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Abstract

Natasha McStay B.Sc.
The Development of New Molecular Scaffolds for Nucleic Acid

Condensation

The discovery of new synthetic DNA recognition agents is an area of considerable
research interest. The aim of this research was to develop novel trivalent scaffolds
for the purpose of DNA condensation and examine through structure-activity
relationships how these compounds bind and collapse the helical structure of DNA
into particles suitable for passing through biological barriers.

A major objective of this study was to investigate the use of synthetic tripodal Cs-
symmetric opioid scaffolds as efficient condensation agents of double stranded DNA
(dsDNA). Morphine, codeine, heterocodeine, and oripavine Csz-opioids were
generated and showed comparable condensation capabilities. Condensation was
achieved on both superhelical and linear dsDNA conformations and identified by
agarose electrophoresis, viscosity, turbidity, and atomic force microscopy (AFM)
measurements. Tripodal opioid aggregation was identified as pH dependent and
strongly influenced by ionic strength with further evidence of cationic amine-
phosphate backbone coordination.

Since preliminary screening of the Cs-oripavine opioid with selected mammalian cell
lines indicated poor tolerance, the second aspect of this project focused on
developing non-opioid DNA condensation agents. Tripodal imidazolium salts
containing the same mesitylene core as the Csz-opioids were therefore screened for
potential activity. Results showed some evidence of DNA condensation but not at
the same threshold as Cs-opioids.

Building on these results, a new library of terminal polyamine Cs-scaffolds was
prepared using the copper-catalysed azide-alkyne cycloaddition reaction. This new
series, called “Tri-Click”, was developed as potential non-viral vectors for gene
delivery with potentially lower cytotoxicity compared to tripodal opioids. The
solubility of Tri-Click compounds was greatly improved compared to Cz-opioids
scaffolds but evidence of nucleic acid damage was also identified. This DNA
damage mechanism was then probed using a variety of biophysical methods with
specific trapping agents for reactive oxygen species (ROS) indicating single
stranded DNA breaks mediated by copper-catalysed free radicals.
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Chapter |

DNA Structure, Function, and Condensation




I. 1. Nucleic Acids as Molecular Targets

Nucleic acids are an important target molecule for the development of new
biologically active therapeutics. An important aspect of targeting a molecule is
understanding its structural and functional components in great detail. This
introduction will focus on the structure and function of deoxyribonucleic acid (DNA),
gene therapy and applications of gene delivery with a focus on nucleic acid

condensation.

I. 1.1. DNA primary and secondary structure

DNA is comprised of two chains made of nucleotides where each nucleotide
contains a phosphate group, a sugar and a nitrogenous base. These two strands
are known as polynucleotides that coil around each other to form a double helix
which codes for the genetic makeup of living cells. In ribonucleic acid (RNA), the
sugar unit is ribose while in DNA the sugar is deoxyribose and the difference
between these two structures is a single oxygen atom. There are four heterocyclic
bases in DNA which are grouped as purines (adenine (A) and guanine (G)) and
pyrimidines (cytosine (C) and thymine (T)). The secondary structure of DNA arises
from each of the four nucleobases pairing with a specific complementary base
through hydrogen bond donor and acceptor properties,’ Figure |I-1A. DNA bases
follow Chargaff's rules whereby a 1:1 (purine:pyrimidine) relationship exists
between A and T as well as G and C.23 The biologically predominant B-form of
duplex DNA comprises of two antiparallel sugar-phosphate chains, where the
heteroaromatic bases lie in the centre of the helix and hydrogen bonding between
them effectively binds the two helical chains together.* The phosphodiester
backbone is highly negatively charged, the pKa of phosphate groups are near 0 at
physiological pH (7.2). The Watson-Crick arrangement stabilises the structure
through both inter-chain base pair hydrogen bond interactions and n-n stacking
interactions between complimentary base pairs.' The angle between the glycosidic
bonds and the hydrogen bonds results in unequal grooves in the helical structure
referred to as the minor and major grooves. Structural characteristics of B-DNA
highlight key aspects such as the major groove (10.5 A) is wider than the minor
groove (4.8 A), although their depths are generally identical. Between the base pairs
of B-DNA there is an axial rise of 3.4 A (0.34 nm) and a 34.5 ° twist angle associated
with every residue rotation while the width of the helix diameter is 20 A (Figure
I-1C).5
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Figure I-1. A. DNA base pairs, guanine-cytosine (G-C) and adenine-thymine (A-T)
highlighting hydrogen bond donor (blue) and acceptor (orange) relationships. B. Sequence
5-ATCG-3’, phosphate group. C. DNA ribbon display illustrating main structural features of
B-DNA.

I. 1.2. DNA tertiary structure

Most DNA double helices are right-handed however there is still a certain degree of
plasticity and conformational arrangements associated with the tertiary structure.
There are three main subtypes studied in solution including A-DNA, B-DNA and Z-
DNA, Figure 1|-2. A-DNA is a short, wide, right-handed helix resulting from
dehydrated DNA and is rarely observed under normal physiological circumstances.
A-DNA has a similar but more rigid and compacted structure consisting of 11 base
pairs per helical turn with a axial rise of 2.3 A between bases pairs.> B-DNA, the
structure proposed by Watson and Crick, is the most common conformation in most

living cells.



A-DNA B-DNA Z-DNA

Figure 1-2. X-ray structures of A-, B- and Z-DNA from PDB files 1VJ4, 1BNA and 2DCG.

Z-DNA, unlike A- and B-DNA, is a left-handed helix. Z-DNA was first discovered in
1979,% and is a transient form of DNA, only occasionally existing in response to
certain types of biological activity such as during transcriptional processes in-vivo,
due to the torsional strains generated as negative supercoils are created by RNA
polymerase moving along the sequence of the DNA double helix. This drastic
conformational change is due to bases alternating between the syn- and anti-
conformations. Z-DNA is elongated and narrow with a diameter of 18 A, and is
composed of only one single narrow groove which resembles that of the minor
groove of B-DNA resulting in a zigzag arrangement of the backbone (hence Z-DNA).
Recently, certain proteins where shown to bind very strongly to Z-DNA, suggesting
that Z-DNA plays an important biological role in protection against viral disease.” A
number of parameters are used to define distortions from ideal DNA conformations
and can be distinguished by a number of factors including; helical sense, number of
nucleotides within one pitch (residues per turn), helical pitch (distance between two
base pairs within a 360° turn), helix diameter, distance between base pairs (axial
rise), and the angle of rotation between residues (Table 1-1).28 The structural form of
DNA is not limited to helices described, other forms of DNA such as triplexes, G-
quadruplexes, and I-motifs have recognised importance for gene-specific drug

targeting.%10



Table I-1. Summary of the main structural differences between A-, B-, and Z-DNA 2

Helical sense Right Right Left
Residues per helical turn 11 10 12
Helix Pitch (A) 28 34 45
Helix Diameter (A) 23 20 18
Axial Rise (A) 2.55 3.4 3.7
Rotation per Residue (A) 33 36 -30

When the two ends of DNA are covalently closed to form a circular molecule (ccDNA
or scDNA) the total number of times DNA chains can twist around one another is
based on the total number of base pairs in the sequence and the DNA is said to be
topologically constrained (Figure 1-3). The twist of the helix is defined as the number
of helical turns of one DNA strand around the other and the writhe is the number of
times the DNA is interwound. The sum of the twist number (Tw) and the writhe
number (Wr) must equal the link number (Lk), such that Lk = Tw + Wr. DNA
supercoiling is generated by DNA metabolism and typically tends to be overwound
(positively supercoiled) upstream of replication or transcription forks and
underwound (negatively supercoiled) downstream of these forks."" Cellular
processes such as transcription, translation recombination and chromatin
compaction can only proceed if topological entanglements are relaxed in order to
maintain cellular function. There are two ways in which topological constraints can
be relieved enzymatically including treatment with DNasel or DNA
topoisomerases.'? DNasel is a double strand specific restriction endonuclease that
hydrolytically cleaves the phosphodiester backbone of DNA in the presence of
divalent cations (Ca?* and Mg?*) inducing single stranded nicks via the hydrolysis of
P-O3' bond in the minor groove producing 5-phosphorylated and 3'-hydroxylated
fragments. This restriction enzyme digests all phosphodiester bonds and is involved

in cellular processes including DNA degradation.3
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Figure 1-3. Topological constraints of supercoiled DNA. Conversion of relaxed, to

negatively supercoiled and local disruption of base pairing by an enzyme.

I. 1.3. DNA damage

DNA damage can result from metabolic or hydrolytic processes in cells, including
reactive oxygen species (ROS), reactive nitrogen species (RNS), reactive carbonyl
species, alkylating agents, and hydrolysis which can cleave along the
phosphodiester bond. Cleavage of DNA is an important process in normal
functionalisation of living cells. Enzymes such as topoisomerase introduce
temporarily single or double strand breaks for DNA replication, transcription,
recombination and chromatin remodelling. Restriction endonucleases protect

against foreign DNA by cleaving the affected DNA sequence.™

Examples of chemical damages to DNA bases include but are not limited to: the
deamination of cytosine, the methylation of guanine or cytosine, and the oxidation
of the 8-position of adenine or guanine by hydroxyl radicals generated by oxidizing
agents or y-radiation, Figure I-4. These chemical damages are counteracted by
specific DNA repair processes. The conversion of cytosine to uracil gives rise to
transition mutations if left uncorrected (Figure I-4A). Uracil is a foreign base in DNA,
and is converted back to cytosine by a specific enzyme, uracil DNA glycosylase
(UDG). O(6)-Methylguanine can be formed when DNA is exposed to
alkylnitrosoureas, such as N-nitrosodimethylamine (NDMA) and N-methyl-N-
nitrosourea. The major product of the reaction is N(7)-methylguanine (Figure 1-4B),
which is not mutagenic, because the modification does not disturb base pairing; but

the O-methylated product, O(6)-methylguanine, is mutagenic (Figure 1-4C).
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diazonium cation formed from alkynitrosourea, major product N(7)-methyl dG (B.) and

minor product O(6)-methyl dG (C.); Oxidation of guanine to 8-oxoguanine (O8G) (D.).

The reaction of the purine bases of DNA with ROS such as hydroxyl radicals can
result in the formation of 8-oxoguanine (O8G) Figure 1-4D, which base-pairs
preferentially with adenine rather than cytosine and thus generates transversion
mutations after replication and is considered one of the major mutagenic base
lesions generated by hydroxyl radicals. The activities of many anticancer drugs rely
on the ability to introduce extensive damage to DNA which in-turn triggers cellular
apoptosis. The reduction of molecular oxygen can generate reactive intermediates

such as superoxide anion (O2*) and hydrogen peroxide (H202), which in turn

through redox reactions gives rise to the production of hydroxyl radicals (‘OH).
Although the superoxide anion is indirectly toxic to DNA, in the presence biologically
relevant transition metals such as copper(ll), a one electron redox reaction results
in the production of oxygen radicals. *OH generation can be driven by the reduction

of Cu?* by superoxide under oxidative stress promoting Fenton-like chemistry.%16



These reactions couple to produce copper catalysed Haber-Weiss processes.'”8
The development of artificial metal-based chemical nucleases (e.g. copper(ll) 1,10-
phenanthroline complexes) has gained increased attention in recent years and this
research stemmed, largely, from observations reported by Sigman.'’® The Kellett
group has carried out extensive research on the development of artificial chemical
nucleases with a focus on copper(ll) phenanthrene oxidative damage.'>-1820-22
Compounds capable of inducing site selective double strand cleavage are of great
importance not only as anticancer therapeutics but also aiding in the development

of gene editing technology.

l. 2. Gene Editing

Gene therapy is the therapeutic delivery of nucleic acids into a patient to achieve a
therapeutic effect. Broadly, its functions can be classified as i.) replacing a mutated
gene, ii.) inactivating a mutated gene, or iii.) introducing a therapeutic gene to
combat disease. Gene editing technologies such as homologous recombination
(HR)® and Cre-Lox site specific recombination?* where the first methods available
for gene editing, however these techniques suffered from poor site selective activity
and efficiency. The development of site selective cleavage was introduced by zinc-
finger nucleases (ZFNs),2>%¢ and transcription activator like effector nucleases
(TALENSs)?"28 which greatly improved on the current methodologies. However, the
recent development of clustered regularly interspaced short palindromic repeat

sequences (CRISPRs) has overshadowed these techniques, Figure 1-5.2930

DNA recognition by zinc fingers occurs in the presence of a zinc atom. The zinc
finger protein domain forms a compact Bpa—structure with the a-helical portion of
each finger making contact with 3 or 4 bp in the major groove of the DNA.3' Tandem
fingers in a zinc finger array wrap around the DNA to bind extended target
sequences such that a three-finger protein binds a 9 bp target site. Zinc finger
nucleases are classified as chimeric as they are comprised of a Fokl restriction
endonuclease where the domain has been replaced with a zinc finger domain. The
Fokl nuclease functions as a dimer allowing two ZFNs to bind to opposite strands
of DNA containing three zinc-finger domains, which is required to induce double
strand breaks, Figure 1-6.2° The advancement of ZFNs occurred when synthetic
arrays containing more than three domains that could recognize DNA sequences of

9-18 bp in length were developed. Since oligonucleotides of 18 bp is sufficient to

8



offer specificity within the human genome, ZFNs technology enables targeting of
virtually any sequence.®? However, ZFNs are challenging to build and assembly of
finger domains is frequently unsuccessful along with combining the two domains to

form a dimer with the correct orientation, spacing and protein packing.'
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HR-mediated Zing-Finger nucleases Baterial CRISPR/Cas
Targeting (ZFNs)

The CRISPR/Cas system was
First study describing Discovery of zinc-finger identified as a baterial defense
genome editing via proteins that can target system that targets and cleaves
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I
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nucleases (TALENS)

The Cre-lox editing

technology was used for DNA binding proteins First demonstration that
site-specific recombination discovered in Xanthomonas CRISPR/Cas system can be
in mice. bateria. used for mammalian cell

genome editing

Figure I-5. A timeline of breakthrough discoveries in gene editing technology.

Close to ten years after ZFNs, TALENs were discovered and highlighted an
alternative platform for engineering DNA-binding proteins.?” TALE proteins isolated
from the plant pathogen Xanthromonas highlighted highly conserved 33-35 amino
acid repeats, each of which binds to a single base pair of DNA with specificity
dictated by two hypervariable residues. Each repeat forms a two-helix structure
connected by a loop into the major groove of DNA as the protein wraps around in a
superhelical structure.®® Similar to ZFNs, TALEN repeats are linked together to
recognize contiguous DNA sequences, however, the cloning repeat of TALEN
arrays can be troublesome to generate, requiring a binding sequence to begin with

thymine base recognition.??

The discovery of clustered DNA repeats lead to the identification of CRISPRs3* and
from there researchers identified nearby CRISPR associated genes and Cas
proteins, CRISPR/Cas9 system.3® Unlike ZFNs and TALENSs which use protein-DNA



interactions for targeting, CRISPR/Cas systems use RNA-guiding nucleases which
are governed by base-pairing rules between the engineered RNA and the target
DNA site, Figure I-6. Two components must be introduced into and/or expressed in
cells to perform genome editing: the Cas9 nuclease and a guide RNA (gRNA),
consisting of a fusion of CRISPR RNA and a fixed transactivating CRISPR RNA
(crRNA).38 Twenty nucleotides at the 5' end of the gRNA corresponding to the
protospacer portion of the crRNA, directs the Cas9 nuclease to cleave
complementary target-DNA sequences. Cas9 nuclease activity can be engineered
to any DNA sequence in the form of N20-NGG, simply by altering the first 20
nucleotides of the gRNA to correspond to the target DNA sequence.?%3"3 The
simplicity of the Cas9 nucleases has allowed for multiple gRNAs to be introduced
simultaneously, inducing small and large deletions or inversions between double
strand breaks.3%49 A current issue associated with this system has been identified
by Cas9-induced off target mutations. High rates of mutagenesis have been
observed for off-target sites which can be variable in frequency and challenging to
predict as they arise due to mismatch pairing and prolonged expression. The off-
target mutations are a major concern when applying CRISPR/Cas9 system to
clinical applications, however new tools are becoming readily available for the

reduction of these off-target mutations.*!

Recent reports have indicated that while CRISPR/Cas9 worked quite effectively in
editing cancer cells, it was remarkably inefficient when targeting healthy cells.#243
This stems from the association of protein p53 being activated when CRISPR/Cas9
systems induces double strand breaks on the target DNA strand. This protein
activates the repair systems in the cell when DNA is damaged, making editing much
more difficult. The absence of p53 in cells may result in CRISPR systems being
more effective, but puts a cell at risk to become cancerous. Mutations, or
deficiencies in p53 gene have been found in the majority of cancer types, often
known as a tumour suppressor gene.** What if the p53 gene could be restored?
Chira et al. proposed a concept of restoring the p53 genotype in cancer cells by
entirely replacing the mutant p53 locus within the tumour genome with a functional
copy, resulting in cell death and possible tumour regression.*> The p53 locus
measures 20.5 kb in length,* where previously the CRISPR/Cas9 system has
efficiently replaced a large genomic fragment of 65 kb which could make this

concept come into reality very soon.*6
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Figure 1-6. Representation of gene editing technologies: zinc finger nucleases (ZFNs);
transcription activator like effector nucleases (TALENSs); clustered regularly interspaced

short palindromic repeat (CRISPR) sequences.

Gene therapy has become one of the most promising strategies for treating genetic
diseases and has gained increased attention since the discovery of the
CRISPR/Cas9 system; significant research is ongoing in this field.3” However, a
major limitation for gene editing by ZFNs, TALENs and CRISPR/Cas9 systems is
the in vivo delivery of these large proteins and plasmids. Focusing on CRISPR/Cas9
systems, this requires the delivery of a specified plasmid which encodes for the
Cas9 enzyme and one or more RNAs rather than large protein complexes required
for ZFNs and TALENSs.

I.2.1. Gene delivery

Gene delivery methods are classified as either viral or non-viral, where non-viral
applications can be further categorised by physical or chemical methods. A
summary of some of the current methods of gene delivery is highlighted in Figure
[-2. Physical methods include: microinjection; electroporation; sonoporation; and
gene gun delivery.*” However, these forms of gene delivery are limited to in vitro or

ex vivo applications only and will not be discussed further.
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Table 1-2. Methods of gene delivery.

Viral Vectors Non-Viral
Physical Chemical
Lentivirus Microinjection Cationic Polymers
Retrovirus Electroporation Neutral crowding
Adenovirus Sonoporation Dendrimers
Adeno-associated virus Gene gun Liposomes
Herpes simplex virus Inorganic-complexes

l. 2.2. Viral vectors

Lentiviral, retroviral, adenoviral, and adeno-associated viral (AAV) vectors have
been extensively studied as model systems and in clinical applications. Most
approved clinical trials for gene therapy so far have utilised viral vectors as the
delivery system. The majority of these trials are currently in early proof of concept
phases (phase | or Il) where only a small percentage have reached phase IV. Viral
vectors are efficient in DNA/RNA packing and delivery for in vitro, ex vivo and in vivo
applications. Viruses have evolved very efficient mechanisms to deliver genetic
material into cells. Retroviral and lentiviral systems package their cargo within a
protein like capsid surrounded by a lipid membrane envelope, which can fuse with
the plasma membrane of a cell delivering the payload into the cytoplasm. Retroviral
vectors are limited to ex vivo applications and dividing cells, however, lentiviral
vectors can mediate gene transfer in both dividing and non-dividing cells.>® Other
viruses, such as adenovirus and AAV have a proteinaceous capsid that is taken up
by endocytosis and have evolved to escape the endosome/lysosome compartment
to deliver the cargo DNA directly to the nuclease. Adenoviral vectors have a high-

capacity with regard to viral vectors mentioned above, up to 36 kb capacity.>

The preparation of these viral-vectors where viral genomic DNA is completely
removed can be difficult to prepare in high volume. A major limitation, is the strong
innate immune response to the adenoviral capsid itself, as well as continuing low-
level expression of viral genes producing a secondary viral gene-dependent
immune response. The severity and risk of evoking a harmful immune response and
other toxic side effects is a direct result of vector dose, where, in vivo delivery at
high doses can result in severe inflammation and cytotoxicity.>? Viral-vectors suffer
from site-selective integration and more work is required to develop specific target-

cell populations for in vivo applications.
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l. 2.3. Non-viral vectors

Thus, the most rate limiting step for gene therapy is the delivery mechanism.
Although viral-vectors have shown promising applications in pre-clinical trials they
suffer from serious immune responses, toxicity and carcinogenesis. More recently
non-viral vectors are receiving increased attention as a plausible substitution.#853.54
Despite the rapid discovery and recent development of various synthetic non-viral
vectors, only a small fraction have been used in clinical stages of research.
Nevertheless, there are several advantages of non-viral vectors such as ease of
preparation, large scale production, stability, low cost, safety, lower immunogenicity
and reduced toxicity.>® The first step in the preparation of a non-viral vector is nucleic
acid condensation/packing. The ability of a condensation agent to efficiently pack
and protect DNA cargo from endonuclease activity in cells, along with aiding in

cellular uptake is essential.

I. 3. DNA Condensation

The majority of DNA in all living organisms is present as well-ordered and compact
structures. This packing is essential for the organising of long genome sizes of ~3
billion bp and natural examples include the formation of chromatin which is a result
of condensed DNA/protein complexes.®® Other forms of compaction can be
highlighted through DNA packing in viruses and bacteria. Important early research
questions included the study of DNA packing in the heads of bacteriophages,
however now there is a greater interest in nucleic acid condensation as it is an
important step in the nucleic acid delivery for gene therapy applications. DNA
condensation is defined as “the collapse of extended DNA chains into compact,

orderly particles containing only one or a few molecules” either in vitro or in vivo.%®

l. 3.1. Mechanism of condensation

DNA is a highly charged molecule and cationic charge density plays a critical role
in DNA aggregation where the majority of cationic condensation agents carry a 3+
or higher charge to fully collapse the helical backbone.>”*¢ A common mechanism
of synthetic and naturally occurring surface binders is the ability to bind the electron
rich phosphate backbone, primarily through H-bonding and electrostatic
interactions. Electrostatic binding by polycationic molecules can directly lead to a
collapse in the B-DNA conformation with which results in the condensation or

aggregation of DNA structures.>® Cationic charge density is essential for the
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neutralisation of anionic phosphate charge and the reorganisation of water dipoles
adjacent to DNA surfaces resulting in nucleic acid condensation. DNA collapse
occurs once ~90% of phosphate charge neutralisation has occurred®” where the
structure and charge density of the condensation agent plays a key role within
collapsing transitions.®® Although DNA condensation has been reviewed extensively
by Bloomfield®® and others including theoretical descriptions into the dynamics of
polymer collapse,®®®! it is important to consider recent advances to this field.
Exceptions to the 23+ cationic valence requirement for DNA collapse are rare, both
Mn?* and the putrescine?* cations are known to aggregate DNA but only at high

(millimolar) concentration.5?

l. 3.2. Structure and morphology of condensed DNA

The morphology of DNA aggregates depends on the solution properties,
condensing agent structure and DNA length. The compaction of DNA is considered
to be highly ordered and Atomic Force Microscopy (AFM) has allowed for the study
and visualisation of these structural variations of plasmid DNA. Condensed DNA
commonly forms toroid structures, similar in shape to a doughnut. These condensed
forms of nucleic acid were once believed to have a specific outer radius of 50 nm,>°
however DNA can aggregate into toroid structures of varying sizes, along with non-
toroidal structures such as rods. Golan et al.®3 reported detailed AFM images on the
various stages of plasmid condensation into toroid and rod structures by a positively
charged polylysine compound covalently bound to a glycoprotein, acting as a
cationic condensing agent. A representation of the reported AFM images shown in
Figure I-7(I-1V) highlights the stages of condensation from open circular plasmid
DNA to flattened, compact and then the tightly packed toroid and rod structures.
Classical toroid DNA compaction as shown in Figure |-7 (a-d) and compared to
elongated toroid structures present in Figure |-7 (e-h), which lie outside the expected
parameters and highlight that condensation is not a strict process. The DNA content
of toroids and rods is based on the assumption that the toroid or rod contains B-
DNA packing throughout.?*%5 The relationship between toroids and rods has been
of great interest in the understanding of nucleic acid condensation,®6%° the
formation of these aggregates being influenced by both kinetic and thermodynamic
factors under experimental conditions. Shorter DNA strands have been shown to
favour rod like condensates while larger plasmids form toroid and non-toroidal

aggregates.®” The formation of condensed DNA is not restricted to toroids or rod
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like structures and, through AFM imaging, aggregates of varying shapes and sizes
are possible.”® Polycations can induce alternative changes in B-DNA configuration;
areversible B — A transition, regulated by dehydration, was recently shown in short
G-C rich oligonucleotide sequences exposed to a poly(allylamine)-graft-dextran

synthetic cationic polymer.”’

/.63

Figure I-7. AFM images reported by Golan et al.** Stages in DNA condensation, (1) circular
plasmid DNA,; (II) thick flattened; (I11) compact; (IV) toroid and rods. Variability in toroid size
and shape; (a-d) toroid of uniform shape and contour length. AFM images (e-h) highlight

toroids of irregular shape and variable contour length.®®
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l. 3.3. Cellular uptake and targeting

Cationic vectors condense negatively charged DNA into compact particles by
electrostatic interactions which results in positively charged particles. These
particles can also facilitate cellular uptake via electrostatic interactions with anionic
cell surface groups, such as proteoglycans. Interactions with proteoglycans may be
essential for the process of internalization of the complexes. Internalization takes
place by a non-specific adsorptive endocytosis.”?> Improvements to cellular uptake
has been undertaken by adapting receptor-mediated surface binding, through
incorporation of cell-binding ligands into transfection complexes. These cell binding
ligands can be proteins,”® peptides,’ vitamins,”® or antibodies’® that specifically
recognize a cell surface receptor. Receptor-mediated targeting is limited by the level
of expression of the receptor on the cell surface, the affinity of the ligand-receptor
binding and most importantly, whether binding to the receptor is followed by
internalization.”” Polylysine has been shown, when coupled to transfection agents,
to have enhanced cell targeting and uptake properties. This was first shown by Wu
et al. who demonstrated the targeting of asialoglycoprotein receptors by
polylysine/DNA complexes.”8 In most cases, efficient internalization of
ligand/DNA complexes was found, however DNA complexes often remained
trapped in the endolysosomes. These form as a result of fusions between late
endosomes and lysosomes during endocytosis; due to the high acid hydrolase
activity that can result in DNA degradation.8' However, in cell types with an excess
presence of negatively charged cell-surface proteoglycans receptor mediated

delivery is not required.

l. 4. Condensation Agents

I. 4.1. Naturally occurring polyamines

Naturally occurring polyamines spermidine®* and spermine** are abundantly found
in living organisms and aid in the packaging of cellular DNA by lowering the free
energy of transition required for condensation.®%° In rare cases putrescine?* has
been shown to induce DNA condensation at high loading, structures shown in Figure
[-8. lonization of polyamines is an important factor in these interactions with nucleic
acids to induce condensation. The pKa values for these polyamines are as follows:
putrescine, 10.8 and 9.4; spermidine, 10.8, 9.94 and 8.4; spermine, 10.9, 10.1, 8.9
and 8.1, supporting the view that the predominant mode of interaction is electrostatic

in nature.8 DNA condensation studies in the presence of polyamines bearing the
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same degree of positive charge showed that chemical structure had a significant
influence on DNA condensation and the nature of the aggregates formed.®® Rowatt
et al. investigated the strength of polyamine binding to DNA of polyamines with
varying methylene spacer lengths and observed that the presence of the butylene
rather than the propylene group is preferable for tight binding.83 Stereospecific
effects were also found in the case of dimethyl-spermine analogues. Hydrodynamic
radii of nanoparticles formed in the presence of o,a-dimethyl-spermine differed

significantly from those produced by spermine, forming larger aggregates.3
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Figure I-8. Chemical structures of natural polyamines

l. 4.2. Cationic polymers

Cationic polymers offer an immense chemical diversity and potential for
functionalization and are an ideal scaffold to build from. Early examples of cationic
polymers capable of condensing DNA include polylysine and polyethylenimines
(PEls). Highly cationic charge density polymers PEls have shown particularly
promising efficacy for the compaction and transfection of nucleic acids in cell culture
as well as applications in vivo. PEls are synthetic polymers that can be prepared
either in linear or branched forms and are the most studied polymeric material for
gene delivery. The ethylamine repeating units provide every third atom as a potential
protonate-able amino nitrogen giving rise to the high cationic charge, however under
physiological pH only every 5" or 6" amino nitrogen is protonated.®>8 DNA
condensation by cationic polymers can be described as a function of the cation-to-

anion ratio, PEI nitrogen-to-DNA phosphate (N/P) ratio; where complete
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condensation of DNA occurs at N/P ratios of 2-3 forming neutral particles, higher

ratios (>4) results in complexes forming with a strong positive charge.”’

Gene delivery vectors suffer from cytotoxicity due to poor biocompatibility and non-
degradable structures under physiological conditions. The degree of transfection
must overcome the degree of toxicity and thus preparing non-viral vectors to provide
sufficient stability with reduced toxicity is of great importance.8” Functional group
modification can increase polymer activity, cellular uptake, and reduce toxicity.
Guanidinium groups are important in cellular penetrating peptides, shown to
facilitate the cellular internalization and when incorporated can enhance cellular
uptake of polymers/DNA complexes. Carboxyl groups can influence the net average
charge which can affect their cellular uptake, endosomal escape, and transfection
efficiency in gene delivery. Disulfide bonds increases biodegradability and decrease
cytotoxicity. Hydrophobic groups influence hydrophobic/hydrophilic balance, gene
encapsulation, and gene dissociation from polyplexes and cellular uptake of the
polymers. Branching polymers can enhance transfection efficiency to some extent.88
However, it is important to note that different functional groups may affect polymer

properties in the different stages of gene delivery.

l. 4.3. Neutral crowding polymers

Neutral polymers such as polyethylene glycol (PEG) have been shown under high
concentrations to provoke DNA condensation. This process is a result of an
excluded volume mechanism.®® Conjugation of PEG has shown to increase water
solubility and stability of some complexes, along with preventing nonspecific protein
adsorption.®® PEG has been extensively used for PEI modification as it provides
shielding and stealth properties to PEI/DNA complexes, however this can lead to a
reduction of non-specific ionic interactions between the complex and target cells,

leading to a decrease in transfection efficiency.®’

l. 4.4. Dendrimers

Dendrimers are an important class of synthetic condensing agents, in particular
polyamine scaffolds. They are composed of hyperbranched architectures with
symmetric repetition of inner layers, these repetitions are commonly known as
“generations”. The increment of generations confers an increase not only in

structure but also overall charge density. The use of dendrimers has been
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extensively studied as an important class of non-viral vectors.%2-9
Poly(amidoamine) (PAMAM) is a commercially available dendrimer commonly used
as a starting point in the synthesis of these large complexes. The basic PAMAM
dendrimer up to the second-generation dendrimer is shown in Figure |-9, where
each subsequent generation is attached via the primary terminal amine on each
amidoamine chain. The ethylenediamine core can be replaced by alternative
diamines such as 1,5-diaminohexane and bis(3-aminopropyl) ether. This had a
significant impact on dendrimer size and structural symmetry under varying pH

conditions.%
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Figure 1-9. Basic PAMAM dendrimer, highlight core (black), generation 1 (red) and

generation 2 (blue).

l. 4.5. Liposomes

Cationic lipids are a family of small molecules containing a hydrophilic cationic
headgroup, hydrophobic tails and a linking moiety, and have been recognized as
promising gene delivery agents. Cationic lipids spontaneously self-assemble with
nucleic acids into nano-sized complexes. The liposome complex offers protection
from nucleases and allows for greater cellular uptake as membrane penetration
predominantly occurs through endocytosis. There is a substantial number of cationic
liposome/micelle systems reported to mediate nucleic acid delivery and are
currently commercialised. A number of these transfection agents were nicely
summarised by Miller,” and this report also highlighted the inconsistencies within

the literature regarding in vitro and in vivo testing. The commercially available lipid
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reagents include dioleoylphosphatidylethanolamine (DOPE), dioctadecylamido-
glycylspermine (DOGS), Figure 1-10 and 2,3-bis(oleoyl)oxypropyltrimethyl
ammonium chloride (DOTMA), Figure I-11.

