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Abstract.

The DNA sequence preference of a series of DNA minor groove binding
analogues of distamycin, containing from one to four imidazole moieties is
described. Only the di- and the triimidazole analogues produced strong
footprints and a detailed densitometric analysis revealed that the preferred
binding site of the diimidazole compound ARI 114 was at 5-(G.C)3(A.T),
whereas the strongest footprinting sites for the triimidazole compound, ARI 144,
was within two occurrences of the sequence 5’-TCGGGCT-3'. The analysis
also showed that these two compounds bind to different sequences on the
same DNA fragment, even though they differ by only one imidazole unit.

An attempt was made to develop an assay for the binding sites of minor
groove binders in a cellular environment. Although not entirely successful, the
results from experiments involving a taqg polymerase stop assay indicate that
the DNA binding sites of some minor groove binders may be determined at
doses lower than those required with existing techniques.

The G.C selective di and triimidazole compounds were compared to two A.T
selective minor groove binders, distamycin and netropsin, for their ability to
alter the distribution of guanine N7 monoalkylation products produced by three
representative nitrogen mustards. All four of the ligands were capable of
producing quantitative and/or qualitative changes in the distribution of the
alkylation adducts. Pretreatment of the DNA with netropsin, distamycin or ARI
114 resulted in significantly altered patterns of guanine N7 monoalkylation,
with some adducts being suppressed whilst others were enhanced. In contrast,
ARI 144 produced only a strong inhibition of monoalkylation, but was unable to
produce any qualitative alteration in the pattern of adducts. A comparison of the
binding sites of the ligands (deduced by DNA footprinting) with patterns of
enhancement or suppression of adducts yielded no simple correlation.

In the third part of the study, netropsin and distamycin were compared to AR

114 and ARI 144 for their ability to inhibit DNA cleavage by a panel of



restriction endonucleases chosen to have either a high A.T or a high G.C
content at the core of their recognition sequences. As predicted, netropsin and
distamycin but not ARI 114 or ARI 144 were able to inhibit DNA cleavage by
Eco Rl and Eco RV. In contrast, neither ARI 114 or ARI 144 were very effective
at inhibiting DNA cleavage by the G.C recognising enzymes Nru | and Bal |.
Footprinting revealed that neither ARI 114 and ARI 144 bound at these enzyme
recognition sequences under the restriction enzyme buffer conditions. DNA
footprinting experiments showed that ARI 114 bound to two of three recognition
sequences for the enzyme Fnu 4H1 in the fragment studied, and enzyme
cleavage was shown to be inhibited only at these sites. ARI 144 bound strongly
to two 5'-GGGCTC-3' sequences which are recognition sites for the enzyme
Ban Il. In this case a clear stimulation of DNA cleavage by Ban Il was observed
over a wide dose range of ARI 144,

The experiments described in this thesis demonstrate that minor groove
binding ligands can often have profound effects on DNA structure and that

differing effects are seen between the A.T and the G.C selective binders.
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Chapter 1

Introduction.

1.1. DNA as a target for anticancer drug design.

Compounds which interact with DNA and covalently or non-covalently alter
its structure, or its function as a template, have long been recognised to have
cytotoxic or mutagenic effects for the cell (Hemminki, 1983). In some cases
these mutagenic lesions may lead to the emergence of a transformed cellular
phenotype.

Somewhat paradoxically, many DNA modifying and interacting agents have
been found to have important and useful anticancer effects, and many are also
useful as antimicrobial and antiprotazoal agents.

In the search for novel anticancer agents, the primary genetic material, DNA,
has many important characteristics desirable in a target molecule (Hurley &
Boyd, 1988; Hurley, 1989). DNA is an active participant in a wide variety of vital
biological reactions, and any disruption of these reactions is likely to have a
detrimental effect for the cell. Drugs targeted against nucleic acids would act at
an early stage of gene expression, and thus should be more efficient on a
molar basis (Carter & Lemoine, 1993). Being a relatively complex polymer, the
DNA molecule presents many sites for potential interactions with xenobiotics.
However, although a complex molecule, its structure has been extensively
studied and is well characterised. For this reason it may be much easier to
design a nucleic acid targeted drug then it would a drug acting on a less well
characterised molecule, such as a cellular protein. Finally, due to the coding
function of DNA imparted by the sequence of its constituent bases, there is a
potential for natural or synthetic molecules to take advantage of this variation in

structure and target certain chemical functionalities or sequences with high
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affinity.

