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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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cells. This has proved to be a useful therapeutic target in the treatment of human
cancers, especially in tumours with raised rates of proliferation, which show an
increased sensitivity to agents blocking DNA replication and transcription (Hurley,
2002). A summary ofthe major drug families frequently used in chemotherapy is shown

below in Table 1.1.

ALKYLATING AGENTS
Nitrogen mustards

e.g. mechlorethamine,
chlorambucil, melphalan,
cyclophosphamide.

Nitrosoureas
e.g. CCNU, methyl-CCNU,
BCNU.

Methanesulponate esters
e.g. busulphan.

ANTIMETABOLITES
Antifolates
e.g. methotrexate.

Pyrimidine analogues
e.g. S-fluorouracil,

Cytosine arabinoside (ara C).

Purine analogues
e.g. 6-thioguanine,

ANTIMITOTIC ANTIBIOTICS
Anthracycline antibiotics

e.g. doxorubicin (adriamycin)
daunorubicin.

Vinca alkaloids
e.g. vincristine, vinblastine,
etoposide (VP-16).

Non-anthracycline antibiotics
e.g. actinomycin D,

6-mercaptopurine mitomycin C, bleomycin.

Aziridines
e.g. thio-tepa, AZQ, DZQ,
triethylenemelamine.

Triazenes
e.g. Dacarbazine, procarbazine,
temozolomide.

Table 1.1 Summary of'the major drug families used in chemotherapy.

A high rate of patient morbidity is often related to chemotherapy, however, due to the
limited selectivity of the agents used in this form of cancer treatment. These can
produce an associated toxicity in other regions of normal tissue turnover, for example
the bone marrow and stomach and follicular epithelia, generating unpleasant side effects
to treatment. This toxicity can be dose limiting, restricting the therapeutic index ofthe
anticancer agent used, so there is only a small difference between the effective treatment
dose and the lethal dose. Furthermore, for some patients the efficacy of the
chemotherapy drugs used can be undermined by either inherent or acquired drug
resistance, whereby a sub population of tumour cells escape the effects of the cytotoxic

drugs administered resulting in the selective regrowth of a tumour more resistant to

therapy. This is a significant problem in cancer treatment, as acquired resistance is the
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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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14 The Structure of DNA

The nucleic acids DNA and RNA play a critical role in the storage of genetic
information and protein biosynthesis for all living organisms. DNA occurs in the
nucleus of most living cells encoding the genetic information of an entire organism. It is
a flexible macromolecule composed of nucleotides, which are linked into a polymeric
chain by a series of phosphodiester linkages (Figure 1.2). Two polynucleotide chains
are arranged as a double-stranded helix, which can be right or occasionally left-handed
assuming different forms (A-DNA, B-DNA, C-DNA, D-DNA and Z-DNA) depending
on the chemical microenvironment. However, B-DNA predominates in living
eukaryotic cells. The constituent nucleotides are themselves comprised of a deoxyribose
sugar, a phosphate group and either a double-ringed purine (adenine, A or guanine, G)

or a single-ringed pyrimidine base (thymine, T or cytosine, C) (Figure 1.2).

adenine
5’-end

guanine
" thymine
3’-5’ phosphodiester
intemucleotide
linkage )
cytosine
N-glycosidic bond
H 3’-end

Figure 1.2 A tetranucleotide sequence showing phosphodiester and glycosidic linkages.

In this structure, each polynucleotide chain is oriented with the phosphodiester linkages
facing the outer edge of the molecule to create two antiparallel repeating sugar
phosphate backbones. These are held together as a duplex by reciprocal hydrogen

bonding between internally placed complementary purine-pyrimidine base pairs.
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whereby the planar base pairs stack above each other approximately perpendicular to the
helical axis, with thymine forming two hydrogen bonds with adenine and guanine
forming three with cytosine (Figure 1.3). It is the hydrogen bonding, in combination
with hydrophobic interactions acting vertically between adjacent base pairs causing
them to stack, which contributes to the overall stability of the duplex. A stereochemical
consequence of this is that the polynucleotide chains orient anti-parallel with respect to
each other, such that the intemucleotide phosphodiester linkages lie in opposing

directions for each chain.

MAJOR GROOVE
d a
H-
N-— H N-H
d a
hydrogen bond
MINOR GROOVE

Figure 1.3 A schematic diagram of Watson-Crick base pairing showing the potential
hydrogen bond donors (d) and acceptors (a) at the edges of A: T and G: C base pairs in
the major and minor grooves, where A is adenine, T is thymine, G is guanine and C is

cytosine.

Each base pair is attached to the sugar phosphate backbone by two corresponding
glycosidic bonds (Figure 1.2). Their relative alignment within the double helix results in
the formation of external helical grooves or indentations of different sizes, known as the
major and minor grooves. The floor of each groove is comprised of the edges of
consecutive base pairs running along the helical axis, whilst the two sugar phosphate

backbones form the walls either side. Dimensions ofthese grooves vary between DNA
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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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compacted molecules or chromatin as shown in Figure 1.4. This is built up from 200
base pair portions of DNA, negatively coiled twice around a protein core comprised of
eight basic proteins or histones. A series of nucleosomes are then coiled into a helical
array to produce a protein associated 30nm fibre, with 6 nucleosomes per turn. During
replication and transcription regions of DNA are unwound by groups of enzymes known
collectively as topoisomerases, allowing access to regulatory proteins, polymerases and
possibly DNA-interactive molecules. The general accessibility of compacted
nucleosomal DNA to small molecular ligands in vivo is not clearly understood. Indirect
evidence of the efficacy of numerous cytotoxic agents together with a number of small
ligands shown to directly interact with cellular DNA nevertheless suggests that small
ligands are able either to penetrate the supercoiled DNA structure, or to access open

regions during replication and transcription.

Metaphase chromosome Supercoiled structure
(200nm fibre)”-

30nm fibre

DNA strands

Nucleosomes 10Onm fibre

Histones

Chromatid
(700nm)

Figure 1.4  Illustration of the packaging of DNA strands into a chromosome as

adapted from http://voh.chem.ucla.edu/vohtar.
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1.5 Strategies for targeting nucleic acids

Sequence selective DNA binding is considered to be a crucial component of the
antitumour effect exerted by many traditional chemotherapy agents and naturally
occuring antitumour antibiotics. Their limited therapeutic efficacy to date, however, has
resulted in a continuing effort to produce novel compounds with enhanced affinities and
specificities for DNA, using conventional agents as a structural basis. The recent
characterisation of a number of molecular targets for cancer has renewed interest in the
selective targeting of nucleic acids and thereby the rational design of sequence specific
agents. This has led to the development of new types of anticancer agent able to target
known DNA sequences in order to modulate the expression and transcription of selected
gene sequences related to malignant phenotypes. Several strategies have been devised
to achieve this, targeting nucleic acids either at the level of'the gene or at the level ofthe

message (Figure 1.5).

plasma
membrane

nuclear
membrane

transcription translation

Protein

ANTIGENE ANTIMESSAGE

Triple helix-forming Antisense
oligonucleotides Peptide nucleic acids
Peptide nucleic acids siRNA
DNA Aptamers Ribozymes
Small Ligands RNA Aptamers

Figure 1.5 Schematic diagram to illustrate the ‘“antigene” versus ‘“antimessage”

strategies for nucleic acid targeting.

1.5.1 Antimessage
The disruption of gene expression by targeting nucleic acids at the level of the message

was originally demonstrated by Paterson and coworkers, who showed that single-
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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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(Figure 1.6). These alternative backbones provide antisense molecules with different
properties. For example, whilst uncharged methylphosphonate backbones are able to
form stable nuclease resistant dimers with complementary polynucleotides, they are
unable to elicit RNase H cleavage of hybridised transcripts. In contrast, negatively
charged phosphorothioate oligonucleotides of correct stereochemical orientation retain
the combined properties of nuclease resistance, a high affinity for RNA and the ability
to induce RNase H cleavage (Crooke 1998). As they are easily synthesised and produce
exceptional antisense activity they are currently the most widely used class of antisense
compounds with several undergoing clinical trials (as reviewed in Jansen &
Zangemeister-Wittke 2002). In 1998 the FDA approved the first commercially available
antisense drug Vitravene, which is currently used to treat cytomegalovirus (CMV)

retinitis in AIDS patients.

(i 1 / [¢] OMe
R—P=0 O—P=0 0="P N
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0
0 NH
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1
Phosphodiester R=0- N3’->P5° Phosphoramidate RNA
Methylphosphonate R= CHj Phosphoroamidate morpholino 2’-0-Methyl

Phosphorothioate R=S

Figure 1.6  Backbone and sugar-modified antisense oligonucleotides.

Despite many promising properties, a number of adverse sequence independent effects
have been observed with phosphorothiate oligonucleotides due to their high affinity for
various cellular proteins, causing associated toxicity on systemic application (Guvakova

et al, 1995; Fennewald & Rando 1995; Agrawal 1999). They are also prone to
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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
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et al., 2000; Sharp et al, 2001). Like some forms of antisense oligonucleotides, gene
silencing by RNA interference is affected by the targeted degradation of mRNA (Tuschl
et al, 1999). Considered to have evolved as an antiviral defence strategy in plants and
lower invertebrates to prevent viral infection and genomic damage from insertable
genetic elements, the mechanism for naturally occurring RNA interference has so far
been partially elucidated in plants, worms and flies (as reviewed by Hannon 2002).
SiRNA is produced endogenously in these organisms and is generated from the cleavage
of longer stretches of RNA by an RNase III related enzyme. Dicer (Bernstein ef al,
2001; Knight & Bass 2001, Ketting ef a/, 2001). The resultant siRNA molecule has an
unusual double stranded structure with each strand of the 21-23 nucleotide long duplex
overhanging at the 3° end (Zamore et al/, 2000; Elbashir et a/, 2001a). One of these
strands is then incorporated into an RNA-induced silencing complex (RISC) forming a
protein:RNA complex which acts as a nuclease, digesting mRNA of complementary

sequence (Bernstein ef al, 2001; Lipardi ef al, 2001; Zamore et al, 2000, Figure 1.7).

~—FFFFFKFKIT T i~ Transfection of synthetic or/>i Plasmid/retrovirw
dsRNA I I 1T 1T 1T I T I T I I vitro transcribed siRNA duplexes or adenovirus
Dicer in vivo transcription
SiRNA

Inactive RISC

Active RISC

antisense

-1 L mRNA
K+ —+—FEF+ 1L cleaved mRNA
Figure 1.7  Proposed mechanism of RNA interference (Lieberman et a/, 2003).

Although a recent development in nucleic acid targeting, RNA interference has been

used successfully to selectively inhibit the expression a wide range of genes in several
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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,

35



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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molecules, PNA is not readily internalised by cells, although this can vary considerably
between cell types (Larsen et al, 1999). Thus initially delivery relied on using high
concentrations of PNA or microinjection, streptolysin O, liposomes or cationic lipids.
Uptake can be enhanced by conjugating PNA to DNA oligomers (Uhlmann 1998) or to
receptor ligands or to anti-receptor antibodies (Basu & Wickstrom 1997). However,
PNA is most readily internalised when covalently linked to a nuclear localisation signal

peptide (Cutrona et al, 2000; Pooga et al, 2001).

DNA PNA
Figure 1.8 DNA versus PNA, showing the modified backbone structure of PNA.

1.5.2.2 Triplex-fonning oligonucleotides (TFOs)

Oligonucleotides may bind in a sequence specific manner to the major groove of double
stranded DNA at polypurine:polypyrimidine tracts with high specificity to form local
triple helical structures (Felsenfeld et al, 1957). This property enables the selective
recognition of DNA sequence (Moser & Dervan 1987; Le Doan et al, 1987), with
potential for therapeutic use in antigene targeting strategies (Héleéne 1991; Thuong &
Hélene 1993; Vasquez & Wilson 1998; Chan & Glazer 1997; Praseuth et al, 1999).
Triplex formation occurs by either Hoogsteen or reverse Hoogsteen hydrogen bonding
between a third oligonucleotide strand and the polypurine strand of a Watson; Crick
base paired duplex (Radhakrishnan & Patel 1994; Frank-Kamenetskii & Mirkin 1995).
The third strand may be composed of either homopyrimidine or homopurine bases,
which bind within the major groove of the DNA duplex in a parallel or antiparallel

orientation respectively (Figures 1.9a and 1.10a). Thus an additional pyrimidine strand
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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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Triplex forming pyrimidine

" AR oligonucleotide
5’ A 3” Polypurine strand
y ~ y Polypyrimidine Strand

(b) Hoogsteen base pair

Figure 1.9  The pyrimidine triplex motif showing (a) the parallel orientation of
the third polypyrimidine strand and (b) the base triplets T A:T and C G:C formed
by Hoogsteen hydrogen bonding, as adapted from Seidman & Glazer 2003.

Triplex forming polypurine
(a) 3 5’ oligonucleotide
~ 37 Polypurine strand
37 5 Polypyrimidine
(b)) 1 & Reverse Hoogsteen base pair
/ m
0 A I
-N -H
N
R H
R
/

R

Figure 1.10 The purine triplex motif, showing (a) the antiparallel orientation of the
third polypurine strand and (b) the base triplets of A A:T, GG:C and T.A:T.
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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 Targeting DNA using small molecular ligands

Small ligands may interact with DNA via a number of molecular mechanisms as
summarised in Figure 1.11, which may involve either irreversible or reversible binding.
Irreversible binding of a chemical agent with DNA usually requires some form of
covalent interaction. Such agents may be monofunctional, possessing a single reactive
group, or bifunctional with two and can elicit a wide range ofbase modifications in both
grooves of the DNA. These can occur at single bases forming monoadducts, as well as
extending over more than one base to form cross-links in the case of bifunctional
ligands. Strand breaks may also be introduced into the DNA by a number of means
including the metabolism of chemical agents to produce highly reactive species such as
oxygen radicals and the inhibition of DNA complexes with its processing and repair
enzymes which break the DNA strands in order to reorganise the local structure. These
lesions, together with spontaneous DNA damage by méthylation, deamination,
depurination and oxidation (Friedberg ef aL, 1995) may be either mutagenic or cytotoxic
depending on the site of damage, with critically placed lesions triggering a chain of
molecular events leading to cell death unless they are repaired. Non-covalent ligand
binding is mediated by reversible electrostatic interactions such as van der Waals forces
or hydrogen bonding, as well as by non-polar interactions allowing intercalation and

groove-binding which may occur either in the major or minor groove of the DNA.

single base
modification

groove binding X
intrastrand

cross-link

bis-intercalation
interstrand cross-link

intercalation
DNA-protein

cross-link

single strand break

Figure 1.11 Illustration depicting the common mechanisms of DNA binding and

damage produced by small DNA-interactive ligands.
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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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Strand breakage often accompanies other forms of DNA damage and thus may not
always be the primary cytotoxic lesion. However, it is the primary lesion produced by
bleomycin and enediyne antibiotics (Povrik 1983; Smith & Nicolaou 1996). The binding
of these agents to DNA results in the release of reactive radical species, which induce
the formation ofboth single and double strand breaks. Double strand breaks are usually
formed when both DNA strands are broken and the opposing breaks are close enough to
sever the DNA molecule. Although a small proportion of chemically induced strand
breakage results in the formation of double strand breaks, like cross-links, they are more

disruptive to DNA processing and are thus considered more mutagenic unless repaired.

Adenine AThymine
—H
R
O-p=o0
- -H-
Guanine Cytosine
(H

H

Figure 1.12 Frequent positions of covalent base modification in DNA, as adapted

from Friedberg et al, 1995.

1.6.2 Non-covalent binding

Non-covalent interactions with DNA can take the form of intercalation or groove
binding. Intercalation occurs when planar aromatic ligand molecules are inserted
between stacked base pairs, causing a local structural distortion of the DNA, which
stiffens and unwinds to accommodate the intercalator. Due to this distortion
intercalators can only bind between alternate base pairs, limiting their range of

interactions (Wilson 1990) and thus their sequence specificity. Two intercalating units
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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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alkylation by (+)-CC-1065 (Boger et al, 1991c, 1996). Interestingly, the (-)
enantiomers of CC-1065 and the structurally related duocarmycin drug family are less
reactive than (+) (Warpehoski et ai, 1988), suggesting the importance of molecular
shape in groove-binding. These form covalent adducts with the ring system pointing in
opposite direction to (+) indicating that the geometry of non-covalent bound (-)

racemate was unfavourable for the alkylation reaction.

CPI moiet
y y

Figure 1.14 Formation ofa CPI-DNA adduct.

Whilst (+)-CC-1065 is a highly potent antitumour agent, exerting its cytotoxicity
through covalent binding to DNA (Martin et al., 1981, Li cr al, 1982), in vivo studies
demonstrated that it produced a delayed concomitant hepatotoxicity at therapeutic doses
prohibiting its use in the clinic (McGovren et al., 1984). To circumvent this, structurally
related analogues were synthesised which retained the reactive CPI portion, such as
adozelesin and carzelesin (Figure 1.15). These proved to be highly effective antitumour
agents in vivo (McGovren et al., 1984; Bhuyan et al,, 1992 a, b; Li et al., 1991). The
subsequent development of a bifunctional alkylator based on (+)-CC-1065, bizelesin,
resulted in an increased sequence selective capability and cytotoxicity than that
observed with the monfunctional agents (Ding & Hurley 1991; Mitchell ef al., 1991).
This formed interstrand cross-links across two adenine N3-positions, spanning a total of

six to seven base pairs (Sun & Hurley 1993).

Despite the promising activity of these analogues in preclinical studies and preliminary

clinical trials (Carter et al., 1996; Pitot et al., 2002), significant myelotoxicity has been
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reported for both adozelesin and bizelesin in Phase II trials (Volpe et al, 1996;
Cristofanilli et al., 1998). However importantly, recent studies of bizelesin indicate that
it may preferentially target AT rich matrix associated regions (MAR), areas of genomic
DNA vital to replication, providing evidence that small sequence-specific molecules can
produce non-random region-specific damage to genomic DNA (Woynarowski ef al,
2000; Woynarowski 2002). This may ultimately prove to be a significant factor in the
high antiproliferative and antireplicative potency of some minor groove binding drugs

including CPI-containing molecules.

H3

carzelesin

adozelsin

bizelesin

Figure 1.15 The analogues of (+)-CC-1065, adozelesin, carzelesin and bizelesin.

A series of modifications have been made to the CPI DNA alkylation subunit to
investigate its contribution to the affinity and selectivity of DNA association (reviewed

in Boger et al., 1997b). Reduction of the reactive CPI moiety found in (+)-CC-1065 to
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CI (Figure 1.16) was found to result in a more reactive unit of alkylation, with
similarities in the DNA alkylation patterns of CPI and CI derivatives indicating that Cl
represents the minimum pharmacophore (Boger gf 1991c, 1996). A number of CBI
based analogues of (+)-CC-1065 have also been synthesised and evaluated (Boger ef al,
1993, 1995). These were found to have enhanced stability and potency relative to
corresponding CPI analogues, alkylating with unaltered sequence specificity but at a

greater rate and efficiency.

Cl CBI
Figure 1.16  The reactive Cl and CBI moieties.

7.7.2.2 The Pyrrolo(1,4)benzodiazepenes

Like (+)-CC-1065, the pyrrolo[2,1][1,4]benzodiazepines (PBDs) are another family of
antitumour antibiotics produced by diverse species of Streptomyces and include a wide
range of compounds exemplified by anthramycin (Leimgruber et al, 1965 a, b) and
tomaymycin (Arima et al, 1972) as shown in Figure 1.17. The members of this
molecular series share three component rings (A, B, or C), but may differ in the
substituent groups attached to their A and C rings, as well as by the degree of saturation
of the pyrrole moiety (C), which can be fully saturated or unsaturated at either C2-C3

(endocyclic) or C2 (exocyclic) positions.
site of alkylation

HO, H.C.

general tomaymycin anthramycin

pyrrolo[l,4]benzodiazepine

Figure 1.17 The pyrrolo[l,4]benzodiazepine antitumour antibiotics.
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Much work has established that PBDs bind in the minor groove, forming an acid-labile
aminal bond between the CI 1 position of its constituent B ring and the exocyclic N2
position of guanine (as reviewed by Hurley, 1977; Hurley & Thurston 1984; Hurley &
Needham-VanDevanter 1986). The chirality of the Cl 1 position produces a right-
handed twist in the molecule allowing it to fit within the minor groove, initially non-
covalently (Jones 1990). Like (4-)-CC-1065, this chiral centre appears to be critical to
binding, as racemization of the Cl 1 position results in a significant reduction in the
DNA-binding activity and cytotoxicity of PBD analogues (Miyamoto ef al, 1977). On
insertion into the groove, the chemical group at N1O-Cll, usually either an imine or a
carbinolamine methyl ether, provides an electrophilic centre for the nucleophilic attack
of the guanine N2 (Figure 1.18). This results in the production of a covalent adduct at
that site typically spanning 3 base pairs, which has been shown by footprinting to occur

preferentially at 5’-PuGPu-3’ (Hertzberg et al, 1986).

Figure 1.18 Formation of a PBD-DNA adduct.

The antitumour activity of PBDs is considered to be a product of their sequence
selective interactions with DNA, causing the inhibition of replication and transcription
(Neidle et al, 1994). PBDs elicit potent biological effects in vitro, inhibiting nucleic
acid synthesis and transcription by RNA polymerase (Kohn et ai, 1968; Puvvada ef al,
1992, 1997). Furthermore, the in vitro cytotoxicity of a number of PBDs has been
shown to correlate with their relative binding affinities, suggesting that this effect is a
result of DNA binding (Puvvada ef ai, 1993). Thus in an effort to exploit their potential
selective anticancer properties, numerous synthetic analogues have been developed

(Thurston et ai, 1990, 1999, Baraldi ef al, 1994), including PBD dimers with varying
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linker lengths (Bose ef al., 1992a, Thurston et al, 1996). These were synthesised so that
a central alkyl linker joined two monomeric DC-81 PBD units, as for example in the
PBD dimer DSB-120 (Figure 1.19). Extensive molecular modeling, NMR and kinetic
studies established that this dimer produced sequence selective interstrand cross-linking,
extending across six base pairs with a reactivity preference for 5’-PuGATCPy-3’ or 5°-
PuGATCPu-3’ sites (Bose et al, 1992b; Mountzouris et al, 1994; Jenkins et al, 1994,
Smellie et al, 2003). However, whilst exhibiting potent in vitro toxicity it possessed
little in vivo antitumour activity (Bose et al, 1992a, b; Walton et al, 1996).
Nevertheless, a C2/C2’ exo-unsaturated analogue, SJG-136, has been developed, which
has both in vitro and in vivo activity (Gregson et al, 1999, 2001; Smellie et al, 2003)

and has currently been selected for clinical trials.

HO.

H3CO' *OCH3 H3CO'

DC-81 DSB-120

"OCH3 3HCO

SJG-136

Figure 1.19 PBD monomer, DC-81, and the derivative dimers, DSB-120 and SJG-
136.

1.7.2.3 Mitomycin C

The mitomycins are another class of potent antitumour antibiotics derived from
Streptomyces caespitosus by Hata and coworkers. Mitomycin C (Figure 1.20) has
demonstrated significant antitumour activity and is used extensively in cancer

chemotherapy. Like the PBDs, mitomycin C binds in the minor groove, facilitating the
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formation of covalent adducts with DNA with a high specificity for the N2-position of
guanine (Tomasz et al., 1987). For alkylation to occur, reductive activation of the
quinone group to a semi or hydroquinone is required. This may be achieved in cells by
the reductive metabolism of mitomycin C by cellular flavoenzymes or mimicked in vitro
by chemical reducing agents. Alkylation of the DNA can be either monofunctional or
bifunctional, producing monoadducts or cross-links, respectively. Furthermore, the
cross-links can be either intrastrand or interstrand with alkylation occurring across two
neighbouring guanosines at their N2 amino groups via the aziridine at Cl and the
carbamate at CIO (Tomasz et al, 1988). These occur with almost absolute selectivity

for 5°-CG sequences (Teng et al., 1989).

e pcHa

Figure 1.20  Structure of mitomycin C.

1.7.2.4 The Enediyne antibiotics

The enediyne antibiotics are a class of extremely potent antitumor agents originally
isolated from a variety of Streptomyces species. The enediynes include calicheamicin yl
(Lee et al,, 1987a, b), dynemicin (Konishi et al, 1989), esperamicin Al (Golik ef al,
1987a, b) and the closely related neocarzinostatin (Edo ef al, 1985) (Figure 1.21). They
contain an enediyne core, comprised of two acetylenic groups flanking a double bond
within a nine or ten-membered ring chromophore. This may be associated with either a
DNA intercalating group, such as the anthraquinone of dynemicin A, or a minor groove-
binding function such as the oligosaccharide found in calicheamicin Yi- Enediynes are

not directly biologically active but can be considered natural prodrugs, which on
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reductive activation undergo cycloaromatisation of the unsaturated enediyne core to

produce cytotoxic diyl radicals (Smith & Nicolaou 1996).

iSSCH;j

*CH,

i
o
on
Calicheamicin yl o Dynemicin

SSSCHj

Esperamicin Al

HO

CH;jO N—H
OCH3
‘OH
Neocarzinostatin o
chromophore
j2¢)
Figure 1.21  The enediyne antitumour antibiotics. o

In the case of calicheamicin, its oligosaccharide portion binds tightly in the minor
groove, where nucleophilic attack of the allylic trisuphide group by reducing thiols, such
as intracellular glutathione triggers the relief of strain at the bridegehead position double
bond.  This changes the geometry of the molecule to favour Bergman

cycloaromatisation, generating extremely reactive benzenoid diradicals in the process
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(Bergman 1973). These cause the oxidative cleavage of DNA by removing hydrogen
atoms from the deoxyribose sugar on both strands, generating DNA strand breaks. A
high proportion of strand scission is as double strand breaks (DSBs), which have long
been considered to be the reason for the potent antitumour activity of this class of
agents. Indeed recent work has directly demonstrated that calicheamicin Y1 induces
double strand breaks with high efficiency in cellular DNA, producing a strong double
strand break response and an associated cell cycle arrest (Elmroth et al., 2003). Thus

antitumour activity is mediated in this case by efficient DSB-inducing activity in cells.

The potent cytotoxicity and reactivity of the enediynes has generated much interest, in
particular in calicheamicin Yyl which has been shown to produce sequence-specific
strand breaks at homopurine and homopyrimidine tracts such as 5’-TCCT-3" (Zein et
al., 1988; Walker et al., 1992) and neocarzinostain which can cause double strand
breaks preferentially at the T residue of a GT step (Dedon & Goldberg 1990; Dedon et
al., 1992). Calicheamicin y1 and esperamicin A have both now entered clinical trials,
however the lack of tumour specificity of these molecules in general has proved
problematic in their use as putative anticancer agents. One successful approach has
been their conjugation to a cancer cell recognising antibody, producing a new class of
anticancer drug (gemtuzamab ozogamicin) recently approved for use in acute
myelogenous leukaemia (Sievers 2001). Enediyne cycloaromatisation can be triggered
in vitro by introducing strain in the relatively stable molecule, causing production of
radical species with a half-life of seconds (Grisson et al., 1996). Thus another
therapeutic approach has involved the design of novel triggering mechanisms, to
promote diradical cyclisation in cancer cells (Dai et al., 2002). A further strategy has
involved redesign of the reactive enediyne core to provide both selective triggering and

more discriminating diradical intermediates (Tuntiwechapikul ez al., 2002).

