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ABSTRACT

Targeting DNA with small molecules has been a useful therapeutic approach in the
treatment of human cancers. Interest in selective disruption of replication and
transcription by DNA-interactive ligands has intensified with the wealth of new genetic
targets provided by the discovery of key genes associated with genetic diseases such as
cancer. This has resulted in the development not only of novel conventional
chemotherapy agents but also of molecules with potential to modulate the expression of
disease related genes. Minor groove-binding polyamides offer a promising means of
disrupting gene expression at predetermined sites. Investigations are presented into the
sequence specificity, intracellular uptake and effects on transcription of a number of
novel polyamides. A structure-binding activity relationship was determined for a
polyamide series comprised of thiazole (T), imidazole (I) or pyrrole (P) heterocycles
examining the effects of linker length, heterocycle permutation and N-terminal head
group. Linkage with a cross-linked motif increased binding affinity for N-terminal
amino or formyl polyamides, with six or seven carbons linkers producing the strongest
binding. Optimal selectivity was achieved for the TIP series with either TIP-C7-formy]l
or TIP-C7-amino, with specificity of the leading thiazole modulated by the adjacent
head group. Use of an N-terminal acetyl or hydrogen abrogated binding irrespective of
linkage or heterocycle composition. Examination of the binding of formyl-III showed a
hundred-fold preference for a single TG mismatch site, relative to a CG match site
demonstrating the utility of an L:I pair for TG mismatch recognition. Evaluation of the
uptake and distribution of TIP-C7-amino in cells suggested that it was not taken up via
passive uptake mechanisms, although it was able to bind DNA when directly introduced
into the nucleus. This was irrespective of the cell line examined, although a cell-type
dependent anti-proliferative effect was observed at high concentrations. TIP-C7-amino
failed to inhibit proliferation in S.cerevisiae and caused consistent changes in the
transcription of only 0.5% of yeast genome, suggesting inefficient cell uptake. This was
in contrast to distamycin, which produced a detectable effect on both the proliferation
and transcription of these cells. These studies have implications for the design of linked

polyamides as sequence selective agents targeting DNA in cells.
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CHAPTER 1
INTRODUCTION

1.1  Cancer

Cancer is a disease typified by progressive genomic change resulting from the
accumulation of genetic defects (Vogelstein & Kinzler 1993). These can range from
point mutations to changes in chromosome complement, affecting the expression of
genes governing the normal regulatory mechanisms of cell proliferation and
homeostasis. Irregular tissue growth in the form of a tumour is considered to arise as a
consequence of an imbalance between normal cellular proliferation and programmed
cell death. Whilst over 100 distinct types of cancer and tumour subtypes have been
distinguished collectively within specific organs, the majority of malignant cancer
genotypes identified may be characterised by six fundamental pathophysiological
changes; growth signal autonomy, an insensitivity to antigrowth signals, evasion of
programmed cell death (apoptosis), an ability to undergo indefinite proliferation
(immortality), sustained angiogenesis, and tissue invasion and metastasis (as reviewed
by Hanahan & Weinberg 2000). These traits may be acquired during the course of
tumour development by a series of genomic alterations, each of which may confer a
growth advantage leading to the uncontrolled expansion and eventually malignant
transformation of a clonal cell population. This appears to occur as a multi-step process,
with normal cells evolving via a succession of pre-cancerous lesions into an invasive or

metastatic tumour (Foulds, 1954).

Frequently, abnormal growth is benign or not cancerous, resulting in the formation of
discrete tissue masses such as papillomas (warts), breast fibroadenomas or leiomyomas
(fibroids). These can be treated by surgical removal and in some cases, as for example
with fibroadenomas, may resolve spontaneously for reasons that are poorly understood.
Benign growth, however, can occasionally be dangerous if it occurs at a critical organ
location, for example benign gliomas can produce lethal pressure in the brain if
untreated. Furthermore, a number of abnormal growths, such as colonic polyps or
cervical dysplasia, are common precursors to invasive or malignant growth. Indeed, the

formation of some precursors, for example colonic polyps, may be associated with
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heritable syndromes such as familial adenomatous polyposis (FAP) leading to a
predisposition to malignant disease (Vogelstein ez al., 1988). Once transformed to a
cancerous genotype, a malignant tumour becomes invasive, spreading into surrounding
tissue. In some cases a tumour will then metastasise, with small clumps of cancerous
cells migrating, often via the lymphatic system, from the primary growth site. These
micro-metastases are asymptomatic and can attach to a new area of tissue, where
initially supplied by the local vasculature they proliferate to form secondary tumours. It
is these secondary lesions that often prove life-threatening, causing 90% of cancer
deaths (Hanahan & Weinberg 2000), and for which better anticancer therapies are

urgently needed.

1.2  Anticancer strategies

A number of therapeutic strategies are currently available in the clinic for the treatment
of malignant tumours. If the tumour mass is discrete and located at an accessible site,
surgical removal is usually the first course of treatment. This is often followed by
localised radiotherapy to destroy cells at the periphery of the excision site, some of
which may be remnants of the excised tumour. However, discrimination between
normal and cancerouvs tissue from patient biopsies can be problematic. This can be
particularly difficult when distinguishing between non-malignant hyperplastic growth
and low-grade lesions, where cells exhibit a malignant phenotype but are still localised
to their tissue site of origin. Thus a successful long-term outcome is dependent both on

the rapid detection and accurate classification of the primary tumour.