HoN
(0] _\—Q 0
\/\/\/\/WL R”
7\
/\/\/\/\:/\/\/\/\n/o
(0]
DOPE

NH,

H
/\/\/\/\/\/\/\/\) HN\n/'\/\/N\/\/NH2
(@]

DOGS

Figure 1-10. Chemical structures of dioleoylphosphatidylethanolamine (DOPE) and
dioctadecylamidoglycylspermine (DOGS).

Felgner and co-workers first utilized cationic liposomes as nucleic acid delivery
vehicles by wusing the cationic lipid, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium (DOTMA) Figure I-11 and the neutral, naturally occurring
phospholipid, dioleoylphosphatidylethanolamine, Figure 1-10.% When combined in
a 1:1 molar ratio this formulation subsequently became commercially available as
Lipofectin. Lipofectin and the subsequent analogues of Lipofectin are the most
commonly used transfection agents used in cell culture. Their chemical makeup
generally consists of a neutral lipid alongside a highly cationic lipid. Cationic lipids
are characterised structurally by three components: a cationic head group, a
hydrophobic tail, and a linking group. Limitations of liposomes include low efficacy
as a result of poor stability and rapid clearance as well as the generation of

inflammatory or anti-inflammatory responses.%10

DOTMA

Figure 1-11. Chemical structures of cationic lipid, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium (DOTMA).
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l. 4.5. Inorganic complexes

Cationic inorganic complexes are a promising kind of non-viral delivery systems that
have become more prominent due to the early studies of inorganic cations such as
cobalt hexammine ([Co(NHs3)s]**) which are capable of inducing DNA
condensation.’9.192 Metal complexes exhibit a high positive charge density to
neutralise the negative charge of the DNA backbone, which is a prerequisite for
DNA condensation. [Co(NHs)e]** has undergone extensive study for its ionic
surface-binding, condensation and dehydration properties with DNA.%3.1% Although
[Co(NH3)s]** can also induce a B — y transitions in short oligonucleotide
sequences, aggregation of long DNA polymers occurs without modification to the
secondary B-DNA conformation.'®? X-ray crystallographic analysis showed that the
[Co(NH3)s]** ion adopts a novel binding mode, binding directly to phosphate groups
and connecting to N7 and O6 atoms of guanines by water bridges.'® Ethanol is
commonly used to precipitate DNA when used in high loading (>80 %) however,
small additions of 15-20% ethanol will induce condensation if in the presence of
[Co(NH3)]**. This is believed to be a synergistic relationship.’®" Huang et al.
reported a series of Co(ll) and Ca(ll) complexes with polybenzimidazoles as efficient
complexes capable of mediating nucleic acid packing via electrostatic
interactions.’® The aromatic ligands are capable of intercalating into DNA base
pairs which can increase the binding affinity of these complexes. Other metals have

been shown to induce DNA condensation such as Ni(ll) and Rh(ll) complexes.07.108

Li et al.’® nicely summarised a series of cobalt and ruthenium complexes capable
of inducing DNA damage supported by intercalative ligands such as 1,10-
phenanthroline (Phen). Phen is a highly documented semi-intercalator ligand. In the
case of tris(Phen)-cobalt(lll) complex one of the phenanthroline ligands partially
intercalates into the adjacent DNA base pairs and the others interact along the major
groove of the DNA molecule, resulting in hydrophobic interactions that facilitate
electrostatic interactions.’” A further example of metal complex-promoted DNA
condensation was recently identified with di-Fe?* supramolecular helicases; these
4+ cationic agents bind DNA non-covalently and are capable of inhibiting DNA-
processing enzymes including RNA polymerase, DNA topoisomerase |,

deoxyribonuclease |, along with a variety of restriction endonucleases.'"
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Trinuclear platinum complexes show efficient DNA binding activity via noncovalent
hydrogen bonding, and electrostatic interactions that induce the collapse of the
helical backbone of DNA forming tightly aggregated particles.’'? These polynuclear
platinum complexes were developed by Farrell and co-workers and bind DNA using
a unique phosphate clamp binding mode. These highly cationic compounds are
characterised by three trans-Pt(ll) ions linked through diamine linkers of varying

carbon chain lengths (5-7) shown in Figure 1-12.

| AH44 (triplatin NC-A)|

6+
Hy
HiN, NS NN HaNo,,,  WNHy
Pt Pt
HoN NH
HNT NH, 2 S HNT g
HNT SN
H,
AH78P j 8+
H, H, @
AL U N HaNo, NSNS NHs
®/\/\/\ - & ~ HoN «NH3 - N
H3N N NH, g HN NH;
H HNT NN NN
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AH78 (triplatinNC)
8+
H, Hy |
® H3N,, N \/\/\/\ HaNn,,' wN W@
HaN PO HoN, NH, PELONG NH,
N AN NH, e wNH3 HN NH,
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H, HNT SN NN

-
®

H,

BTN N N Pt
® - HoN NH, t
H;,N/W\/\N/ \NHZ 2N 4, Bt . NH3 HzN/ \NH;,
H, HNT WN NN
H,

Figure 1-12. Chemical structures of Tri-platinum series.'"®

These platinum complexes do not display typical covalent binding like those of
cisplatin or transplatin, rather the protonated amine groups bind to the oxygens of
the phosphate back bone resulting in either groove spanning or backbone tracking,
Figure 1-13, depending on the DNA sequence context.'* Various techniques such
as UVlvisible spectroscopy, light scattering, gel electrophoresis and atomic force
microscopy were employed to show the effects of DNA condensation by TriplatinNC.
Interestingly, the concentration required to induce condensation was estimated to

be 27% lower than that of spermine under the same conditions.’"®
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Figure 1-13. Perspective views of the double-stranded B-DNA Dickerson-Drew dodecamer

bound to TriplatinNC via backone tracking.'"

I. 5. Conclusions

Nucleic acids have immense potential as therapeutics and the development of safe
and effective delivery vectors is of great interest. Gene editing technology has taken
a significant leap forward as demonstrated with ongoing research into CRISPR/Cas-
9 systems. This form of gene editing surpasses previous methods such as ZFNs
and TALENs which require protein-DNA recognition. CRISPR/Cas-9 utilises RNA-
guiding nucleases which are governed by base-pairing rules between the
engineered RNA and the target DNA site. Unlike ZFNs and TALENSs, which are large
protein complexes, the CRISPR/Cas-9 system requires a specific engineered
plasmid coded for Cas-9 along with gRNAs for cellular delivery, reducing the need
to deliver a large complex cargo. Viral-vectors have been predominantly used in
clinical-trials in early phases, nevertheless, they suffer from immunogenicity, large
scale production issue, carcinogenicity and lack of site-selectivity. The development
of non-viral synthetic systems to overcome these issues associated with viral-

vectors are ongoing within the field.

Non-viral vectors rely on nucleic acid condensation for efficient packing and
delivery. DNA condensation typically arises due to cationic species inducing the
collapse of the tertiary structure of DNA. A common mechanism of synthetic and
naturally occurring surface binders is the ability to bind the electron rich phosphate
backbone, primarily through H-bonding and electrostatic interactions. Electrostatic

binding by polycationic molecules can directly lead to a collapse in the B-DNA
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conformation with results in the condensation or aggregation of DNA structures into
nanoparticles. Condensation agents discussed here included: cationic polyamines;
neutral crowding polymers; liposomes; dendrimers; and cationic inorganic
complexes. The most common trend between these agents is the highly positive
cationic charge, except for neural crowding polymers. DNA collapse occurs once
~90% of phosphate charge neutralisation has occurred where the structure and
charge density of the condensation agent plays a key role within collapsing nucleic

acid transitions.

An upsurge in the development gene therapy technology has required the need for
the development of safe and efficient delivery systems. As viral-vectors are
accompanied with immunogenicity, the risk factors associated out-weigh the
benefits. Non-viral vectors are currently in the early stages of research and require
increased attention. Three key aspects of vector design should include: i) simple
formulation and preparation; ii) they must demonstrate nontoxicity, biocompatibility
and biodegradability; iii) the materials should possess tune-able properties that will

allow accurate control over release of the genetic payload.
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Chapter Il

C3-Symmetric Opioid Scaffolds are pH-Responsive DNA

Condensation Agents

This paper was accepted for publication in Nucleic Acids Research, 2017, DOI:
10.1093/nar/gkw1097. Referencing style is kept in publishing format and gel

electrophoresis images are inverted for clarity.

Natasha McStay, Zara Molphy, Alan Coughlan, Attilio Cafolla, Vickie McKee,

Nicholas Gathergood and Andrew Kellett.

My contribution to this paper was to design and synthesise a series of mono-
substituted (Cs-symmetric), di-substituted (Cz-symmetric) and tri-substituted (Cs-
symmetric) mesitylene-linked opioid scaffolds and conduct DNA condensation
studies on them. Characterization of the opioids generated were conducted by me
and including the AFM, turbidity, and condensation studies. The DNA binding
studies were carried out in collaboration with my colleague Dr. Zara Molphy. Dr

Molphy conducted the circular dichroism and thermal melting studies.
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Il. 1. Abstract

Herein we report the synthesis of tripodal Cz-symmetric opioid scaffolds as high-
affinity condensation agents of duplex DNA. Condensation was achieved on both
supercoiled and canonical B-DNA structures and identified by agarose
electrophoresis, viscosity, turbidity, and atomic force microscopy (AFM)
measurements. Structurally, the requirement of a tris-opioid scaffold for
condensation is demonstrated as both di- (Co-symmetric) and mono- substituted
(C1-symmetric) mesitylene-linked opioid derivatives poorly coordinate dsDNA.
Condensation, observed by toroidal and globule AFM aggregation, arises from
surface- binding ionic interactions between protonated, cationic, tertiary amine
groups on the opioid skeleton and the phosphate nucleic acid backbone. Indeed, by
converting the 6-hydroxyl group of Cz-morphine (MC3) to methoxy substituents in
Cs-heterocodeine (HC3) and Cs-oripavine (OC3) molecules, dsDNA compaction is
retained thus negating the possibility of phosphate hydroxyl surface-binding.
Tripodal opioid condensation was identified as pH dependent and strongly
influenced by ionic strength with further evidence of cationic amine-phosphate
backbone coordination arising from thermal melting analysis and circular dichroism
spectroscopy, with compaction also witnessed on synthetic dsDNA co-polymers
poly[d(A-T)2] and poly[d(G-C)2]. On-chip microfluidic analysis of DNA condensed by
Cs-agents provided concentration-dependent protection (inhibition) to site-selective
excision by type Il restriction enzymes: BamHI, Hindlll, Sall, and EcoRlI, but not to

the endonuclease DNase |I.

Il. 2. Introduction

The search for new synthetic DNA recognition agents is an area of considerable
research importance. These agents can be categorised, broadly, into two main
areas: i.) those that covalently bind nucleic acids at electron rich sites on the
nucleobase (1-3), and ii.) those that bind in non-covalent fashion through hydrogen
(H)-bonding, ionic, or Tr-stacking interactions (4—6). Accordingly, non-covalent
recognition scaffolds may be further classified to the area of DNA where recognition
occurs thus giving rise to groove binders (7-9), intercalators (9—12) (including
threading intercalators (13) and surface-binding compounds (14). Within this last
category, surface interacting compounds have been designed, and compared, to
naturally occurring protein binding domains containing, for example, cationic

arginine (arginine fork (15)) or lysine (poly-L-lysine (16)) amino acid residues that
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facilitate their complexation to nucleic acids. Indeed, a commonality between
synthetic and naturally occurring surface binders is their ability to efficiently bind
electron rich phosphate atoms located at the nucleic acid backbone, principally
through H-bonding and electrostatic interactions. Furthermore, electrostatic binding
by polycationic molecules can directly lead to a collapse in the B-DNA conformation
with resultant condensation or aggregation of tertiary DNA helical structures (17).
Condensation agents have, in-turn, found widespread utility in molecular biology as
transfection agents capable of mediating cellular delivery of nucleic acids for
ubiquitous therapeutic and bioprocessing applications (18). Thus, an important
consideration in the development of new DNA condensation agents is their relative
inertness toward chemical reactivity (e.g. artificial nuclease) or secondary
interactions (e.g. intercalation) that may interrupt or block efficient transport and

incorporation of target nucleic acids into mammalian cells.

While nucleic acid condensation can be achieved through mechanisms of neutral
crowding, antisolvent precipitation and liposomal packaging (amongst others),
significant attention focuses on the condensation properties of multivalent cationic
compounds including cationic polymers. Although DNA condensation has been
reviewed by Bloomfield (17) and others including theoretical descriptions into the
dynamics of polymer collapse (19, 20), it is worth considering some examples of
multivalent cations currently accessible to this field. Cationic charge density
essential for the neutralisation of anionic phosphate charge and the reorganisation
of water dipoles adjacent to DNA surfaces plays a critical role in driving
condensation and the majority of cationic agents carry a formal charge of 3+ or
higher. Prominent examples here include the naturally occurring polyamines
spermine** and spermidine3* that are abundantly found in living organisms and aid
in the packaging of cellular DNA by lowering the free energy of transition required
for condensation (21). Within the polyamine class, it was demonstrated that DNA
collapse occurs once ~90% of phosphate charge neutralisation has occurred (22)
and that polyamine structure, allied with charge, plays a role within condensation
transitions (21). Polyamines of varying aliphatic linker length have recently been
incorporated into substitution inert triplatinum(ll) complexes (Triplatin) and these
highly cationic agents are capable of aggregating nucleic acids (both RNA and DNA)
through clamping interactions along the phosphate backbone and across the minor

groove of DNA (23-25). Evidence of condensation by Triplatin agents was identified
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by turbidity and AFM analysis with DNA (24), particularly poly[d(A-T)2] (23),
undergoing a B — y transition during the collapse. Another substitutionally inert
complex cation, cobalt (Ill) hexammine [Co(NH3)s]**, has undergone extensive
study for its ionic surface-binding, condensation and dehydration properties with
DNA (26, 27). Although [Co(NHa3)e]** can also induce a B —  transitions in short
oligonucleotide sequences, aggregation of long DNA polymers occurs without
modification to the secondary B-DNA conformation (28). Furthermore, while the
morphology of DNA condensates with [Co(NHs)s]** are commonly toroidal in
structure, non-toroidal (rod-like) structures are observed in the presence of alcohol
solvents. A further example of metal complex-promoted DNA condensation was
recently identified by di-Fe?* supramolecular helicases; these 4+ cationic agents
bind DNA non-covalently and are capable of inhibiting DNA-processing enzymes
including RNA polymerase, DNA topoisomerase |, deoxyribonuclease |, along with
a variety of restriction endonucleases (29). Polycations can also induce alternative
changes in B-DNA configuration; a reversible B — A transition, regulated by
dehydration, was recently evidenced in short G-C rich oligonucleotide sequences
exposed to a poly(allylamine)-graft-dextran synthetic cationic polymer (16). Finally,
although exceptions to the =23+ cationic valence requirement for DNA collapse are
rare, both Mn?* and the putrescine?* cations are known to aggregate DNA but only

at high (millimolar) concentration (30).

In this study we report the synthesis of a new class of DNA binding scaffold
incorporating opioid derivatives. Opioids are naturally derived alkaloids from the
opium poppy, Papaver somniferum, and serve as one of the major drug classes
within pharmaceutical chemistry widely known for their potent analgesic properties
(31). Morphine was the first opioid isolated from the poppy and is the most abundant
opioid interacting with three principal opioid receptors located in the central nervous
system (CNS): mu (u, MOR), kappa (k, KOR) and delta (6, DOR). The interaction of
opioids with CNS receptors has led toward the development of synthetic analogues
(including heterocodeine, buprenorphine, and naltrexone) and to more heavily
modified structures containing multiple opiate substituents. Morphine congeners
can also be extracted from the poppy (e.g. codeine, thebaine and oripavine) and
offer a range of bio-renewable derivatives to support proposed SAR studies. Our
group has recently developed a high- throughput ethidium bromide displacement

screen to identify potentially new DNA binding molecules (32) and, as such,
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identified a synthetic Cz-symmetric morphine molecule (MC3), containing a
mesitylene bridging ligand, as a lead compound that was subsequently found to
induce DNA condensation at low micromolar concentration. Our motivation for
developing heterocodeine (HC3) and oripavine (OC3) analogues stemmed from
structural analysis of MC3 that focused on the 6'-OH group in the morphine C ring
as a possible hydrogen (H)-bonding site for phosphate coordination at the nucleic
acid backbone. If this were the case, masking this H-bond through the introduction
of methyl groups in the form of methoxy substituents present in heterocodeine (H)
and oripavine (O) should render the DNA binding properties negligible. In addition,
as oripavine is a natural product, and commercially available, a short and direct
synthesis of the Cs-symmetry target was envisaged. Surprisingly however,
enhanced EtBr displacement was observed for both HC3 and OC3 agents, thus
implying only a limited role for 6'-OH phosphate interaction in the binding
mechanism. Consequently, the DNA binding mode and condensation properties of
this class of molecule were elucidated using an array of biophysical techniques
including turbidity, viscosity, thermal melting, circular dichroism spectroscopy,

electrophoresis and AFM analysis, and are reported herein.

Il. 3. Materials and Methods

Il. 3.1. Materials synthesis and characterisation

Chemicals and reagents were sourced from Sigma-Aldrich and were used without
any further purification required. HPLC grade chloroform, methanol, and acetonitrile
were used with no further purification. All other solvents were used as supplied.
Morphine and oripavine were provided from Johnson Matthey MacFarlan Smith Ltd.
Thin layer chromatography was performed on Fluka Silica gel (60 F254) coated on
aluminium plates. The TLC plates were visualised using UV light. Davisil 60 A silica
gel was used for column chromatography. 'H and '*C NMR spectra were obtained
on a Bruker AC 400 and 600 MHz NMR spectrometer. The pH was monitored by a
Mettler Toledo InLab Expert Pro- ISM pH probe. Electrospray ionisation mass
spectra (ESI-MS) were recorded using a Thermo Fisher Exactive Orbitrap mass
spectrometer coupled to an Advion TriVersa Nanomate injection system with
samples being prepared in 100% HPLC-grade acetonitrile prior to ESI-MS analysis.
Circular dichroism spectrometry was conducted on an Applied Photophysics

Chirascan plus qCD spectrometer with samples being prepared in acetonitrile.
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Morphine-C3;(MC3)

Morphine (0.573 g, 2.01 mmol) and potassium carbonate (1.110 g, 8.03 mmol) were
suspended in ACN (30 ml) and heated to reflux. 2,4,6-Tris-(bromomethyl)-
mesitylene (0.268 g, 0.66 mmol) was added in small aliquots to the reaction mixture
and vigorously stirred overnight (18 h) under reflux conditions. After allowing the
reaction mixture to cool to rt, the reaction solvent was removed by rotary evaporation
and crude product dissolved in DCM (50 ml). The organic layer was washed with
H20 (40 ml) and the aqueous layer extracted with DCM (3 x 20 ml). All organic layers
were combined, then washed with H.O (3 x 20 ml) and with a saturated brine
solution (20 ml). The organic layer was dried over magnesium sulfate, filtered and
solvents removed by rotary evaporation. The crude product was purified by column
chromatography (SiO2, 95:1:1 to 92:8:1 CH2Cl2:MeOH:NH4OH). The title compound
MC3 was isolated as a white solid in 50% vyield (0.338 g, 0.33 mmol). mp. 187-
189°C. 'H NMR (600 MHz, CDCls) &: 6.80 (d, J = 8.2 Hz, 3H); 6.58 (d, J = 8.2 Hz,
3H); 5.69 (ddt, J =9.9, 3.2, 1.4 Hz, 3H); 5.30 — 5.27 (m, 3H); 5.21 (d, J = 10.5 Hz,
3H); 5.05 (d, J = 10.4 Hz, 3H); 4.85 (dd, J = 6.5, 1.1 Hz, 3H); 4.17 — 4.13 (m, 3H);
3.35 (s, 3H); 3.05 (d, J = 18.7 Hz, 3H); 2.66 (s, 3H); 2.61 — 2.56 (m, 3H); 2.48 (s,
9H); 2.44 (s, 9H); 2.41 — 2.37 (m, 3H); 2.31 (dd, J = 18.7, 6.2 Hz, 3H); 2.05 (id, J =
12.4, 5.0 Hz, 3H); 1.88 (d, J = 11.3 Hz, 3H). "3C NMR (151 MHz, CDCl3) &: 147.59,
141.43, 139.43, 133.41, 131.82, 131.44, 128.19, 119.61, 116.36, 91.27, 77.22,
77.00, 76.79, 67.32, 66.46, 58.93, 46.47, 43.09, 42.96, 40.81, 35.78, 20.64, 15.98.
IR (ATR, cm™1): 2907, 1632, 1602, 1492, 1443, 1247, 1200, 1157, 1118, 1099, 1034,
983, 940, 833, 784, 766, 731. ESI-MS: [MC3] 1012 m/z. [a]po = — 85° (c = 0.154,
CHCl3, 589 nm, 25 °C).

Oripavine-C3; (OC3)

A flask was charged with oripavine (0.595 g, 2.00 mmol), tetrabutylammonium
hydroxide (40% aqueous solution, 18 ml) and DCM (6 ml) and stirred under nitrogen
for 30 mins. A solution of 2,4,6-tris-(bromomethyl)-mesitylene (0.269 g, 0.66 mmol)
in DCM (4 ml) was added and the biphasic reaction mixture was stirred for 6 h at
room temperature (rt). The reaction solution was transferred into H20 (150 ml) and
washed with DCM (4 x 10 ml). Organic layers were combined and washed with
aqueous NaOH solution (0.1 M, 2 x 20 ml) followed by d.H20 (3 x 20 ml) then
saturated brine solution (20 ml). The organic layer was dried over magnesium

sulfate, filtered and solvents removed by rotary evaporation. The crude product was
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purified by column chromatography (SiO2, 95:1:1 to 92:8:1 CH2Cl2:MeOH:NH4+OH),
The title compound OC3 was isolated as a golden yellow solid in 47% yield (0.329
g, 0.31 mmol). mp 174-176°C. 'H NMR (600 MHz, CDCls) &: 6.73 (d, J = 8.1 Hz,
3H); 6.58 (d, J= 8.1 Hz, 3H); 5.56 (d, J = 6.4 Hz, 3H); 5.28 (s, 3H); 5.25 (d, J=10.7
Hz, 3H); 5.17 (d, J=10.7 Hz, 3H); 5.03 (d, J = 6.4 Hz, 3H); 3.62 (d, J = 6.6 Hz, 3H);
3.59 (s, 9H); 3.32 (d, J = 18.0 Hz, 3H); 2.83 (td, J = 12.7, 3.3 Hz, 3H); 2.68 (dd, J =
18.1, 7.0 Hz, 3H); 2.63 (dd, J = 12.7, 4.6 Hz, 3H); 2.47 (s, 9H); 2.46 (s, 9H); 2.20
(td, J=12.6,5.1 Hz, 3H); 1.78 — 1.75 (m, 3H). ®C NMR (151 MHz, CDCls) &: 152.96,
146.07, 142.13, 139.65, 133.99, 132.59, 132.06, 128.73, 119.46, 117.48, 111.73,
96.09, 89.16, 89.11, 77.37, 77.16, 76.95, 67.74, 61.07, 55.04, 46.25, 46.16, 42.57,
37.11, 29.93, 16.02. IR (ATR, cm"): 2908, 1605, 1491, 1437, 1368, 1331, 1302,
1231, 1143, 1105, 1066, 1021, 987, 914, 867, 812, 767, 748, 698. ESI-MS: [OC3]
+ 1048 m/z. [a]o = — 88° (c = 0.12, CHCI3, 589 nm, 25 °C).

Heterocodeine (33, 34)

Reaction carried out on parallel synthesiser. Potassium hydride (4.421 g, 110.23
mmol) was washed with dry hexane in the reaction vessel under nitrogen flux and
suspended in dry THF (150 ml) over ice (Caution! Dry potassium hydride is
pyrophoric). A solution of morphine (2.862 g, 10.03 mmol) in THF (30 ml) was added
slowly over 30 min to the reaction under a nitrogen atmosphere and the resulting
solution was allowed to stir at rt for 16 h. Methyl iodide (1.710 g, 0.75 ml, 12.05
mmol) was added to the reaction slowly over 15 mins and reaction left stirring for 4
h. The reaction was quenched slowly with a mixture of THF/H2O (10:1) at 0 °C. The
solution was neutralised to pH 7.0 with 2 M HCI and volatiles were then removed by
rotary evaporation. The pH was adjusted to 8.0 by the addition of 1M NaOH and the
aqueous layer extracted with chloroform/isopropanol (3:1, 3 x 25 ml). The resulting
organic layer was washed with H20O (4 x 30 ml) and a final wash with saturated brine
solution (20 ml). The organic layer was dried over magnesium sulfate, filtered and
solvents removed by rotary evaporation. The crude product was purified by column
chromatography (SiO2, 95:1:1 to 92:8:1 CH2Cl>:MeOH:NH4OH), heterocodeine was
isolated as a white solid in 25% yield (756 mg, 2.53 mmol). '"H NMR (600 MHz,
CDClIs,): 6 6.57 (d, J=8.1 Hz, 1H); 6.41 (d, J = 8.1 Hz, 1H); 5.64 (ddt, J=9.9, 3.2,
1.5 Hz, 1H); 5.26 (dt, J = 9.8, 2.7 Hz, 2H); 4.91 (dd, J= 5.8, 1.3 Hz, 1H); 3.72 (td, J
=5.5, 2.3 Hz, 1H); 3.45 (s, 3H); 3.32 (dd, J = 6.3, 3.2 Hz, 1H); 2.97 (d, J = 18.6 Hz,
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1H); 2.63 — 2.49 (m, 2H); 2.43 — 2.31 (m, 4H); 2.23 (dd, J = 18.7, 6.4 Hz, 1H); 1.99
(td, J = 12.4, 5.1 Hz, 1H); 1.88 — 1.79 (m, 2H).

Heterocodeine-C3 (HC3)

A flask was charged with heterocodeine (0.700 g, 2.34 mmol), tetrabutylammonium
hydroxide (40% aqueous solution, 20 ml) and DCM (8 ml) and stirred under nitrogen
for 30 mins. A solution of 2,4,6-tris-(bromomethyl)-mesitylene (0.269 g, 0.66 mmol)
in DCM (4 ml) was added and the mixture was stirred for 6 h at rt. The reaction
solution was transferred into d.H20 (150 ml) and washed with DCM (4 x 10 ml).
Organic layers were combined and washed with aqueous NaOH solution (0.1 M, 2
x 20 ml) followed by H20 (3 x 20 ml) then a saturated brine solution (20 ml). The
organic layer was dried over magnesium sulfate, filtered and solvents removed by
rotary evaporation. The crude product was purified by column chromatography
(SiO2, 95:1:1 to 92:8:1 CH2Cl2:MeOH:NH4OH), HC3 was isolated by column
chromatography as a white solid in 13% yield (95 mg 0.09 mmol). mp. 164-166°C.
"H NMR (400 MHz, CDCl3) 5:6.73 (d, J = 8.1 Hz, 3H); 6.49 (d, J = 8.1 Hz, 3H); 5.71
(d, J=9.9 Hz, 3H); 5.32 (dt, J = 10.0, 2.7 Hz, 3H); 5.27 — 5.16 (m, 6H); 5.00 (d, J =
5.1 Hz, 3H); 3.80 (dd, J = 5.4, 2.7 Hz, 3H); 3.51 (s, 9H); 3.36 (dd, J = 5.9, 3.1 Hz,
3H); 3.04 (d, J = 18.7 Hz, 3H); 2.69 — 2.65 (m, 3H); 2.61 — 2.56 (m, 3H); 2.52 (s,
9H); 2.44 (s, 9H); 2.40 (d, J = 3.4 Hz, 3H); 2.31 (dd, J = 18.7, 6.3 Hz, 3H); 2.04 (td,
J =124, 5.0 Hz, 3H); 1.93 (d, J = 11.0 Hz, 3H)."3C NMR (101 MHz, CDClIs) &:
148.88, 141.35, 139.66, 132.09, 131.46, 131.01, 128.56, 128.18, 119.02, 118.34,
89.14,77.48, 77.36, 77.16, 76.84, 75.67, 68.01, 59.06, 56.92, 53.58, 46.68, 43.61,
43.26, 43.19, 41.23, 36.06, 29.82, 20.66, 16.10. IR (ATR, cm™): 2905, 2798, 1632,
1601, 1492, 1442, 1247,1199,1104, 984, 941,831, 787, 768, 727, 679. [a]p= —185°
(c =0.08, CHCI3, 589 nm, 25°C).

Il. 3.2. DNA binding experiments

Competitive Ethidium Bromide Displacement Assay

The DNA binding affinity of the tripodal series was determined over a five-hour time
period using calf-thymus DNA (ctDNA, Ultra-Pure Invitrogen, 15633019) and
synthetic alternating co-polymers poly[d(A-T)2)] (Sigma Aldrich, P0883) and
poly[d(G-C)2] (Sigma Aldrich, P9389) by ethidium bromide fluorescence quenching
in a similar manner to the high-throughput method previously reported by Kellett et

a.l (35). Each drug concentration was measured in triplicate, on at least two
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separate occasions, and the apparent binding constants were calculated using Kapp
= Kb x 12.6/Cs0 where K, = 8.80 x 106 M(bp)™ (Kapp = apparent binding constant).

Viscosity studies

Experiments were conducted in a similar manner to the method reported previously
using DV-II-Programmable Digital Viscometer equipped with Enhanced Brookfield
UL Adapter at room temperature by gradually increasing the [compound/DNA] ratios
from 0.02-0.20 (36).

