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Abstract

Deoxyribonucleic acid (DNA) most commonly exists in vivo in its double-stranded
helical form, with this being the primary target of DNA-targeting drugs. However, the
substantial size of mega base DNA, and its high level of flexibility, means that it can
also form other three-dimensional shapes, known as higher-order DNA. Many of
these structures have been linked to diseases and are increasingly being explored as

novel therapeutic targets.

The DNA four-way junction (4WJ) is a higher order DNA structure that is formed by
the crossing over of DNA strands belonging to two separate dsDNA segments. In low
salt environments, the 4WJ exists in the open conformation, whereas in high salt
environments, the X-stacked conformation is adopted. The 4WJ is an important
intermediate in DNA pressing and repair, such as during homologous recombination
and site-specific recombination. These pathways are often relied upon by both

bacterial and cancer cells.

Peptides have previously been discovered that bind to the 4WJ in its open
conformation and have antibacterial effects. In this thesis, a series of novel biological
assays were developed, to further access the 4WJ activity, double-stranded DNA
activity and cancer cell cytotoxicity of these peptides. A combination of solid-phase
peptide synthesis and multi-step organic synthesis were then used to produce novel
peptide analogues, including cyclic peptides and linear peptides containing non-
canonical amino acids. These molecules were predominantly shown to have similar
biological results to the original peptides, including their ability to maintain 4W|

activity.

The rational design of 4WJ-targeting peptides was also investigated, based on
protein/4W)J crystal structures. Although the two peptides designed, synthesised
and tested were shown to have no 4WJ activity, this approach could be worth a

further look, as more structural information on the DNA 4W| is obtained.
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Chapter 1 — Introduction



1.1 DNA structure

Deoxyribonucleic acid (DNA) is a macromolecule that carries the genetic information
necessary for the growth, reproduction and functioning of all living organisms and
many viruses. DNA consists of a polymer made up of repeating units of nucleotides.
These subunits each contain a 2’-deoxyribose sugar, a phosphate group, and a
nitrogenous base. Alternating sugar and phosphate groups form the backbone of a
polynucleotide chain, with the 3" and 5’ positions of the sugar each linked to separate
phosphate groups. The base is connected to the first position of the sugar and can
be one of four different types; adenine (A) or guanine (G), that are purine derivatives,

or thymine (T) and cytosine (C), that are pyrimidine derivatives (Figure 1-1).%?

Purines
NH, 0
4 4
SO IR P
Phosphate Nit N N™ "NH,
itrogenous l l
group Adenine Guanine
base
?@
Pyrimidines
0 NH,
HN | NZ |
OJ\_T" o):r\[’
Thymine Cytosine

Figure 1-1: Chemical structure of a nucleotide and the four different nitrogenous bases that make up
DNA.

DNA usually exists as a double helix, formed by the coiling of two polynucleotide
chains around each other (A, Figure 1-2). Due to twisting, the double helix contains
a major groove, that is wide and shallow, and a narrow and deep minor groove. The
structure of the double helix was first solved in 1953 by Francis Crick and James
Watson, using X-ray diffraction data obtained by Rosalind Franklin.> The most
common conformation is known as B-form DNA and has right-handed helicity. The
two chains are antiparallel, with one chain running from 5’-3’ and the other 3’-5’ and

contain a 2-fold symmetry, perpendicular to the sequences of nucleotides (B, Figure



1-2). The helical DNA phosphate-sugar backbones are intertwined, with the bases
projecting inwards between the strands. When two separate polynucleotides bind
together, base pairs are formed between A-T and C-G. The double helix is stabilised
via the hydrogen bonding (H-bonding) and base-stacking interactions of the
aromatic bases (B, Figure 1-2). Each base pair is made up of a purine and a
pyrimidine, with A-T forming two H-bonds and C-G forming three. The base-pairs are
stacked upon each other 3.4 A apart along the helix axis, regardless of the identity
of the bases. This mean any sequence of A-T and C-G base pairs can be

accommodated into the double helix structure.?

A

3"end

y Thymine
5'end Adenosine y

N= &)
N=H’ o, ©
H ORy
Cytosine O O
5'end

Guanine

3"end

Figure 1-2: The top image shows the overall structure of a DNA double helix, and the bottom image
shows a zoomed in section of the DNA double helix, demonstrating base pairing through H-bonding.*

The canonical B-form of DNA occurs in humid conditions and in the presence of

counterions, such as sodium ions (Na*), to neutralise the negative phosphate



backbone. However, double-stranded DNA can adopt alternative conformations
(Figure 1-3).> When relative humidity is reduced to 75%, duplex DNA can change to
the A-form conformation.® This remains right-handed but has a wider and flatter
conformation, causing the overall length of the DNA to be shorter.” This is because
the increase in relative salt concentration causes the negative phosphate backbone
to be further shielded, meaning it can become more compact. Specific DNA
sequences can form the Z-form conformation of duplex DNA, such as long sections
of G-C repeat units. Z-form DNA is left-handed, causing the minor groove to be deep

and the major groove to be wide and shallow, the opposite way to B-form DNA.®

A-form B-form Z-form

=- Major
Minor £ groove

groove

Minor
Major groove

groove

3 5

5’

Figure 1-3: Crystal structures of A-form DNA (red, PDB code: 413D7), B-form DNA (cyan, PDB code:
6CQ3) and Z-form DNA (green, PDB code: 40CB).>

1.2 Higher-order DNA

DNA primarily exists as duplex DNA, because of the stability of this structure.
However, the huge size of mega base DNA, and its high level of flexibility, means that
it can also form other three-dimensional shapes, known as higher-order DNA. These
include triplex DNA, guanine-rich G-quadruplexes, cytosine-rich i-motifs and DNA
four-way junctions (Figure 1-4). This structural polymorphism, beyond the canonical
B-form DNA, means that these DNA shapes disobey the Watson-Crick rules of
hybridisation, that depend on A-T and C-G binding. Non-canonical DNA structures
are often formed when DNA is taking part in cellular processes, such as transcription,
replication, repair, and recombination. This is because in eukaryotic cells, DNA is
supercoiled and stabilised by various proteins, until it is required by the cell. At this

point the DNA is unwound and can change into non-canonical structures.®



G-quadruplex
(Guanine-rich)

Four-Way
Double- Junction
stranded DNA —
PODODIBEE
Triplex
DNA

i-motif
(Cytosine rich)

Figure 1-4: Examples of higher-order DNA structures.

The formation of DNA polymorphs depends upon several factors, including specific
sequences, lengths, orientations, strand numbers and solution conditions. It is also
affected by the presence of proteins and ligands. Due to this, sequence specificity
may in fact relate to the formation of DNA structures and not just the actual
sequence.® Research into the design of ligands, with the ability to recognise and
induce the formation of these structures, has taken off in recent years.>!° Three
examples of higher-order DNA structures, their biological roles and the therapeutic

potential of ligands that bind to them will be discussed.

Triplex DNA

Triplex DNA is a simple structure that forms when a third strand joins a DNA duplex,
binding to the major groove to produce three-strands. The strand adding to the
duplex DNA is known as a triplex-forming oligonucleotide (TFO). Although the duplex
DNA maintain classical Watson-Crick bonds, the TFO is attached via Hoogsteen or
reverse Hoogsteen bonds (Figure 1-5). The formation of triplex DNA can inhibit
transcription and induce site-specific DNA cleavage, with high affinity and sequence
specificity.! These properties have been investigated for anti-gene therapies against
cancer, to reduce oncogene expression.!? However, their development has been
hindered by the poor bioavailability,!* although the use of artificial nucleotides could
overcome this issue.!! Alternatively, TFOs could offer promise for drug delivery when

conjugated to therapeutic compounds, to target specific DNA sequences.’?
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N 1 o}

R N Thymine
Adenine

Figure 1-5: Example of a base triplet, formed from a classical Watson-Crick base pair and a Hoogsteen
base pair. R indicates the sugar moiety of DNA.11

Guanine quadruplex

The guanine quadruplex (G4) is formed in guanine rich areas of DNA. These cyclic
structures contain groups of four guanines, assembled into G-tetrads using
Hoogsteen bonds and stacked on top of each other (A, Figure 1-6). G4s come in many
different polymorphisms, based on intra-/inter-molecular and parallel/antiparallel
arrangements. This DNA structure is commonly found in the telomeric region of
chromosomes. Telomeres are highly repetitive nucleotide sequences, found at the
end of chromosomes, and associated with specific telomerase proteins. The repair
and elongation of telomeres has been linked to cancer onset and increased tumour
progression. In 1997, Neidle and Hurley developed small molecules capable of
stabilising G4s and inhibiting telomerase.!* This led to an explosion of interest into
G4 binding compounds, with several progressing into the clinic for anti-cancer
therapies. So far, no compounds have continued past phase Il clinical trials, with
several compounds withdrawn due to lack of efficacy or issues with toxicity.®
However, two compounds, CX-5461'¢ and QN-302" (B, Figure 1-6) are showing initial

promise in early-stage clinical evaluations.
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Figure 1-6: (A) The G-tetrad chemical structure, shown stacking in a G4 complex. R indicates the sugar
moiety of DNA.'8(B) The chemical structures of G4 targeting ligands.16.17

i-Motif

The DNA i-motif is a four-stranded secondary structure formed in cytosine-rich
regions of the genome, complimentary to the guanine-rich sequences that make up
G4s. The i-motif is composed of two parallel duplexes that are intercalated in an
antiparallel orientation via hemiprotonated cytosine—cytosine (C-C*) base pairs.®
These tetrameric structures stack into a compact, folded configuration (Figure 1-7),
generally under acidic conditions.?® However, stable i-motifs have been identified at
neutral pH, that may play a regulatory role in transcription and oncogene expression.
This includes in telomeric regions of DNA, alongside their complementary G4
sequences.?! Ligands have been developed that target i-motifs, for the study of their
structure jn vivo and biological functions. Although no ligands specifically targeting

i-motifs have progressed to the clinic thus far, it has been found that the promising



preclinical compound QN-302 (B, Figure 1-6), stabilises G4s whilst destabilising i-

motifs at the same time, providing synergistic anti-cancer effects.?

A

(il

Figure 1-7: The hemiprotonated C-C* base pair, shown stacking in an i-motif. R indicates the sugar
moiety of DNA.%?

The study of non-canonical DNA structures, such as triplex DNA, G4s, and i-motifs, is
crucial for understanding their role in cellular processes and their potential as
therapeutic targets. Ongoing research holds promise for the future of anti-cancer

therapies that exploit these unique DNA forms.

1.3 The DNA four-way junction

The focus of this project will be on the higher-order structure, the DNA four-way
junction (4WJ). 4WJs are formed by the mutual exchange of DNA strands belonging
to four helices. This can allow DNA to be rearranged, making 4WJs important
intermediates in DNA processing and repair.®> 4WJs are an integral part of
homologous recombination, a process that allows the cell to access homologous
DNA, with shared sequence identity. This is used for chromosomal segregation
during meiosis to create genetic diversity, for the processing of stalled replication
forks, and the repair of DNA double-strand breaks.”®> Homologous recombination is
used universally by eukaryotes, bacteria, and viruses. Many different pathways are
known, with the DNA double-stranded break model given as an example (Figure 1-8).
Firstly, the gap caused by the break (a, Figure 1-8) is extended by exonucleases (b,
Figure 1-8) before the broken end of the DNA is paired with homologous DNA (c,
Figure 1-8). This results in the formation of a 4WJ intermediate where the DNA
crosses over. Next, branch migration causes the 4W)J to be moved along the DNA as
repair occurs. When this is complete, a second 4W) is formed. Lastly, resolution of
both 4WJs takes place via cleavage across the centre of the junctions (d, Figure 1-8),
by 4WJ resolvase enzymes, to reform two separate double-stranded DNA molecules

(e, Figure 1-8). Based on the direction of junction cleavage, different



double-stranded DNA (dsDNA) molecules can form, allowing for increased genetic

diversity.?

: —_ i
b c

Non-crossover 1],
e Crossover d 1]»

Figure 1-8: DNA double-strand break repair model: (a) A cut is made across a dsDNA molecule (b) The
gap is extended by exonucleases (c) One of the broken strands invades a homologous dsDNA molecule,
forming a 4WJ, and DNA repair takes place (d) Once the DNA repair is complete a second 4W/J is formed
(e) The 4Wis are resolved to give either the crossover or non-crossover configuration.?s

Site-specific recombination is a process that plays a crucial role the life cycle of yeast,
bacteria, and bacteriophage.?® 4WJs are involved in site-specific recombination,
when two DNA segments with target sequences are rearranged by specific
recombinase enzymes. Unlike homologous recombination, site-specific
recombination requires minimal homology between the DNA molecules. An example
of the site-specific recombination mechanism, using tyrosine site-specific
recombinases, is shown (Figure 1-9). This begins with the interaction of four
recombinase molecules with the DNA target sequences (a, Figure 1-9), followed by
DNA cleavage from the attack of nucleophilic tyrosine residues on the scissile
phosphates (b, Figure 1-9). Strand exchange then occurs when the phosphotyrosine
bond is attacked by the free OH from the other DNA molecule, to form a 4WI
intermediate (c, Figure 1-9). The 4WJ subsequently isomerises (d, Figure 1-9), to
allow the nucleophilic tyrosine residues to attack adjacent DNA strands and
complete the final strand exchange (e, Figure 1-9). Recombination is finished when
the phosphotyrosine bond is attacked by the free OH on the same DNA (f, Figure
1-9). Each step of this reaction mechanism is reversible, meaning that the same
duplex DNA segment can be exchanged back to its original sequence without
recombination occurring. However, host-cofactors are often used to shift the

equilibrium of the reaction and drive recombination.?’
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Figure 1-9: Site-specific recombination mechanism using tyrosine site-specific recombinases. Showing
duplex DNA strands (black and blue lines), active conformer recombinase molecules (green) and inactive
conformer recombinase molecules (pink). (a) The interaction of four recombinase molecules with two
duplex DNA molecules. (b) DNA cleavage from the attack of nucleophilic tyrosine residues (Y) on scissile
phosphates (P). (c) Strand exchange when the phosphotyrosine bond is attacked by the free OH from
the other DNA molecule, to form a 4WJ intermediate. (d) Isomerisation of the 4W.J. (e) DNA cleavage

from the attack of nucleophilic tyrosine residues on the adjacent DNA strands. (f) Recombination is
complete when the phosphotyrosine bond is attacked by the free OH on the same DNA molecule.?’
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1.3.1 Targeting 4WIs in cancer

Cancer is used to describe a collection of diseases characterised by the uncontrolled
growth and spread of abnormal cells in the body.? This is caused by alterations in
signalling and metabolism within the cancerous cells.?*3° Cancer is a complex disease
that can be caused by several factors, including genetic mutations, exposure to
environmental carcinogens, lifestyle choices, infections, and hormone expression.?
This is one of the most destructive diseases in humans, resulting in millions of deaths
across the world every year.3! There are >100 genetically distinct conditions that
cause cancer to occur in many different areas of the body, meaning a variety of

treatments are necessary.?®

Duplex DNA has been targeted extensively by anticancer drugs, such as with nitrogen
mustards, DNA-reactive agents, and antimetabolites.3? However, these are general
cytotoxic agents, with minimal discrimination for cancerous cells over healthy
dividing cells. This results in serious side effects and highlights the importance of
developing DNA-targeting anticancer drugs that are more selective, such as

compounds that bind to specific higher-order DNA structures including the 4w)J.3?
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A feature of cancer cells is their increased frequency in DNA double-strand breaks
that can cause genomic instability. This is caused by the higher proliferation rates of
cancer cells, their increased metabolism, and mutations affecting the efficiency of
DNA repair, leading to an accumulation of damaged DNA.>* The homologous
recombination pathway is the most used for the repair of DNA double-strand breaks
(Figure 1-8) and requires the appropriate resolution of the DNA 4WIJ intermediate,
for accurate strand exchange and the continued proliferation of tumour cells.®*
Many current anticancer treatments increase rates of DNA double-strand breaks,
including radiotherapy and DNA-targeting anticancer drugs, making the homologous
recombination pathway a good target for combination therapies.?® Two examples
showing the possible anticancer effects of targeting 4WJs in different homologous

recombination pathways will now discussed.

Telomeres were previously mentioned in section 1.2 as promising anticancer targets.
The alternative lengthening of telomeres (ALT) is a homologous recombination
pathway that plays a critical role in telomere repair in human glioblastomas and
osteosarcomas cancer cells. 4WJs have been shown to be present in telomeric DNA
in vitro and could be targeted to inhibit the ALT pathway. This could offer a new

anticancer approach for the treatment of ALT-positive cancers.3®

In eukaryotic cells the tumour suppressor protein p53 acts as a cell cycle checkpoint,
resolving unwanted DNA structures, and repairing DNA damage, before the cell
proceeds to the next part of the cell cycle.?” Higher expression levels of p53 have
been correlated with increased levels of homologous recombination in vivo. This may
show that p53 limits the amount of recombination taking place in a cell and monitors
any errors caused by the process. p53 binds strongly to the 4WJ, with high specificity,
and enables junction resolution. This prevents 4WJs from proceeding to the next
stage of the cell cycle and causing further DNA damage. Targeting these 4WJs could
prevent their resolution by p53 and result in a build-up of DNA damage in cancer

cells.3®

The development of 4WJ-targeting drugs holds promise as a new anticancer
therapeutic approach.?®3%4 By focusing on 4Wis, particularly in pathways like ALT
and homologous recombination involving p53, it may be possible to develop more
selective treatments for cancer cells than to healthy ones, when compared to duplex

DNA targeting drugs.
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1.3.2 Targeting 4WIJs in bacterial infections

The introduction of the first antibiotics in the 20" century led to a belief that
pathogenic bacteria could be defeated.** However, it was quickly discovered that
bacteria can build-up resistance to these drugs through a variety of mechanisms,
including drug inactivation by chemical modification and active efflux of the drug out
of the cell.** Antibiotic resistance is a major course of global morbidity and mortality
and is becoming worse over time.*® Current antibiotics inhibit a variety of processes
within the bacteria, including protein synthesis, cell wall synthesis, and metabolic
pathways.* Duplex DNA has also been targeted by fluoroquinolones, that cause DNA
breaks and stop DNA from unwinding by inhibiting bacterial DNA gyrase and
topoisomerase IV.*! Resistance to these drugs highlights the need to develop new

types of antibiotics with different biological targets.

In bacterial cells, crucial DNA repair via homologous recombination is carried out by
nucleases of bacteria, such as the RuvABC resolvasome. This complex is present in
almost all bacterial species and resolves 4WlJs formed during single-/double-
stranded DNA breaks.* RuvABC is made up of three proteins that carry out distinct
roles (Figure 1-10). RuvA is a DNA-binding protein that forms a tetramer and has
higher affinity for the 4WJ. RuvB is an ATPase that forms two hexamers either side
of the junction centre and moves the RuvAB complex along the duplex DNA for
branch migration and DNA unwinding (A, Figure 1-10). Lastly, RuvC is a resolvase
that forms a dimer and cleaves the 4W)J for effective recombination (B, Figure
1-10).¢ By targeting the DNA 4WJ, resolution of the junction by the RuvABC could
be prevented and lead to an increase in DNA damage. This could be a promising new
antibacterial approach if 4WJ binders can be developed that specifically target the

4WJ-RuvABC complex over 4WJ-nuclease complexes present in eukaryotic cells.
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Figure 1-10: Model of RuvAB and RuvABC complexes bound to 4WJ DNA (red and dark blue). (A) The
RuvAB complex, with a RuvA tetramer (green and purple) bound to the centre of the 4WJ and two RuvB
hexamers (pale blue) bound to the duplex DNA. (B) The RuvABC complex, with the RuvC resolvase dimer
(vellow) bound to the centre of the 4WJ.46

As mentioned in section 1.3, tyrosine site-specific recombinases (T-SSR) are a family
of enzymes that carry out site-specific recombination (Figure 1-9). T-SSRs are
commonly found in bacteria and very rarely in higher eukaryotes, making them ideal
targets for antibiotic development. T-SSRs have various functions, including
controlling gene expression, increasing genetic diversity, and making sure
chromosomal segregation is carried out correctly. These proteins typically bind to
palindromic DNA recognition sites, such as in the well-studied Cre recombinase,
found in bacteriophage P1, that binds to the loxP DNA recognition sequence. The
loxP site is 34 bp long, containing two 13 bp palindromic sequences at each end and
a central 8 bp spacer that decides the direction of recombination (Figure 1-11).%” By
targeting the 4WIJ intermediate in the T-SSR pathway, this would prevent the Cre
recombinase from being able to carry out its functions and lead to a build-up of
unresolved 4WIs. The specificity of DNA sequences involved in site-specific
recombination mean that the 4WJ intermediate contains certain base pairs. It could
be interesting to explore if compounds could be developed that have both sequence

and structural selectivity for these unique 4Wls.

5 — ATAACTTCGTATAATGTATGCTATACGAAGTTAT -3’

3’ — TATTGAAGCATATTACATACGATATGCTTCAATA -3’

Figure 1-11: LoxP DNA sequences required for Cre-loxP recombination. Palindromic sequences (blue)
and spacer sequences (red).%’

Targeting 4WIJs offers a novel and promising strategy for developing new antibiotics,

particularly in the fight against antibiotic-resistant bacteria. The RuvABC
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resolvasome and T-SSRs are critical in bacterial DNA repair and recombination
processes, making them attractive targets. By inhibiting the resolution of 4WlJs,

these essential pathways, specific to bacterial cells, could potentially be disrupted.

1.3.3 4WIJ conformations

The structure of the DNA 4WJ was first proposed by R. Holliday in 1964, providing its
former name of the Holliday Junction.”’” Subsequent studies of the 4WJ were
described by several groups during the 1980’s, using asymmetrical DNA sequences
to create immobile 4WIJs. This prevented the migration and resolution of the

junction, for in-depth study of their structures.*>3

The 4WJ was found to adopt two main conformations - an open conformation,
where a square-planar shape is formed in the middle of the junction, and a more
compact X-stacked form (Figure 1-12). The open conformation occurs at low salt
concentrations, caused by the repulsion between negatively charged phosphate
groups on the DNA backbone, and has a 4-fold symmetry. The X-stacked
conformation occurs in solutions with high salt concentrations, where two pairs of
DNA strands stack coaxially at a 60° angle to each other and have a 2-fold symmetry.
Two different X-stacked isoforms are possible, depending on which pairs of DNA
strands stack on top of each other (Figure 1-12). The duplex strands come together
in an antiparallel orientation and one DNA strand from each pair forms a U-turn at
the junction. In this X-stacked conformation the negative phosphates are shielded

by the positive salt cations in solution, allowing for more compact shape.>

;3
5 3 S 5

60° 60°

X-stacked isoforms Open conformation

Figure 1-12: 4WJ X-stacked and open conformations, with both X-stacked isoforms shown.
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Generally, one of the X-stacked isoforms is preferred. For example, using single-
molecule Forster resonance energy transfer (FRET) experiments, an immobile 4W)
that has been studied extensively, known as Junction 3, showed a 77.4% preference
for isoform Il (Figure 1-13).>° The difference in prevalence for each isoform reflects
the energetic differences in the central stacking interactions of each structure, that
are also affected by nucleotides 2 — 3 bases from the junction centre. The favoured
isoform can affect the binding of junction-resolving enzymes, determining where
cleavage occurs and the final recombination products. During the exchange of two
isoforms, an open 4WJ conformation intermediate is transiently formed. In the
presence of 50 mM Mg?* ions the rate of conformer exchange is significantly
reduced, due to destabilisation of the open transition state in the high salt

environment.?3
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Figure 1-13: The structure and sequences of the two Junction 3 4WJ isoforms.>>

During the 1990’s, crystal structures of 4WlJs in complexes with different repair and
recombination proteins were solved and all found to be in the open conformation.
These included 4WJ complexes containing RuvA,*®*” RuvC®® and Cre recombinase.*
Later, crystal structures containing only the 4WJ were obtained and found to form

in the X-stacked conformation.®®5! These 4WJ came from inverted repeats and were
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mostly found to contain NCC or ANC trinucleotide motifs at the junctions’ centre,

showing the formation of stable X-stacked 4W/Js is sequence dependent.>

Proteins that bind to 4WIs, during processes like homologous recombination and
site-specific recombination, can be classified by whether they bind to the X-stacked
or open conformations (Table 1-1). Generally, enzymes bind to the 2-fold
symmetrical X-stacked 4W)J as dimers, and to the 4-fold symmetrical open 4WJ as
tetramers. However, there is also a group of homodimers that recognise the X-
stacked 4WJ but induce the DNA into the open 4WJ upon binding. Most proteins that
bind or induce the open 4WJ have some level of sequence specificity, whilst those
binding to the X-stacked 4W1J are relatively non-sequence specific. This may reflect
the sequence dependence of the X-stacked conformation to form in the first place,

allowing for indirect selectivity for X-stacked binding proteins.>*

Table 1-1: 4WJ binding enzymes (N represents any nucleic acid base).**

. Oligomeric e .
Organism state Sequence specificity
Open 4WIJ substrate
Cre Bacteriophage
P1 Tetramer LoxP sequence
RuvAB E. Coli Tetramer Damaged DNA

A Integrase Bacteriophage A | Tetramer | TNNNTTNNTNNNANNAANNNG
Induced open 4W|J substrate

RuvC E. Coli Dimer (A/T)TT(G/C)
CCE1 S. Cerevisiae Dimer ACTA
Ydc2 S. Pombe Dimer CT and/or TT

X-stacked 4WIJ substrate
T4 nuclease Bacteriophage

Vil T4 Dimer None
Hjc P. furiosu Dimer None
Hje S. solfataricus Dimer None

Overall, the conformational state of the 4WJ, influenced by environmental factors
like salt concentration and DNA sequence, plays a crucial role in the binding and
function of recombination and repair proteins. Information known about X-stacked
and open 4W1Js can be used to guide the design of ligands that specifically interact

with one of these conformations.
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1.4 4WI-binding ligands
1.4.1 Peptides
1.4.1.1 WKHYNY

Segall’s group pioneered the area of peptides targeting 4WJs, with an evolving set of
peptides (Figure 1-14) and mechanistic investigations into their binding and biology.
These peptides were synthesised with neutral C-terminal amide groups, to avoid the
negative charge from a carboxylic acid group, which could repel against the negative
charge of the DNA phosphate backbone. Additionally, the majority of naturally
occurring bioactive peptides contain the post-translational modification of

C-terminal amidation.®?

After conducting a large-scale library screen of 300 million hexapeptides, they found
that the peptide WKHYNY was able to stabilise the 4WJ intermediate involved in
Phage A integrase (Int)-mediated recombination. This occurred when the junction
was in its open conformation, preventing proteins from binding to, and resolving,
the 4WIJ. This compound was used as a biological tool when studying bacterial
pathways. Although the peptide was unable to inhibit the overall growth of bacteria,
they did find WKHYNY inhibited the bent-L pathway resulting in the build-up of 4W)

intermediates.®?
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Figure 1-14: Chemical structures of peptides developed by Segall’s research group, synthesised with C-

terminal amidation.

To further understand the binding of WKHYNY to the 4WJ, a crystal structure was
partially resolved, although the exact binding of the ligand remained unclear. This
showed that the ligand bound to the centre of the square planar 4W)J pocket. This
was further demonstrated by replacement of adenine bases at the centre of the 4W)J
with 2-aminopurine (2AP) residues, a fluorescent analogue. Peptide binding was
shown to quench the fluorescence of the solvent exposed residues at the centre of

the 4WJ, due to the stacking of aromatic rings.®

1.4.1.2 WRWYCR (1)

An additional screening, focused on the inhibition of the excision pathway for site-
specific recombination in Int, led to the discovery of peptide 1, that had nanomolar
potency against both free and protein bound 4WJ.%> This peptide was strongly
inhibited by the presence of Mg?, showing the peptide binds to the open
conformation. 1 was found to have more than 50 times the potency in the excision

pathway when compared to previously made hexapeptides.®®
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Further analysis of 1 binding showed that the formation of a dimer was required for
the peptide to be active. This was confirmed when adding the reducing agent
dithiothreitol drastically reduced the potency of the peptide, by preventing disulfide
bridge formation between the cysteine residues. The replacement of the cysteine
residues with lysine also drastically reduced the activity of the peptide. To confirm
the formation of a dimer, two monomers of peptide 1 were irreversibly cross-linked
using bismaleimidohexane to bind to both cysteine sulfide groups (Figure 1-15).
Although the amount of 4W)J trapping reduced slightly, the addition of dithiothreitol

did not affect activity.®

WRWYCR
S
o)
N
WRWYCR o)
(Disulfide dimer) & (Bismaleimidohexane dimer)
0
WRWYCR N
o)
S
WRWYCR

Figure 1-15: Structure of peptide 1 dimers with different cross-linking groups.

Modelling of the active dimer to a Cre-Lox 4WJ complex predicted that the dimer
forms both intramolecular and intermolecular stacking interactions with DNA bases,

and H-bonds with both deoxyribose and base residues (Figure 1-16).5°

19



Central 4WJ pocket

U EENEEEEEEEEEENEEEEEEEY TEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEg,
*

Deoxyribose

o o:g

e .
HN /—/ NH H \—\ NH _
S—NH O 0 HN—H Thymine

H2N "NH2 H2N"' NH2

TH,N NH, :
: )NH HO OH  HN— :
: HN (Eo o:g NH :
: e i [ ]
: NH HN :
: HO O:SJS ngzo OH :
: HN NH :
) (EO H H O:g :
: [IKK} N N h} :
: NH HN .

. Thymine
: o \ /) o y

: HN NH

E i

NH HN

Adenine

MIIILLL L

Figure 1-16: Predicted binding interactions from molecular modelling of the Cre-Lox 4W.J and the peptide
1 dimer, showing n-it interactions (purple) and H-bond interactions (green).6®

Extensive studies have been carried out into the biological effects of 1. The peptide
was tested against the other three Int recombination pathways and found to have
low nM ICs values against the bent-L and integration pathways and a higher nM
value against the straight-L pathway.®® When testing 1 against the Cre-Lox
recombination complex, found in phage P1, the peptide was found to have a slightly
reduced potency, when compared to the excision pathway of Int. Other peptides
screened in the library of hexapeptides were found to have similar potency against

both the Int pathways and Cre-Lox pathway.®

Peptide 1 was able to inhibit the binding of several proteins, including the RecG
helicase and RuvABC complex of E. coli. This peptide acted as a competitive inhibitor

of RecG-4WIJ binding in competition assays using gel mobility shift.®

The selectivity of 1 for 4WJs over three-way junction (3WJ) replication fork
substrates was demonstrated to be 4- to 9-fold higher. This was confirmed by the
higher concentration of 1 required to quench the fluorescence of 2-aminopurine
(2AP) bases at the centre of the 3WJ. In addition, 1 has a 240-fold preference for

4W!Js over non-specific double-stranded DNA. Throughout these selectivity assays it
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was shown that 1 had no apparent sequence specificity but was highly structurally

selective for 4WJs.%’

Peptide 1 was found to have antimicrobial activity against both gram-positive and
gram-negative bacteria, with increased activity against gram-positive bacteria.®® The
D-isoform of peptide 1 (1-D), that contains right-handed amino acids, rather than
the left-handed L-amino acids in the original peptide, was also tested. It was shown
that both peptides 1 and 1-D were able to enter the bacterial cell and are capable of
in vivo inhibition of site-specific recombination.®® Both forms were shown to inhibit
the growth of Salmonella cells in mammalian cells, reducing the number of bacterial
cells recovered after 24 h by 100 — 1000 times.%® These peptides were shown to be

non-toxic to murine cells at 50 pM, with no increase in cell death observed.®

When comparing the two isoforms, peptide 1-D was shown to have higher overall
antibacterial activity, with the growth of the bacteria Bacillus subtilis fully inhibited
after 8— 10 h by 5 uM of 1-D compared to 8 uM of 1.7° This higher activity of the D-
isoform could result from increased resistance to cellular peptidase degradation.”
The ability for these peptides to exhibit antimicrobial effects make it a promising

starting point for developing novel antibiotics targeting DNA repair pathways.

1.4.1.3 WRWYRGGRYWRW (2)

In 2013, the Segall group investigated making a single chain analogue of peptide 1.%
The idea was to develop a compound that does not have to form a dimer in the 4WJ,
with the disulfide bond being susceptible to reduction in the cellular environment.
10 — 12 amino acid analogues were designed, resulting in the development of
peptide 2. This peptide is of a similar molecule weight to the dimer, has the same
number of positive charges and avoids the need for dimerisation by the removal of

cysteine groups.

Peptide 2 was able to bind to the open conformation of the 4WJ with a similar affinity
to 1, had comparable potencies in excision pathways and remained active in the
presence of dithiothreitol. Overall, it was found that the D-isoform of peptide 2 (2-D)
had more effective 4WJ binding in vivo,* in a similar manner to 1-D compared to 1.
When testing antimicrobial activity, 2-D had an equal or greater potency against
both gram positive and gram-negative bacteria when compared to 1-D. However,
2-D had increased non-specific DNA binding. This may be caused by the increased

number of positive charges and aromatic rings resulting in 2-D interacting more with
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other forms of DNA. The non-specific binding is reflected by the higher level of
toxicity against eukaryotic cells. Despite this, when testing the peptide against
eukaryotic cells the concentration necessary for bacterial growth inhibition

remained sufficiently low to be non-toxic.*

The peptides 1-D and its single-chain analogue 2-D have also been tested for their
cytotoxicity against cancer cells. In MTT cell viability assays against several cancer
cell lines, 1-D was found to be active at 50 — 200 uM and 2-D from 10 — 50 uM.
Although the dodeca-peptide was active at lower concentrations, its higher level of
nonspecific binding makes it hard to confirm whether this results from 4WJ binding.
Co-treatment of the cells with known chemotherapeutic agents that cause DNA
damage was also tested. Synergistic activity was found when combining peptide 1-D
with drugs that act on the S phase of the cell cycle, such as etoposide, doxorubicin,
or hydroxyurea.”* This signifies that the peptide similarly acts on the S phase,
affecting the synthesis of new copies of DNA required for replication. This was
further shown when 1-D was combined with docetaxel, a drug that inhibits the M
phase of the cell cycle, where an additive effect was seen. This is presumably due to
docetaxel blocking the cell cycle in the M phase, for any cells that have not already
been stalled by the peptide in the S phase. Further studies are required to
understand the full mechanism of cancer cell death after peptide treatment;
however, accumulation of double-stranded breaks in vitro indicate 4W)J stabilisation

may be involved and may lead to cell cycle arrest.”*

Cancer cells have been shown to have higher membrane potentials and increased
concentrations of anionic residues on phospholipid membrane proteins, when
compared to healthy cells.”? Both peptides 1-D and 2-D contain hydrophobic and
basic residues that may make it easier for them to pass through cancer cell
membranes more efficiently than healthy cells. This has previously been shown to
be the case with cell penetrating peptides as a strategy to help with the drug delivery
and shows how the 4WJ-targeting peptides are promising starting points for drug

development.’?