1.7.3 Non-covalent interactions: reading the helix via the minor groove.
1.7.3.1 Chromomycin & Mithramycin

Chromomycin and mithramycin are members of the aureolic acid group of antibiotics

and are composed of a chromophore with a trisaccharide attached to each end of the
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molecule (Figure 1.22). Their cytotoxic effect is considered to be due to their
interaction with DNA, which occurs via the minor groove. Binding as head-to-tail
dimers, interaction in the minor groove causes major structural distortion (Gao ef al.,
1992; Sastry & Patel 1993), with chromomycin binding at CO rich sequences of at least
three base pairs, with a preference for 5’-GGG-3’ and 5’-CGA-3’ (Fox & Howarth
1985; Van Dyke & Dervan 1983). This may be facilitated by the wider groove

associated with GC regions.

3HCI
.OH

uCH3

H(

mithramycin

chromomycin

Figure 1.22  The minor
groove binders chromomycin
and mithramycin, which cause
major distortion of the DNA on

binding.

1.7.3.2 Hoechst 33258 and benzimidazole-based ligands
Hoechst 33258 is a crescent shaped molecule comprised of two bis-benzimidazole
moieties linked head to tail (Figure 1.23). Originally synthesised as an antihelmintic

agent, it is one of a series of compounds generated containing a bis-benzimidazole group

56



and is now used predominantly as a DNA specific stain. Hoechst 33258 exerts both
antimicrobial and antitumour activity, with studies indicating that its cytotoxicity may
be as a result of poisoning topoisomerase I by stabilising the cleavable complexes
formed by topoisomerase I in a similar manner to etoposide with topoisomerase II (Kim
et al., 1996; Sun et al., 1994). X-ray crystallography, NMR and footprinting studies
have shown that it binds non-covalently in the minor groove with a preference for AT-
rich regions extending over 4-5 base pairs (Teng et al., 1988; Parkinson et al., 1990;
Harshman & Dervan 1985; Portugal & Waring 1988). Hoechst 33258 displays a
sensitivity to variation of (A/T), sequence, demonstrating a preference for AATT (Abu-
Daya et al., 1995). CD studies have indicated that it may also bind weakly to GC
regions, partially intercalating at GCGC sequences (Bailly et al., 1992). However,
predominant DNA binding occurs via a combination of hydrogen bonding to the edges
of AT base pairs facing into the minor groove, together with extensive van der Waals
interactions with the non-polar DNA backbone. The molecule fits within the minor
groove positioning the two NH groups of the bis-benzimidazoles towards the groove
floor. This orientation facilitates hydrogen bonding, with the adjacent hydrogen bond
donors, adenine N-3 and thymine O-2, of AT base pairs (Teng et al., 1988; Carrondo et
al., 1989; Parkinson et al., 1990; Fede et al., 1991; Embrey et al., 1993; Quintana et al.,
1991; Vega et al., 1994; Spink et al., 1994). The contribution of these molecular forces
to the overall binding affinity remains controversial, however, with some evidence that
the hydrophobic transfer of the ligand from solution to its binding site may provide the

energy for complex formation (Hagq et al., 1997).

Groove width plays an important role in the binding of bis-benzimidazoles, with
sequence specificity determined by the accessibility of binding sites, and the van der
Waals forces and hydrophobic interactions associated with them rather than hydrogen
bonding (Czarny et al., 1995; Clark et al., 1996a). This appears to be borne out by a
recent NMR study which demonstrated that Hoechst 33258 could bind to DNA in a co-
operative 2:1 complex, fitting two parallel molecules aligned head to head in the groove
width (Gavathiotis et al., 2000). This head to head alignment bound to the self
complementary oligonucleotide duplex d(CTTTTGCAAAAG),, with the planar phenyl
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and benzimidazoles accommodated by the narrow poly dT tract, fitting tightly into the
groove with strong van der Waals interactions. The bulky piperazine groups, which are
adjacent to each other in this 2:1 complex, were positioned alongside the central 5 -GC-

3’ possibly as a consequence of the increased width at the GC base pairs.

Hoechst 33258 DAPI

OH

Berenil Propamidine n=3 Butamidine n=4
Pentamidine n=5 Hexamidine n=6

HN-

HN- aNH

SN-6999

Figure 1.23  Structures of several small non-covalent minor groove-binding agents.

A large number of analogues based on the bis-benzimidazole structure have been
synthesised, in an effort to enhance DNA binding and targeted cytotoxicity. Many of
these have been composed of two or three benzimidazole units linked head to tail as in
Hoechst 33258, with a positively charged terminal group. These have, for example,
modified the side chains of Hoechst, by replacing the terminal piperazine chain with an
amidinium, an imidazoline or a tetrahydropyridinium group (Wood et a/, 1995; Clark et
al, 1997; Bostock-Smith et al, 1998). Exchange of the bulky piperazine ring for these
smaller moieties has resulted in changing the selectivity of the ligand along AT

stretches, favouring narrower groove widths at the 3’ end of the binding site. In
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contrast, relocation of the hydroxyl group on the phenol ring of Hoechst 33258 from
para to the meta position, was found not to improve ligand selectivity significantly
(Ebrahimi et al., 1992; Clark et al., 1996a). Replacement of the benzimidazole units
with other heterocycles including benzoxazole or pyridoimidazole has altered the
selectivity to introduce some GC tolerance (Bathini et al., 1990; Rao et al., 1991; Kumar
et al., 1990). The tris-benzimidazole analogues introduced a further hydrogen bond
acceptor (Kim et al., 1996; Clark et al., 1996b; Ji et al., 2001). These analogues have an
increased coverage, extending over 5 to 7.5 base pairs relative to the four to five
spanned by bis-benzimidazoles. More recently a novel aryl-bis-benzimidazole amino
acid analogue of Hoechst has been designed for incorporation into peptide combinatorial
libraries (Bunkenborg et al., 2002). This replaces the N-methyl piperazine group with a
carboxyl group and the hydroxy group of the terminal phenol ring with an amino-methyl

group to produce a molecule that may subsequently be extended using peptide linkages.

Head to head linkage of two bis-benzimidazoles via the imidazole ring (Figure 1.24 A)
using a methylene chain up to four carbons in length has produced a number of
symmetrical dicationic molecules that bind strongly to AT-rich tracts via the minor
groove (Lombardy et al., 1996). A number of these alkyl-linked benzimidazoles have
demonstrated increased anti-Pneumomocystis carnii activity, an organism associated
with AIDS related infections, with decreased toxicity relative to the usual course of
therapy, pentamidine. Recently an alternative series of head to head linked bis-
benzimidazoles have been synthesised, linking two units via the benzene rings (Figure
1.24 B) (Mann et al., 2001). This has produced a molecule that exhibits strong
antitumour activity, especially against ovarian carcinomas, providing a structural basis
for the rational development of tumour-active Hoechst analogues. Other strongly
cytotoxic Hoechst analogues have included use of a covalent binding moiety via the
introduction of a terminal carbamate with an attached chloroalky or bromoalkyl group
(Bielawski et al., 2001).
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Figure 1.24 Head to head linked benzimidazole structures.

L7.3ADAPI
DAPI (4°, 6-diamidino-2-phenylindole) is a synthetic antibiotic extensively used as a

fluorescent stain for chromosomal DNA (Figure 1.23). It has shown potent cytotoxic
activity against a number of parasites; a property attributed to its high binding affinity
for DNA disrupting its metabolism. Footprinting and structural studies have
demonstrated that it binds in the minor groove of DNA at sites of three or more AT base
pairs oriented with the phenyl-amidinine at the 5° end (Portugal & Waring 1988; Wilson
el ai, 1990). Selective binding at a T: T mismatch has also been observed in the minor
groove (Trotta & Paci 1998). The phenyl and indole rings are coplanar, fitting neatly
into the narrow groove width associated with poly dAT runs. DAPI has been shown to
inhibit the activity of RNA polymerase II, possibly as a function of its high binding
affinity for A: T sequences in the minor groove. This may prevent the binding of TBP
(TATA box binding protein) to its consensus sequence, inhibiting the recruitment of the
transcription factors required by RNA polymerase Il to initiate transcription (Chiang et
al, 1994). DAPI can also disrupt the activity of a number of other DNA processing
enzymes associated with regulatory and structural functions, including DNA ligase,
topoisomerases, exonuclease 111 and DNA polymerase (Parolin et at., 1990). However,
the wide range and varying levels of inhibition produced by DAPI cannot be attributed

to AT-specific minor groove binding alone.

Although minor groove interaction at A: T sites is the preferred mode of binding of
DAPI to double-stranded DNA, other modes of binding at GC or non-consecutive AT
base pairs have been observed. For example, intercalation between A: U base pairs is
favoured with double stranded RNA due to the decreased capability for stabilising van

der Waals interactions in the wider and shallower minor groove width produced by these
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base pairs (Tanious et al., 1992), whilst major groove binding has been observed at poly
[d(GC),] sites (Kim et al., 1993). DAPI may also intercalate with DNA at GC rich
sequences (Kim et al., 1993; Jansen et al., 1993; Trotta et al., 1995), with the guanine-
N2 amino group preventing deep insertion of the phenyl ring of DAPI into the minor
groove at GC sites (Waring & Bailly 1997). Furthermore, a 2:1 external (w,7) stacking
motif in the minor groove has been characterised using NMR, with the position and
orientation of the ligand resembling those for intercalation of DAPI at G: C base pairs
(Trotta et al., 1996).

DAPI is a small molecule, which on binding to DNA produces little distortion in the
local structure. Recent work, however, has indicated that its binding may effect the
organisation of longer DNA segments, by inhibiting the assembly of inherently curved
sections of the DNA into nucleosomes (Fitzgerald & Anderson 1999). Inhibition of
nucleosome formation by DAPI was attributed to its selective binding at the numerous
oligo A/T clusters that produce curved sections of DNA sequence. These structures are
relatively uncommon in genomic DNA, but are found to occur in the control regions for
DNA processing events such as transcription, replication and recombination. Whilst
other small minor groove binding ligands such as Hoechst 33258 and distamycin have
also been examined for this activity, DAPI was found to be a stronger inhibitor of
nucleosomal assembly, possibly as it was more effective at stiffening the DNA,
counteracting its intrinsic curvature and bendability (Albert ez al., 1999). Furthermore,
DAPI has been shown to influence secondary structure, promoting the formation of a
stable hairpin in the trinucleotide repeat sequence (ATT)¢ (Trotta et al., 2000). NMR
and molecular modelling studies indicated that the formation of DNA hairpins was
induced by two DAPI molecules binding in the minor groove of this sequence.
Trinucleotide repeat sequences are associated with a number of genetic disorders and
therefore selective binding and identification of these regions may be of future

therapeutic value.
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1.7.3.5 Berenil

Berenil (1,3-bis(4-amidinophenyl)triazene) is an antrypanosomal agent which exhibits
weak cytotoxic and antiviral properties (Clercq & Dann 1980) (Figure 1.23). It is a
potent inhibitor of viral, trypansosomal and mammalian topoisomerases (Fairfield et al.,
1979; Shaffer & Traktman 1987; Sekiguchi & Kmiec 1988; Portugal 1994) and has been
shown to inhibit plasmid replication as a result of DNA binding (Coates et al., 2002). It
is a dicationic molecule comprised of two terminally substituted phenyl rings linked by
a triazene spacer. Footprinting, NMR and crystallographic studies have shown that it
binds predominantly in the minor groove of DNA in a 1:1 stoichiometry, with
specificity for AT rich regions, binding both alternating AT and oligo(A) tracts
containing at least three AT base pairs (Zimmer & Wahnert 1986; Portugal & Waring
1986, 1987; Yoshida et al., 1990; Brown et al., 1990, 1992; Lane et al., 1991; Jenkins et
al., 1993). Its concave shape means that it is isohelical with the DNA, slotting along the
minor groove floor forming hydrogen bonds from its charged amidinium groups to
either the adenine N3 or thymine O2 positions at either end of the binding site (Brown et
al., 1990, 1992; Lane et al., 1991). However, due to the small size of the molecule and
thus its limited ability to follow the curvature of the helix, the interaction at the 5’ end is
indirect requiring a water molecule to bridge the gap between the base edge and the

amidinium group (Brown et al., 1990).

Thermodynamic and UV spectroscopic studies identified that at low ligand to DNA
concentrations berenil also intercalated with the DNA (Schmitz & Hubner 1993). CD
and NMR data later indicated that like DAPI, berenil intercalates with both DNA and
RNA duplexes and triplexes, with selective binding following a hierarchy such that non-
intercalative binding at poly(dA).polyd(T) is favoured over mixed binding modes at
poly[d(A-T)], and poly(rA).poly(rU), with minor groove binding requiring the presence
of at least one 5’ ApA-3’ dinucleotide step (Pilch et al., 1995). Also like DAPI, binding
by berenil at AT clusters stiffens the DNA duplex at these regions, which mediate helix
bending and possibly gene regulation by this process (Reinert 1999). Berenil binds AT-
rich regions strongly but not uniquely, intercalating at GC-rich sites (Pilch et al., 1995;

Colson et al., 1995; Waring & Bailly 1997; Barcelo et al., 2001). However, replacement
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of guanines with inosines, which lack the protruding exocyclic C2-amino of guanine,
restores groove binding indicating that like ligands such as distamycin, DAPI and
Hoechst 33258, this moiety is of critical importance to selectivity of berenil in the minor

groove (Pilch et al, 1995; Waring & Bailly 1997).

A number of berenil derivatives have been designed to enhance or alter the DNA
binding characteristics of the parent molecule (Figure 1.25). For example, a furan based
analogue, furamidine (2,5-Bis(4-guanylphenyl)furan), was synthesised replacing the
central triazene linker with a furan moiety (Boykin et a/, 1995). It was found to bind
more tightly than berenil to the oligonucleotide d(CGCGAATTCGCG,: due to
additional non-bonded interactions between the furan group and the groove walls,
making direct contact at both ends of the molecule via hydrogen bonds from the
terminal amidinium groups and the 02 atoms of the thymine bases, (Laughton et a/,
1996; Trent et al, 1996). Crystal structures have also been obtained for several 1,3-
diaryltriazene analogues of berenil designed for the selective targeting of GC base pairs
(Walton et al, 1991). Furthermore, a platinated analogue of berenil (Pt-berenil),
whereby two berenil molecules have been linked using cis-Pt(ll) centres, has been
shown to form interstrand crosslinks with DNA binding directed by the berenil moieties

to AT rather than GC regions (Gonzalez et al, 1996; 1999).

NHz
NH;
NH

NH

4HCI

NH
NH

Figure 1.25 Furamidine and Pt-berenil.
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1.7.3.6 Pentamidine and related bis(amindinophenoxy)-alkane diamidines

The bisbenzamidine compound series known as the bis(amindinophenoxy)-alkane
diamidines (Figure 1.23) exibit potent anti-protozoal activity and have been used to treat
a wide range of fungal diseases including Pneumocystis carinii pneumonia. Whilst their
mode of action has not been established, current evidence suggests that DNA binding
may play a role in their biological activity although no direct correlation has been
observed between their DNA binding properties and their activity against P. carinii.
Footprinting, X-ray crystallography, NMR and molecular modelling studies have
demonstrated that pentamidine and a number of structural derivatives bind to DNA in
the minor groove in a sequence selective manner favouring AT rich sites (Waring 1970;
Williamson 1979; Fox et al., 1990; Cory et al., 1992; Edwards et al., 1992; Jenkins et
al., 1993). Molecular mechanics and footprinting studies show that for pentamidine,
this occurs in the minor groove at sites of at least five consecutive AT with the molecule
spanning over 4-5 base pairs such that the charged amidinium groups at either end may
hydrogen bond with thymine O2 and adenine N3 positions in the DNA (Sansom et al.,
1990, Fox et al., 1990). Sites composed of three or less AT base pairs were found not to
be favoured by pentamidine (Fox ef al., 1990) or even by the shorter derivatives
butamidine or propamidine (Bailly et al., 1997). Also, little tolerance was observed for
GC base pairs within putative binding sites. This was shown by footprinting studies
examining binding to sequences comprised of the synthetic bases inosine and 2, 6-
diaminopurine replacing guanine and adenine respectively which indicated that binding
was prohibited due to steric hindrance caused by the guanine C2-amino group

protruding into the minor groove (Bailly et al., 1997).

The length of the alkyl chain linking benzamidine units has been shown to influence
groove binding of pentamidine derivatives. Molecular mechanics calculations have
indicated that analogues containing three and five linker methylenes run isohelical with
the DNA curvature promoting strong DNA binding, whilst those with two, four or six
produce more linear structures less favourable for groove-binding (Cory et al., 1992).
Later footprinting studies corroborated this, observing that bisbenzamidines with three

and five carbon methylene linkers bound with greater selectivity than those with four or
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seven to nine (Bailly et al., 1997). Footprinting analysis of cis and trans-linked
butamidine analogues demonstrated that the conformation of the linker was also an
important factor in DNA binding, with cis-linked butamidine isomers able to bind more
strongly than those linked in trans, despite comparable hydrogen bonding capacities
(Bailly et al., 1994). Thus in common with other minor groove binding compounds, the
conformation of the ligand combined with the local DNA structure play important roles

in DNA interactive binding.

1.7.3.7 SN series

The SN series is a family of structurally related synthetic compounds comprised of
bisquaternary ammonium heterocycles (bQAHs), which have been shown to have potent
antitumour and antiviral activities in vivo and in vitro (Cain et al., 1969; Robertson &
Baguley 1982). These compounds bind in the minor groove, demonstrating a preference
for four or more consecutive dA.dT base pairs base pairs (reviewed extensively by
Reddy et al., 1999) with many eliciting a strong antitumour effect in the murine
leukaemia cell line 11210 (Denny et al., 1979).

Whilst a great many bisquaternary heterocycles have been synthesised, the DNA
binding properties of the bQAH SN-6999 in particular, an agent that has demonstrated
strong inhibition of DNA polymerase activity in vitro (Kittler et al., 1996, Figure 1.23),
has been extensively characterised. CD, UV absorption, thermal melting and viscosity
studies have indicated that SN-6999 is highly selective for AT base pairs with a
specificity comparable to the naturally occurring antitumour antibiotic netropsin (Luck
et al., 1987). Furthermore, NMR and X-ray crystallography have shown that binding
occurs in the minor groove of DNA over five consecutive dA.dT base pairs (Leupin et
al., 1986; Chen et al., 1992; Gao et al., 1993). Common to other minor groove-binding
agents, this is stabilised by a combination of molecular forces, including the electrostatic
attraction of the positively charged quaternary ammonium heterocyles for the negatively
charged DNA, van der Waals interactions with the groove walls and the formation of a
hydrogen bond between the amide NH of SN-6999 and the thymine-O2 position (Gao et

al., 1993). However, unlike comparable minor groove binders the SN-6999 molecule is
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less curved, resulting in a straightening of the DNA helix to accommodate its binding
(Gao et al, 1993). NMR studies have also shown that SN-6999 can exhibit an
orientation preference for binding with some DNA sequences, for example the duplex
d(GGGAAAAACGG).d(CCGTTTTTCCC), preferentially placing the pyridinium ring
at the 5’ end of the (+) strand (Rydzewski ef ai, 1996). This may be due to increased
van der Waals interactions with the groove walls as a result of the improved shape
complementarity of the ligand in that orientation and the DNA, thereby indicating that
the structural properties of the DNA sequence itself as well as those of the ligand can

profoundly influence the characteristics of binding.

1.7.3.8 Netropsin and distamycin

Netropsin and distamycin are naturally occurring antibiotics originally derived from the
Streptomyces species S. netropsis (Finlay et al, 1951) and S. distamyces (as reviewed
by Arcamone 1993), respectively. They are comprised of two and three pyrrole
moieties with either an N-terminal guanidinium or formyl group and a C-terminal
propylamide (Figure 1.26). These compounds have shown potent biological effects
exhibiting antitumour and antiviral activities (Arcamone 1993). This may be as a
consequence of an ability to interfere with the replication and transcription of DNA, as
netropsin has been shown to inhibit template activity in in vitro DNA and RNA

polymerase systems (Zimmer et al., 1971; Chandra et al., 1972).

HjN-

Netropsin

[ Distamycin

Figure 1.26 The minor groove binding antibiotics netropsin and distamycin.
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Initial studies of the interactions of netropsin with the simple polymers polydA.polydT
and polyd(A.T) demonstrated a strong selectivity for AT base pairs (Zasedatelev et al.,
1974; Zimmer et al., 1979; Breslauer et al., 1987). Binding was thought to be limited to
AT tracts due to the intrusion of'the guanine 2-amino group in the minor groove causing
a steric clash with the N-methylpyrrole C3 hydrogen, preventing binding to GC-rich
regions (Wartell et al., 1974) (Figure 1,27). Various footprinting methodologies,
examining a wide variety of AT-rich sequences, confirmed the AT preference and
further demonstrated that netropsin and distamycin targeted four and five base pairs,
respectively (Van Dyke ef al, 1982; Lane et al, 1983; Fox & Waring 1984; Portugal &
Waring 1987) with preferential binding at 5°-AATT-3" and 5’-AAATT-3" over
alternating AT sequences (Kopka et al, 1985a, b; Coll et al, 1987, 1989).

adenine thymine guanine cytosine
'y -4
/ / / | \ ]
hydrogen bond A hydrogen bond hydrogen bond
acceptor "~Mccfntor acceptor hydrogen bond acceptor
adenine N3 accegtob guanine N3 Hnnnr cytosine 02
thymihe 02 uuuul
guanine N2
MINOR GROOVE

Figure 1.27 A schematic diagram showing the intrusion ofthe guanine 2-amino group
into the minor groove, as indicated by the dashed box. The available hydrogen bond

donors and acceptors in the minor groove are also detailed.

A more detailed mechanism of binding was derived from crystallographic and NMR
studies of netropsin (Coll et al, 1989; Kopka ef al, 1985a, b, 1986) and distamycin
(Coll et al, 1987; Klevit et al, 1986, Felton & Wemmer 1988). As cationic molecules,

binding was initiated by their electrostatic attraction to the negatively charged phosphate

67



backbone of DNA. Subsequently, their crescent-shaped geometry and planar molecular
structure enabled them to follow the curvature of the DNA helix, fitting tightly into the
narrow minor groove (Berman et al, 1979; Patel 1982; Kopka et al., 1983, 1985a, b).
This placed the cationic ends of the molecules deep within the groove, an area of high
negative electrostatic potential, orienting the constituent amide groups of the ligand
towards the groove floor and allowing close contact between the pyrrole rings and the
base edges. Here the amide hydrogens of N-methylpyrrolecarboxamides formed
bifurcated hydrogen bonds with N3 of adenine and 02 of thymine of the AT base pairs
in the minor groove, providing the correct orientation for strong van der Waals
interactions between the ligand and the groove walls (Figure 1.28). Thus the pyrrole
rings filled the groove with their hydrogens positioned too deeply to allow room for

guanine NHj of a GC base pair.

NH

[y
oz
;

z
N G
[N

AT

A.T AT

GROOVE FLOOR

Figure 1.28 Bonding components contributing to the sequence-specific binding of
netropsin to (AT)", as adapted from Bailly & Chaires 1998. Heavy arrows indicate
hydrogen bonding from donor to acceptor, whilst dashed lines indicate close van der

Waals non-bonded contacts between the ligand and the DNA.

Dickerson and co-workers suggested that these non-bonded van der Waals interactions
between the ligand methylenes and the chemical group on the C2 position of either the

purine or pyrimidine base pairs, hydrogen in the case of adenine and amino with
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guanine provided the structural information for sequence selective recognition, with the
hydrogen bonding providing the appropriate reading frame for this to occur (Kopka et
al., 1985a). Thermodynamic studies later indicated that groove binding might be driven
by a number of enthalpic factors; with a combination of van der Waals contacts,
electrostatic interactions, hydrogen bonding and the displacement of water molecules
from the minor groove providing the binding energy for this process (Marky et al.,
1987).

1.8  The development of polyamides or ‘lexitropsins”

In recent years a number of structural derivatives of netropsin and distamycin have been
synthesised in an effort to capitalise on their strongly selective minor groove binding
properties. Modification of their inherent specificity for AT base pairs to GC was
proposed to develop ligands capable of selective binding to DNA sequences with a
mixed base pair content (Kopka et al., 1985b; Lown et al., 1986b). This has led to the
development of information-reading oligopeptides or “lexitropsins”, currently described
as polyamides due to their repeating peptide linkages. These molecules provide an
alternative gene targeting approach, enabling DNA sequence discrimination with an
equivalent binding affinity to native DNA-binding control proteins, raising the
possibility of the artificial regulation of gene expression as a consequence (Trauger et
al., 1996a). Recent work has demonstrated that linked polyamides can modulate
transcription of specific genes in vitro and in some cell culture situations (Gottesfeld ez
al., 1997, Dickinson et al., 1998, 1999a & b; Mapp et al., 2000; Chiang et al., 2000).

1.8.1 Introduction of a GC recognition element

Structural analysis of netropsin:DNA complexes indicated that GC recognition might be
achieved by the substitution of one or more of the pyrrole rings that constitute netropsin
with an alternative heterocycle able to accommodate the amino group of guanine which
protrudes into the minor groove (Kopka et al., 1985b, Lown, et al., 1986b). To this end,
a number of aromatic heterocycles were synthesised, including imidazole, pyridine,
furan, oxazole and thiazole with the N atom directed into the groove (Figure 1.29). It

was considered that imidazole was a favourable candidate for GC recognition as it
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would be able to fit neatly alongside guanine in the groove, favouring the formation ofa
hydrogen bond between the guanine N2-amino and the imidazole nitrogen (Kopka et al,
1985b, Lown et al., 1986b). Thus imidazole was used to replace the guanine-excluding
pyrrole ring, in a series of dicationic netropsin-based analogues as shown in Figure 1.30
(b) (Lown 1986b). Whilst these analogues exhibited an increased acceptance of GC base
pairs, footprinting studies indicated that they nevertheless retained some attraction for

AT regions although this was reduced relative to distamycin and netropsin (Lown et al.,
1986b). thiazole (N inwards)

imidazole u- furan

pyridine

oxazole

G.C *0
GROOVE FLOOR
Figure 1.29 Representation of putative GC recognition heterocycles adapted from

Bailly & Chaires 1998. Heavy arrows indicate hydrogen bonding.

In order to decrease further the attraction for AT stretches, which have a strong negative
electrostatic potential (Lavery & Pullman 1985), a series of two ringed imidazole-
containing analogues were designed based more closely on the structure of distamycin
(Krowicki & Lown 1987). These replaced the cationic N-terminal guanidinium head
group with a non-polar N-terminal formyl, resulting in a monocationic molecule (Figure
1.30 ¢). Footprinting experiments with these analogues demonstrated that systematic
replacement of the N-methylpyrrole groups with imidazole produced an increased
selectivity for regions with significant GC content (Kissinger et al., 1987). However,

NMR studies later showed that a monocationic diimidazole polyamide, bound over the
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(2)

Introduction o fimidazole.

(b)

HjN'

CH, NHz

X=CH, Y=N, n- 1(Pylm)
X=N, CH, n= 1(ImPy)
X=N, Y=N, n= 1 (Imlm)
X=N, YN, n=2 (Imlmlm)

Replacement of N-terminal guanidinium
(C) with an N-terminalformamido group.

Truncation o f C-terminal methylene

(d)

Figure 1.30 The development of GC recognition, showing the evolution of (a) netropsin
into (b) a dicationic mono, di and triimidazole (c) a monocationic formamido diimidazole,

(d) a truncated C-terminal formamido diimidazole.
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5’-CCAT-3’ of the oligonucleotide sequence d[CATGGCCATG],, with the N-terminus
oriented at the 5’ end and the C-terminus located above the 3’ thymine (Lee et al.,
1988a). Alignment at the C-terminus over the 3’ thymine rather than over GC base pairs
was attributed to a steric clash between the hydrogens atoms in the C-terminal
methylene chain and the guanine2-NH,, resulting in an avoidance of a 3° GC base pair

(Figure 1.30).