Thermal Melting Studies

The thermal melting of DNA of varying %AT content was conducted using an Agilent
Cary 100 dual beam spectrophotometer equipped with a 6 x 6 Peltier multicell
system with temperature controller. The protocol was previously developed within

the Kellett group and reported elsewhere (6, 7).

Il. 3.3. DNA condensation studies (dsDNA)

Turbidity Investigation (ctDNA)

This method was adapted from the Brabec laboratory (24). Absorption spectra were
initially measured at 260 nm in order to give a final absorbance of ~0.5 units and the
concentration of ctDNA was determined using the extinction coefficient € 260 =
12824 M(bp)™" cm™. The turbidity of the ctDNA solution was determined
spectrophotometrically by monitoring the absorbance of DNA at both 350 nm and
260 nm at 25°C using an Agilent Cary 100 dual beam spectrophotometer equipped
with a 6x6 Peltier multicell system with temperature controller and stirring
mechanism. In a final volume of 3 ml containing ~40 uM ctDNA, 1 mM PBS buffer
(pH 7.0) and 25 mM NaCl, varying concentrations of MC3, OC3 and HC3 (2.5, 5,
7.5, 10, 12.5, 15, 20, 25, 30, 35, 45, 50, 65, 75, 80, 90, 100 uM) were titrated into
quartz cuvettes. Between each aliquot, solutions were mixed thoroughly and
allowed to incubate at 25 °C until the absorbance equilibrated and values obtained

remained constant.
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DNA condensation investigation (pUC19 scDNA)

The ability of the organic compounds to condense supercoiled plasmid DNA was
determined using a method previously published by this laboratory with minor
changes being made (23). Tripodal opiates were initially prepared in DMF and
further diluted in 80 mM HEPES buffer (Fisher). Reactions were carried out
according to the following general procedure: in a total volume of 20 pL using 80
mM HEPES buffer (pH 7.2) with 25 mM NaCl, 400 ng pUC19 (NEB, N3041) and
varying concentrations of test compound (5, 10, 20 and 30 uM), samples were
incubated at 37°C for both 5 and 12 h. Reactions were quenched by adding 6%
loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03% bromophenol blue,
0.03% xylene cyanole FF, 60% glycerol, 60 mM EDTA and samples were loaded
onto an agarose gel (1.2%) containing 3 pL EtBr. Electrophoresis was completed at
60 V for 1 hiin 1x TAE buffer.

DNA condensation investigation in the presence of non-covalently bound
recognition elements (pUC19 scDNA)

This protocol was carried out as previously reported by this group with minor
changes made (37). Briefly, 400 ng pUC19 was incubated with 25 mM NaCl, and
20 uM of either methyl green, netropsin or hexammine cobalt(lll) chloride in 80 mM
HEPES buffer (pH 7.2) for 30 min at 37 °C. Sample tubes were then vortexed and
varying concentrations of test compound were added (5, 10, 20 and 30 pM). The
reaction mixture was further incubated at 37 °C for 5 h. The reaction was then

quenched and subjected to gel electrophoresis as previously described.

Investigation of DNase | inhibition by DNA condensation (pUC19 scDNA)

400 ng of pUC19 DNA was initially exposed to 75, 100, 200 and 300 uM of test
compounds with 25 mM NacCl in a total volume of 20 pL using 80 mM HEPES buffer
(pH 7.2) for 5 h at 37 °C. The condensed DNA was then treated with the
endonuclease, DNase | (NEB, M0303S), for 10 min at 37 “C and heat inactivated at
75°C for 10 min. Samples were then loaded onto an agarose gel (1.5%) containing

3 uL EtBr and electrophoresis was completed at 50 V for 40 min in 1x TAE buffer.

Circular Dichroism Spectrometry.
Opioid profiles (MC3 and OC3) and opioid-DNA interactions were analysed using
Starna quartz cuvettes in 10 mM PBS solution (pH 7.0) in the presence of 25 mM
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NaCl. Salmon testes DNA (stDNA, Sigma Aldrich, D1626) was initially quantified
using the extinction co-efficient €260 = 12824 M(bp)™' cm™ to give a working
solution with final stDNA concentration of ~100 pM. The investigation was
conducted in the range of 200-400 nm and measurements were recorded at a rate
of 1 nm per second. 100 uM stDNA solution was incubated with MC3, OC3 and
control agent’s hexammine cobalt (l1l) chloride and spermine at r= 0.1 (r being the
ratio [drug] / [DNA]) over a 7 h period at 37 ‘C. The DNA free CD spectra for MC3

and OC3 are shown in supplementary A-2.

Il. 3.4. DNA condensation studies (linear dsDNA)

PCR Primer Design

Primers were designed (Eurofins Genomics) such that it was possible to generate
a 742 bp long sequence of linear dsDNA from the pUC19 vector encompassing the
lacZa gene. The short nucleotide sequence was generated through PCR (35 cycles)
with 1 ng pUC19 plasmid using 2x MyTaq Red Mix (Bioline) at an annealing
temperature of 66 °C and the band generated was compared to a 50 bp DNA ladder
(Invitrogen, 10416014).

Forward: 5'-TCGCGCGTTTCGGTGATGACGG-3"

Reverse: 5'-CCGCTCGCCGCAGCCGAACG-3"

DNA condensation investigation.

400 ng of the 742 bp transcript was then treated under identical conditions as
described (5 h incubation at 5, 10, 20 and 30 uM) and samples were loaded onto
an agarose gel (1.2%) containing EtBr. Electrophoresis was completed at 70 V for
40 min in 1x TAE buffer.

Il. 3.5. Endonuclease enzyme Inhibition

Endonuclease Optimisation on linear DNA sequence

400 ng of linear dsDNA was treated with 1 pL of EcoRI (NEB, R0101S), BamHI
(NEB, R0136S), Sall (NEB, R0138S) and Hindlll (NEB, R0104S) respectively at 37
°C overnight to verify the presence of their recognition sites within the short 742 bp
sequence. All enzymes induced double stranded nicks to this sequence as

evidenced by agarose gel electrophoresis.

41



Microfluidic analysis of endonuclease inhibition assay using Agilent
BioAnalyser DNA 1000 chip

This assay was conducted as previously described by the Kellett Group with small
changes being made (23). 400 ng of the PCR fragment was pre-treated with 10, 25,
50, 100 and 200 uM of either MC3, HC3 or OC3. Subsequent digestion experiments
were performed by incubating drug treated and un-treated DNA with 1 pL of EcoRl,
BamHl, Sall and Hindlll overnight and heat deactivated as per NEB guidelines. The
reactions of EcoRI, BamHI, Sall and Hindlll, in the presence and absence of tripodal
scaffolds, were then examined using the Agilent DNA 1000 microfluidic chip (Agilent
5067-1504) with data being collected on the Agilent Bioanalyser 2100 platform.

Atomic Force Microscopy

AFM was used to determine the morphology of the DNA condensates induced by
morphine Cs opiate to support the effects of condensation at low concentrations.
AFM samples were prepared according to the following general procedure: in a total
volume of 10 pL final concentrations of 3 ng/uL of pUC19 (NEB, N3041) or linearized
pUC19, 5 mM MgCI, and varying concentrations of test compound, were incubated
at 37°C for 1 h. 10 pyL of each sample was pipetted directly on to freshly cleaved
mica and allowed to incubate for 5 min followed by rinsing with 500 pL of water. The
samples were dried under compressed air for a period of 1 h. AFM examinations
were performed in ambient air with a commercial microscope (Dimension 3100
controlled by a Nanoscope llla controller, Digital Instruments), in tapping-mode,
using standard unmodified silicon cantilevers (BudgetSensors, Bulgaria) with a 40
N/m force constant. Topographic images are recorded at a scanning rate of 1-2 Hz,
and a resonance frequency of about 300 kHz (nominal value). Images were
processed using the WSxM software (38) to remove the background slope and

normalise the z-scale across all images, no additional filtering was performed.

Il. 3.7. Influence of pH and ionic strength on condensation

Influence of pH on condensation

Absorption spectra were initially measured at 260 nm in order to give a final
absorbance of ~0.4 units and the concentration of ctDNA was determined using the
extinction co-efficient g260 = 12824 M(bp)™* cm™'. The condensation aggregates of
the ctDNA solution was determined spectrophotometrically by monitoring the
absorbance of DNA at both 350 nm and 260 nm at 25 °C using an Agilent Cary 100
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dual beam spectrophotometer equipped with a 6 x 6 Peltier multicell system with
temperature controller. In a final volume of 5 mL containing ~30uM ctDNA, nuclease
free water (pH 7) and 25 mM NacCl, containing 35 uM OC3, the pH of solution was
adjusted with 1 M HCI and 1 M NaOH to basic and acidic conditions as required
using a Mettler Toledo SevenExcellence™ pH meter equipped with a Mettler Toledo
Inlab expert Pro-ISM pH probe. 100 uL aliquots were titrated into quartz cuvettes
and between each pH adjustment the solution was mixed thoroughly and allowed to
incubate at 25°C until the absorbance equilibrated and values obtained remained

constant.

DNA condensation in acidic and basic buffers

400 ng of pUC19 DNA was treated as previously stated with slight modifications (5
h incubation at 5, 10, 20, 30, and 50 uM). Samples were incubated in acidic and
basic buffers at pH 4.0 and 8.0 respectively. Sodium acetate (NaOAc) and Tris
buffers were prepared and adjusted with HCI and NaOH accordingly to achieve the
desired pH. Samples were loaded onto an agarose gel (1.2%) containing 3 pL EtBr.

Electrophoresis was completed at 70 V for 40 min in 1x TAE buffer.

Il. 4. Results and Discussion
Il. 4.1. Synthesis of opioid scaffolds
Morphine scaffolds MC3, HC3, and OC3 were generated and their molecular

structures are shown in Figure II-1. Treating 1 equivalent of 2,4,6-tris-
(bromomethyl)-mesitylene with 3 equivalents of either morphine (M), heterocodeine
(H) or oripavine (O) yielded the respective Cz-symmetric opioid compounds MC3,
HC3, and OC3. These were isolated as yellow or white solids after purification by
column chromatography. A satisfactory yield for both MC3 (50%) and OC3 (48%)
was obtained, however HC3 could only be isolated in a low yield (13%). Indeed,
generation of the HC3 opioid was restricted due to the poor synthetic conversion of
morphine to heterocodeine with yields <25% (39), which leads to a low overall yield
for HC3 from morphine. C1 and C; opiate analogues (MC1, MC2, OC1 and OC2)
were synthesised in a similar manner to the Cs congeners using a?- chloroisodurene
(MC1 and OC1) and 2,4-bis(chloromethyl)-1,3,5-trimethylbenzene (MC2 and OC2),
respectively, of each opioid derivative (supplemental A-7). The series of compounds

for this study were all prepared in either a one or two-step synthesis and enable

43



rapid access to samples for evaluation in biological investigations. As part of this
work, a green chemistry metric analysis (40) has been performed (Supplementary
Section A-10) with the aim of identifying aspects of the synthesis that can be
improved in future studies (41, 42). This will ensure that further efforts to improve
the yield for the above reactions can be in tandem with the development of greener
methodologies. All compounds were characterised by 'H and "3C nuclear magnetic
resonance (NMR, Supplementary A-1) and attenuated total reflectance (ATR)
Fourier transform infrared (FTIR) spectroscopies, and by electrospray ionisation
mass spectrometry (ESI-MS). Solution-based NMR studies in deuterated
chloroform were performed to elucidate whether all three opiate units were on the
same face of the molecule (C3) or whether rotation of one opiate ‘arm’ was rapidly
occurring at room temperature. To test the latter, a temperature study was
conducted. This confirmed a Cs-symmetric opioid compound was formed for each
of the tris target compounds; a single set of peaks in the '"H NMR was observed for
the opioid substructure for MC3, HC3 and OC3 in both 1D and 2D NMR studies. As
the probe temperature was decreased from 293 K to 243 K no changes in the proton
NMR were detected, supporting the C3 symmetry of the compounds as a stable

configuration.
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Figure lI-1. Molecular structures of morphine, heterocodeine, and oripavine along with Cs-
symmetic opioids molecules developed in this study: morphine (MC3), heterocodeine
(HC3), and oripavine (OC3). Left to right, morphine, heterocodeine and oripavine scaffolds.
Structures (i), (ii) and (iii) show the geometries of each scaffold (morphine, heterocodeine
and oripavine respectively), with labelled ring substituents A-E, modified from X-ray

structures reported in the Cambridge Structural Database (CSD).

Il. 4.2. Condensation of duplex DNA

Cs opiate binding interactions with duplex DNA were first identified using a saturated
ethidium bromide (EtBr) fluorescence quenching study with calf thymus DNA
(ctDNA) (Figure [I-2). In our initial high-throughput screen, which involved a series
of novel opioid scaffolds, MC3 was identified as a potentially new DNA binding
molecule. Our motivation for developing HC3 and OC3 isomers stemmed from
structural analysis on MC3 that focused on the 6'-OH group in the morphine C ring
as a possible H-bonding site for phosphate coordination. Since this group is masked
by methylation in heterocodeine (H) and oripavine (O), we anticipated HC3 and OC3
analogues would have negligible DNA binding properties. Unexpectedly, however,

enhanced EtBr displacement was observed (Table 1I-1), particularly on poly[d(G-
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C)2] and poly[d(A-T)2] co-polymers with apparent binding constants (Kapp) of ~106
M(bp™") and ~107 M(bp™"), respectively.
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Figure II-2. Competitive fluorescence quenching of ethidium bromide bound to ctDNA by
opioid drugs MC3, HC3, and OC3, viscosity properties of MC3, ethidium bromide (EtBr) and
spermine (SPM) exposed to salmon testes dsDNA, and turbidity profiles of CT-DNA in the
presence of titrated Cs opioids and spermine. Data points being displayed as an average of

triplicate measurement for fluorescence quenching and turbidity measurements.

Table II-1 Apparent binding constants of opioid Cs compounds to dsDNA polymers.

Kapp M(bp™") ATm°C (¥ S.D.)
Poly A-T CT-DNA Poly G-C Poly A-T Poly G-C
(100% A-T) (58% A-T) (0% A-T) (100% A-T) (0% A-T)
Actinomycin D N.D. 2.92x10” 5.35x 107 -0.32 £ 0.29 12.10 £ 0.95
Netropsin 5.75x 107 2.5x 108 N.D. 12.32£0.79 2.83+0.38
MC3 3.03x10° 6.40x10% 2.69x10° 0.38£0.71 2.63+0.58
ocC3 3.63x10°  3.82x108 3.5x 107 -0.17 £ 0.25 0.36 £0.17
HC3 9.1 x 108 7.84x10% 1.15x 107 0.73+0.18 1.72 £ 0.61

To identify the significance of the Cs opioid scaffold symmetry toward duplex DNA
binding, OC1, OC2, MC1 and MC2 compounds were generated and tested using
gel electrophoresis experiments (24, 35, 37). Condensation results, however,
revealed negligible Ci1 and C. activity (supplementary A-3) confirming the
requirement of a tertiary opioid substituent to facilitate efficient nucleic acid
coordination at low micromolar concentration. Thermal melting analysis on duplex
polymers were then completed (Table 1I-1), and, unlike classic DNA binding agents
of netropsin and actinomycin D (35), examined previously under identical conditions
by this group, no significant stabilisation energies were identified for the fris-opiate

compounds.
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In order to probe the nature of DNA binding, viscosity studies with salmon testes
DNA (ST-DNA) at varying drug load were evaluated (Figure I1-2). Classical
condensation behaviour by Cs opioids was observed whereby all three agents
exhibited identical, downward curving, hydrodynamic (n/no) values. As shown in
Figure 1I-2, the profile of MC3 is similar to the well-studied DNA compaction agent
spermine (SPM), which was run as a control agent alongside the classical DNA
intercalator EtBr. Since condensation of dsDNA can be monitored at 350 nm, a
wavelength  where nucleic acids do not normally absorb wunless
condensation/aggregation has occurred (24), UV-vis absorption spectrophotometry
was employed to further characterise the condensation process. (Although turbidity
of dsDNA can also be monitored at 260 nm, electronic absorption of Cz opioids in
this region precluded this measurement.) All three opioids exhibit concentration-
dependent aggregation of dsDNA with binding isotherms of MC3 and HC3 being
sigmoidal in nature and approximately similar in shape to spermine (Figure 1I-2).
OC3, however, has a markedly different profile that increases almost linearly
between 1- 25 uM before reaching a plateau beyond this titration point. Overall, and
in comparison, to spermine, greater aggregation was observed for Cs opioids tested
up to 25 pM, beyond which, OC3 and MC3 scaffolds can be described as having

the highest condensation effects in the series.

A. MC3 (uM) OC3 (uM) HC3 (uM) B. MC3 (uM) 0OC3 (uM) HC3 (uM)
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Figure II-3. A. Agarose gel electrophoresis of supercoiled (400 ng) and B. a 742 bp dsDNA
fragment of pUC19 (400 ng) exposed to increasing concentrations of MC3, OC3, and HC3.
Reactions were carried out in the presence of 25 mM NaCl for 5 h at 37°C prior to

electrophoretic analysis.

Since condensation by Cs-opioids had been established by viscosity and turbidity
measurements, visualisation of DNA compaction was then followed by
electrophoresis. Samples were titrated against both supercoiled pUC19 plasmid

DNA and a 742 bp dsDNA fragment amplified from pUC19 encompassing the lacZa
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gene, before incubation for 5 h prior to analysis by agarose gel electrophoresis
(Figure 1I-3). All three opioid scaffolds were found to condense both supercoiled and
linear dsDNA; MC3 and HC3 have similar profiles with the onset of aggregation at
20 uM, beyond which native DNA bands become fainter in appearance or disappear
entirely from view, thus reflecting total condensation. OC3, however, exhibits
improved condensation effects in comparison to morphine and heterocodeine
scaffolds. Here, the initiation of aggregation can be visualised at 5 uM with the
condensation process being completed at 20 uM and 30 yM on supercoiled plasmid
and linear DNA, respectively. Indeed, on comparing the gels, it is evident that opioid-
induced aggregation of supercoiled pUC19 (Figure 11-3A) occurs more efficiently

than for linear dsDNA (Figure 11-3B).
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Figure ll-4. Circular dichroism (CD) spectra of ST-DNA treated with MC3, OC3 and

electrostatic DNA binding controls hexammine cobalt (lll) chloride and spermine over 7 h at

r ([opioid] / [DNA]) values of 0.1.
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To further probe the condensation mechanism, the interaction of Csz opioids with
pUC19 were examined in the presence of non-covalently bound recognition
elements netropsin, which is well-characterised to bind within the minor groove (43),
and methyl green an agent that binds at the major groove (44). In these experiments’
plasmid DNA was pre-exposed to 20 uM of each recognition element prior to the
introduction of opioid sample (5 — 50 uM). No differences were detected in the
condensation process between the control (opioid + pUC19) and tested samples in
any case, indicating interactions within the minor and major grooves are unlikely as
prospective recognition sites for Cz opioid binding (data not shown). Indeed, no
evidence of minor or major groove binding, or of intercalation could be found in the
circular dichroism (CD) spectra of MC3 and OC3 with ST-DNA (Figure 11-4). It was
further noted that no conformational change was induced upon opioid binding and
condensation. Thus, the profiles for both Cs scaffolds do not yield spectral shifts
expected of classical DNA binding agents but, instead, are similar to surface-binding
condensation agents spermine and [Co(NHz3)e]Cl3 (45) when tested with long DNA
polymers. Finally, while the spectrum of HC3 could not be examined owing to its
limited solubility in CD accessible solvents, it is reasonable to assume the binding

interaction should not deviate from that observed from MC3 or OC3.

Il. 4.3. Influence of pH and ionic strength on condensation

Since the biophysical evidence gathered on Cs opioid-DNA binding points toward a
surface-binding coordination mode, we considered the possibility of the tertiary
amine within the morphine D (piperidine) ring as a possible cationic site responsible
for H- bonding and/or electrostatic binding to the phosphate backbone. Indeed, this
particular site is well recognised to undergo protonation prior to binding with specific
amino acid residues within opioid receptor cavities (46). To examine this hypothesis,
the condensation effects of supercoiled pUC19 were initially examined under
sodium chloride titration on agarose electrophoresis. Here, 25 uM aliquots of MC3,
OC3, and HC3 were analysed with increasing NaCl ionic strength (25 — 1000 mM)
with supercoiled pUC19 (Figure II-5A). At low salt concentrations (25 — 75 mM) the
plasmid was condensed by all three opioids, however, in the presence of 2100 mM
NaCl, aggregation by MC3 and HC3 agents was inhibited as evidenced by the
fraction of DNA migrating in supercoiled form. In contrast, OC3 maintained its
condensation effects up to 750 mM of titrated NaCl and only at the highest ionic

strength examined, 1 M, could a fraction of native supercoiled pUC19 be identified.
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These results indicate that condensation by Cs morphine analogues are dependent
on ionic charge, and that disruption of this interaction by the introduction of an ionic
gradient can, at least partially, reverse DNA aggregation. Furthermore, it is worth
highlighting that compaction by MC3 and HC3 is disrupted to the same degree by

NaCl, while OC3 is substantially more resistant to changes in ionic strength.

To further probe the involvement of quaternary amine cations in the condensation
process, aggregation of pUC19 was then examined under acidic (pH 4.0) and basic
(pH 9.0) buffered conditions. As anticipated, a clear enhancement of the
condensation process at lower pH with sodium acetate buffer (Figure 1I-5B) was
observed, while under basic conditions (Tris buffer) DNA aggregation was reduced
(Figure 11-5C). These results indicate that in an acidic environment, the piperidine
opioid D ring becomes protonated and collapse of DNA proceeds at lower Cs
concentration. Indeed, on comparing Figure 11-3A with Figure 11-5 B and C it is clear
that condensation in pH 4 buffered solution occurs with the highest efficiency across
all three tested opioids, followed thereafter by condensates at pH 7.2 and then finally
pH 9.0 where very little aggregation for both MC3 and HC3. This analysis supports
proposal that the amine group within the piperidine opioid ring is the protonation site
responsible for condensation and, based on these condensation results, is highly
probable the 3* polycationic state of the C3 symmetric opioid scaffold is required to

induce aggregation.
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Figure II-5.(A.) Influence of ionic strength on pUC19 condensation (400 ng) by OC3 and
MC3 (25 uM) opioid compounds. Condensation reactions on pUC19 (400 ng) by opioid
compounds in (B.) acidic NaOAc buffer (80 mM, pH = 4.0), and (C.) basic Tris buffer (80
mM, pH = 9.0) in the presence of 25 mM NaCl.

51



Il. 4.4. Atomic force microscopy (AFM)

3 S ﬁ V 0.0 nm
Figure 1I-6. AFM images of MC3-treated supercoiled and Hindlll linearized pUC19 DNA; A-
D: supercoiled pUC19 with 8, 9, 10, and 20 uM MC3; E-H: linear pUC19 with 5, 10, 20, and
50 yM MC3.

AFM imaging provides a direct tool for exploring the effects of ligand binding on DNA
morphology(47, 48). Due to its nanoscale resolution there are numerous examples
of AFM techniques used to determine the binding mode, affinity and site-exclusion
number of DNA in the presence of suitable binding substrates. Recent AFM studies
have characterised the binding modes of well-studied ligands such as doxorubicin,
ethidium bromide and netropsin (49). Moreover, this technique can successfully
probe morphological changes induced in closed circular plasmid and linear forms of
DNA, along with RNA. In this work, AFM studies were performed with closed circular
and Hindlll linearized pUC19 in ambient air using a Tapping-Mode with unmodified
silicon cantilevers at a 40 N/m force constant. Furthermore, we established that 5
mM of MgCl> was required for complete mica adhesion with no appreciable
conformational changes to DNA morphology. MC3 was selected as a representative
compound in this series for AFM analysis. In the presence of 8 uyM of MC3,
supercoiled pUC19 exhibited small cluster formation where tight packing is present
in the cluster centre with DNA strands extending from its midpoint (Figure II-6A). As
the concentration of MC3 increased to 9 uM, a sizeable increase in cluster formation
was observed, however, unbound strands of DNA were evident at this point (Figure
[I-6B). A gradual increase in MC3 concentration to 10 and 20 uM led to the near
disappearance of unbound pUC19, leaving only large and tightly packed globules
of ~800 nm and ~3.3 ym spherical dimension, respectively (Figure 1I-6 C and D).
Data here supports our earlier gel electrophoresis analysis where 20 uM of MC3
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was required to fully condense the supercoiled plasmid (see Figure [I-3A). In the
presence of linearized pUC19, a lower concentration of MC3 (5 yuM) initiated the
onset of condensation (Figure 11-6E) with both toroidal and cluster formation evident.
Toroid condensates, however, were evident at low MC3 concentration only with
larger aggregates, >1 um, appearing at 10 and 20 yM exposure with compact
globules forming thereafter (50 uM). These results agree with our electrophoretic
data on linear pUC19 (see Figure 11-3B), where 50 uM of MC3 was established to

condense this sequence.

Il. 4.5. Microfluidic analysis of endonuclease inhibition

The condensation effects of the opioid series on a 742 bp dsDNA fragment,
amplified from the pUC19 vector encompassing the lacZa gene (supplemental A-
6), and subsequent access by sequence-recognition type Il restriction
endonucleases were initially examined by gel electrophoresis. Results showed the
inhibition of migration at ~20 uM of C3 opioid exposure indicating condensation had
occurred. An on-chip microfluidic assay using an Aglient 2100 Bioanalyzer was then
employed (Figure 1I-7) to determine whether Cs-opoid induced condensation could
block sequence-recognition by type Il restriction enzymes BamHI, Hindlll, Sall and
EcoRI. These restriction enzymes were selected based on their single recognition
site within our transcript with control experiments (supplemental A-5) establishing
no direct interaction between restriction enzymes and Cs opiates. A DNA 1000
microfluidic chip was employed in this study to detect and quantify excision
fragments, resulting in the disappearance of the parent 742 bp band and the
emergence of daughter fragments sized between 295 and 447 bp (Figure 11-8A).
Pre-incubation of the transcript with 50 uM of both MC3 and HC3 afforded little
protection toward endonuclease accessibility (Figure 11-8 B and C). An exception,
however, was noted for BamHI activity to HC3 exposed DNA; here, the parent
fragment at 742 bp emerged with notable reduction in the excision fragment peak
area at 325 and 417 bp. Interestingly, preincubation of the transcript with low
micromolar loading of OC3 (10 uM) was found to inhibit endonuclease accessibility
by BamHI, Sall and EcoRI. Furthermore, in the case of the BamHlI-treated transcript
pre-exposed to OC3, almost complete protection of the oligo was observed. It was
noted, however, that peak area of OC3 exposed fragments were diminished in
comparison to MC3 and HC3 experiments, most likely through the enhanced

condensation effects of this agent. Finally, in a complimentary study using gel
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electrophoresis, we identified that the non-specific endonuclease DNase | degraded

all Cz-opioid plasmid pUC19 condensates with identical efficiency (data not shown).
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Figure II-7. Experimental design for the Bioanalyzer 2100 to identify site-specific

endonuclease inhibition by opioid compounds, Hindlll, EcoRI, BamHI, and Sall.
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Figure 1I-8. A. Electrograms generated using the Bioanalyzer 2100 of 742 bp dsDNA
fragment with treatment by endonuclease BamHI, Hindlll, Sall, and EcoRI. Electrograms of
the 742 bp fragment were pre- incubated for 5 h with either MC3 (B), HC3 (C), and OC3

(D), followed by exposure over night to the type Il restriction endonuclease.
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Il. 5. Conclusions

To our knowledge opioid compounds have not previously been shown to interact
with nucleic acids. This work may therefore open up new applications for these well-
established analgesic compounds as semi-synthetic natural products that facilitate
nucleic acid recognition. Target compounds were prepared via short synthetic
routes, which in most cases involved a single step (i.e. from an opioid natural
product and commercially available benzyl bromide derivative). The high-affinity
DNA binding and condensation properties of this scaffold demonstrate a
requirement for a tris-opiate, along with a polycationic charge of 3+, as the Cs and
C. opiate congeners showed negligible condensation effects by comparison. In this
regard, this class of agent falls squarely in line with the majority of established DNA
condensation agents where a =3+ cationic valence requirement for DNA collapse is
generally required (22). Biophysical assays on duplex DNA polymers revealed no
intercalative or major/minor groove residency, which led to the probing of Cz-opioids
as potential electrostatic and/or H-bonding agents. Thus, our preliminary studies
using Cs-morphine (MC3) focused on the possibility of the 6'-OH, located in the
morphine C ring, as a possible surface binding moiety. Further, while physiological
conditions promote interplay between morphine protonation (kO) and zwitterionic
(kN) isomers (supplemental A-8), the 6'-OH does not engage in acid/base speciation
and was therefore considered as a potential phosphate-interacting site (50, 51). To
test this axiom, the development of Cs-heterocodeine (HC3) and Cs-oripavine (OC3)
derivatives, where the 6'-OH site is masked by methoxy substituents, was
undertaken. Biophysical studies, however, revealed comparable (HC3) and
enhanced (OC3) high- affinity binding to DNA; these data, coupled with
condensation properties observed at varying pH and ionic strength, implicate N-
protonation of the piperidine (E) ring—a known cationic site that undergoes ionic
bond formation with the opioid receptor (46) as the nucleation site responsible for
nucleic acid coordination. A proposed model for DNA binding is shown in Figure II-9
where each opiate is protonated (and charged) at the piperidine ring that, in turn,
surface binds the vicinal nucleic acid backbone. Based on this proposed model, the
binding of Cs opioids to other nucleic acid structures can be expected and
preliminary experiments on the condensation of tRNA by MC3 (supplemental A-9)
evidences this. To corroborate the binding mode described in Figure II-9,
methylation of each N-piperidine moiety in MC3 was achieved (supplemental A-7)

leading to isolation of the quateranized piperidium cation MC3-NMe: as an iodide
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salt. The condensation effects of MC3-NMe2 with pUC19, when directly compared
to MC3 (supplemental A-4), resulted in a significantly altered condensation profile.
Thus, MC3-NMe: did not aggregate DNA at any exposure value (1 — 30 uM) where
MC3 exhibited condensation and only at higher concentrations (>30 uM) was MC3-
NMe: condensation observed; we propose this interaction is electrostatic in nature
and similar to NMe2-quaternarized nucleic acid binding observed in the literature
(52, 53). It is highly likely, therefore, that N-protonation of the Cs opioid scaffold is
responsible for efficient condensation and that piperidinium phosphate hydrogen

bonding interactions are required for these high-affinity interactions.