1.4.1.4 Cyclic peptides

Following the discovery of 4WJ-targeting peptides, an investigation to produce cyclic
peptides with increased specificity for 4WJs compared to other DNA isoforms was

disclosed. In two separate studies, in 20037% and 2004,7* small cyclic peptide libraries
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containing hexa- and octamers were produced. The design of the cyclic peptides was

focused around a 2-fold symmetry to mimic the symmetry of the 4W).

The initial screening of eight cyclic peptides showed that three of the compounds
were able to trap 4WlJs in the open conformation. These compounds contained the
aromatic amino acids 2a-3a, 2a-3b and 2c-3b (Figure 1-17). The ability to trap the
4WJs was assessed by the blocking of RuvC endonuclease, in E. coli, from eliminating
4WlJs, when at a 1 UM concentration of cyclic peptide, as confirmed by gel

electrophoresis.”

For the second screen, an effort was made to introduce hydrophilic, polar residues,
to increase solubility and permeability. Eighteen compounds were synthesised with
eleven tested against RuvC. It was found that all compounds containing tyrosine
residues were able to trap 4WlJs, showing the importance of this residue for 4W)
binding. It was also shown that both hexa- and octa-peptides could be
accommodated, demonstrated by the more effective 4WJ trapping of the octamer
with amino acids 4a-5a-6a when compared to the similar hexamer 4a-5d-6a (Figure

1-17).

When the cyclic peptides were tested against both gram negative and positive
bacteria, they were found to have no effect on cell growth. This could result from
the compounds remaining too hydrophobic to cross bacterial cell walls, with the

introduction of further hydrophilic residues required for anti-bacterial activity.”
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Figure 1-17: Chemical structure of 4WJ-binding cyclic peptides.”®

1.4.2 Metal complexes

Early studies into the binding of metal complexes to an immobile 4WJ were carried
out by Kallenbach et al.”® They found that methidiumpropyl-EDTA-Fe(ll) (MPE-Fe")
(Figure 1-18) was able to cleave a 4WJ within two residues of the central pocket,

with intercalation occurring next to the branch point.

Well-known DNA binding dyes, that appeared to bind in a different fashion in
presence of 4WJs, were characterised using a combination of competitive binding,

DNA cleavage and footprinting assays. It was suggested that the Stains-All dye and
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propidium iodide (Figure 1-18) bind to the centre of the 4WJ.”” On the other hand,
tetrapyridyl porphyrins with varying metal groups and/or axial ligands, were
suggested to bind near the branch point, although the binding mode has not yet

been fully elucidated.”®

R Loy

Me Me
Thiacarbocyanine dye (Stains-All)

o HN

Propidium iodide

Figure 1-18: Chemical structures of metal complexes and DNA-binding dyes, investigated by KallenBach

et al. for 4WJ binding.”>77 7°

1.4.2.1 Platinum (ll) complex

Extensive research has been carried out into the ability of trans-Pt complexes to bind
to various DNA motifs. This started with the development of cisplatin, a commonly
used chemotherapeutic that targets duplex DNA. Following this Hannon and co-
workers developed binuclear Fe/Ni/Ru complexes capable of forming a 3WJ with
DNA 6-mer oligomers of 5-d(CGTACG)-3’.8%8 |n 2019, Bonnet et al. discovered a
mononuclear platinum (ll) complex, [Pt(H.bapbpy)](PFs). (A, Figure 1-19) that was
able to cause four oligomers of this same DNA sequence, 5'-d(CGTACG)-3’, to
crystallise into a 4WI-like motif (B+C ,Figure 1-19).22 They found that two molecules
of the Pt complex bound to form an X-stacked 4W), sitting at the centre of the
junction. These complexes adopted a distorted square planar structure when binding
that were relatively flat, and most likely adopt a co-planar arrangement in relation
to each other. The Pt complexes were found to form m-mt interactions with the DNA
bases and are stabilised by coulombic interactions between the positively charged

Pt atom and negatively charged DNA backbone. The two NH groups may be involved

25



in H-bonding, although the longer length of the NH...O contacts (2.6 — 4.1 A) indicate

a weaker interaction.

A) 7

Cl.. t.NH2 HN tpti NH
Cl” 'NH, —N N=—

Cisplatin N\ // N\ //

PDB code: 6F3C 4W/Js-like (truncated)

Figure 1-19: (A) Chemical structures of DNA binding Pt complexes. (B) Crystal structure of two
[Pt(H bapbpy)](PFs)2 molecules (red) bound to a 4WJ, formed by 5’-d(CGTACG)-3’ DNA sequences. (C)
Schematic of crystal structure. 82

When comparing the antiproliferative activity of this Pt complex to cisplatin in cancer
cell lines, it was found that the new Pt complex was more potent than cisplatin and
retained low uM potency against cisplatin resistant cells. However, this could result
from interactions with dsDNA, with further analysis required to look at the selectivity

of the compound.®

1.4.2.2 Organometallic pillarplexes

In addition to their work with 3WJs, in 2023 Hannon’s group discovered the first
synthetic molecules that bind to the open 4WJ conformation.® These are Au and Ag
tetracationic organometallic pillarplexes that have aryl faces around a cylindrical
core (Figure 1-20). The Au pillarplex was used for further studies, with the Ag
pillarplex showing decreased solution stability. Molecular dynamics simulation
demonstrated that the Au pillarplex sits in the centre of the 4WJ, with the aryl groups

making a m-surface to interact with the DNA. Experimental studies showed the Au
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pillarplex preferentially bound to the 4WJ over other DNA structures and in a low
salt concentration, when the 4WJ was present in the open conformation. The Au
pillarplex did also show a high level of binding to Y-shaped forks, although
optimisation of the compound, to fully fill the 4W)J centre, could improve selectivity.
When testing the Au pillarplex in cancer cell lines it was shown to have comparable
cellular uptake and antiprolific activity to cisplatin. This could be a promising starting
point for developing selective 4WJ binding molecules, for both therapeutic use and

as tool compounds.®

Figure 1-20: Chemical structure of an organometallic pillarplex.3

1.4.3 Small molecules
1.4.3.1 Acridines

Acridines possess aromatic systems and basic/cationic groups and have been studied
extensively for their DNA intercalating abilities. These compound that have been
known for their therapeutic properties since the 19" century.® Interest in the use of
acridine molecules in relation to 4WJs began in 1996, when Cook et al. investigated
their use as probes for the DNA structure, alongside the acridine isomer
phenanthridine. This involved using various rigid linkers to bind one or two
intercalating acridine or phenanthridine groups (Figure 1-21). All compounds, except
for the acridine dimer APEPA, showed non-specific binding between the 4WIs centre
and duplex arms. In contrast, APEPA increased the sensitivity of the 4WJ DNA to
cleavage by deoxyribonuclease 9 bp’s from the centre of the junction. This may
indicate that the compound was selectively binding nearby and changing the

conformation of the 4W)J.%
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Figure 1-21: Chemical structures of acridine (blue) and phenanthridine (red) monomers and dimers,
containing rigid linkers (black).8> The compounds are named after the chemical groups they contain; A
=acridine, B = benzene, E = ethylene, P = pyridinium and Ph = phenanthridinium.

Dimeric acridines were also investigated by Searcey et al.®® Compared to the
previous structures, the linker is more flexible and the acridines carry an additional
N,N-dimethylaminoethyl carboxamide in position 4. This type of substituted
acridines are well-known cytotoxic compounds that act as topoisomerase inhibitors
and have been shown to be active against tumour cells.®” C6 acridine 3 (A, Figure
1-22), with a six-carbon flexible linker, was shown to bind to a 4WJ in the central
region. A crystal structure of the compound bound to a 4WJ (B, Figure 1-22) clarified
this non-covalent binding mode across the centre of the 4WJ when in the X-stacked
conformation. A detailed study of the crystal structure showed that the two acridine
chromophores bound with a 2-fold symmetry through the centre of the 4WJ. The
adenine bases were flipped out to the major groove and replaced by the acridine
groups. Extensive m-m interactions occur between the acridines and DNA bases.
Additionally, H-bonding was observed between the amide hydrogen of the acridine
sidechain and the oxygen of a cytosine base. This results in the cytosine being
misaligned with its base-paired guanine, causing H-bonding between the base pairs

to become longer than usual &
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Figure 1-22: (A) Chemical structure of C6 acridine 3. (B) Crystal structure of 3 (grey) bound to 4WJ DNA
(vellow, orange, cyan and beige). H-bonds (red) and m-rt interactions (green) are shown (PDB code:
2GWA).86

A different set of acridine dimers (Figure 1-23), with a short flexible chain and two
aromatic groups between the monomers, was obtained via click chemistry. Of these,
BA3 and BA4 displayed 4W)J binding. Interestingly, compound BA3, is the only
compound in the group which does not display antiproliferative activity, despite its

ability to bind to both 4WJs and dsDNA.#

m
o | P N:[\\j /-3: m-R, 4-R', 4-R" BA1
RPN 'A&N\/\NH R R" = O m-R,3-R',4-R" BA2
] PSP HN m-R, 3-R’, 3-R" BA3
2

| NN | 2 m-R, 4-R', 3-R" BA4

3N NP SN 8 N— o-R, 4-R', 4-R"
2 AN NS ) 4R, BAG

| o-R, 3-R’, 4-R" BA7

Figure 1-23: Chemical structures of triazole-containing acridine dimers.&°

29



A key advance in 4W)J binding was the discovery of compound RTA (Figure 1-24).
Normally, folding of an open 4WIJ into its X-stacked form requires high temperature
annealing in the presence of Mg?*. RTA, unique among compounds discovered to
date, not only targets 4WlJs, but induces folding of the X-stacked form at RT. This
effect was confirmed via gel electrophoresis and circular dichroism. The compound
was also found to be active against tumour cells, although this may result from the

low level of selectivity of the compound for 4WJ and duplex DNA.*°

|
N

I

4 oligos \/
g In solution J L RTA
2+

A then
Open X-stacked

Figure 1-24: Chemical structure of RTA and folding of an X-stacked 4WJ through annealing in the
presence of Mg?* or in the presence of RTA.%°

Following attempts to synthesise compounds with the same ability to fold 4WJ, three
new structures with similar features, A14, A15 and A21, were identified (Figure
1-25). Similarly, to RTA, they all have the dimethylamino-side chain in position 3, and
the distance between the aromatic groups is six atoms — 2 atoms shorter than the
original C6 acridine 3 (6 carbons + 2 nitrogen atoms). It is interesting to note that
compounds A14 and A15 displayed antiproliferative activity, differently from A21,

which is inactive.®
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Figure 1-25: Chemical structures of clicked acridine monomers.?

Modulating 4WJ folding at RT is a fundamental achievement and could allow
regulation and folding in cells and material applications. The major limitation of
acridines is their affinity for dsDNA, and advancement in their selectivity or discovery
of new classes of compounds with the same folding ability would be a welcome

addition in the field of 4WJ targeting.

1.4.3.2 Triaminotriazine-acridine

Recently, the study of acridines in relation to 4WJ was continued by Chien et al. when
looking into a known DNA-binder; the triaminotriazine-acridine conjugate (A, Figure
1-26). This compound targets CTG trinucleotide repeats containing T:T mis-matches,

a target that has been found to cause various neurological diseases. With the
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mechanism of binding remaining unknown, the team crystallised the compound with
three CTG trinucleotides containing T:T mis-matches and found that a noncanonical
4W) was formed (B, Figure 1-26). Instead of having the standard X-stacked
conformation, they found that both duplex strands performed a unique U-turn when
facing head-to-head with the other duplex (C, Figure 1-26). This is formed by the
binding of two acridine-conjugate molecules sit at the centre of two overlapping -
GCTGC- 5-mers. The conformation adopted by the ligands shows the acridine and
triaminotriazine stack over each other, with the acridine further stacking with a
guanine base. The insertion of the triaminotriazine moiety between DNA bases
causes the flipping out of thymine residues, resulting in the DNA backbone being

able to bend more than 90° to form a 4WIJ structure.?*

A)

~ U-shaped 4WIs facing
PDB code: 6MAT head-to-head

Figure 1-26: (A) Chemical structure of triaminotriazine-acridine conjugate, with the acridine moiety
highlighted in blue. (B) Crystal structure of two triaminotriazine-acridine conjugate molecules (red)
bound to a 4WJ, formed by CTG repeats. (C) Schematic of crystal structure.®*

1.4.3.3 VE-822

In late 2021, Wang et al. established that the known drug VE-822 (Figure 1-27), an
ATR inhibitor in clinical trials for cancer with the commercial name Berzosertib, also

promotes the formation of 4WJs.3® It was discovered in a screening of 160
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compounds from a focussed library of DNA damage and repair compounds. From
carrying out a CD assay and docking studies they confirmed that the compound
converts a 4WIJ to its X-stacked form. VE-822 has single digit UM potency for 4WJ
formation and low levels of binding to double and single-stranded DNA. The group
showed that VE-822 had significant anti-proliferation effects in siATR cells, which
could indicate that stabilisation of 4WIJs is contributing to the anti-cancer effects.
The compound was shown to reduce levels of homologous recombination, triggering

an increase in DNA damage, leading to potential apoptosis.®

/N NH,
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Figure 1-27: Chemical structure of VE-822.

It has also been shown that VE-822 can bind to telomere-4WIs, albeit with 3-fold less
potency when compared to 4WIJs only. This could be of interest due to the
alternative lengthening of telomeres (ALT) pathway containing 4WJ intermediates,
as discussed in section 1.3.1. VE-822 has been shown to cause telomeric DNA
damage by assembling telomere-4WJs. When using VE-822 in combination with the
anticancer agent doxorubicin against osteosarcoma cells, known to rely on the ALT
pathway, they found that VE-822 was able to sensitise the cells to doxorubicin

treatment.®® This could lead to a new approach for targeting telomeres.

1.4.3.4 Cyclic thioureas and guanidines

In addition to their work on peptides, Segall’s group investigated the development
of small molecules for 4WJ inhibition. Initially the group carried out the screening of
9 million compounds with low molecular weights. They identified a compound
containing an N-methyl aminocyclic thiourea scaffold (T1, Figure 1-28) able to trap
4WlJs during site-specific recombination. However, due to low permeability, the

compound did not exhibit antibiotic activity.>
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Figure 1-28: Chemical structure of T1, with the N-methyl aminocyclic thiourea scaffold highlighted in
blue.*1

Following this initial study, a more focused library was screened, involving
compounds closer to the larger size and 2-fold symmetry of the hexapeptide 1 dimer
(Figure 1-15). From this, a series of compounds containing a pyrrolidine bis-cyclic
guanidine scaffold were identified that affect DNA restriction (G1 — 4, Figure 1-29).
Among these, only G3 bound to protein-free 4WJ with nanomolar affinity, showing
a Ko of 300 nM versus 12.5 nM for 1. It also exhibited weaker inhibition of
RecG-mediated DNA repair, with an I1Cso of 0.94 ug/mL compared to 0.16 pg/mL for
1.%8 This may be caused by the reduced stability of the small molecules when binding
to 4Wls, caused by the absence of strong H-bonds. This is reflected by the reduction

in flexible, basic groups when compared to 1.%8

o @@OH&}/@@ 61
j@} @ . O O 62
“8

264

Figure 1-29: Chemical structure of G1 — 4, with the pyrrolidine bis-cyclic guanidine scaffold highlighted
in blue and changing R-groups in red.%

Despite their lower activity, the compounds were found to be more potent inhibitors
of both gram-negative and gram-positive bacteria than the peptide hits. This could
result from the increased permeability of the small molecules. However, this series

of compounds were found to inhibit eukaryotic cells, showing possible issues with
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toxicity.%® These promising compounds could be developed further with the addition

of more basic functionalities to overcome difficulties with selectivity and stability.

1.4.3.5 Psoralens

In 2001, Eichman et al. found that 4’-hydroxymethyl-4,5’,8-trimethylpsoralen (HMT)
was able to induce the formation of a 4WJ.2 HMT is a type of psoralen (A, Figure
1-30), a class of established photo-chemotherapeutics for the treatment of skin
related diseases. To study the effects of cross-links formed by psoralens on DNA
conformation, HMT was covalently cross-linked between two thymine bases in
various DNA sequences and crystallised. It was found that a 4WJ could be formed,
with two HMT compounds bound (B and C, Figure 1-30).°2 The 4WJ contained four
d(CCGGTACCGG) sequences, with the ACC trinucleotides forming the stable centre
of the junction. The binding of HMT to this 4W)J had little effect on the structure
when compared to the unbound form. In contrast, the compound also induced a
noncanonical 4WJ from four d(CCGGTACCGG) DNA sequences. This is caused by the
cross-linking of the HMT, which leads to the destabilisation of the dsDNA, allowing
the exchange of strands and formation of the 4W\J. It could be conjectured that part
of the therapeutic effects of psoralens may result from their ability to interfere with
homologous recombination, potentially initiating cross-link repair in damaged

cells.?
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Figure 1-30: (A) Chemical structures of psoralen and HMT. (B) Crystal structure of two HMT molecules
(red) bound to a 4WJ, formed by d(CCGGTACCGG) DNA sequences. (C) Schematic of crystal structure.??

1.4.4 Crystal structures of 4WJ/ligand complexes

With the emergence of multiple crystal structures containing X-stacked 4WJs bound
to various ligands, Chien’s team set out to compare the 4WJ/ligand complexes
(Figure 1-31).3* They found that the binding of each ligand results in a varying DNA
topology. In addition, [Pt(Hbapbpy)]PFe,% the triaminotriazine-acridine conjugate,®
and psoralen-based HMT compound®? were able to form noncanonical 4WJs. The
ability to induce the formation of specific higher-order DNA structures could have
applications in the field of nanotechnology, allowing for the development of novel

DNA sensors and superstructures.
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Figure 1-31: Crystal structures of various ligands bound to 4WJs.34
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1.4.5 Summary

Analysis of the compounds developed so far for targeting 4WJ show overall
similarities in the pharmacophoric features required for binding. These include the
presence of cationic groups and aromaticity to form stacking interactions with DNA.
However, these features are also found with duplex DNA binding, showing the
difficulties with selectively targeting 4WJs over other forms of DNA. Another feature
often shared is the symmetry of the inhibitors, or the ability of the inhibitors to bind
two molecules symmetrically within the 4WJ pocket. This reflects the 2-fold
symmetry of the 4WJ and could be a useful starting point for the development of

future inhibitors, although it is not always required.

Many compounds bind to just one of the 4WJ conformations, including X-stacked
binders illustrated in Figure 1-31 and open 4WJ binders, such as Segall’s peptides*%°
and Hannon’s organometallic pillarplexes.® The ability of each compound to target
just one form shows the marked difference between the two conformations. This
feature could be used to create tuneable 4WIJs that can be altered between the two

conformations in a controlled manner, with ligands acting like a molecular switch.

Biological results obtained so far have shown how 4WJ inhibitors could potentially
be developed into therapeutic agents targeting areas such as cancer and antibiotics.
However, further development of selective compounds is required, specifically over

other DNA structures, to confirm the therapeutic effects result from 4W)J binding.

1.5 Thesis aims

The overall aims for this thesis are to:

e Synthesise previously discovered 4WI-binding peptides, developing novel
techniques to test their biological effects on DNA 4WIJs, using
polyacrylamide gel electrophoresis (PAGE), FoOrster resonance energy
transfer (FRET) and fluorescence polarisation (FP) assays.

e Test the selectivity of these known 4WJ-binding peptides for 4WJ DNA,
compared to dsDNA, using an ethidium bromide (EtBr) displacement assay.

e Examine the activity of these known 4WIJ-binding peptides against human
leukaemia cancer cell line HL-60.

e Produce novel peptides based on the structure of WRWYRGGRYWRW (2), a

peptide previously shown to bind to the 4WJ and have antibacterial and
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anticancer effects (Figure 1-32).% A series of peptidomimetic analogues have
been synthesised, containing a variety of linker groups that replace the
central Gly-Gly residues of dodeca-peptide 2. In addition, two cyclic peptides
have been prepared, where the ends on peptide 2 are linked together. The
biological activities of these compounds have been evaluated against 4WJ
DNA, dsDNA and HL-60 cancer cells using the assays developed for testing
the known 4WI-binding peptides.

e Explore an alternative approach to designing novel 4WJ-binding peptides,
using information from previously published protein/AWJ X-ray

crystallography structures.

A
HN™ "NH,

R - WRWYRGGRYWRW

Figure 1-32: Image representing WRWYRGGRYWRW (2) targeting the centre of the open 4WJ (PDB
code: 3CRX). The glycine amino acids that will be replaced with a variety of linker groups are shown in
blue.

1.6 Thesis outline

In chapter 2, peptide 1, 2 and related peptides have been synthesised using solid-
phase peptide synthesis (SPPS), and their subsequent biological testing discussed.
The activity of these peptides against the 4WJ are compared to two acridine
compounds. The ability of peptide 2 to bind to the open conformation of the 4WJ is

also examined using FRET analysis.

Chapter 3 looks at the design of peptide analogues based on the structure of peptide
2. Thisincludes linear peptides containing unnatural amino acids and cyclic peptides.
The synthesis of these peptide analogues, using a combination of organic synthesis
and solid-phase peptide synthesis (SPPS), is discussed. These compounds are then
tested in the same suite of assays as those used in chapter 2, to allow for comparison

to the original peptide 2.
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Chapter 4 examines an alternative approach to designing 4WJ-targeting peptides,
using information from protein/4W)J crystal structures. By identifying protein
fragments that interact with the 4WJ, two peptides are designed, synthesised, and
tested against 4WJ DNA.

Finally, chapter 5 provides an account of the experimental procedures, methods,

instruments, and materials used throughout this project.
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Chapter 2 - The
synthesis and biological
testing of
WRWYRGGRYWRW and

related peptides



2.1 Introduction

2.1.1 Solid-phase peptide synthesis

Peptides consist of short amino acid chains, generally with molecular weights
between 500-5000 Da. These biomolecules are of growing interest as
pharmaceutical agents, with >400 peptides having reached clinical trials.
Therapeutic peptides sit between the size of small molecules and large biologics.
They can achieve higher affinity and specificity for targets with large surface areas,
such as protein-protein interactions, when compared to small molecules, whilst
showing lower immunogenicity and production costs when compared to biologics.
However, peptides often have problems with poor membrane permeability and low
in vivo stability. These issues can be overcome using a variety of approaches,

including the introduction of unnatural residues and peptide cyclisation.®

Peptides are synthesised via repetitive amidation reactions between the amino
group of one residue and the carboxylic acid group of another. This was originally
carried out in solution, with all reagents fully dissolved, and purification carried out
after each amino acid addition. However, as peptides increased in length, successive
purifications became more time consuming and solubility issues increased.®* To
overcome these issues, in 1963 Merrifield established solid-phase peptide synthesis
(SPPS).%> This involved synthesising peptides on a solid bead, also known as a resin,
that is insoluble in the solvents used during peptide synthesis. This allowed reagents
to be added sequentially, with excess reagents simply washed from the resin after
reaction completion. This means that purification only occurred once all amino acids

have been added, increasing the speed and ease of peptide synthesis.

The general steps of SPPS are outlined in Scheme 2-1. Synthesis starts with the
attachment of the first amino acid (AA), via its C-terminal (carboxylic acid), to a
reactive group (X) attached to the resin. Subsequent amino acids are added to the
N-terminal (a-amine), with each amino acid containing temporary protecting groups
(P) on reactive side chains and at the a-amino group (R). After coupling, the N-a-
protecting group is removed before the next coupling takes place, until the sequence
is complete. At the end of the synthesis, all protecting groups are removed and the

peptide is cleaved from the resin.*® Peptides are typically synthesised from the C-to-
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N terminus, to avoid higher levels of epimerisation experienced during N-to-C

peptide syntheses.”’

Q~x + HOOCNHR

P
Loading

OngHR

P

Wash/Deprotect/Wash

Repeat the cycle: AA
Qg Tk pestne el

P

Coupling HOOCNHR
) P 0“8 NH;
Qg & e :
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Cleavage/deprotection

HOOC—| Peptide [—NH,

Scheme 2-1: General scheme of SPPS, containing resin (black ball) with a reactive group attached (X),
amino acids (AA) and protecting groups (P).%¢

SPPS chemistry is commonly defined by the identity of the temporary N-a-protecting
group. The two most commonly used are the acid sensitive tert-butoxy-carbonyl
(Boc) group and the base sensitive fluoren-9-ylmethyloxycarbonyl (Fmoc) group. The
Fmoc group is generally preferred because it can be removed under milder
conditions, using weak bases. Resin linkers and amino acid side chains can then be
orthogonally deprotected using acids, with trifluoroacetic acid (TFA) commonly

used.®®

Fmoc Deprotection

Deprotection of the N-a-Fmoc group during SPPS is often carried out with piperidine
(Scheme 2-2).°° The mechanism starts with the piperidine nitrogen lone pair
removing the acidic proton at position-9 of the Fmoc fluorene ring. The resultant
carbanion then causes a cascade reaction to produce the desired free amine, whilst

liberating CO, and forming dibenzofulvene (DBF). This side product subsequently
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reacts with piperidine to form a UV active adduct, that absorbs at 301 nm, that can

be monitored to check deprotection is complete or simply washed away.*®

~ \
~ i
) — Qo
J

DBF

UV 301 nm

Scheme 2-2: Fmoc deprotection mechanism using piperidine, where R indicates the amino acid side
chain.?¢

Amino acid coupling

Before the coupling of amino acids via amidation can be carried out, the a-carboxylic
acid group must be activated. Initially Merrifield used carbodiimides as activating
groups, finding diisopropylcarbodiimide (DIC) (Figure 2-1) to be useful for SPPS due
the solubility of its urea byproduct.® However, the high reactivity of the O-
acylisourea intermediate group resulted in partial racemisation of the amino acid
side chain, through the transient formation of an oxazolone ring.1°! Subsequently
different coupling group salts have been developed that reduce epimerisation,
including N-[(1H-benzotriazol-1-yl)(dimethylamino)-methylene]-N-
methylmethanaminium  hexafluorophosphate  N-oxide (HBTU) and  N-
[(Dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide (HATU) (Figure 2-1). These
coupling reagents are used with 1-hydroxybenzotriazole (HOBt) (Figure 2-1), that
reacts with the initial intermediate to form a less reactive benzotriazolyl ester
intermediate and reduce epimerisation. The addition of a base, such as N,N-
diisopropylethylamine (DIPEA), is also required to deprotonate the carboxylic acid

before reacting with the coupling reagents.?® More recently coupling reagents based
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on the oxyma scaffold, such as Ethyl 2-cyano-2-(hydroxyimino)acetate (oxyma pure)
(Figure 2-1), have been combined with DIC for utilisation in SPPS. Oxyma reagents
can inhibit racemisation and replace HOBt, a reagent that has potentially explosive
properties. This is especially useful for microwave assisted SPPS carried out at

elevated temperatures.%

00O 00
HBTU HATU
OH N/OH
N e} |
O o
N (0]
HOBt Oxyma Pure

Figure 2-1: Coupling reagents used during SPPS, for carboxylic acid activation before amino acid
coupling.

A typical reaction mechanism for carboxylic acid activation followed by amino acid
coupling is shown in Scheme 2-3, using HBTU, HOBt and DIPEA as coupling reagents.
Firstly, the a-carboxylic acid is deprotonated using DIPEA. The subsequent
carboxylate attacks the imine group of HBTU, displacing the HOBt group. The
carbonyl group of the O-acylisourea intermediate is attacked by HOBt, resulting in

the formation of the diisopropylurea side product and benzotriazolyl ester
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intermediate. The activated carboxylic acid is then attacked by the amine group of

another amino acid, to form HOBt and the desired amide bond.
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Scheme 2-3: Reaction mechanism of carboxylic acid activation using DIPEA/HBTU/HOBt, where R
indicates the amino acid side chain.®®

Monitoring amino acid couplings

During SPPS it is important to monitor difficult coupling reactions, to ensure all sites
on the resin have the desired amino acid attached before moving onto the next
reaction. This prevents the formation of unwanted products, containing differing
peptide sequences that can be difficult to remove during purification. The Kaiser test
is often used to qualitatively determine whether a solution contains free primary
amino groups, that should be absent if a coupling reaction is complete.1*1% This test
is based on the colour change that occurs when ninhydrin reacts with a primary
amino group, forming a dark blue solution (Scheme 2-4). The Kaiser test needs
minimal peptide for the colour change to be observed and can be carried out directly

on peptides attached to resin, without the need for cleavage.
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Scheme 2-4: Reaction of peptides and ninhydrin for the Kaiser test, where R indicates the side chain of
the final amino acid.®®

Amino acid protecting groups

When using Fmoc SPPS, amino acid side chains must be resistant to treatment with
base during Fmoc removal and acid liable for deprotection at the end of peptide
synthesis. Commonly used protecting groups include tert-butoxy-carbonyl (Boc),
tert-Butyl (*Bu), trityl (Trt) and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
(Pbf) (Figure 2-2). These groups can be removed by treatment with TFA solutions,
containing additional scavenger groups, such as triisopropylsilane (TIPS) and water,

to prevent modification or reattachment to the unprotected side chains.®

\ 7/
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Figure 2-2: Common amino acid protecting groups.1%

Resins and linkers

The core resin is often made from polystyrenes, polyamines or polyethylene glycols
(PEGs) containing 1-2% divinylbenzene to act as a cross-linking agent. The small

spherical beads are typically either 100 — 200 mesh (75 — 150 um) or 200-400 mesh
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(35— 75 um) in size. Resins have different loading capacities, indicating the number
of reactive sites the resin has per gram (mmol g?). Higher loading capacities can
increase synthetic efficiency; however, this must be balanced with an increased risk
of aggregation. A variety of linker groups can be used between the first amino acid
and resin, including linkers that result in either acid or amide C-terminus
functionalisation after cleavage. Once synthesis is complete, cleavage from the resin
can be achieved using the same TFA cocktails used for amino acid side chain

deprotection (Scheme 2-5).%
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Scheme 2-5: Examples of linkers resulting in acid/amide C-terminal functionalisation, showing resins
(black balls), linker handles (red) and peptides (blue). After Fmoc-SPPS the peptide is cleaved from the
resin using TFA to form the desired-terminal functionalisation and a positively charged linker/resin

group.

2.1.2 Fluorescence assays

After the synthesis of peptides using SPPS, their effect on biological targets of
interest must be evaluated. Fluorescence assays are routinely used to probe the
interactions of peptides with other biomolecules. Fluorescence and
phosphorescence are both types of luminescence, that occur when light is emitted
from a substance in an electronically excited state. Fluorescence happens when an

electron is in an excited singlet state, meaning it has opposite spin to the electron in
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the ground state. This allows for the rapid emission of a photon when the electron

returns to ground state, generally at a rate of ~10% s

Alternatively,
phosphorescence takes place when the excited electron has the same spin as the
ground state electron, known as the triplet excited state. Emission is then slowed to

rates of 10— 10° s since the transition to the ground state is forbidden.%

These processes can be represented by a Jablonski diagram (Figure 2-3).1%7 This
shows three separate singlet energy states (So, S1 and S;), each containing three
vibrational energy states (0 — 2). After light absorption (hva), a molecule is excited
from the ground state (So) to a higher energy state (S;or Sy). Internal conversion then
rapidly occurs, in < 10*? s, as molecules relax into the lowest S; vibrational level. The
molecule can emit fluorescence (hvi) and return to a vibrational level of S or
undergo intersystem conversion, where the spin of the electron is reversed into the
first triplet state (T:1). Subsequently, phosphorescence of the electron takes place at

a slower rate (hve).

Sz A
Internal
: Conversion
: Intersystem
e m——
_ T
Absorption Fluorescence hy
P‘/
>
hva / hve Phosphorescence
) v \ 4
So ; v v

Figure 2-3: A Jablonski diagram illustrating the processes involved in luminescence, showing singlet
energy states (Sx), the first triplet energy state (T1) and vibrational energy states (0 — 2).107

Fluorescent molecules, known as fluorophores, are generally aromatic compounds
that contain several conjugated m-bonds. Common examples of fluorophores, used
in biological assays include ethidium bromide (EtBr), 6-carboxyfluorescein (FAM) and
6-carboxytetramethylrhodamine (TAMRA) (A, Figure 2-4). These photoreactive
compounds absorb light within specific wavelength ranges, before emission at
longer wavelengths. The difference between the maximum excitation and emission
wavelengths is known as their Stokes shift (B, Figure 2-4).1% A larger value can help

to reduce the reabsorption of emitted photons, to give a higher contrast for
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fluorescence imaging.’®® The fluorescence process is cyclic, allowing a single
fluorophore molecule to be repeatedly excited causing the emission of thousands of
photons. This means that fluorophores can be detected at very low concentrations,
making fluorescence spectroscopy highly sensitive.2% The efficiency of a fluorophore
to convert an absorbed photon into fluorescence emission in a specific environment,
provides its quantum vyield. This is a ratiometric number, with values closest to 1

showing the brightest fluorescence.!?

EtBr? FAM TAMRA
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Figure 2-4: (A) Examples of fluorophores used in biological assays, with characteristic
excitation/emission maxima and quantum yields provided.1% (B) The excitation and emission of a
fluorophore, with the Stokes shift indicated.108

9Values measured in water.1!