Alteration of the methylene chain enabled GC recognition at the C-terminus, suggesting
that recognition of sequence at the 3’ base pair was dictated by the van der Waals
interactions between the C-terminal methylenes and the DNA (Lee et al., 1988b). This
demonstrated that whilst a level of GC tolerance could be provided by the introduction
of an imidazole moiety, its use alone was insufficient to provide complete GC
discrimination, with other structural factors also acting as important determinants of

recognition.

1.8.2 Groove width and 2:1 binding

The discovery by NMR that distamycin could bind cooperatively as an antiparallel 2:1
complex within the minor groove opened up the possibility of enhancing the selectivity
of polyamides by reading the structural information along both strands of the DNA
simultaneously (Pelton & Wemmer 1989). This study indicated that whilst at low
ligand concentrations 1:1 binding predominated, at higher concentrations two
distamycin molecules were able to bind side-by-side within the minor groove. The two
molecules stacked one on another, ring-on-amide so that they overlaped, with each
molecule contacting one of the DNA strands. The 2:1 complex showed a strong
orientational preference, with the N-terminal formyl head group aligned at the 5’end of
the contacted strand. In contrast, netropsin did not form a 2:1 complex strongly
favouring a 1:1 binding motif, possibly due to repulsion of the positive charges at both

ends of the molecule.

Structural analysis of this dimeric binding mode demonstrated that the minor groove

expanded to accommodate two parallel distamycin molecules (Pelton & Wemmer
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1990). This concurred with similar studies on other minor groove binding ligands,
which also exhibited a 2:1 binding mode, including actinomycin D and chromomycin
(Scott et al., 1988; Gao & Patel 1989; Wang et al., 1989). Groove width was found to
exert a profound influence on the binding characteristics of distamycin in both 1:1 and
2:1 binding modes, with preferred binding observed at polydA.polydT stretches over TA
steps possibly due to the smaller amount of energy required to expand a narrow groove
at these sites compared to narrowing the wider groove width found at TA steps (Fagan
& Wemmer 1992). Therefore the groove width associated with particular base pair

sequences strongly influenced the pattern of distamycin binding.

The potential for dimeric binding explained the unanticipated binding preferences
observed for two previously synthesised netropsin-based analogues, pyridine-2-
carboxamido-netropsin (2-PyN) and 1-methylimidazole-2-carboxamido-netropsin (2-
ImN). These molecules consisted of either an N-terminal pyridine or imidazole ring
followed by two pyrrole rings to target them to the sequence 5’-TGTTA-3’ (Wade &
Dervan 1987) (Figure 1.31). However, footprinting and affinity cleavage experiments,
showed that rather than targeting this sequence, 2-PyN bound preferentially at two
distinct sites 5’-TTTTT-3’ and 5°’-TGTCA-3’, whilst 2-ImN strongly favoured 5’-
TGTCA-3’ (Wade & Dervan 1987, Wade et al., 1992, 1993). Later structural
characterisation of their binding revealed that like distamycin, these molecules could
also bind cooperatively in an antiparallel 2:1 motif in the minor groove. The formation
of a cooperative complex aligning the two GC recognition elements at each end of the
dimer enabled recognition of two GC base pairs, explaining the preference for the 5’-
TGTCA-3’ over the anticipated 1:1 target 5’-TGTTA-3’, with formation of a hydrogen
bond between the imidazole N3 or pyridine N atom and the amino group of guanine
(Mrksich et al., 1992; Dwyer et al., 1992). Thus in the 1:1 binding motif, 2-PyN had
favoured the narrower 5°-TTTTT-3’ whereas the wider mixed sequence 5’-TGTCA-3’
facilitated 2:1 binding (Wade et al., 1992).
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2-ImN 2-PyN

Figure 1.31 I-methylimidazole-2-carboxamidonetropsin (2-ImN) and pyridine-2-

carboxamidonetropsin (2-PyN).

Many studies have indicated that in a 1:1 complex the specificity of a polyamide is
limited to differentiating between AT and GC base pairs, with indiscriminate
recognition at base pair inversions such as AT versus TA. However, during 2:1 binding
each polypeptide ligand is aligned to an adjacent DNA strand so that each of the
constituent heterocycle rings contacts a single base, instead of the centre of the base
pair, enabling potential sequence recognition along both strands. Unfortunately, as the
pyrrole ring has a similar affinity for A and T, parallel pyrrole pairs (Py/Py) in a 2:1
binding mode are unable to break the degenerate discrimination of AT and TA base
pairs (White ef al., 1996). In contrast, the imidazole heterocycle favours guanine and
thus the pairing of an imidazole ring opposite pyrrole (Im/Py) provides specific GC
recognition. This is attributed to the asymmetric arrangement of the guanine NHj
hydrogens protruding into the groove, preferentially hydrogen bonding with an
imidazole ring on the guanine side of the base pair rather than the cytosine side (Kopka
et al, 1997). Thus an Im/Py and Py/Im pair targets GC and CG, respectively (Wade et
ai, 1992; Mrksich et al, 1992; Wade et al, 1993). Numerous footprinting and
structural studies examining binding to a wide variety of sequences support the
generality of these observations and have led to the establishment of a set of pairing
rules defining the optimal side-by-side pairings of imidazole and pyrrole rings for
binding at predetermined DNA sites as summarised in Table 1.2 (Mrksich et al., 1993a;
Geierstanger et al., 1994 a & b; Mrksich et al, 1995; Kielkopf et al, 1998a, b).
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Nevertheless, work continues in elucidating new heterocycle pairings with potentially

improved recognition properties.

heterocycle pair base pair
ImPy GC
PyIm CG
ImIm GCor CG
PyPy AT orTA
Table 1.2 Summary of heterocyclic pairing rules, where Im is imidazole and Py is

pyrrole.

1.8.3 AT degeneracy
Whilst strong specificity has been attained with imidazole/pyrrole pairings for GC

recognition, AT discrimination with pyrrole pairs remains partially degenerate (White,
et al., 1996). As a consequence, a number of alternative heterocycles to pyrrole have
been investigated to overcome this (Rao et al., 1990a, b, c; Kopka et al 1997, 1998;
Bremer et al., 2000; Ellervik et al., 2000; Nguyen et al., 2001), however the most
successful to date has been N-methyl-3-hydroxypyrrole (Hp) (Figure 1.32). High
resolution X-ray crystallography has demonstrated that the hydroxyl group of
hydroxypyrrole can fit tightly into the asymmetric cleft between thymine and adenine
present in the minor groove, hydrogen bonding with the thymine O2 (Kielkopf et al.,
1998b). Its subsequent use has provided the first success in complete sequence
recognition along both DNA strands in the minor groove (White et al., 1998). However,
although more selective than pyrrole for thymine, hydroxypyrrole exhibited a reduced
binding affinity for this base relative to pyrrole (Kielkopf et al., 1998b, 2000; White et
al., 1999). Furthermore, its selectivity was affected by its linear context in the
polyamide, with Hp/Py pairs possibly limited to internal positions for TA discrimination
(Ellervik et al., 2000). As a result alternative heterocycles have been investigated in an
attempt to improve both the affinity and specificity of AT versus TA discrimination,

including hydroxybenzimidazole (Hz), which appears to mimic the interactions of
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hydroxypyrrole with thymine (Renneberg & Dervan 2003), and the potential adenine
discriminator thiazole (Rao ef al, 1990a, b, c; Kopka et ai, 1997, 1998).

Pyrazole

Thiazole S inward
‘H Triazole
b

Thiophene

3 -Hydroxypyrrole
CH,

GROOVE FLOOR

Figure 1.32 Representation ofbinding by putative AT recognition elements, adapted

from Bailly & Chaires 1998.

To examine the effect on binding of including a thiazole heterocycle, a series of
polyamides were synthesised containing thiazole present in two alternative orientations
(Rao et al, 1990a). These molecules were synthesised so that either the sulphur or the
nitrogen atom of the attached thiazole would be directed into the minor groove. Those
bearing nitrogen directed towards the DNA had a tolerance for GC base pairs in addition
to binding to AT rich regions, possibly as a result of hydrogen bonding between thiazole
nitrogen and guanine N. -NH. (Rao et al, 1990b). In contrast, when thiazole was
placed with the sulphur atom directed floorwards the compounds exhibited a strict
preference for AT base pairs, providing an even greater selectivity for these regions than
either netropsin or distamycin. This occurred as a result of a steric clash between the
larger sulphur atom and the guanine N. -NH., causing an avoidance of GC base pairs
(Kumar et al, 1990b; 1991). Avoidance of guanine N. -NH. appears to be a key
component of sequence recognition in the minor groove, indicating that this group is an
important carrier of biological information (Warpehsoki & Hurley 1988). For example,

the strict discrimination of 3’terminal AT base pairs of a number of oligopeptide
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antibiotics such as netropsin, distamycin, anthelvencin and kikumycin is attributed to
such a steric clash between the guanine amino and their carboxyl terminii (Lown 1988).
There is also evidence from NMR that in addition to groove binding, in the N-terminal
position the thiazole ring may also avoid GC regions by intercalating between AT base
pairs due to the steric demands of the bulky sulphur atom (Kumar ef aL, 1990b). Thus
as for other groove binding agents such as DAPI (Wilson et aL, 1989), a fine balance
may exist between intercalation and groove binding for sequence recognition by this

heterocycle.

1.8.4 Stacking and linkage across the groove

In the 2:1 motif, the relative stacking of two polyamide molecules within the groove
becomes critical as slippage of one ligand over the other can pair up different
heterocycles. In the absence of an amide group on the leading heterocycle ring, the two
peptide chains completely overlap in a maximum overlap motif, whereby each peptide
ring stacks on an amide of its neighbour. Addition of an N-terminal amide may cause
the two peptides to slip in relation to each other by one amide, leading to a one-residue
stagger motif. In this case the two ligands still stack ring on amide, however the first
amide on each constituent peptide overhangs, resulting in an extended reading frame for
a given heterocycle combination (Kopka ef al, 1997) (Lacy et aL, 2002a). Thus a single
linear combination of heterocycles can have two different reading frames depending on

the stacking arrangement of its constituent peptides as shown below in Figure 1.33.

Maximum Overlap One-Residue Stagger

Figure 1.33 Two modes of binding enabling the polyamide ImPyPy to read two
different DNA sequences, where Im is imidazole, Py is pyrrole, = indicates the

carboxamide moiety and + represents the C-terminal cationic tail (Kopka et al, 1997).
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Tethering two oligopeptides across the minor groove with an appropriate linker can fix
the stacking arrangement of the heterocycle pairs across the minor groove, as well as
increasing the chances of dimeric binding. Although high drug: DNA ratios can induce
cooperative binding in a 2:1 complex of unlinked polyamides within the groove, this
may not always be energetically favourable. For example, monomeric polyamides
containing thiazole with an inward directed sulphur atom have been shown to incur
energetic penalties due to the steric interactions of this bulky group, making co-
operative binding less likely as a consequence (Kumar et al., 1991). However, optimal
linkage can energetically favour dimeric binding, providing an overall binding affinity
that exceeds the product of two stepwise binding constants resulting from the co-

operative binding of two separate monomers (Chen et al., 1996).

Enhanced binding was achieved with the aforementioned 2-PyN for its 2:1 binding site
5’-TGTCA-3’, when two 2-PyN monomers were covalently linked via the central
pyrrole-N1 position using a methylene linker ranging from three to six carbons in length
as shown in Figure 1.34 (Mrksich & Dervan 1993b). Footprinting titrations revealed
that the linked analogues of 2-PyN, bound to 5’-TGTCA-3’ with a ten fold increase in
affinity relative to the monomer. Furthermore, the ratio of binding affinities of 2-PyN
for 5’-TGTCA-3’ and 5-TTTTT-3’ was altered from 1:1 for the monomer to 25:1 for the
dimeric form. Structural analysis of the binding of the 2-PyN covalent dimer revealed
that linkage produced an almost equivalent series of DNA contacts as observed with the
co-operative binding of two unlinked 2-PyN monomers (Dwyer et al., 1993). Moreover,
its covalent linkage to a tripyrrole ligand using a butyl linker to produce a heterodimer
could expand the range of sequences that could be targeted (Mrksich & Dervan 1994a).
These data, together with subsequent experiments by Lown and coworkers linking two
alternative tripyrrole ligands (Chen & Lown 1994), indicated that covalent linkage of

two polyamides could significantly improve both their binding affinity and specificity.
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2-PyN

Introduction ofa central covalent linker
to produce a cross-linked polyamide.

cross-linked
2-PyN

Figure 1.34 Covalent linkage of 2-PyN monomer into a cross-linked dimer (n=3-6).

1.8.5 A hairpin versus cross-linked linkage motif

As the accurate alignment of the peptide rings alongside each base pair is crucial to
providing both specificity and affinity for linked polyamides, a covalent linker must be
of an optimal length and geometry to position both component ligands in close
proximity to the base edges within the minor groove. To achieve this, two types of
structures have been proposed; a hairpin motif, whereby the oligopeptides are linked
head to tail using a suitable "turn peptide" (Mrksich ez al, 1994b), and a cross-linked or
stapled structure where the central rings of two polyamide ligands are linked via a

methylene bridge (Mrksich, & Dervan 1993b, 1994a; Chen & Lown 1994).
Hairpin linkages have the advantage of rapid linear synthesis using solid phase

techniques. Different amino acid linkers have been tested for hairpins, varying from 1-4

methylene carbons as shown in Figure 1.35 (Mrksich ef al, 1994b). Glycine and p-
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alanine linkers, one and two carbon atoms in length, respectively, were too short for
optimal hairpin formation resulting in linear polyamides. However, y-aminobutyric acid
(three carbons) enabled the molecule to turn easily, with dimers linked using this “y-
turn” exhibiting up to a three hundred-fold increase in affinity relative to the
corresponding monomers (Mrksich et al., 1994b). The linker length was found to have
a profound effect on the binding affinities of these molecules, with over a thousand-fold
difference in the affinity observed between the best (y-aminobutyric acid) and the worst
linkers (5-aminovaleric acid). Addition of the y-turn increased both the binding affinity
and, through the inhibition of slipped binding motifs, the sequence selectivity (Trauger
et al., 1996b). Subsequent addition of a C-terminal -alanine or “B-tail “ to facilitate the
solid phase synthesis process was found to enhance binding affinity and specificity yet
further (Parks et al., 1996a, b), with the y-turn and the -tail demonstrating a selectivity
for AT and TA base pairs (Swalley et al., 1999). Recently a “U-pin” turn motif has
been synthesised in an effort to provide a GC rather than AT tolerance at the linked end
of the molecule (Heckel & Dervan 2003). Further variation on the basic hairpin structure
has produced cyclic (Chen & Lown 1994; Herman et al., 1999a) as well as tandem
hairpin motifs where a number of hairpins may be linked in series (Herman et al.,

1999b) (Figure 1.36).

Whilst the structural components required for optimised DNA binding by hairpin
polyamides have been investigated and reviewed in detail (Dervan & Burli 1999), they
are less clearly defined for cross-linked molecules. Unlike hairpin molecules, which
require a three carbon linkage or y-turn to link two monomers ‘head to tail’, ethidium
bromide displacement, CD, NMR and molecular modelling studies have indicated that
cross-linkage or an “H-pin” requires a longer stretch of methylene groups to cross the
groove width via the central heterocycle ring (Chen & Lown 1994, 1995; Chen et al.,
1996). These studies indicated that at least a five-carbon linker was required to span this
distance, with linkers of six to eight carbons providing optimal linkage. A further
increase in linker length resulted in a reduction in both affinity and specificity, with the
ligand slipping across the binding site increasing the size of the site occupied (Chen et
al., 1996).
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n=1:2-ImnN-GLY-P3
n=2: 2-InN-BALA-P3
n=3: 2-ImN-GABA-P3
n=4: 2ImN-AVA-P3

Y

2-ImN

Figure 1.35 A hexapeptide hairpin, where the terminal carboxylic acid of 2-ImN and
terminal amine of'the tripyrrole portion (P3) are connected with glycine (Gly), p-alanine

(pAla), y-aminobutyric acid (GABA), S5-aminovaleric acid (Ava) (Mrksich et al,
1994b).

Figure 1.36  An illustration of the development of hairpin linkages showing the

evolution of a flexible hairpin linker into cyclic and tandem linked polyamides.
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As with cooperative dimers, two potential DNA binding modes are possible for linked
polyamides, an overlap and a staggered orientation (Kopka ef aL, 1997). The maximum
overlap mode is favoured by the hairpin linkage due to the absence of an amide on the
leading ring (Parks et al, 1996a, b). Cross-linked polyamides, however, are synthesised
with a leading N-terminal head group in general and thus are able to bind in the one-
residue stagger motif, slipping along the peptide chain by one amide yielding an
extended reading frame. Therefore the use of a central methylene linker with a degree
of inherent flexibility enables binding in both modes for cross-linked dimers, although a
one-residue staggered motif should be favoured (Kopka et al, 1997; Lacy et al, 2002a)
(Figure 1.37).

A. B.

Figure 1.37 Illustration ofhairpin versus cross-linked linkages, showing binding in
the maximum overlap motif for a hairpin structure (A) and in both modes for a cross-

linked structure (B).

1.8.6 Extending the recognition site

Unique sequence recognition in the genome requires an ability to target a stretch of
sequence at least 16 base pairs in length. In an effort to extend the size of the binding
site covered by netropsin and distamycin, a number of N-methyl-pyrrole carboxamide
derivatives containing, three, four, five and six pyrrole rings were synthesised
(Youngquist & Dervan 1985). Affinity cleavage experiments demonstrated that these
homologues bound to sequences of five, six, seven and eight contiguous AT base pairs
respectively, with the four and five ring analogues binding more tightly than the parent
molecule, distamycin. However, further extension to incorporate a sixth pyrrole caused a
decrease in binding affinity, as the molecule no longer matched the curvature of the

minor groove (Youngquist & Dervan 1985). Theoretical modelling suggested that this
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was due to a slight mismatch in length between the pyrrolecarboxamide unit and its
target base pair, resulting in an inability to match the base pair rise in the minor groove
over extended sequences (Goodsell & Dickerson 1986). Indeed repeat lengths can vary
for different heterocycle moieties, with the repeat length of thiazole 0.9A longer than
pyrrole (Lown 1993). Thus as a polyamide increases in length, the hydrogen bonds and
van der Waals contacts become out of phase with the spacing between nucleotide units
of DNA, explaining the decrease in binding affinity observed with longer molecules.
Phasing has also proved a problem for antiparallel polyamide dimers, with 2:1 binding
of longer polyamides showing the same length dependence as for 1:1 binding whereby
four to five rings increased affinity but further rings decreased both affinity and

specificity of binding (Kelly & Dervan 1996).

Loss of phasing and isohelicity with increased numbers of heterocycles led to the design
of short blocks of tri or tetra heterocyclic polyamides linked together, either “head to
head” or “head to tail” with different amino acid linkers in order to rephase the
molecule. In an effort to target longer AT sequences, netropsin molecules had been
linked ‘head to head’, so that the two N-termini were linked using a hydrocarbon linker
(Khorlin et al., 1980). This strategy was subsequently re-employed to circumvent the
phasing problem, covalently linking netropsin and distamycin analogues in a linear
fashion using a variety of rigid and flexible linkers to enable effective bidentate 1:1
binding (Youngquist & Dervan 1987; Lown et al., 1989; Wang & Lown 1992; Guo et
al., 1993; Burckhardt et al., 1997). This provided successful bidentate binding along a
site of sixteen base pairs by three tetrapyrrole units linked by a series of more flexible f3-
alanine linkers (Youngquist & Dervan 1987). Molecular modelling studies have
suggested that improved isohelicity might also be attained by replacing the carboxamide
bonds with shorter keto or amino linkages to produce isolexins (Goodsell & Dickerson
1986; Zakrzewska & Pullman 1988) or by introducing ethylene linkages between

adjacent heterocycles (Zakrzewska et al., 1988) as shown in Figure 1.38.
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NH..

amino linked isolexin keto linked isolexin ethylene linked vinylexin

Figure 1.38 Molecular structures of isolexins and vinylexins.

Recent work into the transcriptional modulation of gene sequences in vitro using hairpin
ligands has generated new interest in extending the recognition site of polyamides which
bind as antiparallel dimers (Turner et al, 1997, Gottesfeld et al, 1997; Dickinson ef al,
1998, 1999a, 1999b; Mapp et al, 2000; Chiang et al, 2000). Different strategies have
been employed to approach the phasing problem of ... binding, in an effort to target
larger and therefore less common gene sequences. Hairpin polyamides have been
extended by the insertion of P-alanine pairs between every two or three heterocycles
acting as a molecular spring to loosen the rigid curvature of the ligand, with the binding
affinity and specificity dictated by the parallel placement of p/p, Py/p and Im/p pairs
(Turner et al, 1998). Cooperative binding of extended hairpins has also been used to
target sites of 10 or 12 base pairs (Trauger ef al., 1998). An alternative approach has
been the development of tandem motifs whereby a number of hairpin or cyclic units can
be linked either “head to head” or “head to tail” in series (Herman et al, 1999b). Work
is ongoing investigating the optimal linker required for this, with use of a 5-
aminovaleric acid or . -(. -aminoethoxy)acetic acid linker joining two six ringed “head to
tail” hairpins enabling the targeting of a ten base pair site (Kers et al, 2002). Ten base
pairs have also been successfully targeted using a “head to head” tandem hairpin dimer

(Weyermann & Dervan 2002).
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1.8.7 Polyamides as molecular vectors for non-covalent and covalent binding

Netropsin, distamycin and subsequent polyamide derivatives have been used as
molecular vectors for a wide range of DNA interactive agents (Figure 1.39). This has
modified the groove-binding characteristics of a number of classical DNA binding
molecules, as well as increasing the affinity and selectivity of both non-covalent and
covalent binding by hybrid agents at defined regions of sequence. For example,
conjugation of a linear or branching alkylamine chain at the central methyl-pyrrole
heterocycle of distamycin has led to the development of a series of molecules called
microgonotropens. These bind non-covalently in the minor groove, demonstrating a high
affinity for DNA as the additional protonated alkylamine side-chains form electrostatic
bonds with the negatively charged phosphodiester backbone (reviewed by Satz & Bruice
2002 and references therein). As a result, microgonotropens have been shown to inhibit
transcription factor binding in a sequence selective manner in vitro, although little
activity has been observed in whole cells possibly due to an inability to traverse the cell
membrane (Bruice et al., 1997; White et al., 2002; Satz & Bruice 2002).

Photoreactive agents such as psoralen and coumarin, which intercalate with DNA
forming covalent adducts at pyrimidine 5’-TpA steps on exposure to UV, have also been
conjugated to polyamides to produce photosensitive oligopeptides (Hartley et al., 1994;
Rao et al., 1994). These hybrid compounds demonstrate an increased selectivity for
DNA sequence, producing light dependent lesions. Other intercalating moieties such as
ellipticine and acridines have been attached to netropsin and distamycin structures to
produce molecules with mixed binding modes known as combilexins (reviewed in
Bailly & Hénichart 1994). More recently, polyamide-acridine conjugates have been
used to disrupt major groove binding proteins by causing distortion of the local DNA
structure (Fechter & Dervan 2003). Oligopeptides may also be linked with metal
complexes such as Fe-EDTA, to produce molecules with a DNA cleaving moiety as
observed with distamycin-EDTA (Schultz et al., 1982, Figure 1.39). The Fe-EDTA
substituent may be chemically reduced to generate hydroxyl radicals causing DNA
strand breaks at the site of ligand binding, providing the basis for the binding site
mapping technique, DNA affinity cleavage (Schultz et al., 1983; Taylor et al., 1984).
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Psoralen-oligopeptide

r PHOTOSENSITIVE GROUPS
E.g. Psoralen, coumarin, pyrene, porphyrin
Tren-microgonotropen \ Dynemicin-distamycin
POLYAMINES ENEDIYNES
E.g. microgonotropens NETROPSIN DISTAMYCIN E.g. dynemicin
POLYAMIDES
INTERCALATORS OR METAL
COMBILEXINS COMPLEXES

E.g. Fe.EDTA
E.g. acridine, actinomycin D,

ALKYLATING AGENTS
E.g. nitrogen mustards, cisplatin, CC-1065,
duocarmycin A, mitomycin C, anthramycin Distamycin-EDTA

Tallimustine

Figure 1.39 Examples of netrospin, distamycin and polyamide conjugates.
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High affinity sequence selective DNA cleavage has also been produced by the

conjugation of netropsin and distamycin to enediyne antibiotics (reviewed extensively in

Bailly & Chaires 1998, Figure 1.39).

Many classical major and minor groove-binding alkylating agents such as chlorambucil,
cisplatin, mitomycin C, anthramycin, duocarmycin A, CC-1065 and their structural
derivatives have also been attached to netropsin, distamycin and more recently
polyamides. The alkylation patterns of these molecules can be significantly modified,
with hybrid compounds exhibiting altered sequence selectivity, cytotoxicity and groove-
binding properties. For example, several benzoic acid mustard (BAM) tethered
oligopyrrole analogues of distamycin have been synthesised, including tallimustine
(FCE 24517, Figure 1.39). These were demonstrated to be more cytotoxic than
unconjugated BAM, with an increase in the cytotoxic potency observed as the number
of constituent pyrrole rings increased (Wyatt et al., 1994, 1995). Furthermore, whilst
BAM alone formed lesions in the major groove at the N7 position of guanine residues,
selective alkylation by tallimustine was found occur at the adenine N3 position in the
minor groove (Broggini et al., 1995). However, for minor groove binding to
predominate, at least two pyrrole rings were required with both guanine N-7 and adenine
N-3 lesions produced by a monopyrrole-amide BAM conjugate (Wyatt ez al., 1995). The
nitrogen mustard chlorambucil has also been tethered to distamycin (Lee et al., 1993)
and more recently to hairpin polyamides with chlorambucil-polyamide conjugates
shown to form sequence selective adducts in vitro and in cells (Wurtz & Dervan 2000;
Wang 2003; Dudouet et al., 2003). A number of pyrrolo[2,1-c][1,4]benzodiazepines-
polyamide conjugates have also been synthesised, based on the covalent minor-groove
binding agent anthramycin (Reddy et al., 2000). These have been shown to be more
cytotoxic than both natural and synthetic pyrrolo[2,1-c][1,4]benzodiazepines, with
cytotoxicity related to both the length and heterocycles of the constituent polyamide
(Kumar & Lown 2003). Likewise, polyamide structures have been conjugated to
several CC-1065 derivatives CI, CBI and CPI, with CBI-polyamides recently shown to
alkylate DNA, inhibiting its replication in vitro and in intracellular minichromosomal
form (Wang et al., 2002, 2003).
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1.8.8 Polyamides as molecular tools, anti-retrovirals and modulators of gene
expression

The current generation of linked polyamides bind as extended dimers within the minor
groove, with covalent linkage of the component antiparallel oligopeptides producing
sequence-reading ligands of improved binding affinity (Chen et al., 1994, 1996;
Mrksich et al., 1993, 1994a, 1994b; Parks et al., 1996a; Baliga et al., 2001). As a
consequence, polyamides able to bind and discriminate DNA sequence with an
equivalent affinity to cellular DNA-binding proteins have become useful molecular tools
in the elucidation of critical groove-binding contacts of protein-DNA complexes during
transcription (Neely et al., 1997, McBryant et al., 1999; Winston et al., 2000; Ehley et
al., 2002), as well as prospective candidate molecules for gene targeting strategies
(Trauger et al., 1996a; Gottesfeld et al., 1997). These have included their use as
components of larger artificial transcriptional activators (Mapp et al., 2000; Ansari et
al., 2001) and the direct application of polyamides and polyamide conjugates to
modulate transcription of specific genes in vitro and in some cell culture situations
(Gottesfeld et al., 1997; Dickinson et al., 1998, 1999a, 1999b; Mapp et al., 2000;
Chiang et al., 2000; Wang et al., 2002; Oyoshi et al., 2002, 2003). Retroviral DNA has
provided many of the target sequences used in this work, with polyamides
demonstrating potent activity as anti-retroviral agents (Wang & Lown 1992). This has
been achieved by modulating viral integration into the host genome and subsequent
replication (Clanton et al., 1995; Neamati et al., 1998; Ryabinin et al., 2000; Sharma et
al., 2002) or by regulation of the transcription of the viral gene products (Dickinson et

al., 1998, 1999a, b; Schaal et al., 2003).