When cancer is not restricted to a discrete tissue mass, as for example in leukaemia, or
when a tumour mass has metastasised, chemotherapy is a critical component of
treatment. This strategy involves the use of single or multiple chemical agents, either in
series or in combination, acting principally to control cellular proliferation by the
inhibition of growth or the induction of apoptosis. Currently, approximately 80
chemotherapy drugs are approved by the FDA for use in direct cancer treatment in the
USA (http:fda.gov/cder/cancer/drugslistframe.html). Many of these are small molecules

able to reduce tumour growth by the disruption of DNA processing events in dividing
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most frequent reason for the failure of chemotherapeutic regimes in patients with

initially responsive tumours (Pratt et al., 1994).

In recent years the aim of novel anticancer strategies has been to refine the selectivity
and delivery of therapeutic agents whilst minimising associated systemic toxicity. To
this end, a wide range of pre-clinical and clinical anticancer agents have been devised to
target each of the common physiological properties displayed by tumours. The
proliferation of hormone responsive tumours, such as some forms of breast and prostate
cancers, can be significantly reduced by both pre and post-surgical treatment with
oestrogen or androgen antagonists, for instance tamoxifen or flutamide. Furthermore,
there is now evidence to suggest that hormone antagonists such as tamoxifen can be
chemopreventative, deferring tumour onset when given prophylactically to patients with
a heritable risk (e.g. BRCA 1 or BRCA 2 mutations) (Pritchard et al., 2003). The
problem of constitutive growth factor signalling is being tackled by the development of
inhibitors of signal transduction. For instance the tyrosine kinase inhibitors, Iressa™ and
Gleevec™ have been shown to inhibit EGFR and Bcr-Abl signalling, respectively
(Woodburn et al., 1997; Druker et al., 1996), whilst the monoclonal antibody
Herceptin™ can inhibit the action of the Her 2 cell surface receptor which is
overexpressed in approximately 25% of human breast cancers (Sledge & Miller 2003).
Advances are also being made in the suppression of tumour-associated neoangiogenesis
using anti-vasculature agents such as angiostatin and endostatin (Tonini et al., 2003), as
well as antibodies directed against proangiogenic factors such as vascular endothelial
growth factor, VEGF (Tonini et al., 2003; Longo et al., 2003).

The rational design of new DNA-interactive agents, nevertheless, remains a crucial
component of current anticancer research. This encompasses not only the evolution of
novel chemotherapy agents with increased DNA specificity in an effort to reduce
systemic toxicity, but also of a new generation of DNA interactive molecules able to
modulate the expression of critical genes associated with genetic disease, including
cancer. Thus, development of sequence selective agents, alongside progress in the fields

of genomics and proteomics, provides a useful approach towards the individualisation of
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patient therapy with multiple applications in pharmacogenetic screening and diagnosis

of a wide spectrum of genetic diseases.

1.3  DNA as a molecular target for anticancer agents

There are many advantages to the strategy of using DNA as a molecular target for
cancer therapy. Although a relatively complex macromolecule, the structure of DNA
(Figure 1.1) has been well characterised since its initial elucidation by Watson and Crick
(Watson & Crick, 1953), facilitating the rational design of DNA-interactive drugs. As a
sizeable structure, DNA also affords a large number of putative binding sites for both
natural and synthetic ligands. Furthermore, due to its coding function, the maintenance
of the molecular integrity of DNA is crucial. Therefore, a relatively small number of
critically placed irreversible lesions can successfully disrupt the replication and

transcription cycles of DNA, if they go undetected by intracellular repair mechanisms.

Traditional chemotherapy agents, consisting of a variety of structurally diverse
molecules capable of interacting with DNA, have exploited these properties, producing
critical genetic damage in cells to initiate their death. In general, these agents have been
shown to produce an antitumour effect by irreversibly blocking DNA replication or
transcription, either directly by the formation of covalent adducts with the DNA or
indirectly by the inhibition of critical DNA processing enzymes (Hurley 2002). These
mechanisms prevent further cell division, activating a cascade of molecular events
leading to cell death. So far however, these drugs have predominantly relied on targeting
the high levels of DNA replication and transcription associated with many tumours,
rather than selecting for discrete regions of the DNA sequence associated with a
transformed genotype. Although many traditional chemotherapy agents demonstrate
modest sequence selectivity (as reviewed by Hartley, et al., 1988; Hartley & Souhami
1993), this occurs at relatively small stretches of sequence present in many regions of
the genome. Thus, sensitivity to these agents has been as a function of the level of
general disruption incurred on genomic replication and transcription in rapidly dividing

cells, rather than by the selective disruption of unique tumour related sequences.
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As a consequence traditional chemotherapy agents act indiscriminately on rapidly

proliferating tissue, whether it is normal or cancerous.

