to T
through two hydrogen bonds whereas C and G are held together through three hydrogen bonds. B. dsDNA helix

discovered by Watson and Crick?23

The structure of DNA was discovered in 1953 by James Watson and Francis Crick, based

upon experimental observations by Rosalind Franklin and Maurice Wilkins®*. They



presented a double-stranded helical molecule made up of two chains with sugar-phosphate
backbones, held together through hydrogen-bonded base pairs. The sugar-phosphate parts
of the nucleotides form a spine sitting on the outside of the helix, with the bases found flat
on the inside facing each other and the pairs being stacked on top of each other. When
looking at the helix a major and minor groove can be detected (figure 1B), which is

important for protein interactions and DNA processes.

In the context of a helix, a purine base only interacts with a pyrimidine, due to the structures
of the polynucleotides, where it has been found that A always binds to T through 2 hydrogen
bonds, and C to G through 3 hydrogen bonds, making the latter a stronger interaction®.
Therefore A-T and C-G have come to be known as complementary base pairs, while any
other combination does not meet the requirements that allow both the helix to form and the
correct alignment of the hydrogen bonds. Because of the selectivity of the bases, the two
strands are described as complementary to each other and therefore one can be used to
determine the sequence of the other. This feature is vital and is used to carry and express
genetic information, as well as passing it along to new cells following cell division. Certain
conditions can break the hydrogen bonds and separate the two strands, such as heat,
certain chemicals and some enzymes, when undertaking processes such as DNA

replication®.

1.2 DNA processes (replication, transcription, translation)

1.2.1 DNA replication

DNA replication can be described as the process by which a double-stranded DNA molecule
(dsDNA) is used as a template to produce two identical DNA molecules (figure 2). This
ensures that, whenever a cell divides, the two daughter cells contain the same genetic
information as the original cell. This process is semi-conservative, since the newly-formed
dsDNA molecule consists of two strands, one from the original molecule, which is used as
a template, and a newly synthesized strand, complementary to the first>. The process
starts with the unwinding of the double helix, which occurs at specific positions in the
sequence known as origins, where helicase enzymes bind and begin unwinding the helix in
both directions simultaneously; by breaking the hydrogen bonds between the bases. Once
the two strands have been separated, enzymes called DNA polymerases come in and begin
replicating the DNA by matching bases in a complementary way, always in the 5 —» 3’
direction. As DNA polymerase cannot initiate replication, an RNA primer is first synthesized
and binds to the template strand, thus creating an attachment point for DNA polymerase,

which begins the replication process by adding nucleotides to the 3’ end of the primer. The



two strands run in opposite directions. Since the DNA polymerase can only build the strands
in the 5 — 3’ direction, only one of the original DNA strands can be copied continuously.
The enzyme builds towards the direction of the unwinding, by constantly adding nucleotides
to the new sections, thus creating a new strand, known as the leading strand. In contrast,
the other original strand is copied discontinuously as the DNA polymerase builds away from
the helicase, therefore having to return to copy newly separated regions of the DNA. The
fragments built, known as Okazaki fragments, are finally joined together by an enzyme
named DNA ligase, which makes up the new strand, which in this case is known as the
lagging strand’. Due to the importance of this process, DNA polymerases also check that

the bases are correctly matched, through a mechanism known as proofreading.

5)

DNA polymerase

5!
DNA nucleotide
O;azaki fragment @) Adenine

Thymine
. Guanine
' Cytosine

Figure 2: The process of DNA replication>6

1.2.2 DNA transcription

With regard to gene expression, this can be broken down into two major steps, namely
transcription and translation. During transcription®!, enzymes known as RNA polymerases
use the specific sequence of bases in DNA as a template and copy itinto RNA, synthesizing
messenger RNA (MRNA)213, A promoter sequence is found in front of every gene, which
RNA polymerases recognise and bind to, using it as the starting point for the unwinding of
the double-helix, which is then followed by the synthesis of the RNA strand ina 5 — 3
direction. One of the DNA strands acts as the template strand that the RNA polymerase
binds to, which means that the synthesized RNA strand carries the same information as the
non-template strand, the only difference being that thymine (T) is replaced by uracil (U),

(figure 3). Once the mRNA strand has been generated it undergoes a process known as

3



splicing, where unwanted regions are removed, called introns. The parts that remain are

characterised as exons, developing the premature mRNA to mature mRNA.

mRNA

RNA
strand RNA

/ polymerase pycleotides

3’

¥~ DNA coding

37‘ ' ' strand
) 4 > DNA template
4 strand

5
transcription ‘ Adenine
Thymine

. Guanine

i cytosine

Uracil

Figure 3: The process of DNA transcription8-11

1.2.3 DNA translation

Once the mRNA strand is in the cytoplasm, the translation process begins, whereby the
genetic information carried is “decoded” and used to build a polypeptide!4. The mRNA
strand is read in groups of three nucleotides, called codons, each corresponding to an
amino acid found in the genetic code. This process takes place on ribosomes?®, and always
begins at AUG, the initiation codon. Transfer RNA molecules (tRNA) act as temporary
carriers of amino acids, using the mRNA sequence to bring the correct amino acids to the
ribosome?®. Each tRNA contains an anti-codon, which binds to the complementary codon
in the mMRNA sequence, whilst carrying its respective amino acid to the ribosome. An
enzyme called peptidyl transferase forms peptide bonds between the amino acids, thus
creating polypeptide sequences (figure 4). Following the release of the polypeptide chain,
other processes occur to fold the chain and, often, to incorporate non-RNA template based

post-translational modifications to generate the final working protein.
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Figure 4: The process of DNA translation4

1.3 Alternative forms of dsDNA (A-form, B-form, Z-form)

1.3.1 B-form of DNA

In addition to the right-handed double helix form of DNA described by Watson, Crick and
Franklin, also known as B-form?2, DNA has been reported to exist in a number of different
forms, the main ones being A-form, B-form and Z-form. As described above, the B-DNA is
made up of two strands, each forming a right-hand helix, which are held together through
hydrogen bonds between the bases (figure 5B). Since the two strands are wound around
the same axis, the base pairs are stacked almost on top of each other. The bases are in
anti-conformation and the two strands are antiparallel, as the bases of the one strand are
found in 5’ to 3’ orientation and bound to the complementary bases of the opposite strand,

found in 3’ to 5’ orientation.



sssmm Adenine
Thymine
s Guanine

B-form Z-form mmmm Cytosine

Figure 5: Different DNA forms A. A-form B. B-form C. Z-form2.17-19

1.3.2 A-form of DNA

A-form is also made up two strands forming a right-hand duplex, similar to B-form?°. In the
B-form, the backbone ring is in the C2’ endo-conformation, which means that the structure
is positioned so that C2 faces upwards, in the same direction as the base (figure 6).
Conversely, the sugar in the A-form is in the C3’ endo-conformation, therefore the sugar is
arranged so that C3’ faces upwards in this case, in the same direction as the base (figure
6)2122, This DNA form is preferred by RNA-DNA and RNA-RNA duplexes, as the sugar’s
orientation allows more room for the 2° —OH group present in RNA. The helix formed in A-
form is wider and shorter than that in B-form, as the base pairs within the duplex are not
placed directly on the central axis, therefore, unlike the B-form, the pairs are stacked a little
off-centre (figure 5A). This arrangement of the pairs creates a hole within the duplex, a
feature absent in both B and Z-form, making it a less stable structure. It has been observed
that A-DNA prefers to form in purine stretches found in DNA, and that as few as 4
consecutive purines suffice for a local A-DNA helix to form; it should however be noted that
the likelihood of this occurring differs between sequences. As RNA-DNA hybrid molecules
prefer the A-form, it has been suggested that a change of B-DNA to A-DNA occurs during
transcription, where the mRNA molecule forms complementarily to one of the DNA strands.
A-form has also been associated to non-RNA related processes, one example being its
presence in long terminal repeats (LTRS) of transposable elements, which have the ability

to readily form A-DNA as they often contain purine stretches.
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Figure 6: Two different conformations of the backbone ring, C2’ endo-conformation and C3’ endo-

conformation?21.22

1.3.3 Z-form of DNA

The third type of DNA structure is the Z-form, which was discovered in 1984 by Rich,
Nardheim and Wang!823, In contrast to A-DNA and B-DNA, the helix formed by the two DNA
strands in Z-form is left-handed, and the helix is narrower and more elongated compared to
the other two, with the two strands antiparallel to each other, similar to the B-form (figure
5). Z-DNA forms in stretches of alternating purines and pyrimidines, for example GCGCGC,
and can be identified by its characteristic zigzag pattern within the backbone (figure 5C).
This occurs as a result of the purines found in a different conformation in the Z-form, known
as syn-conformation, placing them back over the sugar ring, which is in C3’ endo-
conformation, as in the A-form. However, the pyrimidines remain in anti-conformation, and
their sugars in C2’ endo-conformation?-??, This leads to the helical structure being made up
of dinucleotide repeats, in which anti and syn-conformations of the bases alternate in
succession along the chain forming the zigzag pattern of the helix, from which the DNA type
got its name. In terms of its biological involvements, Z-DNA has been postulated to play a

role in terminal differentiation and as a transcription enhancer.

Other than the factors mentioned above that favour a specific form of DNA, there are also
certain conditions that determine what structure the DNA molecule is going to take. The first
is related to the ionic or hydration environment, which has the ability to facilitate conversion
between the different helical forms of DNA. For example, A-form favours low hydration,
whereas Z-form favours high salt environments?!. Secondly, the form the DNA adopts also
depends on the DNA sequence. For example, A-form favours certain stretches of purines,
Z-form is most readily formed by alternating purine-pyrimidine regions and B-form is
adopted in mixed sequences. Another determining condition is the presence of certain
proteins, which have the ability to bind to DNA molecules that have adopted one helical
conformation and force the molecules to change to a different one. For example, certain
proteins that bind to B-DNA can drive the molecule to adopt either an A- or Z-

conformation?t:24,



1.4 DNA targeting via small molecules

1.4.1. DNA intercalation

The discovery of the significant features of DNA molecules described in section 1.2, was
shortly followed by exploring application of DNA-ligand complexes. Small molecules have
been developed that interact with nucleic acids either covalently or non-covalently and
disrupt their natural biological functions?>-?". In this thesis, the focus will be on non-covalent

interactions.

One of the ways non-covalent groups binds to DNA is through intercalation, whereby small
molecules are reversibly inserted between the planar adjacent base pairs of double-
stranded DNA, thus stabilizing the dsDNA helix?®3°, In order to accommodate the
intercalator, the DNA chain lengthens and partially unwinds through a decrease of the
helical twist, which allows the molecule to sit between the base pairs®-3. The local
deformation of the DNA backbone results in both structural and mechanical changes to the
DNA chain, which disrupt certain processes, such as DNA replication and transcription, and
often this can lead to cell death. DNA intercalator molecules typically contain planar
polyaromatic rings, allowing -1 interactions with the base pairs®*. Additional interactions
that are often used to help maintain the binding are Van der Waals forces and hydrophobic
interactions. As DNA intercalators are capable of inhibiting cell division and cell growth, they
can be used as anti-cancer compounds, anti-parasitic compounds and anti-microbial

agents31:35,
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Figure 7: Doxorubicin binding to DNA through DNA intercalation31.33.36.37

A striking example of a DNA intercalator is the compound known as doxorubicin, a molecule

used extensively in chemotherapy for the treatment of several types of cancer3®:,

8



Doxorubicin belongs to a class of compounds called anthracyclines, it is a planar molecule
that has the ability to intercalate between neighbouring DNA base pairs, anchoring on one
side by one or more sugar moieties located in the minor groove. The compound forms a
covalent bond with guanine mediated by formaldehydes, as seen in figure 7, whilst forming
hydrogen bonds with another guanine base on the opposite strand®*#°. The act of
Doxorubicin intercalating into DNA, leads to the inhibition of Topoisomerase Il, an enzyme
active during DNA replication*:. Inhibition of topoisomerase Il in dividing cells ultimately
leads to cell death. As uncontrolled cell growth and division are key characteristics of cancer
cells, doxorubicin significantly slows this process down, thus aiding chemotherapy

tfreatments.