Despite demonstrating promising DNA binding properties in cell free systems, the
localisation of polyamides in cell nuclei and their subsequent binding to genomic
sequence has been harder to verify directly. As with other nucleic acid targeting
strategies, these factors are of critical importance for putative gene targeting in living
cells using polyamides. Early cell uptake studies of a nitroxide spin-labeled analogue of

netropsin using electron pair resonance spectroscopy indicated that it was readily taken
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up and localised predominantly in the cell nucleus (Bailly ez al., 1989). More recently
however, whilst fluorophore-labelled polyamides have been shown to stain DNA
satellites and telomeric repeats in a sequence specific manner in isolated nuclei and
chromosomes (Janssen et al., 2000a; Maeshima et al., 2001), their uptake and binding to
genomic sequence has been inferred only indirectly by the gain- or loss-of-function
phenotypes produced when developing Drosophila melanogaster are fed satellite-
specific polyamides (Janssen et al., 2000b) and more recently by the derepression of
integrated latent HIV-1 in human lymphocytes (Coull et al., 2002). In contrast, studies
of the intracellular distribution of fluorescein-tagged distamycin analogues in human
ovarian adenocarcinoma cell lines indicate little nuclear uptake, with localisation shown
to be mainly cytoplasmic and mitochondrial (Sharma et al., 2001), although several
uptake studies carried out concurrently with the work in this thesis and discussed in

detail in later chapters indicate that this may be cell-type dependent.

An additional consideration for the use of polyamides in gene targeting strategies has
been the accessibility of target sequences when they are compacted as chromatin.
Studies in vitro have demonstrated that effective polyamide binding occurs at fully or
partially exposed regions of nucleosomal DNA, whereas binding sites fully obscured by
associated histones are not accessible (Gottesfeld et al., 2001). Moreover, polyamides
binding with high affinity to sequences near the periphery or at the centre of a
nucleosome can prevent translocation of the histone octamer along the DNA, a process
required to enable access of DNA control proteins to the primary sequence, thereby
inhibiting transcription from the nucleosomal template (Gottesfeld et al., 2002). Indeed
polyamides may be used as a bivalent clamp to lock together nucleosomal supergrooves
(Suto et al., 2003), adding to the complexity of potential eukaryotic gene regulation.
Such studies suggest that the potential for shielding of genomic sequence by
nucleosomes, together with the limited understanding of the dynamics of structural
reorganisation during DNA processing events may significantly complicate the targeting

of polyamides to cellular DNA.
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1.9  Experimental aims

Much of the recent work investigating the interactions of polyamides with DNA has
involved the extensive use of hairpin-linked molecules, as their linear structure may be
rapidly synthesised by solid phase techniques. Whilst optimisation of these structures
has been explored extensively, producing agents able to bind to predetermined sites with
high affinity, the effective constituents for high affinity selective DNA binding by the
alternative cross-linked polyamides remain to be fully characterised. Detailed
examination of the optimal combinations of heterocycles, linker and head group, a
moiety usually absent from hairpin structures, for this alternative linkage and the effects
of these structural substituents on the ligand:DNA interactions could improve the
understanding of selective binding by polyamides in general. Furthermore, the continued
difficulty encountered in attaining consistent discrimination of A:T from T:A, with a
binding affinity approaching that of the pyrrole heterocycle for both base pairs, means
that novel heterocycle pairings are still needed to improve the complete sequence
recognition already achieved with pyrrole:hydroxypyrrole pairs. More importantly, the
absence of conclusive evidence for universal effective cell uptake, nuclear localisation
and modulation of the transcription of genes present in situ in the genome, properties
crucial to predetermined sequence-selective gene targeting in living cells, leaves the

potential of polyamides as agents for gene therapy open to question.

The aims of the experimental work were to investigate polyamide:DNA interactions
both in vitro and in cells, elucidating the binding selectivity and affinity of selected
polyamides to Watson-Crick and non-canonical DNA sequences as well as examining
their uptake, nuclear localisation and ability to modulate global gene expression profiles
in cells (as illustrated in Figure 1.40). The structure-activity relationship of a series of
novel unlinked and cross-linked thiazole-containing polyamides was investigated,
exploring the effects on sequence-specific DNA binding of various permutations of
constituent heterocycle, N-terminal head group and length of methylene linker used to
cross-link the molecule. Comparison of the selectivity of a series of polyamides
comprised of the heterocycle combination thiazole-imidazole-pyrrole at both maximum

overlap and one-residue stagger binding sites enabled some assessment of the role of the
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thiazole moiety in the discrimination of adenine when placed at the N-terminal position.
Analysis of the relative binding affinity and selectivity of an unlinked N-terminal formyl
tri-imidazole polyamide at match, single and double TG mismatch sites along a single
DNA sequence allowed an evaluation of the use of polyamides in non-canonical
sequence recognition. A comparison was made of the live intracellular uptake of
selected polyamides used in the in vitro studies and covalent binding DNA ligands to
establish directly the membrane permeability and nuclear localisation of polyamides
without the use of conjugated fluorophores, to exclude the possibility of the attached
moiety influencing the uptake properties of the polyamide. Finally, investigation of the
global response of gene expression in a model organism Saccharomyces cerevisiae was
evaluated on treatment with either distamycin or its structural derivative a cross-linked
N-terminal thiazole polyamide in order to determine the effects of polyamides on the

transcription of genomic DNA sequence.

plasma membrane

nuclear membrane

cell uptake? nuclear uptake? regulation of
gene expression?

XXXXA

in vitro in the cell in the nucleus
DNase I footprinting cytotoxicity, growth ¢DNA microarrays
inhibition & cell uptake

Figure 1.40  Illustration summarising experimental strategy.
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CHAPTER 2

DNA SEQUENCE RECOGNITION OF WATSON-CRICK BASE PAIRS BY
NOVEL THIAZOLE CONTAINING CROSS-LINKED POLYAMIDES.

2.1  Introduction

A series of polyamide monomers and cross-linked homodimers comprised of different
combinations of the heterocycles thiazole (Th), imidazole (Im) and pyrrole (Py), with
alternative N-terminal head groups attached to the leading heterocycle, and cross-linked
by differing lengths of alkanediyl linker, are presented in Figures 2.1 a-b. Constituent
heterocycle combinations were chosen to target putative binding sites comprised of
mixed sequence, with pyrrole favouring AT and imidazole favouring GC base pairs.
The thiazole moiety, orientated so that the sulphur atom was directed towards the minor
groove floor on binding, was included as a potential discriminator of adenine. In this
position, the bulky sulphur atom produces a steric clash with guanine C2-NH, groups
protruding into the groove resulting in an avoidance of GC sites and a strict preference
for AT base pairs (Rao et al., 1990b; Kopka et al., 1997; Kopka et al, 1998). This
preference is lost if thiazole is inverted, directing instead the smaller nitrogen atom

towards the groove floor (Rao et al., 1990b; Kumar et al., 1990; Kumar et al., 1991).

At high concentrations unlinked polyamides may bind side-by-side within the minor
groove with each peptide ligand contacting the adjacent strand of DNA (Pelton &
Wemmer 1989). Cooperative 2:1 binding of unlinked ligands, however, may not always
be energetically favourable (Kumar et al., 1991). Covalent linkage of polyamides,
either in a cross-linked or hairpin form, energetically favours binding as a 2:1 complex
with DNA due to free energy additivity. In this alignment, each heterocyclic ring
contacts a single base such that a pyrrole placed opposite a pyrrole in the corresponding
ligand will bind AT or TA base pairs, an imidazole opposite a pyrrole will favour GC
over CG and an imidazole: imidazole pairing will bind either GC or CG base pairs
(Wade et al., 1992; Mrksich et al., 1992; Wade et al., 1993; Mrksich & Dervan 1993;
Geierstanger et al., 1994; White et al., 1996). This has led to the development of a set of
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heterocycle pairing rules for sequence recognition (Trauger et al., 1996a; White et al.,
1997).

Furthermore, covalent linkage may dictate stacking in a 2:1 alignment (Kopka et al.,
1997). Choice of a central methylene linker with limited flexibility, enables two
possible modes of binding as a 2:1 complex with DNA, an overlap or a stagger
orientation as shown in Figure 2.2 for the heterocycle combinations examined here. In
the absence of an amide group on the leading heterocyclic ring, the parallel peptide
chains may completely overlap, with each peptide ring stacking on an amide of its
neighbour. Addition of an N-terminal amide can cause the component peptides to slip in
relation to each other by one amide, leading to a one-residue stagger motif. In this case
the two ligands still stack ring on amide, however the first amide on each substituent
peptide overhangs, resulting in an extended reading frame (Kopka et al., 1997; Lacy et
al., 2002a). The potential for two modes of binding for any given heterocycle
permutation of a cross-linked polyamide permits comparative study of the favoured

modes for a range of heterocycle combinations.

The dimers investigated here were cross-linked with a flexible polymethylene chain
—(CH,), bridging the two central heterocycles via their N-methyl carbon atoms. Chain
lengths (n=5-8) were based on previous CD, NMR and ethidium fluorimetry studies of
cross-linked tri-pyrrole polyamides (Chen & Lown 1994; Chen et al., 1996). These
identified that a minimum of five carbons was required to span the groove width, with
comprehensive contact across the DNA duplex possible with hexanediyl (C6),
heptanediyl (C7) and octanediyl (C8) linkages. Shorter linkers, such as propanediyl
(C3) and butanediyl (C4), were unable to accommodate binding across the groove,
whilst linkers of nine to twelve carbons also demonstrated poor binding strength relative
to those of an intermediate length (C6-C8) (Chen et al., 1995b; Chen et al., 1996). Long
alkanediyl linkers incurred large energetic penalties due to chain folding as well as
ligand slippage across potential binding sites, thereby increasing the size of the site
occupied (Chen et al., 1996).
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At the N-terminus of each of the presented compounds, one of four putative head groups
was attached to the leading heterocycle; a hydrogen, an amino, a formamide (formyl) or
an acetamide (acetyl). As proposed by Kopka and coworkers (Kopka et al., 1997),
unlinked N-formamido polyamides binding in a 2:1 complex with DNA have been
shown to favour a one-residue stagger binding motif, whilst those lacking an N-terminal
formamide, bind in a maximum overlap mode (Lacy et al., 2002a). Preference for the
overlapped motif is well documented for hairpin-linked polyamides, which also lack a
head group, with only a hydrogen present at that position (Wemmer & Dervan 1997;
Dervan & Burli 1999). At the N-terminus, a formamide group, as found in distamycin
A, easily stacks in a 2:1 alignment and is well placed to interact with the DNA through
hydrogen bonding and van der Waals interactions (Lacy et al., 2002a). The alternative
head groups attached here to the leading heterocycle were chosen to further investigate
the influence on sequence recognition and bidentate binding of these active
functionalities with different electrostatic properties. This enabled a comparative study
of unnatural N-terminal head groups such as hydrogen or acetamide, which are unable to
hydrogen bond with DNA, with hydrogen bond donors such as formamide and amino
which are N-terminally placed in naturally occurring minor groove binding antibiotics
(Sharma, et al., 2000; Probst, et al., 1965; Takaishi, et al., 1972).

The characterisation of binding in vitro to a Watson-Crick DNA sequence by a series of
novel unlinked and cross-linked thiazolated polyamides is presented in this chapter. The
structure-activity relationship is investigated here using DNase I footprinting (Lane et
al., 1983) exploring the effect of heterocycle combination, methylene linker length and
N-terminal head group on the sequence specificity and affinity of DNA binding.
Quantitation of the binding affinity and selectivity of the heterocycle combination
thiazole-imidazole-pyrrole (TIP) at putative DNA match and mismatch sites, for both
the maximum overlap and one-residue stagger binding modes, is determined using a
footprinting titration method (Brenowitz et al., 1986a, b; Senear et al., 1986). The
comparison of a series of cross-linked ligands, able to bind in both binding motifs,

enabled an evaluation of optimal linkage for these novel compounds, as well as an
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investigation of the influence of the N-terminal head group together with the potential

role of N-terminal thiazole in adenine discrimination.
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Figure 2.1 (a) Molecular structures of distamycin A, the unlinked (TII) thiazole-

imidazole-imidazole polyamides, and the unlinked and cross-linked (TPI) thiazole-

pyrrole-imidazole polyamides used in this study.

95



Compound B— ) r
TPP-amino NH,

TPP-formyl NHCHO G‘I
TPP-acetyl NHCOCH3

CO NH(CH2)3N <
N ( H

CH3
Compound
TPP-amino NH,
TPP-acetyl NHCOCH3 cns
CH3 CH3
CH3
Compound
TIP-amino NH,
TiP-acetyl NHCOCH3
K K -
CH3
CONH(CH2)aN
(h . (CH2)aN< (g
|
CH3
Compound n_
TiP-Cn-amino NH, 5,6,7,8
TIP-Cn-formy! NHCHO 5,6,7.,8
TIP-Cn-H H 5,7
TIP-Cn-acetyl NHCOCHs 7 C[_I
(th
HC N CONH(CHZ2)aN <
at. . ' a
HaCAN(H2C)aHNOC-< > (CHZJl NtHl CcH
(Hh
Figure 2.1 (b) Molecular structures of the unlinked and cross-linked (TPP)

thiazole-pyrrole-pyrrole polyamides, and the unlinked and cross-linked (TIP)

thiazole-imidazole-pyrrole polyamides used in this study.
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Figure 2.2 Binding motifs for (a) TPP, (b) TII, (c) TPI, (d) TIP. The DNA target
sequence is indicated in capital letters. The red box indicates heterocycle rings, which
are side-by-side in the minor groove; Th is thiazole, Im is imidazole, Py is pyrrole.
The equal sign, =, signifies an amide and the plus sign, +, signifies the charged tail,
(1) Maximum Overlap Motif - In this motif the two ligands completely overlap
stacking ring-on-amide. (ii) One Residue Stagger Motif - This motifrequires a leading
amide, shown in parentheses (=). Here the polyamides slip relative to the maximum
overlap, still stacking ring-on-amide, but moving the charged tails further apart. The
one residue stagger motif has a longer reading frame, but still preserves the same

number ofring-on-amide interactions.
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2.2  Materials

2.2.1 Investigational compounds

Compounds were kindly provided by Professor J. William Lown, Department of
Chemistry, University of Alberta, Edmonton, AB, Canada. The synthesis and
characterisation of the compounds have been reported (Sharma, et al., 2000). A
minimum of 1mg of each compound was dissolved in distilled and deionised water at a
10mM stock concentration and stored at —20°C until use. Dilutions were freshly

prepared for each experiment in distilled and deionised water.

2.2.2 Plasmid DNA

Plasmid pBSFIV34TF10 (4.8 mg/ml) was kindly provided by Dr Tom Phillips, Vaccine
Research Institute, San Diego, CA, U.S.A. and was stored in 10mM Tris-HCI (pH 7.8),
1mM EDTA at -20°C.

2.2.3 Radioisotope
[y-**P] ATP (5000 Ci/mmol, 10 mCi/ml) was purchased from Amersham International.

2.2.4 Chemicals

Tris-hydroxymethyl-methylamine (Tris), ethylenediaminetetraacetic acid (EDTA),
ethylenediaminetetraacetic acid disodium salt (NA,EDTA), sodium chloride (NaCl),
anhydrous sodium acetate (C,H;0,Na), boric acid (H;BO,), sucrose, bromophenol blue,
xylene cyanole, formic acid, ethidium bromide, N-[2-Hydroxyethyl]piperazine-N’-[2-
ethanesulfonic acid] (Hepes), magnesium chloride (MgCl,), potassium permanganate
(KMnO,), dithiothreitol (DTT), ammonium persulphate (APS), piperidine,
tetramethylethylenediamine (TEMED), phosphate buffered saline (PBS), hydrogen
peroxide (H,0,), salmon sperm DNA, Hoechst 33258 and
phenol:chloroform:isoamylalcohol (25:24:1) were purchased from Sigma.

Sodium dodecyl sulphate (SDS), glacial acetic acid, formamide, isopropanol, potassium
chloride (KC1), calcium chloride (CaCl,), sodium azide (NaN,), disodium tetraborate
(Na,B,0,), triethylamine ( (C,H,);N ) and dimethyl sulfoxide (DMSQO) were purchased
from BDH.

98



Biogel-P6 gel (fine grade 45-90 um) was purchased from Biorad.

Electrophoresis grade agarose was purchased from Invitrogen.

Glyocogen (20mg/ml) was purchased from Roche Diagnostics.

Ultrapure deoxynucleoside triphophates (ANTPs) solutions (100mM) were purchased
from Pharmacia.

X-Omat Kodak film was purchased from Anachem.

2.2.5 Enzymes
T4 polynucleotide kinase (10 units/ul) supplied in SOmM Tris-Hcl (pH 7.6), 25mM KCl,

5mM DTT, 0.1uM ATP, 0.2 mg/ml BSA and 50% glycerol (v/v) was purchased from
Invitrogen.

Vent DNA Polymerase (2 units/pl) supplied in 100mM KCl, 0.1mM EDTA, 10mM
Tris-HC1 (pH 7.4), ImM DTT, 0.1% Triton X-100 and 50% glycerol (v/v) was
purchased from New England Biolabs.

RQ1 RNase-Free DNase (1 unit/pl) supplied in 10mM Hepes (pH7.5), 50% glycerol
(v/v), 10mM CaCl, and 10mM MgCl, and Not I (10 units/ul) supplied in 10mM Tris-
HCI (pH7.4), 0.1% Triton X-100, 500mM KCI, 0.1mM EDTA, 1mM DTT, 0.5mg/ml
BSA, 50% glycerol (v/v) were purchased from Promega.

2.2.6 Buffers

Forward reaction buffer (5X) consisting of 350mM Tris-HC1 (pH 7.6), SmM 2-
mercaptoethanol, S0mM MgCl,, S00mM KCl was purchased from Invitrogen.

Vent ThermoPol reaction buffer (1X) consisting of 10mM KCl, 10mM (NH,),SO,,
20mM Tris-HCI (pH 8.8), 2mM MgSO,, 0.1% Triton X-100 was purchased from New
England Biolabs.

Biogel-P6 spin column solution: 8% P6-biogel (w/v), 0.02% sodium azide (w/v) in
distilled and deionised water.

Sucrose loading buffer: 0.6% sucrose (w/v), 0.04% bromophenol blue (w/v) and 0.04%
xylene cyanole (w/v) in distilled and deionised water.

TAE agarose electrophoresis buffer: 40mM Tris, 20mM acetic acid, 2mM Na,EDTA,
pHS.1.
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Footprinting buffer (2X): 10mM Tris (pH 7.0), ImM MgCl,, SOmM KCl, 1mM EDTA,
0.5mM DTT, 20mM Hepes.

DNase I Stop solution: 200mM NaCl, 30mM EDTA (pH8.0), 1% SDS (w/v).
Formamide loading dye: 0.04% bromophenol blue (w/v), 0.04% xylene cyanole (w/v),
98% deionised formamide (v/v).

Tris-boric acid electrophoresis buffer: 89mM Tris, 89mM boric acid, 2mM EDTA,
pHS8.3

1X SSC: 15mM sodium citrate pH7.0, 150mM NaCl.

2.2.7 DNA size markers
1kb DNA ladder (1mg/ml) in 10mM Tris-HCI pH 7.5, 50mM NaCl and 1mM EDTA

was purchased from Invitrogen.
0X174 DNA/Hinf I ladder (1mg/ml) in 10mM Tris-HCI pH 7.5, 1ImM EDTA was

purchased from Promega.

2.2.8 Kits

A ready-to-use SequaGel-6 sequencing system, consisting of SequaGel-6 monomer
solution (19:1 acrylamide: bisacrylamide, 8M urea) and SequaGel complete buffer
solution (0.89M Tris borate, 0.89M boric acid, 20mM EDTA) was purchased from
National Diagnostics.

A Biol01 GENECLEAN II kit containing 6M sodium iodide, ‘glassmilk’ silica matrix
and New Wash concentrate (NaCl, Tris, EDTA) was purchased from Anachem.

A Wizard® genomic DNA purification kit, containing solutions for nuclei lysis, protein

precipitation, DNA rehydration and RNase A (4mg/ml) was purchased from Promega.

2.2.9 Synthetic oligodeoxynucleotide primers
The synthetic forward primer 5’-CTC GAG CTC GAG TGG GAT GAG-3’, identified

as OBUSNI, binds to the sequence region 698 to 718 of the plasmid pBSFIV34TF10
and was used to extend the top strand of the non-coding 5’ long terminal repeat region
(LTR) of the FIV strain 34TF10. The reverse primer 5’-AGA TCT AGA TCT TGC
GAA GTT CTC GG-3’, identified as OBUSN3, binds to the complementary strand at
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position 1076 to 1051 of pBSFIV34TF10 and was used to extend the bottom strand of
the 5’ LTR region. The primers, purchased from MWG Biotech, were designed such
that the resultant double stranded PCR product spanned 355 base pairs of the FIV 5’
LTR region contained within plasmid pBSFIV34TF10 from 698 to 1076 (for LTR
region derived from pBSFIV34TF10 sequence see appendix I).

For generation of a double stranded fragment of the human HER2/neu promoter, the
synthetic primers 5’-GAG GGA GAA AGT GAA GCT GGG AGT T-3’, identified as
NEU-F, and 5’-CCC TGG TTT CTC CGG TCC CAA-3’ identified as NEU-R designed
to span a region of 192 base pairs from 339 to 531 (for Neu sequence see appendix II)

were purchased from MWG Biotech.

2.3  Methods
2.3.1 Preparation of a genomic DNA template
Cell Culture:

The K562 human myeloid leukaemia cell line (Andersson, et al., 1979) was grown in

suspension culture in RPMI 1640 medium supplemented with 5% foetal calf serum and
2mM glutamine. Cells were incubated at 37°C in an atmosphere of 5% (v/v) carbon
dioxide (CO,) in air and maintained in an exponential growth phase within a
concentration range of 5 x 10* — 1 x 10° cells ml"'. Cells were passaged using

conventional procedures and screened regularly for mycoplasma.

DNA isolation:
DNA was isolated from 3 x 10° K562 cells by means of a Wizard® Genomic DNA
Purification Kit, using the reagents and enzymes provided and following the

manufacturer’s protocol.

DNA Restriction:
Following isolation of the DNA, supercoils in the resultant genomic prep were removed
to facilitate access of DNA sequences for subsequent pcr by digestion with Not I, an

enzyme with no restriction sites in the genomic sequence of interest, the neu promoter
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region, and a low number of sites in the overall genome. Digestion was carried out
using 10 units of Not I in its appropriate reaction buffer at 37°C overnight. Following
restriction, the DNA was precipitated with 0.3M sodium acetate and 3 volumes of 95%

ethanol, washed once in 80% ethanol and lyophilised dry.

DNA Measurement:

The concentration of the genomic DNA isolated was measured by fluorimetry with a
Perkin-Elmer LS-2B fluorimeter. A standard curve was generated over a concentration
range of 0 to 10 pg of salmon sperm DNA in 1X SSC (15mM sodium citrate pH7.0,
150mM NaCl) labelled for 10 minutes at room temperature with the DNA binding agent
Hoechst 33258 (10png/ml), in a final volume of 3ml. Aliquots of genomic DNA were
resuspended in 1X SSC and labelled with Hoechst 33258 (10pug/ml). This enabled
measurement of DNA concentration as a function of the fluorescence of the DNA
binding agent Hoechst 33258. Fluorescence was measured at 360nm excitation and
450nm emission. Following measurement, the final concentration of the DNA isolated

was adjusted to Imgml™.

Generation of a 192 base pair template of the HER2/neu promoter:

Exponential amplification of a 192 base pair fragment of the HER2/neu promoter was
carried out using the oligodeoxynucleotide primers NEU-F and NEU-R, to generate a
purified DNA template of the promoter region from the genomic prep for further rounds
of amplification. Amplification proceeded in a total volume of 50ul containing 100ng
of the genomic DNA prep, 25pmoles of the forward primer NEU-F, 25pmoles of reverse
primer NEU-R, 800uM of a ANTP mix, 1 unit of Vent polymerase and 1X Vent
Thermopol reaction buffer. PCR was carried out using a PTC-100 Programmable
Thermal Cycler (MJ Research) and the cycling conditions consisted of an initial 4
minute denaturation step at 94°C, followed by a cycle of 1 minute at 94°C, 1 minute
annealing at 62°C and 1minute extension at 72°C, for 35 cycles. After amplification, the
50ul PCR mixture was taken up in Sul of 10X sucrose loading buffer and loaded in 2 x
25ul al_iquots onto a 2.5% agarose gel (dimensions 8 x 10.5 x 1cm) containing 0.4ug/ml

of ethidium bromide, alongside 1ug of a 1kb DNA size marker. Electrophoresis was
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carried out for 2 hours at 50 volts in 1X TAE buffer. Following electrophoresis, the 192
base pair fragment was visualised by UV fluorescence and excised. The fragment was
isolated from the agarose gel slices using the constituent reagents provided in a

GENECLEAN II kit following the manufacturer’s standard protocol.

2.3.2 Preparation of a5’ singly end-labelled fragment
5’-end labelling of primers with [y-*P] ATP:

For the 5’LTR of FIV34TF10, the oligodeoxynucleotide primers OBUSN1 or OBUSN3
(6 pmol) were 5’ end-labelled with T4 polynucleotide kinase (30 units), [y-’P] ATP
(40uCi) in 1X forward reaction buffer in a final volume of 20ul, at 37°C for 45 minutes.
Following incubation, the labelled primer was placed at 65°C for 10 minutes to heat
inactivate the kinase reaction and allowed to cool to room temperature. Once cool,
13ul of distilled water was added and the total volume of 33ul was loaded onto a
Biospin-6 column. The column was prepared immediately prior to use by loading 1ml
of Biospin-6 solution into an empty column, which was spun at 1200g to pack and
remove residual storage buffer. The packed column was then washed through with
200ul of distilled water. The labelling reaction was loaded onto the dry column and
spun for 5 minutes at 1200g to elute the end-labelled primer, which was then added to
the primer extension reaction. In order to examine the top strand of the 5’ LTR region
of FIV34TF10, the OBUSNI1 primer was 5’ end-labelled prior to PCR, whilst the
OBUSN3 primer was 5’ end-labelled prior to PCR for examination of the bottom strand.

For the HER2/neu promoter, the oligodeoxynucleotide primers NEU-F or NEU-R (40
pmol) were 5’-end labelled and purified on a Biospin-6 column as previously described.
The labelling reaction was then added to the primer extension reaction. To examine the
top strand of a 192 base pair fragment of the HER2/neu promoter region, the NEU-F
primer was 5’ end-labelled prior to PCR, whilst the NEU-R primer was 5’ end-labelled

prior to PCR for examination of the bottom strand.
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Exponential Primer Extension:

For the 5’LTR of FIV34TF10, exponential amplification of the LTR region was carried
out with one of the two primers, either OBUSN1 or OBUSN3, labelled. Extension
proceeded in a total volume of 50ul containing 10ng of template DNA pBSFIV34TF10,
6 pmoles of labelled primer, 6 pmoles of unlabelled primer for the complementary
strand, 800uM of a ANTP mix, lunit of Vent polymerase and 1X Vent Thermopol
reaction buffer (stored as a 10X stock at —20°C). PCR was carried out using cycling
conditions consisting of an initial 4 minute denaturation step at 94°C, followed by a
cycle of 1 minute at 94°C, 1 minute annealing at 63°C and 1minute extension at 72°C,

for a total of 35 cycles. An unlabelled extension reaction was carried out in parallel.