In addition to the benefits of increasing the selectivity of DNA damaging agents, a
further advantage of targeting DNA lies in the potential for altering the levels of
expression of individual genes and thereby the transcription of their associated protein
products. Efforts to discriminate between normal and transformed cells more effectively
have resulted in the detailed investigation of the genetic changes involved in the
progression of normal tissue to malignancy. Examination of the genetic profiles of
common tumours has revealed a correlation between the development of a malignant
phenotype and the overexpression, mutation and / or deletion of key genes associated
with the regulation of cell growth and tissue homeostasis. These genes and their
associated protein products are predominantly involved in the control of the cell cycle,
such as p53 (Lane & Crawford 1979; Linzer & Levine 1979; Levine 1997) and p21 (EI-
Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993); programmed cell death
(apoptosis), including bcl-2 (Tsujimoto et al., 1984; Adams & Cory 1998); and
differentiation. These genes, together with the 30,000 plus gene sequences recently
identified by the Human Genome Project, provide many novel genetic targets. As a
consequence, DNA targeting strategies are becoming increasingly important in an effort
to generate selective agents able to modulate the expression of candidate genes. This
provides a potentially useful approach for the development of therapeutic agents that
could alter expression levels of individual genes, down regulating activated oncogenes
such as ras (Midgley & Kerr 2002) and bcr-abl (Lugo et al., 1990; Deininger et al.,
2000) and restoring the activity of tumour suppressor genes and their associated proteins
products such as p53 and pRB (Levine 1997), by interacting with regions of unique
sequence either in the target gene itself or its promoter elements. Accordingly, interest
has been renewed in the rational design of a new generation of DNA binding agents
with enhanced sequence selectivity, using both naturally occurring and existing

synthetic DNA ligands as a structural basis.
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There are also disadvantages to using DNA as a molecular target, however, including
primarily its lack of accessibility both at a cellular and molecular level. At a cellular
level mammalian nuclear DNA, which is generally regarded as the main target of DNA-
reactive drugs, is encased within a number of membrane-bound compartments within
the cell core. The plasma membrane can restrict the transport of molecules into the cell,
preventing intracellular passage and access to the genomic material. This can be
exacerbated by active transport mechanisms associated with drug resistance, with some
cells exhibiting a multidrug resistance phenotype (MDR). In these cases, cells express
high levels of a transmembrane protein P-glycoprotein (Juliano & Ling 1976), which
acts as an efflux pump actively transporting drug localised in the cytoplasm back out of
the cell (Varma et al., 2003). In addition, internalised DNA targeting ligands can
interact with numerous intracellular molecules other than nucleic acids. Indeed, another
form of drug resistance involves the interaction of drugs with intracellular thiols,
including glutathione (GSH). This can act as a non-specific molecular competitor,
binding covalently to some cytotoxic drugs, thereby decreasing their availability for

nucleic acid interactions (Fojo & Bates 2003).

Accessibility may also be a problem at a molecular level due to the physical compaction
of the DNA macromolecule, which can be extensively supercoiled and associated with
protein. Access of putative binding sites may therefore depend on DNA processing
events such as replication or transcription, which are enabled by reorganization of the
local macromolecular structure and associations. During these processes the DNA
structure is affected by superhelical stresses when DNA unwinds, which may in turn
influence the reactivity of these open regions to either DNA-binding proteins or drugs.
Moreover, once access has been achieved not all drug induced DNA lesions persist, with
some being successfully repaired by intracellular mechanisms thus restoring the overall
integrity of the DNA. However, whilst these factors complicate the design of DNA-
selective agents, DNA still remains one of the most attractive molecular targets for

clinical drug development.
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conformations, which can exhibit a range of periodicities, angles of base pairing and
numbers of base pairs per helical turn; nevertheless, the major groove is generally wider
than the minor groove. The predominant intracellular form of DNA and the most stable,
however, is B-DNA, which has 10.5 base pairs per helical turn with an approximate rise
of 0.34 nm per base pair. For this structure the average size of the major groove is 1.17
nm wide and 0.88 nm deep, whilst the minor groove is smaller measuring 0.57 nm in
width and 0.75 nm in depth. Groove size may also vary according to the local sequence
composition, with the minor groove width narrowing over poly dA poly dT runs to 0.3-
0.4 nm (Fratini et al., 1982; Nelson et al., 1987) and widening over GC runs (Fagan &
Wemmer 1992; Neidle 1992). Furthermore, TA steps have been shown to have a
greater deformability than poly dA or dT stretches, due to a compression of the major
groove resulting in an associated widening of the minor groove (Goodsell et al., 1994;

Dickerson 1998).

Both grooves contain numerous functional groups, which protrude from the edges of the
base pairs running along the groove floor. These provide multiple hydrogen bond
donors and acceptors, which act as sites of contact for DNA-binding proteins as well as
for other smaller molecular ligands such as naturally occurring antibiotics. Local
distribution of the electrostatic potential of each groove is sequence dependent, with
greater negative potential along AT runs (Lavery & Pullman 1981). The wider major
groove exposes numerous functional groups along the base edges that line its floor,
offering a large proportion of available bond donors and acceptors. Thus the majority of
regulatory proteins bind DNA selectively by forming hydrogen bonds predominantly to
specific groups positioned along the major groove (Berg & von Hippel 1988). In
contrast the floor of the minor groove is filled with fewer protein recognition sites,
however, its lesser dimensions allow the preferential association of many small DNA
interactive ligands, which may require more extensive electrostatic van der Waals

contacts for binding (Zimmer et al., 1986).

The DNA molecule is seldom free in vivo but occurs in most prokaryotic and eukaryotic

cells as a supercoiled complex associated with DNA-binding proteins to form
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stranded nucleic acids could inhibit the translation of transcript RNA in a cell free model
(Paterson et al., 1977). It was later shown that oligonucleotides complementary to the
3’ region of the Rous Sarcoma virus could inhibit its replication in cell culture
(Zamecnik & Stephenson 1978) and that targeted antisense oligonucleotides could
inhibit gene expression in cells (Izant & Weintraub 1984). Gene silencing by targeting
transcript RNA has the advantage of the relative accessibility of mRNA during
transcription or translation as compared to the genomic DNA, which is compacted and
covered in associated proteins. However, many transcript copies must be targeted in
contrast to a small number of gene copies and modulation of gene expression may be a
transient effect due to the continuous cycle of production and degradation of mRNA.
Nevertheless, a number of strategies to block expression at the level of the message are
currently under development, including antisense oligonucleotides, small interfering
RNAs (siRNA) and ribozymes.