The amino acids tryptophan and tyrosine can act as intrinsic fluorophores in proteins
and peptides, although their quantum yields in agueous solutions of 0.13 + 0.01 and

0.14 £ 0.01 respectively are much lower than the 0.95 + 0.03 quantum yield of
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fluorescein.®The intrinsic fluorescence of DNA is even weaker, with quantum yields
observed between 10— 107°.112 Due to their low levels of fluorescence, biomolecules
are often labelled with fluorophores such as FAM, to enhance their fluorescent

signals.

Two issues are often encountered when using fluorophores, photobleaching and
guenching. Photobleaching is caused by the structural instability of a fluorophore in
its excited state, causing vulnerability to degradation. After repeated exposure to
light, a fluorophore can undergo a structural change that permanently prevents
fluorescence. This process is observed as the dimming in a fluorescent image or a
reduction in signal intensity.®® Quenching is another process that results in a
decrease in fluorescence intensity via a variety of different mechanisms. Collisional
quenching is caused by contact between the excited fluorophore and another
compound in solution, for example solvent or buffer components. These quencher
molecules can enable transition of the electron to the ground state via a non-
radiative transition. Alternatively static quenching can occur when the fluorophore
forms a non-fluorescent complex with a quencher before the excited state can be
reached. For example, this can happen when a fluorophore and quencher aggregate
via T-stacking interactions.!’® Therefore, it is important to carefully design

fluorophores or fluorescently labelled complexes to minimise these issues.

Several techniques can be utilised for fluorescence-based assays. These include
assays that monitor changes in fluorescence intensity, such as FRET, and those that
detect changes in molecular rotation, such as FP. The following section will describe

these different techniques.
Ethidium bromide displacement assay

EtBr (Figure 2-4) is a non-selective DNA intercalator, that has rapid equilibration
rates and low binding affinity.!'* This fluorophore shows an increase in intrinsic
fluorescence when bound to DNA, potentially because EtBr is then shielded from
water, that acts as a quencher.!>When a non-fluorescent DNA binding compound is
added to a solution containing EtBr prebound to DNA, a decrease in fluorescence
intensity is observed, as the EtBr is displaced and quenched (A and B, Figure 2-5).
This can be quantified by titrating the competitor compound into solution, to find its

apparent binding affinity.11
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Figure 2-5: (A) Schematic representation of EtBr displacement assay. (B) Effect on fluorescence intensity
throughout the EtBr displacement assay: (i) Initially the EtBr is unbound and has low fluorescence. (ii)
EtBr bounds to DNA via intercalation and fluorescence is increased. (iii) A competitor compound is added
into the solution that intercalates with DNA, displacing EtBr and reducing fluorescence.116

Fluorescence polarisation (FP)

FP detects binding events in solution by exciting a fluorescently tagged molecule
(tracer) with polarised light. When the tracer is unbound, it tumbles quickly in
solution, emitting mostly unpolarised light. Upon binding to another molecule, the
subsequent complex tumbles more slowly, causing the emitted light to have
increased polarisation (Figure 2-6). To quantify the level of polarisation (P), the
following calculation is used:

_ (Fy—F)
(Fy+Fy1)

Equation 2-1: Polarisation (P) calculated from parallel (Fj) and perpendicular (F.) fluorescence emission
intensities.113

This describes the difference between parallel (F;) and perpendicular (F.)
fluorescence emission intensities, in relation to the excitation light plane, divided by
the total fluorescence emission intensity (Equation 2-1).1% The value of P is
dimensionless because it is a ratio of light intensities and is commonly expressed in
milli-polarisation (mP), where 1 P = 1000 mP. Fluorescence anisotropy (FA) is a term
used interchangeably with FP. Although anisotropy has a slightly different equation,

the information obtained from both FP and anisotropy is similar.?*?
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Figure 2-6: On the left is a FP schematic, showing an unbound tracer molecule (blue), tagged with a
fluorophore (red star), tumbling quickly in solution with low polarisation. When a second molecule
(green) binds to the tracer, tumbling is slowed, and polarisation increases. On the right is an idealised
FP graph, with polarisation increasing with ligand concentration.t”

Forster resonance energy transfer (FRET)

FRET measures the energy transfer between two suitable fluorophores when in close
proximity (<10 nm). FRET occurs when a donor fluorophore is excited, by absorbing
light at one wavelength, followed by a non-radiative energy transfer to an acceptor
fluorophore, that subsequently emits a photon at a longer wavelength (Figure 2-7).
For FRET to take place, considerable spectral overlap of >30% between the donor’s
emission wavelengths and acceptor’s absorption wavelengths is required.!® This
process causes a loss donor fluorophore emission and an increase in acceptor
fluorophore emission and can be used to calculate FRET efficiency (E). FRET can be
used to measure the interaction between fluorophores in different molecules, such
as when looking at the binding of ligands to a target biomolecule, or changes in

conformation within a single molecule.**®
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Figure 2-7: FRET schematic showing a molecule (green) tagged with a donor fluorophore (purple) that
on its own emits fluorescence after excitation. Upon addition of a second molecule (blue) tagged with
an acceptor fluorophore (purple), when the donor fluorophore is excited, FRET occurs, and emission of
the acceptor fluorophore is observed.11?

2.1.3 Assays for identifying 4WJ conformations

It is important to identify whether small molecules/peptides target the open or X-
stacked 4WJ conformation. This can help predict their biological effect, with various
proteins being structurally selective for only one 4WJ conformation (Table 1, section
1.3.3). Both gel electrophoresis and FRET assays have been utilised to probe 4W|

conformation and will be discussed further.

Gel electrophoresis works by pushing an electric charge through a gel containing
small pores. This causes molecules, such as DNA, RNA, and proteins, to be separated
based on size and charge, with smaller and less charged molecules moving further.
The gel used is generally a cross-linked polymer, with a specific composition selected
based on the size and type of biomolecules being separated. Polyacrylamide gels are
typically used for short DNA sequences (<1000 bp), making them ideal for analysing
4W)J) made up of short oligonucleotides. PAGE is a native technique that allows
complexes, such as the 4WJ, to be maintained during the assay. The net charge of
DNA is negative therefore it will travel towards the positively charged anode during

PAGE (Figure 2-8).1%°
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Figure 2-8: Representation of a PAGE assay set-up.120

When DNA is bent, such as at the centre of the 4WJ, electrophoretic mobility is
reduced.’® The retardation of bent DNA is attributed to its larger hydrodynamic
radius relative to linear DNA, leading to greater frictional resistance with the gel
matrix. Angles closer to 90° have the largest hydrodynamic radius and are therefore
the slowest to pass through gels.'?! Comparing the retardation of different DNA
species during PAGE can be used to determine their shape and symmetry. This
method was used to confirm the structure of the 4WJ conformations a decade

before X-ray crystal structures were solved.??

To study the 4W)J structure using PAGE, an immobile 4W)J was designed by Lilley et
al.,>® with sequences chosen that could form only one 4WJ at the centre of each of
the 80 bp oligonucleotides. As expected, migration of the full junction during gel
electrophoresis was very retarded, running to the same point as the 510 bp marker
when using a standard DNA ladder. On each arm of the junction, a unique restriction
site was added, around 12 bp from the junction’s centre. Restriction sites are short
DNA sequences of 4-8 bp that are recognised by particular restriction enzymes, with
each of the 4WJ arms named after its specific enzyme (Figure 2-9). This allowed for
the selective cleavage of each arm by ~25 bp and could be used to study the effects

of this on electrophoretic mobility.>3
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Figure 2-9: An immobile 4WJ formed by four 80 bp oligonucleotides, showing the central region of each
arm, between four unique restriction sites.>3

By selectively shortening two arms of the immobile junction in a high salt
environment, the structure of the X-stacked conformation was confirmed (Figure
2-10). Three different bands consisting of two different species were forming,
showing a 2-fold symmetry. The first band (B+X/R+H) travelled slowly through the
gel, caused by the acute angle of the two duplex arms that form a U-turn at the
junction’s centre. The second band (B+R/X+H) travelled an intermediate distance,
resulting from the obtuse angle perpendicular to the U-turn. The final band
(B+H/X+R) travelled quickly through the gel because they were colinear to each
other. The preferred X-stacked isoform can be identified using this method, by

looking at the speed specific arms travelled down the gel.>
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Figure 2-10: Analysis of different gel electrophoresis species, formed by enzyme cleavage of the
immobile junction when in a high salt environment.>3

The square-planar structure of the open conformation was also established using the
same method (Figure 2-11). Two bands were formed, one containing 4 species and
the other 2 species, indicating a 4-fold symmetry. The band containing 4 species
(B+R/X+H/B+X/R+H) travelled slowly through the gel due to the 90° angle between
the duplex arms. The other band containing 2 species (B+H/R+X) contained the co-

linear arms and travelled quickly through the gel.>3
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Figure 2-11: Analysis of different gel electrophoresis species, formed by enzyme cleavage of the
immobile junction when in a low salt environment.>3

Another technique developed for studying 4WJ conformations is FRET. This assay
was first used to observe changes in 4WJ conformations upon the addition of
different types of cations.'?® Junction 3 (J3) is a well-studied 4WJ, that was shown to
have a 77.4% preference for isoform Il when in the X-stacked conformation, using
single-molecule fluorescence techniques.®>'?* A donor fluorophore (FAM) and
acceptor fluorophore (TAMRA), were carefully placed on the 5’ terminus of two
separate oligonucleotides in J3, so that when isoform Il was formed, the co-axial
stacking of the duplex arms bought the fluorophores close enough together for FRET
to occur. In contrast, when J3 was either in isoform | or the open conformation, the
fluorophores were too far apart for FRET to occur (Figure 2-12). This was
demonstrated when solutions of NaCl, CaCl, or MgCl, were titrated into a low salt J3
solution, with FRET shown to increase as the concentration of cations increased,
reflecting the change from the open to X-stacked conformation.*?® FRET using J3 was
subsequently used to confirm that the E. coli histone-like protein HU preferred to

bind to the X-stacked 4WJ conformation.'®
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Figure 2-12: /3 conformations, showing low FRET in the open conformation or X-stacked isoform | and
high FRET in the X-stacked isoform 11.123

2.2 Chapter aims

The purpose of this chapter is to synthesise previously identified 4WJ-binding
ligands, before testing them in a series of novel biological assays. Firstly, SPPS will be
used to synthesise WRWYCR (1) and WRWYRGGRYWRW (2), peptides that were
discussed in section 1.4.1. Secondly, two examples of acridine small molecules,
mentioned in section 1.4.3.1, will be synthesised using multi-step organic synthesis,
to allow for their activities to be directly compared to those of the peptides. A series
of robust assays will be developed, to test the ligands for 4WJ activity, dsDNA activity
and cancer cell cytotoxicity. To ensure the validity of these assays, two novel

peptides will be designed and synthesised to act as negative controls.
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2.3 Results and discussion

2.3.1 Synthesis of peptides using SPPS

Peptides were made using solid-phase peptide synthesis (SPPS) on either a
Multisyntech Syro | or a CEM Liberty automated peptide synthesiser. The general
procedure involved first swelling the specified resin in DMF, before Fmoc
deprotection, using 20% piperidine in DMF. The required amino acids were then
coupled twice, to ensure all sites on the resin were successfully coupled. Between
each reaction on the resin, DMF was used to wash away any excess reagents. Fmoc
deprotection was repeated before the addition of the next amino acid. Once the
sequence was complete, the resin was washed with DMF, MeOH and CH,Cl, before
the peptide was cleaved from the resin, and side chains deprotected, using a
cleavage cocktail containing TFA and scavenger compounds. When the peptide
contained cysteine residues, TIPS, water and 2,2'-(ethylenedioxy)diethanethiol
(DODT) were used as scavenger compounds, with the DODT removed for peptides
not containing cysteine. The peptides were purified by prep-HPLC or RP-column
chromatography. Successful peptide synthesis was confirmed by analysis using
MALDI or LCMS, HPLC, and HRMS. The results from the synthesis of peptides are

summarised in Table 2-1.

Table 2-1: Literature peptides (black) and novel peptides (red) synthesised using SPPS. Observed mass
taken from HRMS analysis.

Exact mass Observed Purity Yield
Sequence

(g/mol) mass [M+H]* (%) (%)

1% H-WRWYCR-NH; 967.4599 968.4677 91 50
2 | H-WRWYRGGRYWRW-NH, = 1825.9178 1826.9235 95 26

4% H-WRWYCR-OH 968.4439 969.4432 95 51
5 H-WRWYC(Acm)R-NH; 1038.4970 1039.5049 93 31
6 H-WRWYR-NH, 864.4507 865.4597 100 9

The WRWYCR sequence was initially synthesised with a carboxylic acid on the C-
terminus, using the pre-loaded arginine resin; H-Arg(Pbf)-HMPB NovaPEG. After
SPPS and subsequent purification, a 51% yield was obtained for the synthesis of
peptide 4 (Table 2-1). This can be deemed a high yield, considering the number of

reactions involved in SPPS, and reflects the high crude purity of the peptide of ~70%
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(A, Figure 2-13). This allowed for the straightforward purification of 4, using
RP-column chromatography, to obtain the desired product with 95% purity (B, Figure
2-13).

-1 A | Crude HPLC
Product peak

H

i | |
1 — B S W L /L,,J,J“Uk,vi;i
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HPLC after purification

k Product peak

|
o B B

Figure 2-13: HPLC traces of peptide 4 (214 nm, 5-95% MeCN in H20 + 0.05% TFA over 15 min, then 5
min at 95%). A) The crude peptide with ~70% purity. B) The peptide after purification with 95% purity
and a retention time of 9.84 min.

Following the synthesis of 4, focus moved to synthesising the peptide with C-
terminus amidation, to follow the work of Segall’s group.* This was to allow for the
direct comparison of biological results to those previously obtained and neutralise
the C-terminus in an attempt to improve DNA binding. SPPS using the H-Rink amide
ChemMatrix® resin resulted in peptide 1 being obtained, with similar yield and purity

to the acid functionalised peptide (Table 2-1).

Peptide 2 was mentioned in section 1.4.1.3 as a single-chain analogue of the peptide
1 dimer (Figure 1-15), that has previously been shown to have similar biochemical
and antibacterial activity to 1.** Peptide 2 was successfully synthesised with C-

terminal amidation using NovaPEG Rink amide resin (Table 2-1). This peptide had
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~2-fold lower yield when compared to 1. This may be caused by the increased length
of 2, requiring a higher number of steps during SPPS that can introduce impurities
commonly observed during the process. These can include the deletion of amino
acids in the sequence, caused by unreacted sites on the resin beads, or insertion of
additional amino acids, resulting from by the 4 — 5 equiv excess of amino acid
reagents used. Additionally, diastereomeric impurities can occasionally be observed

after unwanted racemisation of amino acids.*?®

As mentioned in section 1.4.1.2, for peptide 1 to bind to the 4WIJ the peptide must
form a dimer, via a disulfide bridge between two cysteine residues. Using this
information, two peptides were designed and synthesised that are unable to form
this crucial disulfide bridge. Therefore, these peptides should be unable to bind to
the 4WIJ and can function as negative controls in assays. The first peptide designed
was 5, that contains an acetamidomethyl (Acm) protecting group on the cysteine,
blocking the residue from potential disulfide bridge formation (Figure 2-14). The Acm
group cannot be cleaved by treatment with piperidine and TFA, meaning it will
remain attached to the peptide after SPPS. The second peptide was 6, as this

sequence matches peptide 1 with just the cysteine residue removed.

WRWYCR
T
WRWYCR NH
S O%\
Peptide 1 é Peptide 5
dimer r monomers O\\‘/
WRWYCR rNH
S
WRWYCR

Figure 2-14: The chemical structures of the peptide 1 dimer with a disulfide bridge (blue), and two
peptide 5 monomers containing Acm groups (red), that block disulfide bridge formation.

Both peptides were successfully synthesised using SPPS (Table 2-1). The low yield of
6 resulted from the co-elution of the product with impurities during RP-column
chromatography, remaining after reducing the gradient from 0 — 100% to 0 —40%
MeCN in water with 0.05% TFA. To ensure the peptide was obtained with high purity,
only one fraction in the centre of the product peak was collected, with impure

fractions discarded, reducing overall peptide yield (Figure 2-15).
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Figure 2-15: UV-VIS trace from RP-column chromatography of peptide 6, showing 214 and 254 nm
wavelengths, with a black box indicating the pure product fraction collected.

2.3.2 Synthesis of acridines

The dimeric C6 acridine 3, mentioned in section 1.4.3.1, was developed by Searcey
et al. and found to bind to the X-stacked conformation of the 4WJ through X-ray
crystallography studies.®® This compound was synthesised to allow for its 4W)J

activity to be directly compared to the peptides.

The synthetic route shown (Scheme 2-6) for 3, was taken from literature.'?” The
synthesis began with the formation of an acridone from 2,2’-iminodibenzoic acid, by
refluxing in sulfuric acid to give 7. The intermediate 9-chloroacridine-4-carbonyl
chloride was prepared by refluxing in thionyl chloride, before amidation with
N,N-dimethylethylene diamine to afford 8. Treatment with phenol resulted in the
formation of a phenoxy intermediate, to act as a leaving group for the subsequent
nucleophilic aromatic substitution (SxAr) reaction with 1,6-hexane diamine, for the

formation of the C6 acridine 3 as a bright orange solid (25 mg, 95% purity, 47% yield).
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Scheme 2-6: Synthesis of C6 acridine 3.127

From previous screening of triazole-containing unsymmetrical acridine analogues, 9
was found to destabilise the 4WJ structure during a gel electrophoresis assay.® 9
was synthesised, to compare its activity against dsDNA and cancer cells to the 4WJ-
binding peptides. This was to see if any of peptides showed similar results to 9, that
could indicate activity unrelated to 4WJ-binding. A five step synthesis was used to
produce the dihydrochloride salt of 9, taken from literature (Scheme 2-7).2%’ The
synthesis started with the formation of a mesylate, by adding
methanesulfonylchloride (MsCl) drop-wise into a 0 °C solution containing Boc-
ethanolamine, before stirring at RT for 12 h, to give 10. An Sy2 reaction then
displaced the mesylate leaving group with an azide group, by heating sodium azide
in DMF, to give 11. The Boc group was deprotected under acidic conditions, in 1 M
HCI/EtOAc, to afford azide 12 as a HCl salt. Following the final step from the synthesis
of the C6 acridine dimer 3, an SnAr reaction was carried out by treating acridine 8
with phenol, before adding azide 12 to afford the azide acridine 13. The final step in
the synthesis was a click reaction with commercially available 4-ethynyltoluene, in

the presence of sodium ascorbate and copper sulfate. Following treatment with
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1.25 M HCI/MeOH, the di-HCl salt of triazole acridine 9 was obtained as a dark yellow
solid (66 mg, 95% purity, 75% yield).

The successful synthesis of 9 was confirmed by the presence of a singlet in the *H
NMR spectrum at 8.62 ppm, characteristic of the triazole CH group. Also, the azide
signal at 2083 cm for 13, disappeared in the IR spectrum of 9. Finally HRMS analysis
(ES+) calculated for CygH32N;O (M+H)* 494.2663 was found at 494.2668, further

proving 9 was isolated.

1
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Scheme 2-7: Synthesis of triazole acridine 9.127

2.3.3 PAGE assay

After the synthesis of different peptides and acridines, the first assay used to
evaluate their ability to bind to the 4WJ was polyacrylamide gel electrophoresis
(PAGE). As mentioned in section 2.1.3, gel electrophoresis was previously used to
analyse the structures of open and X-stacked 4WJ conformations.>® Subsequently,

this technique was adapted to evaluate the binding affinity of ligands for 4WJ DNA.
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For this, four 22 bp oligonucleotides were combined, based on sequences shown to
arrange into a stable 4WJ (Figure 2-16).°®> Prior analysis showed these
oligonucleotides formed a mixture of ssDNA and 4WJ DNA when annealed in a low
salt buffer.??” Due to the 4-fold size difference between the ssDNA and 4WJ DNA,
these bands could easily be separated by gel electrophoresis, with the 4WJ moving
more slowly in the gel. By looking at the shift in equilibrium, from a mixture of
ssDNA/4WJ to 4WJ only, the concentration of salt/compound required to fully
stabilise the DNA as the 4W!J could be detected.'?’

To visualise the DNA bands on the gels, one of the DNA strands was tagged with two
fluorophores. Strand X was labelled with FAM (6-carboxyfluorescein) on the 5’
terminus and TAMRA (tetramethyl-6-carboxyrhodamine) at 3’ terminus (Figure
2-16). This sequence was originally developed for Forster resonance energy
transfer (FRET) analysis, that required a FAM and TAMRA label. For the PAGE assay
only the FAM fluorophore was used for visualisation.'?” Owing to the fact that both
the X-stacked and open conformation 4WJs have the same mass, their bands should
travel a similar distance through PAGE gels. However, due to its more compact
shape, compared to the extended planar shape of the open conformation, the X-
stacked conformation can be predicted to have slightly increased electrophoretic

mobility.1?®
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B =5’-GCCTAGCATGATACTGCTACCG-3’

H =5-CGGTAGCAGTACCGTTGGTGGC-3’

R =5-GCCACCAACGGCGTCAACTGCC-3’

X =5-FAM-GGCAGTTGACGTCATGCTAGGC-TAMRA-3"

1:1 ssDNA:4WJ observed Anneal in 4WJ binding
in low salt buffer compounds/salts
5

G C 5’ 5
CcG C G
CG G
AT G
TA T
cg H Al
GC G
TA ¢
CG A
AT G

. B T A T

GCCTAGCATGA CCGTTGGTGGC A-----
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Figure 2-16: DNA sequences of oligonucleotides used in PAGE, showing how the addition of 4WJ binding
compounds and salts causes the oligonucleotides to form more 4WJ, in either the open or X-stacked
conformation.

The PAGE assay was initially carried out with C6 acridine 3, using literature
procedures.’?” To a series of Eppendorfs, containing equal amounts of the four
oligonucleotides B, H, R and X (100 uL, 1.25 uM), were added different
concentrations of 3 dissolved in DMSO (2 pL), at 50-fold the desired final
concentration (100 nM — 5 mM). The solutions were annealed in 1 x Tris-Borate-
EDTA (TBE) buffer at 90 °C for 5 min followed by gradual cooling to 20 °C, over the
course of 12 h. After this, gel electrophoresis was carried out at 50 V for 2 h, using
10% TBE gels and 1 x TBE as the running buffer. A gel loading dye was used to observe
how far the bands had travelled in the gel. After the gel electrophoresis had finished,
the bands were visualised by detecting FAM (460 nm), using a biomolecular imager.
This showed that at 40 molar equiv all ssDNA formed into the 4WIJ (Figure 2-17) and

matched results previously obtained.’?”” The 4WJ bands containing 40 — 80 molar
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equiv of 3 were slightly higher than the previous 4WJ bands and may result from the
acridine cross-linking 4WJs at higher concentrations. This could also account for the
additional band at 16 molar equiv, that may be caused by the crosslinking of partially

formed 4WJs.*?’
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Figure 2-17: PAGE image showing the effect on 4WJ formation from increasing concentrations of C6
acridine 3, using a DNA concentration of 1.25 uM. A solution containing only the labelled X-strand was
used as a control for ssDNA. FAM-labelled DNA was used and visualised at 460 nm.

To find the concentration of hexapeptide 1 and dodeca-peptide 2 required to fully
trap the ssDNA as 4WJ DNA, a range of molar ratios were initially tested (0 — 320-
fold final concentrations). This showed that 1 was able to fully trap the 4WJ at 40
molar equiv and 2 at 16 molar equiv. However, as the peptide concentrations
increased, the DNA-peptide complex became trapped at the top of the gel wells
(Figure 2-18 — red boxes), causing the bands to become weaker. At the highest
concentrations nothing was observed, indicating that the DNA remained in the
Eppendorf after annealing. This could be caused by precipitation at higher peptide

concentrations, or it may show aggregation of the complex.
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Figure 2-18: PAGE image showing the effect on 4W.J formation from increasing concentrations of
peptide 1 (left) and peptide 2 (right), using a DNA concentration of 1.25 uM. A solution containing only
the labelled X-strand was used as a control for ssDNA. FAM-labelled DNA was used and visualised at
460 nm.
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To avoid the disappearance of bands and get a more accurate concentration of
peptide required for the 4WIJ to fully form, a lower range of peptide concentrations
was tested (0 — 16 molar equiv). From this it was determined that 1 fully trapped the
4W)J at 16 molar equiv and 2 at 9.6 molar equiv (Figure 2-19). This shows that 2 has
higher activity against the 4W)J then 1 but lower solubility, as demonstrated by the

slight fading of the band at 16 molar equiv in the peptide 2 gel.
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Figure 2-19: PAGE image showing the effect on 4WJ formation from lower concentrations of peptide 1
(left) and peptide 2 (right), using a DNA concentration of 1.25 uM. A solution containing only the labelled
X-strand was used as a control for ssDNA. FAM-labelled DNA was used and visualised at 460 nm.

The PAGE assay was repeated under the same conditions for peptides 5 and 6 (Figure
2-20). Up to 16 molar equiv, Acm-containing peptide 5 had minor effects on the
intensities of the ssDNA and 4WJ bands, with the ssDNA band still clearly visible at
the highest peptide concentration. This validates the hypothesis that 5 will be unable
to bind to the 4WJ, because it cannot form the required peptide dimer, due to the
Acm group on the cysteine blocking the formation of a disulfide bridge. Pentapeptide
6 did show some activity, with a slight increase in 4WJ band intensity from ~8 molar
equiv. However, a faint ssDNA band was remaining at the highest concentration of
peptide, showing 6 was unable to fully trap DNA as the 4WJ <16 molar equiv. This
reduced activity suggests 6 could not maintain full 4WJ-binding interactions, when

compared to peptide 1.
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Figure 2-20: PAGE image showing the effect on 4W.J formation from increasing concentrations of
peptide 5 (left) and peptide 6 (right), using a DNA concentration of 1.25 uM. A solution containing only
the labelled X-strand was used as a control for ssDNA. FAM-labelled DNA was used and visualised at
460 nm.

Both peptides 1 and 2 have an amide group on their C-terminus, following literature

synthesis.* Replacing the amide group with a carboxylic acid at the C-terminus
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caused a decrease in 4WJ activity in the PAGE assay, with the lower ssDNA band
appearing faintly at 16 molar equiv (Figure 2-21). This shows that an amide C-
terminus functionalisation is preferred by the WRWYCR sequence for 4WJ binding.
This could be because the carboxylic acid group was negatively charged and repelled
the DNA, whereas the amide group is neutral. Consequently, in later assays only the

amide functionalised peptide 1 was tested.

Close examination of the peptide 4 PAGE image (Figure 1-21) revealed a slight
retardation of the 4WJ band at a molar ratio of 3.2. This could be caused by the
weight increase of the peptide-4WJ complex, compared to the 4WJ DNA on its own.
Alternatively, this could signify a change in 4WJ conformation, resulting from peptide
binding. This is unlikely to indicate a full change of the conformation, from open to
X-stacked, which would result in the band travelling further through the gel.1?®
Instead, a smaller localised structural rearrangement, such as a change in 4WJ

129

branch angle causing changes in hydrodynamic radii,” could explain the band

retardation.
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Figure 2-21: PAGE image showing the effect on 4WJ formation from increasing concentrations of
peptide 4, using a DNA concentration of 1.25 uM. A solution containing only the labelled X-strand was
used as a control for ssDNA. FAM-labelled DNA was used and visualised at 460 nm.

To determine whether having fluorescent dyes attached to the DNA effected peptide
binding, PAGE was carried out using unlabelled DNA and dodeca-peptide 2, followed
by staining with SYBR™ gold and visualisation at 460 nm. Due to the high sensitivity
of the SYBR™ gold stain for DNA detection, the final concentration of 4WJ DNA was
reduced from 1.25 uM to 250 nM. PAGE using the unlabelled DNA showed that most
of the DNA was trapped as the 4WJ at ~9.6 molar equiv (Figure 2-22), the same
concentration observed when using fluorescently labelled DNA (Figure 2-19). Faint
bands were still visible for non-4WJ DNA > 9.6 molar equiv however this is likely to
be trace amounts, with the SYBR™ gold stain able to detect as little as 1 pM of
DNA.B° This establishes that the presence of the fluorescent tags on the DNA had

minimal effect of peptide binding.
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The SYBR™ gold-stained gel (Figure 2-22) clearly has two lower bands, one that is
consistent with ssDNA and the other with forked-DNA, a DNA construct formed by
two strands that share 50% complementarity. In the absence of any peptide a
mixture of forked DNA/4WJ is mostly present. This is to be expected due to the

increased stability of DNA when in a duplex.
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Figure 2-22: PAGE image using unlabelled DNA, staining with SYBR™ gold before visualisation at 460
nm. This shows the effect on 4WJ formation from increasing concentrations peptide 2, using a DNA
concentration of 250 nM. A solution containing only the R-strand was used as a control for ssDNA and
another containing annealed R+H strands for forked-DNA.

As mentioned in section 1.4.3.1, RTA is an acridine with the ability to induce the
formation of the 4WJ without the need for annealing.”’ To investigate the activity of
2on 4WJ formation at reduced temperature, different concentrations of the peptide
were incubated with the 4 unlabelled oligonucleotides (B, H, R and X), for 1 h at RT
(Figure 2-23). PAGE analysis, using SYBR™ gold staining, showed that all DNA was
trapped as the 4WJ at 24 molar equiv, a 2.5-fold reduction in activity compared to
when the experiment was carried out with annealing. This may reflect a reduced
binding rate due to the lower availability of thermal energy at reduced temperatures,
which results in slower molecular motion and hinders the conformational flexibility

required for effective DNA—peptide binding.

In Figure 2-23, two images of PAGE gels are shown, for the binding of 2 to 4WJ DNA
without annealing. Notably, when no peptide is present in solution, image A has only
ssDNA present and image B has ssDNA and 4WJ DNA present. Difference in the ratio
of ssDNA and 4WJ DNA was often observed when no other compound was present,
throughout the PAGE analysis. This could show that the ratio of the different species
is highly sensitive to minor experimental differences in buffer composition,
oligonucleotide ratios or changes in room temperatures. However, in Figure 2-23
both images show that all DNA is trapped as the 4WJ at 24 molar equiv of 2, showing

that results in binding activities can be repeated. Despite this, it should be mentioned
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that in most cases the PAGE assay was carried out once for each compound, meaning

that reproducibility cannot be discussed.

A: Higher peptide concentration  B: Lower peptide concentration
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Figure 2-23: PAGE images obtained without annealing. This showed the effect on 4WJ formation from
increasing concentrations peptide 2 after incubating in the presence of DNA (250 nM) for 1 h at RT, with
image A having a higher range of peptide concentrations and image B a lower range. Unlabelled DNA
was used and stained with SYBR™ gold, before visualisation at 460 nm.

The focus then moved to using PAGE to examine the selectivity of 2 for 4WJ DNA
compared to dsDNA. A competition assay was set up, where the peptide first binds
to the 4WJ DNA, before dsDNA is titrated into the solution. Successful displacement
of the peptide from the 4WJ, caused by dsDNA binding, would result in a reduction
in the 4WJ band and increase in the lower DNA bands. For this experiment, 12 molar
equiv of peptide 2 were used, to allow for the majority of the DNA to be trapped as
the 4WJ, whilst avoiding solubility issues. After incubating the peptide with the 4
unlabelled oligonucleotides (B, H, R and X) for 1 h at RT, varying concentrations of
dsDNA was added. The dsDNA used was 25 bp in length and contained no sequences
capable of hybridising with the 4WJ DNA strands, avoiding the formation of
unwanted DNA species. The resultant solution was incubated at RT for a further 1 h,

before analysis by PAGE followed by SYBR™ gold staining.

Results from the 4WJ/dsDNA PAGE competition assay, using 2, showed there was no
change in the strength of lower DNA bands with increasing concentrations of dsDNA,
up to 25 molar equiv. Also, the 4WJ band showed no reduction in strength, in fact
increased with dsDNA concentrations >3.13 molar equivalents, indicating potential
issues with DNA cross-linking (Figure 2-24). These outcomes show that the dsDNA
was unable to compete for 2, demonstrating the peptides selectivity for 4WJ binding.
However, it should also be noted that the DNA sequences used for the 4WJ, and

dsDNA are very different meaning that sequence selectivity cannot be ruled out.
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Figure 2-24: 4WJ/dsDNA PAGE competition assay. This showed the inability of dsDNA to compete for
peptide binding, in the presence of 12 molar equiv peptide 2 and 250 nM 4WJ-forming DNA, after
incubation at RT. Unlabelled DNA was used and stained with SYBR™ gold, before visualisation at 460
nm.

Attempts were made to use the well-studied J3 4WJ (Figure 2-12) for the PAGE assay.
This 4WJ has 17 bp arms, compared to the 11 bp arms of the 4WJ used so far. When
the four J3-forming oligonucleotides were annealed in 1 x TBE, in the absence of any
salt or 4WJ-binding compounds, the DNA was found to fully form the 4WJ. This may
reflect the increased stability of this 4WJ due to its longer duplex arms and means
that J3 cannot be used to monitor changes in 4WJ stability in the presence of

compounds of interest using the PAGE technique.

To summarise, the ability of the C6 acridine 3 and peptides to bind and trap the DNA
4W) was evaluated using PAGE. From testing the peptides, it was found that 2 had
the highest activity, followed by 1. In contrast, the other 3 peptides tested showed
incomplete 4W)J trapping <20 uM. When comparing peptide 2 and the C6 acridine 3,
the peptide showed ~4-fold higher activity, exhibiting its higher affinity for 4W)
binding (Table 2-2). Additionally, the versatility of PAGE was demonstrated, with the
assay being used to monitor the effects of fluorescent labelling, annealing and the

addition of dsDNA, on the ability of peptide 2 to bind to 4WJ DNA.
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Table 2-2: Results from PAGE assay, using 1.25 uM FAM labelled DNA.