Further examination of C3z agents revealed i.) no conformational modification to long
canonical DNA polymers, ii.) improved affinity toward aggregation of supercoiled
plasmid versus linear DNA conformation, and iii.) an overall aggregation activity
profile OC3 >> HC3 = MC3. To derive some insight into the differences in binding
between the oripavine compound and the morphine or heterocodeine analogues,
we considered structural data for examples of each class taken from the CSD (54).
Figure 11-10 shows the cation of diacetylmorphine hydrogen chloride monohydrate
(FAZDAM, CCDC  242245) and  3,6-dimethoxy-5,17-dimethyl-6,7,8,14-
tetradehydro-4,5-epoxymorphinan (LOBGUG, CCDC 985664), for the purpose of
comparison a proton has been added to the amine at the calculated position in the
latter case. The increased unsaturation in the oripavine means that the “C” ring is
flattened relative to the morphine or codeine systems and that one of the hydrogen
atoms in an axial position relative to the amine proton is lost. As a consequence,
the amine site is clearly less sterically crowded in the oripavine system and this
might be expected to make interaction with the DNA phosphate backbone easier.
There are also electronic changes in the 1 system of ring C, which may influence

both the pKa of the amine and electronic aspects of bonding.

The condensation process at neutral pH, studied by AFM analysis with MC3,
identified toroidal formation of pUC19 at low compound loading, while higher loading
promoted tightly packed globule formation in both closed circular and linear DNA
structures. The combined effect of high binding constants and condensation of the
Cs-opioid class was then considered in terms of interrupting protein-DNA recognition
(23). Since condensation agents have found widespread utility as transfection

agents or carriers of nucleic acids (55, 56) protection of this “cargo” to endonuclease
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degradation is of considerable importance. While DNase | mediated complete
transcript degradation from all three Cs-opioid carriers, type |l restriction
endonucleases inhibition for HC3 (50 yM) and OC3 (10 uM) was witnessed at the
G-G excision region of BamHI, while OC3 (10 uM) further protected the G-A excision
region of EcoRI. In summary, this work has revealed the discovery of a new high-
affinity DNA binding scaffold capable of mediating condensation ostensibly through
electrostatic and H-bonding interactions with the phosphate backbone. Our attention
now turns to further explore the condensation effects of RNA and alternative DNA
structures by these molecules and for their ability to successfully deliver gene

vectors.
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Figure 11-9. Proposed ionic binding by the Csopioid scaffold to the nucleic acid phosphate

backbone.
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Figure 1I-10. Structures of protonated diacetylmorphine (FAZDAM left) and protonated 3,6-
dimethoxy-5,17-dimethyl-6,7,8,14-tetradehydro-4,5-epoxymorphinan  (LOBGUG right)
redrawn from the CSD data (the amine proton has been added to the structure at a
calculated position for LOBGUG). The amine proton (highlighted in cyan) is more exposed

in the oripavine. Dashed lines show the interactions with neighbouring axial protons.

To the best of our knowledge the Cs-opioid scaffolds developed within our lab
remain the only opioid compounds to display nucleic acid condensation, along with
the recently developed CC3 scaffold discussed in Chapter Ill (57). Cz-symmetric
molecules for biological or biomolecular-related investigations such as targeting
amino acids (58) and DNA (59) are very rare. Sun et al. (60) reported a propeller-
like molecule with three terminal amino side groups found to be a selective nucleic
acid binder towards telo21 G-quadruplex DNA when compared to single and double
stranded DNA. In the interest to further gene delivery applications recent advances
in synthetic condensing agents have incorporated chromophores to include an on-
off switch as DNA becomes compacted (61). Compact DNA structures with redox-
responsive donor-acceptor moieties are attractive for biosensor and drug delivery
applications. The ongoing developments with CRISPR/Cas9 (62) has led to a surge
of new synthetic non-viral vector discovery for improved gene delivery platforms (63,
64). Gene delivery remains the rate limiting step for the enhancement of Gene

therapy and continued efforts are of great importance.
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Chapter lll

Efficient DNA Condensation by a C3-Symmetric Codeine
Scaffold

This paper was accepted for publication in ChemPlusChem, 2019, DOI:
cplu.201800480. Referencing style is kept in publishing format and gel

electrophoresis images are inverted for clarity.

Natasha McStay, Anthony Reilly, Nicholas Gathergood and Andrew Kellett.

My contribution to this paper was to design and synthesise a series of codeine opioid
scaffolds and conduct condensation studies on them. | completed the synthesis of
the described compounds, including the full characterisation, AFM, turbidity, DLS
and condensation studies. The computational studies were carried out in

collaboration with Dr Anthony Reilly.
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lll. 1. Abstract

A novel tripodal codeine scaffold (CC3) was rationally designed using computational
methods as a DNA condensing alkaloid. Separation of the piperidine nitrogen atoms
in CC3 is considerably larger at 14.36 A than previously reported tripodal opioids
allowing for enhanced aggregation of larger DNA plasmids (>4,000 bp). The scaffold
undergoes protonation at physiological pH that allows for controlled compaction and
release of nucleic acids. Condensation is inhibited under basic conditions and
nucleic acid release can be achieved by modulating the ionic strength. Zeta potential
experiments indicate stabilised DNA particles at low alkaloid loading with AFM
measurements showing particles sizes with a height of 103 nm and diameter of 350
nm. Since condensation is a prerequisite for the cellular uptake of DNA, this new
class of alkaloid represents a novel nucleic acid condensation agent with potential

gene therapy applications.

lll. 2. Introduction

The development of novel strategies for the treatment of human disease is a
vital research goal and major progress is now being witnessed in the form of
gene therapy.['l Gene therapy models routinely use adeno-associated viruses
(AVVs) as the most effective form of nucleic acid delivery in vivo.l?:Bl
Developing therapies based on this methodology, however, are accompanied
with major drawbacks and concerns from a clinical standpoint.[ AAVs have
small packing sizes and multiple viruses are generally required to deliver the
payload to target <cells which enhances carcinogenicity and
immunogenicity.P®1 New methods are therefore required to establish viable
non-viral transportation systems for the progression of gene therapy.l’]
Synthetic non-viral vectors offer a number of advantages over viral systems
such as improved safety, lack of immunogenicity, and ease of large-scale
production.® Since they are amenable to engineering, these systems allow
for flexibility with regard to the size of the gene being administered and can
offer improved targeting effects with the ultimate aim of delivering more copies

of genomic material to the requisite cell.[E-11

This work focuses on the non-analgesic use of opioids as a bio-renewable resource
capable of packaging DNA. While opioids are predominantly used for their potent

analgesic properties, serving as one of the major drug classes within the
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pharmaceutical industry,['2'3] specific architectures were recently identified to have
DNA binding properties.[' In that study, we identified morphine (MC3), oripavine
(OC3) and heterocodeine (HC3) Cz-opioids could condense DNA. It was postulated
that nucleic acid aggregation arises from ionic bridging between the cationic
piperidine ring on the opioid skeleton and the negatively charged phosphate
backbone. From a structural perspective, however, all three Cz-opioids (MC3, OC3,
and HC3) were linked to the mesitylene core by the phenolic hydroxyl group (cf.
HC3 Figure IlI-1) but subtle structural changes in the oripavine opioid (Appendix C-

1) delivered enhanced DNA recognition and condensation properties.

\\|
Me

HC3 CcC3

Figure llI-1. Molecular structures of symmetric opioids: Cs-heterocodeine (HC3) and Cs-
codeine (CC3).

lll. 3. Results and Discussion

An important question that now arises is the structural variability within this class of
material for the assembly of new DNA condensing scaffolds. Here, we report the
development of a Cz-symmetric codeine derivative linked through the allylic hydroxyl
group to offer a new orientation for the Cs-opioid. Codeine (C) was chosen as an
ideal candidate and was compared using computational methods to its inverse
analogue heterocodeine (H). Prior work suggested trivalent opioids adopt a Cs
conformation in solution' and to better understand their structure, analysis with
informatics-based conformation generation and ab initio optimisation were used to
establish the molecular geometry of Cs-heterocodeine (HC3) and Cs-codeine (CC3)

molecules (Figure IllI-1 and Appendix C-2). The lowest energy Cs conformers found
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for HC3 and CC3 are shown in Figure IlI-2A where there is a clear difference in both
the placement and orientation of the codeine groups with respect to heterocodeine.
In HC3 the separation of the nitrogen atoms is ~9.77 A, whereas in CC3, the
separation is considerably larger at 14.36 A and this effect is clearly visible when
both structures are overlapped (Figure I11I-2B). There are two additional Cs3
conformers within 8 kd/mol of the lowest-energy Cs conformer of HC3 and they
similarly place the nitrogen atoms within each piperidine substituent 9.6-9.8 A apart.
The next lowest-energy conformer for CC3 is ca. 17 kd/mol higher in energy and is
therefore unlikely to be encountered in solution. Since the architectural change
imposed by codeine promotes a significant structural change compared with HC3,
the Cz substituted codeine molecule (CC3) was synthesised along with C1 and C:

codeine derivatives for analysis as novel DNA condensing agents.

CC3 was generated by treating 1 equivalent of 2,4,6-tris-(bromomethyl)-mesitylene
with 3 equivalents of codeine and the resulting compound was synthesised as a
beige solid after purification by column chromatography. Although a low yield for
CC3 was obtained (15%), it is slightly higher than the equivalent HC3 opioid (13%,
overall yield from morphine) and significantly easier to prepare requiring just one
reaction step. CC1 and CC2 opiate analogues were accessed using o-2-
chloroisodurene (CC1) and 2,4-bis-(chloromethyl)-1,3,5-trimethylbenzene (CC2).
All three compounds were characterized by 'H and '3C nuclear magnetic resonance
(NMR), attenuated total reflectance (ATR) Fourier transform infrared (FTIR)
spectroscopies, elemental analysis and electron spray ionisation mass
spectrometry (ESI-MS) (Appendix C-4). The symmetry of the Cz-codeine molecule
was investigated by variable temperature NMR measurements and compared to
earlier conformational analysis. These solution-based 'H NMR studies were
conducted in deuterated chloroform where the temperature probe was adjusted
from 293 K to 233 K (Figure lI-2C, Appendix C-5). Since molecular rearrangements
can rapidly occur at room temperature, probing non-equivalent nuclear
environments using this method may provide additional information regarding the

solution structure.['2[16]
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Figure IlI-2. A. lowest-energy Csz conformers found for heterocodeine HC3 and codeine
CC3; B. overlay of the two (HC3 coloured orange and H atoms omitted for clarity) Colour
key: mesitylene (purple), O (red) and N (blue); C. Variable temperature '"H NMR profile of

CC3 in CDCl; at decreasing temperatures.

Thus, lowering the temperature of the probe allows the exchange to slow on the
NMR timescale which can allow a break in the time-averaged symmetry.l'l As the
temperature decreased, the '"H NMR for CC3 showed no observable symmetry
changes confirming the Cs-symmetric opioid compound is favoured where each
codeine moiety is co-planar within the scaffold. To identify DNA condensation

effects of this class, gel electrophoresis experiments with plasmid DNA were
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undertaken. Limited DNA condensation was found for both CC1 and CC2, were the
onset of condensation for CC2 was observed at 250 uM (Figure IlI-3A and B). At
neutral pH, CC3 initiated condensation of pUC19 (2,686 bp) at 30 uM with complete
condensation achieved at 50 uM (Figure 11I-3C). Interestingly, when incubated with
a larger plasmid pBR322 (4,361 bp) the onset of condensation was visualised at 10

uM and complete condensation reached at 30 uM (Figure I1I-3D).

O D ) ) e b (= —
C. D.
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Figure 1lI-3. Molecular structures of symmetric opioids: CC1 and CC2; Agarose gel
electrophoresis of supercoiled dsDNA pUC19 (400 ng) exposed to increasing
concentrations of A. CC1 and B. CC2. Agarose gel electrophoresis of supercoiled dsDNA
pUC19 (C) and pBR322 (D) (400 ng) exposed to increasing concentrations of CC3.
Reactions were carried out in the presence of 25 mM NaCl for 5 h at 37 °C prior to

electrophoretic analysis.
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The requirement for the tris-scaffold to compact DNA likely arises since cationic
charge density plays a critical role in DNA aggregation where the majority of cationic
condensation agents carry a 3+ or higher charge to fully collapse the helical
backbone.['8}'°l The condensation effect of CC3 appears dependent on ionic
strength where the release of bound plasmid DNA was identified by increasing salt
(NaCl) concentrations (Figure I1lI-4A). Significantly, pH was found to strongly
influence the condensation effects of CC3 where an acidic environment (pH 4.0)
increases condensation effects while under basic conditions (pH 9.0) condensation

was almost completely inhibited (Figure 11I-4B and C).

DNA condensation was next characterised using viscosity, turbidity, zeta potentials,
and average hydrodynamic size with results compared to the natural DNA
condensing agent spermine (SPM). Since DNA condensation is routinely studied
with naturally occurring spermidine (3+) and spermine (4+), along with inorganic
cations such as cobalt(lll) hexammine [Co(NH3)s]**, the use of SPME in this
analysis served as an important control. Viscosity studies were conducted with
salmon testes DNA (stDNA)?" exposed to increasing concentrations of Csz-opioid
and controls of SPM and ethidium bromide (EtBr) (Figure 1lI-4). Both CC3 and SPM
exhibit comparable viscosity profiles with downward curving hydrodynamic values
(n/mo) while EtBr displayed classical intercalative behaviour. Turbidity was then
measured at both 260 nm (control) and 350 nm using calf thymus DNA (ctDNA) as
insoluble aggregates formed by condensed DNA can be measured at this longer
wavelength.[?2231 CC3 showed an exponential increase in turbidity starting at 10 uM
and reached a plateau at 30 uM. In contrast, SPM did not begin to influence turbidity
measurements until ca. 20 uM of the agent was present in solution (Figure 111-4).
Given this interesting result, and coupled with earlier observations of pH-dependent
aggregation, dynamic light scattering (DLS) was selected to probe the condensation

interface in greater detail.
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Figure lllI-4. A. Influence of ionic strength on pUC19 condensation (400 ng) by CC3
(50 uM). Condensation reactions on pUC19 (400 ng) by CC3 in (B) acidic NaOAc
buffer (80 mM, pH = 4.0), and (C) basic Tris buffer (80 mM, pH =9.0) in the presence
of 256 mM NaCl. Viscosity properties of CC3, ethidium bromide (EtBr) and spermine
(SPM) exposed to salmon testes dsDNA, and turbidity profiles of ctDNA in the
presence of titrated CC3 and SPM. Zeta potential of supercoiled dsDNA pUC19 (1
mg/L) exposed to increasing concentrations of CC3, and SPM. Reactions were
carried out in the presence of 10 mM NaOAc buffer (pH 4) for 1 h at 25 °C prior to
zeta potential measurements. Average hydrodynamic radius of supercoiled dsDNA
pUC19 (0.4 mg/L) exposed to increasing concentrations of CC3, and HC3. Reactions
were carried out PBS buffer (10 mM, pH 7.2) for 1 h at 25 °C prior to DLS analysis.
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Surface charge and hydrodynamic size measurements were studied at increasing
drug loadings by DLS (Figure 1ll-4). The zeta potential (&-potential) measurements
were conducted in an acidic pH buffer (10 mM NaOAc, pH 4.0) to ensure full
protonation of CC3 and samples were incubated with plasmid DNA (pUC19, 1
ug/ml) for 1 h prior to each measurement. The &-potential of CC3 indicates a stable
positive charge in the absence of DNA (30 mV). In the presence of titrated CC3,
however, &-potential values changed from negative (-26.7 mV, DNA alone) through
neutral (10 uM CC3) to positively charged particles, which indicates cationic
condensation in excellent agreement with gel electrophoresis and turbidity results.
Interestingly, the &-potentials for DNA/SPM remain negative under the same tested
concentration range, an effect previously reported by Hays et al.?*l To probe this
phenomenon further, low concentrations of CC3 (below 10 uM) were identified to
have an average particle size in the range 300-700 nm, while beyond this
concentration larger particles were observed up to a maximum of 2 um. The most
striking observation is the steep inflection point of HC3 over a small sample range
(10-15 uM) which contrasts with a much broader distribution of CC3 (10-30 uM). An
important aspect in the characterisation of nucleic acid transport vectors is the
hydrodynamic size of aggregates formed. The characterisation of CC3 aggregates
is in marked contrast to SPM where the average size initially decreases to 100 nm

and gradually increases at concentrations of 50 uM and above (Appendix C-8).

Atomic Force Microscopy (AFM) was used to study the morphological changes
induced by CC3 in both pUC19 and pBR322 plasmid DNA vectors. In the presence
of CC3 (8 uM), pUC19 exhibited small cluster formation of varying sizes with free
DNA visible in the surrounding area (Figure IlI-5A). A moderate increase in
concentration resulted in larger cluster formation with tight packing present at the
aggregate centre (Figure 11I-5B-D). In the presence of the larger pBR322 plasmid,
similar behaviour was identified at lower drug loading (6 uM) where small clusters
are abundant. Higher concentrations of CC3 (>12 uM), however, give rise to larger
tightly aggregated DNA. An interesting feature of this codeine scaffold is the
presence of large particles ca. 100 nm in height (Figure 11I-5G-I). This particle is
tightly packed with no observable free plasmid in the surrounding area and has
highly desirable dimensions for transport through biological barriers with a height of

103nm and diameter of ~350 nm. Particle size plays a significant role in the
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efficiency of cellular uptake and in determining gene transfection efficacy.l?® Free
plasmid DNA is imaged along with each sample to ensure sample preparation

techniques does not interfere with the morphological changes induced by Cs-

opioids.

Figure IlI-5. Atomic force microscopy (AFM) images of CC3-treated supercoiled pUC19 (A—
D, G-l1) and pBR322 DNA (E—F). Supercoiled pUC19 with 8, 10, 15, 20 yuM (A-D), and 16
MM CC3 (G phase, H height, | 3D height); pBR322 with 6, and 12 yM CC3 (E-F). (z-scale
set to 5 nm, A-H).

While internalization of DNA/Ligand particles with diameters of between 50 and 100
nm is a relatively rapid process, particles up to 500 nm have shown good cell
membrane transportl?6:271 but an upper size limit of >1 um is generally accepted.[?®

In contrast to previously reported MC3 (which has a similar molecular structure to
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HC3), AFM studies conducted with plasmid DNA (pUC19) identified large DNA
aggregates >1 uM with visible free plasmid in the surrounding surface area.l' CC3,
on the other hand, produces tightly packed particles that may offer improved

transfection efficacy and protection from endonuclease activity.

To investigate the effects of long-range coiling, which can significantly impact
viscosity?®! and in turn aggregation, a short 12 bp duplex was examined to probe
the mechanism of aggregation further. Long-range coiling occurs when a ligand
induces supercoiling effects downfield from the site of binding;?%3% by examining
the condensation of sheared DNA or small oligomers this form of aggregation can
be ruled out. As shown in Figure llI-6, it appears likely that both CC3 and HC3 are

capable of aggregating short nucleic acid fragments and so long-range coiling

=)
-
-

effects can be discounted within their aggregation mechanism.
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Figure llI-6. Polyacrylamide gel electrophoresis of a short 12 mer (50 ng) exposed to
increasing concentrations of CC3 and HC3. Lane 1, 12 mer; lane (2-6, 7-11) drug
concentration (30, 50, 75, 100, 250 uM). Reaction was carried out in the presence of 25
mM NaCl for 15 h at 37 °C prior to electrophoretic analysis on a 20% TBE Page gel, run in
1x TBE buffer at 70 V for 150 min. Ultra-low range DNA ladder (Invitrogen™) on either side.
Gel stained with 1x SYBR Gold in TBE.
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lll. 4. Conclusion

In summary a codeine Cs-opioid DNA condensing scaffold (CC3) was rationally
designed through informatics-based conformation generation and ab initio geometry
optimisation. Variable temperature '"H NMR spectroscopy indicates a symmetrical
Cs-opioid which correlates to computational analysis where the scaffold retains a Cs
solution symmetry. Nucleic acid condensation by CC3 is enhanced under acidic
conditions supporting the requirement of 3+ charge for DNA aggregation identified
through gel electrophoresis assays. A broad dynamic range was revealed by DLS
and turbidity assays highlighted an ability to control particle size formation for the
packaging of DNA vectors. This analysis was supported by AFM measurements
where favourable parameters to facilitate cell membrane transport were identified.
Long-range coiling effects were excluded by examining condensation effects on a
short DNA fragment (12 bp) by gel electrophoresis. Efforts are now underway to

establish the transfection efficiency of this novel opioid scaffold.
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Chapter IV

The Development of Non-Opioid C3-Symmetric Scaffolds

as Condensation Agents

This chapter details the development of non-opioid compounds including the
synthesis and characterisation of novel compounds. This work is anticipated to be

published. Referencing style is Royal Society of Chemistry.

Dr Paul Kelly, NIBRT/National Institute for Bioprocessing Research and Training,
conducted cell culture experiments detailed in section 1V.2. and Prof Kieran Nolan,
School of Chemical Sciences, Dublin City University, donated five imidazole

compounds detailed in section IV.3.
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IV. 1. Introduction

Work presented so far has highlighted key characteristics for the condensation of
dsDNA through the protonated form of a novel series of tripodal opioids. These
novel Cs-opioids are the first of our knowledge of opioid derivatives capable of
binding and condensing DNA fully at low concentrations and exhibiting pH and ionic
strength control. This surprising result has encouraged new non-analgesic
applications for these trivalent opioids in the field of gene therapy, more specifically
as transfection agents. Transfection agents can be broadly classified into two areas
(i) viral and (ii) non-viral agents. Synthetic non-viral vectors offer a number of
advantages over viral systems such as improved safety, lack of immunogenicity,
low frequency of integration and ease of large-scale production.’ These systems
allow for flexibility with regards to the therapeutic size of the gene, and targeting
administration ultimately leading to more copies of genomic material being
transported to cell. Non-viral agents can then be further classified by the key
attributes present in the system such as (i) lipid based vectors, (ii) polymeric vectors,
(iii) dendrimer-based vectors, (iv) cationic vectors, and (v) nanoparticles.? For the
purpose of this work our focus was drawn towards cationic non-viral vectors as a
key category to induce sufficient DNA condensation and protection for the purpose

of gene delivery.

IV. 2. Cytotoxicity of OC3 in CHO cells

The Chinese hamster ovary (CHO) cell is the dominant mammalian cell line used in
the biopharmaceutical industry for the production of complex recombinant
therapeutic proteins. These cells have become a favourite expression platform due
to the long history of regulatory approval, genetic plasticity, and ability to grow in
suspension culture and to ability to transfer human-like post-translational
modifications (PTMs) to the final protein product.®> One major contributor to
generating a high producing CHO cell line is for the stable integration of a gene of
interest (GOI) into an area of the genome that is highly transcriptionally active and
stable over ~100 generations. Unstable genomic locations can ultimately lead to
transgene silencing which ultimately means the loss of the integrated gene leading

to a drop-in productivity over time.
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Several methods have and are being employed to ensure that genetic material
containing the therapeutic protein for manufacturing are inserted into genetic
hotspots within the genome or the payload of gene copy number per genome is
high.* The sophisticated CRISPR-Cas genome editing tool can be used to target a
transgene into particular locations,® however, given the poor annotation and
sequence information of CHO, this method is limited to characterised genomic
locations. Stable transgene integration is random and occurs at a very low frequency
hence the requirement for high initial transfection efficiency and the necessity of an
extensive cell line development process. To overcome these issues non-viral
vectors have been exploited for the transfection of genomic material into the host
cell.” These systems allow for flexibility with regards to the therapeutic size of the
gene, and targeting administration ultimately leading to more copies of genomic
material being transported to cell, significantly accelerating cell line development
programmes in the biopharmaceutical industry. As previously identified, tripodal
opioids have now been shown to condense and protect dsDNA fragments and thus
has the potential to mediate transfection.® Prior to examining the transfection
capability of these opioids it is necessary to establish the degree of cytotoxicity
towards the parent cell line to ensure the degree of transfection out weights the

degree of toxicity, a common bottleneck when developing transfection agents.

To determine the toxicity of the tripodal opioids towards the parent cell line, CHO-
K1 (ATCC® CCL-61™), OC3 was chosen as a representative Cs-opioid from series
due its potent onset of nucleic acid condensation.? Typical cell culture techniques
employed for the transfection processes require large concentrations of plasmid
vector, upwards of 1-5 ug, depending on the cell type and size of plasmid. Previously
we have shown that OC3 can fully condense 400 ng of plasmid DNA at
concentrations up to 10 yM. It was anticipated that higher concentrations of the Cs-
opioid would be required to fully condense larger concentrations of plasmid (1 ug)
and two concentrations of 25 yM and 50 pM drug loading was chosen for initial

cytotoxicity screening.
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Figure IV-1. Cell growth (Cells/mL) and viability (%) in the presence of OC3 at 25 yM and
50 uM over 6 h in CHO-K1 (ATCC® CCL-61™).

Initial stocks of Cs-opioid were prepared in DMSO and further diluted in HEPES
buffer (80 mM, pH 7.2). Screening was conducted in biological triplicates under the
growth conditions described (Appendix D-1) and monitored for cell growth (Cells/ml)
and viability (%) using the ViaCount™ viability stain (Millipore, UK) on a Guava 5HT
benchtop cytometer at 6 and 24 h (Figure IV-1 and Figure 1V-2). Initial counts at 6 h
highlighted a decrease in both cell growth and viability of both concentrations tested
of OC3, Figure IV-1. This result highlights the onset of cytotoxicity where the two
concentrations analysed seem to have similar cytotoxicity profiles at the six-hour
time point. This is a general observation and a full concentration range would be
required to determine the drug/dose response curve to CHO-K1 cell line and

determine the IC5s¢ concentration.

Cell viability holds strong at 60% after both the 6 and 24 h time points addressed for
OC3. However, cell growth has reduced compared to the controls observed for 24
h (Figure IV-2), control cells measured at 6.6 x10° cells/ml and OC3 at both 25 and
50 yM was measured at 2.1 x 10° cells/ml. These preliminary results suggest
cytotoxicity towards CHO-K1 cell line under these experimental conditions. Although
these results highlight initial toxicity of the novel Cs-opioid OC3, these compounds

are the first opioid based nucleic acid condensation agents and further screening
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will allow for a better understanding of this class of alkaloid for the purposes of

developing a novel transfection agent.
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Figure IV-2. Cell growth (Cells/mL) and viability (%) in the presence of OC3 at 25 yM and
50 uM over 24 h in CHO-K1 (ATCC® CCL-61™).

IV. 3. Imidazolium Salts as Potential DNA Condensation Agents

To explore the potential of non-opioid based condensation agents, imidazolium salts
were investigated as alternative scaffolds. Imidazole rings have been employed to
modify polymers to allow for fast endosomal escape via a “proton sponge” effect®
and the constant charge on the imidazolium ring allows for improved DNA-binding
and aggregation. For example, Allen et al. prepared imidazolium-based copolymers
via functionalized 1-vinylimidazole homopolymers with hydroxyl functionalized alkyl
chains, and then investigated the degree of quaternization, DNA binding,
cytotoxicity, and in vitro transfection efficiency.” However as Li et al. pointed out, the
degree of DNA-binding increased as the degree of quaternization but had a negative
effect on transfection due from a competition between the buffering capacity and
DNA binding affinity to the imidazole and imidazolium moieties.? The development
of a polycationic vector requires well-designed functions for the purpose of
versatility, solubility, and efficient transfection. These functions can be achieved
through the incorporation of an imidazole ring. Allen et al. continued this research
further and prepared the imidazolium-based copolymers functionalized with folic
acid to target cancer cells as receptor-mediated gene delivery therapeutics.® This
work incorporated a series of varying polyamine chain lengths linked to folic acid

conjugated onto imidazolium copolymers and showed significant influence on the
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overall transfection efficiency of these DNA delivery vehicles. Overall, this body of
work demonstrated that imidazole rings have great potential for the development of

versatile and biocompatible transfection agents.

Five imidazole samples, labelled NAM1-5, were kindly donated by Prof Kieran
Nolan’s research group (Dublin City University) for the purpose of nucleic acid
screening. These compounds were examined as a starting point into developing
novel non-opioid scaffolds that preserve the core mesitylene ring and Cz-symmetry.
These compounds retain a constant 3+ charge and have varying chiral substituent
groups leading from the 1,3-imidazole bound to the core mesitylene ring. Cationic
charge density plays a critical role in DNA aggregation where the majority of cationic
condensation agents carry a 3+ or higher charge to fully collapse the helical
backbone of DNA,'%"" which suggests that these imidazole compounds have the
capacity to condense DNA. The imidazole ring is a planar 5-membered ring that is
classified as aromatic due to the presence of the sextet of n-electrons. The positive
charge can be located on either of the two nitrogen atoms and contributes to the
imidazole ring being highly water-soluble, a current issue with the tripodal opioids.
The charged nature of these compounds could offer an increased condensation
effect compared to the Cz-opioids where protonation of the piperidine ring occurs at
physiological pH. These compounds have previously been developed for
applications for the enantioselective discrimination of enantiomers, however have

not yet been investigated for possible DNA-binding interactions.

IV. 3.1. Characterisation of imidazole salts

The homochiral imidazoles shown (Figure IV-3) have three varying chiral
substituents, which consist of naphthylmethyl, apopinane, and a phenyl group. We
would expect similar binding properties of sample NAM1 and NAM3 due to the
simple aromatic nature of the chiral groups bound to the mesitylene ring, however
the reduced crowding of the chiral apopinane bound to the imidazole ring on NAM2
may offer an increased surface area for binding to occur, similar to what was

observed for the oripavine C3 compound.
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Figure IV-3. Imidazolium Salts, NAM1, NAM2, and NAM3

The homochiral imidazole samples NAM4 and NAMS (Figure IV-4) have two
different chiral groups consisting of a simple butyl group and cyclohexyl group. The
compounds shown were previously reported'?'® and were re-characterised by
electro-spray ionisation mass spectra (ESI-MS) and 'H NMR. The proton NMR
spectra of all five compounds were in accordance with the literature provided and
agreed with the expected spectra (Appendix D-2). The spectra obtained

corresponded tothe structures shown.
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Figure IV-4. Imidazolium salts; NAM4, and NAMS.

IV. 3.2. Nucleic acid screening

The ability of the imidazole compounds to condense supercoiled plasmid DNA was
determined using a method previously developed.'* Imidazole stock samples were
prepared in DMF and further diluted in 80 mM HEPES buffer (Fisher) prior to
reactions. Initial screening was conducted at drug high loading (500 uM) over 2.5 h
and 5 h incubation times to determine DNA interactions (Figure 1V-5). Two imidazole
scaffolds were identified as potential condensation agents, NAM1 and NAM2. Fully

condensed supercoiled plasmid (pUC19) was shown after 2.5 h, while samples
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NAM3 and NAMS5 exhibited a reduction in fluorescence compared to the control
lane, these scaffolds were unable to fully condense after 5 h. NAM4 showed no
change compared to the control DNA present highlighting that this compound had

no affinity towards nucleic acid condensation.
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Figure IV-5. Agarose gel electrophoresis of supercoiled dsDNA (400 ng) exposed to 500
MM concentration of NAM1, NAM2, NAM3, NAM4, and NAMS5. Reactions were carried out

in the presence of 25 mM NaCl over 2.5 h and 5 h at 37°C prior to electrophoretic analysis.