Many DNA directed anticancer agents and naturally occurring antibiotics do
indeed show a degree of preference for reaction at specific sites or sequences
on the target molecule (Warpehoski & Hurley, 1988; Thurston &‘ Thompson
1990; Nielsen, 1991; Hartley & Souhami, 1993). For example, the antibiotic
mitomycin C binds to the N2 position of guanine, in the minor groove, and
prefers 5'-C-G-3' sequences (Tomasz et. al., 1987). The DNA intercalator
actinomycin D prefers the sequences 5'-T-G-C-3' and 5'-C-G-C-3' (Rehfuss et.
al., 1990). Even relatively simple molecules such as the nitrogen mustards and
the chloroethylnitrosourea family of compounds show a preference for reaction
at specific DNA sequences (reviewed in Hartley, 1990; and Hartley & Souhami,
1993). These sequence preferences exhibited by some antitumour agents may
in some way contribute to the antitumour efficacy of these agents, however, this
has yet to be established.

Numerous types of drug induced DNA lesions have been characterised,
including base modifications (Hemminki & Ludlum, 1984), interstrand or
intrastrand DNA-DNA cross-links, protein associated DNA éleavage and DNA
single or double strand breaks. All of these lesion types are cytotoxic to some
degree, and most DNA interacting agents are capable of producing more then

one type of damage (Hemminki & Ludlum, 1984).
1.2. Mechanisms of DNA interaction and covalent modification.

The DNA polymer is subject to a very high rate of endogenous damage. Four
main mechanisms are responsible for this damage, namely methylation,
deamination, depurination (Saul & Ames, 1986), and, most importantly,
oxidation (Ames, 1983; Saul & Ames, 1986, Lindahl, 1993). These
spontaneous mechanisms of DNA damage are reviewed in Ames et. al., (1993)
and Lindahl, (1993).

In addition, many exogenous agents, both physical and chemical, are able to
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react with DNA in a manner able to covalently and/or non-covalently alter its'
structure. Figure 1.1. illustrates the many modes of interaction of a wide variety
of chemical and physical agents. The lesions resulting from the actions of these

exogenous agents are reviewed below.
1.2.1. DNA base modifications and other covalent lesions.

Numerous potential reaction sites have been identified in all four of the
bases making up the double helix. These include the following; The N1, N3, N6
and N7 positions of adenine, N1, N2, N3 O6 and N7 positions of guanine, N3,
N4 and O2 positions of cytosine and the N2, O2 and O4 positions of thymine.
The most reactive sites are at the N7 position of guanine and the N3 position of
adenine.

Additionally, the oxygen in the phosphodiester linkage may react with
electrophiles to form a phosphotriester. This is illustrated in figure 1.2 which
shows the reactive centres in the four bases.

The relationship between the cytotoxic and mutagenic effects caused by the
various base modifications is a complex one. It would seem that almost all of
the base modifications have the potential to be mutagenic (Hemminki, 1993).
There are almost certainly differences in the degree of mutagenicity, however.
Amongst the most significant mutagenic lesions are alkylation at the O6
position of guanine and the O4 of thymine (reviewed in Singer & Essigmann,
1991), hydroxylation at the 8 position of guanine (reviewed in Brown &
Kennard, 1992) and alkylation at the N3 position of adenine (reviewed in Povirk
& Shuker, 1994) Some single base modifications are also known to have
potent cytotoxic effects. For example alkylation at the N3 of adenine is known to

have an inhibitory effect on DNA transcription (Pieper & Erickson, 1990).
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(Garcia et. al., 1988; Sunters et. al., 1992) and the nitrosoureas (Erikson et. al.,
1980a). Cellular resistance to bifunctional alkylating agents is often associated
with enhanced repair of cross-links (Burt et. al., 1991).

The second type of DNA-DNA cross-link, intrastrand cross-links, are
commonly found in DNA after treatment with cisplatin and are an important
modulator of the cytotoxicity of this compound. Intrastrand cross-links have
been found to inhibit DNA polymerase | (Pinto & Lippard, 1985; Gralla et. al.,
1987). |

An additional form of cross-links are those formed between DNA and
proteins. These lesions have been found in cells treated with the
topoisomerase poison etoposide (Wozniak & Ross, 1983). However the
contribution of DNA-protein cross-links to the cytotoxic efficacy of other
chemical and physical cross-linking agents is not certain. There is evidence
that the formation of these lesions does not correlate with cytotoxic efficacy in
cells treated with cisplatin (Zwelling et. al., 1979), nitrosoureas (Erickson et. al.,

1980a), or nitrogen mustards (O'Connor & Kohn, 1990).