1.4.2 DNA minor groove binding

Another method through which small molecules bind to DNA non-covalently is through
groove binding. Multiple sites for interaction can be found in the major groove, which provide
easy access for bulky compounds and constitute strong binding sites for proteins,
oligonucleotides and peptide nucleic acids (vide infra)*>*3. On the contrary, although the
minor groove has fewer potential interactions due to its size, it is as the main target for non-
covalent antibiotic and anticancer small molecule drugs to attack and bind to*44.
Furthermore, the shape of the minor groove provides a tighter fit for molecules, as it is
deeper and narrower than the major groove3*4. Minor groove binders normally have a
crescent-shaped aromatic framework with both electron-donating and electron-accepting
groups that are capable of hydrogen bonding, with a preference for A-T rich sequences.
Other important types of interactions for minor groove binding include electrostatic and Van

der Waals interactions.
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A minor groove binding drug that has been studied excessively for its anticancer activity is
distamycin. Distamycin reversibly binds to the minor groove region of double-stranded DNA
through electrostatic interactions, hydrogen bonding and Van der Waals interactions with
specificity to A-T rich regions*”#8. It is a natural antibiotic that has been found to have
anticancer activity, however it is too toxic to be used in cancer therapy. Therefore, it has
served as the basis for a number of studies and for the formation of a group of
heteroaromatic compounds called lexitropins, which are based on its structure. Distamycin
is made up of 3 pyrrole rings, which are joined through amide bonds, and an amidino side
chain, which is an important group for the electrostatic interactions between the molecules
and the duplex DNA (figure 8).

1.5 Nucleic acid therapeutics

1.5.1 Introduction of field

The field of nucleic acid therapeutics, where nucleic acids themselves or closely related
molecules are used to treat diseases has developed over the last 50 years. Contrasting to
conventional drugs, which normally target key proteins in diseases, nucleic acid
therapeutics aim to cure or achieve long-lasting effects in disease through gene regulation
or modification. This idea dates back to 1978, when Zamecnik published a report describing
how an oligonucleotide can be used to control gene expression*®. Zamecnik’s findings
indicated the possibility of controlling the expression of any gene through synthetic nucleic
acids. However, numerous questions arose concerning the delivery of the molecules into
the cells, the tissues that could be targeted, the complications with large scale production
and more. The amount of uncertainty about key factors regarding nucleic acid therapeutics
led to slow progression in this field. In addition, numerous barriers had to be overcome,

such as the minimization of off-target effects, metabolic stability and safety features®.

1.5.2 Antisense oligonucleotides (ASOs)

One of the most promising applications of oligonucleotides is their use as antisense agents,
which are compounds that have the ability to bind to RNA sequences in a complementary
manner. The idea behind antisense oligonucleotides (ASOs) is that they can bind
complementarily to mMRNA sequences through sequence-specific hybridization, resulting in
the cleavage or disablement of the mMRNA and therefore blocking the expression of the gene
of interest®°2, There are three generations of ASOs. First generation oligonucleotides are
synthesized by replacing one of the non-bridging oxygen atoms in the phosphate group.

The oxygen atom is replaced with either a methyl group (methyl phosphonates), a sulphur
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group (phosphorothioates) or an amine (phosphoramidates)®®**4. Second generation ASOs
are characterised by alkyl modifications at the 2’ position of the ribose, with the aim to
improve hybridization stability and binding affinity with the target mMRNA sequence. Finally,
third generation ASOs were developed through chemical modifications of the nucleotide,

more specifically to the furanose ring in the backbone®!:5354,
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1.5.3 First oligonucleotide drugs released

The first oligonucleotide drug brought to the market was Vitravene; it was released in 1998
for the treatment of cytomegalovirus (CMV) retinitis in carriers of human immunodeficiency
virus (HIV)®®. The oligonucleotide was designed to bind in a complementary way to CMV
MRNA transcripts of the major immediate-early region 2 of CMV, which encodes proteins

that regulate viral gene expression.

Therefore, through the binding of Vitravene to the mRNA strand, the expression of the
proteins was prevented ultimately blocking the spread of the virus in the body®. The drug
was very successful in clinical trials, showing activity against CMV strains that drug
alternatives at the time could not affect. However, Vitravene could be described as a

scientific landmark but a commercial disappointment. Despite the initial success of the novel
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drug, it was withdrawn in 2001, as the rising of a different kind of therapy significantly
decreased the number of relevant cases, therefore rendering Vitravene redundant.
Nevertheless, from a scientific perspective, the clinical success of the drug paved the way

for future treatments based on antisense oligonucleotides.

After Vitravene, the next nucleic acid drugs released to the market were Macugen and
Kynamro, in 2004 and 2013 respectively. Macugen was approved for the treatment of
neovascular age-related macular degeneration (AMD)®®%". It is a 28-base RNA aptamer —
a single-stranded oligonucleotide that folds into a defined architectures and binds to targets-
that selectively binds to the 165" amino acid of vascular endothelial growth factor (VEGF),
blocking its activity. VEGF is known to be a key molecule in the development of AMD,
therefore making it a good therapeutic target for the treatment of AMD. Additionally,
Kynamro was approved as a therapy for homozygous familial hypercholesterolemia, a
genetic condition characterized by extremely high levels of low-density lipoprotein-
cholesterol (LDL-C)%8°, The latter is a 20-base second generation antisense agent, it binds
to the mRNA that codes for apolipoprotein B100 (ApoB100), a protein that plays an
essential role in the production of LDL-C, therefore preventing the production of ApoB100
ultimately lowers LDL-C levels. Although Macugen and Kynamro were both met with initial
success, they were both side-lined due to the emergence of other therapies. Nevertheless,
they are both considered significant milestones in nucleic acid therapeutics, as they proved
that systemically administered nucleic acids could engage with their intended target and, as

a result, control the expression of the gene involved in the relevant disease.

Finally, the drug Spinraza was released in 2016, which was the first drug intended to treat
spinal muscular atrophy (SMA), a fatal childhood disease®. SMA is a disease caused by
the lack of the survival of motor neuron protein (SMN) which in turn leads to the death of
motor neurons and ultimately leads to muscle wasting. The SMN protein is produced
predominantly by the SMN1 gene in healthy humans, which produced functional SMN
proteins®®. In contrast, the SMN2 gene also found in humans only expresses a small amount
of functional SMN protein due to an mRNA splicing error, specifically the mistaken removal
of exon 7. Patients with SMA lack the SMN1 gene therefore do not produce enough SMN
protein from solely the SMN2 gene. Spinraza is an antisense oligonucleotide that binds
sequence-selectively near the exon 7 in the premature mRNA, preventing its removal. This
leads to a significant increase of functional SMN protein by the SMN 2 gene. The profoundly
positive data gathered from the relevant testing led to the release of this drug to the market,
forever shifting the foundation of nucleic acid therapeutics. The drug could be administered
to the patients through the central nervous system; it then entered the associated cells, and

subsequently controlled gene expression in the target cells. When the drug was
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administered to children suffering from this fatal disease, significant improvements were
noted in both motor function and survival rates®. The overwhelming success of Spinraza
led the way for the approval of several other nucleic acid-based treatments, including
antisense oligonucleotides, small interfering RNAs and, more recently, mRNA vaccines®?-
. The recent success of the latter further validated the impact nucleic acid therapeutics
can have in the pharmaceutical world, making long-term investments in this field a

worthwhile practice.

1.6 Triplex DNA molecules

1.6.1 Discovery and Hoogsteen binding

Due to the importance of DNA with regard to the genetic information of living organisms,
extensive research has been performed in order to fully understand its function and
structure, two elements directly linked to one another. Numerous studies have
demonstrated that DNA can form a number of different arrangements, the most important
being the double helix. However, it was also discovered that DNA can form multi-stranded
helices, through the folding of the two strands or through the association of multiple DNA
strands, ranging from two to four. Only four years after the discovery of the double-helical
structure of DNA, Felsenfeld and Rich reported in 1957 that nucleic acids also have the
ability to form triple helices®’. Triple helices are helical structures made up of 3 DNA strands,
with the 3" strand binding to the major groove of a DNA double helix through hydrogen
bonds, known as Hoogsteen bonds (figure 5, 9)%8. The structure of purines carries the
potential for hydrogen bond formation with an additional strand, as such the third strand

binds to the purine-rich strand of the duplex DNA.
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Figure 10: Triplex formation by Watson-Crick and Hoogsteen pairing, the latter highlighted in colour®8
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Triplex DNA molecules can be divided into two major categories, intramolecular and
intermolecular, depending on the formation of the triplex. An intramolecular triplex, or H-
DNA, occurs naturally in areas where mirror repeat symmetry is present between the
strands, whereby one half of the “tract” can dissociate into single strands by using the
energy provided by supercoiling®. The triplex forms when one of the newly created single
strands swivels its backbone parallel to the purine-rich strand in the remaining duplex,
where it forms a three-stranded helix, therefore leaving the complementary strand of the
other half unpaired. Due to the mirror symmetry, four isomers can exist for the same region,

depending on which strand acts as the third strand when forming the triplex.
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Figure 11: Intramolecular formation of triplex DNA with mirror repeats®®

1.6.2 Triplex-forming oligonucleotides (TFOs)

Intermolecular triplexes are formed between a DNA double helix and a second DNA
molecule, called a triplex-forming oligonucleotide (TFO), which provides the third strand
(figure 12)"°. TFOs are major groove ligands that bind to DNA molecules in a sequence-
specific manner through the formation of hydrogen bonds?®>t. These binding agents have
significant therapeutic potential as they can inhibit gene expression, target genes linked to

disease for inactivation and stimulate DNA repair.
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dsDNA TFO Triplex

Figure 12: Intermolecular triplex formation?571

Two triple helical DNA motifs have been discovered, differing in base composition and in
the orientation of the additional strand’?. In both types, the third strand follows a path
through the major groove of the duplex DNA and requires a homopurine-homopyrimidine
sequence region. The motifs are known as the pyrimidine and purine binding motifs, or the
parallel and antiparallel binding motifs respectively. In the pyrimidine binding motif, the
homo-pyrimidine TFO binds to the polypurine strand of the dsDNA via Hoogsteen hydrogen
bonding in a parallel | fashion, forming C*-G-C and T-A-T triplets”>-">. Similarly, in the purine
binding motif, the homo-purine TFO binds to the polypurine strand of the dsDNA molecule
via reverse-Hoogsteen hydrogen bonding in an anti-parallel fashion, forming G-G-C, A-A-T
and T-A-T triplets™. In the pyrimidine motif, protonation of the cytidine is required for the

formation of the triplex (figure 7).

As TFOs have the ability to bind to duplex DNA with high affinity and specificity, they are
considered ideal compounds for targeting specific genes, in order to modulate their function
and/or structure in the genome. Therefore, triplex technology holds the potential to be used
to regulate processes, such as cell signalling, cell proliferation and carcinogenesis, by
identifying and targeting unique TFO binding sites in the associated genes’®~"°. However,
the formation of both intramolecular and intermolecular triplexes is dependent on a number
of factors, including base composition, length of sequence, ionic conditions and

temperature®,

In order to confirm the potential of TFOs in therapeutics, it is important to investigate the
abundance of TFO target sequences in mammalian genomes. More specifically, triplex
technology requires unique purine-rich regions of approximately 15-30 bases to be available

in the DNA target molecules to allow TFO molecules to bind and form stable triplex helices.
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An algorithm was initially developed by Gaddis and co-workers, which enabled scientists to
search for TFO target sites in both strands of entire human and mouse genomes®!. The
results indicated over 2 million possible regions in these mammalian genomes that hold
binding potential for TFOs. Analysis of these results showed that the in most annotated
genes of both genomes, at least one unique TFO binding site was identified. These sites
were mostly located in the promotor and/or transcribed gene regions, highlighting the
potential of TFO based DNA technology. In 2009, Jenjaroenpun and Kuznetsov also
developed a database with the ability to predict and annotate potential TFO target
sequences and other regulatory DNA elements in the human genome?®?. These tools can
today be used to identify sequences ideal for the formation of triplex helices in genes of

interest.