To further probe the condensation ability of NAM1, a full concentration range (5-500
MM) was conducted over both 2.5 h and 5 h incubation times to determine the
concentration at which DNA fully aggregates. The onset of condensation can be
observed at 20 uM, where the native DNA bands become fainter in appearance and
fully disappear at 100 uM, reflecting total condensation. It can be seen from clearly
that this sample can fully condense supercoiled dsDNA at 100 uM at 2.5 h (Figure
IV-6 A) and at 75 uM at 5 h (Figure IV-6 B).
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Figure IV-6. Agarose gel electrophoresis of supercoiled dsDNA (400 ng) exposed to
increasing concentrations of NAM1. Reactions were carried out in the presence of 256 mM

NaCl over 2.5 h (A) and 5 h (B) at 37 “C prior to electrophoretic analysis.
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The condensation ability of NAM2 was investigated under the similar conditions
described for NAM1. Unfortunately, this compound did not display a potent onset of
condensation at low drug loading. NAM2 showed the onset of condensation at 250

MM drug loading and completely condensed at 500 uM, Figure IV-7.
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Figure IV-7. Agarose gel electrophoresis of supercoiled dsDNA (400 ng) exposed to
increasing concentrations of NAM2. Reactions were carried out in the presence of 256 mM

NaCl over 2.5 h at 37°C prior to electrophoretic analysis.

To summarise, five imidazole Cs-scaffolds were characterised by 'H NMR
spectroscopy and ESI-MS to determine sample purity for nucleic acid screening.
Through DNA condensation investigations with supercoiled plasmid (pUC19) it was
identified that NAM1 was capable of fully condensing DNA at 75 uM over 5 h, while
NAM2 fully condensed DNA at 500 pM over 2.5 h incubation. The onset of
condensation was observed for NAM3 and NAM5 at 500 uM, however full
condensation was not observed. NAM 4 showed no onset of condensation at 500
MM. These results highlight that a non-opioid Cs-scaffolds are proficient DNA

condensation agents and now opens the path for the development of new scaffolds.

An imidazolium core is an important structural unit in medicinal chemistry and
numerous drug molecules containing this moiety are currently used in varying
treatments; it is the essential core in a number of ionic liquids and natural products
like histidine and nucleic acid bases further highlighting its importance. However it
is important to note that there are several methods for the preparation of this
imidazole core such as: Debus;'® Walach;'® and Van Leusen'” methods however
these methods suffer from drawbacks including low regioselectivity, low yields, and
poor functional group tolerance. Although continued reports of improved protocols
are emerging they are far from perfect.'® For the purpose of drug discovery, a more
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reliable and robust method can be achieved through the use of click chemistry.
Herein we aim to exploit the highly developed copper(l) catalysed click reaction to
generate a large library of tripodal systems for the tailored targeting of DNA

condensation agents.

IV. 4. Click Chemistry

In the quest to develop new pharmaceutical agents quickly and efficiently has been
an on-going expedition sought after by chemists for generations. Ideally, these
reactions would offer high producing yields, reproducibility, versatility and more
importantly with reduced purification requirements. In this regard, Sharpless and
Meldal'® independently discovered the copper(l)-catalyzed variation of the classical
Huisgen 1,3-dipolar (azide-alkyne) cycloaddition. In his landmark review in 2001,
Sharpless defined click chemistry as a group of reactions that “must be modular,
wide in scope, give very high yields, generate only inoffensive by products that can
be removed by non-chromatographic methods, and be stereospecific (but not
necessarily enantioselective).”® The Huisgen 1,3-dipolar (azide-alkyne)
cycloaddition was developed in 19632"2??2 and required long reaction times with
intense heating, often leading to a mixture of isomers. Since the introduction of this
new click reaction the concept has experienced rapid popularity across a number of
applications in pharmaceutical sciences?® such as: drug discovery,?* biochemistry,?®

chemical sensors,?%2” and polymer chemistry.?8

In a further refinement of click chemistry, Sharpless states that a click reaction must
include simple reaction conditions, the process must be insensitive to oxygen and
water, must use readily available starting materials or reagents and incorporate
either solvent free conditions or in aqueous media. Where purification is required it
must be by non-chromatographic methods and products should be simply isolated
through crystallization or through distillation procedures.?® Click chemistry itself
refers to a group of powerful linking reactions that are simple to perform; to date
there are four major classifications of click reactions that have been identified,
highlighted in Table IV-1.
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Table IV-1. Major classifications of click reactions.

Click reaction Examples

Cycloaddition 1,3-dipolar cycloadditions, hetero-Diels-Alder
cycloadditions

Nucleophile ring-openings  Opening of strained heterocylic electrophiles such as
aziridines, epoxides, and cyclic sulfates

Carbonyl chemistry of the  Formation of ureas, hydrazones, and oxime ethers.

non-aldol type

Additions to carbon-carbon Epxoidations and nitrosyl halide additions.

multiple bonds

Among the four major classifications, cycloadditions, particularly the copper(l)-
catalysed azide alkyne cycloaddition (CuAAC) reaction of azides and terminal
alkynes for the formation of 1,2,3-triazoles, are the most widely used. This metal-
catalysed reaction established a substantial improvement of the classical Huisgen-
type thermal 1,3-dipolar cycloaddition, which affords mixtures of 1,4- and 1,5-
disubstituted triazoles that required long reaction times and substantial heating. It
has been highly documented that this regioselective triazole synthesis has served
as a powerful ligation tool in the formation of new chemicals for numerous
applications.?®> Through copper(l) catalysis this reaction exclusively forms 1,4-
substituted products, making it regiospecific whereas, interestingly the ruthenium(ll)
catalysis of this reaction only forms the 1,5-triazole compared to the classical means
were mixtures are observed (Scheme 1V-1). Recent articles have shown alternative
metals for the catalysis of a 1,3-dipolar cycloaddition, such as a silver complex
reported by McNulty et al.?®3 however they highlight that silver salts alone are not
able to catalyse the reaction proving copper to be the most versatile and robust
choice. The CuAAC reaction typically does not require temperature elevation but
can be performed over a wide range of temperatures (0—160 °C), and in a variety of
solvents (including water). This reaction proceeds almost 107 times faster than the

un-catalysed version, and purification commonly consists of product filtration.?*

Copper-free click chemistry promoted by ring-strain has also been shown (Scheme
IV-1) and was first published in 1961 by Wittig et al.3! In this paper it was reported
that the reaction between the cyclic alkyne cyclooctyne reacts violently when
combined neat with phenyl azide, forming a triazole product by 1,3-dipolar

cycloaddition. This ultrafast reaction can be explained by the ring-strain in the
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cyclooctyne molecule and release of the ring-strain drives the fast reaction. The
advantage of ring-strained click chemistry is the absence of copper for reactions
carried out in vivo. It was first applied as click reaction in biological systems by
Bertozzi et al. who noted that the presence of a Cu(l) catalyst promotes cell toxicity
making it undesirable for in vivo click chemistry.3? Bertozzi®*-3>and Boons et al.®
reported even greater reaction rates when electron-withdrawing groups were placed
on the cyclooctyne ring. In recent years there has been an influx of commercially
available probes for in vitro click chemistry applications that incorporate ring-

strained cyclooctynes.

Ro
— A I:{1\N Ri<
R1_N3 —I— frm— R2 » 1 \ R2 + 1 N/\g
N Nzp
B.
J— Ri<
R1_N3 —|— —_— Rz % 1 [}] \ R
N:N 2
¢ Ru(ll R 2
—_— u ~
R1—N3 + =R #> ! l}l’\g
N:N
D_ —_ R1\N' :N N"NQN’R‘]
R1—Ng + © —_— + —
R
R» Ro

Scheme IV-1. Schematic representation of the four variations of a click reaction between
an azide and alkyne functional groups. A. Thermal Huisgen cycloaddition; B. copper(l)
catalysed click reaction; C. ruthenium(ll) catalysed click reaction; D. ring-strained click

reaction.

Azide and alkyne functional groups are known to be some of the most energetic
sets in organic chemistry but separately are also the least reactive as they are
essentially inert functional groups to most biological and organic conditions
including oxygen, water and the general conditions used in synthetic organic

chemistry and more importantly they are easy functional groups to introduce. The
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triazole ring is not a naturally occurring ring structure formed in nature but solely
synthetic, however they have become attractive connecting units because they are
stable to metabolic degradation and are capable of hydrogen bonding, which can
be favourable in the binding of bio-molecular targets and improved solubility. They
are rigid and reliable linking units that cannot be hydrolytically cleaved and are

almost impossible to oxidise or reduce unlike related aromatic heterocycles.3’

There are a number of reported methods for the preparation of the active copper(l)
species for the CuUAAC reaction, one of the most common techniques is to reduce
copper(ll) salts such as copper(ll) sulfate (CuSOa), in situ to its copper(l) form, and
this is predominately performed by the addition of a reducing agent in excess such
as sodium ascorbate (Na-L-ascorbate), which is typically in excess. This technique
allows reactions to be carried out in an oxygenated environment and in aqueous
conditions. A major disadvantage of this method is that the reducing agent could
reduce the copper(l) species to its copper(0) form, however this can be easily
controlled through stoichiometrically controlled ratios of the reducing agent or the
addition of a copper stabilizing agent.?® An alternative method for the preparation of
the active catalyst is to directly add a copper(l) salt, such as copper(l) bromide
(CuBr), and copper(l) iodide (Cul). A major drawback of this approach is that they
must be performed in an deoxygenated environment, organic solvent, and often in

the presence of excess base such as DIPEA or 2,6-lutidine.3®

In a short period click chemistry has had a dramatic and diverse impact in the area
of drug discovery and development. Indeed, the versatility of CuUAAC seems
endless, offering new targets to be prepared through fewer reaction steps and
through limited purification required. This project was aimed at exploiting the well
documented CuAAC reaction for the preparation of a library of Cs-symmetric
polyamine scaffolds for the applications of nucleic acid condensation. These
scaffolds incorporate three “clickable” sites and will be further referred to as “Tri-
Click” scaffolds, shown in Scheme IV-2. The synthetic aim for the preparation of this
library included using commercially available reactive handles containing either
azide or alkyne functional groups, and keeping the reaction steps to a minimum
when possible. The ability to prepare novel scaffolds quickly for screening purposes

was an important aspect of this work.
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N=N

N3 N3 R cu(l)

Scheme IV-2. Schematic representation for the preparation of the Tri-Click scaffolds

through CuAAC reaction. The R represents terminal modifications.

IV. 4.1. Establishment of an azide containing mesitylene core unit and click
reactions

In concept with the theme of the work described so far, a tripodal core structure was
incorporated  through  the generation of 1,3,5-tris(azidomethyl)-2,4,6-
trimethylbenzene (triazide) as the starting point in the generation of a library of
polyamine scaffolds produced through CuAAC chemistry. The triazide compound
was prepared from 2,4,6-tris(boromomethyl)mesitylene in DMF in the presence of
excess sodium azide as shown in Scheme IV-3.3° The reaction was performed at
0°C while sodium azide was added in portions controlled slow additions and allowed
to warm to rt and stir under ambient conditions. The product was extracted using
EtOAc and recrystallized from Hex:EtOAc to afford a white crystalline solid.
Precautions should be taken in the preparation and storage of this compound,

azides

Br Br i) NaNg, DMF, 0 °C, 1 h Na Na
i) DMF, it,23h

Br N3

Scheme IV-3. Reaction scheme for the generation of triazide compound.*

Reactions were performed with two alkynes, 4-bromo-1-butyne and 2-methyl-3-
butyn-2-ol, both selected due to their commercial availability and also to act as
controls within the nucleic acid condensation screen. It was envisioned that these
two products would act as standards to study the interactions of the triazole rings
towards nucleic acid binding and act as a comparison for the amine containing
scaffolds, along with finding the optimum conditions for the preparation of a Tri-Click

product.
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N3 N3 — i) CuSO,4, Na-L-ascrobate _/-'(/t ' \ f\»’\,s
+ = \ - Br N—N N.N r
Br ii) CuBr, DIPEA, ACN, N,
Wt
N3

Br N=N
Scheme IV-4. Reaction conditions attempted for the click reaction with 4-bromo-1-butyne.
i) CuSOs (1-5%), Na-L-ascorbate (5-10%) 25 °C and ii) CuBr (1-5%), DIPEA (5-10%),
ACN, N, 25 °C.

Previously reports have shown, that catalytic amounts of CuSOg, usually between
1-5% mole loading, and Na L-ascorbate (5-10 % mole loading) was required to
efficiently click an alkyne functional group with an azide affording the 1,3-triazole
ring. This systematic approach was attempted for the click reactions with the triazide
starting material to determine an appropriate copper-loading ratio in an appropriate
solvent system, Scheme IV-4. The reactions attempted with 4-bromobutyne are
described in Table 1V-2. From this table it can be summarised that CuSOs in the
presence of Na-L-ascorbate resulted in no product formation. The result of these
reactions leads us to believe that CuSO4was not reducing to the copper(l) oxidation
state and to eliminate this possibility, CuBr was substituted as shown in reaction
NS114 and NS115 resulting in the formation of the product in high yield of 85%. The
reaction conditions required an inert atmosphere in the presence of CuBr; when an
excess of CuBr was present (as in NS115) the reaction was complete over 24 h as
compared to NS114 were a reaction time of 72 h was required for the complete
conversion of the target compound. The long reaction time was believed to be due
to the three “click” sites on the triazide, along with the insolubility of CuBr. From the
results, CuBr was an ideal copper(l) catalyst for the click reactions with the triazide
parent scaffold. Although these conditions require the use of inert atmosphere,
organic solvent, and the presence of a base, the isolation and yield of the desired
product make these conditions more attractive. The reaction was further optimised
by addressing the solvent choice for catalytic loading of CuSO4 which lead to the
formation of the desired product in high yield (85%). The final conditions are outlined
in Appendix D-3, briefly the azide and alkyne reagents were dissolved in a solvent
mixture of THF/H20 (1:1) and CuSO4 (1%) was added in the presence of reducing
agent Na L-adsorbate (5%).
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Table IV-2. Reaction conditions of triazide and 4-bromo-butyne click reaction.

Reaction Conditions Success

NS110 To a solution of triazide (1 mmol) and 4-bromo-butyne (3 mmol) X
in THF/H,O (1:1, 10 ml), CuSOs4 (1%) and Na-L-ascorbate (5%)
was added, the reaction was carried out at 25°C, 24 h.

NS112 To a solution of triazide (1 mmol) and 4-bromo-butyne (3 mmol) X
in t-BuOH/H,O (1:1, 10 ml), in the presence of CuSO4 (1%) and

Na-L-ascorbate (5%), reaction was carried out at 25°C 72 h.

NS113 To a solution of triazide (1 mmol) and 4-bromo-butyne (3 mmol) X
in THF/H20 (1:1, 25 ml), in the presence of CuSO4 (5%) and
Na-L-ascorbate (10%) reaction stirred at 25°C, 24 h.

NS114 To a solution of triazide (1 mmol) and 4-bromo-butyne (3 mmol) v
in ACN (10 ml), CuBr (1%) and DIPEA (5%) was added under
inert atmosphere (N2) at 25°C, 72 h.

NS115 To a solution of triazide (1 mmol) and 4-bromo-butyne (3 mmol) v
in ACN (25 ml) in the presence of DIPEA (10%), CuBr (5%)
was added under inert atmosphere (N) stirring at 25°C, 18 h.

For the preparation of Tri-Click scaffold incorporating the 2-methyl-3-butyn-2-ol, the
synthesis was greatly simplified just requiring catalytic loading of CuSO4 (1%) and
Na-L-ascorbate (10%), Scheme IV-5. The product was isolated as a precipitate from
the reaction in good yield (71%). This reaction was reproducible and highlighted
from the onset that this reaction fits within Sharpless’s required traits for a desirable

click reaction.

N3 N3 / CuSO0, (1%), Na-L-ascrobate (10%) HOMN"\‘ NNMOH
+ =—4OH - N* *N
\ THF:H,0 (1:1, 10 ml), 1t, 24 h
HOM N
N=N

Scheme IV-5. Reaction conditions for the preparation of Tri-Click 2-methyl-3-butyne-2-ol.

Following from the success of the click reactions from the triazide scaffold, a series
of amine containing alkyne handles was established to mimic the piperidine ring on
the opioid scaffold. The series of alkyne handles are highlighted in Figure 1V-8
varying from a simple propargylamine to that of an aromatic ethynylaniline series.

In each series there is a primary, secondary and tertiary amine present in the alkyne
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handles to allow for a structure activity relationship study for nucleic acid binding

and condensation properties.

b

H2N \/// H2N —
HoN \/:
Propargylamine 3-Ethynylaniline 4-Ethynylaniline
H = —
74 HN—@—_
H X
N-Methylpropargylamine 3-Ethynyl-N-methylaniline 4-Ethynyl-N-methylaniline

N, N-Dimethylpropargylamine 3-Ethynyl-N,N-dimethylaniline 4-Ethynyl-N,N-dimethylaniline
Figure IV-8. Molecular structures of alkyne amine compounds selected for click chemistry

reaction.

From the target alkyne handles shown Figure 1V-8, a small library of 9 compounds
was envisioned to be prepared through the use of click chemistry with the triazide
parent structure. In the cases of the alkyne handles that are not commercially
available, these alkyne handles were easily prepared and will be discussed as such.
The main aim of generating these Tri-Click compounds was to make them in the
minimum required steps, quickly, efficiently and with little to no purification through

copper(l) catalysed click chemistry.

IV. 4.2. Development of the Tri-Click propargylamine series

The first series developed via click chemistry was the propargylamine series,
consisting of propargylamine, a primary amine, N-methylpropargylamine, a
secondary amine, and N,N-dimethylpropargylamine, a tertiary amine. The three
alkyne handles are commercially available through Merck and are shown in Figure
IV-9.
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HZN\// /N// /N\//
Propargylamine N-Methylpropargylamine N,N-Dimethylpropargylamine
Figure IV-9. Propargylamine Alkyne handles.

The reaction conditions attempted for the formation of the propargylamine click
product are summarised in Table IV-3. Initially no click product could be formed
directly from propargylamine with the triazide scaffold. A series of reactions
conditions were attempted including the typical reaction conditions using CuSOasand
a reducing agent, Na-L-ascorbate. Following from this, CuBr was substituted as the
copper(l) source to promote the formation of the desired click product. The reactions
involving propargylamine did not yield any product and to study this further a click

reaction was attempted using N, N-dimethylpropargylamine as seen in Scheme 1V-6.

Table IV-3. Reaction conditions for the triazide and propargylamine click reaction.

Reaction Conditions Success

NS124 To a solution of triazide (1 mmol) and propargylamine (3 X
mmol) in THF/HO (1:1, 10 ml), in the presence of CuSO,
(1%) and Na-L-ascorbate (5%) at rt, 24 h.

NS126 To a solution of triazide (1 mmol) and propargylamine (3 X
mmol) in THF/HO (1:1, 10 ml), in the presence of CuSO,
(5%) and Na-L-ascorbate (10%) at 40°C, 24 h.

NS135 To a solution of triazide (1 mmol) and propargylamine (3 X
mmol) in ACN (10 ml), in the presence of CuSO4 (10%) and
Na-L-ascorbate (20%) under nitrogen at rt, 72 h.

NS137 To a solution of triazide (1 mmol) and propargylamine (3 X
mmol) in ACN (25 ml), CuBr (1 mmol) was added under
nitrogen at rt, 48 h.

NS141 To a solution of triazide (0.7 mmol) and propargylamine (2.1 X
mmol) in ACN (20 ml), CuBr (1.2 mmol) was added under
nitrogen at reflux, 120 h.

NS146 To a solution of triazide (1mmol) and CuBr (1 mmol) in ACN X
(20 ml) propargylamine (3.1 mmol) was added as a solution
in ACN (5 ml) over 30 min, reaction carried under nitrogen at
rt, 48 h.
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The reaction conditions used for the click reaction of N-methylpropargylamine and
N,N-dimethylpropargylamine were CuBr in the presence of DIPEA over 72 h in a
solution of acetonitrile (ACN), Scheme IV-6. The reaction between N,N-
dimethylpropargylamine and the triazide compound afforded the desired click
product on first attempt which suggested perhaps a primary and secondary amine
could be interfering with the copper source, where a tertiary amine cannot. However,
although a secondary amine would be expected to offer enough shielding from the
copper(l) catalyst in the case of N-methylpropargylamine, a methyl group may not
be a large enough blocking group to displace any unwanted reaction/coordination
between the amine and the copper(l) catalyst. To test this hypothesis, amine
protection chemistry was utilised to understand the reactivity of a primary amine

under click chemistry conditions.

N3 Na ~N N

CuBr, DIPEA, =N N=N N=y' N—
+ ,!, \/// > \ /
- ACN, reflux, Np, 72 h

N3 —N N=N

Scheme [IV-6. Reaction conditions for the preparation of Tri-Click N,N-

dimethylpropargylamine.

Common amine protecting groups include tert-butyl carbamate groups (Boc),
fluorenylmethyloxycarbonyl chloride (FMOC) groups and phthalimide groups. For
the purpose of this project the Boc protecting group was chosen due to its stability
in basic conditions simplicity of use and ease of displacement. The formation of the
Boc-protected amine can be prepared in both aqueous and anhydrous conditions in
the presence or absence of a base. The reaction mechanism of the Boc-protected
product of propargylamine is highlighted in Scheme IV-7. The amine attacks a
carbonyl site on the di-tert-butyl-dicarbonate compound and tert-butyl carbonate is
formed as a leaving group. Tert-butyl carbonate picks up a proton from the now
protonated amine resulting in the final Boc-protected amine. Side products of this
reaction include tert-butyl bicarbonate, which is further broken down to CO> and tert-
butanol. Boc-protected amines can be cleaved under anhydrous acidic conditions

with common reagents such as HCI and trifluoroacetic acid (TFA).
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Scheme IV-7. Mechanism of Boc-protection of propargylamine.

For the Boc-protection of propargylamine and N-methyl-propargylamine, the amine
was stirred in DCM over ice while the tert-butyl-dicarbonate was added
dropwise.*%4! The formation of the Boc-amine products were monitored steadily by
TLC and the resulting solution was concentrated to afford the crude sample which
was purified by column chromatography. Boc-propargylamine and Boc-N-
methypropargylamine products were used in a click reaction with the triazide
compound to afford the desired click products shown in Scheme IV-8. The final click
products were purified through column chromatography a white and yellow solid for

the Boc-propargylamine and Boc-N-methylpropargylamine respectfully, in moderate

yields.
o) N
N N »_ /\(/?l '\ul/y\ ’(O
5 3 i) BOC, DCM, 1t, 16 h NR  N=N N=y" N
+ RHN\/// - Y R O
ii) CuBr, DIPEA, ACN, N/\B’\ o
reflux, N,, 18 - 24 h
: N N NJ(

Where R = H or CHy
Scheme IV-8. Reaction conditions for the preparation of Boc-ligands (i) and click reaction
with Boc-propargylamine and Boc-N-methylpropargylamine (ii), where R represents either

H or CHjs for propargylamine and N-methylpropargylamine.

Attempts to remove the Boc-protecting groups for each product resulted in loss of
product or degradation of the final product, as seen by '"H NMR spectra. Boc removal
was carried out using anhydrous HCI (4 M in dioxane) and TFA in DCM at varying
equivalents to no avail. Keeping in mind of the scope of this project a multistep
reaction procedure was less than ideal and the use of catalytic copper loading was
revisited under alternative conditions. The solvent mixture was changed from THF
to tert-butanol (--BuOH) a more polar protic solvent used in the first click reactions
reported by Sharpless.?® The preparation of Tri-Click propargylamine and N-
methylpropargylamine products was achieved through careful reaction conditions
outlined in Appendix D-3. In brief, Tri-Click propargylamine was successfully

synthesised in a solvent mixture of degassed -BuOH/H20 (1:1) with Na-L-ascorbate
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(5%) and CuSOs4 (1%) under a nitrogen atmosphere at room temperature, Scheme
IV-9. A high yield of 84% was achieved and the product was fully characterised. The
Tri-Click N-methylpropargylamine product was prepared in the same manner

detailed in the appendix (D-3).

7 "N N7
N3 N3 CuS0O, (1%), Na-L-ascrobate (5%) /\(t' '%
. _ RHN \=N N=\'  NHR
£BUOH/H,O (1:1), t, Ny, 18 h
N7\
N \
s N:,\?’\NHR

Where R =H or CHy
Scheme IV-9. Reaction conditions for the preparation of Tri-Click propargylamine and N-

methylpropargylamine. Where R represents either H or CHa.

IV. 4.3. Development of the Tri-Click 3-ethynylaniline series

The 3-ethynylaniline series was targeted as shown in Figure 1V-10, similar to that of
the propargylamine series that was previously discussed the primary and secondary
amines interfered with the copper(l) catalyst and did not afford the desired Tri-Click
product, however the tertiary amine was successfully synthesized with no protection
chemistry required as shown in Scheme [V-10. Ideally, click reactions can be
performed in aqueous conditions without the need for protection groups, however
this only applies to products that are water soluble, and since the ethynylaniline
reagents were not water soluble, an organic solvent had to be used to fully dissolve
them which required amine protection chemistry to avoid unwanted side reactions.
As the 3-ethynyl-N-methylaniline, and 3-ethynyl-N, N-dimethylaniline reagents were
not commercially available at the time they were prepared from the starting material

3-ethynylaniline (Appendix D-3).

N N /©\
HoN : \Q N : \Q N Q

H I
3-ethynylaniline 3-ethynyl-N-methylaniline  3-ethynyl-N, N-dimethylaniline

Figure IV-10. 3-Ethynylaniline series: 3-ethynylaniline, 3-ethynyl-N-methylaniline, and 3-
ethynyl-N, N-dimethylaniline.

The starting material 3-ethynylanline was commercially available and from this
starting material the 3-ethynyl-N, N-dimethylaniline alkyne linker was prepared in the

presence of excess caesium carbonate stirring at rt with the addition of excess
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methylating agent, iodomethane.*?> The product was easily isolated through column
chromatography in moderate yields of ~30%. Attempts were made to improve the
yield by substituting an alternative base in the place of caesium carbonate;
potassium carbonate and potassium hydroxide were attempted and in both cases

no improvement in yield was achieved.

If i) Cs,COs, Mel, DMF, N=N
40°C, 24 h N
+ >

Ny ii) CuBr, DIPEA, ACN, _N "
NH, 50 °C, 24 h \ )

N3

Scheme IV-10. Reaction scheme for the preparation of the Tri-Click scaffold with 3-3-

ethynyl-N, N-dimethylaniline.

Boc was used as a protecting group for the preparation of Boc-3-ethynylaniline and
Boc-methyl-3-ethynylaniline. The Boc-3-ethynylaniline ligand was obtained in high
yield (94%) and purified through column chromatography to afford a colourless
liquid. This product was successively used in a click reaction with the triazide
scaffold after a period of 48 h at 50 ‘C, Scheme 1V-11. For the preparation of the
Boc-methyl-3-ethynlaniline compound a stronger base was used to deprotonate the
protected amine, method adapted from similar work.43>44 Through the presence of 3
molar equivalents of sodium hydride and excess iodomethane the methylated Boc-
3-ethynylaniline was successfully prepared, however careful column
chromatography was required to successfully remove any unreacted Boc-3-
ethynylaniline. This product was successively used in a click reaction with the
triazide scaffold to afford the click product. The removal of the Boc protecting group
was easily achieved through the use of excess TFA (16 molar equivalents) in DCM,
highlighted Scheme 1V-11. The deprotected products were isolated through a flash
column and dried under reduced pressure to afford two beige solids (Appendix D-
3). However, the Tri-Click methyl-3-ethynylaniline product is hygroscopic and

required storage under argon.
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H i) CuBr, DIPEA, ACN, H-
N reflux, N, 18 - 24 h y N
\ » No, I/
N3 R iiiy TFA (16 eq), DCM, 0°C N
Where R = H or CH3
H-N,

R
Scheme IV-11. Reaction scheme for the preparation of the Tri-Click 3-ethynylaniline and 3-

ethynyl-N-methylaniline scaffolds. Where R represents either H or CHs.

IV. 4.4. Development of the Tri-Click 4-ethynylaniline series

To establish a complete structural activity relationship for the ethynylaniline series
an aromatic ring with a para substituted amine functional group with a primary,
secondary and tertiary amine were designed as alkyne reactive handles for the
preparation of Tri-Click products with the core triazide scaffold. The 4-ethynylaniline

series was targeted as shown in Figure 1V-11.

— \NO_—
H N—< >—_ HN—< >—_ =
2 / /
4-ethynylaniline 4-ethynyl-N-methylaniline 4-ethynyl-N,N-dimethylaniline

Figure IV-11. Para-ethynylaniline series: 4-ethynylaniline, 4-ethynyl-N-methylaniline, and

4-ethynyl-N,N-dimethhylaniline

The starting material 4-ethynylaniline was commercially available (Merck) and from
this starting material the 4-ethynyl-N,N-dimethylaniline alkyne linker was prepared
under the same reaction conditions used for the preparation of 3-ethynyl-N,N-
dimethylaniline compound. This product was successfully clicked to the triazide
parent scaffold as previously described, Scheme IV-12. However, in parallel to
current findings the unprotected 4-ethynylaniline-alkyne handle did not form the
desired click product, and Boc protection was used to mask the primary amine from

unwanted side reactions.
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ii) CuBr, DIPEA, ACN, N N=N N=N ,
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Scheme IV-12. Reaction conditions for the preparation of Tri-click scaffold with 4-ethynyl-

N, N-dimethylaniline.

For the preparation of 4-ethynyl-N-methylaniline, 4-ethynylaniline was first Boc-
protected. The Boc-protection of 4-ethynylaniline was carried out as per literature
procedures,* and was isolated as a white solid. The reaction conditions are outlined
in Scheme IV-13. The first attempt as the subsequent methylation reaction for the
preparation of this alkyne handle recovered the desired product by 50% through 'H
NMR spectroscopy, however the attempted purification of this product from the
starting material proved troublesome. Literature procedures highlighted this product
was purified by column chromatography on an elution system of Hex:EtOAc (varying
ratios). This was attempted using a gradient system with increasing ratios of ethyl
acetate to hexane to allow for a clean separation. Unfortunately, this was
unsuccessful and constant co-elution of the product with this solvent system
prevailed. The reaction was repeated using an increased ratio of sodium hydride (4
equivalents) and longer reaction time to try achieving higher conversion to the
methylated derivative. This was successfully achieved and a 70% conversion was
observed through '"H NMR spectroscopy, again this product could not be cleanly
separated from the starting Boc-aniline using standard chromatography methods,
alternative purification methods were attempted such as recrystallisation. A final
attempt at fully converting this product was achieved with the highest conversion
rate of 80% achieved, however after several attempts at purification this product
was not separated from the starting material and it was deemed not feasible to

continue to the next step in the synthesis.