Gel trapping Gel trapping

Name/sequence

(Molar equiv) (uM)
3 C6 acridine 40 50
1 H-WRWYCR-NH; 16 20
2 H-WRWYRGGRYWRW-NH, 9.6 12
4 H-WRWYCR-OH >16 >20
5 H-WRWYC(Acm)R-NH; >16 >20
6 H-WRWYR-NH; >16 >20

2.3.4 FRET

To find out whether these peptides bound to the open or X-stacked conformation of
the 4WJ, a FRET assay was carried out, using similar conditions to previous
studies.'?*12> As mentioned in sections 1.4.1.2 — 1.4.1.3, both peptides 1 and 2 have
been shown to bind to the open conformation of the 4WJ. Therefore, when these
peptides bind to the 4WJ in a high salt environment a decrease in FRET can be
predicted, caused by the change in conformation from the X-stacked to open form.
To follow other FRET studies on 4WIs, J3 was used, with FAM as the donor
fluorophore and TAMRA as the acceptor fluorophore.'?® These dyes are commonly
used for FRET due to the good spectral overlap of FAM emission and TAMRA
excitation. By exciting FAM at 490 nm, energy can be transferred to TAMRA, resulting
in a loss of FAM emission at 520 nm and an increase in TAMRA emission at 580 nm

(Figure 2-25).
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Figure 2-25: Excitation and emission spectra of FAM and TAMRA fluorophores.
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The J3 oligonucleotide sequences and 4WJ combinations are as follows:
Sequences:

B =5-CCTCCGTCCTAGCAAGGGGCTGCTACCGGAAGGG-3’

H = 5'-CCCTTCCGGTAGCAGCCTGAGCGGTGGTTGAAGG-3’

R =5’-CCTTCAACCACCGCTCAACTCAACTGCAGTCTGG-3’

X =5’-CCAGACTGCAGTTGAGTCCTTGCTAGGACGGAGG-3’

X(TAMRA) = 5’-TAMRA-CCAGACTGCAGTTGAGTCCTTGCTAGGACGGAGG-3’
R(FAM) = 5’-FAM-CCTTCAACCACCGCTCAACTCAACTGCAGTCTGG-3’

4WJs:

(F+T) FAM and TAMRA = X(TAMRA)/R(FAM)/B/H

(F) FAM-only = X/R(FAM)/B/H

(T) TAMRA-only = X(TAMRA)/R/B/H

To begin with, the titration of NaCl, into a low salt solution of J3 DNA was repeated,
following procedures previously described.’?® Na* was chosen as the titrant because
it forms the tightest junctions when compared to Mg?* and K*, allowing for the
highest levels of FRET.1?® Firstly three 4WIJs, based on J3 sequences and containing
differing fluorescent labels, were constructed via annealing at 90 °C for 5 min
followed by gradual cooling to 20 °C over 12 h in 10 mM Tris, 1 mM EDTA and
300 mM NaCl (pH 7.6). The high level of NaCl added was to ensure all DNA formed
the 4WJ whilst annealing. Each 4W)J was then buffer exchanged 3 times into a low

salt buffer containing 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.6).

Experiments were performed using a 3.5 mL cuvette with a 1 cm path length in a
fluorimeter, with an excitation bandwidth of 4 nm and an emission bandwidth of
8 nm. Measurements were taken at 20 °C, with the polarisers set to 0° for excitation
and 55° for emission. The “magic angle” was used for the emission polarisation to
avoid artifacts caused by anisotropy effects.’® The FAM and TAMRA (F+T) and
FAM-only (F) labelled junctions were excited at 490 nm and the TAMRA-only (T)
junction was excited at 565 nm. All emission spectra were recorded from
500 - 650 nm at 0.2 nm/s. For the NaCl titration, to each 4WJ (50 nM, 2 mL) was
added increasing volumes of NaCl (5 M). The titration was repeated in triplicate and
control emission scans, with NaCl titrated into buffer, were subtracted from the DNA

emission scans.
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FRET efficiency (E) provides a ratio of the acceptor emission after donor excitation

or acceptor excitation. This can be calculated using the following equation:
Esgo = Fpa +~ Fy
Equation 2-2: FRET efficiency (E) calculation at 580 nm.
Where Fpa is the emission of the acceptor (TAMRA) in the presence of the donor

(FAM), after excitation at 490 nm, and Fa is the emission of the acceptor after

excitation at 565 nm (Equation 2-2).

The contribution of FAM emission to the Fpa value for each NaCl addition was
removed by first calculating the conversion factor required to match the spectra of
F+T to F between 500 — 530 nm, where only FAM emission is observed (A, Figure
2-26). This conversion factor was then used to multiply each wavelength of F+T to

give the “calculated fit” (B, Figure 2-26).
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Figure 2-26: Example of the deconvolution of FAM and TAMRA signals during FRET analysis, using J3
after the addition of 200 mM NaCl. (A) Emission spectrum of F+T (blue) and F (orange). (B) Emission
spectrum with the “calculated fit” (yellow) added, after finding the conversion factor (1.34) to match
the F+T and F spectra from 500 — 530 nm, then multiplying every F+T value by this.

The values at each wavelength of F were then subtracted from the F+T “calculated
fit” spectrum to provide the “extracted acceptor emission” (A, Figure 2-27).12 The
“extracted” value at 580 nm was then divided by the T emission value at 580 nm,

after excitation at 565 nm to provide the FRET efficiency (B, Figure 2-27). The
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average values of triplicates from F and T were used for the calculations and each

F+T value was analysed separately.
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Figure 2-27: Example of FRET data analysis, using J3 after the addition of 200 mM NaCl. (A) Emission
spectrum with the “extracted acceptor emission” (green) added, after taking away the emission of F
from each wavelength of the “calculated fit”. (B) Emission spectrum of T compared to the “extracted

acceptor spectrum”.

An

coll

automated method for carrying out these calculations was developed in

aboration with Marco Cominetti, using Python coding. This allowed for the

negative controls, of NaCl titrated into buffer, to automatically be subtracted for

emission values after either 490 nm or 565 nm excitation. The conversion factor was
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calculated by multiplying the 500 — 530 nm values of the F+T 4WJ by every number
between 0.01 — 100, until an R-squared value closest to 1 was obtained, when
compared to the F 4W)J values. The value for the conversion factor was calculated

for each F+T scan individually, using the averaged F scans from triplicate readings.

The results from the titration of NaCl into the J3 showed that FRET increased as the
concentration of NaCl increased, with a dissociation constant of 24.4 + 2.47 mM
(Figure 2-28). This shows how the 4WJ is changing from the open conformation to
the X-stacked conformation as the concentration of salt increases. Due to the high
volume of NaCl (up to 500 pl) required to reach a plateau, DNA blanks were also
carried out, where buffer was added directly to each of the 3 different 4WlJs. This
showed that the dilution effect of the NaCl solution had no effect on the FRET values
obtained. This is because the FRET value was obtained from the ratio of emission at
580 nm from the doubly labelled FAM and TAMRA 4WJ DNA and the singly labelled

TAMRA only junction, that would have been equally affected by dilution.
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Figure 2-28: FRET efficiency of J3 (50 nM) upon the addition of 5 M NaCl aq. (circles) and buffer only
(triangles). Error bars and Kp error represent the mean #* standard deviation from triplicate readings.

With the curve of the line becoming relatively flat at ~600 mM, it was decided that
300 mM (~50% of Bmax) would be put into the DNA solution when testing the
peptides. This was so the majority of 4WJ would be in the X-stacked conformation,
meaning the peptide binding would be observed by a decrease in FRET, as the 4W|
is opened. A value below 100% Bmax Was chosen to reduce the amount of peptide
required to compete against NaCl, as well as the effects of non-specific binding of

NaCl to the duplex arms of the 4W|.
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Dodeca-peptide 2 has previously been shown to bind to the open conformation of
the 4WJ,* and was the first peptide tested in FRET assay. All conditions were kept
the same as for the NaCl titration, except that the J3 DNA was dissolved in a high salt
buffer, containing 300 mM NaCl, 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.6). The
peptide was dissolved in this same buffer without NaCl, due to reduced solubility in
the presence of the salt. To the 4WJ DNA (50 nM, 2 mL) was added aliquots of
peptide 2 (1 pL) at varying stock concentrations (10 — 1000 uM). A total of 12 peptide
additions were made making the change in volume <1%, reducing the effect of

changing volume on NaCl or DNA concentrations.

The results from the titration of 2 into J3 showed that FRET decreased with
increasing peptide concentration (Figure 2-29). A Kp value of 96.4 + 22.8 nM was
obtained, showing the high affinity of the peptide for the 4WJ DNA. This could
indicate that the 4WJ was being converted from the X-stacked to the open
conformation, in the presence of this peptide. This also shows that 2 can recognise

the 4W1J in the X-stacked conformation and outcompete NaCl for binding.
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Figure 2-29: Change in the FRET efficiency of J3 (50 nM), dissolved in 300 mM NaCl, 10 mM Tris-HCl and
0.1 mM EDTA (pH 7.6), with the titration of peptide 2. Error bars and Kp error represent the mean +
standard deviation from triplicate readings.

To confirm that the results from FRET analysis of 2 were caused by 4WJ-binding,
Acm-containing peptide 5 was tested next. As mentioned in section 2.3.1, this
peptide is predicted to be unable to bind to the 4W)J because it cannot form the
cysteine disulfide bridge required for activity. 5 was shown to have minimal effect
on the FRET efficiency of J3 (Figure 2-30), up to a concentration of 1.7 uM. This

confirms that 5 was unable to convert the 4WJ from the X-stacked to open
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conformation. However further analysis is required to show this peptide does not

bind to the X-stacked 4WJ.
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Figure 2-30: Change in the FRET efficiency of J3 (50 nM), dissolved in 300 mM NaCl, 10 mM Tris-HCl and
0.1 mM EDTA (pH 7.6), with the titration of peptide 2 (black circles) or peptide 5 (red squares). Error bars
represent the mean * standard deviation from triplicate readings.

After confirming the validity of the FRET assay, next hexapeptide 1 was tested, as
this peptide has also been shown to bind to the open conformation 4WJ.** When
testing 1, a small decrease in FRET efficiency was observed, with 69% still observed
at 1.72 uM, compared to 0% for peptide 2 (Figure 2-31). A linear drop in FRET was
observed for 1, compared to the exponential decrease of 2. This could be caused by
the time required for the equilibrium shift of 1, from the inactive monomer to the
4WJ-binding dimer. Each emission scan was taken ~10 sec after the peptide addition
and may not have been long enough to form the active dimer. For each point of the
peptide titration, 3 emission scans were required with the different DNA constructs
and 2 emission scans of peptide blanks, in the absence of DNA. With each emission
scan taking 30 sec, and triplicates needed, it would be highly inefficient to increase
the length of time between additions. Therefore, other assays may be more
appropriate for testing 1, such as gel electrophoresis and FP, that both involve

incubation of the compound for longer periods of time.
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Figure 2-31: Change in the FRET efficiency of J3 (50 nM), dissolved in 300 mM NaCl, 10 mM Tris-HCl and
0.1 mM EDTA (pH 7.6), with the titration of peptide 2 (black circles), peptide 5 (red squares) or peptide
1 (blue triangles). Error bars represent the mean + standard deviation from triplicate readings.

Unfortunately, acridines could not be tested under the conditions used for the FRET
assay, due to their high levels of intrinsic fluorescence, with acridines often used as
fluorescent dyes for the detection of DNA.1% With a low concentration of 50 nM
fluorescently labelled DNA used for FRET, interference from acridine fluorescence
occurred at low concentrations, making this assay non-viable. This was not an issue
in the PAGE assay, as any unbound acridine was washed out of the gel because of its

small size (<1 kDa).

To summarise, FRET was used to test the effect of peptides on the 4W)
conformation. From this, 2 was found to have a Kp of 90 nM for converting the 4WJ
from X-stacked to open in a high salt environment. On the other hand, 1 and 5 both

showed minimal effect <1.7 uM.

Although the results from this experiment were presumed to result from FRET, based
on the approach originally described by Lilley et al.,*?® a potential limitation is that
TAMRA emission following excitation at 490 nm was not explicitly accounted for. To
conclusively demonstrate that FRET is occurring between FAM and TAMRA, further
experiments are required. These should include measuring emission at 580 nm after
excitation at 490 nm for both the F+T and T 4W!ls, to assess any direct excitation of
TAMRA and confirm that the observed signal is due to energy transfer rather than

from directly emission from TAMRA. Until such controls are performed, the
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interpretation of these results as definitive evidence of FRET must be treated with

caution.

2.3.5 Fluorescence polarisation

FP was previously carried out to find the binding affinity of proteins for the 4W|,
using J3 4WJ DNA as the fluorescent tracer molecule. Lilley’s group showed the
binding of the J3 4WIJ to two different 4WJ resolvase enzymes; E. Coli RuvC and
Sulfolobus Solfataricus Hjc.'3? During this study, J3 was labelled with either Cyanine3
or FAM, terminally attached to one of its helical arms. When the proteins were
titrated into separate solutions containing 25 nM J3, increases in FP were observed.
This is indicative of binding and matches the FRET and gel electrophoresis results

obtained during this study.'*2

Mukerji’s group showed the ability of Integration Host Factor (IHF) to bind to the
DNA 4W]J using FP.13 IHF is an architectural protein found in E. Coli, that has
sequence specific duplex DNA-binding. Upon binding, IHF induces DNA bending, with
an angle of ~160° observed in IHF-DNA co-crystal structures. When carrying out FP
using 2 nM FAM-labelled J3, it was shown that IHF had a Kp of 2 nM. This study proves
that IHF binds to the DNA 4WJ with high affinity and no sequence specificity, showing

this protein recognises the overall 4WJ structure.3

The proteins RuvC, Hjc and IHF bind to the 4WIJ as dimers, with overall molecular
weights of 19 kDa, 30 kDa, and 21 kDa respectively, making them lighter than the
40 kDa J3 4W). This is unusual for FP studies, where traditionally the smaller binding
partner acts as the tracer, with the binding of a larger molecule causing a more

substantial increase in polarisation.’** However, these studies from both the groups

132 133

of Lilley* and Mukerji,”>* show it is possible to observe the binding of smaller
proteins to larger fluorescently-labelled 4WJ DNA, with these results backed-up by

orthogonal assays, such as FRET, gel electrophoresis and single-molecule techniques.

With the availability of J3 DNA after FRET analysis, an assay was set up using
FAM-labelled J3 as a fluorescent tracer and monitoring changes in FP upon the
addition of different 4WJ-binding peptides (Figure 2-32). The DNA sequences
matched those used in FRET for the FAM-only junction, containing X/R(FAM)/B/H

oligonucleotides. The FAM-J3 tracer was used at a final concentration of 10 nM, to
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allow for the use of minimal reagents whilst getting a strong enough signal for high
quality results. As with the FRET assay, FP could not test the binding of acridine
molecule due to their intrinsic fluorescence and the low concentration of

fluorescently labelled DNA used.
Fast tumbling
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Figure 2-32: FP schematic, showing unbound 4WJ DNA, tagged with FAM (red), tumbling quickly in
solution with low polarisation. When a 4WJ-binding peptide molecule (black) binds to the 4WJ, tumbling
is slowed, and polarisation increases.

For the FP assay, a plate reader was used, enabling rapid analysis and the generation
of full binding curves for multiple peptides simultaneously. This contrasts with the
FRET assay, where a fluorimeter was used to analyse samples in a cuvette. Although
this was a slower and more labour-intensive technique, using a cuvette gave more
sensitive and precise results.'% This was required during FRET because the signal was
weaker than direct fluorescence intensity signals, with the acceptor and donor
fluorophores needing to be within ~10 nm of each other for energy transfer to occur.
Due to this weak signal, background noise from other sources of fluorescence had to
be reduced. By using a cuvette, emission measurements could be made
perpendicular to the excitation beam, minimising detection of excitation light. The
cuvettes also had a fixed path length of 1 cm, whereas variation caused by meniscus
effects or slight volume changes between wells in microplates can reduce the
accuracy of fluorescence readings. Finally, fluorimeters can analyse exact
wavelengths with narrow bandwidths, unlike the plate reader available during this
PhD, that contained a limited set of filters with wider bandwidths. By using a
fluorimeter, wavelengths were chosen that maximised spectral overlap between the

donor and acceptor fluorophores whilst reducing interference through direct
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excitation.1? For the FP assay, strong fluorescence intensity signals meant that the
satisfactory results could be obtained quickly using a plate reader, with minimal

interference from background noise.

Initial FP experiments used a buffer containing only 1 mM phosphate-buffered saline
(PBS) and 10 mM NaCl (pH 6.5) and gave highly variable results with large error bars.
However, after the addition of 0.05% of the detergent Tween 20, improvements
were observed in the reproducibility of the assay, presumably due to the ability of
Tween 20 to reduce the adsorption of biomolecules to the well surfaces.!** The FP
assay was prepared by pipetting 40 uL of 20 nM FAM-J3 into a black 96-well plate,
before adding 40 puL of peptide (25 nM — 3 uM final concentrations). Both DNA and
peptide solutions were dissolved in the same buffer, containing 1 mM PBS, 10 mM
NaCl and 0.05% Tween 20 (pH 6.5). After incubation for 20 min, the samples were
excited at 482 + 16 nm and emission recorded at 530 + 40 nm. FP was calculated
using Equation 2-1, to provide half maximal effective concentration (ECso) values,
the concentration required to get a 50% response in polarisation, in triplicate

readings (Table 2-3).

Table 2-3: Results from FP using 10 nM FAM-J3 4W.. Error in the ECsoand polarisation change values
are from the mean # standard deviation from triplicate readings.

Polarisation
Sequence ECso (nM)
change (mP)
2 H-WRWYRGGRYWRW-NH, 310+ 2.54 249 + 0.939
1 H-WRWYCR-NH; 553+30.1 202 +£12.8
5 H-WRWYC(Acm)R-NH, >3000 N/A
6 H-WRWYR-NH, >3000 N/A

Results from the FP assay (Figure 2-33) showed that peptide 2 had the highest
activity and caused the largest change in polarisation, with an increase of
249 £ 0.939 mP observed. This was surprising, given that 2 weighs ~20 times less that
the J3 DNA, at 2 kDa compared with 40 kDa. This large increase in polarisation could
be explained by the peptide potentially causing the 4WJ to adopt a more rigid
conformation or could signify that multiple peptides have bound to the 4WJ at once.
Compared to 2, peptide 1 had ~2-fold lower activity and showed a smaller increase

in polarisation of 202 + 12.8 mP. This hexapeptide is known to bind to the 4WJ as a
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dimer, therefore the reduction in activity may reflect the need for two molecules to
bind to a single 4WJ, unlike a single monomer of 2. Additionally, 1is ~2-fold smaller
than the dodeca-peptide and ~40-fold smaller than the J3 4WJ. This small size may

have caused the reduced change in polarisation.

As expected, both 5 and 6 showed minimal activity in the FP assay up to 3 uM
concentrations (Figure 2-33). This matches the results from the PAGE assay,
confirming that these peptides have little activity against DNA 4WIJs. This also
validates the FP assay, suggesting that the effects of the changes in polarisation

come from 4W/J binding and not an assay artifact.
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Figure 2-33: Dose-response curves from FP, using 10 nM FAM-J3 4WJ and titrating in peptides.
Polarisation was measured in millipolarisation (mP). Error bars represent the mean + standard deviation
from triplicate readings.
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2.3.6 Ethidium bromide displacement assay

This project focusses on the ability of different ligands to bind to 4WJ DNA. However,
when carrying out assays using immobile 4WJ models, the arms of the junctions are
in fact duplex DNA. It is important to understand the selectivity of these acridines
and peptides in comparison to biomolecules, such as 4WJ-resolving enzymes that
generally have a 1000-fold higher affinity for the centre of 4WJ DNA over duplex
DNA.'% Also, the vast majority of DNA in the cell is in the stable duplex form, as
discussed in section 1.1. Therefore, a high level of selectivity would be required to

target the low abundance of 4WIs in vivo.

For this purpose, the ethidium bromide (EtBr) displacement assay was used to
determine the duplex DNA binding affinities of both the acridines and peptides.
Firstly, EtBr (4.4 uM in 0.1 M Tris, 0.1 M NaCl, pH 7) was prebound onto calf thymus
DNA (ctDNA, 62.3 uM (bp)final concentration), a natural source of duplex DNA of
varying lengths. Next was added the DNA-binding compound dissolved in DMSO (2
KUM), at 50-fold the desired final concentration (10 nM — 400 uM). After incubation
at RT for 2 h, the sample was excited at 555 + 20 nm and emission recorded at 610 +
40 nm. Previous UV-Vis readings showed that the acridines do not absorb light at
555 + 20 nm and should not interfere with the fluorescence of EtBr.?*” Readings for
the half maximal displacement concentration (Cso) value were carried out in
triplicate, providing the concentration required to get a 50% reduction in EtBr

fluorescence (Table 2-4).

Table 2-4: Cso values from the EtBr displacement assay. Error in the Cso values is from the
mean #* standard deviation from triplicate readings.

No. Name/sequence Cso (LM) ‘
3 C6 acridine 2.03 £0.109

9 Triazole acridine >400

2 H-WRWYRGGRYWRW-NH, 1.48 + 0.0454

1 H-WRWYCR-NH; 17.0 £ 0.649

5 H-WRWYC(Acm)R-NH, 115 + 18.7

6 H-WRWYR-NH, 92.3+12.0

When testing the acridines in the EtBr displacement assay, 3 was found to have a Cso
value of 2.03 + 0.109 uM, whereas the Cso of 9 could not be determined below

400 puM, due to an incomplete binding curve (Figure 2-34). This reflects a similar
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result obtained by Searcey et al. that showed 9 had a large reduction in activity

compared to 3.%°
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Figure 2-34: EtBr displacement assay dose-response curves for the triazole acridine 9 and C6 acridine
3.

The peptides were then tested in the EtBr displacement assay (Figure 2-35). The
results showed that both 5 and 6 had low binding affinity to duplex DNA, with Cso
values >90 uM, whereas hexapeptide 1 had a higher affinity of 17.0 £ 0.649 uM. This
may indicate that the formation of a dimer, via a disulfide bridge, is important for
both 4WJ and duplex DNA activity. The highest activity observed in this assay was for
dodeca-peptide 2, with a Cso value of 1.48 £ 0.0454 uM. This shows the ability of this
peptide to bind to dsDNA and may indicate that some of its activity in previous assays

comes from binding to the duplex arms of the 4WIJ rather than its centre.
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Figure 2-35: EtBr displacement assay dose-response curves for peptides 1, 2, 5 and 6.

A major drawback of the EtBr displacement assay is that it cannot be used to directly

compare the binding of ligands to duplex DNA and 4WIJs. This is because EtBr
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intercalates into helical DNA, making it unlikely to bind to the centre of the open
conformation 4WJ, that contains unpaired bases. However, looking at the C6
acridine 3 compared to 2, the peptide has ~4-fold higher activity in the 4WJ PAGE
assay compared to 1.3-fold higher activity in the duplex DNA EtBr displacement
assay. This may indirectly show that the peptide has overall higher selectivity for 4W)J
DNA than acridine 3. The ctDNA could also contain inverted repeats that are capable
of forming 4WIJs. Therefore, the activity of the ligands may be a consequence of

binding to these 4WIJs, rather than duplex DNA.

The binding activities of the peptides in the FRET, FP and EtBr assays, provide a
consistent trend, with 2 being the most active peptide and 5 being the least.
Although the activity of 1 was found somewhere between those of 2 and 5, each
assay gave a slightly different result. The FRET assay showed a large reduction in
activity of 1 compared to 2, with no Kp value obtained for 1 within the assay
concentration range of <1.7 uM. However, this could result from the short
equilibration times in this assay being unfavourable for the formation of the active
dimer of 1. Also as mentioned in section 2.3.5, the FRET results should be interpreted
with caution as further controls are required to confirm the readings are irrefutably
caused by FRET occurring. FP analysis showed a 2-fold fall in activity for 1 in relation
to 2, compared to an ~10-fold fall in relative activities in the EtBr assay. These
findings imply that although 1 has lower 4W)J binding activity in the FP assay, this
peptide may have higher selectivity for 4WJ DNA over dsDNA.

2.3.7 MTS assay

Cell viability is defined as the quantity of healthy cells in a specimen and can be used
to determine the response of cells to different compounds. This can be used to
determine the degree of cytotoxicity a compound has against a specific cell type. A
common measure for the cell viability of cancer cell lines, to test for cell survival and
proliferation, is the MTS colorimetric assay. (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl) 2-(4-sulfophenyl)-2H-tetrazolium) (MTS) is a tetrazolium
salt that is reduced to formazan in viable cells, via mitochondrial reductase (Scheme
2-8). Dead cells are unable to carry out the reduction of MTS, required to produce
formazan. This change in cell viability can be visualised by a colour change from
yellow, when only MTS is present, to purple when formazan is formed and can be

quantified by measuring absorbance of formazan at 492 nm. The MTS assay was
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developed from the original 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) assay, that produced an insoluble formazan compound upon
reduction, unlike the soluble formazan compound produced in the MTS assay. This
means the MTT assay requires an additional step, of adding a solubilising agent,
before analysis.®
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Scheme 2-8: Reduction of MTS by mitochondrial reductase to form a formazan.13¢

As discussed in section 1.4.1.3, the MTT assay was previously used to test the D-
isomer peptides, 1-D and 2-D, against cancer cell lines PC3, Du145, LnCAP, PPC-1,
DuPro-1, Hela and A549. This showed that at 25 uM, 1-D was able to reduce cell
viability by 0 — 10%, whilst 2-D showed reductions between 50 — 80%.”* The MTS
assay has also been used to test acridines, with the C6 acridine 3, showing an 1Cso
value >1 uM and a ~10-fold drop-in activity observed for the triazole acridine 9, when
tested against the HL-60 human leukaemia cell line.'¥” The idea in this project was to
carry out an MTS assay to directly compare the activities of both peptide and

acridines against the human leukaemia cell line HL-60.

To prepare the assay, the HL-60 cells were seeded (100 pL, 3 x 10° cells/mL) on a 96-
well plate and incubated overnight at 37 °C, 5% CO.. After this, 1 pL of ligand in DMSO
(25 uM final concentration) was added to the cells, followed by incubation for
another 3 days. MTS (10 uL) was then added and after incubation for 3 h, absorbance
was measured at 492 nm. Cell viability (%) values were obtained from triplicate
readings, looking at the relative fluorescence of the treated cells, compared to
untreated cells containing 1 uL DMSO (100%) and wells containing MilliQ water with
MTS added (0%).

The screening of compounds at 25 uM (Figure 2-36) showed that treatment with the

C6 acridine 3 resulted in only 8.00% + 0.686% cell viability remaining. The triazole
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acridine 9 caused a drop to 28.1% + 6.78% cell viability, reflecting the loss in activity
previously observed when compared to 3.1’ Both peptides 1 and 2 had minimal
effect on cell viability. When comparing the cell viability results of the compounds to
the DMSO negative control, results from a two-tailed unpaired t-test confirmed that
both of the acridine compounds caused a significant difference in cell viability
(p-value = <0.05) , whereas the peptide did not bring about a significant change
(p-value =>0.05) (Table 2-5). This may show that the L-isomers of both peptides have
lower activity than the D-isomers, potentially caused by the higher propensity of
L-isomers to degradation by cellular peptidase.”® However, to confirm this, the
D-isomer peptides would need to be tested in the HL-60 cell line for direct

comparison.

Table 2-5: Results from the MTS assay against HL-60 cancer cells. Errors in the cell viability (%) values
are from the mean * standard deviation from triplicate readings. P-/T-values were obtained from a
two-tailed unpaired t-test, comparing samples to cells treated with DMSO.

Name/ Cell viability
p-value  T-value
sequence (%)
3 C6 acridine 8.00 + 0.686 0.000614 40.3
9 Triazole acridine 28.1+6.78 0.000878 13.5
Peptide 1 H-WRWYCR-NH; 99.6 +2.75 0.958 -0.0557
Peptide2 | H-WRWYRGGRYWRW-NH; 101 +3.73 0.768 -0.315

MTS compound screening at 25 uM
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Figure 2-36: MTS assay using different compounds (25 uM) against HL-60 cells (3 x 105 cells/mL). Error
bars represent the mean + standard deviation from triplicate readings.
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2.4 Conclusion and future work

In conclusion, a series of 5 peptides were successfully synthesised using SPPS and
two acridines using multi-step organic synthesis. These ligands were then tested in
a series of biological assays, to determine their ability to bind to 4WJ/dsDNA and
their cytotoxicity against HL-60 cancer cells. From this, peptide 2 was shown to have
the highest activity against the 4WJ in the PAGE, FRET and FP assays, making it a

molecule of interest for further studies.

Peptide 2 also had the highest activity against dsDNA in the EtBr displacement assay,
indicating it may be unselective for 4WJ binding. However, when carrying out a PAGE
competition assay, 2 showed only 4WJ binding, even with a large excess of dsDNA
added. Mega base pair dsDNA was used for the EtBr displacement assay, containing
a high variation in DNA sequences, compared to the 25 bp dsDNA used in the PAGE
competition assay, that contained no sequence similarity to the DNA used to form
the 4WJ. This may indicate that 2 has some DNA sequence selectivity. Repeating the
PAGE assay using a range of different DNA sequences, for both the dsDNA and 4W)
DNA, could be helpful to check whether the peptide has DNA sequence or structure
specificity. This could be further tested by analysing peptide binding against with a

range of 4WJ sequences in the FP assay.

As mentioned in section 2.3.4, the FRET assay carried out for testing the peptides
synthesised against the J3 4WJ DNA, requires further testing before results can be
validated. This is to ensure that energy transfer from FAM to TAMRA is occurring,
instead of direct emission from TAMRA, after excitation at 490 nm. In addition to
this control experiment, other FRET-based techniques could be employed to further
investigate the 4WJ conformations induced by peptide binding. Both time-resolved
FRET23133 3nd single-molecule FRET*® have previously been used in research into the
conformational changes of 4WJ DNA. Time-resolved FRET measures changes in
donor fluorescence over time, allowing accurate quantification of energy transfer
independent of fluorophore concentrations or background fluorescence. This
technique could help to overcome the relatively weak signal observed in the steady-
state FRET, in relation to TAMRA emission (B, Figure 2-27). Single-molecule FRET
offers the ability to observe individual 4WJ molecules, capturing their dynamic

conformational changes in real time as peptides bind. This could give insights into
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whether the peptides are able to trap the 4WJ DNA into a single conformation upon

binding.

Despite the activity of 2 against 4WJ and dsDNA, the peptide showed no cytotoxicity
when tested against HL-60 cancer cells at a concentration of 25 uM. This could result
from several different processes, such as degradation by cellular peptidase or from
the peptide being unable to penetrate the cells. The next chapter will focus on
exploring the effects of changing the structure of 2 on 4WJ/dsDNA activity and HL-

60 cancer cell cytotoxicity.
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3.1 Introduction

3.1.1 Peptidomimetics

As noted in section 2.1.1, peptides are an important and growing class of therapeutic
molecules. However, the use of peptides in the clinic has been limited by their
instability in vivo, in the presence of endogenous proteases that cause amide bond

138 3nd short half-lives often

hydrolysis.'®” This results in values of <2% bioavailability
being obtained for peptides, meaning nasal or parenteral administration is
required.’®® Additionally, the intrinsic flexibility of the rotatable amino bonds N-Ca
and Co-CO can cause issues with poor selectivity, increasing unwanted side
effects.’® Therefore, efforts must be made to transform peptides into more drug-
like molecules and stabilise their metabolic vulnerabilities. These include modifying
their C-/N-termini, peptide cyclisation and adding D-amino acids or unnatural amino

acids into the sequence.*!

This section will focus on the replacement of the standard 20 amino acids, with non-
canonical chemical groups, using peptidomimetics. This is where the natural
peptide/protein is structurally mimicked, using different chemical groups that match
the original pharmacophore, whilst retaining the same biological activity.!*® One
method used in peptidomimetics is the replacement of natural L-amino acids for
their D-isomers. This has been shown to reduce proteolysis, by shifting the
conformation of the peptide away from those recognised by proteases.'*? Using D-
amino acids can improve the antimicrobial activity of peptides, such as for peptide

1-D and 2-D (see section 1.4.1.3).

In proteins, linker/spacer groups are short sequences of amino acids that separate
different domains within a single protein. They are generally Gly-rich, to allow for
the formation of flexible loop-type structures and do not perform any additional
functions for the protein.*® This means that these irrelevant amino acids can be
replaced with isosteric spacers, that do not contain the peptide backbone. This can
help improve bioavailability and reduce the peptides susceptibility to proteolysis, by

reducing the number of amide bonds present. This is known as backbone
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prosthesis.'* Several different chemical groups have been used as linkers and will

now be discussed.