1.6.3 Modifications to Triplex-Forming Oligonucleotides and their
applications

It has been reported that TFOs can compete for transcription factor binding sites, inhibit
initiation of transcription and cause premature termination of elongations®. Many groups
have demonstrated this in vitro®8°, however there only few examples in vivo due to a
number of restrictions. Certain conditions can directly influence the effect of TFOs in vivo®?,
These include neutral pH, the presence of single-strand nucleases, low concentrations of
magnesium and high potassium levels. Additionally, they also have to compete against
other non-specific nucleic acid binding proteins, such as histones, and even sequence-
specific binding proteins, such as transcription factors, affecting TFO activity. The targeted
chemical modification of TFOs can help overcome a number of these barriers. For example,
various alterations to the backbone can play a significant role in increasing the stability of
the oligonucleotide®-2°. Additionally modifying the pyrimidine bases can help address
issues linked to pH-dependent hydrogen bonding between the strands®°. The production
of cationic oligonucleotides by modifying the phosphodiester linkages between the
nucleosides leads to resistance against self-aggregation at physiological potassium

concentrations and allows improved binding with the duplex DNA molecule®?.

Other approaches aiming to improve the efficacy of TFOs in biological systems include the
chemical modification of certain parts of the molecules, most importantly the bases, the
backbone, the 5’ and/or 3’ ends of the molecule, and the sugar moiety. Modifying the
targeted areas mentioned above has been linked to improvements in the binding affinity,

selectivity and stability of oligonucleotides. For example, it was observed that replacing
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guanine with 6-thioguanine® %, and adenine with 7-dezaxanthine®, prevented the

formation of unwanted intramolecular secondary structures within TFOs (figure 13).
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Figure 13: Modified nucleobases, guanine and a guanine modification 6-thioguanine, adenine and a modified

adenine nucleobase 7-deazaxanthine92-94

With regard to the potential of TFOs in gene modulation, Hogan and co-workers in 1988
demonstrated the inhibition of transcription by TFO binding™. Since then, a number of
groups have reported using TFOs as a tool to inhibit the expressions of various genes in
different systems. This is accomplished through the binding of TFOs to promoter regions or
other targets in or near the genes of interest. A number of publications report chemically
modified TFOs inhibiting the transcription of a variety of genes, which include several HIV
genes, the HER2 gene related to breast cancer, and the ETS2 gene found in prostate
cancer cells®>*7. These discoveries further highlight the promise these compounds hold as

therapeutic agents against various diseases and types of cancer.

In addition, TFOs have also been investigated as tools for directing site-specific DNA
damage, by using TFOs to target DNA damaging agents. TFO-directed DNA damage leads
to the stimulation of recombination, mutation and DNA repair at the sites of interest, differing
from TFO-directed transcription inhibition’’. Therefore, instead of regulating gene

expression, this approach aims to directly inactivate genes.

Chemically modifying the backbone of triplex-forming oligonucleotides has led to the
discovery of two types of oligonucleotides that hold great promise, namely locked nucleic
acids (LNAs) and peptide nucleic acids (PNAs), with the latter being the main focus of this

project.
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1.6.4 Locked Nucleic Acids

A family of well-known modified oligonucleotides are locked nucleic acids (LNAs), which
were introduced as a result of studying the physical recognition properties of DNA and
RNA%-100 " One is known as entropy, which can be described as a measure of how much
the energy of molecules or atoms becomes more spread out in a process. The hybridization
of an oligonucleotide to a single-stranded nucleic acid is entropically unfavourable, caused
by the “freezing out” of any free internal bond rotations present in either molecule©t:102, |t
was believed that the conformational flexibility of the oligonucleotide could be a factor
affecting binding affinity to its target. Therefore, it was suggested that a more
conformationally rigid molecule would cause less entropy changes. A chemically modified
type of oligonucleotide created following this theory are LNAs, which are conformationally
locked oligonucleotide analogues made up of modified RNA monomers. LNAs are also
known as bridged nucleic acids (BNAs), due to the oxymethylene bridge bond found
between the C2’ and the C4’ of ribose sugar moiety (figure 13)%1%, The bridge restricts the
flexibility of the ring, therefore locking the monomer into a rigid bicyclic formation. An
important feature of LNA is its ability to bind to DNA and RNA molecules with a significantly
high binding affinity. Moreover, LNAs also exhibit improved Watson-Crick base-pairing
selectivity compared to unmodified nucleic acids. LNA oligonucleotides have been and
continue to be examined as a regulator of gene expression, with successful studies being

carried out on LNAs in relation to gene silencing technologies4-107,
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Figure 14: Structure of a locked nucleic acid (LNA)%®
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1.7 Peptide Nucleic Acids (PNASs)

1.7.1 Discovery and structure of PNAs

A recent chemically modified oligonucleotide that shows great promise is the peptide nucleic
acid (PNA) oligonucleotide analogue, introduced by Nielsen and co-workers in 19914, At
that point, synthetic peptides had not been successfully used to bind sequence-selectively
to target DNA sequences and oligonucleotides were difficult to prepare. However, since
oligonucleotides had been shown to have the ability to bind to dsDNA through Hoogsteen
binding, Nielsen and co-workers thought to the design a polyamide backbone that could
recognise dsDNA through Hoogsteen-like base pairing, overcoming these obstacles. The
team aimed to replace the phosphate backbone of DNA with a polyamide homomorphous
to it, maintaining features such as the number of bonds in the backbone, and the distance
between the latter and the nucleobase“®. They chose thymine as the nucleobase for the
PNA unit due to some promising factors, including the fact that it was the easiest to
synthesize and there was already data proving it could take part in the triplex formation of
oligonucleotides via Hoogsteen pairing?>9:108-111 Computational studies concluded that a
2-aminoethylglycine unit, in replacement of the sugar backbone, linked to thymine through

a methylene carbonyl linker, was the best fit, shown in figure 10%.
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Figure 15: The structure of a Peptide Nucleic Acid*?

Once the synthesis was completed, PNA sequences generated by repeated PNA
monomers were incubated with dsDNA, made up of one strand that was complementary to
the PNA strand and another that was complementary to the DNA strand, in order to examine
binding. Under certain conditions, the homopyrimidine PNA strand had the ability to displace
the non-complementary homopyrimidine DNA strand in order to bind to the complementary
homopurine one, thus forming a PNA-DNA hybrid chain*3. Due to the absence of 3’ to 5’
polarity in the PNA strand, the latter can bind to DNA/RNA in both parallel and antiparallel

fashion. However, the antiparallel orientation is preferred, since Tm values of antiparallel
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PNA-DNA/RNA chimeras were calculated at 15-20°C higher than those measured when
the strands were bound parallel to each other!'2-11>, Additionally, in spite of the high stability
of the dsDNA sequence, it was reported that the PNA-DNA chimera was more
thermodynamically favoured and showed higher stability than the duplex DNA molecule; a

speculation on why is discussed further in this section.

Another advantage of PNA sequences is that they can be easily synthesized using standard
Boc or Fmoc protocols for solid-phase peptide synthesis!!®1’, Either protocol can be carried
out straightforwardly, so as to synthesize PNA strands either manually or automatically.

A strand displacement complex was proposed in 1993 by Nielsen and co-workers, as seen
in Figure 168, It was suggested that once the two strands of the duplex DNA molecule
were separated and the PNA strand bound to its complementary DNA strand, the high
stability of the hybrid molecule PNA-DNA meant that the DNA strand was kinetically trapped
and remained stable**1°, Finally a second PNA strand could bind to the same DNA strand
through Hoogsteen binding, leading to the formation of a triplex molecule, which is even
more stable than the chimera, trapping the DNA strand between the two PNA strands, and
forming a PNA-DNA-PNA (py-pu-py) complex . Therefore, this system can be described as
a four-stranded complex, whereby the target DNA strand is Watson-Crick paired to the one
PNA strand and Hoogsteen paired to a second PNA strand and the displaced DNA strand
remains as a single strand. This feature of peptide nucleic acids has been extensively
investigated, leading to the conclusion that there are certain factors that favour strand
invasion and others that disfavour strand invasion. Some of the favouring factors include
secondary structures present at target, supercoiling, A-T rich regions, low ionic strength and
potential for triplex pairing. Alternatively, factors that disfavour strand invasion include

relaxed target DNA, high salt and the presence of divalent cations'9-125,

|
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Figure 16: The strand displacement complex suggested by Nielsen43118
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1.7.2 PNA-DNA hybrid stability

The polyamide-based synthetic DNA mimic is more chemically stable than DNA and RNA.
PNA has been found to be highly stable in acidic conditions and moderately stable in a
basic environment and at high temperatures?. Furthermore, from a biological perspective,
we observe that they are resistant to enzymes/chemical such as proteases and nucleases,
unlike their biological counterparts DNA and RNA, which are highly sensitive to these
enzymes®?’, This means that they are not degraded in cells and display high biochemical
stability, a quality significant for their involvement in in vivo studies. One theory for their
resistance to enzymatic degradation is that the amide bonds holding the PNA monomers
together are not found in natural peptides, and are therefore not recognized by the
enzymes. Another significant feature of PNA is its sensitivity to the existence of a single
mismatched base pair when forming the PNA-DNA duplex'?-132_ |t was reported by Egholm
in 1993 that the presence of a single mismatch within a PNA-DNA molecule led to a
reduction in the Tm by up to 15°C*32, Due to such high levels of discrimination being noted,
this characteristic has been used as the basis for the development of various PNA-based
strategies for the analysis of point mutations**-1%. Also of importance for in vivo work is the
fact that PNA seems not to interact with proteins sequence-specifically or otherwise, as well
as DNA or RNA molecules do. This attribute is a significant advantage, since it allows PNA
to avoid taking part in unwanted interactions with different proteins, thus reducing any off-

target effects®.

1.7.3 PNA binding techniques

PNA strands can bind to DNA strands via both Watson-Crick binding and Hoogsteen
binding, allowing the formation of various helical DNA structures (figure 17)%3115132.139
Simple Hoogsteen binding leads to the PNA-DNA-DNA complex. The strand displacement
complex described above (figure 16) can lead to the formation of a PNA-DNA hybrid
molecule, alongside the displaced complementary DNA strand. Additionally, another PNA
strand can bind to the PNA-DNA hybrid through Hoogsteen binding forming a PNA:DNA-
PNA complex. Finally, certain conditions regarding the sequence of the dsDNA and the
PNA strand, two PNA strands can invade the DNA molecule and bind to one DNA strand
each, creating two PNA-DNA chimeras, a stable molecule however only possible if the PNA

strands contain modified nucleobases.
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Figure 17: Different ways PNA strands can bind to dsDNA13°

1.7.4 PNA modifications to overcome limitations

Even though PNAs can evade enzymatic degradation, other issues arise with their insertion
and behaviour in cells. A major challenge in PNA technology relates to their poor cellular
uptake!?®. Significant efforts have focused on identifying promising modifications that can
be made to the molecule in order to tackle this issue!*°. A variety of solutions have been
reported that indicate an increased uptake of the PNA into the cell, including coupling the
latter to DNA oligomers or receptor ligands. An even more efficient way to improve the
delivery of PNA strands into cells is through binding to specific peptides, such as cell
penetrating peptides (CPPs)'*t. CPPs are a group of cationic peptides that are used as

vectors for delivery of large cargo molecules into cells.