DNA Strand-breaks.

DNA damage by some chemicals and ionising radiation can result in breaks
in the sugar-phosphate backbone. Double strand-breaks may occur if two
single strand-breaks occur in close proximity on opposite strands. Double
strand-breaks have been identified as the lesion most likely to cause the lethal
effects of ionising radiation (Ward, 1988).

DNA strand-breaks can be formed by oxygen-dependent or oxygen-
independent reaction mechanisms. The first type of mechanism, implicated in
DNA damage caused by ionising radiation and many compounds including
doxorubicin, bleomycin and neocarzinostatin, is mediated by free-radical
formation. Oxygen radicals can attack DNA at either the sugar or the base
producing a large number of products. Attack at the sugar leads ultimately to

sugar fragmentation, base loss and a single-strand break (reviewed in Imlay &
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Linn, 1988). Strand-breaks can also be formed via mechanisms not involving
oxygen radicals. Many alkylating agents are able to attack the phosphate
groups of DNA resulting in the production of a phosphotriester, which although
stable at neutral pH, will hydrolyse under basic conditions. Alkylation at bases
may also resuit in strand breaks. Base alkylation may result in depurination or
depyrimidination to produce an apurinic/apyrimidinic (AP) site, which may then

result in strand cleavage at the AP site (Garret and Metha, 1972).

1.2.2. Non-covalent mechanisms of ligand interactions with DNA.

Intercalation.

Many planar or near planar aromatic compounds are able to fit between the
base pairs of DNA in a process called intercalation. The binding of intercalators
causes significant structural modification of the double helix causing the helix to
extend and unwind, and this may have detrimental effects on the template
activity of DNA. The degree of unwinding of the helix varies depending on the
structure of the intercalator. Bisintercalators are molecules with two
intercalating rings attached by a linker. The process of intercalation is reviewed

in Saenger, (1983) and Wilson, (1990).

Groove binding.

The DNA double helix is able to accommodate a large variety of molecules
within its' major and minor grooves. The two grooves differ in hydrogen
bonding characteristics, electrostatic potential, steric effects and hydration. The
major groove of DNA is often the site of interaction of cellular DNA binding
proteins such as transcription factors. The minor groove, in contrast, is often
host to small groove binding ligands and proteins which are more permissive in

their DNA binding characteristics, for example DNA polymerases.
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1.3. Classes and properties of anticancer agents targeted against

nucleic acids.

Many of the anticancer agents in use at the present time have DNA as their
presumed major cellular target. Their modes of action are, however, very
diverse, and this underlines the fact that DNA has many functionalities that can
act as receptors for drugs. The major classes of nucleic acid targeted

anticancer drugs are reviewed below.

1.3.1. The alkylating agents.

These compounds are generally highly reactive compounds that react so
that an alkyl group or a substituted alkyl group becomes covalently linked to a
nucleophilic group on a cellular constituent. Alkylation damage can inhibit DNA
transcription (Pieper et. al., 1989) and DNA replication (Gralla et. al., 1987).

The alkylating agents can be divided into five major groups; nitrogen
mustards, nitrosoureas, triazenes, methane sulphonic acid esters and

aziridines.

Nitrogen mustards.

The nitrogen mustards are the oldest effective cancer chemotherapeutics,
and many members of this group of compounds are still in clinical use. The first
truly effective anticancer agent, mechlorethamine went into clinical trials in
1942, when a patient suffering from lymphosarcoma was treated with the drug
(Gilman & Phillips, 1946). Four representative nitrogen mustards are shown in
figure 1.3. These compounds have, as a general feature, two chloroethyl
groups attached to the nitrogen, thus imparting bifunctionality.

The proposed mechanism of action of the mustards is that, at neutral or
alkaline pH, one of the chloroethyl side chains undergoes a cyclisation to

release a chloride ion and form an| aziridiniumion intermediate. This strained,
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Chlorambucil Cyclophosphamide

Figure 1.3. The structures of four representative nitrogen mustards.

three membered ring is very unstable and highly reactive and will attack
nucleophilic centres. It is possible that the aziridinium ion may ring-open to form
a carbonium ion intermediate. Figure 1.4. illustrates this reaction mechanism.