A commonly used backbone spacer is the 6-aminohexanoic acid (Ahx) group, a
hydrophobic and highly flexible amino acid.'** Ahx was used to replace two adjacent
glycine residues in Met-enkephalin, an opioid neuropeptide. This resulted in the
discovery that a single hydrogen bond is required within the spacer for activity to be
maintained, leading to an improved understanding of the binding of the peptide to
6-/u-opioid receptors. This study also explored the use of different isosteric spacers
of Gly-Gly, including 4 — 7 carbon alkane linkers and a PEG-type linker (Figure 3-1).1%°
Additionally, Ahx has been used as a spacer between Arg amino acids, to act as a
hydrophobic linker between the two charged guanine groups. In the development
of cell-penetrating peptides, this has been found to increase their ability to enter the
cell and metabolic stability.** Subsequent attachment of the oligoarginine (R-Ahx-
R)s to synthetic oligonucleotides increased their cell penetration and ability to
produce functional fully spliced mRNA, for the treatment of diseases including B-

thalassemia and various cancers.%®
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Figure 3-1: The replacement of the Gly-Gly residues of Met-enkephalin with different backbone spacers.
Distances were calculated using molecular dynamics simulation and were measured from the centre of
the Tyr and Phe aromatic rings.1>

Triazoles are of interest in peptidomimetics because of their ability to act as amide
bioisosteres. When disubstituted at the 1,4 positions, triazoles can be compared to
trans (Z) amide bonds, as demonstrated by their similar features. Both contain a H-

bond acceptor and a H-bond donor, an electrophilic carbon and relatively similar
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distances between R-groups (Figure 3-2).1*” Triazoles are useful in drug development
because of their stability during acid/base hydrolysis and in reductive/oxidative
conditions, making them metabolically resistant. This heterocycle can also take part

in H-bonding, dipole-dipole interactions and rt-it stacking.'**

H-bond H-bond
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Figure 3-2: Comparison of electronic and topological features of (Z)-amides and the 1,4-disubstituted
triazole bioisostere.14”

The introduction of click chemistry by Sharpless et al. provided an approach to
organic synthesis that utilises reactions that are quick and reliable.’*® One of the
most commonly used click reactions is the copper catalysed 1,3-dipolar cycloaddition
between an azide and an alkyne, that allows for the selective synthesis of 1,4-
disubstituted triazoles (A, Scheme 3-1). Copper-catalysed azide-alkyne cycloaddition
(CuAAC) has been used extensively during peptide synthesis, for producing unnatural
amino acids, the ligation of peptide fragments and peptide cyclisation.*® For
example, Meldal’s group produced a library of >400,0000 compounds, using CuUAAC
to form a variety of peptidotriazoles with possible biological activity. For this,
peptides were immobilised on solid support, before being reacted with propargylic
acid, to form a terminal alkyne. Next a series of Fmoc or Boc protected azides were
clicked onto the peptide, using CUAAC, to provide library compounds in high yields
(B, Scheme 3-1).1°
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Scheme 3-1: (A) The synthesis of a 1,4-disubstiuted triazole using CuAAC.151 (B) The synthesis of
peptidotriazoles for a compound library using CuAAC on solid support (black ball).*° The compounds
included a mass/ioniser spacer (Mis) and amino acid (AA).

As mentioned in section 1.4.3.1, rigid linkers were used to connect acridine or
phenanthridinium groups during the development of 4W)J bis-intercalators. This was
to investigate the effect of forcing the DNA-binding groups to face opposing
directions.® Rigid linkers have also been used for the tethering of one or two a-
melanocyte stimulating hormone (a-MSH) neuropeptide ligands.> a-MSH is a 13
amino acid peptide that is produced after exposure to ultraviolet light, before taking
part in melanin synthesis required for skin pigmentation.’>® This peptide has been
found to have anti-inflammatory and anti-microbial effects and is still under
investigation for its role in malignant melanoma.'®* By using different rigid linkers,
containing carboxylic acid and amine terminal functionalities (Figure 3-3), a-MSH
peptides could be linked together using SPPS. Overall, the linkers were well tolerated
when binding was evaluated against human melanocortin 4 receptor, with minimal

change to ICsovalues observed.>?
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NH2 NH2 NH2 NH2

Figure 3-3: Different rigid linker groups for the tethering of a-MSH peptides.152

3.1.2 Cyclic peptides

Cyclic compounds are highly notable as therapeutic molecules, with ~20% of known
natural products having cyclic structures.'® The same can be said for cyclic peptides,
with their biological function in nature often associated with their ability to cyclise.'®
Cyclic peptides have had success as drugs, with nine approved in the clinic between
2006 — 2015. For example, telavancin used as an antibacterial drug and romidepsin
as an anti-cancer drug (Figure 3-4).%" Linear peptides often suffer from low
bioavailability and high metabolic instability. By cyclising these peptides, thermal
stability, membrane permeability and proteolytic resistance can all be increased.**®
In addition, cyclic peptides can be preorganised into the active conformation,

reducing entropic penalties and enhancing binding.*>

0
HO. I

HO™ Pj

Telavancin
(Antibacterial)

Romidepsin
(Anti-cancer)

Figure 3-4: Chemical structures of two cyclic peptide drugs.t>”
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A variety of methods are known for peptide cyclisation and can be categorised into
whether the N-terminus (head), C-terminus (tail) or side chains are involved in the
cyclisation (Figure 3-5). A common example of side chain-to-side chain cyclisation is
the formation of disulphide bridges between two thiols from cysteine residues, as
observed with insulin.’*® Side chain-to-terminus cyclisation can take place between
an appropriate side chain and terminus, for example between the C-terminus and
lysine side chain of the antibiotic bacitracin.'®® Finally, head-to-tail cyclisation is
formed by the amide coupling of the peptides’ backbone termini and is widespread
in normal flora found in the human gut.® A benefit specific to head-to-tail
cyclisation is the higher resistance these cyclic peptides have to exopeptidase
hydrolysis, without the presence of reactive amine and carboxylic acid termini

groups.®>® This makes head-to-tail cyclisation an attractive approach for the design

NH
R1/R2
Side chain-to-side chain
cylisation COLM

of synthetic cyclic peptides.

N
R’ R?
:::COZH
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Figure 3-5: Methods for peptide cyclisation.15¢
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When synthesising cyclic peptides, unwanted dimerisation or cyclodimerisation

often occurs, resulting from intramolecular ring-closing reactions generally being
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slower than intermolecular reactions.’®® To supress intermolecular reactions,
cyclisation reactions are generally performed in highly diluted solutions, to reduce
the chance of separate molecules coming together to react. An alternative approach
is to keep the peptide attached to a low loading resin during cyclisation, to get the
pseudo-dilution effect, caused by the large size of the resin preventing molecules
approaching each other.®! Another advantage of using on-resin cyclisation is that
excess coupling reagents and by-products can be used and easily washed away, as
with the use of SPPS for linear peptides.'®® To obtain a head-to-tail cyclised peptide,
the initial amino acid is immobilised on the resin via a side chain and its carboxylic
acid protected with an orthogonal protecting group, that can be selectively removed
before cyclisation.'®? After the cyclisation is complete the peptide can simply be

cleaved from the resin and purified to give the desired product (Scheme 3-2).

. Repetitive Fmoc cleavage
amino acid coupling
PGO NHFmoc PGO—|AAAAF{AAL—NHFmoc

Fmoc and PG deprotection

Cyclisation
Amide coupling)
AA,
HO—AA, AA,—AAE—NH,

(
An

:

Cleavage from resin and
side chain deprotection

]

>
>

:

Scheme 3-2: On-resin cyclisation of a cyclic peptide synthesised using SPPS and side chain
immobilisation. The first amino acid is AA;, the central chain of variable length is AA, and the final amino
acid is AAr. PG represents an orthogonal protecting group that can be selectively removed. 169

To facilitate the cyclisation of peptides, the presence of D-amino acids that induce
turns are often required. Without this, cyclisation may not be possible or become a
much slower process.'®® For example, D-amino acids are found in two cyclic peptides
known to inhibit the p53-MDM2 protein-protein interaction. p53 is a tumour
suppressor protein that is mutated in >50% of tumours*®*and MDM2 is a regulatory
protein that binds to p53, causing downstream ubiquitination and degradation.®®
The overexpression of MDM2 in cancer cells causes p53 activity to be supressed. By

blocking this protein-protein interaction, p53-mediated apoptosis can be restored in
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tumours.®® Chlorofusin is a naturally derived cyclic peptide that contains a D-Asn-L-
Asn dipeptide, two D-Leu and a D-2-aminodecanoic acid moiety (A, Figure 3-6). This
compound is derived from the fungus Microdochium caespitosum and inhibits the
p53/MDM?2 protein-protein interaction with an ICso of 4.7 pM.%’ A peptidomimetic
compound, based on the p53 sequence in the MDM2 binding domain, has also been
developed and binds to MDM2 with a Kp of 40 nM (B, Figure 3-6). This cyclic peptide

contains a D-Pro-L-Pro dipeptide, that acts as a B-hairpin mimetic.16®

Cl HO

A) Chlorofusin

B) p53-based
peptidomimetic 9

Figure 3-6: (A) The chemical structure of chlorofusin,’¢” with the D-Asn-L-Asn dipeptide highlighted. (B)
The crystal structure of the p53-based peptidomimetic (PDB code: 2AXI), with the D-Pro-L-Pro dipeptide
highlighted.

3.2 Chapter aims

In this chapter, a series of peptide analogues will be synthesised, based on the 4WJ-
binding dodeca-peptide 2. Different methods for creating peptidomimetics will be
used, in an attempt to improve the drug-like properties of 2, including the use of

non-canonical amino acids and peptide cyclisation. A structure-activity relationship
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(SAR) study will be carried out to probe the binding of these peptides to 4WJs. SAR
studies look at how small changes to chemical structure effect biological activity and
seeks to use this information to optimise the drug-like properties of compounds.!®®
After the peptide analogues have been synthesised, using a combination of SPPS and
solution phase chemistry, they will be tested in the same biological assays as used
during Chapter 2. This will allow their activity to be directly compared to the original

peptide 2. The knowledge gained from this study will be used to suggest possible

next steps for the development of the next generation of 4WJ-binding molecules.

3.3 Results and discussion

3.3.1 The design of peptide analogues

As stated in section 1.4.1.3, WRWYRGGRYWRW 2 is a single-chain analogue of the
peptide dimer formed by WRWYCR 1.* The main difference between these two
peptides is the replacement of the disulphide bridge-forming cysteine residues of
dimerised 1 with the two glycine amino acids in 2. The second arginine in the
WRWYCR sequence is also switched from the 6™ position to the 5™ position in
WRWYRG, one half of the palindromic single-chain analogue. The final difference is
that the dimer of 1 contains 2 sets of carboxylic acid and amide termini, on arginine
residues and tryptophan residues respectively, whereas 2 contains only one set that
are both on tryptophan residues (Figure 3-7). This means that the second half of the
single-chain analogue has the WRWYRG sequence going from C- to N-termini,
whereas the first half WRWYRG sequence and both halves of the WRWYCR dimer
are going from N- to C-termini. Despite the differences between these peptides, they

both contain WRWY tetrapeptides and have similar activity against the 4WJ.%
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Figure 3-7: Comparison of the chemical structures of a dimer of 1 and peptide 2. Differences in amino
acid identity (blue), the position of Arg residues (red) and positioning and number of C/N-termini (green)
are highlighted. Both peptides contain neutral C-terminal amide groups.

With the Gly-Gly dipeptide acting as a replacement for the dimer-forming cysteine
disulphide bridge, peptide analogues were designed to explore the effect of
substituting the central glycine residues in peptide 2 with alternative linker groups.
Using isosteric spacers to create peptidomimetic compounds, SAR studies were
carried out into 4WIJ binding. By investigating the effects of incorporating flexible or
rigid linkers, as well as peptide cyclisation, it may also be possible to predict the
active conformations of the peptide analogues when bound to the 4WIJ. This
information could be used to guide the design of future 4WJ-binding peptides. Some

possible active peptide conformations are shown in Figure 3-8.
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Figure 3-8: Potential different conformations of peptide analogues when bound to the 4WJ.

3.3.2 Choice of linkers

To explore the effects of changing the central Gly-Gly amino acids for different
linkers, a wide range of isosteric spacer groups were selected (Figure 3-9). When
looking at the glycine amino acids, they form a 6-atom linker, when counting from
the N-terminal amide to the C-terminal carboxylic acid. Therefore, linkers of a similar
length were chosen, between 6-to 7-atoms in length, except for one longer 11-atom
linker. The linker groups all contained a terminal carboxylic acid and amine group, to
allow for their easy incorporation into SPPS. For the design of the linker groups,
synthetic feasibility was considered, with linker groups chosen that could either be

purchased commercially as amino acids or synthesised.
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Figure 3-9: Structures of different linker functional groups (blue) used for the replacement of the
central Gly-Gly amino acids (blue) of peptide 2.

Each peptide analogue was designed to explore the effects of different functional
groups, linker lengths and flexibility on 4W)J binding (Table 3-1). Alkane linkers, of
6- or 7-atoms in length, were chosen to determine if a flexible linker helped the
peptides adopt more favourable conformations. Additionally, the 6-alkane or Ahx
linker placed between two arginine residues was previously shown to improve cell
penetration.!* The hydrogen bond donor groups, ether (PEG1) and alkene, were
added into the alkane chains, to explore whether further interactions could be made
between the peptide and 4WJ. Alkane chains are highly hydrophobic, therefore
adding the polar ether group could also improve aqueous solubility. More rigid
linkers were designed to keep the spacer groups in a specific arrangement. The
benzene and di-benzene linkers decrease the ability for the spacers to bend and
should keep the two halves of the peptide separated. In contrast the D-Asn-L-Asn
and D-Pro-L-Pro dipeptide chains should force turns in the spacer and keep the two
peptide halves closer together.267:1%8 However, it should be noted that apart from the
D-Pro-L-Pro dipeptide, all other linkers contain some flexible bonds, that may affect
the formation of the desired linker structures. Finally, a linker containing a triazole

ring was designed to act as a more metabolically stable amide bioisoster.?¥’
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Table 3-1: Summary of the properties of each of the spacer groups used in the peptide analogues.

Number Flexible functional Rigid functional
No. Linker group

of atoms groups groups
2 Gly-Gly 6 Alkane Amide
14 6-alkane 7 Alkane -
15 PEG1 7 Alkane and ether -
16 5-alkane 6 Alkane -
17 Alkene 6 Alkane Alkene
18 Benzene 7 Alkane Aromatic
19 Dibenzene 11 Alkane Aromatic
20 Triazole 7 Alkane Aromatic
21 D-Asn-L-Asn 6 Amino a-carbon Amide

and alkane

22 D-Pro-L-Pro 6 - Amide and

heterocycle

3.3.3 Cyclic peptide analogues

In addition to the linear peptide analogues, two cyclic peptides were designed. This
will further rigidify the structure of the peptides and most likely force the spacer
groups to act as turns (Figure 3-8). As mentioned in section 1.4.1.4, cyclic peptides
have previously been designed to target the DNA 4WJ.”>7*In these studies, the cyclic
peptides contained mostly hydrophobic residues, that prevented the compounds
from being able to cross bacterial cell walls. By creating a cyclic peptide based on the
WRWYRGGRYWRW sequence, it may be possible to produce a more hydrophilic

molecule, due to the presence of multiple charged arginine residues.

The design of the cyclic peptide was based on a method developed by Searcey et al.
for the synthesis of the natural cyclic peptide chlorofusin.’® Searcey’s group used
on-resin head-to tail cyclisation, via side chain immobilisation. For this, an Asp
residue was immobilised, that, when cleaved from a Rink amide resin, produced an
Asn amino acid. To use this method, a D-Asn residue was also attached to the N-
terminal of the sequence to give a 14 amino acid sequence of PN-
WRWYRGGRYWRW-!N. Cyclisation could then be carried out between the two Asn
residues, to give cyclic peptide 23, containing the D-Asn-L-Asn dipeptide. In addition,

the 6-alkane linker was used as an alternative linker for the Gly-Gly dipeptide, to give
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cyclic peptide 24 (Figure 3-10), to allow the cyclic peptide to have more flexibility if

required for adopting an active conformation.

H\).j\ R H\/\/\)?\
7~
Cyclic Gly-Gly 5/ H/\n/zv 5 $Cyclic6-alkane
23 w R R W 24
W\DAsn-'-Asn/ W\DAsn-'-Asn/W

Figure 3-10: Structures of both cyclic peptides 23 and 24, with linker groups (blue) shown.

3.3.4 Solution phase synthesis and SPPS of peptide analogues

Synthesis of the peptide analogues involved a combination of SPPS and multistep
solution phase chemistry. To allow for comparison to peptide 2in biological assays,
all linear peptide analogues were synthesised with amide C-terminal
functionalisation. The various linker groups were added as Fmoc amino acids to allow
for their easy addition during SPPS. For 6 of the 9 linear peptide analogues, the linker
group could be purchased with Fmoc-protected amino acid functionalisation, for
direct use in SPPS (red, Table 3-2). For triazole 20, alkene 17 and dibenzene 19 linkers
were synthesised prior to use and will be discussed in the next section (black, Table
3-2). The 6 peptide analogues, synthesised solely using SPPS, were obtained with
purities >80% and low yields of 4 — 11%. This could have been caused by the low
solubility of the peptide analogues in aqueous solutions, used during purification,
potentially resulting from the increased hydrophobicity of the linkers compared to

the original Gly-Gly linker.
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Table 3-2: Peptide analogues based on peptide 2, with the central Gly-Gly residues replaced with various
linker groups, to give WRWYR-Linker-RYWRW analogues. Compounds were synthesised using purchased
Fmoc amino acids (red), pre-synthesised amino acids (black) or via peptide cyclisation (green). *Mass
provided for [M+2H]*.

Exact mass  Observed mass Purity Yield

Linker group

(8/mol) [M+H]* (%) (%)
15 PEG1 1826.9382 1827.9438 92 4
16 5-alkane 1810.9433 1811.9489 95 11
18 Benzene 1844.9277 1845.9340 90 4
21 D-Asn-Ll-Asn | 1939.9608 1940.9686 89 4
22 D-Pro-L-Pro 1905.9804 1906.9871 80 6
20 Triazole 1849.9291 1850.9369 100 3
17 Alkene 1808.9277 1809.9355 98 8
19 Dibenzene 1920.9590 1921.9668 99 4
23 | CyclicGly-Gly* | 1018.4958 1019.4927 90 3
24 | Cyclic6-alkane = 2036.0183 2037.0261 95 8

Triazole-linked peptide (20)

The synthesis of the triazole 20 was initially attempted via the ligation of two peptide
fragments (Scheme 3-3). This involved separating the two WRWYR peptide
fragments, then reacting them together via a CuAAC click reaction, to form the
desired triazole.’! For the synthesis of alkyne fragment A, the commercially
available amino acid Fmoc-L-propargylglycine was first added to Tentagel S RAM
resin, before the subsequent SPPS of the RYWRW chain. For the synthesis of the
azide fragment B, azidoacetic acid was first made in 2-steps. Commercially available
methyl 2-bromoacetate was subjected to an Sn2 reaction using sodium azide,
resulting in the replacement of the bromide group for an azide, to afford 25.
Subsequent hydrolysis reduced the methyl ester to a carboxylic acid to give 26.172
After the SPPS of WRWYR, the final tryptophan was reacted with azidoacetic acid,
under standard amide coupling conditions to afford resin-bound azide fragment C
(27, Scheme 3-3). To confirm the completion of the amide coupling, the Kaiser test
was carried out (Section 6.2.2) and gave a negative result, confirming that no

primary amine remained.
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An attempt was made to carry out the click reaction between the peptide fragments,
with both halves cleaved from the resin (A+B). For this, copper sulphate, reduced by
sodium ascorbate, was used as a catalyst'’! and resulted in the formation of traces
of the desired product, with mostly unreacted SM remaining, as confirmed by
MALDI. Next, an attempt was made where the azide fragment was kept on resin and
reacted with the cleaved alkyne fragment (A+C), using [Cu(CHsCN)4]PFs as a
catalyst.'”! This gave similar results, with only traces of product formation observed
(Scheme 3-3). The lack of reactivity of the peptide fragments may have been caused
by the low temperatures required during peptide ligation, to prevent possible
degradation and side reactions caused by unprotected peptides. Also, the C-terminal
amide of the alkyne fragment could have caused steric issues that slowed the

formation of the desired triazole.

110



0]

Methyl Br\)J\OM
e

2-bromoacetate

NaN3, Acetone
Reflux, Ny, 12 h

79%
Ns 25
OMe
LiOH.H,0
3:1:1 THF:MeOH:H,0
RT, 12 h, 69%
(0]
26
NS\)J\ c(27)
Tentagel S RAM ~ SPPS ) OH N3 _
Resin —> H-RYWRW-Resin ——————> RYWRW-Resin
HBTU, HOBt 1)
(0.05 mmol) DIPEA, DMF
2 x 45 min, RT
TFA
(0]
FmocHN
spps | Fmoc OH Ns
_>/-7RYWRW—NH2
AN ¢ B
Fmoc-L-propargylglycine
H-WRWYR” Resin L H-WRWYR/N NH,
S A SN
s A
A+B CuS0y, NaAsc, MeCN, H,0O
RT, 24 h
H (0]
H-WRWYR” NH,
= N
N=N RYWRW-NH,
(6]
[Cu(MeCN)«]PFs, DIPEA, DMF
A+C RT, 24 h
\ J

Scheme 3-3: Synthesis of alkyne peptide A, azide peptide B and resin-bound azide peptide C. Initial
attempts to synthesis the triazole-linker peptide 20, using peptide ligation are shown in the black box.

To avoid the issues encountered with peptide ligation, the next approach was to use
a small alkyne molecule and react directly with the resin-attached azide peptide,
before finishing synthesis using SPPS (Scheme 3-4). Synthesis began with the Fmoc
protection of propargylamine to afford 28. A click reaction was then carried out
between alkyne 28 and resin-bound azide peptide 27, using [Cu(CHsCN)4]PF¢ as a
catalyst, to give 29.17! Cleavage and HPLC/MALDI analysis of a small aliquot of resin
showed that the desired triazole 29 was successfully formed. The resin was then

resubjected to SPPS, to complete the addition of the remaining amino acids and TFA
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cleavage resulted in the desired peptide 20 being obtained, with 100% purity and 3%
yield (Table 3-2). This demonstrates how much more easily a small alkyne fragment

reacted in the CuUAAC reaction compared to the bulky alkyne peptide fragment.
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Scheme 3-4: Synthesis of the triazole-linked peptide 20, using a combination of solution phase chemistry
and SPPS.

Alkene-linked peptide (17)

The 2-step synthesis of alkene 17 (Scheme 3-6) was taken from the literature.l’3
Firstly the Schmidt reaction was used, to convert one of the carboxylic acids of
commercially available trans-B-hydromuconic acid into an amine and obtain 30. For
this, sodium azide and a catalytic amount of conc. sulfuric acid were added to the di-
carboxylic acid, and heated at 45 °C for 4 h, to afford amine 30. The reaction
mechanism (Scheme 3-5) proceeds via the protonation of a carboxylic acid, leading
to the formation of an acylium ion, after the removal of a H,O molecule. Hydrazoic
acid, formed from sodium azide in the presence of conc. sulfuric acid, then reacts
with the acylium ion to afford a protonated azido ketone. Subsequent
rearrangement provides a protonated isocyanate and the removal of an N, group.
Attack by water yields a carbamate, that after proton transfer is decarboxylated, to
give the desired amine 30 and CO,. When isolating 30, due to its high polarity, the
product remained in the aqueous phase after work-up. Therefore, to remove any
excess conc. sulphuric acid, cation exchange chromatography was carried out using

the Dowex 50WX8-100 resin.'’3

112



cat. H,SO HO = NH
HO\H/WJ\OH tOHN, \ﬂ/\/\/ 4+ co, t N,

J 0 30
[6)
\HOsOH
Proton transfer
Ao I
HO\”/\/\)J\ HO ®
((OH; Z "N¥Y{ OH
o} \[o]/\/\Hz L
} Proton transfer
H
HO 0:
N/ e D - N HO
m N\‘N—» HO\H/\/\)\J:NCNé \n/\/\[}lH
@ o o H S ¢
® o%

Scheme 3-5: Mechanism for the Schmidt reaction, used for the synthesis of amine 30.174

Next, Fmoc protection was carried out on the amine, by dissolving 30 in 10% sodium
carbonate, before adding Fmoc-Cl in THF at 0 °C. The reaction was then allowed to
warm to RT and stirred for 4 h to afford the Fmoc-protected amino acid 31. This
could be used directly in microwave assisted SPPS, allowing for straight-forward
synthesis of the desired alkene-linked peptide 17, obtained with 98% purity and 8%
yield (Table 3-2).

O H2804, NaNs, CHC|3

HO 45°C,4h,46%  HO NH
WOH \n/\/\/ 2

o) o) 30

Fmoc-ClI
10% Na,COg3, THF
0°C-RT, 4 h, 60%

HO\[N\/NHFmoc

o) 31

Scheme 3-6: Synthesis of the alkene-containing Fmoc-protected amino acid 31.

Dibenzene-linked peptide (19)

The synthesis of the dibenzene linker was based on a study into developing rigid
linkers for peptide ligation, as discussed in section 3.1.1.%%? Instead of the usual N-
Fmoc, N-TFA was used as the protecting group for the dibenzene linker amino acid,
to provide adequate solubility in DMF required during SPPS. This highlights the high
hydrophobicity of this linker. Unlike Fmoc, the TFA protecting group cannot be

removed by treatment with piperidine and requires the use of hydrazine instead.
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Synthesis began with the TFA protection of commercially available 4-
aminomethylphenylboronic acid hydrochloride, using ethyl trifluoroacetate and
triethylamine. After work-up, the crude product was immediately used in a Suzuki-
Miyaura cross-coupling reaction with methyl 4-bromobenzoate, using Pd(PPhs)s as a
catalyst and refluxing in THF, to afford 32. Next, a hydrolysis reaction resulted in the
production of an amino acid, from the reduction of ester and amide groups. After
work-up the crude product was used directly in the next reaction, that involved
reattaching the TFA protecting group to the primary amine, in the presence of

trifluoroacetic anhydride and pyridine, to afford the final protected amino acid linker

33.
CO,Me
_ _ CO,Me
HO.__OH HO.g-OH
B O
CF3COzEt, Et3N Br 32

MeOH, RT, 48 h Pd(PPh3)s, KF,

THF, Reflux, 48 h

NH,.HCI B NHCOCF;|  38% (over 2 steps)

NHCOCF,

2 M NaOH, THF, MeOH
RT, 20 h

CoH CO,H

O (CF3C0),0, pyridine
33
RT, 18 h
‘ 86% (over 2 steps)

NHCOCF; L NHz |

Scheme 3-7: Synthesis of the dibenzene-containing TFA-protected amino acid 33.1°2

Peptide 19 was made using both manual and automated peptide synthesis (Scheme
3-8). The TFA-protected amino acid 33 was manually added to the peptide fragment
Resin-WRWYR-H using standard coupling conditions (Section 6.2.1), with
completion of the amide coupling confirmed by a negative Kaiser test (Section 6.2.2),
to afford 34. The TFA protecting group was removed using 15% hydrazine (2 x 3 h)**2
to give 35, before the resultant peptide was resubjected to SPPS. After TFA cleavage
the dibenzene-linked peptide 19 was obtained, with 99% purity and 4% yield (Table
3-2).
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Scheme 3-8: Synthesis of dibenzene-linker peptide 19.

When carrying out the TFA deprotection of the dibenzene amino acid 33 on resin,
optimisation of reaction length was required. After 3 h of treatment with 15%
hydrazine, in 15% MeOH and THF, HPLC analysis of an aliquot of cleaved resin
showed that ~25% removal of the TFA group was achieved. To increase the yield of
desired product, the reaction mixture was subjected to the hydrazine mixture for a
further 3 h, with ~50% TFA removal observed. However, after an additional 3 h both
the starting material and product peaks disappeared, with degradation indicated by
the formation of several smaller peaks (Figure 3-11). Based on these results, the

optimum reaction time for TFA removal was 2 x 3 h.
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Figure 3-11: HPLC traces (214 nm, 5-95% MeOH in H20 + 0.05% TFA over 15 min, then 5 min at 95%)
showing the conversion of H-WRWYR-Dibenzene-TFA (starting material) to H-WRWYR-Dibenzene-H
(product) after treatment with hydrazine for 3 h, 6 h and 9 h.

3.3.5 Synthesis of cyclic peptides

The method for the synthesis of the Gly-Gly (23) and 6-alkane (24) linked cyclic
peptides was based on the prior synthesis of chlorofusin.?”® For this, an Asp amino
acid was used, with the carboxylic acid from the backbone protected instead of side
chain. This meant that when reacted with resin, the Asp side chain was immobilised
rather than the backbone. The protecting group used for the Asp carboxylic side
chain needed to stay in place during the synthesis of the linear peptide, before being
selectively removed before head-to-tail cyclisation could occur. For this purpose, the
4-{N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]amino}benzyl ester
(Dmab) protecting group was used. Dmab is stable in both 20% piperidine in DMF
and TFA, making it an excellent protecting group for orthogonal use during
Fmoc-SPPS. Removal of Dmab occurs within minutes of treatment with 2% hydrazine
in DMF at RT and results in quantitative deprotection.'’® This occurs vig a 2-step
process, with the initial removal of the 1-(4,4-dimethyl-2,6dioxocyclohexylidene)-3-
methylbutyl (ivDde) group using hydrazine, followed by the spontaneous

1,6-elimination of the aminobenzyl moiety (Scheme 3-9).17¢
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Scheme 3-9: Dmab deprotection mechanism using hydrazine. Resin is represented as a black ball and
the peptide as a blue square, with the Asp side chain also shown in blue.176

Synthesis of the cyclic peptides (Scheme 3-10) began with the immobilisation of
Fmoc-Asp-ODmab onto Tentagel S RAM resin. Initially this was attempted using
microwave assisted SPPS. However, degradation of the Dmab protected peptide was
observed under these conditions, shown by the deletion of this amino acid from the
linear peptide sequence during MALDI-ToF MS analysis. Therefore, Fmoc-Asp-
ODmab was added to the resin at 0 °C with shaking (2 x 30 min) and activated with
HATU. A negative Kaiser test confirmed that coupling was complete (Section 6.2.2).
The resin was moved back onto the automated peptide synthesiser, and SPPS used
to complete the linear peptide sequences, using either the Gly-Gly or 6-alkane linker
groups. Dmab deprotection was carried out using 2% (v/v) hydrazine hydrate in DMF
(2 mL, 3 x 3 min), with reaction completion confirmed by HPLC analysis. To cyclise
the peptide via an amide coupling, DIC and HOBt in DMF were added to the resin,
followed by shaking at RT (2 x 24 h). Although this was a slow cyclisation, a base-free
amide coupling reaction was used to reduce levels of oligomerisation and
epimerisation.'’” After cyclisation was complete, as shown by a negative Kaiser test,
cleavage from the resin using TFA afforded Gly-Gly 23, with 90% purity and 3% yield,
and 6-alkane 24, with 95% purity and 8% yield (Table 3-2).
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Scheme 3-10: Synthesis of cyclic peptides using head-to-tail on-resin cyclisation and selective
deprotection of the Dmab group.

Following the synthesis of linear and cyclic peptide analogues, based on the
WRWYRGGRYWRW 2 sequence, the focus moved onto testing their activity against
the 4WJ, dsDNA and cancer cells. The ligands were subjected to the same assays as

used in Chapter 2, to allow for direct comparison with the original peptide.

3.3.6 PAGE assay

The ability of the peptide analogues to bind to the 4WJ was tested using the PAGE
assay. Following the method in section 2.3.3, peptide concentrations of 0 — 20 uM
were used against 1.25 uM FAM-labelled 4W)J (Table 3-3). Overall, most of the
peptide analogues had similar activity to peptide 2, with DNA trapped as the 4WJ
between 12 — 14 uM. This shows the variety of linker groups that are tolerated for
effective 4WJ binding. The Gly-Gly cyclic peptide 23 had slightly higher activity, with
full 4WJ trapping at 8 uM, and could show the benefits of cyclising peptide 2. In

contrast, the shorter 6-atom based flexible linkers, 5-alkane 16 and alkene 17,
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showed a drop-in activity, with incomplete trapping of the 4WJ with 20 uM. This may

indicate a preference for the 7-atom flexible linkers.

Table 3-3: Results from peptide analogues testing using the PAGE assay, using 1.25 uM FAM-labelled
4WJ DNA.

No. Linker group Full 4WIJ trapping (uM)  Band disappearance (uLM)

2 Gly-Gly 12 ~50
23 Cyclic Gly-Gly 8 10
14 6-alkane 12 16
21 D-Asn-L-Asn 12 16
20 Triazole 12 14
19 Di-benzene 12 14
15 PEG1 12 16
24 Cyclic 6-alkane 12 14
22 D-Pro-L-Pro 14 16
18 Benzene 14 16
16 5-alkane >20 >20
17 Alkene >20 >20

When peptides 1 and 2 were tested at high concentrations (section 2.3.3), at a
certain point the DNA became trapped at the top of the gel wells, causing the bands
to become weaker and eventually completely disappear. For 2, a concentration of
~50 uM was reached before band disappearance. This is much higher than the
concentrations reached by the peptide analogues (Table 3-3), indicating that these
compounds may be more prone to issues with aggregation and solubility. Out of the
peptide analogues, the shorter linkers, 5-alkane 16 and alkene 17, had the highest
concentrations before band disappearance and the cyclic Gly-Gly peptide 23 had the
lowest (Figure 3-12). This implies a trend, where the lower the concentration
required for 4WJ trapping the lower the concentration where band disappearance
occurs. This may show that the complex, formed between the 4WJ and peptide
analogues, has poor solubility and gets trapped before it can travel through the gel.
This could also indicate aggregation, with the peptide analogues binding to multiple

4W!Js and causing larger complexes to form.
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Figure 3-12: PAGE image showing the effect on 4W.J formation from increasing concentrations of
peptide 2, cyclic Gly-Gly 23, alkene 17 and 5-alkane 16, using a DNA concentration of 1.25 uM. A solution
containing only the labelled X-strand was used as a control for ssDNA. FAM-labelled DNA was used and
visualised at 460 nm.

3.3.7 Fluorescence polarisation

As an orthogonal assay, to determine the binding affinity of the peptide analogues
to 4WJ DNA, the FP assay was repeated following methods used in section 2.3.5. The
overlapping of dose-response curves showed the peptide analogues gave relatively
similar results (Figure 3-13). Overall, peptide 2 had the strongest binding affinity,
although the weakest binder, D-Asn-L-Asn 21, showed a <2-fold reduction in activity
(Table 3-4). This contrasts the results from the PAGE assay, where peptide 21 and 2
both trapped the 4WJ at the same concentration. In addition, unlike in the PAGE
assay, alkene 17 showed slightly higher activity than cyclic Gly-Gly 23. Together these
results may indicate that this ~2-fold difference in 4W)J activities in both the FP and
PAGE assays is insignificant. Alternatively, the differences in relative activities in the
PAGE assay could have been caused by the solubility/aggregation issues discussed.
Additionally, in the FP assay all peptides caused a similar change in polarisation,
within 40 mP of each other, most likely due to the similar structure and size of the
peptides. These results indicate that the change in linker had modest effects on the

binding of the peptide analogues to the FAM-J3 4W/ in the FP assay.
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Table 3-4: Results the FP assay testing the peptide analogues, using 10 nM FAM-J3 4W.. Error in the
ECsoand polarisation change values are from the mean # standard deviation from triplicate readings.