Aside of cellular uptake, other challenges include poor membrane permeability, low
aqueous solubility and ambiguity in the DNA binding orientation of PNAs!#2, Thus, a number
of chemical modifications were explored to address these issues, both concerning the
backbone and the nucleobases. Regarding backbone modifications, the addition of cationic
functional groups led to the improvement of aqueous solubility and alterations to the linker
or the nucleobases resulted in improved control of DNA/RNA binding at physiological

conditions®?5.

1.7.5 PNA-DNA and PNA-PNA duplexes

As mentioned above, the PNA-DNA hybrid formed via the binding of a PNA strand to its
complementary DNA strand found in a dsDNA molecule is significantly more stable than the
DNA duplex, thought to be due to a number of reasons. A major factor that can explain this
high stability is the lack of electrostatic repulsion between the DNA and the PNA
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backbones**'%2, Since DNA is negatively charged but PNA lacks charges, during the
hybridization of PNA with DNA, PNA lacks electrostatic repulsion with its target DNA strand,
thus offering PNA respective hybridizations. A penta-decamer sequence was used and the
Tm values recorded for PNA-PNA, PNA-DNA and DNA-DNA were 67°C, 51°C and 33.5°C
respectively'’>. These data points clearly indicate that PNA-PNA is the most stable
structure, and that the hybrid DNA-PNA is more stable than the “common” DNA-DNA
duplex. In addition, when studying the melting temperatures of the triplexes formed, namely
PNA-DNA-PNA or (PNA).-DNA, these structures show a Tm > 70°C, which explains the
high stability of these complexes!19143-145,

Before PNA-PNA duplex formation was confirmed, Wittung and co-workers carried out a
study investigating such a possibility in 1994!°, The team designed two complementary
PNA decamers that included all four nucleobases, which were not self-complementary.
Through circular dichroism spectroscopy, it was shown that the two PNA strands could
hybridize to one another to form a helical duplex. This suggested that a (deoxy)ribose
backbone is not essential for the formation of DNA-like helices or, in other words, that a
helical structure can be achieved through the combination of base stacking interactions and
hydrogen bonding, even when in the presence of a less constrained more flexible backbone
lacking of electrostatic repulsive forces, such as a PNA backbone!*®. It was also noted that,
whereas duplex DNA helicity is determined by the deoxyribose residues, duplex PNA is

determined by the cooperative arrangement of the nucleobases.

It therefore becomes apparent, owing to the unique features of PNAs discussed above with
regard to their physical and chemical properties, that they hold potential in various fields for
application. Studies have already confirmed their potential as biomolecular tools, antisense
and antigene agents, biosensors and molecular probes. Only a few years after Nielsen et
al. had presented this DNA mimic, it had already been successfully used for hybridization
in vitro for the quantification of telomere length, the isolation of transcriptionally active DNA,

screening for mutation, and for the inhibition of human telomerase.

1.7.6 PNA technology applications

One of the most promising discoveries regarding PNAs is their medicinal use as antisense
or antigene agents'#126.142146 - Antisense agents are described as oligonucleotides that
have the ability to complementarily bind to RNA molecules, blocking their function, whereas
antigene agents are designed to bind to dsDNA via the formation of triplexes. As PNA
molecules have exhibited the ability to bind to both dsDNA and RNA molecules, they hold

great promise in this field. Peptide nucleic acids are one of the most commonly used third-
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generation ASOs. In vitro studies utilizing PNA technology reported that PNA could
complementarily bind to DNA or RNA with high affinity and specificity and inhibit

transcription and translation'4’49,

PNA technology has also been explored as a tool in in vitro diagnostic assays for clinical
testing and environmental monitoring. Some of the in vitro diagnostic methods developed
are briefly described below, and include chromosomal analysis, Fluorescence in situ
hybridization (FISH), microarray and polymerase chain reaction (PCR). Due to PNA’s
significant hybridization features, there is a keen interest in using PNA-based technology
for human chromosome investigations in different tissues through in situ detection39150-152,
Regarding PCR, it has been reported that PNA-based techniques have the ability to
modulate PCR, therefore detecting genomic mutations through the capture of nucleic
acids!®*1%4, Such an example is a modified PNA-PCR method designed by Yu et al. aimed
to screen a specific known cancer mutation*®. The PCR technique was altered in a way
that allowed it to screen cancer patients’ genetic information with high accuracy and
sensitivity and identify patients who carry the mutation of interest. Furthermore, the modified
method was also able to quantify mutant DNA in order to predict the patients’ response to
treatment and could be used to monitor disease progression. FISH is a procedure used to
identify and locate a specific DNA region in a chromosome. When this method is combined
with PNA technology, the relative hydrophobic character of PNA allows for a better diffusion
of the PNA probes through the cell wall of the mycobacterial®®-1*°. Finally, another
diagnostic tool that PNA technology has been combined with is a DNA microarray, a method
normally used to simultaneously measure the expression levels of numerous genes. PNA
microarray can be used to conduct a highly sensitive high-throughput analysis of samples
through the hybridization of the synthesized PNA molecules with the targets®°-1¢2, Qverall,
the unique hybridization properties of PNAs have led to their introduction in a number of

nucleic acid biosensors in an effort to enhance detection sensitivity.

1.8 Synthetic nucleobases

1.8.1 J base, M base

To overcome certain issues with natural nucleobases in triplex formation, such as the steric
hindrance of the 5 methyl group and the protonation of cytosine, scientists explored the
option of chemically modifying natural bases. For example, due to the unfavourable cytosine
protonation necessary for the formation of the C*-G-C triplet formation at physiological
conditions, researchers examined the notion of developing neutral analogues of the

cytisine!®3-1%5, Protonation of C in acidic conditions is essential, due to the fact that the extra
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hydrogen provides a second position for hydrogen bonding in C-G Hoogsteen pairing,
(figure 10). In 1991, Ono et al. presented a structure, now known as pseudoisocytosine or
J base (figure 18A), which has the ability to bind to guanine through Hoogsteen pairing and

form a stable complex at physiological pH66:167,
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Figure 18: A. DNA monomer with modified nucleobase, J base, B. Triplex binding of dsDNA with J base via
Hoogsteen base pairing

The neutral replacement of the protonated cytosine introduced the prospect of triplex
formation in living cells, which was not favoured with the natural base, as cellular pH is
normally above pH 7. When looking to overcome the same issue for PNA triplex formation
with dsRNA, Zengeya et al. suggested that cytosine be replaced with a different

heterocycle, namely 2- aminopyridine, which is known as M base (figure 19A)8,
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Figure 19: A. DNA monomer with the modified base M base, B. Triplex binding of dsDNA with M base via

Hoogsteen base pairing

The team chose this ring as it is more basic than cytosine, which means that the structure
would be more stable in physiological conditions. As a result, the M base allowed the
formation of triple helices with high stability and sequence-selectivity with dsRNA under
physiological conditions. When compared to the approach that uses the neutral J base,

where the two bases were compared as to their ability to form triplexes with dsDNA and ds
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RNA, as well as duplexes with ssDNA and ssRNA, the M base exhibited significantly higher
affinity for all of the structures used®®. Moreover, the M base also displayed improved
cellular uptake and sequence selectivity when compared to the J base, thus leading to its

characterization as a superior modified base.

1.8.2 E base
A different kind of synthetic nucleobase was disclosed by Nielsen et al. in 1997, aiming to

selectively recognise thyminel®®. This idea was based on the fact that triplex targeting is
mainly limited to homopurine stretches, therefore a synthesis of altered nucleobases that
recognize T (-A) and C (-G) base pairs is required to expand the range of recognised
sequences. At the time, several nucleobases had been created that could recognise
cytosine, however there were no reported nucleobases that targeted thymine. The team
decided on certain features that were required for the nucleobase to behave the way they
intended. Firstly, the presence of a heterocycle was necessary, that would be connected to
the PNA polyamide backbone through a linker long enough to avoid the steric hindrance of
the 5’methyl group in thymine. Additional requirements included a hydrogen donor that
would bind to the 4-oxo group in thymine, as well as a hydrogen acceptor aimed to form a
hydrogen bond with one of the hydrogen atoms of N6 in adenine, if possible. Using
computational model building, the ideal structure suggested was 3-0x0-2,3-
dihydropyridazine that would connect to the PNA backbone through a B-alanine linker, the
latter containing two additional atoms when compared to the original methylene carbonyl
linker of the original PNA monomer, as seen in figures 20, 21. The structure also lacked a
hydrogen atom N1, aimed to further reduce any steric interference with the 5’ methyl group.
However, results indicated that this structure did not fully solve the steric hindrance issue
with thymine, as E bound to U with stronger affinity than T, when uracil was introduced

instead of thymine to assess the issue.
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Figure 20: Representation of an E-T-A complex
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1.8.3 New PNA monomer suggested by Topham

The idea presented by Nielsen et al. held great promise, however certain improvements
needed to be made to the structure!®®. Topham et al. published a paper in 2021, in which
they presented computational work postulating an improved linker for the E-base to the PNA
backbone, which would solve the steric issue with thymine’'s 5-methyl group’®. More
specifically, the team aimed to develop a better linker for the E-base structure, which would
enable improved recognition of the pyrimidine in T-A inversions. This feature is believed to
unlock new potential in recognising pyrimidines in the major groove and targeting them with
purine PNA sequences, ultimately using PNA technology for pu/py mixed regions. The team
chose quantum chemical methods, as previous studies had proven that these techniques
are more suitable when studying nucleic acids or their analogues. Quantum chemical
methods are used to assess the conformational and energetic properties of complex
molecules and possess features that involve various parameters required for these
investigations that are harder to include when using molecular mechanics. The quantum
chemical modelling techniques applied by Topham et al considered data regarding spatial
constrains gathered from a hetero PNA-DNA-PNA (py-pu-py) triplex X-ray crystallographic
structure!™. Their purpose was to investigate the geometrical effects of the flexibility of
different linker designs on the presumed binding interactions with T/U-A base pairs.
Previous linkers presented by Nielsen et al, such as B-alanine and the 3’ trans olefin side-

chain E-base linker, were investigated in both the duplex and triplex structure models.
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Figure 21: The different linkers investigated by Topham compared to the original methylene linker introduced

by Nielsen43.169.170

The results gathered through geometry optimisation and energy calculations agreed with
the thermal stability data, leading to the proposal of an altered cis olefin side-chain linker

design.

The study of the B-alanine linker showed that the addition of 2 atoms to the original PNA
linker design provided significant advantages for both thymine recognition in DNA and uracil

recognition in RNA. However, the geometry optimisation approach indicated that the
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flexibility of the linker was strained due to the formation of an internal hydrogen bond

interaction located between the carbonyl and amino groups, separated by two carbons.