The major site of nucleophilic attack on DNA is at the N7 position of guanine.
Bifunctional nitrogen mustards may go on to form cross-links, after the initial
monoalkylation, either to a protein or to the opposite or the same strand of DNA,
via the second chloroethyl group of the drug. These cross-links are thought to
be the mechanism by which nitrogen mustards exert their cytotoxicity, due to
their ability to inhibit vital cellular functions such as DNA replication and
transcription (Brookes & Lawley, 1961; 1963). DNA cross-linking by the
bifunctional nitrogen mustards has been shown to correlate with cytotoxicity
(Zwelling et. al., 1981; Garcia et. al., 1988; Sunters et. al., 1992). In comparison
to the bifunctional mustards, the corresponding monofunctional mustards are
much less effective as anticancer agents (Brookes & Lawley, 1961). This and
the fact that enhanced cross-link removal correlates with resistance to
bifunctional nitrogen mustards (Batist et. al., 1989; Burt et. al.,, 1991) indicates
that cross-links are the major cytotoxic lesion, although cell killing by nitrogen
mustards is likely to be the result of a combination of lesions.

A number of mustards have been synthesised in an attempt to obtain an
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Figure 1.4. Reaction mechanism of the nitrogen mustards.

agent that will preferentially localise in a particular tissue. Phenylalanine
mustard, (melphalan, figure 1.3.), was developed in the hope that it would
preferentially target melanomas because phenylalanine is a precursor of
melanin (Bergel & Stock, 1954). Similarly, mustards containing pyrimidines, (for
example uracil mustard), phenylbutaric acid (chlorambucil), amino acids and
steroids, have been synthesised with the aim of enhancing selectivity of action.
Cyclophosphamide was developed in the hope that it would be preferentially
activated in neoplastic cells due to the fact that relatively high phosphatase and
phosphoramidase activities have been found in some tumours. Specific
targeting of nitrogen mustards to particular tissues has, however, been largely
unsuccessful, and the mode of action has often proved to be different to the
predicted mechanism. In the case of cyclophosphamide, for example, the

primary activation of the drug takes place in the liver via microsomal activation.
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Nitrosoureas.

These are lipid soluble drugs which have the potential to penetrate the
central nervous system for treatment of intercranial tumours. Examples are

shown in figure 1.5.

I}
CICH2CH2—b|l-C —NH—CH,CH,Cl BCNU
NO
/CHz —CH,
1]
CICchHg—N—C—NH—C{-I CH, CCNU
,\',o CHy—CH, ”

Figure 1.5. The structure of two representative nitrosoureas.

Nitrosoureas were originally developed after it was observed that N-methyl
N'-nitrosoguanidine had antitumour activity against L1210 cells (Greene &
Greenberg, 1960). Related compounds were synthesised and tested, and N-
methyl-N-nitrosourea, which was well known as a carcinogen, was also found
to have antitumour activity. This observation led directly to the development of
the haloethylnitrosoureas.

This class of agents act as both alkylating and carbamoylating agents, and
the mechanism of action is illustrated in figure 1.6. (reviewed in Ludlum, 1990).
At physiological pH, proton abstraction by a hydroxyl ion initiates spontaneous
decomposition of the molecule to yield an isocyanate compound and a
diazonium hydroxide molecule. Alternatively, the haloethylnitrosoureas can
decompose to produce intermediates that hydroxylate DNA directly (Brundrett,
1980; Lown & Chauhan, 1982). The chloroethyl diazonium ion or the
chloroethyl carbonium ion generated may then react with biological
macromolecules.

DNA interstrand cross-linking caused by haloethylnitrosoureas has been

demonstrated by Kohn and this is thought to occur via the dehalogenation of
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Figure 1.6. Proposed reaction mechanism of the halonitrosoureas
(From Brundrett, 1980; Lown & Chauhan, 1982).

the initial monoadduct. DNA-protein cross-links can also be formed by this
mechanism (Kohn, 1977). The isocyanate breakdown product is capable of
reacting with amine or sulphydryl groups on proteins and inhibits various DNA
and RNA processing reactions. As with the nitrogen mustards, the most
prominent position of monoadduct formation by the haloethylnitrosoureas is at
the N7 position of guanine. The most significant cytotoxic lesions produced by
the nitrosoureas are probably cross-linked adducts formed through two N7
positions of guanine, or through the N1 position of guanine and the N3 position
of cytidine (Kohn, 1977; Ludlum, 1990). Guanine O6 alkyltransferase has been
shown to be involved in the resistance to the halonitrosoureas (Erickson et. al.,
1980b), and it is thought that this is because an initial alkylation at the O6
position of guanine is an important intermediate in the eventual formation of

cross-links formed through the N1 position of guanine (Kohn, 1977).
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Methane sulphonate esters.