No. Linker group ECso (nM) Polarisation change (mP)
2 Gly-Gly 310 £ 2.54 249 £ 0.939
19 Di-benzene 367 £7.79 278 £4.70
20 Triazole 409 +1.92 263 +1.72
22 D-Pro-L-Pro 439 +4.40 256 +0.700
14 6-alkane 455 + 4.57 268 +£2.01
15 PEG1 484 +17.7 237 £8.38
24 Cyclic 6-alkane 506 +43.9 265 +11.5
18 Benzene 514 +12.6 258 +0.698
17 Alkene 534 +7.47 265 +2.81
23 Cyclic Gly-Gly 540 +21.0 267 £10.2
16 5-alkane 594 + 6.81 254 £ 0.736
21 D-Asn-L-Asn 605 + 8.13 258 £5.00
== Peptide 2
400- —=— 6-alkane 14
— — PEG115
o .
£  300- —=— Triazole 20
S -+ 5-alkane 16
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Figure 3-13: Dose-response curves from the FP analysis of the peptide analogues and peptide 2, using
10 nM FAM-J3 4WJ. Error bars represent the mean + standard deviation from triplicate readings.

3.3.8 Ethidium bromide displacement assay

To test the binding affinity for the peptide analogues against dsDNA, the EtBr
displacement assay was repeated, following methods from section 2.3.6.
Overlapping dose-response curves showed the similarity in activity between the

different peptide analogues (Figure 3-14). As with the FP and PAGE assays, all results
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were within 2-fold of each other. Unlike in the FP assay, peptide 2 did not have the
greatest activity, indicating its higher selectivity for the 4WJ compared to some of
the peptide analogues. For example, alkene 17 showed the strongest binding to
dsDNA but some of the lowest activities in both the PAGE and FP assays. This may
show a stronger preference for binding to the duplex arms of the 4WJ than the
centre of the junction. This contrasts with the results for 5-alkane 16, that had low
activity in both the 4WJ and dsDNA binding assays. The only difference between
these 2 peptides is the presence of a single or double bond in the centre of the linkers
and could show that the alkene group directly interactions with dsDNA. However,
the results from all peptide analogues from across the three different binding assays
show only slight differences in relative activities, with no obvious overall trends. This

points to potential insignificance in the variations in results.

Table 3-5: Csp values for the peptide analogues from the EtBr displacement assay. Error in the Cso
values is from the mean + standard deviation from triplicate readings.

No. Linker group Cso (M)

2 Gly-Gly 1.48 + 0.0453
17 Alkene 1.01 £ 0.0542
18 Benzene 1.41 +0.0234
20 Triazole 1.54 + 0.0025
21 D-Asn-L-Asn 1.60 £ 0.0418
14 6-alkane 1.69 £ 0.0306
22 D-Pro-L-Pro 1.80£0.123
19 Di-benzene 2.15+0.393
24 Cyclic 6-alkane 2.17 £0.0714
15 PEG1 2.49+0.0478
16 5-alkane 3.01+0.0179
23 Cyclic Gly-Gly 3.02+0.1179
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Figure 3-14: EtBr displacement assay dose-response curves for the peptide analogues and peptide 2.
Error bars represent the mean #* standard deviation from triplicate readings.

3.3.9 FRET

To test the effect of peptide analogue binding on the 4WJ conformation, the FRET
assay was used, following methods from section 2.3.4. As preceding assays had
demonstrated little difference in the binding attributes of the various analogues, for
the FRET assay, it was decided to focus on the cyclic versus the linear analogues, to
look for any substantial variations. As outlined in section 2.3.5, the results from this
experiment cannot be conclusively attributed to FRET without further validation and

should therefore be interpreted with a level of caution.

When comparing the cyclic and linear versions of the Gly-Gly peptides, the cyclic
version 23 showed slightly higher activity (Table 3-6). The shape of the binding
curves for both peptides were very similar (Figure 3-15), with FRET reductions
observed straight away, from the first addition of peptide at 5 nM. This indicates that
even low concentrations of the peptides start opening the 4WJ. Cyclic Gly-Gly 23 also
caused a larger change in FRET efficiency (Table 3-6), that may have been caused by
the more rigid structure and increased size of the cyclised peptide opening up the
junction more. These results show that cyclisation of peptide 22 is well tolerated for

4W) binding.

Moving onto the 6-alkane linked linear and cyclic peptides, both showed lower levels

of 4WJ opening <1.7 uM (Table 3-6) compared to the Gly-Gly linked peptides. Cyclic
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6-alkane 24 caused FRET to lower from a concentration of ~5 nM, although to a
smaller extent than the Gly-Gly linked peptides. In contrast linear 6-alkane 14 caused
no change in FRET until concentrations >300 nM were reached. Based on the
similarities in activities in the PAGE and FRET assays, this could indicate that 6-alkane
14 has a different 4WIJ-binding mode. Perhaps this peptide binds to the X-stacked
conformation as a groove binder, rather than forming a turn at the junction’s centre.
Only when the DNA grooves are saturated does 6-alkane 14 bind to the 4WIJ in the
same way as peptide 2. As mentioned in section 2.4, additional control experiments
are required to confirm these findings and could be further validated using time-

resolved FRET and single-molecule FRET assays.

Table 3-6: FRET results for cyclic and associated linear peptides, using 50 nM FAM/TAMRA J3 DNA.
Error in Kpvalues were calculated from the mean * standard deviation, from triplicate readings.

Linker group Change in FRET efficiency

2 Gly-Gly 96.4 £ 22.8 0.154

23 Cyclic Gly-Gly 66.7 +21.2 0.168

14 6-alkane N/A 0.136

24 Cyclic 6-alkane N/A 0.116
— 0.40 .
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Figure 3-15: Dose-response curve from FRET analysis of cyclic and associated linear peptides, using
50 nM FAM/TAMRA J3 DNA. Error bars represent the mean * standard deviation from triplicate
readings.

3.3.10 MTS assay

Finally, the peptide analogues were tested in the MTS assay, to look at their levels of
cytotoxicity in HL-60 cancer cells, following methods from section 2.3.7. Screening

the peptide analogues at 25 uM showed that none caused a >10% decrease in cell
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viability (Figure 3-16). Comparing the results from the peptide analogues to the
DMSO negative control, using a two-tailed unpaired t-test, showed none caused a
significant change in cell viability (all p-values were >0.05) (Table 3-7). This
demonstrates that none of the linkers tested improved the cytotoxicity of the
peptide analogues against HL-60 cells, when at a 25 uM concentration.

Table 3-7: Results from the MTS assay using peptide analogues. Errors in the cell viability (%) values are

from the mean * standard deviation from triplicate readings. P-/T-values were obtained from a two-
tailed unpaired t-test, comparing samples to cells treated with DMSO.

No. Name/linker group Cell viability (%) P-value T-value
2 Gly-Gly 101 +3.73 0.768 -0.315
14 6-alkane 104 +£5.77 0.504 -0.733
17 Alkene 95.7 +5.04 0.286 1.23
21 D-Asn-L-Asn 99.4+2.88 0.829 0.231
22 D-Pro-L-Pro 106 +5.83 0.223 -1.53
20 Triazole 95.1+3.05 0.145 1.81
15 PEG1 101 +4.49 0.882 -0.158
18 Benzene 96.1+4.82 0.317 1.14
24 Cyclic 6-alkane 91.3+4.28 0.0763 2.38
19 Dibenzene 90.1+0.249 0.0404 4.82
23 Cyclic Gly-Gly 94.4 + 0.657 0.117 2.66

MTS peptide analogue screening at 25 uM
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Figure 3-16: MTS assay cell viability assay with peptide 2 or peptide analogue (25 uM) against HL-60
cells (3 x 105 cells/mL). Error bars represent the mean + standard deviation from triplicate readings.
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Based on the similar activities of the peptide analogues, it was decided that full
binding curves for cell viability (%), using the MTS assay, would only be conducted
with the cyclic/linear peptides tested during FRET. ICs values could be calculated for
peptide 2 and cyclic 6-alkane 24 (Figure 3-17), however could only be predicted by
visual interpretation for cyclic Gly-Gly 23 and 6-alkane 14, as a result of incomplete
binding curves (Figure 3-18). Due to the predicted low activity of these two peptides
(ICso values =~100 uM), the decision was made not to repeat the MTS assay to obtain

exact ICsp values.

As with the PAGE, FP and EtBr displacement assays, the activities of the peptides had
a <2-fold difference (Table 3-8). Cyclic 6-alkane 24 had the highest activity but did
not show overall higher activity in the other assays, indicating that this may be
caused by a mechanism other than 4WJ or dsDNA binding.

Table 3-8: ICso values of linear and cyclic peptide analogues in the MTS assay, showing the concentration

required to obtain a 50% reduction in cell viability. Errors in the ICso values are from the mean + standard
deviation from triplicate readings

No. Linker group 1Cso (LM)
2 Gly-Gly 96.9 +15.8
23 Cyclic Gly-Gly ~100
14 6-alkane ~100
24 Cyclic 6-alkane 65.5 +2.37
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Figure 3-17: Dose-response curves in the MTS cell viability assay for peptide 2 and cyclic 6-alkane 24,
using HL-60 cells (3 x 105 cells/mL). Error bars represent the mean + standard deviation from triplicate
readings.
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Figure 3-18: Dose-response curves in the MTS cell viability assay for cyclic Gly-Gly 23 and 6-alkane 14,
using HL-60 cells (3 x 105 cells/mL). Error bars represent the mean #* standard deviation from triplicate
readings.
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3.4 Conclusion and future work

To summarise, although peptides are promising therapeutic molecules, they often
have issues with in vivo instability. To improve the drug-like properties of peptides,
peptidomimetics can be used, to replace parts of the peptides structure with more
stable chemical groups whilst retaining biological activity. Techniques for designing
peptidomimetic molecules include adding D-isomer or non-canonical amino acids or
cyclising the peptide sequence. In chapter 2, peptide 2 was shown to be a strong
4WJ-binder in various biological assays but showed no cytotoxicity at 25 uM in the
MTS assay against HL-60 cancer cells. To improve the 4WJ activity and in vivo stability
of peptide 2, peptidomimetic molecules were designed. This involved replacing the
central Gly-Gly amino acids with different linkers, of various lengths and
functionalities. Additionally, cyclic peptides were designed to see how this effected
4W)J binding. These peptide analogues were synthesised using a combination of
multi-step solution phase chemistry and SPPS. Nine linear peptide analogues and
two cyclic peptides were successfully synthesised, although with low vyields,
potentially resulting from poor aqueous solubility and unoptimised synthetic routes,

with only ~1 mg of ligand being required for initial biological testing.

The peptide analogues were tested for their biological activity, using the assays from
chapter 2, to allow for the direct comparison of activity to peptide 2. Binding to the
4WJ was measured in the PAGE/FP assays and dsDNA binding in the EtBr
displacement assay. Results showed that all peptide analogues had similar activities
to peptide 2. A ~2-fold difference in activities was observed across the ligands, but
the relative ordering of activities changed between the different assays, indicating
that these variations may have been insignificant. Additionally, testing of all peptide
analogues at a concentration of 25 uM in the MTS assay showed that none of the
ligands had substantial cytotoxic effects in HL-60 cancer cells at this concentration.
Nonetheless, further cytotoxicity testing across a broader panel of cancer cell lines,
such as PC3, Dul45, LnCAP, PPC-1, DuPro-1 (prostate cancer models), and A549 (lung
carcinoma) previously used by the Segall group,” could be used to look for any cell
specific susceptibilities to any of these ligands. Minimal inhibitory concentrations of
the peptide analogues against various gram positive and negative bacterial strains
could also be investigated, with antibacterial activity previously reported for peptide

2.45
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Overall, the peptide analogues had similar activity against DNA 4WIJs, showing that
a range changes can be made to peptide 2 whilst maintaining 4WJ binding. Further
ideas for peptide analogues could include synthesising the equivalent peptide
analogues using only D-amino acids, to see if this would improve in vivo activity.
Another idea could be to use more hydrophilic linker groups to help resolve potential

solubility issues, such as extended PEG chains'’®

and linkers containing charged
amino acids. To further develop 4WJ-binding peptidomimetics, obtaining a crystal
structure of peptide 2 bound to 4WJ DNA would provide crucial insight into binding
interactions. From this, the active conformation of the peptide could be determined
and used to guide the design of future peptide analogues. Additionally, an alanine
scan of peptide 2 could be carried out, to find out the amino acids that are non-

crucial to 4WJ-binding and replace them with non-canonical amino acids, to improve

4WJ-binding and drug-like properties.
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Chapter 4 — Developing
4WJ-binding peptides
from protein-4W)J crystal

structures
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4.1 Introduction

4.1.1 Identifying therapeutically active peptides

As well as developing peptides based on the peptide 2 WRWYRGGRYWRW sequence,
another approach could be to discover novel 4WJ-binding peptides. Two common

methods for identify therapeutically active peptides are:

1. Randomised high-throughput screening of diverse combinatorial peptide
libraries, against a target of interest. This method is often used when
structural information is limited.*”®

2. The rational design of peptides, based on information about the structure
and function of a protein of interest interacting with its target, looking at

interactions within protein-target complexes.'’?

The first 4WJ-binding peptides, WKHYNY and peptide 1 WRWYCR, were discovered
by Segall et al.53%° using the approach of randomised high-throughput screening. The
peptides were tested against different bacteriophage A site-specific recombination
pathways, with inhibition resulting in the accumulation of 4WJ DNA, as discussed in
sections 1.4.1.1-1.4.1.2. This involved using a technique known as positional
scanning, to screen a hexapeptide combinatorial library.®*%> This method involved
creating large mixtures of peptides using SPPS and testing these in dose response
assays. The procedure for the discovery of the first 4WJ-binding peptide, WKHYNY,
will now be described (Figure 4-1).5%° Firstly, a position in the hexapeptide was
fixed as a specific residue, out of the 20 canonical amino acids. With there being 6
amino acids in the chain, this created 120 possible fixed positions. To the remaining
5 positions were added a mixture of 19 canonical amino acids (with cysteine
excluded). This gave a total of 19° different peptides for each of the 120 different
fixed positions, creating 300 million different sequences. These peptides were
synthesised using SPPS, by coupling 19 equimolar equivalents of Boc-protected L-
amino acids to solid resin beads for the mixed positions and carrying out a general
amide coupling, using just one amino acid, for the fixed position.'® After cleaving
the peptide mixtures from the resin, the resultant 120 mixtures were directly tested
against different bacteriophage A site-specific recombination pathways. By keeping
one of the positions fixed, the effect of a single amino acid could be determined,
independent of other residues in the sequence, to find the preferred residue at each

position of the peptide.’®! This allows for the easy deconvolution of the mixtures of
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peptides. The fixed amino acid, in the mixtures that caused the highest accumulation
of 4WJ, were identified and chosen for a second round of screening of the top 50
most promising mixtures. This involved fixing two positions with specific amino acids
and having a mixture in the remaining 4 positions. This gave a total of 19* amino
acids per 50 mixtures to give a total of 6.5 million peptides. After repeating the
testing with the new mixtures, the best pairs of amino acids were chosen for each

position, and 12 peptides were synthesised and tested individually.53

Step 1: OXXXXX 20 mixtures/position (6 in total)
XOXXXX 120 mixtures
XXOXXX
XXXO0XX 19° = 2.5 x 10¢ peptide/mixture
XXXXO0X
XXXXXO0 Total peptide tested = 30 x 108
Dose response titrations used to rank potency of mixtures

The best amino acids in each
position were chosen for
inclusion in mixtures containing
two pre-defined positions

Step 2: OO0OXXXX 50 dual-fixed position mixtures
XX00XX 19* = 130,000 peptide/mixture

XXXX00 Total peptides tested = 6.5 x 108

Dose response titrations used to rank potency of mixtures

Best amino acid
sequences chosen

Step 3: 12 individual peptides synthesised and tested

Figure 4-1: Positional scanning of a synthetic combinatorial hexapeptide library used for the discovery
of WKHYNY.1 Step 1: A single position of the hexapeptide was fixed (O) as one of the 20 canonical amino
acids, whilst the remaining 5 positions are mixtures of 19 different residues (cysteine excluded). Peptide
mixtures were then tested in dose response assays. Step 2: The most potent amino acid combinations
were used for hexapeptides containing two fixed and 4 mixed positions. Step 3: The best candidates
were chosen for individual synthesis and testing.3150

Using this combinatorial library screening method, WKHYNY was found to be able to
trap 40 — 60% of 4Wls, by blocking the action of the bacteriophage A site-specific
recombination bent-L pathway. However, a second round of screening was required,

to discover peptide 1 that was able to fully trap the 4WIJ in all four bacteriophage A
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site-specific recombination pathways.®® Per screening iteration, >300 million
peptides were synthesised, although by using a combinatorial approach only ~170
mixtures needed to be prepared. This is a substantial amount of work and a time-
consuming process. Although a wide variety of hexapeptides were tested, these
combinatorial libraries were limited to a single peptide length and the use of only

canonical amino acids, leaving a vast amount of chemical space unexplored.

A different approach is to rationally design 4WJ-binding peptides based on structural
information. This method has recently been used for the discovery of peptides that
bind to G-quadruplex (G4) DNA,*®?a different higher-order DNA structure discussed
in section 1.2. Rapl is a protein derived from yeast, that has been found to bind to
G4s and promote their formation in vitro.'® This protein is found at telomeres, with
G4 sequences highly evolutionarily conserved between yeast and human telomeric
G4 DNA.*® Therefore, by basing a peptide on interactions between Rapl and G4
DNA, it was hoped these peptides would be able to bind to human telomeric G4
sequences as well. Analysis of the Rap1-G4 crystal structure showed that a 19 amino
acid sequence (397 —415) acted as the DNA recognition motif, forming hydrophobic,
stacking and polar interactions with the G4 DNA (Figure 4-2). Biochemical testing of
this 19-amino acid peptide, against various human G4 sequences, showed the ability
of the peptide to stabilise the G4 conformations. Furthermore, the peptide was
shown to form minimal interactions with duplex DNA, demonstrating how this

approach can be used to specifically target high-order DNA structures.®
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Figure 4-2: Crystal structure of Rap1-G4 complex (PDB code: 6LDM), showing the Rap1 protein (blue),
G4 DNA (green) and the Rap 1 DNA recognition motif (red). (A) Full Rap1-G4 DNA complex. (B) Top view
of the Rap 1 DNA recognition motif interacting with G4 DNA.182

To use rational design for the discovery of 4WI-binding peptides, a biologically

relevant protein-4WJ complex, with significant structural information available,
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must first be chosen. To make a ligand that is selective for 4WJ DNA over duplex

DNA, it is important to bind to the centre of the junction instead of the duplex arms.

4.1.2 4W|J resolvases

As mentioned in section 1.3, 4WJs are important intermediates in homologous
recombination, a process required for DNA repair.2®> During homologous
recombination, 4WJs must be cleaved, to allow for the ligation of different DNA
strands to form newly recombined DNA products. This process is carried out by
structurally selective endonuclease enzymes, known as 4WJ resolvases. These
proteins bind as dimers, before symmetrically cleaving the 4WJ around the junction
centre, to form two nicked duplex DNA segments (Scheme 4-1).1®° The mechanism

of 4W)J cleavage by resolvase enzymes is conserved across a range of other
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organisms, including bacteriophages,'® yeasts®” and mammals.’®® Some 4W!)
resolvases exhibit no sequence specificity for their DNA cleavage sites, such as T4
and T7 endonucleases.'® Other proteins in the family form sequence specific 4W)J

cleavages (V), such as RuvC (5’-A/TTTY¥G/C-3’)**® and MOC1 (5'-CVC-3').1!

O
O |
| _, =

Binding Cleavage Product
CX) dissociation

Scheme 4-1: Mechanism of 4W.J resolution by 4WJ resolvase. The resolvase (blue) is in a monomer-dimer
equilibrium, with binding to the 4WJ (black) occurring in its dimeric form. The resolvase then makes
bilaterial cleavages on the 4WJ (red arrows) and dissociates, leaving two nicked duplex DNA
segments.19?

4.1.3 The MOC1-4WJ complex

The monokaryotic chloroplast 1 protein (MOC1) is a sequence selective 4W)J
resolvase that is found in green plants.®® This protein is present in chloroplasts,
where it plays a crucial role in chloroplast nucleoid segregation.®! The crystal
structures of Nicotiana tabacum MOC1-4WJ-Mg?* (PDB code: 6KVO)'** and Zea mays
MOC1-4WI-Ca?* (PDB code: 6JRF)' have recently been solved, with resolutions of
2.5 A and 2.35 A respectively. Superimposition of these two structures showed high
levels of similarity, especially for residues crucial to DNA interactions.'®* MOC1 binds
as a dimer to the 4WJ, when in an open conformation with 2-fold symmetry (A and

B, Figure 4-3).
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Figure 4-3: Crystal structure of Zea mays MOC1-4WJ-Ca?* (PDB code: 6JRF), showing DNA (green),
calcium (blue), Moc1 (grey), the active site (yellow) and the BRM (magenta). (A) Full complex top view.
(B) Full complex side view.1%3

136



The active site contains four amino acids with carboxylic acid side chains (E174, E257,
D115 and D117) coordinated to two catalytic Ca?* metal ions. The mutation of any of
these residues prevents MOC1 from being able to cleave the 4WJ, showing their
importance to the proteins function.!® The Ca?* metal ions then form interactions
with the scissile phosphate group between the two cytosine bases, allowing cleavage

to proceed (A, Figure 4-4).1%

Separate from the active site is another sequence of interest, known as the base-
recognition motif (BRM), that consists of residues 176 — 184 in a loop-type
conformation. The BRM interacts with DNA bases, allowing MOC1 to recognise the
4W/Jin a sequence specific manner. By projecting into the open centre of the junction
(B, Figure 4-4), the BRM interrupts base stacking interactions.®®> The aromatic
residue F179 forms m-1t interactions with two cytosine bases, perfectly placed by the
specific loop distortion caused by the two proline residues that straddle this
phenylalanine. Additionally, the carboxylic acid group of D182 stabilises the unpaired
cytosine, caused by flipping out of guanosine base at the junction’s centre, through
a pseudo-base-pair interaction. This recognition of cytosine contributes to the
selective 4WJ resolution of MOC1 between two consecutive cytosines. The displaced
guanosine is further stabilised by a H-bond interaction between the side chain amine

of K184 and the DNA base phosphate group.'
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Figure 4-4: Crystal structure of Zea mays MOC1-4WJ-Ca?* (PDB code: 6JRF), showing DNA (green),
calcium (blue), the active site (yellow) and the BRM (magenta). (A) Active site interactions with Ca?*
metal ions and cytosine (C) bases. (B) BRM interactions with 4WJ DNA, with H-bonds between DNA
bases (green) and between the BRM and DNA (black).193

When comparing the BRM in the MOC1-4WJ complex and the unbound MOC1, a
significant change to the BRM conformation is observed.'®® Additionally, the BRM
and active site are close enough to each other to communicate, with the BRM
residue S176 and active site residue E174 directly interacting. It has been observed
that when MOC1 binds to the 4WJ, the BRM conformation is changed and
subsequently alters the conformation of E174. This most likely regulates the metal

catalysed action of the enzyme of cleaving the 4Ww)J.1%3
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4.2 Chapter aims

The aim of this chapter is to design peptides that bind to the open conformation
4W]J, based on the crystal structure of the Zea mays MOC1-4WJ-Ca?* complex. This
offers a different approach to previous methods, involving the screening of large
combinatorial libraries. These peptides will be synthesised using SPPS, before being

tested against 4WJ DNA using the PAGE assay previously used in chapters 2 and 3.

4.3 Results and discussion

4.3.1 Design of crystal structure-based 4WJ peptides

From analysis of the Zea mays MOC1-4WI-Ca? crystal structure, discussed in section
4.1.3, the base recognition motif (BRM) was found to be crucial for sequence specific
4W) recognition, through direct contacts with DNA bases, and interacted with the
MOC1 active site.’%19 The BRM also sits in the centre of the 4WJ, the position
peptide 1 was predicted to occupy through molecular modelling.®® The BRM (176 —
184) is nine amino acids long and was synthesised first, with N-terminal amidation
to follow the synthesis of previous peptides in chapters 2 and 3, to give the sequence
of H-SSPFPTDGK-NH, (peptide 34, A, Figure 4-5). This follows the precedent set for
designing G-quadruplex binding peptides, where the full DNA recognition motif was

synthesised and tested.®?

The MOC1 resolvase binds to the 4WJ as a dimer, therefore two BRM are present in
the junction’s centre.'®® In chapter 2, peptide 1 bound to the 4WJ as a dimer whilst
peptide 2 was a palindromic peptide, with two glycine residues replacing the
cysteine disulphide bridge of (WRWYCR),. In a similar manner, two monomers of
peptide 34 could be linked using glycine residues, to create another palindromic
peptide. The distance between the two monomers is 5.10 A, when measured from
the two a-carbon atoms of the C-terminal lysine residues (B, Figure 4-5). The average
length of a single amino acid in a crystal structure is 3.6 A,1°> meaning that only one
glycine residue is predicted to fit between the two MOC1 monomers. The carbonyl
groups would be twisted when fixed in place by a glycine residue and shorten the
distance been two lysine residues, potentially allowing the single glycine to stretch
across the full distance between the peptide 34 monomers. This gives the overall 19

amino acid sequence H-SSPFPTDGKGKGDTPFPSS-NH; (peptide 35, A, Figure 4-5).
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Figure 4-5: (A) The chemical structures of peptides 34 and 35, with the Gly linker of peptide 35 in red.
Both peptides contain neutral C-terminal amide groups. (B) Crystal structure of Zea mays MOC1-4W.J-
Ca?* (PDB code: 6JRF), showing the 4WJ DNA (green) and BRM sequences (magenta). The distance
between the lysine residues is measured between the a-carbon atoms.
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4.3.2 Peptide synthesis

Peptides 34 and 35 were synthesised using SPPS, following conditions from chapters
2 and 3, except for the addition of 0.1 M oxyma pure to the deprotection solution
(20% piperidine in DMF). This was added to avoid side reactions that can occur with
Asp-Gly dipeptides in basic solutions. Oxyma pure was also used as an additive during
amino acid couplings, as discussed in section 2.1.1. This N-hydroxyamine acts as a

pH regulator due to its low pKa of 4.60.1%2

Both peptides contain Asp-Gly dipeptides, that are prone to the formation of
aspartimide via intramolecular cyclisation upon treatment with piperidine (Scheme
4-2).1%¢ Firstly the piperidine nucleophile extracts the hydrogen from the backbone
amide between both residues. The resulting negatively charged nitrogen then
attacks the B-carboxyl group of the Asp residue, with subsequent loss of the tert-
butyl protecting group, to form an aspartimide. This results in a scrambling of the
chiral centre of the Asp residue. Subsequent nucleophilic attack causes ring-opening
and several side products to be formed. Hydrolysis of the aspartimide can either
restore the original a-Asp-Gly dipeptide ii, with the Asp protecting group removed,
or cause the peptide backbone to be modified to give the isoaspartyl B-peptide iii.
Attack on the aspartimide by piperidine gives the equivalent a-peptide i or B-peptide
iv, containing piperidine groups.?” As well as reducing the yield of the desired Asp-
Gly containing peptide, these side products can be difficult to remove, due to the
similarities of a, B and epimerised isomers.!?® By adding oxyma pure to the piperidine
deprotection solution, hydrogen extraction from the backbone amide is competed

against and aspartimide formation prevented.’
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Scheme 4-2: Intramolecular aspartimide formation after treatment of Asp-Gly with piperidine, followed
by attack by nucleophiles to produce various side products.1%7

Using these modified conditions, both monomer 34 (95% purity, 5% yield) and dimer
35 (95% purity, 11% yield) were successfully synthesised. Both peptides were initially
purified by prep-HPLC using 0 — 100% MeOH in H,0 with 0.05% TFA. However, close
running impurities co-eluted and were removed by a further prep-HPLC purification
using a shallower gradient of 0 — 50% MeOH in H,0 with 0.05% TFA. This may indicate
that some of the side products, mentioned in Scheme 4-2, were still present in
solution and may have caused lower peptide yields. To increase vyields, it could be
worth increasing the concentration of oxyma pure, to 1 M in the deprotection
solution, as this has previously been shown to increase crude purity from ~60% to

~85%.197

4.3.3 PAGE assay

To test the ability of peptides 34 and 35 to trap DNA as the 4WJ, the PAGE assay was
used, following methods used in chapter 2 and 3. The 22 bp FAM-labelled 4WJ was
used at a concentration of 1.25 uM and annealed in the presence of different peptide
concentrations, dissolved in DMSO (2 uM), at 50-fold the desired final concentration
(313 uM — 5 mM). Results from testing both peptides showed no change in band
intensities (Figure 4-6), indicating that the peptides were unable to induce the

formation of the 4WJ upon binding.
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Figure 4-6: PAGE image showing the effect on 4WJ formation from increasing concentrations of peptides
34 and 35, using a DNA concentration of 1.25 uM. A solution containing only the labelled X-strand was
used as a control for ssDNA. Fam-labelled DNA was used and visualised at 460 nm.

The lack of activity could be caused by the 22 bp oligonucleotides used, that did not
contain two consecutive cytosine when annealed into a 4WJ. As discussed in section
4.1.3, the BRM forms selective interactions with these cytosine bases, meaning BRM-
based peptides may be unable to bind effectively to 4WJ centres where these crucial
bases are absent. To evaluate this theory, two oligonucleotides Y and Z (Figure 4-7)
were used in the PAGE assay, that matched the 4WJ sequences from the Zea mays
MOC1-4WJ-Ca?* crystal structure (PDB code: 6RIF). These oligonucleotides are 33 bp
long, containing a pair of 9 bp long arms and a pair of 6 bp arms, with the shorter
arms stabilised by three thymine bases that form a turn (Figure 4-7).2% A FAM label

was attached to the Z oligonucleotide, to allow for DNA visualisation.

Y =5-ATCTGCAGGGTCTGGTTTCCAGACCTACGATTG-3

Z = 5-FAM-CAATCGTAGGAGACC TTTGGTCTCCCTGCAGAT-3’

4\WJ stabilisation

T

-
-]

3
GTTAGCATC GGACGTCTA

FAM-CAATCGTAG CCTGCAGAT
5' 3

O>rP0O>»00
G010

0O0>TO>O
40O —H0-0

-

Figure 4-7: Oligonucleotide sequences capable of forming a 4WJ, based on the Zea mays MOC1-4WJ-
Ca?* crystal structure (PDB code: 6RJ).193 The three base thymine turns are shown in blue.
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To assess whether the Y/Z DNA was able to form a 4W)J during the PAGE assay, an
MgCl; titration was carried out. For the 22 bp DNA, previous studies shows that an
MgCl; concentration 2 1 mM resulted in the DNA being predominantly trapped as a
4W).'?” However, for the Y/Z DNA using MgCl, concentrations as high as 16 mM
resulted in no 4WJ formation being observed (A, Figure 4-8). This could indicate that
the Y/Z 4WJ is unstable, when attempting to form during annealing in 1 x TBE buffer.
These conditions strongly differ to those used during crystallisation, where 20%
PEG3350 was used to stabilise the MOC1-4WJ complex and crystals were isolated,*%
instead of trying to form the 4W)J in solution. Alternatively, this could indicate that
the 4W1J is only stable in the open conformation, in the presence of MOC1, instead
of the X-stacked conformation induced in a high salt environment. To check whether
the peptides were able to induce the formation of the 4WJ, single 100 uM
concentrations were tested for both peptides 34 and 35 and showed no change from
the ssDNA. A faint second band in the Z-only control could show that this
oligonucleotide partially anneals with itself, that may be interfering with 4WJ
formation (B, Figure 4-8).

A) - )
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Zonly 0 0.0001 0.001 0.01 0.1 1 2; T
34 35

MgCl, concentration (mM)

Figure 4-8: PAGE images using 1.25 uM Fam-labelled Y/Z DNA sequences. (A) The effect on DNA from
increasing concentrations of MgCl,, with lane C containing the 22 bp FAM-labelled DNA, annealed in
the presence of 2 mM MgCl,. (B) the effect on 4WJ formation from the addition of 100 uM of peptides
34 and 35. Fam-labelled DNA visualised at 460 nm.

4.4 Conclusions and future work

This chapter focussed on the rational design of 4WJ-binding peptides, based on the
crystal structure of the Zea mays MOC1-4WJ-Ca?* complex. The base recognition
motif (BRM) is a sequence from the MOC1 protein, that binds across the centre of
the 4WJ. The 9 amino acid BRM, peptide 34, was synthesised using SPPS, followed
by the synthesis of a BRM dimer-like peptide 35. These two peptides were tested for
their ability to trap DNA as the 4WJ, using the PAGE assay. Neither peptide showed

any activity against the original 4WJ sequences, used in the PAGE assay during

144



chapters 2 and 3, or against the Y/Z 4WJ, using oligonucleotides that matched those
from the crystal structure complex. However, this could result from the original 4W)
sequences not containing two consecutive cytosine bases at the centre of the
junction, required for BRM binding, and the potential instability of the Y/Z 4W/ in

solution.

An alternative method for test the crystal structure-based peptides, could involve
using the PAGE assay in a competition assay. Previous studies have shown the ability
of MOC1 to cleave 4WJ DNA, containing central cytosine residues. This was visualised
by the disappearance of the 4WJ band and appearance of nicked duplex DNA
segments, upon addition of the protein.?®*!% pPeptides 34 and 35 could be added to
a solution containing 4WJ DNA at the same time as MOC1 protein, to test the ability
of the peptides to complete against MOC1 for 4WJ binding and prevent 4WJ cleavage
from occurring. Additionally, the peptides could be tested in the FP or FRET assays

used in chapters 2 and 3, using 4WJ DNA with the required central cytosine bases.