For the HER2/neu promoter, exponential amplification of the HER2/neu promoter
region was carried out with one of the two primers, either NEU-F or NEU-R, labelled.
Amplification proceeded in a total volume of 50ul containing 100ng of the purified 192
base pair template, 40pmoles of labelled primer, 40pmoles of unlabelled primer for the
complementary strand, 800uM of a ANTP mix, 1 unit of Vent polymerase and 1X Vent
Thermopol reaction buffer. PCR was carried out for 35 cycles using the conditions

listed in section 2.3.1.

Purification of the double stranded single-end labelled fragment:

Following amplification of the 5’LTR of FIV34TF10, the 50ul labelled PCR mixture
was loaded in 2 x 25l aliquots onto a 2.5% agarose gel containing no ethidium bromide
(dimensions 8 x 10.5 x 1cm) as described in section 2.3.1, alongside 1ug of a 1kb DNA
marker and a 25ul aliquot of the unlabelled primer extension reaction. Samples were
then electrophoresed for 2 hours at 50 volts in 1X TAE buffer. Following
electrophoresis, the 2 lanes containing the DNA size marker and unlabelled extension
reaction were excised and stained for 5 minutes in 100ml of 1X TAE buffer containing
0.4pg/ml of ethidium bromide. The bands were visualised by UV fluorescence and the
position of the unlabelled 355 base pair PCR fragment was marked on a ruler. This was
used as a reference point to ascertain the position of the labelled 355 base pair fragment

aliquots on the remaining portion of unstained agarose gel, which were then excised.
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Labelled DNA was isolated from the agarose gel slices a GENECLEAN II kit as

detailed previously.

For the HER2/neu promoter, after amplification the S0ul labelled PCR mixture was
loaded as onto an ethidium bromide free 2.5% agarose gel, alongside 1ug of a $X174
DNA/Hinf I marker and a 25ul aliquot of the unlabelled primer extension reaction.

Electrophoresis and isolation of the labelled DNA was carried out as above.

2.3.3 DNase I Footprinting

Drug: DNA reactions:

Polyamides (prepared as in Sharma, et al., 2000) were incubated with 1000 cps of 5'
singly end-labelled fragment of the 5’LTR of FIV34TF10LTR in 2x footprinting buffer
(10mM Tris pH 7.0, ImM EDTA, 50mM KCI, ImM MgCl;, 0.5mM DTT and 20mM
Hepes), at room temperature for 30 minutes in a total volume of 50ul. Cleavage was
initiated by the addition of the drug treated sample to 0.1 units of DNase I diluted in ice
cold 10mM Tris pH 7.0 from a stock solution (lunit/ul) and 1l of a 1:1 solution of
250mM MgCl,, 250mM CaCl,. The reactions were performed at room temperature and
stopped after 3 minutes by the addition of 100pl of a stop mix containing 200mM NaCl,
30mM EDTA pH 8 and 1% SDS. The cleavage products were phenol: chloroform
extracted by vortexing with an equal volume of phenol: chloroform: isoamylalcohol
(25:24:1), spinning for 5 minutes at 13000rpm and removing the upper aqueous layer
containing the labelled DNase I digested DNA into a fresh Eppendorf. This was then
ethanol precipitated in the presence of 1ug glycogen, washed once in 80% ethanol and
lyophilised dry. The samples were resuspended in 4 pl of formamide loading dye,
denatured for 5 min at 90°C and cooled on ice prior to loading on a 6% denaturing

polyacrylamide gel.

For quantitative experiments polyamide incubation was carried out over a wide
concentration range at small dose increments. Each experiment was carried out in at
least triplicate on each DNA strand. The conditions were optimised for cleaving an

estimated amount of 0.25ug of DNA per lane by examining cleavage over a range of

105



both DNase I concentrations and incubation periods. This enabled the minimum
concentration of DNase I required to produce a full size range of cleavage products to be
determined, whilst ensuring that on average each DNA fragment was cleaved only once.
This prevented a bias being introduced into the overall distribution of cleavage products,
since over-digestion produces a greater proportion of short fragments as a result of
multiple cleavage events. Therefore the DNase I concentration and incubation period

used were adjusted so that at least 50% of the full-length fragment remained.

To examine binding at the HER2/neu promoter, the polyamide TIP-C7-amino was
incubated with 1000 cps of the 5' single end-labelled HER2/neu fragment in 10mM Tris
pH 7.0, ImM EDTA, 50mM KCl, 1mM MgCl;, 0.5mM DTT and 20mM Hepes, at
room temperature for 30 min, in a total volume of 50ul. Cleavage reactions and

subsequent phenol/chloroform extraction were performed as detailed above.

Maxam Gilbert Sequencing Lanes:

A purine-specific marker lane was generated using 2000 cps of 5’ single-end labelled
DNA, prepared as described above. Labelled DNA was incubated at room temperature
for 5 minutes in 70% formic acid. Following incubation, samples were snap frozen with
a dry ice/ ethanol bath and dried by lyophilisation. The DNA pellet was resuspended in
65ul of a freshly diluted and chilled 10% piperidine solution and incubated at 90°C for
30 minutes. The DNA was then precipitated with 0.3M sodium acetate and 2 volumes
of absolute isopropanol, washed twice with 80% ethanol and lyophilised dry. Samples
were taken up in 4pl formamide loading dye, heated to 90°C for 5 minutes, then placed

on ice prior to loading onto the polyacrylamide gel.

A thymine specific marker lane was generated using 2000 cps of 5’ single-end labelled
DNA, prepared as described previously. Labelled DNA was suspended in Sul of
distilled water and preheated to 90°C for 3 minutes. After 3 minutes, 10ul of 0.1mM
potassium permanganate freshly diluted in 2mM sodium borate pH 9.5 was rapidly

added and the sample incubated for a further 80 seconds at 90°C. The reaction was

106



terminated by ethanol precipitation of the DNA, which was subsequently lyophilised

dry. Piperidine cleavage was effected as described above.

A cytosine specific marker lane was generated using 2000 cps of 5’ single-end labelled
DNA, prepared as above. Labelled DNA was suspended in 5ul of distilled water and
incubated with 15ul of a freshly prepared hydrogen peroxide mix (245mM hydrogen
peroxide, 10mM EDTA, 133mM triethylamine acetate pH7) for 20 minutes at room
temperature. Following incubation, samples were snap frozen with a dry ice/ethanol

bath and dried by lyophilisation. Piperidine cleavage was carried out as above.

Polyacrylamide Gel Electrophoresis:

Electrophoresis was carried out on a BioRad Sequi-Gen sequencing gel apparatus using
a gel size of 21cm x 50cm x 0.4mm. Prior to pouring, the gel plates were tightly
clamped in a 21cm casting tray containing a silicone gasket. The 6% polyacrylamide
denaturing sequencing gels were prepared from a National Diagnostics SequaGel-6 kit
comprised of a ready-to-use SequaGel-6 monomer solution and a SequaGel complete
buffer solution. For each gel, 80ml of SequaGel-6 monomer and 20ml of complete
buffer were freshly mixed with 250ul of APS solution (0.25mgml"). Following
polymerisation, each gel was pre-run with TBE buffer to warm the gel to approximately
50°C. Once loaded, samples were electrophoresed at 1500-2000V, maintaining the gel
temperature at 50-55°C and the electrophoresis run was terminated when the
bromophenol blue marker had migrated approximately 40cm. After the run, the gel
plates were separated and the gel peeled away from the back plate using a sheet of
Whatman 3MM chromatography paper. This was then placed on a further sheet of
Whatman DES]1 filter paper and onto a porous drying support. Gels were dried under
vacuum for 2 hours at 80°C using a Biorad 5850 gel dryer and exposed to X-ray film for
24 hours (X-OMAT, Kodak). Exposure times varied, but generally footprinting gels

were exposed overnight without a screen.
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2.3.4 Determination of equilibrium association constants for binding sites
Integration of optical density:

Digitised images of footprint titrations were acquired by scanning autoradiograms
(resolution of 100um?) of at least 3 distinct repeat experiments for each TIP polyamide
on each DNA strand using a BioRad GS-670 imaging densitometer interfaced with a
7100/60 Power PC. Images were stored as 12 bit grayscale data sets as Molecular
Analyst 2.1.1 files without further manipulation or processing. Subsequently, images
were retrieved under Molecular Analyst 2.1.1 and binding sites were identified by eye
from the digital gel image as clearly discernable discrete blocks of diminishing band
intensity, which progressively decreased with increased ligand concentration across the
lanes. At each allocated binding site, the integrated optical density of a selected region
of bands placed centrally within the site were acquired for each concentration of ligand
using the auto integrate facility of the analysis program. This command automatically
corrects for variation in the local background intensity, by integrating the optical density
of a 2 pixel width perimeter outside and adjacent to each binding site, averaging and
then subtracting this value from the integrated optical density acquired for the binding
site itself. In addition, to correcting for experimental variation of the total DNA loaded
per lane, the integrated optical density of a standard band (reference site) outside the
regions protected from DNase I cleavage by ligand binding was also acquired for each
lane analysed. The corre<.:ted volume integration values of the binding sites together

with the reference site allowed the apparent DNA target site saturation, 8,pp, to be

calculated for each concentration of ligand using the following equation:

Bapp= 1- (Ttot/Iref)/(Totot/Ioref) (1)

where Lot and Iref correspond to the integrated volumes of the target and reference sites,
respectively. Ipiot and Ipref are the integrated volumes for those sites in the absence of

polyamide.
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Calculation of K, and fitting of binding site isotherms:
The data were fitted to a Langmuir binding model (eq 2), where [L]iot is the total
polyamide concentration, K, is the equilibrium association constant and Opjn and Omax

are the site saturation values when the site is unoccupied or saturated, respectively.

0fit=Omin + (Omax-Omin)  KalLltot @)
1+Ka[L]tot

Values for Omin, 8max and K, were obtained by minimising the difference between 0pp
and Ofj, using a non-linear optimisation procedure with the constraint Omax> Omin.

Goodness of fit between 0, and 0, was assessed by calculating a Pearson correlation

app
coefficient between the actual and the model values. The confidence level was obtained
using a test statistic for a t-distribution and any fit with p>0.05 was rejected. At least
three sets of data were used in determining each association constant for five target
match and mismatch sites.

The 0,,, values for each site were used to plot each individual-site isotherm. As the 0

app app

values often do not span the range 0 to 1, these were normalised by subtracting 6, and
dividing by 0,,,, - 6., (éq 3). The normalised values (9,,,,,) were then plotted against the
ligand concentration. Isotherms were plotted to demonstrate the accuracy of the

optimisation procedure.

Bnorm= (eapp - Omin)/( Omax - Omin) (3)
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24  Results

2.4.1 Sequence-specific binding of novel thiazole-containing cross-linked polyamides.
DNase I footprinting was used to determine the sequence specific DNA binding of a
series of novel polyamides consisting of the heterocycles thiazole, imidazole and
pyrrole, either as monomers or cross-linked dimers (Figures 2.1(a) and 2.1(b)). Four
heterocycle permutations were examined, thiazole-pyrrole-pyrrole (TPP), thiazole-
imidazole-imidazole (TII), thiazole-pyrrole-imidazole (TPI) and thiazole-imidazole-
pyrrole (TIP). Each combination had one of four candidate N-terminal head groups
attached to the leading heterocycle, an amino, formyl, acetyl or hydrogen and were
either monomers or cross-linked homodimers with alkanediyl linkers ranging from 5-8
carbons in length. Although the range of possible polyamide permutations, comprised
of the assorted component heterocycles, head groups and linkers, was not complete,

general binding trends were observed across the compound series.

Footprinting experiments were carried out to examine either an individual compound
over a wide range of increasing concentration (0-100uM), or multiple compounds over a
small concentration range to facilitate comparison of DNA binding of closely related
ligands. Experiments used for the quantitative analysis of binding affinity and
specificity of the TIP heterocycle series were carried out over small incremental
increases in ligand concentration to provide accurate binding isotherms from which to
derive the binding constants at each protected site.  Footprints or areas of DNase I
protection due to ligand binding were assigned by eye as discrete regions of diminishing
band intensity clearly discernable across all the lanes, whereby the intensity at these
sites progressively decreased with increasing ligand concentration. Where protection
extended over a large number of base pairs at high concentrations, the primary site was
assigned from the area protected at the onset of footprinting. Extended areas of
protected DNA sequence seen at high ligand concentrations only were not assigned as
footprints, but as a non-specific binding due to ligand saturation. Experiments were
carried out on both strands of the 5’LTR fragment to confirm binding sites, and targeted
sequences were identified by comparison with the corresponding region in sequencing

lanes run alongside the footprinting reactions on each gel. Ligand binding sites were
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then summarised for each polyamide by diagrammatic representation as a composite
box diagram, whereby the sites observed from multiple gels along both DNA strands
were denoted as filled, hatched or open blocks alongside the sequence of the double

stranded LTR fragment generated.

Thiazole-pyrrole-pyrrole:

The thiazole-pyrrole-pyrrole (TPP) series consisted of N-terminal amino, formyl and
acetyl monomers as well as C7-linked N-terminal amino and acetyl homodimers (Figure
2.1(b)). Within this heterocycle series, the amino and formyl TPP monomers bound to
identical sequence regions along both strands of the 5’LTR fragment, with binding sites
centred at multiple runs of AT base pairs (Figures 2.3 and 2.4). TPP-amino, however,
showed up to a ten-fold greater affinity for most sites compared to TPP-formyl.
Nevertheless, the same order of site preference was observed for both ligands, with the
strongest binding observed at the two TATA boxes (sites 873 & 896) present and at
15 ATAAAA-3'" 85 _ AAATA-3"" and ***5’-ATAGTTAAA-3’*¢, Diagrammatic

representation of the binding produced by the amino and formyl TPP monomers is

shown in Figure 2.5.

Linkage of N-terminal amino-TPP with a C7 methylene chain to produce a cross-linked
dimer did not change the location of protected sites but did enhance binding at selected
sites (Figure 2.6). A ten fold increase in binding was observed at *°5’-AAAA-3"** and
815 TTAA-3"%* as well as a six fold increase at *3*5’-TTTGTT -3°%, relative to the
amino-TPP monomer. At the remaining majority of sites however, comparable binding
strength was observed for the linked and unlinked TPP-amino. As observed for the two
monomers, the strongest binding occurred at the two TATA boxes, ®'5’-ATAAA-3"7¢,
5 AAATA-3"" and ®®5’-ATAGTTAAA-3"*' (Figure 2.7).

In contrast to both the amino and formyl TPP monomers, no binding was observed on

either DNA strand with the TPP-acetyl monomer at concentrations of up to 30uM

(Figure 2.8). Furthermore, linkage with a C7 linker did not improve binding, with no
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Figure 2.3 DNase I footprint titration with TPP-amino on the top strand of the 5’-32p
labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing
multiple binding sites. All reactions contain 1000 cps of restriction fragment, 10mM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgCb, 0.5mM DTT and 20mM Hepes. U is
the untreated control, 0 is the DNase I treated control, GA is the purine marker reaction
and T is the thymine marker reaction.
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Figure 2.4 DNase I footprint titration with TPP-formyl on the top strand of the 5’-32p
labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing
multiple binding sites. All reactions contain 1000 cps of restriction fragment, IOmM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgClo, 0.5mM DTT and 20mM Hepes. U is the
untreated control, 0 is the DNase I treated control, GA is the purine marker reaction and T

is the thymine marker reaction.
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Figure 2.5 Box diagrams showing the multiple binding sites of (i) TPP-amino and (ii)
TPP-formyl on the 355bp FIV34TF10 LTR. Open bars denote weak binding (>5[xM),
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whilst hatched and filled bars denote moderate (>1|xM) and strong (>0.3pM) binding.
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Figure 2.6 DNase I footprint titration with TPP-C7-amino on the top strand of 5°-32p
labelled 355bp FI1V34TF10 LTR fragment from plasmid pBSFIV34TF10, showing
multiple binding sites. All reactions contain 1000 cps of restriction fragment, 10mM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgCF, 0.5mM DTT and 20mM Hepes. U is the
untreated control, 0 is the DNase I treated control, GA is the purine marker reaction and T
is the thymine marker reaction.
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Figure 2,7 Box diagram showing the multiple binding sites of TPP-C7-amino on the
355bp FIV34TF10 LTR fragment. Hatched bars denote moderate binding (>IpM) whilst

filled bars denote strong binding (>0.3pM).
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Figure 2.8 DNase I footprint titration with TPP-acetyl on the top strand of the 5°-32p
labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing no
binding. All reactions contain 1000 cps of restriction fragment, 10mM Tris pH 7.0, ImM
EDTA, 50mM KCI, ImM MgCl., 0.5mM DTT and 20mM Hepes. U is the untreated

control, 0 is the DNase I treated control, GA is the purine marker reaction and T is the
thymine marker reaction.
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Figure 2.9 DNase I footprint titration with TPP-C7-acetyl on the top strand of the 5°-
32P labelled 355bp HV34TF10 LTR fragment from plasmid pBSHV34TF10, showing no
binding. All reactions contain 1000 cps of restriction fragment, 10mM Tris pH 7.0, ImM
EDTA, 50mM KCI, ImM MgCL, 0.5mM DTT and 20mM Hepes. U is the untreated
control, 0 is the DNase I treated control, GA is the purine marker reaction and T is the

thymine marker reaction.
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discrete footprints observed and complete loss of the DNase I cleavage pattern at

concentrations above S5uM (Figure 2.9).

Thiazole-imidazole-imidazole:

The thiazole-imidazole-imidazole (TII) heterocycle series was composed of only two
monomers, N-terminal amino and N-terminal acetyl-TII (Figure 2.1 (a)). TII-amino
showed predominant binding at three putative sites at a concentration of 10uM, as
shown in Figure 2.10 lanes 3-5. Two of these were one-residue stagger mismatch sites
for this heterocycle combination centred at GC runs and consisted of four GC base pairs
flanked either side by AT runs (*'*5’-AGCGCT-3’%!, #345°_.ACCGCA-3'**), Weak
binding also appeared to occur at TATA box 1, with protection extending into the
adjacent site (¥°5’-ACGT-3%"), however it was difficult to discriminate between these
two sites. Binding sites along both strands of the LTR region are indicated in Figure
2.11. The TII-acetyl monomer failed to demonstrate binding within the FIVLTR
(Figure 2.10 lanes 6-9).

Thiazole-pyrrole-imidazole:

The thiazole-pyrrole-imidazole (TPI) series was comprised of an N-terminal formy] TPI
monomer and C5 linked dimer (Figure 2.1 (a)). The TPI formyl monomer bound to
sites along the LTR fragment centred at runs of AT base pairs at concentrations of 3uM
and above, as shown in Figure 2.12. The strongest binding observed at the two TATA
boxes in addition to a further site **5’-ATAGTTAAAGCGC-3"*®. Linkage of two

formyl-TPI monomers with a C5 methylene linker resulted in binding at the same sites
favoured by the monomer, however binding strength of the ligand increased by a factor
of ten at all sites (Figure 2.13). Detailed binding of the monomer and dimer along both
strands of the FIV LTR region is represented as a box diagram in Figure 2.14.
Interestingly, the pattern of binding observed with the TPI-formyl monomer was very
similar to that seen with the corresponding TPP-formyl monomer. Subsequent
comparative footprinting of these two compounds confirmed a shared site preference
(Figure 2.15). Two to three-fold weaker binding was observed at favoured binding sites

for TPI-formyl relative to TPP-formyl. Furthermore, around the sites
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TII -amino TII -acetyl
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Figure 2.10 DNase I footprint titration with Tll-amino and Tll-acetyl on the top strand
of the 5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10.

All reactions contain 1000 cps of restriction fragment, 10mM Tris pH 7.0, ImM EDTA,
50mM KCl, ImM MgCL , 0.5mM DTT and 20mM Hepes. U is the untreated control, 0 is

the DNase I treated control, GA is the purine marker reaction and T is the thymine marker
reaction.
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721 730 740 750 770 780 790 800

CTGGAACCCTGAAGAAATAGAAAGAATGCTTATGGACTAGGGACTGTTTACGAACAAATGATAAAAGGAAATAGCTGAGC
GAGCTTGGGAGTTCTTTATCTTTCTTACGAATACCTGATCCCTGACAAATGCTTGTTTACTATTTTCCTTTATCGACTCG

TATABOX 1

801 810 830 840 850 860
1 1 1 1

1 1

ATGAGTGATAGTTAAAGGGGTAGGAGGTGGTTAAGGGGAAAAGGAGATGGTATGTAAAGGTTGGTAATGAGGTATAAGTT
TAGTGAGTATGAATTTGGGGATGGTGGAGGAATTGGGGTTTTGGTGTAGGATAGATTTGGAAGGATTAGTGGATATTGAA

TATABOX 2
831 890 900 910 920 930 940 950 9

I
I 1 1 I I I I

GTTGGATTGTAAGAGTATATAAGGAGTGGTTTGTGAAAGTTGGAGGAGTGTGTTTGTTGAGGAGTTTTGAGTTGTGGGTT
GAAGGTAAGATTGTGATATATTGGTGAGGAAAGAGTTTGAAGGTGGTGAGAGAAAGAAGTGGTGAAAAGTGAAGAGGGAA

961 970 980 990 1000 1010 1020 1030 1040
1

I 1 1 I I 1 1 1
GAGGGTGGGAGAGATAGAATAAATATTTGAGATTGAAGGGTGTGGAGTATGTGTGTAATGI |1 11 TAGGTGTGAGGTGTG
GTGGGAGGGTGTGTATGTTATTTATAAAGTGTAAGTTGGGAGAGGTGATAGAGAGATTAGAAAAAATGGAGAGTGGAGAG

Figure 2.11 Box diagram showing the binding sites of Tll-amino on the 355bp
FIV34TF10 LTR fragment from plasmid pBSFIV34TF10. Open bars denote weak
binding (>5mM).
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TPI-formyl

ATACAATAAATATTT

9 937

33
TTTGTT

907
TATATAACCAGT
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3 87
TATAA
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859 "®"ATGTAAAS857

AAAAF*

“TTAAN

821 808 820

ATAGTTAAAGCGC

7 791

78
1?\"51 GATAAAAGGAAA

750 756
TTATGGA

Figure 2.12 DNase I footprint titration with TPl-formyl on the top strand of the 5’-""?
labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing

multiple binding sites. All reactions contain 1000 cps of restriction fragment, 10mM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgCl. , 0.5mM DTT and 20mM Hepes. U is

the untreated control, 0 is the DNase I treated control, GA is the purine marker reaction, T
is the thymine marker reaction and C is the cytosine marker reaction.
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TPI -C5- formyl
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Figure 2.13 DNase I footprint titration with TPI-C5-formyl on the top strand of the 5°-
32P labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing
multiple binding sites. All reactions contain 1000 cps of restriction fragment, |OmM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgCb, 0.5mM DTT and 20mM Hepes. U is
the untreated control, 0 is the DNase I treated control, GA is the purine marker reaction,

T is the thymine marker reaction and C is the cytosine marker reaction.
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(a)
710 7<0 7ep 80C

CTGGAACCCTGAAGAAATAGAAAGAATGCTTATGGACTAGGGACTGTTTACGAACAAATGATAAAAGGAAATAGCTGAGC
GACCTTGGGACTTCTTTATCTTTCTTACGAATACCTGATCCCTGACAAATGCTTGTTTACTATTTTCCTTTATCGACTCG

TATABOX 1

=N 17//////4 830 [] w0 w 1 VZZA

ATGACTCATAGTTAAAGCGCTAGCAGCTGCTTAACCGCAAAACCACATCCTATGTAAAGCTTGCTAATGACGTATMGTT
TACTQAQTATCAATTTCGCGATCeTCGACGAATTGQCQTTTTGGTGTAGGATACATTTCGAACGATTACTGCATATTCAA

L]

881 T 920 930 950 960
GTTCCATTGTAAGAGTATATAACCAGTGCTTTGTGAAAGTTCGAGGAGTCTCTTTGTTGAGGACTTTTGAGTTCTCCCTT
CAAGGTAACATTGTCATATATTGGTCACGAAACACTTTGAAGCTCCTCAGAGAAACAACTCCTGAAAACTCAAGAGGGAA

961 970 990 1000 1010 1020 1030 1040

1 1 1 1 1 1 1 1
GAGGGTGGGAGAGATAGAATAAATATTTGAGATTGAAGGGTGTGGAGTATGTGTGTAATG I 1111 [AGGTGTGAGGTGTG
GTGGGAGGGTGTGTATGTTATTTATAAAGTGTAAGTTGGGAGAGGTGATAGAGAGATTAGAAAAAATGGAGAGTGGAGAG

(b)

721 730 740 760 770 800

I I I I
GTGGAAGGGTGAAGAAATAGAAAGAATGGTTATGGAGTAGGGAGTGTTTAGGAAGAAATGATAAAAGGAAATAGGTGAGG
GAGGTTGGGAGTTGTTTATGTTTGTTAGGAATAGGTGATGGGTGAGAAATGGTTGTTTAGTATTTTGGTTTATGGAGTGG

TATA BOX 1

801

ATGAGTGATAGTTAAAGGGGTAGGAGGTGGTTAAGGGGAAAAGGAGATGGTATGTAAAGGTTGGTAATGAGGTATAAGTT
TAGTGAGTATGAATTTGGGGATGGTGGAGGAATTGGGGTTTTGGTGTAGGATAGATTTGGAAGGATTAGTGGATATTGAA

O O Y /1A

TATA BOX 2

8381 910 920 930 950 960
1 1 1 1

GTTGGATTGTAAGAGTATATAAGGAGTGGTTTGTGAAAGTTGGAGGAGTGTGTTTGTTGAGGAGTTTTGAGTTGTGGGTT

GAAGGTAAGATTGTGATATATTGGTGAGGAAAGAGTTTGAAGGTGGTGAGAGAAAGAAGTGGTGAAAAGTGAAGAGGGAA

9%61 1010 1020 1030 1040

1 1 1 1 1
GAGGGTGGGAGAGATAGAATAAATATTTGAGATTGAAGGGTGTGGAGTATGTGTGTAATGTT TAGGTGTGAGGTGTG
GTGGGAGGGTGTGTATGTTATTTATAAAGTGTAAGTTGGGAGAGGTGATAGAGAGATTAGAAAAAATGGAGAGTGGAGAG

Figure 2.14 Box diagrams showing the multiple binding sites of (a) TPl-formyl and (b)
TPI-C5-formyl on the 355bp FIV34TF10 LTR. Open bars denote weak binding (>5pM),

whilst hatched and filled bars indicate moderate (>1|xM) and strong binding (>0.3pM).
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Figure 2.15 DNase I footprint titration with TPP-formyl and TPI-formyl on the top

strand of the 5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid
pBSFIV34TF10, showing multiple binding sites.
restriction fragment, 10mM Tris pH 7.0, ImM EDTA, 50mM KCI, ImM MgCl. , 0.5mM

DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control, GA is

the purine marker reaction and T is the thymine marker reaction.
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All reactions contain 1000 cps of



5. ATAAAAGGAAATA-3"" and "%’5’-TTTACGAACAAAT-3""" as observed for

TPP-formyl, TPI-formyl was less selective for the each AT run producing a larger
footprint extending from 770 to 791. These two sites could be resolved separately for
TPP-formyl.