Following an investigation of the more rigid side-chain linker proposed by Nielsen, the 3’
trans double bond in the linker was not found to be compatible with the formation of a
hydrogen bond between the O4 atom of thymine/uracil and the E-base. According to the
above-mentioned data, the quantum chemical techniques pointed at replacing the 3’ trans
double bond with a 2’ cis, postulated to allow the interactions between the E-base and the
T-A inversion as proposed originally. It was also noted that, with this modification, the
parameters regarding the 3D orientation of the E-T base pair were not affected, and
predicted the same values as those gathered from the PNA-DNA-PNA triplex X-ray data.
On the other hand, the parameters were found to be altered when the B-alanine linker was

used!’®,

In conclusion, the three linker designs analysed by Topham et al were all found to be
partially rigid, with the 2’ cis side-chain linker design being the most promising for a number
of reasons. Namely, it enables the recognition of the 4’ oxo group in thymine which is located
in the major groove, it allows intra-strand base-pair stacking interactions found in PNA-DNA-
PNA triplexes to be maintained, and finally, due to the arrangement of the linker, there is no

steric hindrance issue with the 5’ methyl group in thymine.
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Figure 22: Structure of the PNA monomer suggested by Topham, made up of an E-base as the nucleobase,

attached to the 2-aminoethylglycine backbone through a 2-cis olefin side-chain linker70

1.9 Aims of study

In this project, our aim is to design and complete a synthetic pathway to create the modified
PNA monomer suggested by Topham et al. the PNA unit is made up of the standard
polyamide backbone (2-aminoethylglycine), connected to an E-base, as the nucleobase,
through a 2’ cis olefin linker. From the information mentioned above, we believe this PNA
monomer will have the ability to bind to T-A inversions in DNA through Hoogsteen-like

pairing, forming the triplex E-T-A structure.
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Chapter 2: Original synthesis of PNA monomer

2.1 Overall synthesis

The original synthesis plan seen in scheme 1, is partially based on a synthetic pathway
published by Tomori!".. In this paper the team continued studying the promising pyrimidine
base analogues for the development of new synthetic oligonucleotides. They described
synthetic pathways for four PNA monomers, two containing cytosine analogues and two
thymine analogues. One of the thymine analogues is the structure described earlier as E
base. The main difference between the E base PNA monomer described by Tomori and the
one by Topham is the linker located between the PNA backbone and the E base. Therefore
the synthetic pathway by Tomori was partially followed, carrying out the same steps in order

to prepare the base, and modifying the steps involving the preparation of the linker.
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Scheme 1: Overall synthetic pathway to form a PNA monomer

PNA monomer
1

2.2 Diels-Alder step

The first step of the synthesis is a Diels-Alder reaction between maleic anhydride and furan.
The Diels-Alder reaction was discovered by Otto Diels and Kurt Alder in 192872, It is one
of the most famous examples of pericyclic reactions, which are reactions where the
electrons involved move around a “circle” in a concerted fashion and no intermediates are
formed. The reaction often occurs easily through a single step by heating the reagents. It is
a type of cycloaddition where two 1 molecules react, a conjugated diene and an alkene,
creating a new cyclic structure with two new o bonds. The reaction is characterised as a
[4+2]-cycloaddition, as in a Diels-Alder reaction 4 11-electrons of the diene and 2 1r-electrons

of the alkene were involved.
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Scheme 2: Mechanism of Diels-Alder reaction

The structure of the diene can vary in several aspects, it can be cyclic or open-chain and
have different kinds of substituents'’®. The one characteristic that is essential for the
reaction to occur, is the component’s conformation, which must be s-cis. If the diene is in s-
trans conformation, and cannot adopt an s-cis conformation, then it cannot participate in a
Diels-Alder reaction. This is due to the fact that the two ends of the double bonds of the
diene aren’t close enough to react with an alkene, and also because the 6-membered ring

that forms from the reaction cannot have a trans double bond in it™,

Two products can form from this reaction, an exo- product an endo- product, depending on
the reaction. If the reaction is reversible, meaning it is thermodynamically controlled, the
exo- product forms. In contrast, the endo- product is preferred when the reactions is

irreversible, even though it is less stable than the exo product!’.

Here, maleic anhydride was successfully reacted with furan, undertaking an exo-selective

cycloaddition, as seen in scheme 3175176,
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Scheme 3: Diels-Alder reaction of maleic anhydride and furan75.176

Furan, maleic anhydride and CHClI, were stirred at room temperature (RT) for 24 hours,
until all the starting material was consumed. TLC stained with vanillin was used to monitor
the reaction, a stain commonly used to observe a range of nucleophiles, aldehydes and
ketones. Once the reaction reached completion, the product was isolated using filtration,
reaching a moderate yield of 58%. *H NMR confirmed the formation of the desired product,
as all 3 peaks expected according to literature were present!’>17®, Due to the symmetry of
the compound only 3 proton environments appear, with all of them integrating correctly to
2. The appearance of a singlet at 3.17ppm, corresponding to the protons alpha to the

carbonyls, confirmed the synthesis of compound 4.
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2.3 Wittig and retro-Diels-Alder reaction

The next step was completed via a Wittig reaction followed by a retro-Diels-Alder reaction.
A Wittig reaction is a convenient and relatively well studied way to form alkenes. The
reaction happens between a carbonyl group and phosphonium ylide, which is the compound
that forms from the deprotonation of a phosphonium salt with a strong base’”178, Ylide can
also be represented as doubly bonded species, known as phosphoranes, as seen in

scheme 4.
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Scheme 4: Example of phosphonium salt, phosphonium ylide and phosphoranel’®

A Wittig reaction is made up three steps to this reaction. Firstly, the nucleophile in this
reaction is the carbanion part of the ylide, which attacks the carbonyl group of the other
molecule. Next, the newly negatively charged oxygen attacks the positively charged
phosphorus, generating a four-membered intermediate ring, called an oxaphosphetane.
Lastly, due to the newly formed ring being highly unstable, it undergoes elimination forming
an alkene and generating triphenylphosphine oxide as a by-product. The mechanism
described is presented in the first three steps of the reaction scheme 5 below, up to the
formation of compound 4.2. Wittig reactions can be complicated by their stereochemical
outcome!’®. Conditions can control when a Wittig reaction is E isomer selective or Z isomer
selective, commonly controlled by the substituent linked to the carbon atom of the ylide. E
selective ylides are normally those whose anions are stabilized by further conjugation,
commonly through the presence of a carbonyl group. A prime example is the reaction

described here, where a carbonyl can be seen directly next to the carbanion.
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Scheme 5: The mechanism of a Wittig reaction followed by a retro-Diels-Alder reaction

The second reaction that occurs alongside the Wittig, is a retro-Diels-Alder reaction’.
Where the compound formed in step 1 of the synthesis eliminates the 5-membered ring,
regenerating furan as a by-product. It is unclear in which part of the synthesis the retro-
Diels-Alder reaction occurs, as the part of the molecule that undergoes it is unaffected by
the Wittig reaction. The reaction was carried out at RT initially, followed by a higher
temperature of 50°C. It is likely that the increased temperature drove the retro-Diels-Alder
reaction, so that it occurs after the Wittig'’4178, Additionally, if it were not essential for the
Wittig reaction to occur prior to the retro-Diels-Alder, then the standard Diels-Alder in the
first step would not have been necessary, as the Wittig reagent could have directly been
reacted with maleic anhydride. This all suggests that the latter is not feasible, therefore
rendering necessary the Diels-Alder in the first step and the retro-Diels-Alder in the following

step, this theory will be revisited further in this section.

The Wittig reaction of compound 4 with (carbethoxymethylene) triphenylphosphorane

by Costas-Lago, as seen in scheme 679189,

followed by a retro-Diels-Alder was successfully carried out following a procedure published
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Scheme 6: Wittig reaction between compound 3 and (carbethoxymethylene) triphenylphosphorane, followed

by a retro-Diels-Alder reaction

Compound 3 and the Wittig reagent were stirred in CHCI; at RT for 3 hours, followed to
50°C for another 3 hours. The reaction was monitored by TLC, showing the formation of

two isomers, E and Z, as a result of the Wittig reaction, which were isolated using flash
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chromatography. A significantly larger amount of E isomer, compound 5, is produced, with
a high yield of 89%, in comparison to the Z isomer, compound 5.1, which is harder to isolate
and gives a low yield of 5%. *H NMR can be used to identify which isomer has been isolated.
Five proton environments are visible in both isomers, sharing three of the signals. The peaks
corresponding to the proton found at the beta-position to the ring carbonyl (compound 5.1,
scheme 6) and the proton located at the alpha-position to the carbonyl on the side chain
(compound 5, scheme 6) can be used to confirm that the desired isomer has been isolated.
According to literature, a doublet of doublets appears at 8.38 ppm corresponding to the
vinylic proton located in the beta-position to the ring carbonyl in the E isomer, whereas this
proton in the Z isomer appears as a doublet of doublets at 7.43 ppm?!’®. Therefore, this

double of doublets was used to distinguish between the two isomers.

Due to the Diels-Alder reaction performed in scheme 3, being immediately reversed with a
retro-Diels-Alder reaction in scheme 6, as mentioned above. Reacting maleic anhydride

with the Wittig reagent was briefly explored as a potentially simpler method?&?,

0

o o]
@ HJ\Q/\ Toluene 90
+ -
|0 P. 111°C, overnight \
¢ U O °
(0]
13 4\

Scheme 7: Wittig reaction of maleic anhydride and (carbethoxymethylene) triphenylphosphorane

2

Maleic anhydride, (carbethoxymethylene) triphenylphosphorane were dissolved in toluene
and refluxed overnight. TLC monitoring indicated the formation of the desired product,
however when flash chromatography was used to purify it, a low of yield of 10% was

reached.

Maleic anhydride is a soft nucleophile as it is a conjugated system. The presence of an a,3-
unsaturated carbonyl in maleic anhydride, making it a Michael acceptor, leads to more
possible side reactions with the Wittig reagent. As well as the Wittig reagent attacking the
carbonyl, which is the desired mechanism, it can also perform a 1,4-addition, through a
Michael reaction, or a 1,2-addition, attacking the other vinylic carbon. As the Wittig reagent
is also a soft nucleophile, it will likely prefer to attack the vinylic carbon to the carbonyl, as
the electrons of the latter are held more tightly due to the electronegativity of the oxygen.
On the other hand, when reacting compound 4 with the Wittig reagent, the favoured location
for it to attack is the carbonyl, which leads to the desired product and perhaps explains the

higher yields reached through this reaction.
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2.4 Hydrazine step

The next step of the synthesis was carried out using both isomers individually to observe
any differences justifying the use of the E isomer in literature'’*, however both isomers led
to the same product. This concluded that the E isomer is chosen to move forward with due

to the significantly higher yields reached and the fact that it is easier to purify and isolate.

In the following step, compound 5, was reacted with hydrazine, which acts as a nucleophile,
attacking the carbonyl of the a,B-unsaturated lactone, compound 5, leading to its

transformation to a 6-membered cyclic hydrazide, compound 6.
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Scheme 8: The mechanism for the hydrazine reacting with compound 5
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Scheme 9: Reaction of a, B-unsaturated lactone with hydrazine to give 6-membered cyclic hydrazide

The procedure followed has been previously been described by Costas-Lago'’®. Compound
5, hydrazine and ethanol were stirred under reflux, monitored by TLC until the reaction
reached completion. Flash chromatography was used to purify the desired product, which
was confirmed through *H NMR, with the data matching the literature!’®. The appearance
of a singlet at 3.63ppm, which integrates to two protons, corresponds to the proton located
on the carbon found between the ring and the ester, confirming the removal of the double
bond and therefore the correct structure of compound 6. A quartet at 4.20ppm and a triplet
at 1.28ppm are seen, matching the protons of the ethyl group attached to the ester, -CH»-

and —CHgs; accordingly, confirming no other change to the side chain has been made.

34



2.5 Reduction of ester to alcohol

Initial synthetic plans required the formation of an aldehyde, and as such partial reduction
of the ester was attempted using DIBAL-H, a strong reagent commonly used for the
reduction of esters to aldehydes!®2. This reagent was chosen as it is known for partial
reduction of ester when one equivalence is used and is expected not to affect the amide on
the ring. DIBAL-H exists as a bridged dimer, becoming a reducing agent once it has formed
a Lewis acid-base complex, therefore expected to reduce electron-rich carbonyls rapidly,

following the mechanism described in scheme 10 below?!®2,
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Scheme 10: The mechanism of ester reduction to an aldehyde using DIBAL
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Scheme 11: Reduction of ester to aldehyde with DIBAL

The procedure for this was that of Silva'®3. DIBAL-H, compound 6 and THF were stirred
under nitrogen, distilled water was later added and EtOAc was used to extract the product.
H NMR analysis of the product showed the same peaks as compound 6, meaning the ester

was not reduced and the rest of the molecule was left unaffected.