Different crystal structure-based peptides could also be designed, based on the
MOC1 BRM. These could include extending the BRM, to include residues involved in
the active site, such as E174 that is just two residues asway from S176 in the BRM
sequence. This could allow for more interactions to be formed between the peptide
and 4WJ, although metal ions may need to be added due to their presence in the
MOC1 active site (C, Figure 4-4). Alternatively, analogues based in the dimer-like
peptide 35 could be designed using the peptidomimetic approaches from chapter 3,
with different linkers used to bind the two BRM monomers and peptide cyclisation
attempted. Another approach could be to crystallise peptide 34 or 35 with 4WJ DNA,
to show if these peptides are capable of binding to the junctions’ centre and

potentially lead to ideas for the rational design of further peptide analogues.
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Chapter 5 — General
conclusions and future

perspectives
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5.1 General conclusions

This thesis began with a literature review of known DNA 4WJ-binding molecules,
covering peptides, organometallic and small molecule ligands (Chapter 1). The
molecular features required for 4WI-binding were explored, as well as the
differences in ligands that bind to either the X-stacked or open conformation of the
4W)J. A number of ligands discussed showed promise as anti-cancer and antibacterial
therapeutic agents, although their selectivity over other higher-order DNA structures

requires further exploration.

In subsequent chapters, the focus moved to systematically exploring the design,
synthesis, and biological evaluation of peptides and peptidomimetics that
specifically target the open conformation of 4WJ DNA. In Chapter 2, five peptides
and two acridines compounds, previously shown to have 4WJ-binding activity, were
synthesised and their biological activity evaluated in a series of assays. Among these,
peptide 2 emerged as the strongest binder to 4WJ DNA across PAGE, FRET, and FP
biophysical assays. Notably, peptide 2 also exhibited strong dsDNA binding, as
demonstrated in an EtBr displacement assay, highlighting a potential lack of
selectivity for 4WJ structures. However, competition experiments with PAGE assays
suggested preferential binding to 4W)J despite excess dsDNA, pointing towards
selectivity being affected by DNA sequences as well as the 4WJ structure. Despite its
promising DNA-binding profile, peptide 2 showed no detectable cytotoxicity against
HL-60 cancer cells at concentrations up to 25 puM. This inactivity could arise from
limited cellular uptake or susceptibility to enzymatic degradation in cellular
environments, emphasising the therapeutic challenges posed by peptide instability

and bioavailability.

Chapter 3 focused on overcoming these limitations by designing peptidomimetic
analogues based on peptide 2. The central Gly-Gly dipeptide was replaced with
various linkers differing in length, flexibility, and functionality, while cyclic peptides
were also synthesised to explore enhanced conformational stability. Nine linear
analogues and two cyclic peptides were prepared via a hybrid approach involving
multi-step solution-phase chemistry and SPPS. Biological evaluation of these
analogues revealed comparable 4WJ binding to peptide 2, with only minor variations
in affinity across different assays. Unfortunately, none exhibited appreciable

cytotoxicity against HL-60 cancer cells, showing that the structural changes made to
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the peptide analogues were insufficient to impart cellular activity at the
concentrations tested. The data suggested that peptide 2 is tolerant to chemical
modification without loss of 4W)J affinity, providing a flexible platform for further

optimisation.

In Chapter 4, the approach shifted towards rational peptide design informed by the
crystal structure of the Zea mays MOC1 protein bound to 4WJ DNA. The base
recognition motif (BRM), a nine-residue peptide sequence from MOC1 responsible
for binding across the 4WJ centre, was synthesised as peptide 34, with a dimeric
variant (peptide 35) also prepared to mimic protein multivalency. These peptides
were tested using the PAGE assay with both 4WJ sequences used in previous
chapters and the Y/Z 4WJ matching the crystal structure. Neither peptide displayed
binding in these assays, likely due to the absence of consecutive cytosine bases
critical for BRM binding and potential instability of the Y/Z 4W)J in solution. To
overcome this, development of a competitive PAGE assay was proposed, to test the
ability of these peptides to inhibit MOC1-mediated cleavage of 4WJ DNA containing

central cytosine bases.

This PhD builds directly on the foundational work of Segall’'s group, who first
identified the 4WJ-binding peptides WKHYNY and WRWYCR (peptide 1) by
employing large-scale combinatorial peptide library screening.®*%° This was followed
by the rational design of WRWYRGGRYWRW (peptide 2), that was able to retain the
4WJ-binding activity of peptide 1, without the need to form a dimer.* Segall’s
research demonstrated the ability of these peptides to trap 4Wls, inhibit 4WJ
junction-processing enzymes, and display antibacterial and anticancer activity.*>%5>
While Segall’s research established the biological relevance and binding properties
of these peptides, the present thesis focussed on chemically modifying the structure
of a 4WI-binding peptide to explore subsequent effects on activity. Additionally, an
alternative approach to discovering 4WIJ-binding peptides was investigated, using a

4WJ-protein complex, to compliment the large-scale screening methods employed

by Segall 636>

The work described in this thesis provides an expansion to the toolkit of assays
available for evaluating ligands for 4WJ-binding activity, with the development of
PAGE, FP and FRET assays. These complementary assay formats will enable more

robust structure-activity assessments of future potential 4WJ-binding ligands. This
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thesis also provides a blueprint to approaching the development of drug-like
peptides that target DNA structures, either using peptidomimetics to improve on
known peptide binders or utilising structure-based design from known protein-DNA
structures. Taken together, this work can be used to progress to the design of more

drug-like peptide ligands that target 4WJ DNA.

5.2 Future perspectives

The advancement of 4WJ-binding peptides towards clinical application depends on
rigorously confirming their selectivity for 4WJs over other DNA structures. Ensuring
that these peptides preferentially engage 4WlJs is essential for attributing any
observed therapeutic effects to actual 4WJ targeting, rather than non-specific or off-
target DNA interactions. This could be achieved by expanding the use of the PAGE
competition assay, used to examine selectivity of peptide 2 between 4WJ DNA and
dsDNA in section 2.3.3, to include other higher order structures, such as G-
guadruplexes and 3WIJs. Additionally, a panel of 4WJs containing various DNA
sequences could be tested with the different peptide ligands, to look for any specific

sequence selectivity as well as structural selectivity.

An important question arising from this thesis is whether the peptide ligands bind
exclusively to the centre of the 4W)J or also along its dsDNA arms. Obtaining high-
resolution structural information on peptide-4WJ complexes, using techniques such
as X-ray crystallography, cryo-electron microscopy and nuclear magnetic resonance
spectroscopy, would clarify where and how these interactions occur. For
junction-centre binding peptides, this structural information could reveal key
interactions and conformations that inform ligand optimisation, to further improve

4W) binding affinity and specificity.

Another essential focus in the development of four-way junction (4WJ)-binding
peptides is enhancing their ability to enter cells effectively. Research efforts should
prioritize strategies such as conjugating these peptides to cell-penetrating

199 substituting L-amino acids with protease-resistant D-amino acids'** and

peptides,
incorporating lipophilic modifications like elongated PEG chains.t’® These

approaches could help to membrane permeability and intracellular delivery, which
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are critical for ensuring that high-affinity 4WJ-binding peptides reach their DNA

targets within cells.

Future development of 4WI-binding peptides will require confirmed selectivity over
other DNA structures, detailed structural insight into binding modes, and effective
strategies to improve delivery and stability. Building on the assays and design
approaches developed in this work, these peptides could be developed into

promising therapeutic agents.

150



Chapter 6 —

Experimental



6.1 Materials and analysis techniques

6.1.1 Solvents and reagents

The solvents and chemicals were purchased at reagent grade from the suppliers:
Sigma-Aldrich, Fluorochem, Fisher Scientific, AGTC bioproducts and Novabiochem.
Peptide grade piperidine, DMF and DIPEA were acquired from Cambridge Reagents.
Distilled water was used throughout the syntheses. MilliQ water was used for the

biological assays.

The following Fmoc amino acids were purchased for use in peptide synthesis:

Fmoc-L-Arg(Pbf)-OH

Fmoc-L-Asn(Trt)-OH

e Fmoc-D-Asn(Trt)-OH
e  Fmoc-L-Asp(O'Bu)-OH
e Fmoc-L-Cys(Acm)-OH
e Fmoc-L-Cys(Trt)-OH

e Fmoc-L-Gly-OH

e Fmoc-L-Lys(Boc)-OH
e Fmoc-L-Phe-OH

e Fmoc-L-Pro-OH

e Fmoc-D-Pro-OH

e  Fmoc-L-Ser('Bu)-OH

e  Fmoc-L-Thr(O'Bu)-OH
e Fmoc-L-Trp(Boc)-OH
e  Fmoc-L-Tyr(*Bu)-OH

6.1.2 NMR and spectroscopic techniques

IH-, 13C- and °*F-NMR analysis was carried out a Bruker spectrometer, operating at
400 MHz (*H), 101 MHz (*3C) or 376 MHz (*°F) using specified deuterated solvents.
Chemical shifts were measured in ppm and splitting patterns were recorded in Hz.
NMR multiplicities were labelled as s = singlet, d = doublet, t = triplet, q = quartet,

m = multiplet and br s = broad singlet.

MALDI analysis was performed on the Shimadzu AXIMA Performance MALDI

ToF/TOF in a positive ionisation setting.
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HRMS analysis was performed using the LC-TOF: Waters SYNAPT XS with ACQUITY

H-Class PLUS UPLC machine in a positive ionisation setting.

LCMS analysis was performed on the Agilent 1200 Series, equipped with a 6460-

triple quadrupole.

IR analysis was performed using a Perkin-EImer Spectrum BX FT-IR spectrometer and

analysed using Spectrum v5.3.1 software.

Fluorescence analysis of 96-well plates were performed on the BMG Labtech
CLARIOstar microplate reader. For titrations into a 3.5 mL cuvette with a 1 cm path
length, the Edinburgh instruments FS5 fluorimeter was used. Visualisations of
electrophoresis gels were performed on the ImageQuant™ LAS 4000 biomolecular

imager.
6.1.3 Chromatography techniques

Analytical Reverse Phase (RP) HPLC was performed on an Agilent 1200 Series HPLC,
with a 4.6 x 150 mm, 5 um, Agilent Eclipse XDB-C18 column at a 1 mL/min flow rate.
The runs began with a gradient of 5 —95% (MeOH or MeCN (as specified) containing
0.05% TFA) in (H,0 containing 0.05% TFA) over 15 min, followed by 5 min held at

95%. Peaks were detected at 214 nm and 254 nm wavelengths.

Preparative RP-HPLC was performed on an Agilent 1200 HPLC, witha 21.2 x 150 mm,
5 um, Agilent Eclipse XDB-C18 column at a 20 mL/min flow rate. Runs were carried
out at a gradient of 5% - 95% MeOH/MeCN (as specified) in H,O with 0.05% TFA,

over 20 min.

Flash chromatography was carried out on silica gel (particle size 60 um) on a
Biotage® Isolera Four. For RP column chromatography pre-packed Biotage® KP-C18-

HS Flash Cartridges were used.

6.1.4 MALDI sample preparation

MALDI matrix: o-Cyano-4-hydroxycinnamic acid (CHCA) (20 mg/mlL) in
70:30 MeCN:H;O0.

Peptide samples: 0.1 mg peptide dissolved in 1 mL MeOH.

Sample preparation: CHCA matrix (5 pL) and H,O (5 pL) were added to the sample
dissolved in MeOH (5 uL). The resultant solution (2 uL) was spotted onto the MALDI
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plate and allowed to dry. Subsequently, 1:1 TFA:H,0 (2 pL) was spotted over the

matrix and allowed to dry.

The MALDI standard Proteomass™ ACTH Fragment 18-39 from Sigma-Aldrich, with
a mass of 2464.1980 Da, was used for calibration. An [M+H]* value of 2465.10 Da
was obtained, however some variation was observed over time of approximately 5
Da from the expected value. Mass values were corrected to match the variation

observed with the standard.

6.2 Peptide synthesis

6.2.1 General peptide synthesis procedure

Peptides were synthesised using either a Multisyntech Syro | or a CEM Liberty

automated peptide synthesiser.

The following procedure was used for peptide synthesis using a Multisyntech Syro I:
100 mg of the specified resin was swollen in DMF (3 mL) for 20 min with shaking,
after which the DMF was drained. Fmoc deprotection took place by the addition of
20% piperidine in DMF (2 mL) for 10 min with shaking. The peptide column was
drained after which the deprotection was repeated. The column was drained, and
the resin was washed with DMF (3 x 2 mL) followed by the coupling of the first amino
acid (4 equiv) using HOBt (4 equiv), HBTU (3.9 equiv) and DIPEA (8 equiv) in DMF for
45 min with shaking. The column was drained, and the reaction was repeated, to
ensure completion of the amino acid coupling. After this, the resin was washed with
DMF (3 x 2 mL). Subsequent deprotection and coupling reactions were carried out in

the same way.

The procedure used for the CEM Liberty automated peptide synthesiser was the

same except for the following differences:

e 0.05 mmol of the specified resin was used.

e Couplings used amino acid (5 equiv), oxyma pure (5equiv) and DIC
(10 equiv).

e Couplings of all amino acids except Arg were carried out with microwave
heating at 75 °C (15 sec) followed by 90 °C (110 sec).

e Forthe coupling of the Arg residues, the microwave was heated at 75 °C (300

sec).
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All resins were washed with MeOH (3 x 2 mL), CH,Cl, (3 x 2 mL) to remove residual
DMF. For cleavage of peptides containing cysteines, a solution of 92.5:2.5:2.5:2.5
TFA:2,2'-(Ethylenedioxy)diethanethiol (DODT):H,O:TIPS (5 mL) was used. For
peptides not containing cysteines, a solution of 96:2:2 TFA:H,O:TIPS (5 mL) was used.
The cleavage cocktail was added to the column before shaking for 3 h. The cleavage
solution was collected and concentrated in vacuo. The peptide was precipitated
using Et;0 (3 x 2 mL) and collected using centrifugation. The peptides were purified
using RP-HPLC or RP column chromatography and analysed using HPLC, MALDI or
LCMS, and HRMS.

6.2.2 General procedure for Kaiser test

This method followed Arora et al. with modification.??® The Kaiser test was used to
qualitatively confirm the completion of amide coupling reactions. The presence of
unreacted primary amines resulted in a positive test and a colour change to dark
blue. The absence of primary amines signified reaction completion and resulted in a

negative test, with no significant colour change observed.
The following 3 solutions were prepared:

1) Ninhydrin (5 g) in EtOH (100 mL)
2) Phenol (80 g) in EtOH (20 mL)
3) 0.0001 M KCN (aqg, 2 mL) in pyridine (98 mL)

Procedure:

Approximately 5 — 10 resin beads were transferred into a small glass test tube,
before 2 drops of solutions 1, 2 and 3 were added. The resultant solution was heated
using a heat gun until bubbling was observed. The solution was examined for any

significant colour change.
6.2.3 Peptide data

6.2.3.1 H-WRWYCR-NH; (1)

Peptide 1 was synthesised and purified using the general procedure in section 6.2.1,
using H-rink amide ChemMatrix® resin (0.6 mmol/g) to give a white solid (24 mg,

91% purity, 50% yield).

HPLC: tr =10.1 min in (MeCN and 0.05% TFA)/(H20 and 0.05% TFA).
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MALDI-TOF [M+H]* m/z calculated for [C4sHe1N1505S]* 968.46, found 968.80.

HRMS (ESI) calculated for [CasHs1N1507S]* 968.4599, found 968.4677.

6.2.3.2 H-WRWYRGGRYWRW-NH; (2)

Peptide 2 was synthesised and purified using the general procedure in section 6.2.1,
using NovaPEG rink amide resin (0.49 mmol/g) to give a brown oil (23 mg, 95% purity,
26% yield).

HPLC: tr =10.3 min in (MeCN and 0.05% TFA)/(H,0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CooH115N29014]* 1826.92, found 1827.17.

HRMS (ESI) calculated for [CooH115N29014]* 1826.9178, found 1826.9235.

6.2.3.3 H-WRWYCR-OH (4)

Peptide 4 was synthesised and purified using the general procedure in section 6.2.1,
using H-Arg(Pbf)-HMPB NovaPEG resin (0.49 mmol/g) to give a yellow oil (24 mg,
95% purity, 51% yield).

HPLC: tr =9.84 min in (MeCN and 0.05% TFA)/(H20 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CasHsoN140s8S]" 969.44, found 969.10.

HRMS (ESI) calculated for [CasHsoN1408S]* 969.4439 found 969.4432.

6.2.3.4 H-WRWYC(Acm)R-NH; (5)

Peptide 5 was synthesised and purified using the general procedure in section 6.2.1,
using H-rink amide ChemMatrix® resin (0.6 mmol/g) to give an off-white solid

(16 mg, 93% purity, 31% yield).
HPLC: tr =12.5 min in (MeCN and 0.05% TFA)/(H20 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [C4sHesN160gS]* 1039.50, found 1039.21.

HRMS (ESI) calculated for [CasHssN160sS]" 1039.4970, found 1039.5049.
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6.2.3.5 H-WRWYR-NH: (6)

Peptide 6 was synthesised and purified using the general procedure in section 6.2.1,
using Tentagel® S RAM (0.23 mmol/g) to give a white solid (4 mg, 100% purity, 9%
yield).

HPLC: tr =9.12 min in (MeCN and 0.05% TFA)/(H,0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [C43HseN1406]* 865.45, found 865.06.

HRMS (ESI) calculated for [Ca3HseN1406]* 865.4507, found 865.4597.

6.2.3.6 H-SSPFPTDGK-NH:(34)

Peptide 34 was synthesised and purified using the general procedure in section
6.2.1, with oxyma pure (0.1 M in DMF) added to the deprotection solution. H-rink
amide ChemMatrix® resin (0.6 mmol/g) was used and give a pale yellow solid (5 mg,
95% purity, 11% yield). All Fmoc amino acids were coupled twice as standard, except

for the Fmoc-Pro-OH residues that were coupled once.
HPLC: tr = 10.4 min in (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [C41Hs3sN11014]* 934.46, found 934.65.

HRMS (ESI) calculated for [Ca1He3sN11014]* 934.4556, found 934.4654.

6.2.3.7 H-SSPFPTDGKGKGDTPFPSS-NH; (35)

Peptide 35 was synthesised and purified using the general procedure in section
6.2.1, with oxyma pure (0.1 M in DMF) added to the deprotection solution. H-rink
amide ChemMatrix® resin (0.6 mmol/g) was used and give a pale brown solid (5 mg,
95% purity, 5% yield). All Fmoc amino acids were coupled twice as standard, except

for the Fmoc-Pro-OH residues that were coupled once.
HPLC: tz =12.1 minin (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CgaH126N2,026]* 1907.91, found 1907.59.

HRMS (ESI) calculated for [CssH126N22029]* 1907.9061, found 1907.9139.
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6.2.4 Peptide analogue data

6.2.4.1 H-WRWYR-6-Alkane-RYWRW-NH; (14)
O

H\/\/\/U\
H—WRWYR/N RYWRW-NH,

Peptide 14 was synthesised and purified using the general procedure in section
5.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) and incorporating the
protected amino acid 6-(Fmoc-amino)hexanoic acid, to give a light brown solid

(8 mg, 95% purity, 9% yield).
HPLC: tr =10.8 min in (MeOH and 0.05% TFA)/(H,0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [Co;H120N28013]* 1825.96, found 1825.98.

HRMS (ESI) calculated for [Co2H120N28013]* 1825.9590, found 1825.9686.

6.2.4.2 H-WRWYR-PEG1-RYWRW-NH; (15)
0

H
H-WRWYR” N\/\o/\/lL RYWRW-NH,

Peptide 15 was synthesised and purified using the general procedure in section 6.2.1
and H-rink amide ChemMatrix® resin (0.6 mmol/g), incorporating the protected
amino acid Fmoc-N-amido-PEG1-acid to give a pale-yellow solid (4 mg, 92% purity,

4% yield).
HPLC: tr =12.9 min in (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [|\/|+H]+ m/z calculated for [C91H118N28014]Jr 1827.94, found 1827.65.

HRMS (ESI) calculated for [Co1H11sN2s014]* 1827.9382, found 1827.9438.

6.2.4.3 H-WRWYR-5-Alkane-RYWRW-NH: (16)
H

N RYWRW-NH,
H-WRWYR \/\/ﬁ(

O
Peptide 16 was synthesised and purified using the general procedure in section
6.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) and incorporating the
protected amino acid 5-(Fmoc-amino)valeric acid, to give a brown solid (10 mg, 95%

purity, 11% yield).
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HPLC: tr = 13.5 min in (MeOH and 0.05% TFA)/(H,0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [Co1H118N2sO13]* 1811.94, found 1811.60.

HRMS (ESI) calculated for [Co1H118N2g013]* 1811.9433, found 1811.9489.

6.2.4.4 H-WRWYR-Alkene-RYWRW-NH:(17)
H

N RYWRW-NH
H-WRWYR \/\/ﬁ( 2

O

Peptide 17 was synthesised and purified using the general procedure in section
6.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) and the Fmoc-protected
amino acid 31 (section 5.3.3.2), to give a pale brown solid (7 mg, 98% purity, 8%
yield).

HPLC: tr =13.2 min in (MeOH and 0.05% TFA)/(H,0 and 0.05% TFA).
LCMS (ESI-QQQ) m/z calculated for [Co1H116N2s013]* 1809.92, found 1810.00.

HRMS (ESI) calculated for [Co1H116N28013]* 1809.9277, found 1809.9355.

6.2.4.5 H-WRWYR-Benzene-RYWRW-NH: (18)
(0]

H RYWRW-NH,

_N
H-WRWYR
Peptide 18 was synthesised and purified using the general procedure in section
6.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) to give a pale brown solid

(4 mg, 90% purity, 4% yield).
HPLC: tr = 13.385 min in (MeOH and 0.05% TFA)/(H.0O and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CssH116N28013]* 1845.93, found 1845.61.

HRMS (ESI) calculated for [CosH116N28013]* 1845.9277, found 1845.9340.
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6.2.4.6 H-WRWYR-Dibenzene-RYWRW-NH, (19)
0]

O RYWRW-NH,
[
N
H-WRWYR

H-RYWRW-Resin was synthesised using the CEM Liberty automated peptide
synthesiser, using the general procedure in section 6.2.1 and Tentagel® S RAM
(0.23 mmol/g), with the peptide left on the resin. H-RYWRW-Resin was treated with
a solution containing dibenzene amino acid 33 (section 6.3.4.2, 20 mg, 0.2 mmol),
HBTU (74 mg, 0.195 mmol), HOBt (27 mg, 0.2 mmol) and DIPEA (70 pL, 0.4 mmol) in
DMF (2mL). The resultant solution was shaken at RT for 45 min before the column
was drained, and the reaction repeated. The completion of the coupling was
confirmed by a negative Kaiser test. After this, the resin was washed with DMF
(3x2mL). To the resin was added 15% N;Hs, 15% MeOH in THF (2 mL) and the
reaction was shaken at RT (2 x 3 h).2*2 Full conversion to the TFA deprotected product
was confirmed by HPLC, with disappearance of the starting material peak. The resin
was placed back on the CEM Liberty automated peptide synthesiser, and the
remaining amino acids added, before the desired product was cleaved from the resin
and purified using RP-HPLC to afford the desired product 19 as a pale-yellow solid
(4 mg, 99% purity, 4% yield).

HPLC: tr =13.8 min in (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
LCMS (ESI-QQQ) m/z calculated for [Ci00H120N28013]* 1921.96, found 1921.90.

HRMS (ESI) calculated for [Cio0H120N258013]* 1921.9590, found 1921.9668.

6.2.4.7 Azide-RYWRW-Resin (27)

N3
_>*RYWRW—Resin

O

H-RYWRW-Resin was synthesised using the CEM Liberty automated peptide
synthesiser, using the general procedure in section 6.2.1 and Tentagel® S RAM
(0.23 mmol/g), with the peptide left on the resin. The intermediate was treated with
a solution containing 26 (section 6.3.2.2, 20 mg, 0.2 mmol), HBTU (74 mg,
0.195 mmol), HOBt (27 mg, 0.2 mmol) and DIPEA (70 uL, 0.4 mmol) in DMF (2mL).

The resultant solution was shaken at RT for 45 min before the column was drained,
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and the reaction repeated. After this, the resin was washed with DMF (3 x 2 mL).*"?
Synthesis of intermediate 27 was confirmed by cleaving a few beads of resin and

analysing the crude product:
HPLC: tr =10.6 min in (MeCN and 0.05% TFA)/(H-0 and 0.05% TFA).

MALDI-TOF [M+H]* m/z calculated for [CasHs7N1,07]* 948.46, found 947.99.

6.2.4.8 Triazole-RYWRW-Resin (29)

N=N,
JwN
FmocHN _>—RYWRW—Resin
o)

To intermediate 27 was added a solution containing 28 (section 6.3.2.3, 22 mg,
5 umol), [Cu(CHsCN)4]PFs (0.2 mg, 0.5 pumol), DIPEA (1.7 pL, 10 pmol) and DMF
(100 pL). The resultant solution was shaken for 16 h at RT, then washed with DMF
(3 x 2 mL).}* Synthesis of intermediate 29 was confirmed by cleaving a few beads of

resin and analysing the crude product:
HPLC: tr = broad peak at ~13.0 min in (MeCN and 0.05% TFA)/(H.0 and 0.05% TFA).

MALDI-TOF [M+H]* m/z calculated for [CesH72N1809]71225.57, found 1225.66.

6.2.4.9 H-WRWYR-Triazole-RYWRW-NH; (20)
H N/N:N O
H-WRWYR™ "'\ RYWRW-NH

Intermediate 29 was placed back on the CEM Liberty automated peptide synthesiser
and the remaining amino acids added, the product was cleaved from the resin and
purified using RP-HPLC to afford the desired product 20 as a white solid (3 mg, 100%
purity, 3% yield).

HPLC: tr =10.9 min in (MeCN and 0.05% TFA)/(H20 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [Co1H115sN31013]* 1850.92, found 1851.23.

HRMS (ESI) calculated for [Co1H115N31013]* 1850.9291, found 1850.9369.
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6.2.4.10 H-WRWYR-D-Asn-L-Asn-RYWRW-NH: (21)

NH,
H-WRWYR” N RYWRW-NH,
8 o
NH,

Peptide 21 was synthesised and purified using the general procedure in section
6.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) to give a pale brown solid

(4 mg, 89% purity, 4% yield).
HPLC: tr =13.1 min in (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CoaH121N31016]* 1940.96, found 1940.63.

HRMS (ESI) calculated for [CosH121N31016]* 1940.9608, found 1940.9686.

6.2.4.11 H-WRWYR-D-Pro-L-Pro-RYWRW-NH; (22)

H-WRWYR~ NQ
O

Peptide 22 was synthesised and purified using the general procedure in section

‘.\O
" RYWRW-NH,
i
(@)

6.2.1, using H-rink amide ChemMatrix® resin (0.6 mmol/g) to give a pale brown solid

(6 mg, 80% purity, 6% yield).
HPLC: tr =13.7 min in (MeOH and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [CosH123N29014]* 1906.98, found 1907.47.

HRMS (ESI) calculated for [CosH123N29014]* 1906.9804, found 1906.9871.
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6.2.4.12 Cyclic Gly-Gly (23)

HoN__NH

% g
i T8 éﬁﬂ?@

This method followed the method of Searcey et al. with modification.'’® Tentagel®
S RAM (0.23 mmol/g) resin was Fmoc deprotected by the addition of 20% piperidine
in DMF (2 x 2 mL) for 10 min with shaking. The resin was washed with DMF (6 x 2 mL)
before a solution containing Fmoc-Asp-ODmab (67 mg, 0.1 mmol), HATU (36 mg,
0.095 mmol) and DIPEA (34 pL, 0.2 mmol) dissolved in DMF (2 mL) was added. The
resultant solution was shaken at 0 °C for 30 min before the column was drained, and
the reaction repeated. Completion of the coupling was confirmed by a negative
Kaiser test. The remaining amino acids were added using the CEM Liberty automated
peptide synthesiser, following the general procedure in section 6.2.1. The Dmab
group was removed using 2% (v/v) hydrazine hydrate in DMF (2 mL, 3 x 3 min), and
the resin washed with DMF (6 x 2 mL). On-resin cyclisation was carried out using DIC
(23 L, 0.15 mmol) and HOBt (20 mg, 0.15 mmol) in DMF (2 mL) for 24 h before the
column was drained, and the reaction repeated. Completion of the reaction was
confirmed by a negative Kaiser test. The peptide was cleaved from the resin and
purified, following procedures from section 6.2.1, to afford the desired product 23

as a white solid (3 mg, 90% purity, 3% yield).
HPLC: tz =10.0 min in (MeCN and 0.05% TFA)/(H,0 and 0.05% TFA).
LCMS (ESI-QQQ) m/z calculated for [CogH124N32015] ™2 1019.5, found 1019.7.

HRMS (ESI) calculated for [CogH12aN32015] ™2 1019.4958, found 1019.4927.

163



6.2.4.13 Cyclic 6-Alkane (24)

HN_<NH2 HZN\I?NH

HN™ "NH,

This method followed the method of Searcey et al. with modification.’® Cyclic
peptide 24 was synthesised and purified using the procedure from section 6.2.4.12,
with 6-(Fmoc-amino)hexanoic acid replacing the two glycine amino acids. Tentagel®
S RAM (0.23 mmol/g) resin was used to afford the desired product as a white solid
(8 mg, 95% purity, 8% yield).

HPLC: tr =10.3 min in (MeCN and 0.05% TFA)/(H.0 and 0.05% TFA).
MALDI-TOF [M+H]* m/z calculated for [Ci00H120N31017]* 2037.018, found 2037.74.

HRMS (ESI) calculated for [Ci00H129N31017]* 2037.0183, found 2037.0261.

6.3 Chemical synthesis and characterisation
6.3.1 Synthesis of acridines

6.3.1.1 9-Oxo0-9,10-dihydroacridine-3-carboxylic acid (7)

Oy _OH
H
e
0]

This method followed the method of Howell with modification.'?” 2,2-
Iminodibenzoic acid (3 g, 11.7 mmol) was dissolved in conc. H,SO4 (30 mL) and

refluxed at 100 °C for 1 h. On cooling, the solution was poured over ice water to give
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a fluorescent yellow precipitate. The solid was washed with water (150 mL) then
dissolved in MeOH (150 mL) and 2 M NaOH (aq) (150 mL). The solution was acidified
with glacial acetic acid (500 mL) then concentrated in vacuo. The resultant
precipitate was collected by filtration and washed with H,O (150 mL). After drying
under vacuum 7 was obtained as a yellow solid (2.4 g, >95% purity, 86% yield). IR
Vvmax (neat) / cm™ 3226 (NH), 2888 (OH), 1692 (C=0 carboxylic acid), 1616 (C=0
aromatic). *H NMR (DMSO-dg, 400 MHz) 6y ppm: 12.02 (s, 1H), 8.54 (dd, J = 7.9,
1.7 Hz, 1H), 8.45 (dd, J = 7.5, 1.7 Hz, 1H), 8.27 — 8.20 (m, 1H), 7.83 — 7.71 (m, 2H),
7.43 —7.27 (m, 2H). 3C NMR (DMSO-ds, 101 MHz) 8¢ ppm: 176.95, 169.59, 141.64,
140.34, 137.28, 134.49, 132.78, 126.32, 122.70, 122.05, 121.04, 120.62, 119.01,
115.51.

6.3.1.2 9-Chloro-N-(2-(dimethylamino)ethyl)acridine-4-carboxamide (8)

Cl

This method followed the method of L. A. Howell with modification.'?” 7 (2.4 g,
10 mmol) was dissolved in a solution of SOCI, (24 mL) containing 10 drops of DMF.
The resultant solution heated under reflux at 90 °C and stirred for 1 h. On cooling,
the solution was concentrated in vacuo and residual traces of SOCl, removed by
azeotroping with dry toluene (24 mL). The intermediate 9-chloroacridine-4-carbonyl
chloride was cooled to 0 °C and a cold solution of N,N-dimethylethylenediamine
(4.31 mL, 40 mmol) in anhydrous CHxCl, (48 mL) was added quickly in one aliquot.
The reaction mixture was allowed to warm to RT, stirred until homogenous and then
for a further 30 min. The reaction mixture was extracted with brine (3 x 50 mL) and
the organic extract was dried over MgSQ0,, filtered, and the solvent removed in
vacuo. Column chromatography (0-10% MeOH in CHyCl,) afforded 8 as a pale orange
solid (1.58 g, 95% purity, 48% yield). IR vmax (neat) / cm™ 3184 (NH), 2943 (CH), 2821
(CH./CHs), 2769 (CH,/CHs), 1655 (C=0). *H NMR (CDCls, 400 MHz) &4 ppm: 11.90 (br
s, 1H), 8.92 (dd, J = 7.1, 1.5 Hz, 1H), 8.54 (dd, J = 8.8, 1.5 Hz, 1H), 8.41 —8.32 (m, 1H),
8.25—8.16 (m, 1H), 7.81 (ddd, J = 8.8, 6.6, 1.4 Hz, 1H), 7.68 (dd, J = 8.7, 7.1 Hz, 1H),
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7.63 (ddd, J = 8.8, 6.6, 1.2 Hz, 1H), 3.88 — 3.72 (m, 2H), 2.75 (t, J = 6.2 Hz, 2H). *C
NMR (CDCls, 101 MHz) 6c ppm: 165.43, 147.40, 146.32, 142.78, 135.46, 131.40,
129.39, 128.94, 128.43, 127.46, 126.56, 124.64, 124.46, 123.79, 58.15, 45.42, 37.91.