— Z #Z
Z BOG o Z NaH, Mel o] Z
THF, Ny, reflux, 18h ﬂ\ N B, i 2h X ﬁ\ R
H.N y N2,y 3 O ” y Y O ’i‘

2

Scheme IV-13. Reaction scheme for the attempted preparation of Boc-4-ethynyl-N-

methylaniline
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Due to the success of the Boc-protected amine containing alkyne handles this
method was adapted to incorporate a Boc-protected para-ethynylaniline alkyne for
the preparation of the final click product. Unfortunately, all attempts at producing a
copper(l) catalyst click product proved unsuccessful, Scheme IV-14. A series of

reaction conditions were attempted and the key few are highlighted in Table 1V-4.

A(o.</°

HN
N N3 i) BOC, DCM, t, 16 h 7N NN ¥-O
+ AV N:N N:N
. LAY o)
ii) CuBr, DIPEA, ; (
ACN, N, N N
N3 NH, 0

Scheme IV-14. Attempted synthesis of Tri-Click scaffold with boc-4-ethynylaniline.

Reaction conditions included CuBr as the copper(l) source in the click reaction with
the triazide parent scaffold, all reactions were carried out in dry degassed
acetonitrile. The first attempt recovered only starting materials and no click product;
longer reaction times were then attempted at both room temperature and elevated
temperature with no success. This was unusual given that the 3-ethynylaniline
series were successfully prepared using these established conditions. CuSO4 was
then attempted in the presence of excess Na-L-ascorbate to reduce the copper(ll)

to its copper(l) oxidation state in situ, however this approach failed.

Products containing similar functional groups/structures to 4-ethynylaniline have
been prepared using click chemistry methods, typically CuSOs was used as the
copper(l) source achieving moderate yields*®#” and using Cul with the presence of
an additive.*® Similarly 4-ethynylaniline has been used in a click reaction through
microwave assisted synthesis.*® However this alkyne handle is more predominantly
used in Sonogashira cross-coupling reactions® and precursors for an alkyne handle
used in a CUAAC reaction.> Nonetheless it is important to highlight that in all these
cases only one clickable sight on the parent azide compound was present. Similar

conditions were attempted using the triazide compound to no success.
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Table IV-4. Reaction conditions attempted with boc-4-ethynylaniline.

Reaction Conditions Success

NS152 To a solution of triazide (1 mmol), DIPEA (1 mmol) and CuBr X
(1 mmol) in ACN (25 ml), Boc-4-ethynylaniline (3.1 mmol) was
added as a solution in ACN (5 ml). The reaction was carried
out under nitrogen at rt, 24 h.

NS162 To a solution of triazide (1 mmol), DIPEA (1 mmol) and CuBr X
(1 mmol) in ACN (25 ml), Boc-4-ethynylaniline (3.1 mmol) was
added as a solution in ACN (5 ml) over 10 min. The reaction
was carried out under nitrogen at 50°C, 24 h.

NS186 To a solution of triazide (1 mmol), DIPEA (1 mmol) and CuBr X
(1 mmol) in ACN (25 ml), Boc-4-ethynylaniline (3.1 mmol) was
added as a solution in ACN (5 ml) over 15 min. The reaction
was carried out under nitrogen at rt, 144 h.

NS188 To a solution of triazide (0.7 mmol), Na-L-ascorbate (20%), X
CuSO04 (10%), THF/H,O (1:1, 10 ml). Boc-4-ethynylaniline (2.2
mmol) was added and reaction left to stir at rt, 16 h.

NS190 To a solution of triazide (1 mmol), DIPEA (1 mmol) and CuBr X
(1 mmol) in degassed ACN (25 ml), Boc-4-ethynylaniline (3.1
mmol) was added as a solution in ACN (5 ml) over 10 min. The
reaction was carried out under argon at 50°C, 72 h.

NS199 To a solution of triazide (1 mmol), DIPEA (1 mmol) and CuBr X
(1 mmol) in degassed ACN (15 ml), Boc-4-ethynylaniline (3.1
mmol) was added as a solution in ACN (5 ml). The reaction
was carried out under nitrogen at reflux, 24 h.

NS202 To a solution of triazide (1 mmol) and Boc-4-ethynylaniline (3.1 X
mmol) in THF/H20 (1:1, 10 ml), in the presence of CuSO4 (5%)
and Na-L-ascorbate (10%) at 30°C, 48 h.

NS204 To a solution of triazide (0.7 mmol) and boc-4-ethynylaniline X
(2.17 mmol) in t-BuOH/H20 (1:1, 10 ml), in the presence of
CuSO0: (1%) and Na-L-ascorbate (10%) at 50°C, 24 h.

NS210 To a solution of triazide (1 mmol), TEA (1 mmol) and Cul (1 X
mmol) in dry DMF (20 ml) a solution of Boc-4-ethynylaniline
was added slowly over 20 min in a solution of DMF (5 ml),

reaction was carried out under nitrogen at rt, 24 h.

104



The inability to form the Tri-Click scaffold may also be due to the deactivating
resonance structure of 4-ethynylaniline shown in Scheme [V-15. Hergenrother
proposed this deactivating resonance structure when attempting to prepare N-(4-
ethynylphenyl)phthalimide by applying the same conditions used to prepare the N-
(3-ethynylphenyl)phthalimide derivative.>? He later developed a new method for the
preparation of the phthalimide derivative successfully, however this deactivating
resonance structure may be the reason for the Tri-Click product being unable to

form.

R ® ©
Hgl\a@lCigH ——— H>N C=CH

Scheme IV-15. Proposed resonance structure of 4-Ethynylaniline.>®

To further probe this theory, N-(4-ethynylphenyl)phthalimide was prepared as per
outlined® with one minor alteration, acetonitrile was substituted in the place of
dimethylacetamide (DMAC) for the solvent system. The phthalimide protecting
group was envisioned to offer more protection against the resonance structure than
previously pursued Boc-protected adduct and can be easily removed by a reducing
agent such as hydrazine hydrate. Reactions were attempted using catalytic loading
of CuSO4 and molar equivalents of CuBr in the presence of a base under inert
conditions, Scheme IV-16. Through 'H NMR monitoring these reactions did not

proceed and no Tri-Click product was obtained.

[ i) pthahc anhydnde ACN,
S i) CuSO, , Na-L-ascrobate
NH ii) acetic acid, pyrldlne ii) CuBr, DIPEA,
2 reflux, 1 h ACN, N,

o]
Noy —X—

X
&o

Scheme IV-16. Reaction conditions for the preparation of N-(4-ethynylphenyl)phthalimide,

and attempted synthesis of the Tri-Click scaffold.
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To further the study of the 4-ethynylaniline, 4-(2-propynyloxy) aniline was identified
as a possible solution to the resonance issues suspected with the 4-ethynylaniline
products. This alkyne was commercially available and it also suited the project aims
to use diverse commercially available amine containing reactive handles. The
reaction pathway is outlined as per Scheme IV-17 where the alkyne was first Boc-
protected prior to reacting with the triazide scaffold, attempts were also made with
the free amine scaffold prior however no product formed. Unfortunately, all attempts
made did not result in the desired product. Catalytic loading of CuSOs was
attempted and no product formed. Reaction conditions with CuBr, DIPEA, and dry
ACN under nitrogen conditions were attempted also. TLC and '"H NMR monitoring
of this reaction showed only starting materials present and indicated that no triazole

rings had formed.

e ||) CuBr DIPEA /\(/\L\l

reflux, 1 h

[e) I\
iad &
N
o (o]
g(/j r\";‘ HN-{O
\\\,O\©\ __BOC \©\ J< i) CuSO4 Na-L-ascrobate N i
NH, NJLO

Scheme IV-17. Reaction pathway for attempted synthesis of the Tri-Click product of 4-(2-

propynyloxy)aniline.

To examine the hypothesis that the presence of three click sites that in hindering
the final step of the para- substituted aniline alkyne handles, the preparations of the
mono-azide and di-azide derivatives of the triazide parent scaffold was carried out.
The 2,4,6-trimethylbenzyl azide (mono-azide) were generated from a?-
chloroisodurene stirring at an elevated temperature of 65°C with 3 equivalents of
sodium azide to form the mono-azide compound as per literature methods.>3°* The
reaction conditions attempted for the click reaction with the mono-azide compound
and Boc-protected anilines are highlighted in Scheme [V-18. Literature standard
procedures for classical CuAAC reactions were first attempted with catalytic
proportions of CuSO4 (1-5%) with excess Na-L-ascorbate (10-20%) in a mixture of
aqueous and organic solvent (THF/t-BuOH) but these resulted in no product
formation. Alternative copper(l) sources such as CuBr and Cul were then attempted

without success.
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\n/ j< i) CuSO, , Na-L-ascrobate
ii) CuBr DIPEA,
ACN, Ny, ><

iii) Cul, N»

B. oy’

\/O\©\ i) CuSO, , Na-L-ascrobate v O
[E( h a1k x> &
ii) CuBr, DIPEA,

iiil) Cul, N2

Scheme IV-18. Attempted synthesis of mono-azide with (A) Boc-4-ethynylaniline and (B)
Boc-4-(2-propynyloxy) aniline.

1,3-bis(azidomethyl)-2,4,6-trimethyl benzene (di-azide) was prepared in similar
manner to the mono-azide compound, stirring at an elevated temperature of 60-
70°C with excess sodium azide until complete substitution of the halogen was
achieved using starting material 2,4-bis(chloromethyl)-1,3,5-trimethylbenzene.>355
The reaction scheme for the di-azide and Boc-protected anilines is outlined in
Scheme IV-19. Several reaction conditions were attempted for each aniline starting
material and no product was recovered. Through 'H NMR spectroscopy the reaction
appears to show the formation of up to one triazole ring, however the quantification
by NMR was low and the product could not be easily isolated following reaction

workup.

A.
N\ﬂ/o i) CuSO, , Na-L-ascrobate ° HN‘©§(/\’,\‘ N@NH o
\’< X—> = N=N N=pN
ii) CuBr DIPEA 0 o

|||) CuI Nz 7<

\/0
i) CuSO, , Na-L-ascrobate 7 N N
s T Ak 5% X o 0o =N’j©fp’\o@””
N0 ii) CuBr DIPEA 0~ N N ob—o
|||) CuI N2

Scheme IV-19. Attempted synthesis of di-azide with (A) boc-4-ethynylaniline and (B) Boc-
4-(2-propynyloxy) aniline.

In a final attempt to prepare a para-substituted ethynylaniline Tri-Click scaffold, 1-
ethynyl-4-nitrobenzene was employed. The synthesis of the Tri-Click scaffold is
outlined in Scheme 1V-20, where catalytic loading of CuSQO4 (1%) resulted in the
precipitation of the desired scaffold as a pink solid in high yield, 93%. Nitrobenzene
can be easily converted to phenylamine using a mixture of tin and concentration

HCI, the mixture was typically refluxed for up to 1 h to allow for the full conversion
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into phenylammonium ions, which can be neutralised using sodium hydroxide.
When this approached was attempted degradation of the triazole ring was identified
by "H NMR. The conditions required to reduce the nitro group proved excessively
harsh for the triazole rings present and sodium borohydride was then attempted as
per literature procedures® but unfortunately product degradation was also
observed. Lastly, catalytic hydrogenation with palladium on carbon (Pd/C) was
attempted. This reaction was attempted using 10% Pd/C with constant hydrogen
bubbling through the system over a prolonged period. The reaction was monitored
by TLC and 'H NMR, reduction of the nitro groups were successful however over
reduction was observed resulting in the opening of the triazole ring. Although
attempted reduction of the nitro Tri-Click product was deemed unsuccessful, the

nitro-product was included for nucleic acid screening.

I O,N /N NWNOz
N3 N3 CuS0O, (1%), Na-L-ascrobate (10%) ~©§C,\'l N=

. - N

+BUOH/H,0 (1:1), t, Np, 16
OZN_Q\(/\N
N3 NO, =N

Scheme IV-20. Reactions conditions for the preparation of the Tri-Click 1-ethynyl-4-

nitrobenzene scaffold.

IV. 4.5. Development of polyamine controls

As a series of Tri-Click products have been targeted as potential lead compounds,
it was important to consider compounds without triazole substituents that will allow
a clear comparison to related polyamine structures. For this purpose, three
polyamines were selected and are shown in Figure 1V-12. Each structure retains the
mesitylene core with varying polyamine chains, the simplest of them being 3,5-
tris(aminomethyl)-2,4,6-trimethyl benzene (Tri-amine), which has the potential to
have a 3+ charge in solution. The other two polyamine controls, on the other hand,

have the potential to have up to 6+ charge in solution.
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NH,

NH,
N, p J

NH NH

NH,
H H H H

NH ~N N~ H,N N N NH

2 HoN NH, N~ ~N\ N2

Figure IV-12. Molecular structures of control polyamines. Left: 1, 3, 5-tris(aminomethyl)-2,
4, 6-trimethyl benzene (Tri-amine); Centre: N',N' ,N' -((2,4,6-trimethylbenzene-1,3,5-triyl)
tris(methylene)) tris(ethane-1,2-diamine); Right: N',N',N' ~((2,4,6-trimethylbenzene-1,3,5-

triyDtris(methylene)) tris(propane-1,3-diamine).

All three control compounds were previously reported in the literature and were
prepared according to reported procedures. The preparation of the tri-amine
scaffold was carried out as per literature procedures from the triazide starting
material previously generated.?®*"%® For the preparation of N',N",N'-((2,4,6-
trimethylbenzene-1,3,5-triyl)  fris(methylene))  tris(ethane-1,2-diamine)  and
N',N" N''-((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene)) tris(propane-1,3-
diamine) slight modifications to the literature procedure were carried out.® Apart
from the preparation of the triamine scaffold, the preparation of these scaffolds
heavily relies on the complete conversion of the product and volatile starting diamine
reagents for a means of purification. The conditions used for this type of Sn? reaction
would not transfer as easily to a wider range of ligands and thus would require

significant reaction optimisation.

IV. 5. Conclusion

Preliminary results identified cytotoxicity towards the CHO-K1 mammalian cell line
by the Cs-opioid OC3. While this cytotoxic response was not desirable, further
development and screening of related compounds may facilitate the discovery of
biocompatible C3 analogues. Non-opioid scaffolds NAM1 and NAM2 bearing an
imidazole linking chain from the mesitylene core were identified as nucleic acid
binding agents, inducing condensation at moderate concentrations of 75 uM
(NAM1). These results highlighted that DNA condensation can occur through non-

opioid C3 scaffolds and a library of Tri-Click scaffolds was developed.
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The CuAAC reaction was exploited in the preparation of novel Cs-Tri-Click scaffolds
for the development of new class of DNA condensing agents. These systems were
modelled from the previously developed Cz-opioid scaffolds resulting in a simplified
polyamine structure. In total, ten Tri-Click scaffolds were prepared, including
primary, secondary, and tertiary terminal amines along with a bromo, hydroxyl and
nitro end terminal end group. The majority of the reagents and starting materials
were commercially available and only moderate modifications were required prior to
the final click reaction. Where we experienced difficulties at first with the classical
means of generating the copper(l) ions required through the reduction of CuSOa in
situ, the alternative method of a direct copper(l) source such as CuBr was found to

be a suitable reaction condition yielding moderate to high yields.

The synthesis of a 4-ethynylaniline Tri-Click scaffold was challenging and attempts
with Boc and phthalimide protection yielded no success. An alternative ligand 4-(2-
propynyloxy) aniline was also unable to undergo formation to a Tri-Click product.
The attempted synthesis of mono and di-azide mesitylene cores did not shed any
light to why a para substituted scaffold results in limited reactivity. A nitro-benzene
scaffold was successfully synthesised, however, and followed desirable click
reaction conditions described by Sharpless. Here, catalytic loading of CuSO4 (1%)
was used and the product was easily isolated as a pink precipitate in high yield
(93%). Although attempted reduction of the nitro Tri-Click product was unsuccessful,

the nitro-product was included for nucleic acid screening.

Finally, to allow for a direct comparison, three Csz-polyamines were prepared for
nucleic acid screening. Each structure retains the mesitylene core with varying
polyamine chains with the simplest of them being 3,5-fris(aminomethyl)-2,4,6-
trimethyl benzene (Tri-amine), which has the potential to become a 3+ solution
cation. The other polyamine controls have the potential to have up to 6+ charge in

solution.

110



IV. 6. References

1
2
3

10
11
12

13
14

15

16

17

18

19

20

21

A. G. Schatzlein, J. Biomed. Biotechnol., 2003, 2, 149-158.

M. A. Mintzer and E. E. Simanek, Chem. Rev., 2009, 109, 259-302.

N. McStay, Z. Molphy, A. Coughlan, A. Cafolla, V. Mckee, N. Gathergood and
A. Kellett, Nucleic Acids Res., 2017, 45, 527-540.

T. Inao, Y. Kawabe, T. Yamashiro, Y. Kameyama, X. Wang, A. Ito and M.
Kamihira, J. Biosci. Bioeng., 2015, 120, 99-106.

J. S. Lee, T. B. Kallehauge, L. E. Pedersen and H. F. Kildegaard, Sci. Rep.,
2015, 5, 1-11.

X. Cai, Y. Li, D. Yue, Q. Yi, S. Li, D. Shi and Z. Gu, J Mater Chem B, 2015,
3, 1507-1517.

M. H. Allen, M. D. Green, H. K. Getaneh, K. M. Miller and T. E. Long,
Biomacromolecules, 2011, 12, 2243-2250.

J. Li, J. Zhao, J. Gao, J. Liang, W. Wu and L. Liang, New J. Chem., 2016, 40,
7222-7228.

M. H. Allen, K. N. Day, S. T. Hemp and T. E. Long, Macromol. Chem. Phys.,
2013, 214, 797-805.

V. A. Bloomfield, Curr. Opin. Struct. Biol., 1996, 6, 334—341.

G. S. Manning, Q. Rev. Biophys., 1978, 11, 179-246.

N. Alhashimy, D. J. Brougham, J. Howarth, A. Farrell, B. Quilty and K. Nolan,
Tetrahedron Lett., 2007, 48, 125-128.

J. Howarth and N. A. Al-Hashimy, Tetrahedron Lett., 2001, 42, 5777-5779.
A. Prisecaru, Z. Molphy, R. G. Kipping, E. J. Peterson, Y. Qu, A. Kellett and
N. P. Farrell, Nucleic Acids Res., 2014, 42, 13474—13487.

H. Debus, Ann. Chem. Pharm., 1858, 107, 199-208.

T. Benincori, E. Brenna and F. Sannicolo, J. Chem. Soc. Perkin 1,1993, 675.
J. Wildeman, O. H. Oldenziel and A. M. Van Leusen, J. Org. Chem., 1977,
42, 1153-1159.

E. Vessally, S. Soleimani-Amiri, A. Hosseinian, L. Edjlali and A. Bekhradnia,
RSC Adv, 2017, 7, 7079-7091.

C.W. Tornge, C. Christensen and M. Meldal, J. Org. Chem., 2002, 67, 3057—
3064.

H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem. Int. Ed., 2001, 40,
2004-2021.

R. Huisgen, Angew. Chem. Int. Ed. Engl., 1963, 2, 633-645.

111



22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

39
40

41

42

43

R. Huisgen, Angew. Chem. Int. Ed. Engl., 1963, 2, 565-598.

C. D. Hein, X.-M. Liu and D. Wang, Pharm. Res., 2008, 25, 2216-30.

H. C. Kolb and K. B. Sharpless, Drug Discov. Today, 2003, 8, 1128-1137.
W. Xi, S. Pattanayak, C. Wang, B. Fairbanks, T. Gong, J. Wagner, C. J.
Kloxin and C. N. Bowman, Angew. Chem. Int. Ed., 2015, 54, 14462—14467.
Y. H. Lau, P. J. Rutledge, M. Watkinson and M. H. Todd, Chem. Soc. Rev.,
2011, 40, 2848-66.

Q. Xie, X. Weng, L. Lu, Z. Lin, X. Xu and C. Fu, Biosens. Bioelectron., 2016,
77, 46-50.

R. Duncan, Nat. Rev. Drug Discov., 2003, 2, 347-360.

J. McNulty, K. Keskar and R. Vemula, Chem. Eur. J., 2011, 17, 14727—-
14730.

J. McNulty and K. Keskar, Eur. J. Org. Chem., 2012, 5462-5470.

G. Wittig and A. Krebs, Chem. Ber., 1961, 94, 3260-3275.

N. J. Agard, J. A. Prescher and C. R. Bertozzi, J. Am. Chem. Soc., 2004, 126,
15046-15047.

J. A. Codelli, J. M. Baskin, N. J. Agard and C. R. Bertozzi, J. Am. Chem. Soc.,
2008, 130, 11486-11493.

J. C. Jewett and C. R. Bertozzi, Chem. Soc. Rev., 2010, 39, 1272.

E. M. Sletten and C. R. Bertozzi, Acc. Chem. Res., 2011, 44, 666—676.

X. Ning, J. Guo, M. A. Wolfert and G.-J. Boons, Angew. Chem. Int. Ed., 2008,
47, 2253-2255.

S. G. Agalave, S. R. Maujan and V. S. Pore, Chem. - Asian J., 2011, 6, 2696—
2718.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew.
Chem. Int. Ed Engl., 2002, 41, 2596—2599.

J. L. Nallasivam and R. A. Fernandes, Eur. J. Org. Chem., 2015, 2012—-2022.
H. Chachignon, N. Scalacci, E. Petricci and D. Castagnolo, J. Org. Chem.,
2015, 80, 5287-5295.

B. M. Partridge, S. P. Thomas and V. K. Aggarwal, Tetrahedron, 2011, 67,
10082-10088.

N. H. Nguyen, J. W. Apriletti, J. D. Baxter and T. S. Scanlan, J. Am. Chem.
Soc., 2005, 127, 4599-4608.

M. J. Deetz, C. C. Forbes, M. Jonas, J. P. Malerich, B. D. Smith and O. Wiest,
J. Org. Chem., 2002, 67, 3949-3952.

112



44

45

46

47

48

49

50

51

52
53

54

55

56

57

58
59

A. Paul, J. Einsiedel, R. Waibel, F. W. Heinemann, K. Meyer and P. Gmeiner,
Tetrahedron, 2009, 65, 6156—6168.

L. Fomina, J. G. Sanchez, J. A. Olivares, F. L. S. Cuppo, L. E. Sansores and
R. Salcedo, J. Mol. Struct., 2014, 1074, 534-541.

M. M. D. Cominetti, S. A. Goffin, E. Raffel, K. D. Turner, J. C. Ramoutar, M.
A. O’'Connell, L. A. Howell and M. Searcey, Bioorg. Med. Chem. Lett., 2015,
25, 4878-4880.

R. Neelarapu, D. L. Holzle, S. Velaparthi, H. Bai, M. Brunsteiner, S. Y. Blond
and P. A. Petukhov, J. Med. Chem., 2011, 54, 4350-4364.

K. Tanaka, C. Kageyama and K. Fukase, Tetrahedron Lett., 2007, 48, 6475—
6479.

J. |. Sarmiento-sanchez, A. Ochoa-teran and I. A Rivero, Arkivoc, 2011, 177—-
188.

P. Jagadesan, T. Whittemore, T. Beirl, C. Turro and P. L. McGrier, Chem. -
Eur. J., 2017, 23, 917-925.

S. Stahlova, J. Sedlacek, J. Svoboda, M. Polasek and J. Zednik, Aust. J.
Chem., 2015, 68, 1237-1248.

P. M. Hergenrother, J. Heterocycl. Chem., 1980, 17, 5-10.

C. Wu, E. R. Decker, N. Blok, H. Bui, Q. Chen, B. Raju, A. R. Bourgoyne, V.
Knowles, R. J. Biediger, R. V. Market, S. Lin, B. Dupré, T. P. Kogan, G. W.
Holland, T. A. Brock and R. A. F. Dixon, J. Med. Chem., 1999, 42, 4485—
4499.

Y. Bai, X. Feng, H. Xing, Y. Xu, B. K. Kim, N. Baig, T. Zhou, A. A. Gewirth,
Y. Lu, E. Oldfield and S. C. Zimmerman, J. Am. Chem. Soc., 2016, 138,
11077-11080.

J. R. Thomas, X. Liu and P. J. Hergenrother, J. Am. Chem. Soc., 2005, 127,
12434-12435.

S. Pifa, D. M. Cedillo, C. Tamez, N. Izquierdo, J. G. Parsons and J. J.
Gutierrez, Tetrahedron Lett., 2014, 55, 5468-5470.

N. De Rycke, F. Couty and O. R. P. David, Tetrahedron Lett., 2012, 53, 462—
466.

J. N. Moorthy and S. Saha, Eur. J. Org. Chem., 2010, 6359-6365.

M. Sawicki, D. Lecerclé, G. Grillon, B. Le Gall, A.-L. Sérandour, J.-L. Poncy,
T. Bailly, R. Burgada, M. Lecouvey, V. Challeix, A. Leydier, S. Pellet-

113



Rostaing, E. Ansoborlo and F. Taran, Eur. J. Med. Chem., 2008, 43, 2768—
2777.

114



Chapter V

DNA Recognition by Novel C3-Symmetric “Tri-Click”
Scaffolds

This chapter details the DNA recognition screening and profiling of compounds
generated from Chapter V. This chapter is anticipated to be published along with
the detailed synthesis described in Chapter IV. Referencing style is Royal Society
of Chemistry.

115



V. 1. Introduction

Gene therapy has gained sustainable attention in the fight against prominent
diseases and cancers, however, significant barriers exist in the effective delivery of
nucleic acid targets. Gene therapy relies on a method of delivery that is efficient,
non-toxic, specific and high-throughput; yet delivery options are limited. Viral vectors
are the prevailing method of choice for on-going clinical trials, with an average of up
to 70% usage."! Although they are a popular option, they come with serious risks
including, inflammation, carcinogenesis, immunogenicity, limited DNA packaging
and difficult reproducible vector production.?® The FDA recently approved the first
gene therapy in the U.S. to treat patients with a rare form of inherited vision loss,
voretigene neparvovecrzyl under the trade name Luxturna.*® This therapy is
transported via an altered adeno-associated virus that can cause mild immune
response highlighting the need for an improved delivery system with little to no side
effects.® Thus, there is a need to develop new non-viral vectors.” For the purpose
of this project our focus is on polyamine-based cationic vectors. Numerous natural
and synthetic polyamines have been used and developed as vectors for gene
therapy. Natural occurring polyamines include proteins such as histones and amino
polysaccharides such as chitosan. Synthetic analogues include peptides such as
poly-L-lysine, poly-L-ornithine and polyamines such as polyethylenimine (PEI),
where both linear and dendritic derivatives have shown efficient gene delivery.®
Although these compounds offer promising results they still suffer from low
efficiency and in some cases their toxicity profile overshadows their transfection

abilities.

1,2,3-Triazole based heterocycles have attractive linking groups for the generation
of numerous medicinal scaffolds for applications as anti-HIV, anticancer,
antibacterial, and antimicrobial, to name but a few.® 1,2,3-Triazoles are stable
towards hydrolysis, oxidative/reductive conditions, and enzymatic degradation.
They participate in hydrogen bonding which can aid in solubility properties. There
are only a limited number of triazole-based compounds reported to condense DNA.
For example, Yue et al. reported coumarin containing scaffolds prepared through a

CUuAAC reaction that showed effective DNA condensation.'®

Our interest focuses on polyamine-DNA interactions towards condensation of

nucleic acids for gene delivery due to their chemical diversity and immense potential

116



for functionalization.”” Polyamines are positively charged organic cations under
physiologic ionic and pH conditions and thus interact with negatively charged
macromolecules such as DNA and RNA causing a collapse of the phosphodiester
backbone resulting in nanoparticles of nucleic acid/polyamine constructs.’? Through
incorporation of a triazole ring via CUAAC chemistry we aim to improve solubility

and reduce toxicity while maintaining a high nitrogen content.®

V. 2. Tri-Click Screening

A series of 8 Tri-Click compounds were generated by CuAAC reaction to form
tripodal amine containing scaffolds. These compounds contain either primary,
secondary, or tertiary polyamine reactive handles that will allow protonation at
physiological pH with a charge of up to 3+ in solution—the charge required to induce
the collapse the helical backbone of DNA. The structures of these Tri-Click products
are detailed in Figure V-1. The Tri-Click propargylamine series (TC1-3) is the
simplest of the series containing a simple amine handle in a 1,4-disubstitued triazole
linked to the core mesitylene ring by one carbon spacer between each functional
group. TC1 is by far the simplest scaffold of the entire series with three primary
amines, whereas TC3 contains three tertiary amines which could be directly
compared to our previous Cz-opioid series also containing tertiary amines. The Tri-
Click ethynylaniline series (TC4-7) provides a rigid reactive amine handle with
increased distance to the centre core which in turn could offer additional
comparisons to that of the Cs-opioid series. TC8 is the only nitro-containing
compound present in the Tri-Click series. This compound is anticipated to act as a

neutral, non-cationic nucleic acid agent.
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Figure V-1. Molecular structures of Tri-Click Series TC1-8.

It was advantageous to prepare similar Tri-Click scaffolds that did not contain a
reactive amine handle to ensure the triazole ring does not have secondary
interactions when tested. Ideally the triazole ring should be a neutral analogue in
the series that will offer improved solubility properties as shown in the literature.
Two controls were generated, TC9 and TC10 (Figure V-2), where neither contains
any additional nitrogen atoms except those of the triazole ring but rather a bromine
and hydroxyl group. It was also important for a full structure activity relationship
profile to prepare the most simplified tripodal amine and analogues of such. For this
purpose, 1,3,5-tris(aminomethyl)-2,4,6-trimethyl benzene (tri-amine, T1) was
prepared. Similarly, TC2 and TC3 were prepared, however these compounds have

the capability to retain up to a 6+ charge in solution (Figure V-2).

Typically, compounds are screened in the group by our high-through put ethidium
bromide displacement assay.’>'® This assay can provide in-depth analysis on the
ability of a compound to bind with DNA, however, the assay lacks the ability to
recognise direct nucleic acid condensation. Due to this limitation, gel
electrophoresis was employed as an efficient screening method for the visualisation

and quantification of any nucleic acid condensation.
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Figure V-2. Molecular structures of Tri-Click control compounds, TC9-10 and T1-3.