Busulphan (figure 1.7.), is the major representative of this group of alkylating
agents, and is used in the treatment of chronic myelogenous leukaemia. Its'
reaction with DNA is not thought to be via a reactive intermediate, as with the
nitrogen mustards (which react with SN1 type reaction kinetics). In the reaction,
the alkyl-oxygen bond splits and the molecule is able to alkylate a variety of
cellular targets. Busulphan shows greater reactivity with the thiol groups of

proteins then do the nitrogen mustards (Roberts & Warwick, 1957).

1] 1]
CHy —§—0—CH;CHp CH, CH20 —S~CHy
0

Figure 1.7. Busulphan.

Bedford et. al. have shown that the major mechanism of cytotoxicity and
antitumour activity of the dimethanesulphonic acid esters correlates with their

ability to cross-link DNA (Bedford & Fox, 1983).

Aziridines.

These are analogues of the putative ring closed intermediates of the
nitrogen mustards. Two representative structures, Thiotepa and
triethylenemelamine, are shown in figure 1.8. Compounds with two or more
aziridine groups have been shown to have antitumour activity similar to the
nitrogen mustards (Baterman, 1955). The reactivity of the aziridinium group is
increased by protonation, and is therefore enhanced at low pH. The
mechanism of action of these compounds is not well understood, but is possibly
via a ring opening of the arizidinium group to form a reactive intermediate.
Thiotepa has been used in the treatment of breast and ovary carcinoma.

A class of aziridines able to undergo reductive activation have recently
received attention. These compounds, the aziridinyl benzoquinones, were

developed in the hope that they would be effective in poorly vascularised
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Figure 1.8. The structures of two representative aziridines.

tumours, or those with high levels of reducing enzymes (Khan & Driscoll,
1976). AZQ was selected for clinical trials because it was able to penetrate the
central nervous system (Chou et. al., 1976). One or two electron reduction of
the quinone moiety is believed to facilitate protonation of the aziridine ring

leading to ring opening and formation of alkylating species (Gutierrez, 1989).

Triazenes.

This class of alkylating agents includes dacarbazine and procarbazine
(figure 1.9.), and is characterised by the presence of an N-methyl group
important for activity. The compounds act as prodrugs and undergo a series of
complex metabolic activation steps before the production of active
intermediates (Averbuch, 1990). Although this process is not fully understood
and there is still some doubt as to the true identity of the reactive intermediates,
most of the putative species are capable of forming covalent adducts with DNA.
Both procarbazine and dacarbazine are monofunctional agents and
procarbazine has found use in combination chemotherapy for Hodgkins and
non-Hodgkins lymphoma. Dacarbazine is most commonly used in
combinations for melanoma and Hodgkins disease. A synthetic derivative of
decarbazine, temozolomide, has generated interest due to its activity against a
wide range of experimental tumours and primary human brain tumours

(O'Reilly et. al., 1993; Stevens & Newlands, 1993).
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Procarbazine Dacarbazine

Figure 1.9. The structures of two representative triazines.
1.3.2 Platinum compounds.

The anticancer agent cisplatin was discovered as a result of an investigation
into the possible effects of electrical fields on growth processes in bacteria.
Rosenburg discovered that long lived chemical species released from the
platinum electrodes in the presence of ammonium and chloride ions cbuld
inhibit cell division (Rosenberg et. al., 1965). The compound responsible was
identified as the platinum complex cis PtCl4(NH3)2. Later, the cisplatin complex
cis Pt(l1)(NH3)2Clo (Cisplatin, figure 1.10.), was found to be the most active of
several platinum complexes against experimental tumours.

There has been a considerable effort to produce analogues of cisplatin with
reduced nephrotoxicity, (Hamilton et. al,, 1993; Kelland, 1993), and two
clinically effective platinum compounds, tetraplatin and carboplatin, are also
illustrated in figure 1.10. Tetraplatin has been found to be effective in cisplatin
resistant cells (Anderson et. al., 1986). Carboplatin has a different spectrum of
toxic side-effects to that of cisplatin, although its' mechanism of cytotoxicity is
thought to be the same as that of the parent compound.

Cisplatin acts via a mechanism similar to that of the classical alkylating
agents. The chloride leaving groups can be directly displaced by nucleophilic
groups on DNA, and the drugs can react with all four of the bases within DNA
(Pinto & Lippard, 1985). As with many of the alkylating agents, the majority of

the adducts are formed at the highly nucleophilic guanine N7 position. The
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