1.5.1.1 Antisense

At present antisense is the most common oligonucleotide-based antimessage strategy for
the inhibition of gene expression. Gene silencing is effected by the hybridisation of a
single-stranded deoxyoligonucleotide, often 15-20 nucleotides long, by Watson:Crick
base pairing to mRNA or pre-mRNA of complementary sequence transcribed from a
selected gene target. Depending on the properties of the antisense oligonucleotide used,
translation of the hybridised gene transcript into a protein product is prevented usually
either by the degradation of the antisense:mRNA heteroduplex by endogenous
ribonuclease H (RNase H) present in both the nucleus and cell cytoplasm or by steric

hindrance of mRNA processing and translation (Crooke 1999; Dias & Stein 2002).

Although antisense oligonucleotides with phosphodiester backbones have been shown to
inhibit translation of target mRNAs in both cell free systems and microinjected oocytes
(as reviewed by Tidd 1993), they are prone, however, to degradation by intracellular
nucleases (Wickstrom 1986; Akhtar et al., 1991; Eder et al., 1991). As a result, many
analogue structures have been developed which are more resistant to degradation,

including the use of modified methylphosphonate or phosphorothioate backbones
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irrelevant cleavage, inducing scission by RNase H of nontargeted mRNAs with as little
as a 5 base pair complementarity with transcript RNA (Monia et al., 1993; reviewed by
Stein 2000). As a result, a new generation of antisense oligonucleotides have been
designed in an effort to reduce non-specific binding interactions and nuclease
degradation whilst improving the affinity for specific mRNAs (Figure 1.6). These are
able to operate via both RNase-H dependent and independent mechanisms (Baker &
Monia 1999). Modification of the ribose sugar unit by replacing the H at the 2’ position
of ribose with a methyl group (RNA 2’-O-methyl) has produced molecules that are
nuclease resistant and able to exerting a potent antisense effect by interfering with
translation initiation and ribosomal assembly (Baker et al., 1997). Alternatively,
substituting the 3’ oxygen of ribose with an amine group has created N3’->P5’
phosphoroamidate structures able to form stable complexes with both RNA and single
and double-stranded DNA (Chen et al., 1995; Gryaznov et al., 1995; Gryzanov 1999).
Other structural modifications have included replacing deoxyribose with a morpholine
ring and the substitution of phosphodiester linkages with an uncharged
phosphorodiamidate backbone (Summerton et al., 1997a, 1999). These structures are
both stable and nuclease resistant in biological models (Hudziak et al., 1996),
demonstrating targeted antisense activity in cell free systems and in some cell culture
lines (Taylor et al., 1998; Summerton et al., 1997b). Chimeric oligonucleotides
comprised of different combinations of these structural components have also been
developed, taking advantage of the associated properties of each to optimise uptake,
transcript hybridisation and sequence specificity (Agrawal et al., 1997, Hamma & Miller
1999; Miller & Hamma 1999).

Despite the potential of antisense oligonucleotides, some serious drawbacks remain,
many of which are shared with other methods of DNA targeting. Irrespective of the
molecular charge of the antisense oligonucleotide, cell uptake occurs mainly by
endocytosis whereby internalised molecules are retained within intracellular endosomal
or lysosomal compartments preventing access to the nuclear envelope (Tonkinson ez al.,
1994; Shoji et al., 1991; Stein 1999). At low concentrations endocytosis may be receptor
mediated (Loke et al., 1989; Yakubov et al., 1989) whilst at higher concentrations these
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become saturated and uptake occurs by adsorptive endocytosis and pinocytosis (De
Diesbach et al., 2000). Although some leakage occurs, a large proportion of
exogenously administered antisense oligonucleotides are retained in intracellular
endosomal vesicles and are unable to interact with target mRNAs (Gray et al., 1997;
Stein et al., 1993). As a consequence a number of delivery systems have been
investigated to enhance uptake, including the use of neutral and cationic liposomes such
as Lipofectin and cationic biodegradable polymers, such as poly-L-lysine (as reviewed

extensively by Dias & Stein 2002 and references therein).

Another problem encountered has been poor accessibility of the target site due to
intramolecular folding of the mRNA target, which can interfere with hybridisation. This
may be overcome by optimisation of the sequence targeted. Various approaches have
been used to identify optimal antisense sequence, including predictive computer RNA
folding algorithms and ‘walking along the mRNA’, whereby the activity of a series of
antisense oligonucleotides, directed at multiple sites along the target mRNA is evaluated
in model cell culture systems (Bacon & Wickstrom 1991). However, due to the time-
consuming nature of this process, mapping the RNase H accessibility of hybridisation
sites has also been carried out using random oligonucleotide libraries (Ho et al., 1996;
Akhtar 1998) and more recently a combinatorial approach, scanning
oligodeoxynucleotide arrays (Milner et al., 1997). This technique uses DNA
microarrays comprised of series of overlapping antisense oligonucleotides immobilised
onto a nylon membrane or glass slide, designed to hybridise to each possible region of
sequence within a given radiolabelled target mRNA (Southern et al., 1994). This may
be used to identify cooperatively acting antisense oligonucleotides as well as enable
screening of mRNA from cell extracts, as mRNA structures are likely to differ in vitro

and in biological systems (Scherr & Rossi 1998).