Furthermore, complete reduction of the ester to an alcohol was investigated using NaBHa,
a mild reducing agent, not commonly used to reduce esters. However literature suggests
that carrying out the reaction in methanol or ethanol can lead to the partial reduction of an

ester, and therefore was explored as an option, following a procedure described by Zhu*®*,
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Scheme 12: Reduction of ester to alcohol with NaBH4

Sodium borohydride, compound 6 and EtOH were stirred at RT for 2 hours, MeOH was
added to the solution as compound 6 did not dissolve, leaving the reaction to stir for 17
hours. TLC was used to try and monitor the reaction, but nothing could be seen under UV.
The reaction was acidified and extracted with ethyl acetate. The solid isolated was insoluble
in deuterated chloroform, methanol, water and acetone, not allowing *H NMR analysis. Due
to the difficulty in analysing the product, lithium aluminium hydride was tried as an

alternative.

Both reducing agents serve as a hydride source due to the presence of a polar metal-
hydrogen bond. What makes LiAlH4 stronger than NaBHy, is the fact that aluminium is less
electronegative that boron, therefore the hydrides of the B-H bonds are less electron dense
and cannot act as easily as nucleophiles as the hydrides of the Al-H bonds!®®. The
mechanism by which LiAlH, reduces an ester, primarily to an aldehyde and finally to an
alcohol is described in scheme 13. Due to the latter being such a strong reagent the process
cannot be interrupted once the ester has been reduced to an aldehyde, therefore always
reaching the alcohol. Once the alcohol had been formed, it was thought that partial oxidation

of the latter to an aldehyde would be carried out, continuing as planned with the rest of the

synthesis.
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Scheme 13: Mechanism of ester reduction to an alcohol using LiAIH4
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Scheme 14: Reduction of compound 6 to compound 7 using LiAlHa

The procedure followed was that previously described by Goldberg!®. Compound 6 was
dissolved in THF and cooled to 0°C, the LiAlH; was added using a dropping funnel after
diluting it with some THF, the reaction was stirred and quenched with cooled HCI. It was
identified that the product does not fully dissolve in ethyl acetate, therefore during the
extraction only part of the product was pulled from the aqueous layer. Due to the compound
being insoluble in a number of solvents, including CH>Cl, and THF, and being highly soluble
in methanol, EtOAc was used as it is a highly polar solvent that is not miscible in water.
Increasing the number of extractions necessary was found to be the most effective way of
gaining more product. This was the method followed, even though the work up is time

consuming it was found to be the best way to reduce the ester to an alcohol and purify it.

'H NMR analysis was used to confirm the formation of the desired product. It was dissolved
in deuterated methanol, and the spectrum showed all 4 expected proton environments with
the correct integrations. The two doublets corresponding to the two aromatic protons were
slightly shifted, compared to *H NMR of compound 6. The doublet previously found at
7.33ppm in compound 6, shifted to 7.46ppm and the doublet located originally at 6.96ppm
only shifted to 6.92ppm, both integrating correctly to one proton. The main indication that
the reaction was successful was associated with the rest of the peaks. From the *H NMR of
compound 7, the lack of the triplet at 1.28ppm and the quartet at 4.20ppm confirms the
removal of that ethyl group found on the side chain, and the absence of the singlet found at
3.64ppm, suggesting further modifications near the other side of the ester. The presence of
two new triplets located at 3.83ppm and 2.82ppm suggested the presence of two —CH,-
groups, with one of them near an electron withdrawing group, shielding the protons and
shifting the peak to the right. All the changes seen in the *H NMR confirm the successful
reduction of the ester to an alcohol. Although the yields were not optimal, consistently
around 35%, this remained the most beneficial method to carry on the synthesis at this

point.
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2.5 Oxidation of the alcohol to an aldehyde

The next step is the partial oxidation of the alcohol to the aldehyde. The main issue when
working with compound 7 was its insolubility in several solvents, its high solubility in MeOH
was not useful, as this was a problematic solvent for the next step as any oxidation

technique would potentially also oxidise the methanol —OH group.

The first method used a reagent commonly used for partial oxidation of an alcohol to an
aldehyde, Dess-Martin periodinane (DMP), a mild and selective oxidizing agent of primary

alcohols to aldehydes expected to work through the mechanism described in scheme 15",
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Scheme 16: Oxidation of alcohol 7 to aldehyde 8 using DMP

The procedure followed was described by Boeckman'®. Excess DMP and compound 7
were dissolved in DMF. The reaction is commonly performed in CH,Cl, however compound
7 does not dissolve in this solvent. After the reaction was allowed to stir overnight, the
purification process was extensive, including a celite plug, followed by flash
chromatography and a silica plug, however no product was successfully isolated. This
method was repeated on an NMR scale to monitor the reaction more efficiently, the reaction
was left for 24 h and *H NMR readings were recorded at 1, 2, 4 and 24 hours. A peak around
10.62ppm appeared at 1 h, suggesting formation of an aldehyde, however the later 'H
NMRs recorded show the peak becoming smaller and eventually disappearing when
recorded at 24 hours, showed in Figure 23. In the presence of the 10.62ppm peak, all peaks
from the starting material can still be observed, however, when the aldehyde peak

disappears, one of the triplets from compound 7, marked with an arrow around 3.79 ppm
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on Figure 23, also starts to fade. This either suggests that the potential aldehyde peak
being formed is not the desired one, and is just part of a side reaction, or that compound 8
is forming at first but eventually degrades. It is also a possibility that the structure we are
trying to form, compound 8, is highly unstable, and breaks down quickly after it has been

formed due to unfavourable conditions.
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Figure 23: Dess-Martin oxidation *H NMR time-lapse

To eliminate the possibility of the desired aldehyde forming early on during the DMP

reaction, but degrading as time passed, 2-iodoxybenzoic acid (IBX) was used an alternative,

as it is a milder oxidizing agent*®’.

Scheme 17: The mechanism of alcohol oxidation to an aldehyde using IBX
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IBX is the intermediate created during the synthesis of the Dess-Martin periodinane,

commonly used to oxidize primary alcohols to their corresponding aldehydes under mild

conditions.
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Scheme 18: Oxidation of compound to compound using IBX

Compound 7 and IBX were dissolved in dimethyl sulfoxide (DMSO), the reaction was run
on an NMR scale to allow direct comparison with the DMP reaction, collecting *H NMR data
at1, 2, 4 and 24 hours. *H NMR analysis showed no change to the starting material through
the progression of time, using the two triplets marked with an arrow in Figure 24 to observe
any changes to the starting material, as well as no aldehyde peak appearing at any
measured point, suggesting IBX is not a strong enough oxidizing agent to have an effect on
compound 7. The *H NMR data collected at different points of time can be seen in Figure

24, highlighting the triplets that were used to monitor the reaction over time.
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Figure 24: IBX oxidation *H NMR time-lapse
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Another way to oxidise an alcohol to the aldehyde is a Swern oxidation, described in scheme
19 below!®’. In the first part of the mechanism, DMSO reacts with oxalyl chloride, producing
an electrophilic sulphur compound. The newly negatively charged oxygen in turn reacts with
oxalyl chloride, which in turn attacks the positively charged sulphur atom. As a result, a
leaving group is expelled which breaks into CO», CO and a chloride ion. Up to this point the
alcohol is not involved in the reaction. Once the chlorosulfonium ion has been formed, the
alcohol attacks the sulphur forming a sulfonium salt, which is deprotonated by triethylamine
forming an ylide. Finally, a proton transfer to the carbanion leads to the aldehyde being
formed, with the DMSO reduced to a dimethylsulfide (DMS)*#7.

w

Scheme 19: The mechanism of a Swern oxidation
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Scheme 20: Oxidation of compound to compound by Swern oxidation

The procedure followed for the Swern oxidation is that described by Souto®. Oxalyl
chloride, anhydrous CH:Cl, and DMSO were cooled to -61°C and treated with compound
7, partially dissolved in THF, EtOAc and acetone and finally, treated with triethylamine. After
quenching the reaction, CH,Cl, was used for extraction followed by EtOAc, however no

compound was found. NaHCO3; was slowly added to the aqueous layer, making solution
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more basic gradually, when pH of the solution reached 10, a small amount of starting
material was identified through *H NMR, suggesting the reaction had not been successful

as no aldehyde proton peaks could be seen around 10ppm.

The next method that was tried to complete the partial oxidation was the use of pyridinium
dichromate. Pyridinium chlorochromate (PCC)¥*%19! and pyridinium dichromate (PDC)?
are reagents commonly used for the oxidation of alcohols. Due to difficulties associated with
the removal of polymeric chromium byproducts from the solutions, these reagents have
commonly been used in conjunction with celite or silica gel, both easily removed using
filtration. Both compounds can be used to oxidize a primary alcohol to an aldehyde, however
PDC is less reactive than PCC and therefore was preferred, due to uncertainty of how the

amide on the ring will be affected by the reaction%,
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Scheme 21: The mechanism by which PDC oxidises an alcohol to an aldehyde
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Scheme 22: Oxidation of compound to compound with Pyridinium Dichromate

The procedure followed was modified from that previously described by Luzzio, replacing
PCC with PDC*®*. PDC, grounded onto silica gel, and compound 7 were dissolved in DMSO
and allowed to stir. Filtration removed the chromium by-products, extraction with EtOAc

gave no product, suggesting that the reaction was unsuccessful.
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Chapter 3: Alternative approaches to complete the

synthesis

3.1 Boc protecting group

One of the main difficulties with the oxidation of the alcohol is its solubility, which led to
difficulties in finding appropriate reaction conditions. The alcohol is soluble in polar solvents,
suggesting it is a highly polar compound. In order to allow it to be soluble in less polar
solvents the overall polarity of the compound needs to be lowered. A way to potentially
solve this issue is the addition of a Boc group onto the amide nitrogen, which will reduce
the polarity of the compound and potentially increase its solubility in more solvents87:1%,
The new synthetic pathway proposed with the addition of the Boc group is presented in

scheme 23 below.
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Scheme 23: New synthetic approach including a Boc-protection

The Boc group was chosen as a protecting group as it is commonly used to protect amines
and is stable towards most nucleophiles and bases. The nitrogen being next to two carbonyl
groups may make it less reactive and the addition of a large non-polar group will lower the
polarity of the compound. If Boc anhydride is reacted with compound 7 it is very likely both

the lone pair of the alcohol oxygen and the lone pair of the amide nitrogen will act as
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nucleophiles and two Boc groups will be added onto the molecule, making it hard to
selectively then remove the one from the alcohol. Therefore, Boc anhydride was reacted

with compound 6. The process expected to occur is presented in scheme 24 below.

Scheme 24: The mechanism by which the amide is Boc-protected using Boc anhydride and DMAP
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Scheme 25: Boc protection of amide using Boc20 and DMAP

Compound 6 was used for the Boc protection, the procedure followed was that of
Stephenson'®, An excess of Boc anhydride (1:3), a catalytic amount of DMAP and
compound 6 were dissolved in THF. A silica gel plug and flash chromatography were carried
out to purify the product, removing some starting material that was identified, two
compounds were isolated. *H NMR analysis was performed for both compounds, and the
two compounds shared the same proton peaks, however the large peak at 1.50 ppm,
corresponding to the protons found on the Boc group, integrated to 17.45 for the one
compound, suggesting the potential binding of 2 Boc groups. Furthermore, in the second
compound isolated, a similar peak appeared at 1.51 ppm integrating to 18, as well as a
second peak at 1.59 ppm integrating to 9, suggesting the binding of 3 Boc groups, as all
excess Boc had been removed. However, looking at compound 6 there are no two/three
visible atoms that can act as nucleophiles to attach the Boc groups. This suggests a different
mechanism taking place, rearranging the compound in a way it can bind to more than one
Boc groups. However, no mechanism has been established yet, explaining the binding of

multiple Boc groups.
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A different method for attaching a Boc group was explored, where DMAP was not used,
and Boc anhydride was added along with a base. According to literature, 1-methylimidazole

and triethylamine are often used in this reaction, following the mechanism showed below.
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Scheme 26: The mechanism by which an amide can be Boc protected using Boc anhydride and a base
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Scheme 27: Boc protection of the amide using Boc anhydride and 1-methylimidazole

The first base tried was 1-methylimidazole. Compound 6, Boc anhydride, 1-methylimidazole
were dissolved in THF and allowed to stir overnight, monitored by TLC. Once the reaction
reached was complete, flash chromatography was used to isolate the product, however
some impurities remained. Through *H NMR, the peaks seen when analysing compound 6
were still visible, suggesting the compound structure had not been altered, and a new peak
at 1.63 ppm appeared, which integrated to 9, suggesting the addition of one Boc group.
However, the presence of a number of smaller peaks remained after further purification
using different conditions of flash chromatography. Due to the purification issues on a small
scale, the purification process would be even more complicated when scaling up the

reaction.