6.3.1.3 9,9’-(Hexane-1,6-diylbis(azanediyl))bis(N-(2-
(dimethylamino)ethyl)acridine-4- carboxamide (3)

|
(o) N/\/N\
H

This method followed the method of L. A. Howell with modification.?” 8 (50 mg,
0.153 mmol) and excess dry phenol (250 mg) were stirred and heated at 110 °C for
15 min. On cooling to 55 °C, 1,6-hexane diamine (9 mg, 0.0765 mmol) was added and
the reaction stirred for 2 h. On cooling to RT, 2 M NaOH(aq) (20 mL) was added and
the aqueous phase was extracted with CH,Cl; (3 x 20 mL). The organic extracts were
combined, dried over MgSO,, filtered and the solvent was removed in vacuo. Column
chromatography (0-20% (MeOH in EtOAc + 1% EtsN) in CH,Cl,) yielded 3 as a bright
orange solid (25 mg, 95% purity, 47% yield). *H NMR (MeOD, 400 MHz) &, ppm: 8.49
(2H, dd, J = 7.1, 1.4 Hz, 2ArH(3)), 8.25 (2H, dd, J = 8.7, 1.5 Hz, 2ArH(1)), 8.12 (2H, d, J
= 8.8 Hz, 2ArH(8), 7.81 (2H, d, J = 8.6 Hz, 2ArH(5)), 7.65 — 7.59 (2H, m, 2ArH(6)), 7.30
— 7.19 (4H, m, 4ArH(2+7)), 3.71 — 3.63 (8H, m, NHCHa(a+c)), 2.71 (4H, t, J = 6.5
Hz,CH2N(CHs)2(b)), 2.41 (12H, s, N(CHs)s), 1.71 — 1.61 (m, 4H, NHCH,CHa(d)), 1.31 —
1.24 (4H, m, NHCH2CH,CH(e)). *C NMR (MeOD, 101 MHz) 8¢ ppm: 167.62 (CONH),
154.03 (ArC), 146.69 (ArC), 145.83 (ArC), 133.79 (ArC), 131.12 (ArC), 128.23 (ArC),
127.14 (ArC), 125.28 (ArC), 123.43 (ArC), 122.77 (ArC), 120.58 (ArC), 115.65 (ArC),
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114.81 (ArC), 57.84 (CH2N(CHs),), 49.60 (CONHCH>), 44.12 (N(CHs)2), 37.04 (NHCH,),
30.16 (NHCH,CH,), 25.87 (NHCH,CH,CH,). HRMS (ES+) calculated for C42H51N802
(M+H)* 699.41 found 699.41.

6.3.1.4 2-(Tert-butoxycarbonylamino)ethyl methane sulfonate (10)

HN/\\/OMS
Boc

This method followed the method of L. A. Howell with modification.™®” To a solution
of Boc-ethanolamine (1 g, 6.2 mmol) and EtsN (2.6 mL, 18.6 mmol) in CH,Cl; (6 mL)
at 0 °C, whilst stirring vigorously, was added MsCl (480 uL, 6.2 mmol) via a dropping
funnel. The reaction was allowed to warm to RT and stirred for 12 h. Water (20 mL)
was added to the solution and the product extracted with CH,Cl; (3 x 20 mL). The
combined organic phases were dried (MgSQ,), filtered, and concentration in vacuo
to give 10 as a pale-yellow liquid (1.41 g, 90% purity, 95% yield). This compound was
storied in the freezer due to instability. IR vmax (neat) / cm™ 3343 (NH), 2976
(CHa/CHs), 2935 (CH,/CHs), 1695 (C=0). *H NMR (CDCls, 400 MHz) &4 ppm: 4.97 (1H,
brs, NH), 4.27 (2H, t, J = 5.2 Hz, CH,OMs), 3.45 (2H, g, J = 5.5 Hz, CH,NH), 3.02 (3H,
s, CHs), 1.43 (9H, s, C(CHs)3). *C NMR (CDCls, 101 MHz) 8¢ ppm: 155.79 (C=0), 79.90
(C(CHs)s), 69.80 (CH,OMs), 39.95 (CH,NH), 37.38 (CH3), 28.31 (C(CHs)s).

6.3.1.5 Tert-butyl 2-azidoethylcarbamate (11)

Boc

This method followed the method of L. A. Howell with modification.'?” 10 (800 mg,
3.3 mmol) and sodium azide (540 mg, 8.4 mmol) were dissolved in DMF (10 mL) and
heated at 67 °C for 12 h. On cooling, water was added (20 mL) and the reaction
mixture extracted with Et,0 (3 x 20 mL). The organic phases were dried (MgSO.),
filtered and the solvent removed in vacuo to yield 11 as a colourless liquid (366 mg,
95% purity, 59% yield). IR vmax (neat) / cm™ 3341 (NH), 2978 (CH,/CHs), 2932
(CH»/CH3), 2096 (N3), 1688 (C=0). *H NMR (CDCl3, 500 MHz) &4 ppm: & 4.87 (1H, br
s, NH), 3.43 —3.37 (2H, m, CH2N3), 3.32 = 3.25 (2H, m, NHCH,), 1.43 (9H, s, CHs). 13C
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NMR (CDCls, 101 MHz) &¢ ppm: 155.71 (C=0), 79.81 (C(CHs)s), 51.27 (CH;Ns), 40.06
(CH2NH), 28.35 (C(CH3)3).

6.3.1.6 2-Azidoethanamine hydrochloride (12)
HoN >N
HCI

This method followed the method of L. A. Howell with modification.'?” 11 (366 mg,
2.0 mmol) was stirred at RT in a mixture of 1 M HCI/EtOAc (4 mL) for 12 h. 4 M
HCI/EtOAc (4 mL) was added, and the reaction was stirred for a further 12 h. The
solvent was removed under vacuum and the product dried using a freeze-drier
(3 days) to yield 12 as an off-white solid (210 mg, 80% purity, 87% yield). IR vmax (neat)
/ cm™ 2882 (NH), 2099 (N3). *H NMR (D0, 400 MHz) &4 ppm: 3.68 — 3.61 (2H, m,
CH2Ns), 3.11 (2H, t, J = 5.6 Hz, CH2NH,). **C NMR (D,0, 101 MHz) &c ppm: 47.92
(CH2N3), 38.61 (CH2NH).

6.3.1.7 9-(2-Azidoethylamino)-N-(2-(dimethylamino)ethyl)acridine-4-
carboxamide (13)

This method followed the method of L. A. Howell with modification.*?” 8 (100 mg,
0.31 mmol) was stirred in excess phenol (292 mg, 3.1) at 100 °C for 15 min. On
cooling to 55 °C, 12 (42 mg, 0.34 mmol) was added and the reaction stirred at 55 °C
overnight. On cooling, NaOH (2 M, 20 mL) was added and the reaction mixture
extracted with CH,Cl; (3 x 20 mL). The combined organic phases were dried (MgS0a,),
filtered and the solvent removed in vacuo. Column chromatography (0-5% MeOH in
EtOAcC + 1% Et3N) yielded the 13 as a yellow oil (77 mg, 95% purity, 66% yield). IR Vmax
(neat) / cm™ 3355 (NH), 2951 (CH,/CHs), 2862 (CH,/CHs), 2083 (Ns), 1638 (C=0).'H
NMR (MeOD, 400 MHz) &4 ppm: 8.71 — 8.46 (1H, m, ArH(1)), 8.33 (1H, d, J = 8.6 Hz,
ArH(3)), 8.18 (1H, d, J = 8.7 Hz, ArH(8)), 7.96 — 7.79 (1H, m, ArH(5)), 7.64 (1H, t, J =
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7.8 Hz, ArH(6)), 7.43 — 7.27 (2H, m, ArH(2+7)), 3.89 (2H, t, J = 5.7 Hz, CH:N;5 (d)), 3.67
(2H, t, J = 6.6 Hz, CONHCH: (a)), 3.57 (2H, t, J = 5.7 Hz, NHCH (c)), 2.67 (2H, t, /= 6.6
Hz, CH2N(CHs); (b)), 2.36 (6H, s, N(CHs)z). HRMS (ES+) calculated for CyoH24N7O
(M+H)* 378.2037 found 378.2042.

6.3.1.8 N-(2-(dimethylamino)ethyl)-9-(2-(4-phenyl-1H-1,2,3-triazol-1-
yl)ethylamino)acridine-4-carboxamide (9)
H p
Ox N~ '\ll ~

a
5 3
6 2
7 1
HN\LC HCI
d\..._N
HCI NGk
2I
3'

This method followed the method of L. A. Howell with modification.'?” 13 (67 mg,
0.18 mmol) was dissolved in 1:1 t-BuOH:H,0 (890 pL) and to this was added 4-
ethynyltoluene. The reaction mixture was stirred at RT for 2 min followed by the
addition of sodium ascorbate (3.5 mg, 0.018 mmol) and copper sulphate (0.28 mg,
0.0018 mmol). This was stirred at RT overnight before the solvents were removed in
vacuo. The product was purified by column chromatography (10-15% MeOH in
EtOAc + 1% EtsN) and converted into the dihydrochloride salt, by stirring the
compound in a solution of 1.25 M HCl in MeOH (2 mL) for 10 min followed by
precipitation with EtOAc. The salt was freeze dried from water to give 9 as a dark
yellow solid (66 mg, 95% purity, 75% yield). IR vmax (neat) / cm™ 3233 (NH), 3041.72
(CH2/CHs), 2968 (CH»/CHs), 1622 (C=0). *H NMR (MeOD, 400 MHz) &, ppm: 8.72 (1H,
d, J = 8.6 Hz, ArH(1)), 8.62 (1H, s, triazole CH), 8.58 (1H, dd, J = 7.5, 1.0 Hz, ArH(3)),
8.52 (1H, d, J = 8.7 Hz, ArH(8)), 7.99 — 7.93 (1H, m, ArH(6)), 7.85 (1H, d, J = 8.6 Hz,
ArH(5)), 7.68 — 7.56 (2H, m, ArH(2+7)), 7.52 — 7.48 (2H, m, ArH(2’)), 7.25 (2H, d, J =
7.9 Hz, ArH(3’)), 5.21 — 5.13 (2H, m, CH2N; (d)), 4.88 — 4.80 (2H, m, NHCH,), 3.93 —
3.88 (2H, m, CONHCH,), 3.54 (2H, t, J = 5.7 Hz, CH,N(CHs)), 3.06 (6H, s, N(CH3),), 2.37
(3H, s, CHs). HRMS (ES+) calculated for CysH3,N;0 (M+H)* 494.2663 found 494.2668.
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6.3.2 Synthesis of triazole-linked peptide analogue (20)

6.3.2.1 Methyl 2-azidoacetate (25)
@)

N3\)J\0Me

This method followed the method of Spring et al. with modification.’? A solution of
methyl 2-bromoacetate (617 uL, 6.54 mmol) and NaNs; (1.7 g, 26.15 mmol) in
acetone was refluxed under a nitrogen atmosphere and stirred for 12 h. The solvent
was removed in vacuo and water (20 mL) added to the residue. The product was
extracted with Et,0 (3 x 20 mL) and the combined organic phases were dried
(MgS0.,), filtered and concentrated in vacuo to afford the desired product as a clear,
colourless liquid (594 mg, 79%). *H NMR (CDCls, 400 MHz) &4 ppm: 3.88 (2H s, CH,),
3.79 (3H, s, CH3).23C NMR (CDCls, 101 MHz) 8¢ ppm: 169.84 (C=0), 53.21 (OCHs),
50.18 (CHa). IR Vmax (neat) / cm™2103 (Ns), 1744 (C=0).

6.3.2.2 2-Azidoacetic acid (26)
0]

N3\)J\OH

This method followed the method of Spring et al. with modification.’? To a solution
of 25 (594 mg, 5.16 mmol) in THF:MeOH:H,0 (15 mL, 3:1:1) was added LiOH.H,0
(1.08 g, 25.8 mmol) and the reaction was stirred for 12 h at RT. The reaction mixture
was diluted with THF (5 mL) and acidified to pH 3 using 3 M HCI (aq). The product
was extracted with Et;0 (3 x 20 mL) and the combined organic fractions were dried
(MgS0.), filtered and concentrated in vacuo to afford the desired product as a yellow
oil (359 mg, 69%). *H NMR (CDCls, 400 MHz) 64 ppm: 10.18 (1H, br's, OH), 4.00 (2H,
s, CH,). 3C NMR (CDCl3, 101 MHz) 8¢ ppm: 174.32 (C=0), 50.04 (CH,). IR Vmax (neat) /
cm™2108 (Ns), 1721 (C=0).
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6.3.2.3 (9H-Fluoren-9-yl)methyl prop-2-yn-1-ylcarbamate (28)

This method followed the method of Wagner et al. with modification.?®! To a solution
of propargylamine (690 pL, 10 mmol) and DIPEA (1.74 mL, 10 mmol), in CH,Cl,
(30mL) at 0 °C, was added (9H-fluoren-9-yl)methyl 2,5-dioxopyrrolidine-1-
carboxylate (3.37 g, 10 mmol) and DMAP (120 mg, 1 mmol). The reaction was
allowed to warm to RT and stirred for 24 h. The resultant solution was successively
washed with 1 M HCI (aqg) (30 mL), sat. NaHCOs (30 mL) and brine (30 mL). The
organic layer was dried (MgSQ,), filtered and concentrated in vacuo. The residue was
purified by column chromatography (0-20% EtOAc in hexane) to afford the desired
product 28 as a white solid (2.16 g, 78%).'H NMR (CDCl;, 400 MHz) &4 ppm:
7.80—-7.73 (2H, m, ArH(4+5)), 7.62 — 7.56 (2H, m, ArH(2+7)), 7.41 (2H, tt, /= 7.5, 1.0
Hz, ArH(1+8)), 7.32 (2H, td, J = 7.4, 1.2 Hz, ArH(3+6)), 4.96 (1H, br s, CH,CCH), 4.43
(2H, d, J=6.9 Hz, OCH;), 4.23 (1H, t, / = 6.9 Hz, OCH,CH), 4.04 —3.97 (2H, m, NHCH>),
2.26 (1H, t, J = 2.5 Hz, NH). **C NMR (CDCls, 101 MHz) 8¢ ppm: 156.16 (C=0), 143.65
(Ar(a+d)), 141.55 (Ar(b+c)), 127.76 (ArC(1+8)), 127.09 (ArC(3+6)), 125.04 (ArC(2+7)),
120.03 (ArC(4+5)), 79.28 (CH,CCH), 72.18 (CH,CCH), 67.08 (OCH>), 47.16 (OCH,CH),
30.88 (NHCH>). IR vmax (neat) / cm™ 3335 (NH), 3300 (CH), 2966 (CH,/CHs), 1687
(C=0), 1529 (CH,).

6.3.3 Synthesis of alkene-linked peptide analogue (17)

6.3.3.1 (3E)-5-Amino-3-pentenoic acid (30)

HOWNH

This method followed the method of Gendron et al. with modification.’”® Trans-B-

2

hydromuconic acid (1.4 g, 9.70 mmol) was dissolved in CHCl; (40 mL) at 45 °C under
stirring. Excess conc. H.S04 (4 mL) was added, followed by small portions of NaNs;
(650 mg, 10.0 mmol) over a period of 30 min. After 4 h the CHCl; layer was decanted,
and the viscous residue washed with CHCIs (30 mL). The organic layers were washed

with water (40 mL). The aqueous layer was combined with the viscous residue and
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diluted with water (110 mL). Meanwhile, Dowex™ resin 50WX8-100 (50 mL) was
washed with water (100 mL) and 0.1 M HCl (aq) (80 mL). The resulting resin was then
loaded with the aqueous extract and rinsed with water until pH 7. The product was
eluted with 1 M pyridine (aq). The resultant precipitate was filtered, rinsed with
iPrOH and dried under vacuum to afford the desired product 30 as a white solid (518
mg, 46%). 'H NMR (D0, 400 MHz) &4 ppm: 6.07 — 5.95 (1H, m, CHCH,NH,), 5.71 —
5.58 (1H, m, CHCH»CO), 3.60 (2H, d, J = 6.7 Hz, CH;NH,), 3.01 (2H, d, J = 7.1 Hz,
CH,C0).3C NMR (D,0, 101 MHz) &c ppm: 180.20 (C=0), 133.01 (CHCH,NH,),
122.98(CHCH,CO), 40.94 (CH,NH,), 40.89 (CH,CO). IR Vmax (neat) / cm™2752 (br, NH),
1560 (C=0), 1365 (OH), 976 (C=C).

6.3.3.2 (3E)-5-[[(9H-Fluoren-9-ylmethoxy)carbonyl]amino]-3-pentenoic
acid (31)

This method followed the method of Gendron et al. with modification.”* Amino acid
30 (518 mg, 4.5 mmol) was dissolved in ag Na>CO3 10% (w/w) (14.3 mL, 13.5 mmol).
Fmoc-Cl (1.16 g, 4.5 mmol) was dissolved in THF (30 mL) and slowly added to the
aqueous solution under stirring at 0°C. The reaction was allowed to warm and stirred
at RT for 4 h. The mixture was diluted in water (30 mL) and washed with Et,0O
(2 x 30 mL). The aqueous phase was acidified to pH 4 with 1 M HCI (aq) and extracted
with EtOAc (3 x 30 mL). The organic phases were combined, dried (MgSQ.), filtered
and concentrated under vacuum to afford the desired product 31 as a white solid
(904 mg, 60%). *H NMR (CDCls, 400 MHz) &4 ppm: 7.73 — 7.66 (2H, m, ArH(4+5)), 7.52
(2H, d, J = 7.5 Hz, ArH(2+7)), 7.37 — 7.29 (2H, m, ArH(1+8)), 7.24 (2H, td, J = 7.5, 1.2
Hz, ArH(3+6)), 5.70 — 5.53 (2H, m, 2CH), 4.78 (1H, s, CCH), 4.36 (2H, d, J = 7.0 Hz,
OCHy), 4.19 — 4.13 (1H, m, NH), 3.78 — 3.73 (2H, m, CH;NH), 3.09 — 3.03 (2H, m,
CH.CO). C NMR (CDCl;, 101 MHz) 8¢ ppm: 175.66 (C=O0H), 156.43 (C=OCH,),
143.85 (Ar(a+d)), 141.33 (Ar(b+c)), 130.48 (CHCHyNH), 127.75 (ArC(1+8)), 127.08
(ArC(3+6)), 125.05 (ArC(2+7)), 124.15 (CHCH,CO), 120.01 (ArC(4+5)), 66.75 (OCH,),

172



51.96 (CH,0), 47.04 (CH,NH), 37.34 (CH2CO). IR Vmax (neat) / cm™ 3315 (NH), 2915
(CH2), 1697 (NHC=0), 1542 (C=00H), 1255 (CN), 975 (C=C), 733 (CH).

6.3.4 Synthesis of dibenzene-linked peptide analogue (19)

6.3.4.1 Methyl 4’-( N-Trifluoroacetyl)aminomethyl-[1,1’-biphenyl]-4-
carboxylate (32)

This method followed the method of Mash et al. with modification.*® To a solution
of 4-aminomethylphenylboronic acid hydrochloride (1 g, 5.34 mmol) in MeOH
(10 mL) were successively added EtsN (744 uM, 5.34 mmol) and CFsCO,Et (1.28 mL,
10.7 mmol). After stirring at RT for 2 days, the reaction mixture was concentrated in
vacuo. EtOAc (60 mL) and H,0 (10 mL) were added, and the layers separated. The
organic layer was washed with brine (10 mL) and the combined organic layers
extracted with EtOAc (3 x 60 mL). The organic layers were combined, dried (MgSQ.),
filtered and concentration in vacuo to afford an intermediate boronic acid, that was
used immediately in the next step. To a solution of methyl 4-bromobenzoate
(733 mg, 3.41 mmol) in THF (6 mL) was added Pd(PPhs)4 (394 mg, 0.341 mmol) under
a nitrogen atmosphere and the mixture was stirred at RT for 20 min. To the solution
were successively added the boronic acid intermediate (1.009 g, crude) and KF
(832 mg, 14.3 mmol) and the mixture was heated to reflux. After 48 h the mixture
was cooled to 0 °C and EtOAc (20 mL) and brine (20 mL) were added. The layers were
separated, and the organic layer was washed with brine (20 mL x 2). The aqueous
layers were combined and extracted with EtOAc (60 mL). The combined organic
layers were dried (MgSQ,), filtered and concentration in vacuo. The product was
purified by column chromatography (0-50% EtOAc in hexane) to afford 32 as a white
solid (683 mg, 38%). 'H NMR (DMSO-ds, 400 MHz) &, ppm: 10.10 — 10.05 (1H, brs,
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NH), 8.04 (2H, d, J = 8.5, ArH(2)), 7.82 (2H, d, J = 8.4, ArH(1)), 7.74 (2H, d, J = 8.3,
ArH(3)), 7.42 (2H, d, J = 8.3, ArH(4)), 4.50 — 4.42 (2H, m, CH,), 3.88 (3H, s, CH3). 3C
NMR (DMSO-ds, 101 MHz) 6¢ ppm: 166.04 (COO), 156.45 (g, J = 36.4 Hz, COCFs),
144.28 (ArCCO), 137.90 (ArCCH,), 137.78 (ArC(5)), 129.81 (ArC(2)), 128.46 (ArC(6)),
128.15 (ArC(1)), 127.15 (ArC(3)), 126.87 (ArC(4)), 116.11 (q, J = 287.7 Hz, CFs), 52.14
(CHs), 42.29 (CH,). °F NMR (376 MHz, DMSO-ds) 8¢ ppm: -74.30 (CF3). HRMS (ES+)
calculated for C17H14F3sNO3 (M+H)* 338.0926 found 338.0990.

6.3.4.2 4’-( N-Trifluoroacetyl)aminomethyl-[1,1’-biphenyl]-4-carboxylic
acid (33)

This method followed the method of Mash et al. with modification.'®? To a solution
of ester 32 (520 mg, 1.54 mmol) in THF:MeOH (20 mL 1:1) was added 2 M NaOH
(10 mL, aq.) dropwise with stirring. After 20 h the reaction mixture was concentrated
under reduced pressure until ¥~3 mL remained, and H,O (5 mL) was added. The
mixture was cooled to 0 °C and acidified to pH 4 with 2 M HCI (aq). The precipitate
was collected on a Biichner funnel, washed successively with H,0 (5 mL x 3), MeOH
(2 mL x 2), acetone (2 mL), CHxCl; (2 mL), and Et,0 (5 mL), then dried in air to afford
an amine intermediate, that was immediately used in the next step. To a suspension
of the amine intermediate (230 mg, crude) in pyridine (35 mL) was added
trifluoroacetic anhydride (352 uM, 2.53 mmol) dropwise. The mixture was stirred at
RT for 18 h and concentrated in vacuo, co-evaporating with toluene (50 mL x 3). The
residue was purified by column chromatography (0-60% EtOAc in hexane) to afford
33 as a white solid (306 mg, 86%). 'H NMR (DMSO-ds, 400 MHz) &4 ppm:
13.07 -12.85 (1H, br s, OH), 10.06 (1H, t, J = 6.0 Hz, NH), 8.02 (2H, d, J = 8.2 Hz,
ArH(2)), 7.79 (2H, d, J = 8.1 Hz, ArH(1)), 7.73 (2H, d, J = 8.1 Hz, ArH(3)), 7.40 (2H, d, J
= 8.1 Hz, ArH(4)), 4.45 (2H, d, J = 6.0 Hz, CH.). *C NMR (DMSO-ds, 101 MHz) 8¢ ppm:
167.13 (COO), 156.46 (g, J = 36.3 Hz, COCFs), 143.92 (ArCCO), 138.12 (ArCCH>),
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137.64 (ArC(5)), 130.00 (ArC(2)), 129.66 (ArC(6)), 128.15 (ArC(1)), 127.15 (ArC(3)),
126.75 (ArC(4)), 116.06 (g, J = 288.1 Hz, CF3), 42.31 (CH,). >F NMR (376 MHz, DMSO-
ds) 6 ppm: -74.28 (CF3). HRMS (ES+) calculated for CigH12FsNOs (M+H)* 324.0769
found 324.0701.

6.4 Biological Assays

6.4.1 PAGE assay
This method followed Howell with modification.*?’

DNA sequences:

B =5'-GCCTAGCATGATACTGCTACCG-3’

H =5"-CGGTAGCAGTACCGTTGGTGGC-3’

R =5-GCCACCAACGGCGTCAACTGCC-3’

X (unlabelled) = 5’-GGCAGTTGACGTCATGCTAGGC-3’

X (fluorescently labelled) = 5’ -FAM-GGCAGTTGACGTCATGCTAGGC-TAMRA-3’
dsDNA 1 =5-CGGAATTGCTGAGTCACTGTTACTC-3’

dsDNA 2 = 5'-GAGTAACAGTGACTCAGCAATTCCG-3’

Y = 5’-ATCTGCAGGGTCTGGTTTCCAGACCTACGATTG-3’

Z =5'-FAM-CAATCGTAGGAGACCTTTGGTCTCCCTGCAGAT-3’
General gel electrophoresis procedure:

Gel electrophoresis was carried out with the PowerEase™ Touch 120 W Power
Supply and Mini Gel Tank using a 10% TBE native polyacrylamide gel for 2 h at 50V,
with 1 x TBE as the running buffer. PAGE analysis was carried out once for each

compound, meaning reproducibility cannot be discussed.
Fluorescently labelled B/H/R/X DNA:

Oligonucleotides B, H, R and X (fluorescently labelled) were diluted to 5 puM in
1 x Tris-Borate-EDTA (TBE) pH 8.3 buffer. Stoichiometric amounts of each
oligonucleotide were combined, to give a final 4W)J concentration of 1.25 uM. The
DNA was annealed in the presence of 2 uL of drug (50-fold dilution in DMSO), at 90 °C

for 5 min followed by gradual cooling to 20 °C over 12 h. After electrophoresis gels
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were visualised using the ImageQuant™ LAS 4000 biomolecular imager, detecting

FAM (460 nm).
Unlabelled B/H/R/X DNA:

Oligonucleotides B, H, R and X (unlabelled) were diluted to 1 uM in 1 x TBE.
Stoichiometric amounts of each oligonucleotide were combined, to give a final 4W)J
concentration of 250 nM. The DNA was annealed at 90 °C for 5 min followed by
gradual cooling to 20 °C over 12 h. 2 uL of H-WRWYRGGRYWRW-NH; (50-fold
dilution in DMSO) was added to the DNA solution and incubated at RT for 1 h. After
electrophoresis the gel was stained for 40 min at RT in a solution of 1 x SYBR™ Gold
Nucleic Acid Gel Stain in 1 x TBE. Gels were then visualised using the ImageQuant™

LAS 4000 biomolecular imager at 460 nm.
4WJ/dsDNA competition:

Oligonucleotides B, H, R and X (unlabelled) were diluted to 2 uM in 1 x TBE.
Stoichiometric amounts of each oligonucleotide were combined, to give a final 4W)J
concentration of 500 nM. The DNA was annealed at 90 °C for 5 min followed by
gradual cooling to 20 °C over 12 h. The 4WJ DNA (50 pL) was incubated, for 1 h at
RT, in the presence of 2 puL H-WRWYRGGRYWRW-NH; (12 molar equiv final
concentration). 50 pL solutions of pre-annealed dsDNA (0.195 — 25 final molar
equiv), dissolved in 1 x TBE, were added to give a final 4WJ-DNA concentration of
250 nM. The resultant solution was incubated for 1 h at RT, before gel
electrophoresis and SYBR™ Gold staining/visualisation were carried out, using the

same method as for the unlabelled DNA.
Fluorescently labelled Y/Z DNA:

Oligonucleotides Y and Z (labelled with FAM) were diluted to 2.5 uM in 1 x Tris-
Borate-EDTA (TBE) pH 8.3 buffer. Stoichiometric amounts of each oligonucleotide
were combined, to give a final 4WJ concentration of 1.25 uM. The DNA was annealed
in the presence of 2 pL of drug (50-fold dilution in DMSO), at 90 °C for 5 min followed
by gradual cooling to 20 °C over 12 h. Electrophoresis was carried out and visualised

using the same method as for the fluorescently labelled B/H/R/X DNA.

6.4.2 FRET

This method followed the method of Vitoc and Mukerji with modification.?
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Junction 3 DNA sequences:

B =5’-CCTCCGTCCTAGCAAGGGGCTGCTACCGGAAGGG-3’

H =5-CCCTTCCGGTAGCAGCCTGAGCGGTGGTTGAAGG-3’

R = 5-CCTTCAACCACCGCTCAACTCAACTGCAGTCTGG-3’

X = 5'-CCAGACTGCAGTTGAGTCCTTGCTAGGACGGAGG-3’

X(TAMRA) = 5’-TAMRA-CCAGACTGCAGTTGAGTCCTTGCTAGGACGGAGG-3’

R(FAM) = 5’-FAM-CCTTCAACCACCGCTCAACTCAACTGCAGTCTGG-3’

4WJs:

(F+T) FAM and TAMRA = X(Tamra)/R(Fam)/B/H

(F) FAM-only = X/R(FAM)/B/H

(T) TAMRA-only = X(TAMRA)/R/B/H

Procedure:

The 3 4WIJs, containing 17 bp arms and differing fluorescent labels, were constructed
via annealing at 90 °C for 5 min followed by gradual cooling to 20 °C over 12 hin 10
mM Tris, 1 mM EDTA and 300 mM NaCl (pH 7.6). Each 4WJ was buffer exchanged
into a low salt buffer containing 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.6), using
Amicon® Ultra Centrifugal Filters with a 3 kDa molecular weight cut-off. Experiments
were performed using a 3.5 mL cuvette with a 1 cm path length in an Edinburgh
instruments FS5 fluorimeter, with an excitation bandwidth of 4 nm and an emission
bandwidth of 8 nm. Measurements were taken at 20 °C, with the polarisers set to 0°
for excitation and 55° for emission. The (F+T) FAM and TAMRA and (F) FAM-only
junctions were excited at 490 nm and the (T) TAMRA-only junction was excited at
565 nm. All emission spectra recorded from 500 — 650 nm at 0.2 nm/s. For all FRET
experiments, the DNA concentration and volume was kept consistent (50 nM, 2 mL)
and ligands (1 pL per addition) were titrated into the solution. Dilution effects were
corrected for in calculations. The titration was repeated in triplicate for each of the

3 4WIs. Control experiments of ligands titrated into buffer were also carried out.?
FRET efficiency (E) was calculated using the following equation:
E = FDA - FA

Where Fpa is the emission of the acceptor (TAMRA) in the presence of the donor
(FAM) at 580 nm and Fa is the emission of the acceptor only at 580 nm. The

contribution of FAM to the Fpavalue was removed by first calculating the conversion

177



factor required to match the spectra of the F+T 4WJ to the F 4WJ between
500 — 530 nm (where only FAM emission is observed). This conversion factor was
used to multiply each wavelength of F+T. The F 4WJ values were subtracted from the
converted F+T 4W)J spectrum at each wavelength to provide the Fpa value, also
known as the “extracted acceptor emission”.'?®> The average values of triplicates
from the F and T singly labelled 4WJs were used for the calculations and each F+T

value was used separately.

6.4.3 Fluorescence polarisation assay

This method followed the method of Beekman et al. with modification.?’?

Fluorescence Polarisation (FP) was performed on a BMG Labtech CLARIOstar
microplate reader, with an FP optic measured at 482 + 16 nm/530 + 40 nm. Corning™
96-well black polystyrene plates were used. The singly labelled Junction 3 4WJ (B),
containing X/R(FAM)/B/H oligonucleotides, from the FRET procedure (section 6.4.2)
was used and annealed in the same conditions. The FAM-labelled 4WJ was buffer
exchanged into a low salt buffer containing 1 mM PBS, 10 mM NaCl and 0.05% Tween
at pH 6.5, using Amicon® Ultra Centrifugal Filters with a 3 kDa molecular weight cut-
off. Each binding well contained 40 pL of 20 nM FAM-labelled 4W)J (10 nM final
concentration) and 40 pL peptide in increasing concentrations (25 nM to 3 uM).
Peptides were dissolved in the same low salt buffer as the DNA. Reagents were
incubated at RT for 20 min and bubbles removed prior to read out in triplicate
experiments. The data was processed using nonlinear regression to give ECso values,

using GraphPad Prism Version 6.0 software.

6.4.4 Ethidium bromide displacement assay

This method followed Howell with modification.”” The ethidium bromide
displacement assay was performed on a BMG Labtech CLARIOstar microplate reader,
with emission intensity recorded at 610 + 40 nm after excitation at 555 + 20 nm. A
14.1 mg/mL stock solution Calf thymus DNA was diluted using MilliQ water to a
concentration of 40.5 pg/mL, measured using a Nanodrop microvolume
spectrophotometer. Using the average molecular weight of a DNA base pair of
650 g/mol, this is equivalent to 62.3 uM (bp). Corning™ 96-well non-binding black
polystyrene plates were used. Each well contained 88 pL of Tris buffer containing
ethidium bromide (0.1 M Tris, 0.1 M NaCl, pH 7 and 4.4 uM ethidium bromide) and
10 pL of CT-DNA (4.05 pg/mL final concentration). To each well was added 2 pL of
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compound in DMSO, in increasing concentrations (10 nM - 400 uM final
concentrations). After incubation at RT, for 2 h in the dark, the plate read in triplicate
experiments. Control wells containing no drug (100% fluorescence) and no DNA (0%
fluorescence) were also carried out in triplicate. The data was processed using

nonlinear regression to give Cso values, using GraphPad Prism Version 6.0 software.

6.4.5 MTS assay

This method followed Howell with modification.'?” Compound cytotoxicity was
measured using an MTS assay with the HL-60 promyelocytic cell line. The outer wells
of a 96-well plate were filled 100 pL of MilliQ water, to prevent the evaporation of
the central wells. The remaining wells were seeded with HL-60 cells (100 pL,
3 x 10° cells/mL) and incubated overnight at 37 °C, 5% CO,. Cells were treated with
luL of compound dissolved in DMSO in increasing concentrations
(1.56 NM — 200 uM) in triplicate for 72 h at 37 °C, 5% CO,. MTS (10 uL) was added,
and the cells were incubated for a further 3 h. Absorbance was measured at 492 nm
using the BMG Labtech Clariostar microplate reader. Cell viability (%) values were
obtained from triplicate readings, looking at the relative fluorescence of the treated
cells, compared to untreated cells containing 1 uL DMSO (100%) and wells containing
MilliQ water with MTS added (0%). The data for the full binding curves was processed
using nonlinear regression to give 1Cso values, using GraphPad Prism Version 6.0

software.
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