1.5.1.2 RNA interference
A recent development in oligonucleotide based nucleic acid targeting strategies has been

the selective post-transcriptional inhibition of gene expression by small interfering 21-
23mer double stranded RNA molecules (siRNA or RNAi) (Fire et al., 1998; Hammond

32



$ % $ ,

0 & 6/ )
$ % @!'" % % @!'!'" . Y
6>>>/ 1 $ $ % &%
$ # & % % $
% $ , % $% % % @!" %
& $% $ % &$ , # $ # C
@!" & % $ % $
$ % @!" @! " $ - % A
60 Q K A 6, Q 6/ $ @!" $ % $
$ $ % # % 6 (: % $ $
i ? .S O 4% 6/ O
% & @!'"( % $ % % &% @' 1/
& 7T@'!'" % &% # % % % $ , @!" % &%
+ % .A 60 & 60 S v 6 2/
XXX XXX XX XX _ % % I $ | #
@!" v e T % @ &s
% % &
@'
% @' 1
% @' 1
X 'X a @!
X 'X 'X 'X 'X 6X X'X 'X 'X 6X 6X % $ @!"
; 6 2 & % @!" % . o
"$ % $ & %% % % , @!" %
% % $$ $ % $ & #



mammalian cell types (Elbashir et al., 2001b; McManus et al., 2002). These have
included genes related to cancerous phenotypes such as Bcr-Abl, mutated Ras and
human papilloma virus E6 and E7 (Lieberman et al., 2003). Nevertheless, despite the
potential of this strategy a number of hurdles remain, precluding immediate therapeutic
use. Although resistant to ribonucleases, like antisense oligonucleotides siRNA is prone
to degradation by endogenous nucleases making intracellular delivery problematic.
Thus chemical modifications such as 5’ capping, modification of ribose sugars and
substituting phophorothioate linkages have been used to improve nuclease resistance.
Furthermore, gene silencing has been effected by the introduction of synthetic siRNA
duplexes into cells by transfection or by in vivo transduction by expression from stem-
loop structure encoded by plasmids and viral vectors (reviewed extensively in Hannon,
2002; Lieberman et al., 2003). Other possible methods for exogenous delivery include
covalent linkage of siRNA to antibodies, cell surface receptor ligands, basic peptides or

incorporation into liposomes.

1.5.1.3 Ribozymes

A third anti-mRNA strategy involves the use of ribozymes. These are catalytic
oligoribonucleotides able to bind RNA of complementary sequences via Watson-Crick
base pairing, causing its degradation by the sequence selective cleavage of its
component phophosphodiester linkages. Naturally occurring ribozymes include self-
splicing introns, RNase P and small catalytic RNAs such as hammerhead, hairpin,
hepatitis delta virus and VS ribozyme motifs (reviewed extensively in Puerta-Fernandez
et al., 2003). Whilst the tertiary structure varies considerably between ribozyme classes,
all types induce the site-specific cleavage of mRNA transcripts, a property with
therapeutic potential for the inhibition of gene expression. Furthermore, group I intron
ribozymes derived from self-splicing introns may be used for site-specific trans-splicing
of therapeutic RNA sequences into a target transcript, a process known as ribozyme-
mediated RNA repair (reviewed by Long et al., 2003). Unlike other antimessage
strategies, this has the potential for repair of disease-associated mutant RNAs including

transcripts involved in carcinogenesis (as reviewed by Phylactou 2000). Indeed,
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recently a trans-splicing ribozyme has been used to repair mutant p53 RNA in human
cells lines (Watanabe et al., 2000).

Most gene silencing studies using ribozymes, however, have used small catalytic hairpin
or hammerhead RNAs which are also proving to be promising therapeutic tools for
cancer treatment (Phylactou 2000; Kurrek 2003). As with small interfering RNAs, a
variety of delivery systems have been used, including exogenous administration of
synthetic ribozymes using cationic lipids and intracellular transcription from plasmid
vectors transfected into target cells. The use of viral vectors encoding ribozyme
expression cassettes have the advantage of enabling the modulation of the ribozymal
concentration and intracellular localisation by using different promoters to drive
ribozyme synthesis (Kato et al., 2001). Problems encountered using ribozymes are
common to other antimessage stategies, such as the nucleolytic degradation of
presynthesised ribozymes. Nuclease stability may be increased by their structural
modification, although this is further complicated by reduction in the catalytic activity
produced by the resultant conformational changes. Nevertheless, modifications of the
constituent RNA structure such as the use of fluorine, amine or 2’-O-alkyl groups at the
2’ position of pyrimidine nucleosides have been used successfully with only a small loss
of catalytic activity (Beigelman et al., 1995; Zinnen et al., 2002; Kurrek 2003). As a
result modified hammerhead and hairpin ribozymes have been used to modulate the
replication and transcription of viral RNAs associated with diseases such as hepatitis,
HIV, mumps and influenza in addition to transcript targets involved in the induction or
progression of tumours (Phylactou 2000). Currently two clinical trials are in progress
examining the therapeutic effect of chemically modified ribozymes in breast and

colorectal cancer (Sullenger & Gilboa 2002).