Simultaneously, a method using triethylamine as the base for the addition of the Boc group

was followed, previously described by Cominettit®’.
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Scheme 28: Boc protection of amide using Boc anhydride and triethylamine

Excess Boc, triethylamine (1:1) and compound 6 were dissolved in THF and stirred
overnight at RT, TLC monitoring showed no change, indicating the reaction conditions were
not favourable. The reaction was allowed to stir under reflux (66°C), where after 8 hours,
TLC indicated the reaction had reached completion. *H NMR analysis showed the expected
signals, maintaining the proton peaks of the ring protons, and the 3 proton peaks from the
3 proton environments of the side chain, with the addition of a large peak found at 1.59 ppm,
integrating to 9, as well as a peak at 1.51 ppm integrating to 27, suggesting excess Boc
was still in the reaction. This was expected due to the 1:3 equivalence of Boc anhydride
added, the excess Boc was easily removed using flash chromatography, leading to the
removal of the peak found at 1.51 ppm. As the purification of this reaction was significantly

easier when using triethylamine, this base was used to carry out the rest of the synthesis.

The next step in the synthesis, was the reduction of the ester to the alcohol using the Boc-
protected compound, the same procedure performed to reduce compound 6 was carried
out to reduce compound 18, using LiAlH4 as the reducing agent, expected to behave as

shown in scheme 13.
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Scheme 29: Reduction of compound to compound using LiAIH4

The procedure!® described above in scheme 14 was utilised and extraction led to the
isolation of a small amount of product from the aqueous layer which was purified using flash
chromatography. A mixture of compounds was isolated, *H NMR showed an impure mixture
most likely including the desired product, compound 19, however was found in a very small
amount with a very low yield of 1.2%. Amongst several peaks due to impurities, two doublets

at 7.23 ppm and 6.95 ppm were identified, believed to match the two protons found on the
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ring, two triplets at 3.97 ppm and 2.86 ppm were recognised, agreeing with the those seen
in *H NMR of compound 7. However, due to the very low yield, this method of reduction is

not feasible when scaling up.

A second product was isolated from the flash chromatography, where *H NMR showed
peaks matching those of compound 6, missing the peak corresponding to the Boc group,
suggesting the reaction of compound 18 with LiAlH, led to the removal of the Boc group.
Since the ester was not reduced to the alcohol, the LiAlHs showed preference to the
carbamate group, de-protecting it, rather than reducing the ester.

3.2 Modifying the Wittig reaction

Due to the length of the synthesis, it was not feasible to continue the alternate method
discussed in section 3.1. The maximum yield by the reduction step was significantly low,
and therefore an extremely large amount of starting material would be necessary to
complete the pathway. As there is usually loss of product during every step, it was unlikely
that the end of the pathway described in scheme 23 could be reached with a sufficient
amount to be tested further. As a result, it was necessary to develop an alternative route to
the PNA monomer. It was therefore suggested to go back to the initial steps of the synthesis,

altering it from earlier on, specifically to the first Wittig reaction.

In the original synthesis proposed, two Wittig reaction were envisaged (scheme 1), one in
the second step and one before the coupling of the compound to the backbone. Due to the
ease of the Wittig reaction in step 2 and the high yields achieved, it was proposed to
combine the two steps into one Wittig reaction, by using an altered Wittig reagent with a
longer side chain, specifically the sidechain seen attached to the ring in compound 9. The

new synthetic pathway is presented below.
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Scheme 30: New synthetic pathway designed through the modification of the Wittig reaction step
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The formation of a Wittig salt is a common procedure, through the reaction of
triphenylphosphine with an alkyl halide. In this case triphenylphosphine was reacted with 4-

bromocrotonate®®®.
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Scheme 31: The synthesis of a Wittig salt from 4-bromocrotonate and triphenylphosphine

Triphenylphosphine and 4-bromocrotonate were dissolved in toluene and stirred at 110°C,
forming a white precipitate which was washed with toluene. Once the precipitate was dried,
it was confirmed to be the desired product through *H NMR, needing no further purification.
The *H NMR analysis showed a doublet of doublets and a multiplet at 6.49 ppm and 6.73
ppm, respectively. Both signals integrate to one, corresponding to the two vinylic protons
adjacent to the alkene. Additionally, a signal around 5.24 ppm was identified, specifically a
doublet of doublets, integrating to two protons, corresponding to the two protons located on
the carbon attached to the bromide. These signals, as well as the rest, match those in
literature for this structure. Due to the benzene rings attached to the phosphorus, the 15

aromatic protons of the three rings give rise to a mixture of signals between 7.5 ppm and 8

ppm.

Next, the Wittig salt could be used to react with compound 4 to give compound 21. In section
2.3, where the Wittig reaction was described, it was mentioned that E and Z isomers of the
product are formed from this reaction, depending on the conformation of the double bond,
cis or trans, formed between the ring and side chain. The product formed from this new
Wittig reagent has two double bonds, therefore there are two conformations for each double
bond, leading to 4 possible combinations, cis-cis, cis-trans, trans-cis or trans-trans. The
desired conformation of the product is trans-cis, with the first corresponding to the double
bond connecting the side chain to the ring and the latter to the double bond closest to the
ester group. However, it should be taken into consideration that the Wittig reaction product
will be reacted with hydrazine, but as described in the reaction scheme 9, it should not affect

the conformation of the side chain.
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Scheme 32: Four possible isomers of the product of the Wittig reaction

A variety of bases were explored to carry out the Wittig reaction, which should deprotonate
the phosphonium salt, therefore leaving the phosphonium ylide to react with compound 4.

The first base used was cesium carbonate (Cs,COs), following a procedure by Ye'®.
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Scheme 33: Wittig reaction using cesium carbonate as a base

The Wittig salt was dissolved in THF, the Cs,CO3; was added dropwise, turning the solution
bright yellow from the first drop added, allowing it to stir at RT. The solution turned orange
and was then heated to 50°C, eventually turning the solution brown. TLC was used to
monitor the reaction, a number of new spots were visible using the vanillin stain. Purification
of the product was carried out using flash chromatography, however only side products
were isolated and triphenylphosphine oxide. Crude *H NMR analysis showed indication that
the desired product had formed, however the large amount of aromatic signals due to the
triphenylphosphine oxide, potentially drowning out any smaller signals. The next base used,

was sodium hydride, following a procedure previously published by Matsuo and Kende?2®.
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Scheme 34: Wittig reaction using sodium hydride as the base
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Compound 4 was dissolved along with Wittig salt in THF and cooled to 0°C, prior to the
addition of NaH due to its high reactivity. NaH was added and the solution was allowed to
warm up to RT and then stirred. It was then heated to 50°C and, triphenylphosphine oxide
precipitated. Purification of the product was followed by analysis using *H NMR. Eight
doublets were seen around 7.5-8 ppm, likely corresponding to the aromatic protons of the
ring in compound 20. Due to the possibility of multiple isomers forming, the eight doublets
are explained as two corresponding to one of the four isomers, the different stereochemistry
of them leading to the same signals located in slightly altered positions in that region.
However, only 6ug of product was gathered containing a mixture of all isomers, therefore it
was not feasible to further purify it and try and separate the isomers.

Nevertheless, the small amount of mixed product was reacted with hydrazine, to investigate

the effects on the isomers.
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Scheme 35: Reaction of compound with hydrazine

The procedure followed was that described previously in the hydrazine step, shown in
scheme 9°, IH NMR analysis of the crude product gave some preliminary indications
around the success of the step, although, due to the small amount of 6ug starting material
used, peaks that were difficult to identify. In the aromatic region only two doublets could be
seen, potentially suggesting that when the different isomers reacted with the hydrazine they
all undertook the same conformation. This effect was also seen in the previous hydrazine
reaction, however that was due to the lack of double bond on the sidechain after the
reaction. Itis likely that in this the case two isomers were produced, differing in conformation
of the bond highlighted in the product of scheme 36, but only one can be identified from the
!H NMR due to selectivity of that conformation, rendering the signals of the other isomer

too low to be seen in such a small amount.

The Wittig reaction was repeated on a larger scale, where in none of the compounds
isolated through purification could any isomer aromatic peaks be identified. This suggests

that either some other side reaction occurs when performing it on a larger scale preventing
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the formation of the desired product, or the purification method required adjustments.

Impurities, including triphenyl phosphine oxide, made identification of products difficult.

Use of weaker base was then investigated, sodium bicarbonate (NaHCO3). The procedure
followed was that of Frei?®!.
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Scheme 36: Wittig reaction of compound with Wittig salt and saturated NaHCOg3 as the base

The Wittig salt was dissolved in CH.Cl,, the saturated NaHCO; was added leaving the
solution to stir. Compound 4 was added and left to stir for 2 days at RT. The product
gathered through extraction and purification had the same peaks as the Wittig salt,

suggesting the reaction had not worked, leaving the salt unaffected.

Due to the difficulties arising with the Wittig salt and matching it to the right base, the idea
of isolating the intermediate phosphonate was explored. Literature suggested the double
bond could be formed through the use of KOH!%,
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Scheme 37: Reaction of Wittig salt with KOH to give the relative phosphorane

The Wittig salt was dissolved in distilled water and 1M KOH was added until pH 9 was
reached, turning the solution bright yellow. A yellow precipitate formed which was filtered
out and *H NMR data was collected. A mixture of signals could be seen however the doublet
of doublets at 5.24 ppm, corresponding to the protons attached to the carbon bound to the
phosphorus atom, still integrated to 2, meaning the double bond had not formed.