V. 2.1. pUC19 condensation

TC1 was selected as an ideal starting point in the screening of the Tri-Click library;
since this scaffold is the simplest of the reactive amine handles, testing this
compound offered some insight into the activity profile of this new class of DNA
recognition agents. TC1 was titrated against supercoiled pUC19 plasmid DNA
encompassing the lacZa gene, before incubation for 90 min prior to analysis by
agarose gel electrophoresis, Figure V-3. Reactions were carried out in both neutral
(HEPES buffer, 80 mM, pH 7.2) and acidic conditions (NaOAc, 80 mM, pH 4.0) to
ensure complete protonation of the amine scaffold while retaining intact supercoiled
plasmid. Carrying out reactions in extreme acidic environments could induce
unwanted DNA damage and thus the pH was maintained at 4.0. For example, under
low pH (<2.0) both RNA and DNA hydrolyse resulting in the phosphodiester back
bone breaking, however in high pH (>11.0) RNA under goes hydrolyses, while DNA
will denature but the phosphodiester backbone remains intact."”” TC1 was found to
condense supercoiled DNA where the onset of aggregation occurs at 5 uM, beyond
which native DNA bands become fainter in appearance or disappear entirely from
view thus reflecting total condensation at 500 uM in both gels at pH 7.2 and pH 4.0,
Figure V-3. Although the appearance of condensation occurs at a low concentration
the concentration required to fully condense DNA does not compare to the more
potent opioid series. The Cs-opioids were capable of inducing complete
condensation at 10 uM. There was no significant improvement in the aggregation

profile of TC1 under acidic condition at the incubation times tested.
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Figure V-3. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to
increasing concentrations of TC1 prepared in A. neutral HEPES buffer (80 mM, pH 7.2) and
B. acidic buffer (NaOAc 80 mM, pH 4.0). Reactions were carried out in the presence of 25
mM NacCl for 90 mins at 37°C prior to electrophoretic analysis. Reactions were quenched
by adding 6x loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03% bromophenol
blue, 0.03% xylene cyanole FF, 60% glycerol, 60 mM EDTA and samples were loaded onto
an agarose gel (1.2%) containing 4 ul EtBr. Electrophoresis was completed at 70 V for 1 h
in 1x TAE buffer.

TC2-TC8 were screened at fixed concentrations of 100 and 500 uM under the same
conditions as per TC1. Gel electrophoresis of the remaining Tri-Click samples under
neutral pH (7.2) highlighted both TC6 and TC7 to have low condensation properties
as shown by the electrophoretic banding pattern, however these compounds were
not able to fully condense the plasmid DNA at test concentrations. Concentrations
of drug loading above 500 uM was deemed undesirable for future work. TC8
induced DNA damage by causing a single strand break which renders the
supercoiled plasmid (form 1) into its open circular/nicked form (form Il), Figure V-4A.
Surprisingly, the results of the gel electrophoresis under acidic pH (4.0), Figure V-
4B, highlights Tri-Click compounds TC2, TC4, and TC5 along with TC8 are capable
of inducing single strand breaks after 90 min incubation with plasmid DNA. This
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potentially opens a new avenue for the Tri-Click series, the development of small
molecules capable of nucleic acid cleavage is of considerable research interest for
applications as biotechnological tools and nucleic-acid targeting therapeutics.
Nucleic acid polymers are stable towards hydrolysis under physiological conditions
and thus generating agents to efficiently target and cleave DNA has been an
ongoing battle. Classical examples of chemical nucleases include 1,10-
phenanthroline-copper complexes reported by Sigman,'® however macrocyclic

polyamines are also capable of nucleic acid cleavage.'®
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Figure V-4. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to Tri-
Click samples (TC2-8) at concentrations of 100 and 500 uM prepared in A. HEPES buffer
(80 mM, pH 7.2) and B. acidic buffer (NaOAc 80 mM, pH 4.0). Reactions were carried out
in the presence of 25 mM NaCl for 90 mins at 37 °C prior to electrophoretic analysis as

described previously.

The control compounds TC9, TC10 and T1-3 were incubated with pUC19 plasmid
for 90 min at pH 7.0, where both Tri-Click compounds TC9 and TC10 are unable to
induce any condensation and show no signs of DNA damage under experimental
conditions tested (Figure V-5A-B). Tripodal polyamines T1-3 have considerable

condensation properties (Figure V-5A) where T1 shows condensation at 500 uM,
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however complete condensation is not shown were visible supercoiled DNA
remains. T2 and T3 both have the potential to retain a 6+ charge under physiological
pH and as expected have extensive nucleic acid condensation properties. No visible
bands are present for T3 at test concentrations, whereas a faint presence of
supercoiled DNA is shown for T2 at 100 uM. These compounds were previously
synthesised and reported as precursors for the preparation of a series of

bisphosphonate sequestering agents.?®
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Figure V-5. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to Tri-
Click samples (TC9, TC10) and controls (T1-3) at concentrations of 100 and 500 uM
prepared in A. HEPES buffer (80 mM, pH 7.2) and B. acidic buffer (NaOAc 80 mM, pH 4.0).
Reactions were carried out in the presence of 25 mM NaCl for 90 mins at 37 “C prior to

electrophoretic analysis as described previously.

V. 2.2. Influence of pH

We have previously shown after 90 mins incubation at 37 °C, that these compounds
induce single strand nicking, however some intact supercoiled DNA remains. We
postulated that over a prolonged period these compounds could induce clustered
DNA damaging effects. The degree of DNA damage was studied further under
acidic conditions for TC1, TC2, TC4, TC5, and TC8 over three time points between
6-24 h. The Tri-Click scaffolds were incubated with supercoiled DNA at
concentrations of 25, 50, and 100 uM, gel electrophoresis results are shown in
Figure V-6. At 6 h, Figure V-6A, a visible increase in the formation of form Il DNA is
present for the amine containing scaffolds, however supercoiled DNA is still present
in faint bands. After 12 h, Figure V-6B, almost all supercoiled DNA is converted into
its open circular form except for compound TC8, the nitro-Tri-Click scaffold. The

appearance of linearized DNA (Flll) is evident for TC4 at 12 h and is prominent for
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TC1, TC2, and TC5 at 24 h. Whilst this new series did not show condensation

properties as anticipated, it has shown chemical nuclease properties.

A. TC1 (uM) TC2 (uM) TC4 (uM) TC5 (uM) TC8 (uM)
L o o o 2o o 5 9 9o 5 9 9o 5 9 9o g
b4 Yo o o e} o (@] v o o Yo o o ‘o] o o
(@] N 0] - N to] - N o) -~ N [to] - N to] -
- e e e G - Fll
- -
-—— - A B e G B e Fl
B. TC1 (uM) TC2 (uM) TC4 (uM) TC5 (M) TC8 (uM)
< o <o o © o o5 9 9o 5 9o °o o 9o 9o o
Z To] o o Y] o o Te] o o Yo} o o To] o o
o N fe] -~ N Yo} -~ N Ye) -~ N Yol -~ N Yo} -~
pr— |
D G G Gan Ga Gas Gae Gay Gae G Gae S Flll
- - Sl Bl s Fl
C. TC1 (uM) TC2 (uM) TC4 (uM) TC5 (uM) TC8 (uM)
L o o o5 9 9o 5 9 9o 5 9 9o 5 9 9 g
= Yo} o o v o o w o o [Te} o o w o o
o I3 0 -— I3 v} -— Y 3] - I3 ) — N 0 -
e e G G G G G S G —"—— o e
fa——) [ S —1 FI

Figure V-6. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to Tri-
Click samples (TC1, TC2, TC4, TC5, and TC8) at fixed concentrations of 25, 50 and 100
uM, prepared in acidic buffer (NaOAc 80 mM, pH 4.0). Reactions were carried out in the

presence of 25 mM NaCl for A. 6 h, B. 12 h and C. 24 h at 37°C prior to electrophoretic
analysis as described previously.
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The full library of Tri-Click scaffolds (TC1-8) was examined to ensure a complete
profile was obtained over acidic, neutral and basic conditions after 24 h. Each
compound was incubated with plasmid DNA at test concentrations of 100 uM. Under
acidic pH (4.0), Figure V-7A, TC1, TC2, and TC4 show complete conversion to open
circular DNA with a faint presence of linear DNA, while the remaining compounds
have converted up to 50% of the supercoiled plasmid into its open circular form.
Some nucleic acid condensation is present for TC1, TC6 and TC7 by the
electrophoretic banding pattern. Under neutral conditions, Figure V-7B, TC1 and
TC8 are the only compounds to show nicking properties and under basic conditions
(pH 9.0) where the amines are in their free base form, no DNA damage is evident
and no condensation is observed, Figure V-7C. Thus, the amines must be in their
protonated form to induce DNA damage. Interestingly the Tri-Click compounds
containing a primary or secondary amine have the most potent DNA cleavage

properties compared to those containing a tertiary amine group.

Aside from well-studied DNA damaging agents such as the ene-dienes, organic
compounds containing simple amine groups are not generally associated with DNA
cleavage. However, Li et al. reported on a metal free nuclease based on a
poly(aspartic acid)-polyamine conjugate capable of double-strand cleavage.?' They
postulated a possible mechanism for the process of DNA double-strand cleavage
by their polyamine compound, where the protonated polyamine contributes to the
formation of a bis-amine cation/phosphate anion pair, which is connected via
hydrogen bonds and electrostatic interactions. The phosphate backone of DNA can
then be attacked by a free nucleophilic group.?' A similar mechanism was proposed
by Sheng et al.?? where DNA cleavage involving a 1,4,7-triazacyclononane
derivative with guanidinium and hydroxyethyl side arms was identified. The
guanidinium group recognizes and binds to the anionic phosphodiester back bone
through hydrogen bonding and electrostatic interactions.?> While these examples
provide potential clues as to how the Tri-Click series behave in an acidic

environment with DNA, more work would be required to probe this in detail.
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Figure V-7. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to Tri-
Click samples (TC1-8) at 100 uM. Reactions were carried out in A. Acidic NaOAc buffer (80
mM, pH = 4.0), B. neutral HEPES buffer (80 mM, pH = 7.2), and C. basic Tris buffer (80
mM, pH = 9.0) in the presence of 25 mM NaCl for 24 h at 37°C prior to electrophoretic

analysis as described previously.

To summarise results so far, the Tri-Click scaffolds were screened for nucleic acid
recognition with the anticipation of DNA aggregation properties. These novel
scaffolds, however, are capable of inducing DNA damage, in particular DNA
cleavage in the absence of metal ions. DNA cleavage is prevalent for scaffolds
containing either a primary (TC1, TC4) or secondary (TC2, TC5) amine reactive
handle and is enhanced under acidic conditions when this handle is in its protonated
form, however activity is completely inhibited under basic conditions (pH 9.0).

125



V. 2.3. Analysis in the presence of selected metal ions

The development of artificial nucleases is of great importance and significant work
is ongoing within the group for the development of copper(I)?4+28 (direct) and
manganese(l)?° (indirect) based nucleases. As this series has already shown
nuclease activity in the absence of metal ions, it was desirable to determine if any
co-metal ion interactions could enhance activity. Thus, the Tri-Click scaffolds TC1-
8 were pre-incubated with copper(ll), manganese(ll) and zinc(ll) to identify if any
increase in cleavage occurred. Each scaffold was incubated with three molar
equivalents of the metal ion for 30 min prior to the exposure to plasmid DNA. We
hypothesised that up to three metal centres could coordinate to each of the three
reactive amine handles extending from the mesitylene core. Copper(ll),
manganese(ll), and zinc(ll) (300 uM), and Tri-Click compounds (100 uM) were
titrated against pUC19 plasmid in both neutral (pH 7.2, Figure V-8A) and acidic (pH
4.0, Figure V-8B) buffers for 90 min prior to gel electrophoresis methods. Controls
included untreated plasmid and copper(ll) treated DNA to ensure activity was not a
result of reactive oxygen species (ROS) formed from the metal salt in solution.3°
Reactions were quenched with 6x loading buffer (Fermentas) containing 60 mM

EDTA prior to gel electrophoresis procedure.

Interestingly, TC1-Cu(ll) was the only copper compound from the entire Tri-Click
library to induce DNA cleavage without the presence of a reducing agent. While we
have shown that the Tri-Click library has DNA damaging properties, TC1 has
enhanced damaging effects in the presence of copper. This compound resembles
a bidentate ligand, such as ethylenediamine, as there are two donor nitrogen atoms
free to bind to copper(ll) on each of the three sides of the mesitylene ring. TC2,
however, only varies by the difference of one methyl group on the nitrogen atom
and shows no DNA cleavage properties. The methyl group present may be
orientated in such a way that is blocking the interaction to the copper(ll) centre
rendering the ligand unable to bind. Under acidic conditions there was no increase
in activity found when co-incubated with a copper(ll) salt, this may be due to the
amines being in their protonated form which inhibits binding to the metal centre,
Figure V-8B. The results with Mn(ll) and Zn(ll) showed no observable DNA cleavage
or damage, Figure V-8C-D.
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Figure V-8. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to Tri-
Click compounds at 100 uM in the presence of three equivalents of metal ions. Tri-Click
samples were pre-incubated with 300 yM Cu(ll) for 30 minutes before reactions were
carried out in A. HEPES buffer (80 mM, pH = 7.2) and B. acidic NaOAc buffer (80 mM, pH
= 4.2). Tri-Click samples were pre-incubated with 300 uM of Mn(ll) and Zn(ll) (C-D) for 30
minutes before reactions were carried out in HEPES buffer (80 mM, pH = 7.2) in the
presence of 25 mM NaCl for 90 mins at 37 °C prior to electrophoretic analysis. Reactions
were quenched by adding 6x loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03%
bromophenol blue, 0.03% xylene cyanole FF, 60% glycerol, 60 mM EDTA

V. 3. TC1 - Cu(ll) complex

TCA1 is the only compound that shows cleavage activity in the presence of copper(ll)
ions from the series of Tri-Click scaffolds and so the complex was examined in
greater detail. Firstly, it was important to determine the correct ratio of ligand to
metal and this was achieved by measuring the d-d transitions of the copper(ll)
complex in solution by UV-Vis spectroscopy, where the ratio of ligand was kept
constant as the molar ratio of copper(ll) salt was increased from 1 to 3, Figure V-9.
The complex was allowed to equilibrate for 30 min at 37 °C prior to measuring the
absorbance. The UV-Vis spectra of TC1 (2 mM) and Cu(ll) nitrate (12 mM) alone
was also recorded for direct comparison. At ratios of 1:1 the d-d transitions of the
complex are evident at 591 nm, Figure V-9. The complex has shown to be fully

coordinated to three copper(ll) centres which is evident from the bathochromic shift
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of 590 nm at ratios of 1:3 (TC1:Cu(ll)). Ratios above 1:3 for the ligand:copper(ll)
complex were studied and are shown in Appendix E (E-3, Figure E1). Simple
molecular modelling of the ligand using MolView software shown in Figure V-9.
Here, it can be clearly seen that up to three copper(ll) centres could bind to each of
the three side arms extending from the mesitylene core, where the free terminal

amine and the nitrogen present in the triazole ring could bind to copper(ll).
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Figure V-9. UV Scans of TC1-Cu(ll) complex at ratios of 1:1-3, where the concentration of
TC1 is kept constant (2 mM) and the concentration of Cu(ll) nitrate is varied from 2 mM up
to 6 mM. The absorbance recorded were divided by the concentration and data were plotted
against the extinction coefficient ¢ (M cm™). Samples were incubated for 30 mins and each
sample measured three times. TC1 stock was prepared in DMF and diluted to its final
concentration in H2O, the percentage of DMF in water was < 5%, all copper(ll) samples

were prepared in H2O. Molecular model of TC1 ligand.

V. 3.1. DNA damage

The DNA cleavage potential of TC1-Cu(ll) complex was determined by gel
electrophoresis where supercoiled plasmid DNA (Form |) can be separated from
nicked (Form Il) and linear (Form lll) forms that are indicative of single and double
strand breaks, respectively. In all experiments conducted, the complex was formed
in situ in a 1:3 ratio of TC1:Cu(ll) for 30 mins prior exposure to plasmid DNA. The
concentration required to induce DNA cleavage was determined using 90 min and
6 h timepoints under physiological conditions (pH 7.2, 37 °C) in the absence of
added reductant. The results shown in Figure V-10 indicate that copper(ll) alone
(tested at the highest loading) does not induce DNA damage, however in the
presence of TC1 the onset of cleavage is shown at 5 uM and completely converts

supercoiled DNA (F1) into its open circular form (FIl) by 30 uM after 90 min, Figure
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V-10A. Extending the incubation time to 6 h showed this complex is capable of
nicking plasmid DNA at concentrations as low as 5 uM, Figure V-10B. Interestingly,
TC1-Cu(ll) did not mediate double strand breaks (Flll) even at elevated

concentrations up to 100 puM.

A.
8 TC1 (M) + Cu(ll) (eq)
b o
< < o o o o o P
Z Z © < © Q o To) o o To) o
o o o -— N 0 -— — ™ Yo} N~ -~
e g GEEN GEmmy pEmmy SEmme Smmmw
. . S s s - » Fl
B.
8 TC1 (M) + Cu(ll) (eq)
+
< < o o o o o g
Z Z v < © Q o To) o o To) o
()] o o -— N [To) -— -— ™ o) N~ —
I G G G G G e [
. S N N s s Fl

Figure V-10. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to
increasing concentrations of TC1 with 3 equivalents of copper(ll) nitrate. TC1 and Cu(ll)
were pre-incubated for 30 mins at 37 “C prior to the addition of the DNA solution. Reactions
were carried out in neutral HEPES buffer (80 mM, pH = 7.2) at (A.) 90 mins and (B.) 6 h, in
the presence of 25 mM NaCl at 37 ‘C prior to electrophoretic analysis. Reactions were
quenched by adding 6x loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03%
bromophenol blue, 0.03% xylene cyanole FF, 60% glycerol, 60 mM EDTA.
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In the absence of reductant the TC1-Cu(ll) complex induces single strand cleavage
up to 6 h and to identify if the complex could induce double strand breaks, the TC1-
Cu(Il) complex was exposed to plasmid DNA over a prolonged period (24 h) in the
absence of reductant. To determine whether double-strand breaks result from
random coincidence of single-strand breaks or whether they occur as an
independent event, band densitometry experiments was employed to quantify the
different forms of DNA damage. A similar approach was used to study the cleavage
potential of bleomycin to show that double strand breaks are not a result of
coincidences between random breaks in the complimentary strand.3'32 Over a
period of 24 h TC1-Cu(ll) was exposed to supercoiled DNA (400 ng) at a fixed
concentration of 25 uM (TC1-Cu(ll) complex). Control experiments were conducted
in parallel using untreated DNA and copper(ll) exposed DNA to ensure the presence
of the metal salt did not induce any damage over the same experimental conditions,
Figure V-11A. Each reaction was carried out in triplicate using ethidium bromide
(EtBr) as the fluorescent dye which was used to visualise and quantify DNA. EtBr is
unaffected by the differences in base composition and as little as 1-5 ng of DNA can
be estimated by this reporter. EtBr, however, is known to bind plasmid
conformations (i.e. Fl, Fll, and FlIl) differently. Open circular and linear forms of
binds to the same amount of the fluorescent dye.3® A correction factor of 1.47 used
for scDNA (Form [) taking into account the weaker interaction of Ethidium Bromide
to scDNA compared to nicked and linear DNA.343% |t is evident from the gel that the
formation of nicked DNA (Form Il, Figure V-11B) occurs after 30 mins exposure and
little to no supercoiled DNA is present up to 12 h. After 24 h of exposure double
strand breaks were detected, however, these were present to a limited extent (5.5%)
Figure V-11C.

130



TC1 (25 uM) + Cu(ll) (75 uM)

pUC19 pUC19 + Cu(ll) 30 min 1h 25h 5h 75h 12h 24h

b g T Sy Sy S — F1

B. C. s Form |
Form Il

° y Form Il
) S
s & =4 5 E
2 80+
5 S i
40+
Nl 20- I
Form | Form Il Form Il i
0- T T T T T -T T T
) & o~ > < > <~
N S N A
& o8 a® R

Fluorescence intensity %
o
o

o
'1?

Figure V-11. Band densitometry of supercoiled pUC19 was quantified using the Image J
software package. A. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed
to TC1-Cu(ll) (25 uM). Reactions were carried out in triplicate in neutral HEPES buffer (80
mM, pH = 7.2) in the presence of 25 mM NaCl at 37 °C for 30 mins, 1, 2.5, 5, 7.5, 12, and
24 h incubation times prior to electrophoretic analysis. Reactions were quenched by adding
6x loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03% bromophenol blue, 0.03%
xylene cyanole FF, 60% glycerol, 60 mM EDTA and samples were loaded onto an agarose
gel (1.2%) containing 4 ul EtBr. Electrophoresis was completed at 70 V for 90 mins in 1x
TAE buffer. B. Graphical representation of the three main forms of plasmid DNA,
supercoiled (form |), nicked/open circular (form 1), and linear DNA (form IIl). C. Bar chart of
quantified nucleic acids with respect to control (pUC19 + Cu(ll)). A correction factor of 1.47
used for scDNA (Form 1) taking into account the weak interaction of Ethidium Bromide to
scDNA compared to nicked and linear DNA 3%

V. 3.2. DNA Damage in the presence of reductant

Intracellular generation of reactive oxygen species (ROS) via reduction of copper
(Cu?* — Cu*) has been assumed as the major mechanism underlying the anticancer
activity of copper(ll) complexes.3%2¢ With this in mind, the degree of DNA cleavage
by TC1-Cu(ll) was examined in the presence of exogenous reductant. The influence
of biologically relevant reductants (mercaptopropionic acid, glutathione, and

ascorbic acid) can impact the anti-cancer properties of copper(ll) complexes. 3-
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Mercaptopropionic acid, a thiol containing reducing agent is a common additive
used alongside copper(ll) complexes,?’*® however the cleavage of supercoiled
plasmid by the TC1-Cu(ll) complex in the presence of 3-mercaptopropionic acid
(MPA) at a 100-fold molar excess relative to the complex, did not show any apparent
DNA cleavage (data not shown). The complex was found to be cleavage inactive in
the presence of this reductant a phenomenon previously reported in the literature.3®
The interaction of superhelical pUC19 with TC1-Cu(ll) complex was then studied
with the addition of sodium L-ascorbate (Na-L-ascorbate) as a reductant using
standard agarose gel electrophoresis. Na-L-ascorbate is commonly used as a
reductant for copper(ll) complexes to catalyse oxidative DNA cleavage.'®?®
Reactions were carried over a range of complex concentrations (0.25 — 10 yM)
under physiological pH at 30 min prior to electrophoretic analysis. The complex
induced single and double strand breaks which was evident by the presence of

nicked (Form I) and linear (Form Il) tertiary conformations at 2.5 uM, Figure V-12.

TC1 (uM) + Cu(ll) (3 eq)
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Figure V-12. Agarose gel electrophoresis of supercoiled (400 ng) pUC19 exposed to
increasing concentrations of TC1 with 3 equivalents of Cu(ll) in the presence of reductant
(Na-L-ascorbate, 1 mM). TC1 and Cu(ll) were pre-incubated for 30 mins at 37 °C prior to
the addition of the DNA solution. Reactions were carried out in neutral HEPES buffer (80
mM, pH = 7.2) in the presence of 25 mM NaCl at 37 °C for 30 mins prior to electrophoretic
analysis. Reactions were quenched by adding 6x loading buffer (Fermentas) containing 10
mM Tris-HCI, 0.03% bromophenol blue, 0.03% xylene cyanole FF, 60% glycerol, 60 mM
EDTA.
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V. 3.3. Atomic force microscopy (AFM) analysis

AFM imaging allows for a direct visual tool for exploring the effects of ligand binding
on DNA morphology.*° It was important to highlight that the conditions optimised to
carry out AFM analysis of supercoiled plasmid (pUC19) can be greatly impacted by
the ionic strength of the buffered solution. As shown in Figure V-13A, supercoiled
plasmid was prepared in AFM buffer (Tris-HCI, 40 mM, pH 7.2) containing EDTA
(80 mM) and magnesium chloride (MgCl2) (10 mM). Plasmids are shown as tightly
supercoiled structures with some natural unwinding observed in the upper right-
hand corner of the image, however, there is a reduced presence of DNA on the mica
surface under these conditions. When the buffer was substituted to a MgCl. solution
(5 mM), plasmid DNA had a greater adherence to the mica surface under the same
plasmid DNA concentration (3 ng/uL), although more plasmid unwinding was
observed (Figure V-13B-C).

treated in AFM buffer (A) and nuclease free H,O (B and C).

Through gel electrophoresis we have shown that copper complex TC1-Cu(ll) is
capable of mediating the transformation of supercoiled plasmid to open circular and
linear forms. To study this conformational change in more detail, AFM
measurements were undertaken with pUC19 and TC1-Cu(ll). In the presence of
excessive reductant, DNA is predominantly in its supercoiled state however, 500
nm of TC1-Cu(ll) initiated single strand breaks that are visualised in Figure V-14A.
Points where ligand-DNA binding occur are shown as increases in the height profile
of circular structures Figure V-14A-B. An increase in complex concentration (1 uM)
renders plasmid DNA predominantly in its open circular form, Figure V-14B, and
complete degradation of the plasmid DNA was reached at 7.5-10 uM, Figure V-14C-
D. Evidence here strongly supports oxidative damage to pUC19 induced by the
TC1-Cu(ll) Complex.
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Figure V-14. Atomic force microscopy (AFM) images of TC1-Cu(ll) treated supercoiled
pUC19 (3ng/uL) in the presence of reductant (A-D) and absence of reductant (E-H) at
concentrations of (0.5, 1.0, 7.5, and 10 uM) and (5, 10 and 30 uM) respectfully.

DNA damage was also visualised in the absence of reductant at low concentrations
of the complex (Figure V-14E, 5 uM). Small compact clusters of fragmented DNA
were intermediately observed when AFM analysis was being carried out. These
small particles are evident in Figure V-14F-G. On closer inspection of the cluster
present in Figure V-14G it can be clearly seen that small fragmented DNA is
surrounding the compact particle (Figure V-14H). These compacted DNA fragments
could not be visualised through gel electrophoresis due to their small size, however
AFM analysis has highlighted moderate condensation. The compaction of
fragmented DNA may be due to the cationic charge of the complex. When the ligand
binds to three copper(ll) ions, the complex carries a 6+ charge which could give rise

to nucleic acid condensation.

V. 3.4. Insight into DNA cleavage mechanism

The ability of copper(l) to mediate free radical species has been exploited by many
research groups by preparing copper(ll) co-ordinated complexes which are capable
of inducing DNA damage and cellular toxicity. Workers in this group have
successfully probed ROS formation including superoxide (O2"), hydrogen peroxide
(H202), hydroxyl radical ("OH), metal-oxo and metal-hydroxo species as critical
components to the oxidative DNA damaging profile of a number of copper(ll)
complexes.'82527.2% |n order to examine the mechanism by which the Tri-Click

compound interact and cleaves supercoiled DNA, the presence of specific ROS
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were probed using radical-specific scavengers and stabilizers outlined in Figure V-
15. This method was adapted from previously reported procedure published by this
group.?®> Scavengers were firstly confirmed to have no impact on pUC19
conformation prior to experiments (data not shown). Treatment of supercoiled
pUC19 (FI) with TC1-Cu(ll) in the presence of exogenous reductant resulted in
single strand nicking to open circular DNA (Fll, lane 2-3) at 0.5 and 1.0 uM. TC1-
Cu(ll) in the presence of exogenous reductant induced double strand cleavage
(linear, FlII, lane 4) at 2.5 yM exposure, and complete DNA degradation at 5 yM
(lane 5). Control experiments are in excellent agreement with those observed in
Figure V-12 (lanes 3-6). As shown in Figure V-15A, the results suggest superoxide
(O27) is the most prevalent radical species involved in the cleavage mechanism as
pre-incubation with 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron) significantly
inhibited activity. The presence of the hydroxyl radical ((OH) scavenger, DMSO, also
inhibited cleavage activity, but activity was impeded to a lower extent when
compared directly with tiron. The presence of the hydrogen peroxide (H:0,)
scavenger, Kl, was also found to inhibit chemical nuclease activity of the tested
complex. The role of singlet oxygen ('0.) was next examined utilizing sodium azide
(NaN3) as a scavenger and D.O as a '0O; stabilizer. Nuclease activity was only
slightly inhibited by NaN3, while a marginal change in activity relative to the control

was observed in D,O thus suggesting a limited role in DNA oxidation by 'O,.

To probe ROS involved in mediating DNA damage further, ROS specific scavengers
have been studied and include; D-mannitol, L-methionine, and N,N'-
dimethylthiourea (DMTU).*' These scavengers were employed to probe the role of
the hydroxyl radical (‘OH), hydrogen peroxide (H202), hypochlorous acid (HOCI) or
a combination thereof. The results of these scavengers are shown in Figure V-15B.
In these experiments, the delayed onset of nicked plasmid (FIl) and the inhibition of
linearized DNA were evident. Results suggest that H.O2is the most prevalent radical
species involved in the cleavage mechanism as DMTU inhibits the complete
transformation of supercoiled DNA to nicked open circular DNA which agrees with
Kl as a H.O2 scavenger. Hydroxyl radial ("(OH) scavenging agent D-mannitol had no
influence on DNA cleavage, shown by the complete degradation of plasmid DNA at
drug loading of 4 uM. Finally, L-methionine inhibited the formation of linearized DNA
which could be attributed to its ability to scavenge H20..The trapping experiments

used here are designed to capture the hydroxyl radical, hydrogen peroxide,
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superoxide, and hypochlorite show that this novel complex does not exactly follow
classical Fenton-type or Haber-Weiss processes but instead generates superoxide
and hydrogen peroxide. This suggests that DNA damage is possibly mediated
through a superoxide dismutase (SOD) type pathway which should be further

examined.
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Figure V-15. DNA cleavage reactions in the presences of ROS-specific scavengers.
Supercoiled pUC19 (400 ng) was incubated for 30 min at 37°C with complex concentrations
of 0.5, 1, 2.5, and 4 uyM in the presence of 25 mM NaCl and 1 mM Na-L-Ascorbate in 80
mM HEPES. Lane 1: DNA only. Lanes 2-5: 0.5, 1.0, 2.5, 4.0 yM TC1-Cu(ll). A. Lanes 6-9:
+ 10 mM NaNs. Lanes 10-13: + 10 mM KI. Lanes 14-17: + 10% DMSO. Lanes 18-21: +
77% D20O. Lanes 22-25: + 10 mM tiron. B. Lanes 6-9: + 10 mM D-mannitol. Lanes 10-13:
+ 10 mM DMTU. Lanes 14-17: + 10 mM L-methionine.

In order to examine the oxidative damage mechanism in greater detail, DNA repair
enzymes which can recognize specific nucleoside modifications typically associated
with oxidative damage were employed. This method was adapted from Fantoni et
al.*! with slight modifications. Cleavage experiments were designed to identify the
mechanism of oxidative damage via gel electrophoresis. Repair proteins that have
specific lesion recognition are known as glycoylase and can incise DNA, removing
the base and generating abasic sites (AB). Glycoylases and several repair
endonucleases also recognise AP (apurine / apyrimidine) sites and mediate strand

nicking adjacent to the base-free lesion. Specific lesions acted upon by repair
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enzymes in this assay are listed in Figure V-16A and include: formamidopyrimidine
[fapy]-DNA glycosylase (Fpg)**#* and endonuclease (Endo) IlI*445 that are
bifunctional glycosylases with associated AP lyase activity; both Endo IV4¢ and Endo
V47-50 that nick DNA at AB sites via endonuclease activity; and human alkyladenine
(alkyl purine) glycosylase (hAAG)°'52 that possess base modified recognition
properties. It was shown that the enzymes alone in the presence of DNA did not
induce any DNA damage which is shown in Figure V-16B. Control experiments
involving hydroxyl radical ("OH) generated from a Cu?*/H.02 Fenton system were
examined for comparison. Reactions conditions were optimised where the Fenton
system (Figure V-16C, lanes 2-4) initiated cleavage of supercoiled plasmid to its
nicked (FIl) and linearized forms (FlIl), prior to the addition of the repair enzymes.
There was inhibition of DNA damage in the presence of Fpg and Endolll which
supports the formation of oxidised purine and pyrimidine bases by the hydroxyl
radical formed from the Fenton system (Figure V-16C, lanes 5-10). Limited change
was found in the presence of other DNA repair enzymes, EndolV, EndoV, and hAAG
(Figure V-16C, lanes 11-19).