1.5.2 Antigene
The antigene strategy relies on the rational design of synthetic molecules able to bind to

double stranded DNA in a sequence specific manner in order to modulate the expression
of a specific gene. This has the advantage of requiring the targeting of only 2 copies or

alleles of a given gene as compared to thousands of gene transcript copies. Furthermore,
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controlling expression at the level of the gene has the potential of providing a long term
effect relative to the transient effect of strategies such as antisense or ribozymes, in
which degraded mRNA is rapidly replaced due to the continued transcription of the
target gene. However, possible drawbacks include the relative inaccessibility of target
sequences within chromatinous DNA in the nucleus, as well as competition for binding
sites with native DNA binding proteins. Synthetic molecules designed for this task have
ranged from macromolecules, including triple helix forming oligodeoxynucleotides,
peptide nucleic acids, zinc finger proteins, peptide libraries and DNA aptamers, to
smaller ligands including minor groove binding ligands such as pyrrolobenzodiazepines

and polyamides.

1.5.2.1 Peptide-Nucleic Acid chimeras (PNAs)

PNA is an achiral nucleic acid analogue constituted from DNA bases attached via
methylene carbonyl linkages to an uncharged polyamide backbone comprised of N-(2-
aminoethyl)glycine units as shown in Figure 1.8 (Egholm ez al., 1993; Nielsen et al.,
1991). These linkages differ from the peptide bonds in amino acids and as a result PNA
is resistant to peptidases and proteases providing the molecule with intracellular
stability. As it is uncharged, PNA is able to hybridise with nucleic acids with a high
affinity, doing so in a sequence selective manner forming stable duplexes and triplexes
with either single-stranded or double-stranded DNA or RNA (Nielsen et al., 1991;
Jensen et al., 1997). This enables its use in either antimessage or antigene strategies for
the modulation of gene expression. As it is not a substrate for RNase H or other
RNases, PNA exerts an antisense effect by inhibiting mRNA splicing, translation
initiation or elongation through steric hindrance (Hanvey et al., 1992; Boffa et al., 1996;
Cutrona et al., 2000). As a result PNA has been used successfully to down-regulate the
expression of a variety of molecular targets (Phylactou 2000). Furthermore, PNA may
be used to mediate an antigene effect as homopyrimidine PNAs cause DNA strand
displacement, resulting in the formation of a PNA,/DNA triplex (or P-loop) at
homopurine tracts (Betts et al., 1995). These can inhibit replication or transcription by
arresting DNA or RNA polymerases at transcription factor binding sites (Demidov et
al., 1995; Nielsen 1999; Ray & Nordén 2000). As with other nucleic acid targeting
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can bind to a complementary purine strand forming a pyrimidine-purine-pyrimidine
triplex, so that thymine bonds with an AT base pair and cytosine with a GC base pair, to
produce T'A:T and CG:C triplets (Figure 1.9b). Similarly, synthetic purine stretches can
constitute a pyrimidine-purine-purine triplex, with stable TA:A, CG:G and TA:T
triplets formed with the purine strand of the Watson:Crick duplex as shown in Figure
1.10 (Beal & Dervan 1991; Pilch ez al., 1991). Whilst formation of the purine motif is
pH independent, the pyrimidine motif occurs at low pH due to the required protonation
of the cytosine residues in the third strand. Furthermore, the pyrimidine motif triplets,
T'A:T and C*G:C triplets generate an isomorphous structure enabling the incorporation
of the third strand into the major groove without distortion of the phosphodiester
backbones (Giovannangeli et al., 1992). In contrast, the base triplets of the purine motif
produce some backbone distortion, which affects the stacking and thus stability of the
three strands. Triplex formation is further stabilised in vitro by the presence of divalent
metal cations, which reduce repulsion between the negatively charged phosphodiester
backbones (Malkov et al., 1993; Potaman & Soyfer 1994).

Despite successful use of TFOs to induce site-specific mutations, sequence selective
strand cleavage and modulation of gene expression in vitro (reviewed in Chan & Glazer
1997), a number of problems have been encountered with their use under physiological
conditions. Although polypurine:polypyrimidine sequences are common in mammalian
genomes, numerous attempts have been made to extend the range of base recognition to
include regions of mixed sequence (as reviewed by Gowers & Fox 1999). Furthermore,
the requirement of pyrimidine motif structures for low pH and high concentrations of
divalent cations such as Mg®* for the formation of a stable triplex is difficult to
reproduce in cells at a physiological pH (Blume et al., 1999). Moreover, homopurine
third strands have a tendency to form self-associating G tetrads at physiological levels of

K*, inhibiting triplex formation (Arimondo et al., 2001).

A number of modifications have been made to the constituent bases and phosphodiester

backbone of the third strand in an effort to improve triplex stability at physiological pH
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and resistance to intracellular nucleases (reviewed in detail by Agrawal 1999). The
substitution of natural bases with synthetic analogues, for example replacing cytosine
with 5-methylcytosine, reduces the pH restriction in the pyrimidine motif, enabling
binding at neutral pH (Lee et al., 1984). Furthermore, guanine analogues such as
2’deoxy-6-thioguanosine (Gee et al., 1995, Vasquez et al., 1995) or 7-chloro-7-
deazaguanines (Aubert et al., 2001) can enhance stability of the purine motif by
reducing tetrad formation. Further stablisation has been achieved by covalent
attachment, either at the 5’ or 3’ ends or at internal positions within the third strand, of
minor groove binding and intercalating agents (Kukreti et al., 1997; Praseuth et al.,
1999). Use of alkylating or photoreactive agents at these positions has provided novel
sequence selective properties. Numerous modifications have also been made to triplex
oligonucleotides to reduce susceptibility to intracellular nuclease degradation. These
include altering B-glycosidic linkages to their o anomers (Thuong & Héléne 1993;
Noonberg et al., 1995), substitution of component deoxyribose sugars with ribose
(Thuong & Héleéne 1993), as well as the use of methylphosphonate, phosphoramidate,
morpholino and PNA backbones (reviewed by Praseuth et al., 1999; Seidman & Glazer
2003).