Literature reports suggested that NaOH has also been used for the reaction above for the

transformation of the Wittig salt to a phosphorane Wittig agent?®2,
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Scheme 38: Transformation of Wittig salt to the relative phosphorane using NaOH

The salt was dissolved in CH>Cl, and NaOH was added, immediately turning the solution
yellow. After stirring briefly, the solution had turned orange and was diluted with water and
extracted with CH,Cl,. However, *H NMR showed that the reaction had not worked, once
again the signal at 5.24 ppm integrating to two, confirming the double bond formation had

not occurred.
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Conclusion

The main aim of this project was the synthesis of a modified PNA monomer based on a
theoretical structure published by Topham et al. The molecule is made up of a 2-
aminoethylglycine backbone, a 2-cis olefin linker connecting the backbone to a modified
nucleobase, known as E base. The synthesis of the PNA monomer was to be followed by
the generation of a PNA sequence made up of repeated units of the monomer, in order to
test its binding affinity with dsDNA. The synthesis of the E-base and the linker were to be
achieved by a preparative route partially based on a published article by Tomori. The final
compound would then be coupled to the glycine backbone generating the PNA monomer.
A large part of the synthesis was successfully completed, reaching moderate to high yields
for all synthesized compounds. Certain complications with the route led to the exploration
of various different paths explored in order to bypass synthetic issues. These were partially

completed successfully, however hold great promise for follow-up research.
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General procedures
The reagents used were used from the following named suppliers: Sigma Aldrich, Acros

Organics, Fluorochem, Thermo Fisher. All reactions requiring anhydrous conditions were
performed under an atmosphere of nitrogen. Water used in all reactions was distilled. All *H
and 3C NMR spectra were recorded in Fourier transform mode operating at a *H NMR
frequency of 400 MHz and a **C NMR frequency of 100 MHz, using the specified deuterated
solvent. *H- and *C- NMR were collected using a Bruker spectrometer operating at 400
MHz (*H) orl00 MHz (*3*C) using the specified deuterated solvent. Chemical shifts were
recorded in ppm and were referenced to residual solvent peak of MeOH (3.31 ppm) or
chloroform (7.26 ppm). Multiplicities in the NMR spectra are described as s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, and combinations thereof. Coupling constants
are reported in Hz. Infrared spectra were obtained on a Perkin Elmer Spectrum Two.
Organic solutions which had been in contact with water were dried over sodium sulphate
unless otherwise specified. Thin-layer chromatography was performed on aluminium plates
coated with 0.20 mm silica gel 60 with florescent indicator UV2s4. After elution, the TLC
plates were visualized under UV light, unless staining prior to visualisation was specified.
Flash chromatographic separations were performed on silica gel for column
chromatography. Detection wavelength was 254 nm and 280 nm. All figures and schemes
containing structures were created on ChemDraw, whilst the rest of the schematics were

drawn freehand on a Samsung Galaxy Tab S4.

Experimental

Synthesis of 3a,4,7,7a-tetrahydro-4,7-epoxyisobenzofuran-1,3-dione (4)
Compound 4 was prepared following the literature procedure O
(reference). Maleic anhydride (5.19 g, 53.02 mmol) and furan (4.94 mL,

67.4 mmol) were dissolved in CH2Cl; (20 mL) under argon atmosphere O
and stirred at room temperature for 24 h. A white precipitate formed

which was collected by filtration and washed twice with diethyl ether 4 (o)
(58%, 4.98g, 0.030mol). Obtained data matched that previously

reported?’®:

Rf = 0.4 (50:50 EtOAc/Hexane), m.p. = 117-118°C, *H NMR (CDCls, 400 MHz) & 6.58 (t,
J=0.92 Hz, 2H, HC=), 5.46 (t, J=0.96 Hz, 2H, HCO), 3.17 (s, 2H, CHCO). 13C NMR (CDCls,
100 MHz) & 170.0 (2H, CO), 137.1 (2H, HC=), 82.3 (2H, HCO), 48.8 (2H, CHCO). IR (cm’
1) 1857.6, 1780.4, 1019.7, 878.8
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Synthesis of ethyl (2E)-(5-o0x0-2(5H)-furanylidene) acetate (5)
Compound 4 (2.99 g, 18.05 mmol) and (carbethoxymethylene)

o o]
triphenylphosphorane (6.91 g, 19.8 mmol) were chloroform (26 | o | o
mL), the reaction was stirred for 3 hours at room temperature
E\ + \Z O
and 3 h at 50°C. The reaction mixture was concentrated in

vacuo to 10 ml and dried onto silica gel. Purification of the o o
residue by silica gel column chromatography gave E isomer at 3 \\ 5-1<
10% EtOAc/hexane (85%, 2.55g, 0.015mol) and Z isomer at 50% EtOAc/hexane (5%,
0.134g, 0.0008mol). Obtained data matched that previously reported’®:

E isomer: Rf = 0.6 (50:50 EtOAc/Hexane), m.p. = 78-80°C, *H NMR (CDCl;, 400 MHz) &
8.38 (dd, J=5.68, 0.76 Hz, 1H, H3), 6.46 (dd, J=5.68, 1.8 Hz, 1H, H4), 5.93 (dd, J=1.8, 0.76
Hz, 1H, CHCO), 4.26 (q, J=7.12 Hz, 2H, CHy), 1.33 (t, J=7.28 Hz, 3H, CHs). *C NMR
(CDCls, 100 MHz) 167.9, 165.0, 160.4, 142.1 (C3), 124.5 (C4), 102.8 (CHCO3), 61.3 (CH>),
14.3 (CHs). IR (cm™) 3157.1, 3119.6, 2990.2, 1786.8, 1722.6, 1644.7, 1063.3, 837.9

Z isomer: Rf = 0.5 (50:50 EtOAc/Hexane), m.p. = 113-115°C, *H NMR (CDCls, 400 MHz)
0 7.43 (d, J=5.52 Hz,, 1H, H3), 6.45 (dd, J=5.4, 0.72 Hz, 1H, H4), 5.46 (s, 1H, CHCO,), 4.28
(9, J=7.24 Hz, 2H, CHy), 1.34 (t, J=7.04 Hz, 3H, CH3). *C NMR (CDCls, 100 MHz) 168.2,
163.2, 156.3, 144.8 (C3), 123.9 (C4), 102.2 (CHCOy), 61.5 (CH), 14.3 (CHs). IR (cm™)
3093.9, 2992.3, 1785.3, 1703.3, 1665.1, 1155.8, 857.1

Synthesis of ethyl 2-(6-0x0-1,6-dihydropyridazin-3-yl) acetate (6)

To a solution of compound 5 (1.88 g, 11.1 mmol) in 8 ml ethanol, hydrazine o
monohydrate (765 pL, 15.2 mmol) was added and the reaction was stirred NH
under reflux (78°C) for 4 h. The solution was concentrated in vacuo and dried | ~ h:l
onto silica gel. The residue was purified by silica gel column chromatography o
(1% MeOH/EtOAC) to give a yellow solid (78%, 1.45g, 0.008mol). Obtained

data matched that previously reported*’: 3 o\l

Rf = 0.4 (5% MeOH/EtOAC), m.p. = 106-108°C, *H NMR (CDCls, 400 MHz) &

11.70 (s, 1H, NH), 7.32 (d, J=9.72 Hz, 1H, H4), 6.95 (d, J=9.68 Hz, 1H, H5), 4.20 (q, J=7.36
Hz, 2H, CH,CHs), 3.64 (s, 1H, -CH,-), 1.28 (t, J=6.88 Hz, 3H, CH,CHs). 3C NMR (CDCls,
100 MHz) 169.6 (CO.Et), 161.8 (C6), 142.5 (C3), 134.6 (C4), 130.1 (C5), 61.6 (CH2CHs),
40.1 (CHy), 14.2 (CHs). IR (cm™) 3045.6, 2989.7, 1722.3, 1655.5, 1594.3, 1171.2, 810.7
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Synthesis of 6-(2-hydroxyethyl)-3(2H)-pyridazinone (7)

Compound 6 (0.200 g, 1.097 mmol) was cooled to 0°C and dry THF (20 mL) O
were added under nitrogen and LiAlHs (1M in THF, 6.4 mL, 0.152mol) was

added dropwise and solution was stirred for 30mins at 0°C under nitrogen. | '
The solution was quenched with 1M HCI which was added dropwise to reach

pH 2 and was then extracted with EtOAc (20 mL x20), dried with Na,SO,4 and
concentrated in vacuo. Purification of the residue by silica gel column 7 OH
chromatography (100% EtOAc then 1-10% MeOH/EtOAc) gave a beige solid

(40%, 0.07g, 0.50mmaol).

Rf = 0.1 (5% MeOH/EtOAC), m.p. = 148-150 °C, 'H NMR (MeOD, 400 MHz) & 7.45 (d,
J=8.92 Hz, 1H, H3), 6.91 (d, J=9.32 Hz, 1H, H4), 3.84 (t, J=5.84 Hz, 2H, CH,CH,OH), 2.81
(t, J=6.04 Hz, 2H, CH,OH). 3C NMR (MeOD, 100 MHz) 163.5, 149.0, 136.5, 130.2, 61.2,
38.3. IR (cm) 3153.4, 2918.3, 1669.8, 1651.5, 1598.9, 1050.7, 1006.1, 841.7

Synthesis of Boc-protected ethyl 2-(6-0x0-1,6-dihydropyridazin-3-yl)

acetate (18) 0 j\ /]<
N“ ™o
N

To a solution of compound 6 (0.100 g, 0.548 mmol) in 5ml THF, EtsN |
(0.540 g, 0.540 mmol) and Boc,O (0.351 mg, 1.60 mmol) were added
and stirred under reflux (66°C) overnight. The solution was concentration o

o

in vacuo and dried onto silica gel. The residue was purified by flash o]
chromatography (20-50% EtOAc/Hexane) to remove excess Boc, giving 18 j
a white solid (81%, 0.125g 0.44mmol).

Rf=0.7 (5% MeOH/EtOAC), m.p. = 130°C. *H NMR (CDCls, 400 MHz) & 7.23 (d, J=9.6 Hz,
1H), 6.89 (d, J=9.72 Hz, 1H), 4.17 (q, J=7.2 Hz, 2H, CH.CHs), 3.65 (s, 2H, CH.CO>), 1.60
(s, 9H, 3xCHs), 1.25 (t, J=7.16 Hz, 3H, CH,CHs). 1*C NMR (CDCls, 100 MHz) 169.2, 158.1,
150.3, 141.9, 133.9, 131.8, 86.5, 61.6(CH,CHs), 40.1 (-CH,-) 27.7 (3XCHs), 14.1 (CHa). IR
(cm™) 3045.9, 2989.1, 2935.8, 1722.2, 1655.5, 1594.7, 1170.3, 1035.1, 855.2, 810.5

Synthesis of phosphonium [(2E)-4-methoxy-4-0xo0-2-buten-1-yl]

triphenyl- bromide (21)
Methyl 4-bromocrotonate (0.300g, 1.67 mmol) and 0

®
triphenylphosphine (1:1.1, 0.474 g, 1.80 mmol) were Q‘P\/\)Lo/
dissolved in 15 ml toluene and stirred at 110°C for 3 h. The @ o1 Br@
toluene was pipetted out and the precipitate was washed
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with toluene (20 ml, x3). The solution was concentrated in vacuo and gave a pure white
solid (93%, 0.685 g, 1.55 mmol).

Rf = 0.55 (5% MeOH/EtOAc), m.p. = 120°C *H NMR (CDCls, 400 MHz) & 7.65-7.93 (m,
15H), 6.72 (m, 1H), 6.46 (dd, J = 15.4 Hz, 5.0 Hz, 1H), 5.23 (dd, J = 16.4 Hz, 7.6 Hz, 2H),
3.65 (s, 3H). 13C (CDCls, 100MHz) 135.1, 134.2, 130.2, 77.5, 77.1, 76.7. IR (cm%) 1713.0,
1434.4, 1327.5, 1110.5, 980.9, 721.6
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H NMR of compound 4

Data

(wdd) 14
00 50 0T ST [1)ra 9e 0E SE o+ =N o o0's

67

8
i
=00z

ooz LW
(%]

g

0005+

0000T

0005T

00002+

00052+

0000e+

000SE

0000t~

0005t

00005+

00055

00009+

00059

00004

LTE

0005,

o5
9»'5}'— —
9%'s
159
95'9}-'- ——
959

gom e

fallela i+ i3



13C NMR of compound 4
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IR spectrum of compound 4
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'H NMR of compound 5
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13C NMR of compound 5
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IR spectrum of compound 5
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H NMR of compound 5.1
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13C NMR of compound 5.1
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IR spectrum of compound 5.1
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'H NMR of compound 6
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13C NMR of compound 6
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IR spectrum of compound 6
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'H NMR of compound 7
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13C NMR of compound 7
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IR spectrum of compound 7
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H NMR of compound 18
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13C NMR of compound 18
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IR spectrum of compound 18
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H NMR of compound 21
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13C NMR of compound 21
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IR spectrum of compound 21
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