Reaction conditions for TC1-Cu(ll) (2.5 — 7.5 uM) were optimized to initiate cleavage
of supercoiled pUC19 to all three forms of plasmid DNA by gel electrophoresis
(Figure V-16D, lanes 2—4, 60 min). Controls taken after 30 min of continuous
exposure of TC1-Cu(ll) to pUC19 DNA were also examined as a reference point
prior to the addition of repair enzyme (Appendix E-4, Figure E2). In the presence of
all repair enzymes, the formation of linear DNA was inhibited. In the presence of
Fpg and Endolll, however, a significant reduction in the formation of nicked DNA,
along with protection of intact plasmid DNA was observed. These results overlap
somewhat with Fenton’s reagent and strongly support the role of hydrogen peroxide
and the hydroxyl radical—identified in earlier scavenger experiments—within the

cleavage process of TC1-Cu(ll).
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Figure V-16. A. Table highlighting base lesion recognised or excised by respective repair
enzymes. Abbreviations are as follows: A = adenine, G = guanine, T=thymine, C = cytosine,
U = uracil, Pu = purines (A and G), Py = pyrimidines (C, T and U), Me = methyl, OH =
hydroxy, H = hydro, dH = dihydro, FaPy = formamidopyrimidine, dHyd = deoxyhydanton,
Me-Tar-U = methyltartronylurea, dl = deoxyinosine, dU = deoxyuracil. B. pUC19 only
controls in the presence of repair enzymes, FpG, Endolll, EndolV, EndoV, and hAAG. C.
Hydroxyl radical generated from Cu?*/H.O, Fenton-system (5, 10, and 20 uM; lanes 2-4) in
the presence of 1 mM Na-L-ascorbate and repair enzymes Fpg (lanes 5-7), Endo Il (lanes
8-10), Endo IV (lanes 11-13), EndoV (lanes 14-16), and hAAG (lanes 17-19). D. TC1-Cu(ll)

(2.5,5,and 7.5 pM; lanes 2-4) in the presence of 1 mM Na-L-ascorbate and repair enzymes
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Fpg (lanes 5-7), Endo Il (lanes 8-10), Endo IV (lanes 11-13), EndoV (lanes 14-16), and
hAAG (lanes 17-19).

V. 4. Conclusions

A new library of terminal polyamine Cs-scaffolds was prepared using the copper-
catalysed azide-alkyne cycloaddition reaction. This new series, called “Tri-Click”,
was developed as potential non-viral vectors for gene delivery. Control Tri-Click
scaffolds containing either a bromine or hydroxyl terminal group showed no
condensation properties suggesting the triazole ring is inert towards DNA binding
under physiological conditions. The solubility of Tri-Click compounds was greatly
improved compared to Cs-opioids scaffolds but evidence of nucleic acid damage
was also identified. Scaffolds containing primary or secondary terminal amines
displayed the most significant DNA damaging effects under acidic pH (4.0) while
terminal amines had reduced cleavage properties and activity was inhibited under

basic conditions.

A single scaffold was identified to bind to copper(ll) to form a copper(ll) complex in
situ, TC1-Cu(ll), which was capable of enhanced DNA cleavage properties
compared to the ligand alone. In the absence of reductant this complex was capable
of inducing single strand breaks at low drug loading (5 uM), however when a
reducing agent was introduced the cleavage potential increased forming double
strand breaks. The cleavage potential was examined through AFM which allowed
for the visualisation of supercoiled plasmid to open circular and linear forms, and
finally fragmented nucleic acid strands. This DNA damage mechanism was then
probed using a variety of biophysical methods with specific trapping agents for
reactive oxygen species (ROS) indicating single stranded DNA breaks mediated by
copper-catalysed free radicals. The complex was shown to promote the formation

of superoxide and hydrogen peroxide radicals.

Although these compounds did not mediate efficient DNA condensation as
anticipated, the DNA damage mediated by the TC1-Cu(ll) complex in the absence
of reductant, and its acceleration in the presence of ascorbate, is a significant
discovery that may lead to new therapeutic and gene-directed applications for this

agent.
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Thesis Conclusions and Future Work

This work focused on the design and synthesis of new molecular scaffolds with a
major focus on the use of synthetic tripodal Cs-symmetric opioid scaffolds as
efficient condensation agents of DNA. Morphine, codeine, heterocodeine, and
oripavine Cgz-opioids were generated and showed comparable condensation
capabilities. Condensation was achieved on both superhelical and linear dsDNA
conformations and identified by agarose electrophoresis, viscosity, turbidity,
dynamic light scattering (DLS) and atomic force microscopy (AFM) measurements.
Tripodal opioid aggregation was identified as pH dependent and strongly influenced
by ionic strength with further evidence of cationic amine-phosphate backbone
coordination. Preliminary toxicity screening of the Cs-oripavine opioid with a
selected a Chinese hamster ovary (CHO) cell line indicated poor tolerance and from
these results the second aim of this project to generate non-opioid DNA condensing

agents unfolded.

Five imidazole Cs-scaffolds were screened for nucleic acid activity as alternatives
to the opioid series. Two compounds, NAM1 and NAM2, highlighted the onset of
nucleic acid condensation at high drug loading of upwards of 100 uM for NAM1 and
500 uM for NAM2. Although these compounds are capable of inducing DNA
compaction, they require high drug loading when compared to opioid scaffolds we
reported, where OC3 inducing complete condensation at low concentrations of 5
uM. The concentrations required to induce condensation was unsuitable for further
investigations and an alternative synthetic approach for the preparation of new

compounds was undertaken.

A new library of terminal polyamine Cs-scaffolds was prepared using the copper-
catalysed azide-alkyne cycloaddition reaction. This new series, called “Tri-Click”,
was developed as potential non-viral vectors for gene delivery and modelled from
the Csz-opioid scaffold. Simplifying the scaffold into the most basic form of a Cs-
polyamines resulted in nucleic acid damage induced by the Tri-Click scaffolds rather
than condensation. The rigid structure of the opioid backbone allows for electrostatic
binding where the simplified scaffolds favours damaging properties. Advanced

nucleic acid damage was identified when TC1 interacts with copper(ll) in situ. This
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DNA damage mechanism was then probed using a variety of biophysical methods
with specific trapping agents for reactive oxygen species (ROS) indicating single

stranded DNA breaks mediated by copper-catalysed free radicals.

As a continuation of this work new scaffolds for the development of novel Cs-
symmertric scaffolds for DNA condensation could be developed along with linear
variations. The preparation of new ligands prepared through CuAAC reactions
capable of binding to copper(ll) is an interesting field of research that could be

developed further.
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Appendix A

Supporting information accompanying Chapter I, C3-Symmetric Opioid Scaffolds
are pH-Responsive DNA Condensation Agents. Referencing style is kept in

publishing format.
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A-1: NMR spectroscopy
MC3 spectra:
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Figure A-1. "H NMR spectra for MC3.
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Figure A-2. *C NMR spectra for MC3.
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Figure A-4. HSQC NMR spectra for MC3.
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OC3 Spectra
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Figure A-5. "H NMR spectra for OC3.
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Figure A-6. *C NMR spectra for OC3.
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HC3 Spectra
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Figure A-9. '"H NMR spectra for HC3.

2500
2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900

800

F700

600

500

400
300
200
100

28'6c—

90'9e—

e
61y
oy
19y
899y~

8565~
26'95~
9065~

1089—

\ym,m\y/
€000 ¥8'9L\
€10a0 wr.hhw
€10a0 8v'LL

v1'68—

PEBLL~
2061

81'82L

mm.wNFV
LOTLEL~C
FLeEL-7
mo.NmF\

99'6€L —
SEYL—

88’87l —

150 145 140 135 130 125 120 115 110 105 100 95 90 85

10

15

50 45 40 35 30 25 20

75 70 65 60 55

80

f1 (ppm)

Figure A-10. *C NMR spectra for HC3.
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A-2: Circular dichroism spectra
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Figure A-13. CD spectra of opioid scaffolds MC3 and OC3 in the absence of stDNA at 10
MM and 20 uM loading (at equivalent concentrations to the r values of 0.1 and 0.2,

respectively).

A-3: Gel electrophoresis with C1 and C: derivatives
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Figure A-14. Agarose gel electrophoresis of supercoiled (400 ng) exposed to increasing
concentrations of MC1, and MC2. Reactions were carried out in the presence of 25 mM

NaCl for 5 h at 37°C prior to electrophoretic analysis.
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Figure A-15. Agarose gel electrophoresis of supercoiled (400 ng) exposed to increasing
concentrations of OC1, and OC2. Reactions were carried out in the presence of 25 mM

NaCl for 5 h at 37°C prior to electrophoretic analysis.

A-4: Gel electrophoresis experiments with MC3 and -NMe: derivatives

Both MC3 and the MC3-NMe: derivative were initially prepared in DMF and further
diluted in 80 mM HEPES buffer (Fisher). Reactions were carried out according to
the following general procedure: in a total volume of 20 pl using 80 mM HEPES
buffer (pH 7.2) with 25 mM NaCl, 400 ng pUC19 (NEB, N3041) and varying
concentrations of test compound (5, 10, 20 and 30 uM), were incubated at 37°C for

5 h. Reaction mixtures were subjected to gel electrophoresis as previously stated.

MC3 (uM) MC3-NMe, (M)

- — - ———
< o o o < o o
5§ 5 S & 8 & » 2 & 8 8 2 R§

Figure A-16. Agarose gel electrophoresis of supercoiled (400 ng) exposed to increasing
concentrations of MC3 and MC3-NMe:. Reactions were carried out in the presence of 25

mM NaCl for 5 h at 37°C prior to electrophoretic analysis.
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A-5: Restriction enzyme interactions with MC3 and -NMe: derivatives

Restriction enzymes Hindlll, EcoRI, Sall and BamHI (1 ul) were combined with 30
MM of either MC3 or MC3-NMe: derivatives in a final volume of 20 pl using 80 mM
HEPES buffer (pH 7.2) and incubated for 2 h at 37°C. 400 ng of pUC19 was then
added to each reaction mixture and incubated for 1 hr 30 minutes at 37°C and

subjected to gel electrophoresis as previously described.
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I [ || [ I
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Figure A-17. Agarose gel electrophoresis of selected restriction enzymes pre-treated with
30 uM of either MC3 or MC3-NMe:, prior to the addition of 400 ng supercoiled pUC19.
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A-6: Bioanalyzer restriction map

TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCA
CAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTG
TTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGC
ACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCC
ATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTAT
TACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGT
TTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGAT
CCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCT
GTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGT
AAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCC
GCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGG
AGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCG
GTCGTTCGGCTGCGGCGAGCGG
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A-7: Synthesis of C1 and C; derivatives
Morphine-C+ (MC1)
Morphine (0.579 g, 2.03 mmol) and potassium
/@(\O Q carbonate (1.122 g, 8.12 mmol) were suspended in
O NMe acetonitrile (30 ml) and heated to reflux. a?-
H° Chloroisodurene (0.337 g, 2.00 mmol) was added in
small aliquots to the reaction mixture and vigorously stirred overnight (18 h) under
reflux conditions. After allowing the reaction mixture to cool to rt, the reaction solvent
was removed by rotary evaporation and crude product dissolved in DCM (50 ml).
The organic layer was washed with d.H2O (40 ml) and the aqueous layer extracted
with DCM (3 x 20 ml). All organic layers were combined, then washed with d.H20
(3 x 20 ml) and with a saturated NaCl solution (20 ml). The organic layer was dried
over magnesium sulfate, filtered and solvents removed by rotary evaporation. The
crude product was purified by column chromatography (SiO2, 95:1:1 to 92:8:1
CH2Cl2:MeOH:NH4OH). The title compound MC1 was isolated as a white solid in
73% (0.609 g, 1.46 mmol). mp. 225-226 ‘C. '"H NMR (600 MHz, CDCls) &: 6.87 (s,
2H), 6.79 (d, J = 8.1 Hz, 1H), 6.57 (d, J = 8.1 Hz, 1H), 5.67 (ddt, J = 9.9, 3.1, 1.8
Hz, 1H), 5.31 — 5.28 (m, 1H), 5.15 (d, J = 10.3 Hz, 1H), 4.99 (d, J = 10.3 Hz, 1H),
4.86 (dd, J=6.6, 1.2 Hz, 1H), 4.15 (s, 1H), 3.35 (dd, J=6.1, 3.2 Hz, 1H), 3.06 (d, J
= 18.6 Hz, 1H), 2.77 (s, 1H), 2.66 (p, J = 2.7 Hz, 1H), 2.59 (dd, J = 12.2, 4.1 Hz,
1H), 2.44 (s, 3H), 2.44 — 2.39 (m, 1H), 2.37 (s, 6H), 2.33 — 2.29 (m, 1H), 2.27 (s,
3H), 2.06 (td, J=12.5, 5.1 Hz, 1H), 1.90 — 1.87 (m, 1H). *C NMR (151 MHz, CDCl5)
0: 147.65, 141.57, 138.13, 138.09, 133.38, 131.40, 130.23, 128.99, 128.24, 128.18,
119.63, 116.79, 91.16, 77.47, 77.20, 77.12, 76.99, 76.78, 67.00, 66.35, 58.93,
46.48, 43.11, 42.90, 40.81, 35.83, 20.99, 20.61, 19.52. IR (ATR, cm™"): 2928, 2789,
1634, 1500, 1485, 1447, 1380, 1271, 1249, 1152, 1113, 1058, 1037, 1008, 934,
855, 833, 817, 792, 781, 756, 719, 701, 671. [alpo = - 70 ° (c = 0.152, CHClI3, 589
nm, 25 °C)

Morphine-C. (MC2)
Morphine (0.536 g, 1.88 mmol) and
@ o/:é)i\o Q potassium carbonate (1.038 g, 7.51
MeN o) o, NMe
\ ) mmol) were suspended in acetonitrile (30
OH HO
ml) and heated to reflux. 24,.-

Bis(chloromethyl)-1,3,5-trimethylbenzene (0.204 g, 0.94 mmol) was added in small
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aliquots to the reaction mixture and vigorously stirred overnight (18 h) under reflux
conditions. After allowing the reaction mixture to cool to rt, the reaction solvent was
removed by rotary evaporation and crude product dissolved in DCM (50 ml). The
organic layer was washed with d.H20 (40 ml) and the aqueous layer extracted with
DCM (3 x 20 ml). All organic layers were combined, then washed with d.H20 (3 x
20 ml) and with a saturated NaCl solution (20 ml). The organic layer was dried over
magnesium sulfate, filtered and solvents removed by rotary evaporation. The crude
product was purified by column chromatography (SiO2, 95:1:1 to 92:8:1
CH2Cl2:MeOH:NH4OH). The title compound MC2 was isolated as a white solid in
35% yield (0.235 g, 0.33 mmol). mp. 144-146 °C. '"H NMR (600 MHz, CDCls) : 6.92
(s, 1H), 6.80 (d, J = 8.1 Hz, 2H), 6.58 (d, J = 8.1 Hz, 2H), 5.68 (ddt, J=9.9, 3.1, 1.4
Hz, 2H), 5.30 — 5.27 (m, 2H), 5.18 (d, J = 10.3 Hz, 2H), 5.02 (d, J = 10.4 Hz, 2H),
4.86 (dd, J = 6.5, 1.1 Hz, 2H), 4.17 — 4.12 (m, 2H), 3.36 (dd, J = 5.4, 2.9 Hz, 2H),
3.05 (d, J = 18.7 Hz, 2H), 2.91 (s, 2H), 2.69 — 2.65 (m, 2H), 2.61 (dd, J = 12.0, 4.1
Hz, 2H), 2.46 (d, J = 5.4 Hz, 9H), 2.41 (dd, J = 12.6, 3.1 Hz, 2H), 2.37 (s, 6H), 2.34
—2.29 (m, 2H), 2.06 (td, J = 12.5, 5.0 Hz, 2H), 1.91 — 1.87 (m, 2H). 3C NMR (151
MHz, CDCIz) &: 147.58, 141.48, 138.95, 138.45, 133.39, 131.40, 131.33, 130.20,
128.09, 119.59, 116.55, 91.15, 77.16, 76.95, 76.74, 67.15, 66.34, 58.91, 46.44,
43.02, 42.86, 40.70, 35.70, 20.61, 19.74, 15.34. IR (ATR, cm™): 2907, 1633,
1602,1493, 1443, 1374, 1349, 1273, 1248, 1200, 1175, 1157, 1118, 1099, 1034,
983, 940, 833, 784, 766, 730. [alp = — 78° (c = 0.155, CHCI3, 589 nm, 25 °C)

Oripavine-C1 (OC1)
A flask was charged with oripavine (0.654 g, 2.19
/d\o Q nve Mmol), tetrabutylammonium hydroxide (40% aqueous
Me\o ) solution, 18 ml) and CH2CI> (8 ml) and stirred under
° nitrogen for 30 mins. A solution of a?-chloroisodurene
(0.371 g, 2.20 mmol) in CH2Cl> (4 ml) was added and the biphasic reaction mixture
was stirred for 6 h at rt. The reaction solution was transferred into d.H20 (150 ml)
and washed with DCM (4 x 10 ml). Organic layers were combined and washed with
aqueous sodium hydroxide solution (0.1 M, 2 x 20 ml) followed by d.H20 (3 x 20 ml)
then saturated brine solution (20 ml). The organic layer was dried over magnesium
sulfate, filtered and solvents removed by rotary evaporation. The crude product was
purified by column chromatography (SiO2, 95:1:1 to 92:8:1 CH2Cl2:MeOH:NH4+OH),
The title compound OC1 was isolated as a white solid in in 54% (0.511 g, 1.19
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mmol). mp. 74-76°C. 'H NMR (600 MHz, CDCls) &: 6.86 (s, 2H), 6.73 (d, J = 8.1 Hz,
1H), 6.58 (d, J = 8.1 Hz, 1H), 5.57 (d, J = 6.4 Hz, 1H), 5.29 (s, 1H), 5.19 (d, J = 10.4
Hz, 1H), 5.10 (d, J = 10.4 Hz, 1H), 5.04 (d, J = 6.4 Hz, 1H), 3.63 (d, J = 6.7 Hz, 1H),
3.60 (s, 3H), 3.33 (d, J = 18.0 Hz, 1H), 2.84 (td, J = 12.7, 3.5 Hz, 1H), 2.69 (dd, J =
18.2, 7.2 Hz, 1H), 2.65 (dd, J = 12.9, 5.0 Hz, 1H), 2.47 (s, 3H), 2.38 (s, 6H), 2.27 (s,
3H), 2.22 (td, J = 12.6, 5.0 Hz, 1H), 1.77 (dd, J = 12.5, 2.0 Hz, 2H). 13C NMR (151
MHz, CDCls) &: 153.12, 146.24, 142.42, 138.62, 138.18, 134.14, 132.74, 130.90,
129.23, 128.87, 119.62, 117.48, 111.97, 96.30, 89.30, 77.58, 77.37, 77.16, 67.20,
61.27, 55.20, 46.43, 46.36, 42.73, 37.26, 30.16, 30.04, 21.34, 19.84. IR (ATR, cm
1): 2912, 1602, 1493, 1473, 1369, 1331, 1278, 1232, 1144, 1022, 985, 868, 817,
768, 704. [a]p = - 124° (¢ = 0.154, CHCls, 589nm, 25 °C)

Oripavine-C2 (OC2)
A flask was charged with oripavine (0.612
@ o/:é)fo Q g, 2.05 mmol), tetrabutylammonium
Men O Me o e hydroxide (40% aqueous solution, 18 ml)
/ Me._

° ° and CH2Cl> (6 ml) and stirred under
nitrogen for 30 mins. A solution of 2,4-Bis(chloromethyl)-1,3,5-trimethylbenzene
(0.224 g, 1.03 mmol) in CH2Cl> (4 ml) was added and the biphasic reaction mixture
was stirred for 6 h at rt. The reaction solution was transferred into d.H20 (150 ml)
and washed with DCM (4 x 10 ml). Organic layers were combined and washed with
aqueous sodium hydroxide solution (0.1 M, 2 x 20 ml) followed by d.H20 (3 x 20 ml)
then saturated brine solution (20 ml). The organic layer was dried over magnesium
sulfate, filtered and solvents removed by rotary evaporation. The crude product was
purified by column chromatography (SiO2, 95:1:1 to 92:8:1 CH2Cl2:MeOH:NH4+OH),
The title compound OC2 was isolated as a white solid in 30% vyield (0.172 g, 0.23
mmol). 'H NMR (600 MHz, CDCls) &: 6.88 (s, 1H), 6.74 (d, J = 8.1 Hz, 2H), 6.58 (d,
J = 8.1 Hz, 2H), 5.56 (d, J = 6.4 Hz, 2H), 5.29 (s, 2H), 5.23 (d, J = 10.5 Hz, 2H),
5.13 (d, J=10.5 Hz, 2H), 5.03 (d, J = 6.4 Hz, 2H), 3.62 (d, J = 6.8 Hz, 2H), 3.59 (s,
6H), 3.32 (d, J=18.0 Hz, 2H), 2.83 (td, J=12.7, 3.4 Hz, 2H), 2.68 (dd, J=18.2, 7.1
Hz, 2H), 2.63 (dd, J =12.8, 4.8 Hz, 2H), 2.47 (d, J = 5.1 Hz, 9H), 2.37 (s, 6H), 2.21
(td, J=12.6,5.1 Hz, 2H), 1.76 (dd, J = 12.5, 2.0 Hz, 2H). '*C NMR (151 MHz, CDCl5)
0: 153.02, 146.19, 142.28, 139.50, 138.66, 134.11, 132.78, 131.93, 130.30, 128.87,
119.55, 117.53, 111.79, 96.24, 89.24, 77.58, 77.37, 77.16, 67.53, 61.17, 55.13,
46.37, 46.29, 42.71, 37.26, 30.04, 20.03, 15.57. IR (ATR, cm™): 2909, 1605, 1491,
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1436, 1369, 1367, 1232, 1143, 1021, 983, 867, 816, 746. [a]o = - 106° (c = 0.156,
CHCI3, 589 nm, 25 °C)

N-Methyl Morphine-C3 (MC3-NMez)
A flask was charged with MC3 (100 mg, 0.098 mmol)
and dissolved in hot EtOH (5 ml), Mel (100 pL, 1.60

mmol) was added and heated under reflux conditions

\ SH for 18 h. The solution was allowed to cool and the
® Q o precipitate collected by vacuum filtration. The product
© was twice recrystallized from MeOH. The title

H compound MC3-NMe: was isolated as a yellow solid

in 14% yield (20 mg, 0.013 mmol). mp. 264-265°C. 'H
NMR (600 MHz, CD3CN) &: 6.92 (d, J = 8.2 Hz, 3H),
6.66 (d, J = 8.2 Hz, 3H), 5.75 (d, J = 10.0 Hz, 3H), 5.32 (dt, J = 10.0, 2.6 Hz, 3H),
5.23 (d, J = 10.9 Hz, 3H), 5.16 (d, J = 10.9 Hz, 3H), 4.98 (dd, J = 6.5, 1.0 Hz, 3H),
4.36-4.31 (m, 3H), 4.03-3.99 (m, 3H), 3.48 (d, J = 20.5 Hz, 3H), 3.40 (s, 3H), 3.36 —
3.30 (m, 15H), 3.25 (s, 9H), 3.20 (td, J = 13.4, 3.7 Hz, 3H), 2.90 (dd, J = 20.5, 6.0
Hz, 3H), 2.59 — 2.53 (m, 3H), 2.44 (s, 9H). IR (ATR, cm™"): 2944, 1632, 1607, 1494,
1448, 1250, 1186, 1163, 1119, 1037, 1014, 985, 944, 849, 782, 757.
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Figure A-19. *C NMR spectra for MC1.
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Figure A-21. HSQC NMR spectra for MC1.
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MC2 spectra
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Figure A-22. "H NMR spectra for MC2.
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Figure A-23. *C NMR spectra for MC2.
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Figure A-25. HMQC NMR spectra for MC2.
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OC1 Spectra
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Figure A-27. *C NMR spectra for OC1.
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Figure A-28. COSY NMR spectra for OC1.
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Figure A-29. HMQC NMR spectra for OC1.
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Figure A-31. 3C NMR spectra for OC2.
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Figure A-32. COSY NMR spectra for OC2.
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Figure A-33. HMQC NMR spectra for OC2.
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MC3-NMe: spectra:
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Figure A-34. '"H NMR spectra for MC3-NMe:.
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Figure A-35. COSY NMR spectra for MC3-NMe:.
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A-8: Morphine isomerization

KNg
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HO NHMe
+
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Scheme A-1. Interplay between morphine protonation (k°) and zwitterionic (k") isomers

under physiological conditions.
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A-9: Gel electrophoresis with yeast tRNA

In a total volume of 20 pyL using 80 mM HEPES buffer (pH 7.2) with 25 mM NacCl,
400 ng yeast tRNA (g260 = 9,250 M-' cm™") (AM7119, Invitrogen) was titrated against
MC3 (0.5 - 50.0 yM). Samples were incubated at 37°C for 5 h, quenched by adding
6 x loading buffer (Fermentas) containing 10 mM Tris-HCI, 0.03 % bromophenol
blue, 0.03 % xylene cyanole FF, 60 % glycerol, 60 mM EDTA and loaded onto an
agarose gel (1.2 %) containing 3 uL EtBr. Electrophoresis was completed at 60 V
for 1 hiin 1 x TAE buffer.

MC3 (uM)

e

tRNA
0.5
1.0
5.0
10.0
20.0
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Figure A-37. Agarose gel electrophoresis of yeast tRNA (400 ng) exposed to
increasing concentrations of MC3. Reactions were carried out in the presence of 25

mM NaCl for 5 h at 37 °C prior to electrophoretic analysis.
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Figure A-38. Zero pass metric MC3.
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Figure A-39. First pass metric MC3.
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First pass metric MC3 continued.

Figure A-40.
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Figure A-41. Zero pass metric OC3.
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. First pass metric OC3.

Figure A-42
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Figure A-43. First pass metric OC3 continued.
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Figure A-44. Zero pass metric heterocodeine.
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Figure A-45. First pass metric heterocodeine
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Figure A-46. First pass metric heterocodeine continued.
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Figure A-47. Zero pass HC3.
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Figure A-48. First pass metric HC3.
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Figure A-49. First pass metric HC3.
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Appendix B

Opioid Architectures as New DNA Binding Molecules

This conference paper was published in Symmetry: Culture and Science, 2017, 28,
195-198. This work was presented at Symmetry Festival 2016, Vienna University of
Technology, 18-22" July.

Natasha McStay, Zara Molphy, Nicholas Gathergood and Andrew Kellett. Opioid

Architectures as New DNA Binding Molecules.
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B-1. Abstract

Herein we report the discovery of C3-symmetric opioid architectures as efficient DNA
binding molecules. To our knowledge these agents are the first opioid-based
structures with nucleic acid recognition properties. These architectures may now
pave the way toward the development of a new class of semi-synthetic DNA binding

molecule with potential applications in gene delivery.

B-2. Introduction

The discovery of new synthetic DNA recognition agents is an area of considerable
research interest. These agents can be categorised, broadly, into two main areas:
i.) those that covalently bind nucleic acids at electron rich sites on the nucleobase,’
and ii.) those that coordinate in non-covalent fashion through hydrogen(H)-bonding,
ionic, or n-stacking interactions.? Non-covalent binders may be further classified
according to the area of DNA where recognition occurs thus giving rise to groove
binders,® intercalators,* and surface-binding compounds.® The quest to discover
new materials that non-covalently interact with DNA carries tremendous application
to the areas of human health and biomedical diagnostics. Indeed, non-covalent DNA
binding agents have already found widespread utility as antitumoral agents,® as
probes for the fluorescent labelling and detection of nucleic acids,” and as
condensation agents® that efficiently package nucleic acids for gene delivery
(transfection) to mammalian cells. Recently, this group have established high-
throughput DNA screening methodologies to identify potentially new nucleic acid
binding molecules.® As part of this screen, we have identified Cs symmetric opioid
architectures as novel architectures that efficiently complex dsDNA through ionic
surface-driven interactions that result in efficient nucleic acid condensation arising

from the collapse in the regular B-DNA structure.
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B-3. C3 opioid DNA binding interactions

(@)

OH
!3 ; ;OH
® ( o 0:=P-0
o
MeHN 0 / °
o] j/—\’
Q (¢] @ o B
o) o NH= 00 p-0
OH Me i
HO ° KOJ

T Me

®N
HMe

Figure B-1. A. Molecular structure of MC3 in the cationic form. B. Proposed DNA binding
mode by MC3 whereby the protonated tertiary amine group electrostatically binds to the

phosphate nucleic acid surface.

Using a high-throughput DNA binding screen based on ethidium bromide
fluorescence quenching, a series of novel opioid scaffolds were examined. The C3
symmetric tris-morphine scaffold (MC3, Figure B-1A) was identified as a potentially
new DNA binding molecule. Our initial thoughts on the potential binding mode
focused on the 6'-OH group in the morphine C ring as a possible hydrogen(H)-
bonding site for phosphate oxygen coordination at the nucleic acid backbone. To
examine this hypothesis, we then masked this H-bond through the introduction of
methyl groups in the form of methoxy substituents present in heterocodeine (H) and
oripavine (O) by developing synthetic methods for isolating trivalent Cs-
heterocodeine (HC3) and Cs-oripavine (OC3) analogues. To our surprise, however,
ethidium bromide displacement was enhanced for these modified opioid
architectures with the overall series yielding apparent DNA binding constants (Kapp)
between ~105 M(bp') to ~107 M(bp') across a variety of double stranded DNA
polymers. To further probe the nature of the binding interaction from this class, a
range of biophysical and spectroscopic assays were conducted including viscosity,
thermal melting, turbidity, circular dichroism, electrophoresis, and atomic force
microscopy (AFM). From this analysis we identified a possible new surface-driven
nucleic acid binding mode associated between the protonated amine group within
the opioid D ring, and phosphate oxygen group along the nucleic acid backbone

(Figure B-1B). Thus, these novel Cz architectures efficiently complex dsDNA
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through ionic surface-driven interactions and result in the condensation/aggregation
of the tertiary double stranded helical structure. We hypothesise this condensation
process arises from the collapse in regular B-DNA structure through opioid H-

bonding interruption.

B-4. Summary

In conclusion, this abstract presents a summary of our recent findings on the DNA
binding properties of new C3 symmetric opioid structures. These architectures are
first to our knowledge where the opioid class has demons