Thiazole-imidazole-pyrrole:

The near complete group of thiazole-imidazole-pyrroles (TIPs) was composed of
unlinked N-terminal amino and acetyl monomers as well as N-terminal hydrogen,
amino, formyl or acetyl dimers cross-linked with a five to eight carbon methylene linker
(Figure 2.1 (b)). Within the N-terminal amino group, discrete binding was observed
with the TIP monomer at a number of sites, at concentrations of 1-3uM (Figure 2.16).
These included a maximum overlap match site, **®5’-TAGTT-3’®", as well as four
maximum overlap mismatches, ¥25’-ATGTA-3"%%, 8875’ TTGTA-3’*", 345’ -TTGTT-
3’ and ”"'5’-CAGAT-3""". Binding was also observed at a single one-residue stagger
mismatch site, **°5’-GACGTA-3’%", as well as at a further overlap match site ¥765’-
AAGTT-3"®°, Weak binding was also observed at TATA box 2 **5’-TATATAA-3"°"
and at a further site **5’-GAGGA-3"%?", A diagrammatic summary of binding is shown
in Figure 2.17. In contrast to the TPP and TPI polyamides, TIP-amino did not share a
binding preference with the other heterocycle combinations examined as demonstrated
by comparative footprinting of TIP-amino with the N-terminal amino-TII and TPP
monomers, showing a distinct pattern of nuclease protection (Figure 2.16). In common
with the other heterocycle combinations, however, replacement of the N-terminal amino
head group with an acetyl resulted in an abrogation of discrete binding as shown in

Figure 2.18.

Cross-linkage of TIP-amino with a five, six, seven or eight carbon chain retained the site
preference observed with the monomer. TIP-CS5-amino also produced weak protection
at these sites, binding with comparable strength to that of the TIP-amino at most sites
(Figure 2.19). Use of a six carbon linker resulted in a small increase in binding at most

sites (Figure 2.19), however, lengthening the linker to seven or eight
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3 TATATAA
A
5 '

Figure 2.16 DNase I footprint titration with Tll-amino, TPP-amino and TIP-amino on
the top strand of the 5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid
pBSFIV34TF10, showing binding sites for TIP-amino. All reactions contain 1000 cps of
restriction fragment, 1OmM Tris pH 7.0, ImM EDTA, 50mM KCIl, ImM MgCl. , 0.5mM

DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control and
GA is the purine marker reaction.
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721 730 740 750 vV /I, /4‘ T I 800

CTGGAACCCTGAAGAAATAGAAAGAATGCTTATGGACTAGGGACTGTTTACGAACAAATGATAAAAGGAAATAGCTGAGC
GAGCTTGGGACTTCTTTATCTTTCTTACGAATACCTGATCCCTGACAAATGCTTGTTTACTATTTTCCTTTATCGACTCG

TAXABOX 1

801 820 830 840
I 1 I 1

ATGACTCATAGTTAAAGCGCTAGCAGCTGCTTAACCGCAAAACCACATCCTATGTAAAGCTTGCTAATGACGTATAAGTT
TACTGAGTATCAATTTCGCGATCGTCGACGAATTGGCGTTTTGGTGTAGGATACATTTCGAACGATTACTGCATATTCAA

TATA BOX 2

881 910 920 930 Jod0 950 960

1

1 I 1 1 1 I
GTTCCATTGTAAGAGTATATAACGAGTGCTTTGTGAAACTTCGAGGAGTCTCTTTGTTGAGGACTTTTGAGTTCTCCCTT
GAAGGTAAGATTCTGATATATTGGTGAGGAAAGAGTTTGAAGGTGGTCAGAGAAAGAAGTGGTGAAAAGTGAAGAGGGAA

%61 990 1000 1010 1020 1030 1040

1 1 I 1 1 1 I
GAGGGTGGGAGAGATAGAATAAATATTTGAGATTGAAGGGTGTGGAGTATGTGTGTAATGT I I I  IAGGTGTGAGGTGTG
GTGGGAGGGTGTGTATGTTATTTATAAAGTGTAAGTTGGGAGAGGTGATAGAGACATTAGAAAAAATGGAGAGTGGAGAG

Figure 2.17 Box diagram showing the multiple binding sites of TIP-amino on the 355bp
FIV34TF10 LTR fragment. Open bars denote weak binding (>5pM) whilst hatched

indicate moderate binding (>IpM).
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Figure 2.18 DNase I footprint titration with TIP-acetyl on the top strand of the 5°-32p
labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, showing no
binding. All reactions contain 1000 cps of restriction fragment, IOmM Tris pH 7.0, ImM
EDTA, 50mM KCl, ImM MgCl., 0.5mM DTT and 20mM Hepes. U is the untreated

control, 0 is the DNase I treated control, GA is the purine marker reaction and T is the
thymine marker reaction.
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TIP-amino TIP-C5-amino TIP-C6-amino
D S | S 1

971 975
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934 938
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" ATGTA
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Figure 2.19 DNase I footprint titration with TIP-amino, TIP-C5-amino and TIP-C; -
amino on the top strand of the 5°-32p labelled 355bp FIV34TF10 LTR fragment from
plasmid pBSFIV34TF10, showing discrete binding. All reactions contain 1000 cps of
restriction fragment, 10mM Tris pH 7.0, ImM EDTA, 50mM KCI, ImM MgClo, 0.5mM

DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control, GA is
the purine marker reaction and T is the thymine marker reaction.
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Figure 2.20 DNase I footprint titration with TIP-C7-amino and TIP-C, -amino on the
bottom strand of the 5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid
pBSFIV34TF10, with binding sites for both compounds on this strand indicated in bold
type alongside the corresponding top strand sequence. All reactions contain 1000 cps of
restriction fragment, 10mM Tris pFl 7.0, ImM EDTA, 50mM KCI, ImM MgCl., 0.5mM

DTT and 20mM Hepes. U is the untreated control, 0 is the DNase 1treated control, GA is
the purine marker reaction and T is the thymine marker reaction.
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7' 7 A
CTGGAACCCTGAAGAAATAGAAAGAATGCTTATGGACTAGGGACTGTTTACGAACAAATGATAAAAGGAAATAGCTGAGC
GACCTTGGGACTTCTTTATCTTTCTTACGAATACCTGATCCCTGACAAATGCTTGTTTACTATTTTCCTTTATCGACTCG

TATABOX 1
801 820 830 840

I 1 1 I
ATGACTCATAGTTAAAGCGCTAGCAGCTGCTTAACCGCAAAACCACATCCTATGTAAAGCTTGCTAATGACGTATAAGTT
TAGTGAGTATCAATTTCGCGATCGTCGACGAATTGGCGTTTTGGTGTAGGATACATTTCGAACGATTACTGCATATTCAA

TATA BOX 2
881 910 920 930 940 950 960

GTTCCATTGTAAGAGTATATAACCAGTGCTTTGTGAAACTTCGAGGAGTCTCTTTGTTGAGGACTTTTGAGTTCTCCCTT
CAAGGTAACATTCTCATATATTGGTCACGAAACACTTTGAAGCTCCTCAGAGAAACAACTCCTGAAAACTCAAGAGGGAA

[//11111

961 990 1000 1010 1020 1030 1040
I 1 1 1 1 1 1
GAGGCTCCCACAGATACAATAAATATTTGAGATTGAACCGTGTCGAGTATCTGTGTAATC I 1111 IACCTGTGAGGTCTC
GTGGGAGGGTGTGTATGTTATTTATAAAGTGTAAGTTGGGAGAGGTGATAGAGAGATTAGAAAAAATGGAGAGTGGAGAG

Figure 2.21 Box diagram showing the multiple binding sites of TIP-C7-amino on the
355bp FIV34TF10 LTR. Hatched bars denote moderate binding (>0.3)1iM) whilst filled

bars denote strong binding (>0.1 pM).
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Figure 2.22 DNase I footprint titration with TPP-C7-amino and TIP-C7-amino on the top
strand of 5°-32p labelled 355bp HV34TF10 LTR fragment from plasmid pBSnV34TF10,
showing binding sites for both compounds. All reactions contain 1000 cps of restriction

fragment, 10mM Tris pH 7.0, ImM EDTA, 50mM KCI, ImM MgCb, 0.5mM DTT and
20mM Hepes. U is the untreated control, 0 is the DNase I treated control and GA is the

purine marker reaction.
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Figure 2.23 DNase I footprint titration with TIP-C7-amino on the top strand of 5°-"2p

labelled 192 bp fragment of the Her2/neu promoter region, showing a single binding site.
All reactions contain 100Ocps of restriction fragment, 10mM Tris pH 7.0, InM EDTA,
50mM KCI, ImM MgCE, 0.5mM DTT and 20mM Hepes. U is the untreated control, 0 is

the DNase I treated control and GA is the purine marker reaction.
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TIP-C5-formyl
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Figure 2.24 DNase I footprint experiment with TIP-C5-formyl on the bottom strand of
5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10, with

binding sites on this strand indicated in bold type alongside the corresponding top strand
sequence. All reactions contain 100Ocps of restriction fragment, 10mM Tris pHT.O, ImM
EDTA, 50mM KCI, ImM MgCL , 0.5mM DTT and 20mM Hepes. U is the untreated

control, 0 is the DNase I treated control, GA is the purine marker reaction and T is the

thymine marker reaction.
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carbons improved binding 'by up to ten fold, resulting in DNA protection at
submicromolar concentrations (Figure 2.20). The C7 and C8 TIP-amino homodimers
showed similar binding strength across most sites, although weaker binding was
observed at **5’-GACGTA-3’*"* for TIP-C7-amino relative to TIP-C8-amino (Figure
2.20). Binding sites produced by TIP-C7-amino along both strands of the LTR region
are shown in Figure 2.21. Comparison of the C7 linked amino-TPP and amino-TIP
confirmed the difference in the protection sites for the two cross-linked heterocycle
combinations, with TPP-C7-amino binding over extended AT runs and TIP-C7-amino
binding at discrete sites (Figure 2.22). TIP-C7-amino also displayed exclusive binding
at submicromolar concentrations, at a single maximum overlap match site, 5’-AAGTA-

3’, in the promoter region of human Her 2/neu (Figure 2.23).

The N-terminal formyl-TIP series shared binding site preference with the amino-TIPs.
As found in the amino-TIP series, the five carbon linked formyl-TIP was the weakest
binder within the linked formyl-TIPs. TIP-C5-formyl bound most strongly at the
maximum overlap match site ?*°5’-TAGTT-3*"* and the overlap mismatch *"'5’-
CAGAT-3"°" at concentrations of 0.5uM and above (Figure 2.24). Extension of the
linker to six or seven carbons significantly increased the binding strength at the five
principal protection sites, *®5’-TAGTT-3’%", #?5’-ATGTA-3’%, **75’-TTGTA-3"%",
345 TTGTT-3""® and 7"'5’-CAGAT-3"°” (Figure 2.25). Binding strength progressively
decreased on further extension of the linker to C8, relative to the C6 and C7 linked N-
terminal formyl compounds (Figure 2.25). Comparative footprinting of the C6-C8
linked amino and formyl-TIPs established a binding order for the linked TIP
compounds, whereby TIP-C6-formyl > TIP-C6-amino (Figure 2.26), TIP-C7-formyl =
TIP-C7-amino (Figure 2.27) and TIP-C8-formyl < TIP-C8-amino (Figure 2.28). N-
terminal hydrogen TIP, with either a five or seven carbon linker failed to show discrete
binding in the region (Figures 2.29 and 2.30), as did C7 linked N-terminal acetyl TIP
(Figure 2.31). At high ligand concentrations, however, non-specific binding due to
ligand saturation resulted in the loss of cleavage products. A general binding summary
for the complete range of heterocycle, linker and N-terminal head group combinations

examined is shown in Table 2.1.
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TIP-C6-formyl TIP-C7-formyl TIP-C8-formyl
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Figure 2.25 DNase I footprint titration with TIP-C, -formyl, TIP-C7-formyl and TIP-
Cs -formyl on the bottom strand of the 5°-32p labelled 355bp FIV34TF10 LTR fragment
from plasmid pBSFIV34TF10, with binding sites on this strand indicated in bold type
alongside the corresponding top strand sequence. All reactions contain 1000 cps of
restriction fragment, 10mM Tris pFI 7.0, ImM EDTA, 50mM KCI, ImM MgClo, 0.5mM
DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control, GA is

the purine marker reaction and T is the thymine marker reaction.
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TIP-C6-formyl TIP-C6-amino
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Figure 2.26 DNase I footprint titration with TIP-C, -formyl and TIP-C, -amino on the
bottom strand of the : ’-*p labelled 355bp FIV34TF10 LTR fragment from plasmid
pBSFIV34TF10, with binding sites for both compounds on this strand indicated in bold
type alongside the corresponding top strand sequence. All reactions contain 1000 cps of
restriction fragment, 10mM Tris pH 7.0, ImnM EDTA, 50mM KCI, ImM MgCl. , 0.5mM

DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control, GA is
the purine marker reaction and T is the thymine marker reaction.



TIP-C7-formyl TIP-C7-amino
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Figure 2.27 DNase I footprint titration with TIP-C7-formyl and TIP-C7-amino on the
bottom strand of the 5°-"2p labelled 355bp FIV34TF10 LTR fragment from plasmid
pBSFIV34TF10, with binding sites for both compounds on this strand indicated in bold
type alongside the corresponding top strand sequence. All reactions contain 1000 cps of
restriction fragment, IOmM Tris pH 7.0, ImM EDTA, 50mM KCIl, ImM MgCl. , 0.5mM
DTT and 20mM Hepes. U is the untreated control, O is the DNase I treated control, GA is
the purine marker reaction and T is the thymine marker reaction.
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Figure 2.28 DNase I footprint titration with TIP-C, -formyl and TIP-C, -amino on the
bottom strand of the 5°-"2p labelled 355bp FIV34TF10 LTR fragment from plasmid

pBSFIV34TF10, with binding sites for both compounds on this strand indicated in bold
type alongside the corresponding top strand sequence. All reactions contain 1000 cps of
restriction fragment, IOmM Tris pH 7.0, ImM EDTA, 50mM KCl, ImM MgCl. , 0.5mM
DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I treated control, GA is

the purine marker reaction and T is the thymine marker reaction.
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TIP-C5-hydrogen
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Figure 2.29 DNase I footprint titration with TIP-C5-hydrogen on the top strand of the
5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid pBSHV34TF10, showing

no binding. All reactions contain 1000 cps of restriction fragment, 10mM Tris pH 7.0,
ImM EDTA, 50mM KCl, ImM MgCl., 0.5mM DTT and 20mM Hepes. U is the

untreated control, 0 is the DNase I treated control, GA is the purine marker reaction, T is
the thymine marker reaction and C is the cytosine marker reaction.
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TIP-C7-hydrogen

U 0 00800601 05 05 1 3 5 10 30GA T ™M
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Figure 2.30 DNase I footprint titration with TIP-C7-hydrogen on the bottom strand of
the 5°-32p labelled 355bp FIV34TF10 LTR fragment from plasmid pBSFIV34TF10,

showing no binding. All reactions contain 1000 cps of restriction fragment, 10mM Tris
pH 7.0, ImM EDTA, 50mM KCI, ImM MgCl. ,0.5mM DTT and 20mM Hepes. U is the

untreated control, 0 is the DNase I treated control, GA is the purine marker reaction and T
is the thymine marker reaction.
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TIP-C7-acetyl
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Figure 2.31 DNase I footprint titration with TIP-C7-acetyl on the bottom strand of the

5°-32p labelled 355bp HV34TF10 LTR fragment from plasmid pBSnV34TF10, showing
no binding. All reactions contain 1000 cps of restriction fragment, |IOmM Tris pH 7.0,
ImM EDTA, 50mM KCl, ImM MgCL , 0.5mM DTT and 20mM Hepes. U is the

untreated control, 0 is the DNase I treated control, GA is the purine marker reaction and T

is the thymine marker reaction.
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TIP-C7-amino
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Figure 2.32 Quantitative DNase I footprint titration with TIP-C7-amino on bottom
strand of the s’ p labelled 355bp FIV34TF10 LTR fragment from plasmid

pBSFIV34TF10, showing four of the five binding sites quantitated. All reactions contain
1000 cps of restriction fragment, 1OmM Tris pH 7.0, ImM EDTA, 50mM KCIl, ImM
MgCh, 0.5mM DTT and 20mM Hepes. U is the untreated control, 0 is the DNase I

treated control, GA is the purine marker reaction and T is the thymine marker reaction.
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polyamide linker N-terminal head binding activity

TII none NH, +

TII none NHCOCH, -
TPI none NHCHO +
TPI Cs5 NHCHO ++
TPP none NH, ++
TPP none NHCHO ++
TPP none NHCOCH, -
TPP C7 NH, ++++
TPP C7 NHCOCH, -
TIP none NH, ++
TIP none NHCOCH, -
TIP Cs H -
TIP Cs NH, +
TIP Cs NHCHO +
TIP Cé6 NH, +++
TIP Cé6 NHCHO ++++
TIP C7 H -
TIP C7 NH, ++++
TIP C7 NHCHO +++
TIP C7 NHCOCH, -
TIP C8 NH, ++++
TIP C8 NHCHO +++

Table 2.1 Binding activity summary for the polyamides studied, where P is pyrrole, I is
imidazole and T is thiazole. Polyamides were either unlinked monomers or linked via a
CS5, C6, C7 or C8 methylene chain. N-terminal head groups included hydrogen (H),
amino (NH,), formyl (CHO) and acetyl (COCH;). The plus sign, +, signifies relative
overall binding activity, with ++++ denoting the strongest binding and the weakest. The

minus sign, -, signifies no discrete binding.

145



2.4.2 Binding affinity and selectivity of the thiazole-imidazole-pyrrole series.

As shown by comparative footprint analyses in the previous section, the near complete
thiazole-imidazole-pyrrole polyamides (TIP) series showed discrete footprints at low
doses, exhibiting both affinity and selectivity for potential binding sites. In the 355 base
pair fragment generated from 5’ LTR region of FIV, a number of putative match and
mismatch sites were present in both the maximum overlap and one-residue stagger
binding modes for this heterocycle combination (Figure 2.2 (d)). To quantitate the
affinity at these sites and thereby assess sequence selectivity for this series, association
constants for five predominant binding sites were determined as described in section
234.

Footprinting experiments used for quantitation were generated over small incremental
increases in ligand concentration to provide a large number of data points for curve
fitting, with data from at least 3 repeat experiments used in this process. A typical
titration used in the quantitative analysis of binding by the polyamide TIP-C7-amino is
shown in Figure 2.32 and the binding isotherm derived for this compound is shown in
Figure 2.33. The Ka values calculated at the binding sites *5’-TAGTT -3’%?, #¥'5’-
TTIGTA -3'%", 25’ ATGTA -3"%%, "'5’.CAGAT-3""", and **5’-GACGTA -3’*" for the

TIP polyamide series are given in Table 2.2.

Binding Affinity:

Within the N-terminal amino series the C7 and C8 linked compounds produced the
strongest binding. Reduction in the methylene chain length to C6 produced a fifteen-
fold decrease in binding affinity at the maximum overlap match site **5’-TAGTT -3°%",
relative to the C7 and C8 linked compounds as shown in Table 2.2. Further reduction to
a chain length of 5 methylenes produced weak binding overall; therefore Ka values were
not quantitated for this compound. The unlinked TIP-amino bound with a comparable
affinity to the C6 linked compound at sites *°5’-TAGTT -3’*" and **5’-GACGTA -3°%"*

but produced weaker binding at the remaining sites.
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Figure 2.33 A typical binding isotherm from the DNase I quantitative footprint
titration experiments for TIP-C7-amino, where (¢) are the data points for the
®5-TAGIT-3" site, (¢) for "™S5-ATGTA-3" and (- ) for ™SGACGTA-3"""and
(-), (-) and (-) are the best fit binding titration isotherms for those sites obtained by a
nonlinear least-squares algorithm. values were obtained by adding and

dividing by » % Gun"rid were calculated to fit the range of values between . and . .

Ka X10~ M-1)

Polyamide VSEIAGIT3™ WS TIGIA3"™  "SATGIA3™  "S-CAGAES™  PS.GACGIA-3™
TIP-amino 0.2 (= 0.04) OlI (£0.1) 0.07 ( 0.07) 0.06 ( 0.04) 0.2 (0.2)
TIP-C6-amino 0.2 (£0.2) 0.5 (£ 0.4) 0.3 (£0.2) 0.7 (£ 0.5) 0.3 (£0.2)
TIP-C7-amino 2.7 (+1.6) 23 (£ 1.4) 1.0 (£ 0.4) 2.8 (£1.6) 0.4 (£0.1)
TIP- C8-amino 3.1 (= 1.8) 3.3 (£2.1) 1.6 (= 0.7) 2.4 (£0.7) 11 (£0.7)
TIP-Cé6-formyl 4.0 (£1.8) 2.4 (£1.5) 1.2 (£0.85) 3.4 (£ 1.8) 1.2 (+ 0.8)
TIP-C7-formyl 2.4 (£1.0) 1.2 (£0.6) 0.7 (= 0.02) 1.2 (£0.6) 0.4 (£0.1)
TIP-C8-formyl 1.3 (£0.4) 1.0 (= 0.4) 0.5 (£ 0.2) 1.7 (2 0.6) 0.4 (£0.1)

Table 2.2 Equilibrium association constants (Ka x 10°M*) for the TIP polyamides.
Values reported are the mean from at least three independent DNase 1 footprinting

experiments, with the standard deviation indicated in parentheses.
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In contrast, for the N-terminal formyl series, the C6 linker produced the strongest

overall binding at putative sites, demonstrating the greatest binding affinity (K;=4.0 x

107 M-1) at the maximum overlap match site **5’-TAGTT -3’%" for any compound in
either series. An increase in the carbon linker to C7 resulted in an approximately two-
fold decreased binding affinity at most sites compared to the C6 compound. Increasing
the linker length further to an eight carbon chain, produced a progressive decrease in
binding affinity at all sites. A comparison of the C6-C8 compounds is shown previously
in Figure 2.25. In common with the amino series, the C5 linked formyl compound was
a weak binder and as such, was not quantitated. No discrete binding was observed when
the TIP compounds contained an N-terminal hydrogen or acetyl head group in either the

unlinked or cross-linked form.

Binding Specificity:

Comparison of the binding affinities at the individual binding sites allowed a
determination of the relative binding of the TIP compounds between the maximum
overlap (sites %°°5’-TAGTT -3’%'%, #%75".TTGTA -3'%', 35'-ATGTA -3’*¢, *"'5°-
CAGAT-3""") and the stagger (site **5’-GACGTA -3’*"*) modes of binding. In
addition, comparison of the four maximum overlap sites allowed an assessment of the
discrimination of the compounds for A: T versus T: A sequences. Table 2.3 lists the
ratios of binding at the stagger mode binding site (**5’-GACGTA -3’*"*) and maximum
overlap mismatch sites (*’5’-TTGTA -3'%', 83?5’-ATGTA -3’*%, *7'5"-CAGAT-3""")
compared to the putative maximum overlap match site (**5’-TAGTT -3"*"). It should
be noted, however, that only a very approximate assessment of specificity could be
made using the binding affinity values calculated due to the large accompanying

standard deviations.

Within the amino series only the C7 and C8 linked compounds showed specificity for
the maximum overlap over the stagger mode of binding (Table 2.3). This difference was
seven-fold in the case of TIP-C7-amino. The C6-C8 formyl compounds also showed
some specificity for the maximum overlap mode, which was again maximal for the C7

compound (six-fold). The unlinked TIP-amino compound gave comparable binding at
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the maximum overlap match site and the one-residue stagger site. This compound did
however show some discrimination between the maximum overlap match site and the
three mismatch sites indicating that the thiazole/pyrrole pair could discriminate between
A: T and T: A. This specificity was also maintained with the formyl linked compounds
and was over three-fold in some cases. The specificity for the match site was less with

the linked amino compounds and absent in the case of the TIP-C6-amino.

OVERLAP OVERLAP OVERLAP STAGGER

Polyamide AGT/TGT AGT/TGT AGT/AGA AGT/ACGT
(809-813/ 887-891) (809-813/ 852-856) (809-813/971-975) (809-813/ 869-874)
TIP-amino 2.0 2.9 33 1.0
TIP-C6-amino 0.4 0.7 0.3 0.7
TIP-C7-amino 12 2.7 1.0 6.8
TIP-C8-amino 0.9 1.9 1.3 2.8
TIP-C6-formyl 1.7 33 1.2 33
TIP-C7-formyl 2.0 34 2.0 6.0
TIP-C8-formyl 13 2.6 0.8 33

Table 2.3 Effects of linker length and head group on specificity of binding, where
specificity is defined as K,(AGT)/K,(XGX).
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2.5  Discussion

The binding affinities of a series of polyamide monomers and cross-linked dimers
comprised of the heterocycles thiazole, imidazole and pyrrole were determined to
evaluate the effects on selectivity and binding of differing heterocycle combinations, the
introduction of alternative leading N-terminal head groups and variation in the linking
methylene chain length. Further quantitative DNase I footprint titrations with the TIP
heterocycle series, of a DNA sequence containing putative match and mismatch sites for
both the maximum overlap and one residue stagger binding modes, allowed the
measurement of binding constants at each site. The presence of alternative mismatches
for a given match site enabled specificity of binding to be determined and consequently
the potential base recognition properties of the thiazole heterocycle to be assessed.
Concurrent gel shift experiments by Dickerson and coworkers examined the binding of
the TIP compound series to short oligomers containing match sites for both modes of

binding (O’Hare et al., 2002).

Only limited evaluation of the effects of different heterocycle combinations on sequence
selectivity was possible due to the incomplete nature of the compound series.
Furthermore, despite the presence of a leading terminal head group which should favour
binding in the staggered motif (Kopka et al., 1997, Lacy et al., 2002a), many of the
compounds examined here favoured binding in the maximum overlap motif. This may
have been due in some cases to the limited number of putative match and mismatch
sequences present in the DNA sequence examined for such a large number of
compounds. N-terminal amino or formyl thiazole-pyrrole-pyrrole (TPP) showed binding
at numerous AT sites, with the strongest binding in this series observed with the cross-
linked TPP-C7-amino. The selectivity of the individual constituent thiazole and pyrrole
heterocycles could not be accurately assigned as the sequence examined was AT rich
and the compounds bound at multiple overlapping sites. Thiazole-pyrrole-imidazole
(TPI) showed weak binding as an N-formyl monomer, with a ten-fold increase in
binding observed with the C5 linked dimer. These shared site specificity with the TPP
binders, targeting multiple AT runs, with TPI-formyl exhibiting a decreased affinity for

these sites. N-terminal amino thiazole-imidazole-imidazole (TII) strongly favoured sites
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centred on GC runs, showing predominant binding at two one-residue stagger mismatch
sites. Although the LTR region contained few putative sites in either binding mode for
this heterocycle combination, little unspecific binding was observed. Thus the presence
of two contiguously placed imidazoles strongly dominates selectivity. N-terminal
amino and formyl thiazole-imidazole-pyrroles (TIP) also demonstrated discrete binding
at selected maximum overlap and one-residue stagger sites for this heterocycle

combination.

Despite the limited range of compounds within each heterocycle combination studied,
some general trends regarding structure activity were observed (Table 1). Certain
linkage and head group combinations proved to be particularly weak binders. As seen
previously by Chen and coworkers (Chen & Lown 1994; Chen et al., 1996), linkage of
polyamide monomers capable of DNA binding showed greatly improved affinity when
cross-linked with a methylene linker of suitable length. This was demonstrated in both
the TPP and TIP heterocycle series with the linkage of TPP-amino and TIP-amino with
a seven carbon methylene chain. However, weak binding was observed with a five
carbon linker for either the N-terminal formyl or amino TIPs, offering no increase in
affinity compared to the monomers. Interestingly, this was not the case for TPI-C5-
formyl, which showed a ten-fold increase in binding relative to its corresponding

monomer.