Whilst selected TFOs can modulate the expression of endogenous genes and viral
sequences in vitro and in cells (Cooney et al., 1988; Postel et al., 1991; Praseuth et al.,
1999; Guntaka et al., 2002), in some cases it has been difficult to prove that the effect
has been directly mediated by triplex formation. Nevertheless, modulation is thought to
occur by steric inteference of replication, transcription, transcription factor and
topoisomerase/helicase binding. However, there are a number of limiting factors for
therapeutic use of TFOs. These include problems with low cell permeability requiring
the use of a variety of vectors such as cationic lipids and peptide conjugation (Praseuth
et al., 1999), the inhibition of triplex formation by nucleosomes (Brown & Fox 1996;
Espinas et al., 1996) and the restricted range of sequence recognition (Gowers & Fox
1999). As a result, although many antisense agents are undergoing clinical trials, there

are currently no TFOs in pre-clinical trials.
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1.6.1 Covalent modification

DNA damage involves the modification of its structural components by the formation or
breakage of either permanent or transient chemical bonds. Small ligands can produce
such damage by the covalent modification of its constituent nucleotides. This can be in
the form of base or phosphate alkylation, interstrand or intrastrand cross-links and single
or double strand breaks, with most DNA damaging agents producing more than one type
of lesion. Whilst much chemical damage is consistently repaired, failure to do so can
result in the loss of the sequential integrity of the DNA leading to mutation.
Alternatively irreversible damage at critical locations in the DNA can disrupt crucial
DNA processing events such as replication and transcription, causing cell cycle arrest

promoting cell death.

DNA bases are vulnerable to alkylation at physiological pH and the antitumour activity
of alkylating agents is thought to occur as a result of such lesions. These agents are
electrophilic and have an affinity for the numerous nucleophilic centres in the DNA
structure. As a result they can produce a variety of covalent single base modifications
(Figure 1.12), with the highly nucleophilic guanine-N7, adenine-N3 and adenine-N7
positions most readily alkylated (as reviewed extensively by Hartley 1993b). Such
modifications weaken the glycosidic bonds between the bases and their associated
sugars and therefore often lead to depurination/depyrimidination and the formation of
alkali-labile abasic sites (Loeb & Preston 1986). When an alkylating agent is
bifunctional it can also react with two nucleosides to form cross-links in the DNA either
in the same strand (intrastrand) or in the opposite strand (interstrand). This occurs less
frequently than single base modification possibly due to the additional stereochemical
constraints of bifunctional alkylation. Nevertheless, although cross-links account for a
relatively small proportion of alkylations, they are often considered to be critical lesions.
This may be because if unrepaired, interstrand cross-links prevent strand separation and
thereby interfere with DNA replication and transcription. Consequently, a number of
cross-linking agents such as nitrogen mustard (Kohn et al., 1966; Fox & Scott 1980) and
mitomycin C (Iyer et al. 1963; Borowy-Borowski et al., 1990) have been used as

chemotherapeutic agents.
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may be linked to produce a bis-intercalator, extending the sequence specificity. Some
potent antitumour agents interact with DNA primarily by intercalation between the
DNA bases but nevertheless have a groove-binding component, for example positioning
a bulky oligosaccharide or peptide group into the groove. Anthracycline antibiotics
such as arugomycin and nogalamycin position bulky constituent oligosaccharide
components in both grooves, whilst mono-intercalators such as daunomycin and
adriamycin place their sugar groups into the minor groove only. Thus, in these cases
although the intercalating unit of the ligand structure primarily determines binding, these
minor groove-binding substituents influence flanking sequence requirement (Frederick,
et al., 1990).

Non-covalent groove binding is a form of ligand interaction with DNA, which occurs
via electrostatic interactions such as hydrogen bonding, van der Waals forces and
hydrophobic interactions. These attractive forces are sensitive to distance and thus
binding can depend on the three-dimensional shape of the ligand, with groove-binding
favoured by molecules which fit neatly into the DNA groove. Isohelicity of a molecule,
whereby it follows the curvature of the DNA helix, facilitates insertion into either the
major or minor groove of DNA parallel to those grooves. In some cases, non-covalent
groove binding can act as a component of subsequent covalent interaction. An example
of this is the binding of the CPI-containing antibiotic (+)-CC1065, which will be

discussed in a later section.

1.7  DNA recognition in the minor groove by small ligands

In recent years a large number of agents have been synthesised based structurally on
naturally occurring minor groove binders including, distamycin, netropsin, (+)-CC-
1065, anthramycin and Hoechst 33258. These have been developed in an effort to
generate novel therapeutic compounds with sequence selective anticancer and antiviral
properties, providing an alternative strategy to current oligonucleotide based techniques
for nucleic acid targeting such as antisense. Classic minor groove binding ligands can

be resolved into two groups based on their charge; cationic and neutral, however the
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majority are positively charged. These may interact with DNA via non-covalent or

covalent interactions or combinations of the two.