The influence of the N-terminal head group attached to the leading aromatic ring was
also evident across the heterocycle combinations. In all cases, no DNA binding was
observed for compounds with an acetyl or hydrogen head group, irrespective of linkage.
In contrast, those with either an N-terminal amino or formyl group proved to be
moderate to good binders, depending on the suitability of the associated linker. These
observations suggest that the presence of an N-terminal hydrogen or acetyl may
abrogate binding in cross-linked polyamides, as observed previously with C7 linked
compounds by Burckhardt and coworkers (Burckhardt et al., 2000). This is not the case
however, for hairpin polyamides, which bind efficiently with an N-terminal hydrogen
(Parks et al., 1996a, b).
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A more detailed study of the near complete TIP series using quantitative DNase I
footprinting demonstrated that within the N-terminal amino-TIP series, the C7 and C8-
linked compounds bound most strongly to the putative binding sites. No significant
binding was observed at sites other than these. The TIP-C7-amino proved the most
selective, with up to a seven-fold selectivity for the maximum overlap match site, AGT.
A significant decrease in both affinity and selectivity was seen in this series with
reduced methylene chain lengths of five or six carbons. Alteration of the leading head
group to a formyl resulted in an optimal methylene linker of six carbons. TIP-C6-
formyl produced the strongest binding with a three-fold specificity for the overlap match
site over the one-residue stagger site. Reduced binding was seen with the TIP-C7-
formyl, which nevertheless showed up to a six-fold specificity for the overlap match
site. The C8-linked formyl demonstrated a decrease in both binding affinity and
specificity. Gel shift experiments by Dickerson and coworkers (O’Hare et al., 2002)
strongly supported the footprinting data, giving the same order of binding affinity in
both the amino and formyl series. Overall, however, the formyl series demonstrated a
lower affinity for the DNA in both binding modes, requiring an elevated drug to DNA
ratio. This is consistent with the CD experiments of Burckhardt and coworkers
(Burckhardt et al., 2000) comparing C7-linked compounds with an amino or formyl

head group.

Whilst polyamides linked using a hairpin motif have been extensively investigated
(Dervan et al., 1999), the optimised structure for cross-linked polyamides remains to be
defined. Several studies of cross-linking in polyamides have demonstrated significant
improvements in binding on linkage of the individual polypeptide ligands (Chen &
Lown 1994; Chen et al., 1996; Burckhardt ef al., 2000). The detailed assessment of
linkage with a range of possible linkers presented here for the TIP heterocycle series,
indicates a C6 linker with an N-terminal formyl and a C7 linker with an N-terminal
amino provides suitable alignment of the polyamide dimer within the minor groove.
This is lost when the linker is reduced to five carbons, possibly because comprehensive

contact of the dimeric ligand with both strands of the DNA is restricted. In this case, 2:1
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binding may require two C5 linked molecules, in a similar fashion to 2:1 binding by

polyamide monomers.

This study reveals that the nature of the N-terminal moiety has a profound influence on
the binding characteristics of cross-linked polyamides. Both the footprinting data
presented here and gel shift experiments carried out at UCLA by Dickerson and
coworkers indicate that the use of a hydrogen or acetyl head group may inhibit binding.
Furthermore, replacement of an amino head group with a formyl alters the optimal
linker required for binding. Therefore, there may be a combined effect on polyamide
binding by the linkage and head group. Polyamide specificity may also be modulated in
this way, resulting in an overall improved specificity for match site binding with an N-

terminal formyl.

It is significant that both of the successful head groups, amino and formyl, have a NH
group capable of hydrogen bonding with DNA, whereas the unsuccessful head groups,
hydrogen and acetyl, do not. In a side-by-side unlinked di-imidazole complex with
leading formyl groups (Kopka et al., 1998), both of the formyl NH make hydrogen
bonds with the floor of the minor groove: 2.94 A from cytosine O2 or 2.80 A from
guanine N3 (table 1 of Kopka et al., 1998). Hydrogen bonded interactions of the head
group with DNA appear to be required for cross-linked side-by-side binding, although
such an interaction is not demanded for a hairpin complex (Dervan et al., 1999). It is
interesting to note that amino and formyl are N-terminally placed in naturally occurring
minor groove binding antibiotics such as anthelvencin, kikumycin B and distamycin,
whereas hydrogen and acetyl are not (Sharma et al., 2000; Probst et al., 1965; Takaishi
etal., 1972).

This work also highlights the importance of the structural context of component
heterocycles in DNA sequence recognition by polyamides. The thiazole ring, tested in
the terminal position of the TIP polyamide series as a reading element for adenine,
bound its AGT target in the maximum overlap motif with both the amino and formyl

head groups. The overlap motif pairs the thiazole ring with pyrrole, and thus thiazole
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reads adenine and pyrrole thymine as expected. The footprinting results with TIP-C6-
formyl showed a preference for AGT over TGT by up to three-fold. Furthermore, the
footprinting indicated that AGT is strongly favoured over ACGT, the one-residue
stagger motif, in which thiazole is next to cytosine and imidazole next to guanine.
Therefore, thiazole appears to favour adenine moderately in a Th/Py pair with a poor

CG specificity when paired with imidazole.

These results suggest that the thiazole moiety provides very moderate binding and
discrimination of adenine when in the polyamide N-terminal position. A previous study
concluded that a thiazole/pyrrole pair binds poorly to all four Watson-Crick base pairs
(Nguyen et al., 2001). However, in that study the thiazole was placed internally in a
hairpin. Positioning of the heterocyclic moiety within a polyamide may be crucial.
Indeed, the successful T/A discrimination seen with hydroxypyrrole sited internally
within the hairpin motif has not been found when hydroxypyrrole is placed at the
terminal position (Ellervik et al., 2000). Binding affinities of hairpins containing
hydroxypyrrole vary considerably based on the position of the hydroxypyrrole ring
within the hairpin motif (White et al., 1998). Calculation of relative binding affinities of
imidazole and hydroxypyrrole rings by Goodsell and co-workers (Walker et al., 1997)
indicate that the hydroxypyrrole ring binds with a lower affinity for AT base pairs
compared to the affinity of the imidazole ring for GC pairs. In the present study the
specificity for adenine observed with thiazole in the terminal position is comparable
with the specificity for thymine provided by a hydroxybenzamide/pyrrole pair in eight
ring hairpin polyamides (Ellervik et al., 2000). The specificity of thiazole placed

internally with a cross-linked polyamide remains to be determined.

A number of alternative heterocycle pairs examined recently to optimise the
discrimination of A from T include hydroxybenzamide/pyrrole (Hb/Py) (Ellervik et al.,
2000), ©pyrazole/pyrrole (Pz/Py) (Nguyen et al, 2001) and
hydroxybenzimidazole/pyrrole pairs (Hz/Py) (Renneberg & Dervan 2003). Some of
these heterocycles are six-membered aromatic rings, which it has been suggested may

enhance contact with the minor groove due to their reduced curvature relative to the
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commonly used five-membered rings (Renneberg & Dervan 2003; Briehn et al., 2003).
However, at present most of these heterocycles have been investigated in a central
position only. Nevertheless, an N-terminal 3-methoxy or 3-chloro thiophene residue
paired opposite a pyrrole has shown moderate selectivity for AT over TA when placed
at the N-terminus of a hairpin motif (Foister et al., 2003). It is interesting to note that
this heterocycle is structurally very similar to thiazole, possessing a bulky sulphur atom

which disfavours contact with the floor of the minor groove.

The influence of the relative positioning of the heterocycle within the polyamide is also
demonstrated here. This is most clearly shown with the TPP and TPI compounds which
share site preference in the LTR region examined. Despite the presence of putative
match sites in both binding modes for the TPI combination (Figure 2.2), binding
nevertheless predominates at AT runs. Whilst binding at these sites is reduced relative
to TPP, this strongly suggests that the adjacent thiazole and pyrrole moieties determine
the binding preference. Although, imidazole generally exhibits good GC specificity,
this is overcome when placed at the C-terminus in this context. The AT richness of the
examined sequence may also possibly contribute to this effect. Thus the lateral context
of the heterocycle within the molecule must be taken into consideration in addition to its

parallel position in 2:1 binding.

Recent work by Burckhardt and coworkers (Burckhardt et al., 2002) investigating the
binding of N-terminal amino TPP and TIP has suggested that sequence recognition may
be favoured by the presence of T-A steps adjacent to the target sequence. In this
concurrent study, CD and footprinting experiments confirmed that TPP-amino bound at
pure AT tracts, whilst TIP-amino bound to both maximum overlap and one-residue
stagger sites, with binding enhanced if the sites were flanked by T-A steps. It has been
proposed that the presence of T-A steps may result in a compression of the major groove
and thus an associated widening of the minor groove (Goodsell et al., 1994; Dickerson
1998; Mack et al., 2001). This widening may subsequently facilitate binding of a
dimeric peptide within the minor groove, favouring 2:1 binding at that site. ~ Thus the

base composition of the flanking sequence providing the structural context of the target
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site, as well as the structure of the polyamide itself should also be considered when

interpreting the efficacy of polyamide binding.

Differences in the two types of polyamides, hairpin versus cross-linked, complicate
direct comparison of the thiazole ring in the two linkage motifs. In the hairpin motif
there is effective binding in the absence of a head group. In contrast, in the cross-linked
motif the head group attached to the leading ring may significantly modulate its binding
characteristics, with formyl enhancing adenine selectivity and acetyl or hydrogen
inhibiting binding for cross-linked polyamides with a leading thiazole ring.
Additionally the number of constituent rings in the dimer, six in the case of the
compounds used in this study and eight in the thiazolated hairpin study (Nguyen et al.,
2001), may significantly affect the affinity of binding. N-formyl-thiazole may provide
sequence discrimination in cross-linked polyamides, with thiazole favouring adenine
over thymine. Moreover, the leading head group in combination with the length of
methylene linker have an important influence on the binding characteristics of cross-

linked polyamides.
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CHAPTER 3

RECOGNITION OF TO MISMATCHES IN THE DNA MINOR GROOVE
USING TRI-IMIDAZOLE POLYAMIDES.

31 Introduction

Although discrimination by polyamides of all four Watson-Crick base pairs has been
achieved in vitro in the minor groove, their use in the selective recognition of non-
canonical DNA sequence remains to be determined. Mutations resulting in mismatched
base pairs have been implicated in tumorigenesis, with TO mismatches, arising from the
spontaneous deamination of 5-methylcytosine or defective replication, responsible for
most common mutations in human ras oncogenes (Land et al., 1983; Almoguera ef ai,
1988; Lall et ai, 1998; Watanabe et al., 1999). Whilst méthylation of cytosine provides
a crucial mechanism for the discrimination of active genes in vertebrates, 5-
methylcytosines are hotspots for spontaneous mutation as shown in Figure 3.1. This is
due to the inherent instability of the cytosine residue and such events account for a third
of point mutations observed in heritable human disease (Lall et al. 1998). Thus, despite
the presence of specific cellular TO mismatch repair mechanisms, some TO mismatches

may persist, eluding repair (Toft & Arends 1998).

H 0
Deamination
(a)
Cytosine Uracil
(I_k NH2 .0
Deamination
(b) h-44 . on-h
5-methylcytosine Thymine

Figure 3.1 Molecular basis of 5-methylcytosine hot spots showing the different
deamination products of cytosine and 5-methylcytosine.
uracil: removed by uracil-DNA glycosylase and replaced with cytosine, preventing
mutation, (b) Deamination of 5-methylcytosine to thymine is not removed, so that it pairs

with adenine at the next round of replication giving a CG to TA transition.
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Molecular ligands able to bind specifically to DNA sequences incorporating mismatched
base pairs would have therapeutic benefit, promoting mismatch recognition and repair in
cells, possibly preventing malignant transformation. Structural and thermodynamic
analysis of mismatches, including the TG mismatch, has indicated they adopt a wobble
conformation producing minor local structural distortion, with the stability of the
mismatch dependent on the flanking sequence (Hare et al., 1986; Hunter et al., 1987,
Allawi et al., 1997). This may provide a basis for mismatch recognition and the
development of small molecules able to discriminate T: T, A: G and G: G mismatches is
already in progress (Trotta & Paci; Jackson et al., 1999; Jackson & Barton 2000;
Nakatani ef al., 2001a & b).

Recent NMR, CD and surface plasmon resonance (SPR) studies have demonstrated that
a tri-imidazole polyamide analogue of distamycin, formyl-imidazole-imidazole-
imidazole (formyl-III or AR-1-144), binds co-operatively in a 2:1 mode not only at GC
base pairs but also at TG mismatches in short oligomer stretches (Yang et al., 1999b;
Lacy et al., 2002b). This work suggests that the imidazole/imidazole (Im/Im) ring pair,
previously shown to exhibit weak and degenerate recognition at GC base pairs (White et
al., 1997; Yang et al., 1999a), may provide a suitable TG recognition motif further
extending the current set of polyamide heterocycle pairing rules. When guanine is
paired with thymine its N2 amino group is free to form two individual hydrogen bonds
with a side-by-side Im/Im pair), as shown in Figure 3.2, in a similar fashion to TG
mismatch recognition by Vsr mismatch endonuclease (Fox et al., 2000. This was
confirmed by thermodynamic and kinetic studies showing formyl-III bound
cooperatively to a single TG base pair in a short DNA oligomer, as a homodimer and as
a heterodimer alongside imidazole-pyrrole-imidazole, with selectivity due to the slow
dissociation rate on binding of the 2:1 complex (Lacy et al., 2002b). However, whilst
formyl-III has shown preferential binding at a single TG mismatch in short DNA
segments, its ability to discriminate TG mismatches in a longer sequence context
remains to be demonstrated. More recently, polyamide-fluorophore conjugates,

containing an Im/Im ring pair, have been used to distinguish T: G mismatches also in
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short DNA segments providing further evidence of the potential utility of this

heterocycle pairing in TG mismatch recognition (Rucker et al., 2003).

B

cytosine thymine
guanine guanine
H-N
(H imidazole
cH3 (H Imidazole %
imidazole imidazole

Figure 3.2 Molecular basis for the recognition of GC and GT base pairs with the
imidazole/imidazole ring pair. A. an Im/Im pair recognises a G:C base pair and B. an

Im/Im pair recognises a G:T base pair, as adapted from Yang ef al., 1999 a & b.

Further to TG mismatch recognition, an ability to differentiate between single and
double mismatches is of biological importance as a tandem double T: G mismatch is
rarely found in vivo. For this purpose, the hairpin-linked polyamide heterodimer PII-III
was designed by Lee and coworkers to recognise two consecutive TG mismatches.
Binding at a double tandem TG mismatch site by PII-III, containing two consecutive
Im/Im ring pairs in a maximum overlap motif, should be favoured over a single
mismatch due to the increased affinity of Im/Im for TG over CG base pairs observed
previously (Yang ef al, 1999b). Moreover, as the binding affinity of Im/Im ring pairs
for CG is also weaker than that observed with an Pylm pair, the introduction of an N-
terminal pyrrole unit may dock the polyamide in a maximum overlap motif alongside an
initial CG base pair, aligning the two Im/Im pairs next to the consecutive TG

mismatches.

This chapter presents the in vitro binding of the polyamide monomer formyl-III (AR-I-
144) and the heterodimer PII-III (EM-I-IOIc) as shown in Figure 3.3, to an 80 and a 78
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base pair DNA sequence respectively containing TG mispairs. Their relative selectivity
for three putative binding sites (Figure 3.4), a Watson-Crick match site, a single TG
mismatch and a consecutive double TG mismatch placed in series along each
oligonucleotide was investigated using DNase I footprinting (Lane ef al, 1983) in an

evaluation of their use as agents for TG mismatch recognition.

CHs

CHs

formyl-II1

CHs

(

PII-III

Figure 3.3  Molecular structures of monomer formyl-imidazole-imidazole-imidazole
(formyl-III) and hairpin-linked heterodimer pyrrole-imidazole-imidazole -tri-imidazole

(PII-III).
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Figure 3.4 Several possible binding motifs for A. formyl-III and B. PII-III at (a) the
CG match, (b) the single TG mismatch and (c) the consecutive TG double mismatch sites
along the annealed oligodeoxynucleotides IMGTI1/2 for formyl-III and
IMGTOS5/IMGTO06 for PII-III, where Im is imidazole and Py is pyrrole. When binding
with DNA in a 2:1 ratio, formyl-III should adopt a one-residue stagger motif due to the
presence of a leading N-terminal formamide head group. In contrast, the hairpin-linked
heterodimer PII-III should adopt a maximum overlap motif, due to the absence of a
leading head group. The equal sign, =, signifies an amide, with (=) denoting the leading
formamide head group (NHCHO). The plus sign, +, signifies the charged tail
((CH:).NMe:.H ) and the square bracket, ], denotes the hairpin linker. The DNA target

sequence is indicated in red capital letters, with TG mispairs indicated in blue.
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3.2  Materials

3.2.1 Investigational compounds

Compounds were kindly provided by Professor Moses Lee, Department of Chemistry,
Furman University, Greenville, North Carolina, USA. The synthesis and
characterisation of the compounds have been reported (Lee ef al., 1993). A minimum of
Img of each compound was dissolved in DMSO at a 10mM stock concentration and
stored at —20°C until use. Compound dilutions were freshly prepared for each

experiment in distilled and deionised water.

3.2.2 Oligodeoxynucleotide DNA

A double-stranded oligodeoxynucleotide was designed for each compound to contain
three putative binding sites, a CG match, a single TG mismatch and a consecutive TG
double mismatch. These were designed to occur in the favoured binding mode of each
compound, a one-residue stagger motif for formyl-III and a maximum overlap motif for
PII-III.

The 80mer oligodeoxynucleotide sequences 5’-AGG TGA GCA GGT CCA TAC TGG
TTT GCA CCT CGA GGT TAC CGG TAT CTG CTC CAG CTC AAC TGG TAA
CCT GCA CCT GGT CG-3’ (IMGT1) and 5’- CGA CCA GGT GCA GGT TAC TGG
TTG AGC TGG AGC AGA TAC CGG TAA CCT CGA GGT GCA AAC CGG TAT
GGA CCT GCT CAC CT-3’ IMGT?2) were purchased from MWG-Biotech and stored
at a concentration of 1ug/ul in 10mM Tris-HCI (pH 7.8), ImM EDTA at -20°C.

The 78mer oligodeoxynucleotide sequences 5’-AGG TGA GCA GGT CCA TAC TGT
TTT GCA CCT CGA GGT TAC CGT ATC TGC TCC AGC TCA ACT GTA ACC
TGC ACC TGG TCG-3’ (IMGTOS) and 5’-CGA CCA GGT GCA GGT TAT GGT
TGA GCT GGA GCA GAT ACG GTA ACC TCG AGG TGC AAA ACG GTA TGG
ACC TGC TCA CCT -3’ (IMGTO6) were purchased from Oswel and stored at a
concentration of 1ug/ul in 10mM Tris-HCI (pH 7.8), ImM EDTA at —20°C.
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The strands for each duplex were designed to be non-self-complementary and unable to
form hairpin secondary structures spontaneously. TG mismatches were positioned at
either end of the oligodeoxynucleotides, which contained a central putative Watson-
Crick CG match site. This ensured annealing of the end-labelled heteroduplex prior to
drug treatment, despite a possible decrease in its stability due to the presence of
mismatched regions. No alternative favourable binding sites were present in the

duplexes.

3.2.3 Chemicals, Kits, Radioisotope, Enzymes and Buffers
A Zymoclean Gel/DNA recovery kit was purchased from Zymo Research and a

SequaGel sequencing system, comprised of concentrate (19:1
acrylamide/bisacrylamide), diluent (urea) and buffer (0.89M Tris-Borate, 20mM EDTA
pHS8.3, urea) was purchased from National Diagnostics. A ¢X174/Hinf I size marker
was purchased from Promega.

The remaining chemicals, radioisotope, enzymes and buffers used were as described in

materials and methods section 2.2.

3.3  Methods

3.3.1 Construction of a TG mismatched oligonucleotide duplex

5ug of the DNA oligodeoxynucleotides, IMGT1 and IMGTOS, were 5’-end labelled
with ¥P-y dATP using T4 polynucleotide kinase as described previously in section
2.2.3.1. Following radio-labelling, the oligodeoxynucleotides were annealed in a 1:1
ratio to 5ug of complementary oligodeoxynucleotide strand, IMGT2 in the case of
labelled IMGT1 and IMGTOG in the case of labelled IMGTOS, by heating at 95°C for 3
min, 65°C for 1 min and cooling slowly to 4°C. The labelled and annealed duplexes
were separated from residual unannealed oligodeoxynucleotide strands by
electrophoresing the annealing reaction alongside a $X174/Hinf I size marker on a 3%
agarose gel containing 0.4pug/ml ethidium bromide. This was carried out for 20 min at
high voltage (150V) to prevent diffusion into the surrounding 1X TAE running buffer.
Following electrophoresis, the annealed product was excised and purified with a

Zymoclean gel/DNA recovery kit following the manufacturer’s protocol. In order to
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examine ligand binding to the corresponding oligodeoxynucleotide strands, IMGT2 and
IMGTO6 were end-labelled and annealed to unlabelled IMGT1 and IMGTOS,

respectively, as described above.

3.3.2 DNase I footprinting of TG mismatched oligonucleotides
Formyl-III (prepared as in Lee et al., 1993) or PII-III were incubated with 0.5ug of the

double-stranded 5'-single end-labelled mismatched oligodeoxynucleotide in 10mM Tris
pH 7.0, ImM EDTA, 50mM KCl, 1mM MgCl;, 0.5mM DTT and 20mM Hepes, at
room temperature for 30 min, in a total volume of 50ul. DNA cleavage was initiated by
the addition of the drug treated sample to 2ul (1 U) DNase I diluted in ice cold 10mM
Tris pH 7.0 from a stock solution (1U/ul) and 1ul of a solution of 250mM MgCl,,
250mM CaCly. The reactions were performed at room temperature and stopped after 3
min by the addition of 100ul of a stop mix containing 200mM NaCl, 30mM EDTA pH 8
and 1% SDS. The cleavage products were phenol/chloroform extracted and ethanol
precipitated in the presence of 1ul glycogen (20 mg/ml), washed once in 80% ethanol
and lyophilised dry. A purine-specific (GA) marker lane was generated with 0.5ug of
the appropriate 5’ singly end-labelled and annealed oligodeoxynucleotide DNA duplex
by incubation with 50ul of 98% (v/v) formic acid at room temperature for 8 minutes.
Following incubation, the sequencing reaction was snap frozen by placing in a dry
ice/ethanol bath and dried by lyophilisation. Piperidine cleavage was carried out as
described previously in methods section 2.2.4.2. Reaction samples were then
resuspended in 1X formamide loading dye, denatured for 5 min at 90°C, cooled on ice
and electrophoresed at 2000V for 2 hours on a 10% denaturing polyacrylamide gel,
prepared as described in section 2.2.4.3 using 40ml of SequaGel concentrate, 50ml of
SequaGel diluent and 10ml of SequaGel buffer. Gels were dried under vacuum at 80°C
for 2 hours and exposed to film for 24 hours (X-OMAT, Kodak).
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34  Results

3.4.1 Recognition of a single TG mismatch using the tri-imidazole formyl-II

DNase I footprinting titrations on both strands of the oligodeoxynucleotide sequence
IMGT1/2, containing a series of CG match and TG mismatch sites, provided an
evaluation of the binding and relative specificity of the tri-imidazole, formyl-III (Figure
3.3) for TG mismatches along a single DNA segment. Comparison of the relative
binding preference of formyl-III at a CG match site (5’-CCGG-3’/3’-GGCC-5’), a
single TG mismatch site (5’-CTGG-3’/3’-GGCC-5") and a double TG mismatch site
(5°-CTGG-3’/3’-GG T C-5’) enabled an assessment of the affinity of the
imidazole/imidazole ring pair in a 2:1 binding motif for TG mispair recognition (Figure
3.4 A). Footprinting was carried out on both strands to accurately assign binding sites,

as the cleavage by DNase I of the DNA sequences examined was not sequence neutral.

Typical footprint titrations along both 80 base pair oligodeoxynucleotide strands are
shown in Figure 3.5. Binding by formyl-III was observed at both the CG match and
single TG mismatch sites on each strand. However, whilst strong binding was observed
at the single TG mismatch site (5’-CTGG-3’/3’-GGCC-5’) over a concentration range
of 0.5uM and above, only weak binding was observed at the CG match site (5’-CCGG-
3’), initiating at SOuM. Binding at the consecutive TG double mismatch site (5’-
CTGG-3’/3’-GGTC-5") was harder to identify clearly. Multiple footprinting titrations
of the top strand (IMGTY1) appeared to indicate little binding at this site (Figure 3.5 (a)).
However, further footprint titrations of formyl-III on the corresponding
oligodeoxynucleotide strand (IMGT?2) appeared to show strong binding (0.5uM and
above) alongside the double TG mismatch site (Figure 3.5 (b)). No binding was
observed at any other sites along the 80 base pair sequence. A diagrammatic

representation of the binding of formyl-III is shown in Figure 3.6.
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Figure 3.5 DNase I footprint experiments with formyl-III on both strands of a 5

labeled 80bp DNA sequence containing a core match site CCGG, a single TG mismatch
site CTGG and a double TG mismatch site CTGG. All reactions contain 0.5]ig of DNA,
IOmM Tris pH 7.0, ImM EDTA, 50mM KCI, ImM MgClo, 0.5mM DTT and 20mM

Hepes. (a) Top strand; U is the untreated control, 0 is the DNase I treated control and
GA is the purine marker reaction, (b) Bottom strand; U is the untreated control, O is the
DNase I treated control and GA reaction is the purine marker reaction.

166



SINGLE MISMATCH MATCH DOUBLE MISMATCH

I H A
S'-AGGTGAGCAGGTCCATACTGGTTTGCACCTCGAGGTTACCGGTATCTGCTCCAGCTCAACTGGTAACCTGCACCTGfiTnn-?’
3-TCGACTCGTCCAGGTATGGCCAAACGTGGAGCTCCAATGGCCATAGACGAGGTCGAGTTGGTCATTGGACGTGGACCAGC-5’

H 1 A

Figure 3.6 Box diagram depicting the binding of formyl-IIl to the annealed
oligodeoxynucleotides IMGT1/IMGT2, whereby the solid box denotes strong binding

(0.5]T™ and above) and the hatched box weaker binding (50pM and above). Binding at the

double mismatch site was only resolved for the bottom strand. Putative binding sites are

underlined, with the Watson-Crick ‘match’ site and the TG mismatch sites indicated in bold

type.