The majority of DNA-binding control proteins bind in the major groove, with some
interactions extending into the minor groove, probably due to the relatively high
numbers of available hydrogen bond donors and acceptors present there. Nevertheless
some important regulatory proteins, including polymerases and the TATA binding
protein (TBP), utilise the minor groove. Many small ligands including xenobiotics
usually less than 1000Da in size, bind predominantly in the minor groove possibly as a
result of better van der Waals contacts in this narrower groove. This phenomenon may
have been as a result of the evolutionary adaptation of some prokaryotic species to
produce antibiotics disrupting the protein-DNA interactions of competing organisms, by
capitalising on the relative lack of occupancy of the minor groove (Lown, 1990; Lown
1997). Therefore, although at first instance the minor groove does not appear to contain
as much structural information as the major groove, there are nevertheless a number of

advantages in targeting this region.

1.7.1 Features of minor groove recognition

Minor groove recognition relies on a series of structural features. These include the
charge, shape, chirality, stereochemistry, flexibility and in the case of longer ligands
phasing, as well as the ability of incoming hydrogen bond donors or acceptors to
recognise specific base pairs. Minor groove binding ligands generally share a number of
common structural features, which enable both covalent and non-covalent binding
between the groove walls. A large number of minor groove binding ligands are cationic
complementing the electrostatic potential of AT-rich regions. These are drawn initially
towards AT-rich sequences by a non-specific electrostatic attraction for the negative
charge associated with the phosphate backbones of the DNA. This is compounded by
the deep negative charge potential near the bottom of the minor groove at the AT region
(Lavery et al., 1982). For GC-rich regions, the deepest negative potential well is
associated with the major groove, whilst for AT-rich sequences this occurs in the minor

groove.
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The minor groove floor is formed from the base edges providing a convex surface,
which is favourably complemented by the concave shapes of many groove-binding
ligands. This shape dependence is strongly affected by changing the chirality of portions
of the ligand, with racemates often demonstrating poor binding. Once positioned within
the groove, the stereochemistry of the chemical groups constituting the ligand, together
with their ability to accept or donate hydrogen bonds, determines its alignment
alongside specific base pairs. For example, the protrusion of the guanine amino group
into the groove often produces steric hindrance to ligand binding, establishing an AT
binding preference. Furthermore, hydrogen bonding at the base edges provides an
ability to discriminate between AT and GC base pairs due to the different selection and
spatial arrangement of bond donors and acceptors available for each base. Close
association with the groove floor then allows other stabilising non-bonded interactions,
such as hydrophobic interactions and van der Waals contacts with the groove walls
although their influence on binding remains somewhat controversial (Sauers 1995;
Chang & Cheng 1996). These are distance dependent and thus are optimised in the
smaller dimensions associated with the minor groove, especially in the narrow
environment provided by polyA.polyT stretches. As a consequence many natural non-
covalent binding ligands show general AT selectivity, although the requirements for

their detailed sequence recognition differs.

Small molecules such as Hoechst 33258 and distamycin, bind exclusively in the minor
groove, whilst others require only partial groove binding, often placing bulky
substituents such as a sugar, in the case of daunomycin or adriamycin, or a peptide in the
case of actinomycin into the groove (Geierstanger & Wemmer 1995). DNA is relatively
flexible, so some molecules are able to bind despite causing major distortion to the local
DNA structure, as for example is the case for chromomycin and mithramycin, which
target GC-rich regions as they require a wider groove. Others cause only minor
distortion due to their small size and isohelicity with the DNA helix, for example

Hoechst 33258, DAPI, netropsin and distamycin.
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1.7.2 Covalent interactions: chemically reactive minor groove binders as possible

agents of chemotherapy
1.7.2.1 CPI-containing antibiotics

(+)-CC-1065 and the structurally related duocarmycins form a class of potent
antitumour antibiotics originally isolated from various Streptomyces strains (Hanka et
al., 1978; Yasuzawa et al., 1988; Takahashi et al., 1988). As confirmed by single X-ray
crystallography (Chidester et al., 1981), (+)-CC-1065 is composed of three
pyrroloindole units; a reactive cyclopropyl pyrroloindole moiety (CPI) and two further
non-covalent binding subunits, as shown in Figure 1.13. It is a monofunctional
alkylating agent which is thought to act via a shape-dependent catalysis mechanism,
whereby on non-covalent binding in the minor groove, (+)-CC-1065 adopts a helical
conformation producing helical twist in its linking N2 amide, disrupting the stabilising

influence of the group.

OCH3

reactive CPI moiety

Figure 1.13 The molecular structure of (+)-CC-1065

Non-covalent binding activates nucleophilic attack by the CPI moiety causing alkylation
at the N3 position of adenine in the minor groove (Boger et al., 1991a, b, 1997a, 1999),
occurring via a reversible adenine N3 addition to the least substituted carbon of the
reactive CPI moiety within selected AT rich regions as shown in Figure 1.14 (Hurley &
Needham-VanDevanter, 1986; Reynolds, ez al., 1985). As a result, (+)-CC-1065
selectively targets the consensus sequence 5’-(T/A)(T/A)A-3’, with 5-TAA-3’ being the
preferred site of alkylation (Hurley et al., 1984, 1988; Reynolds et al., 1985; Boger et
al., 1991 a, b) as shown in Figure 1.14. Non-covalent binding is a prerequisite for DNA
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