3.4.2 Recognition of a double TG mismatch using the hairpin heterodimer PII-IIT

DNase I footprinting titrations on both strands of the oligodeoxynucleotide sequence
IMGTO05/6, containing a series of maximum overlap CG match and TG mismatch sites,
enabled the binding and relative specificity of the hairpin-linked heterodimer PII-III (Figure
3.3) tobe assessed at a single and a consecutive double TG mismatch along a single DNA
segment. Typical footprint titrations along both of the oligonucleotide strands IMGTO05
and IMGTO06 are shown in Figure 3.7. No discrete footprints were observed at any sites
along the 78 base pair sequence on either strand, although full length DNA was

progressively lost with increasing ligand concentration.
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Figure 3.7 DNase I footprint experiments with PII-III on both strands of a 5°-"2p
labeled 78bp DNA sequence containing a core match site 5°-CCG-373’-GGC-5’, a single
TG mismatch site 5’-CTG-373-GGC-5" and a double TG mismatch site 5’-CTG-373-
GGT-5". All reactions contain 0.5pg of DNA, 10mM Tris pH7.0, ImM EDTA, 50mM
KCl, ImM MgCl., 0.5mM DTT and 20mM Hepes. (a) Top strand; U is the untreated

control, 0 is the DNase I treated control and GA is the purine marker reaction, (b) Bottom
strand; U is the untreated control, 0 is the DNase I treated control and GA reaction is the
purine marker reaction.
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3.5  Discussion

DNase I footprinting was used to examine the binding and relative selectivity of the
polyamides formyl-III and PII-III for TG mismatches placed in series within long
synthetic DNA segments. A double-stranded oligodeoxynucleotide was designed for
each compound to contain three putative binding sites, a CG match, a single TG
mismatch and a consecutive TG double mismatch. These were present in the favoured
binding mode of each compound, a one-residue stagger motif for formyl-III and a
maximum overlap motif for PII-III. The occurrence of all three sites within a single
heteroduplex enabled evaluation of the relative site preference for both the tri-imidazole
monomer formyl-III, binding in a 2:1 ratio with the DNA, and the hairpin-linked
heterodimer PII-III. This provided a direct assessment of the suitability of the Im/Im
ring pair for either single or consecutive double TG mismatch recognition in the context

of the adjacent heterocycle rings present during side-by-side binding.

Formyl-III bound at both the Watson-Crick match, 5’-CCGG-3’, and single TG
mismatch sites, 5’-CTGG-3’. There was, however, a hundred-fold preference in binding
at the single mismatch, relative to the Watson-Crick match site. This confirms previous
work by Lee and coworkers using SPR, which demonstrated a thirty-fold increase in
binding affinity for the single mismatch, CTGG, over the match site, CCGG, using short
DNA hairpins (Lacy et al., 2002b). In that study binding by formyl-III was also seen at a
double mismatch site, CTGGdm, which whilst weaker than that observed at other sites,
was of a similar affinity to that seen with distamycin at A,T; (Lacy et al., 2002b). In the
present study, however, binding at the consecutive TG double mismatch site was less
clear, with no discernable binding observed along the top strand of the heteroduplex
(IMGT1). On this strand it is possible that binding at the double mismatch site may
have been masked by bands produced by the presence of shortened mismatched
oligonucleotides present as impurities. This seems likely given the bands observed at
that site in the uncleaved control lane. Further footprinting using sequence neutral
cleavage agents, such as hydroxyl radicals or MPE, may ascertain binding by formyI-III
at the double mismatch site more clearly. Nevertheless, the preferential binding

observed here by formyl-III at the single mismatch site suggests that the Im/Im ring pair,
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present during side-by-side binding of two formyl-III monomers, also favours TG rather

than CG base pairs when they arise in a single DNA sequence.

Whilst the three putative target sites were designed for binding by formyl-III in the one-
residue stagger motif, it cannot be excluded that formyl-III may also be binding here in a
maximum overlap motif as shown in Figure 3.8. This should be a less favourable
conformation, however, due to the presence of a leading formamide head group.
Indeed, formyl-III has been shown to bind only in the one-residue stagger motifto the

core sequence TGG in previous studies (Yang ef al., 1999b).

(@) ACC G GT ACG G G T
=) Im~"m =ImV + A (=\Im =Im\ Im=+
+=ImVY Im=Im\=) A A +VIm=ImV Im (=)
TG G cC C A TG G cC C A
(b) AC T G G T AC T G G T
= Im MNm =ImV + A Im=ImV Im=+
+=InV=Im = li\(=) +V Im = In\= Im ()
T G G C C A T G G C C A
©
AC T G G T AC T G G T
(=) Im Adm =Im V+ A eeeee > (A Im=ImV Im=+
+=ImV Im = Im\=) A Im=1A=Im (=)
T GG T C A T GG T C A

Figure 3.8  Possible binding modes for formyl-III in the maximum overlap motif at
(a) the CG match, (b) the single TG mismatch and (c¢) at the double TG mismatch sites
along IMGTI/2, where Im is imidazole and Py is pyrrole. The equal sign, =, signifies
an amide with, (=), denoting the leading formamide head group (NHCHO) and the plus
sign, +, signifying the charged tail ((CH:):.NMe.H ). The DNA target sequence is

indicated in red capital letters, with TG mismatched base pairs indicated in blue.
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Discrimination of a single and double consecutive T: G mismatch was also assessed
using the hairpin-linked polyamide heterodimer PII-III. Binding was examined at a
putative Watson-Crick site and at a single and double consecutive TG mismatch, all
designed for ligand binding in a maximum overlap motif. No discrete binding was seen,
however, by PII-III at either the CG or TG binding sites present. The observed loss of
the full-length band with increasing ligand concentration suggests that non-specific
binding was occurring at high doses. The reason for the lack of binding specificity
demonstrated by this polyamide is unclear. The complete absence of binding initially
suggests that the structure of the polyamide, for example the linkage, is sub-optimal for
discrete binding at the given sites. However, the sequences or structural conformation
of the putative target or flanking sites may also restrict binding. Alternatively the
constructed oligonucleotide duplex itself may be unstable. It is possible that the
presence of the two mismatched sites in the double stranded annealed heteroduplex
IMGTOS/IMGTOG6 produce sufficient instability to result in the disintegration of the

duplex into its two constituent single strands, thereby preventing discrete ligand binding.

The work presented in this chapter, examining the binding of formyl-III to a series of
putative target sites present along a single oligonucleotide confirms previous NMR, CD,
SPR and thermodynamic studies (Yang et al., 1999b; Lacy et al., 2002b), showed
preferential binding at a single TG mismatch. Weaker binding was observed at a
neighbouring Watson-Crick CG binding site, whilst strong binding at a consecutive TG
double mismatch was resolved along only one strand of the heteroduplex examined. No
discrete binding was observed with the hairpin-linked heterodimer PII-III. Nevertheless,
the Im/Im ring pair has been shown here to be strongly selective for a single TG
mismatch when placed in the same DNA sequence as an alternative Watson-Crick CG
match site. This indicates that the Im/Im ring pair is a suitable recognition motif for TG
mismatches, thereby extending the current set of heterocycle pairing rules. Lee and
coworkers, however, have found that formyl-III is unable to discriminate TG from GT
(Yang et al., 1999b). Whilst this would not prevent the use of formyl-III in TG
mismatch screening protocols, for example incorporated into a sensor chip for

pharmacogenomic diagnosis, future gene targeting strategies may require differentiation
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of degenerate non-canonical base pairs. This could be provided perhaps by further
heterocycle pairings, such as imidazole-hydroxypyrrole (Im/Hp) as shown in Figure 3.9,

or heterodimers, including ImimPyPy-PyPylmPy (Rucker et al., 2003).

B

thymine thymine
guanine guanine
N~H' 0
R
water
hydroxypyrrole
I

(H  imidazole
Figure 3.9 Molecular basis for the possible recognition of TG mismatches by an
imidazole/hydroxypyrrole ring pair, adapted from Yang ef al., 1999b. A. A conserved
H.O bridging the G: T mismatch as observed in the crystal structure of Hunter et al.
1987 B. Potential discrimination of G: T from T: G by and Im/Hp ring pair as proposed
by Yang and coworkers whereby the hydroxy group of Hp may adopt the role of the

bridging water molecule shown in A.
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CHAPTER 4

CELLULAR UPTAKE AND LOCALISATION OF THIAZOLE-CONTAINING
POLYAMIDES AND POLYAMIDE-PBD CONJUGATES.

41  Introduction

Whilst polyamides have repeatedly been shown to bind in a sequence-specific manner in
vitro, capable of modulating transcription (Gottesfeld et al., 1997; Dickinson et al.,
1998; Dickinson et al., 1999a, b; Mapp et al., 2000) and binding selectively within
nucleosomal DNA (Gottesfeld et al., 2001; Gottesfeld, et al., 2002) and within isolated
cell nuclei and chromosomes (Janssen et al., 2000a; Maeshima et al., 2001; Gygi et al.,
2002), substantiation of nuclear targeting in living cells has been less conclusive.
Indirect evidence has been provided by the specific gain or loss of function phenotypes
in Drosophila melanogaster when fed satellite-specific polyamides (Janssen et al.,
2000b), as well the inhibition of viral replication in human lymphocytes (Dickinson et
al., 1998) and targeted transcriptional derepression from the HIV-1 LTR (Coull et al.,
2002). Furthermore, polyamides conjugated to both major and minor groove binding
alkylating agents such as chlorambucil and the CC-1065 analogue, CBI, have produced
sequence-specific lesions in cells, causing G,/M arrest and DNA synthesis and growth
inhibition (Wang et al., 2002, 2003).

Recent work, however, examining the intracellular distribution of fluorophore-tagged
polyamides by direct visualisation using fluorescence microscopy has provided only
ambiguous evidence of live cell uptake. Whilst intracellular polyamide localisation has
been confined to the cytosol or mitochondria in ovarian and breast cell lines (Sharma et
al., 2001; Belitsky et al., 2002), nuclear accumulation has been observed in some T cell
lines, suggesting uptake may be cell-type dependent (Belitsky et al., 2002).
Furthermore, in vitro binding studies of fluorophore-polyamide conjugates indicate that
covalent linkage of a fluorophore to a polyamide may decrease its DNA binding affinity
relative to untagged molecules with the equivalent number of amide units (Battacharya
et al., 2002). Thus, attachment of a fluorescent or an alkylating moiety to the

polyamide, changing its size and electrostatic properties, could significantly transform
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the binding and uptake characteristics of the conjugate and may not provide a

representative model of unconjugated polyamide uptake in living cells.

Due to the aromatic content of polyamides, they may fluoresce upon excitation with UV
(~345nm), emitting light in the blue range of the visible spectrum. This effect is
potentiated when they are bound to DNA (Baliga & Crothers 2000) and may obviate the
need for fluorophore conjugation. Exploiting this property, a study of cell uptake and
intracellular localisation of an untagged cross-linked thiazolated polyamide dimer, TIP-
C7-amino (Figure 4.1), was undertaken to evaluate the efficacy of intracellular uptake
and distribution in two human cell lines, the breast line MCF-7 and leukaemic T cell line
Jurkat, using fluorescence microscopy. Uptake was compared to a range of covalent and
non-covalent synthetic minor groove binding ligands, including the TIP-amino
monomer (Figure 4.1), a hairpin polyamide dimer, JH-37, a pyrrolobenzodiazepine
(PBD) dimer, SJG-136, and a novel PBD-polyamide conjugate, GWL-6 (Figure 4.2).
Previous studies of SIG-136 and GWL-6 have demonstrated potent cytotoxic activities,
which correlate with an ability to produce covalent DNA adducts in cells (Gregson et
al., 2001; Thurston and coworkers, personal communication). This suggests that these
molecules are able to traverse both the plasma and nuclear membranes, and therefore
may be used to assess the inherent sensitivity of this method in the examination of drug
uptake in living cells. Furthermore, the effect of TIP-C7-amino on growth was evaluated

using standard anti-proliferative assays.
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Figure 4.1 Molecular structures of the polyamide monomer TIP-amino, cross-linked
dimer TIP-C7-amino, PBD dimer SJG-136, the polyamide-PBD conjugate GWL., and
the hairpin linked polyamide dimer JH-37.
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4.2.1 Investigational compounds
Compound were kindly provided by Professor J. William Lown , Department of

Chemistry, University of Alberta, Edmonton, Canada, (TIP-amino and TIP-C7-amino),
Professor David Thurston, Department of Pharmaceutical and Biological Chemistry,
The School of Pharmacy, University of London, London, UK (SJG-136 and GWL-6)
and Professor Moses Lee, Department of Chemistry, Furman University, Greenville,
North Carolina, USA (JH-37). The synthesis and characterisation of the compounds
have been reported (Sharma et al., 2000; Gregson et al., 2001). A minimum of 1mg of
each compound was dissolved in the appropriate solvent at a 10mM stock concentration
and stored at —20°C until use. Dilutions were freshly prepared for each experiment in
distilled and deionised water. Compounds requiring organic solvents such as DMSO or
DMA to make up the stock were serially diluted in aqueous media such that the final

organic solvent concentration was less than 0.1% (v/v).

4.2.2 Chemicals

Tris-hydoxymethyl-methylamine base (Tris base), Hoechst bisbenzimide 33258
(Hoechst 33258), 3,8-Diamino-5-(3-diethylaminopropyl)-6-phenylphenanthridinium
iodide methiodide (propidium iodide), (+)-1-(2,5-dimethoxyphenyl)-2-aminopropane
hydrochloride (DMA) tetramethylrhodamine isothiocyanate (TRITC)-conjugated
dextran, sucrose and sulphorhodamine B were purchased from Sigma.
2-(6-Amino-3-imino-3H-xanthen-9-yl) benzoic acid methyl ester (Rhodamine 123), S-
carboxyfluorescein diacetate acetoxymethyl ester (CFDA AM) and 3,6-
bis(Dimethylamino)acridinium chloride (acridine orange) were purchased from
Molecular Probes. Methanol, acetic acid, dimethyl sulfoxide (DMSO) and
trichloroacetic acid (TCA) were purchased from BDH.

4.2.3 Buffers

Phosphate buffered saline (PBS) tablets were purchased from Sigma and dissolved in
deionised water to yield 0.01M phosphate buffer, 0.0027M potassium chloride and
0.137M sodium chloride, pH7.4 at 25°C.

176



4.2.4 Culture medium

Dulbecco’s Minimum Essential Medium (DMEM), Hams F-12 and RPMI 1640 were

supplemented with 10% (v/v) foetal calf serum and 2mM glutamine, which were all

purchased from Autogen Bioclear.

425 Kits
A Nuclei EZ Prep Nuclei Isolation kit, containing Nuclei EZ lysis buffer and Nuclei EZ

storage buffer was purchased from Sigma.

4.3 Methods

4.3.1 Cell culture

The MCF-7 human breast adenocarcinoma cell line (Soule, et al., 1973) was grown as a
monolayer culture in DMEM: Hams F-12 medium supplemented with 10% (v/v) foetal
calf serum and 2mM glutamine. The Jurkat human leukaemic T cell lymphoblast cell
line (Schneider, et al., 1977) was grown in suspension culture in RPMI 1640 medium
supplemented with 10% (v/v) foetal calf serum and 2mM glutamine. Cells were
incubated at 37°C in an atmosphere of 5% (v/v) carbon dioxide (CO,) in air and
maintained in an exponential growth phase. Cells were passaged using conventional

procedures and screened for mycoplasma regularly.

4.3.2 Image Acquisition and Processing
A Zeiss Axiophot epifluorescence microscope equipped with a mercury halide light

source and narrow band blue, green and red filters, was used to view cells which were
visualised with a 40x (NA 0.75) Plan Neofluar phase objective. Images were captured
using Image Pro Plus software either as phase contrast or in the corresponding blue,
green or red channels using a Coolview 12 CCD camera (Photonic Science). The filter
set was custom made so that UV excitation was blue emitted, blue excitation was green
emitted, green excitation was red emitted and red excitation was far red emitted. The
mercury halide bulb was allowed to burn for at least 20 minutes prior to use to stabilise
emission intensities and the bulb had been used for less than 50 hours for most

experiments. Cells were found under phase contrast so there was no prior epifluorescent
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illumination of cells to exclude photobleaching effects. On identification of a suitable
cell area, trans-illumination was switched off and an epifluorescence exposure made.
Exposure times and gain (electronic signal amplification) were optimised using Image
Pro Plus image capture software so that pixel intensities were in the linear range to
avoid pixel saturation. Exposure and gain were then fixed for a given experiment and
images captured for at least six randomly selected areas in a typical sample. All relevant
controls were contained in every individual experiment so that any changes in absolute
fluorescence intensity, due to for example the number of hours that the bulb had been
used, were controlled. Cross-talk, whereby a single fluorescent marker may be
visualised in multiple emission channels, was eliminated not only by the use of a custom
built filter set but also by optimisation of the marker concentrations used in singly
stained samples which were viewed across the channels and concentrations and times of
staining were chosen such that no signals were detected in inappropriate channels.
Some dyes, for example acridine orange and rhodamine 123, have broad band emission
and will fluoresce in two channels (red/green) even with narrow band filters. In these
cases, however, checks were made to ensure no cross-talk into the blue channel (i.e. the
drug channel) took place. In experiments using multiple fluorescence markers the
images for the most photosensitive channel (blue) were recorded first, followed by the

green and red images.

Fluorescence data sets were captured at constant exposures for every experiment to
record quantitative differences in fluorescence images and stored as 12 bit grayscale
data sets as Image Pro Plus files without any further manipulation or processing.
Subsequently, images were retrieved under Image Pro Plus and as appropriate subjected
to image enhancement by contrast stretching, whereby the absolute pixel intensities
recorded are expanded to occupy the full 12 bit image depth, and were resaved as
secondary images. Image Pro Plus files were then converted from 12 bit to 16 bit data
sets to render them compatible with Adobe Photoshop 6.0. The images presented in the
figures were derived from this tertiary data set. In the case of the phase contrast images
these were subjected to adjustment of the contrast levels in order to normalise the range

of image contrast and background for the different experiments. The fluorescence
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images were not adjusted so as to preserve the original intensity differences captured

microscopically.

4.3.3 Visualisation of drug uptake in living cells using fluorescence microscopy
Adherent cells:

A total of 5 x 10* MCF-7 human breast cancer cells were seeded onto 13mm round
coverslips in flat-bottomed 24 well plates and allowed to grow for 48 hours at 37°C in a
volume of 1ml of DMEM: Hams F-12 medium supplemented with 10% (v/v) foetal calf
serum and 2mM glutamine. Drug treatments were carried out by replacement of the
growth medium with 0.5ml of fresh medium, to which 10ul of drug appropriately
diluted in sterile dH,0 had been added. Cells were incubated with drug for 1, 2, 24, 48 or
72 hours and one hour prior to examination were counter-stained with individual or
combinations of the fluorescent markers 5-carboxyfluorescein diacetate acetoxymethyl
ester (CFDA AM) (1uM), rhodamine 123 (10uM), Hoechst 33258 (10uM) or acridine
orange (10uM), which were added to the culture medium. Staining with propidium
iodide (0.01mgml™) was carried out 10 minutes prior to visualisation. Following this,
the medium was aspirated and cells were washed once with phosphate buffered saline.
The coverslips were removed from the wells, mounted onto glass microscope slides and

viewed immediately as described above.

Suspension cells:

A total of 1.8 x 10° Jurkat human T lymphoid cells were aliquotted in a volume of 100ul
per well into 24 well plates. Drug treatments were carried out in a volume of 1ml of the
growth medium RPMI 1640, supplemented with 10% (v/v) foetal calf serum and 2mM
glutamine, to which 10ul of drug appropriately diluted in sterile dH,0 had been added.
Cells were then grown in suspension at 37°C for 24, 48 and 72 hours. Post-incubation,
the medium was aspirated from the settled suspension cells, which were washed once
with PBS. After allowing the cell suspension to resettle, the PBS wash was aspirated
and a volume of 10l of residual buffer containing the settled cells was spotted onto a

glass microscope slide. A coverslip was applied and excess cell suspension was drawn
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off using lens tissue. Phase and corresponding fluorescence images were captured as

described in section 4.3.2.

4.3.4 Visualisation of drug uptake in fixed cells using fluorescence microscopy
MCEF-7 cells were aliquotted into 24 well plates and grown as described in section 4.3.1

for 48 hours at 37°C. Cells were then fixed for 3 minutes in methanol and washed once
with PBS. Fixed cells were treated in PBS with 10uM concentrations of Hoechst
33258, TIP-C7-amino, TIP-amino, distamycin, SJG-136, GWL-6 and JH-37 for 1 hour.
Post-incubation, cells were washed once with PBS. The coverslips were mounted onto a

glass microscope slide and images captured as previously described.

4.3.5 Microinjection of live cells

MCF-7 cells were seeded at 5 x 10* cells ml" in Petri dishes (25mm), each containing a
single glass coverslip (13mm), allowed to adhere and grown in DMEM: Hams F-12
medium supplemented with 10% (v/v) foetal calf serum and 2mM glutamine for 48
hours in at 37°C. TIP-C7-amino was mixed with tetramethyl rhodamine isothiocyanate-
conjugated dextran (TRITC-dextran) to yield final concentrations of 0.3mg/ml
polyamide and 1mg/ml fluorochrome marker in phosphate buffered saline. MCF-7 cells
were microinjected (50 cells per coverslip) with the polyamide/fluorochrome mix using
an Eppendorf transjector 5246 and an Eppendorf hydraulic manual micromanipulator
5171, whilst viewed under a Zeiss IM35 microscope. Needle capillaries used to inject
the polyamide/TRITC-dextran mix were pulled from filament-containing borosilicate
glass to diameters of 0.2-0.5 mm using an Eppendorf micropipette puller. Cells were
allowed to recover by incubating the cultures at 37°C for 1 hour, after which the
coverslips were removed from the Petri dishes and mounted onto glass microscope

slides. Cells were viewed and images captured as detailed in section 4.3.2.

4.3.6 Visualisation of drug uptake in isolated nuclei using fluorescence microscopy
Isolation of cell nuclei:
A total of 2 x 107 Jurkat cells were harvested from a supension culture kept growing in

log phase as described previously. The cells were spun down at 1500rpm for 5 minutes
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at 4°C, the supernatant aspirated and the cell pellet set on ice. To ensure a single cell
supension and avoid clumping, the pellet was washed by vortexing briefly and
resuspending in 1ml of ice-cold Dulbecco’s Phosphate Buffered Saline (PBS). This was
vortexed again and a further 9ml of cold PBS was added to the cell suspension, which
was then set on ice. Cells were spun down at 1500rpm for 5 minutes at 4°C and the
supernatant aspirated. The cell pellet was vortexed briefly and resuspended in 0.5ml of
ice-cold Nuclei EZ lysis buffer. The suspension was re-vortexed and a further 3.5ml of
lysis buffer was added. The cells were allowed to lyse on ice for 10 minutes and nuclei
were collected by centrifugation at 1500rpm for 5 minutes at 4°C. The supernatant
containing cytoplasmic components was then aspirated and the lysis step repeated.
Following the second round of lysis, the suspension was homogenised using a Dounce
homogeniser, layered in 500ul volumes over 2ml of 30% (w/v) sucrose solution made
up in Nuclei EZ lysis buffer and spun at 3000rpm for 10 minutes. Following
centrifugation, the supernatant was aspirated and the pelleted nuclei were resuspended in

a total of 100ul of Nuclei EZ storage buffer.

Drug treatments and visualisation of drug uptake in isolated cell nuclei:

A 1:10 dilution of the stock nuclei was made in Nuclei EZ storage buffer for each drug
treatment. Diluted nuclei were then treated on ice for 10 minutes with either 10uM TIP-
amino, TIP-C7-amino, GWL-6, JH-37, propidium iodide, Hoechst 33258. Diluted
nuclei and intact cells were also incubated with 10uM CDFA AM for 20min. These
samples were incubated at 37°C due to the metabolic nature of the enzymatic cleavage
of CDFA AM to its fluorescent state. Following treatment, a Sul aliquot of the treated
nuclei or cells was dropped onto a microscope slide, covered with a glass coverslip and
visualised as described in section 4.3.2. Images were captured under phase contrast and
in the appropriate channel, blue for TIP-amino, TIP-C7-amino, GWL-6, JH-37 and
Hoechst 33258; red for propidium iodide and green for CDFA AM.

4.3.7 Anti-proliferative activity

The anti-proliferative activity of the polyamide TIP-C7-amino was evaluated in both the

adherent MCF-7 breast cell line and in the suspension Jurkat T cell line using standard
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assays. The sulphorhodamine B (SRB) assay (Rubinstein, et al., 1990) based on
colorimetric measurement of SRB stain associated with intracellular protein in viable
cells was used to determine growth inhibition in the adherent line. Cellular proliferation
was measured in the suspension line by counting cells using a haemocytometer, as

employed in the determination of a standard growth curve.

Adherent cells:

MCF-7 cells were plated out in triplicate at 1.5 x 10° cells in a volume of 100ul per well
in 96 well flat-bottomed microtitre plates and allowed to adhere overnight. Drug
treatments were carried out the following day by the addition of an equal volume of
media (100ul) containing double the final drug concentration. Cells were incubated
with drug for 120 hours at 37°C, when cells in the untreated controls approached
confluence. Post-incubation, 100ul of 30% (v/v) acetic acid was added to each well and
the cells were left to fix for 20 minutes at 4°C. The acetic acid was removed by flicking
the plates, which were then carefully washed 5x with tap water and air-dried. Following
this, 100l of the protein stain sulphorhodamine B (0.4% (w/v) in 1% (v/v) acetic acid)
was added to each well and plates were incubated at room temperature for 20 minutes.
Cells were washed 5x with 1% (v/v) acetic acid and air-dried for 1 hour. The SRB dye
was solubilised by the addition of 100ul of 10mM Tris base to each well and the plates
were left for a further 20 minutes at room temperature. The absorbance at 540nm
(As40nm) Was read using an automatic plate reader (Tecan Spectrofluor Plus) equipped
with XFLUOR software. The fraction of control growth was calculated from the

following equation:

Fraction of control growth = A, of treated cells/ Asyq,, untreated control

The mean fraction of control growth and standard deviation for each concentration was

calculated.
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Suspension cells:

A total of 1.8 x 10° Jurkat cells were plated out in quadruplicate in a volume of 100ul
per well in a 24 well plate. Drug treatments were carried out in a volume of 1ml of the
growth medium RPMI 1640, supplemented with 10% (v/v) foetal calf serum and 2mM
glutamine, to which 10ul of drug appropriately diluted in sterile dH,0 had been added.
Cells were incubated with drug for up to 120 hours at 37°C. At 24, 48, 72, 96 and 120
hours, the cells in each well were resuspended using a Pasteur pipette and 30ul aliquots
were taken and counted using a haemocytometer. Five fields on both sides of the
haemocytometer were counted for each well for each drug concentration using an
Olympus CM2 phase contrast microscope. The mean cell count and standard deviation
was calculated for each drug concentration and expressed as the fraction of control

growth for each time point as follows:

Fraction of control growth = Mean count of treated cells/Mean count of untreated control

To assess the proportion of viable cells remaining after 72 and 120 hours, cells were
double-stained with 1uM CFDA AM and 0.01mgml" propidium iodide for 1 hour. A
Sul aliquot from each well was then dropped onto a glass microscope slide, covered
with a coverslip and cells were viewed using a Zeiss epifluorescence microscope
equipped with a mercury halide light source and narrow band blue, green and red filters
with a 40x (NA 0.75) Neofluar objective. The percentage of viable cells was calculated
by counting the number of cells stained with CFDA AM as a proportion of the total cell
number in 3 fields of view for each well aliquot. At 72 and 120 hours, only one plate,
containing four replicates for each given concentration, was counter-stained. Therefore,
a mean and the standard deviation of the mean of three independent experiments could

not be calculated in this case.
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4.4 Results

4.4.1 Relative fluorescence and nuclear binding of the minor groove-binding agents
distamycin. TIP-amino, TIP-C7-amino. TIP-C8-amino, JH-37, GW6 and SJG-136 in

fixed cells.

To establish nuclear binding and the relative fluorescence of the non-covalent and
covalent minor groove binders distamycin, TIP-amino, TIP-C7-amino, TIP-C8-amino,
JH-37, GWL-6 and SJG-136 in permeabilised cells, MCF-7 cells were fixed and treated
for 1 hour with equimolar doses of these agents and visualised in the blue emission
channel. As a positive control, their fluorescence and distribution was compared to an
equimolar dose of the cell membrane permeant DNA selective dye Hoechst 33258,
which also requires UV excitation and emits at 461nm in the blue range of the visible
spectrum. Images were captured at optimised exposures, to enable comparison of the
fluorescent intensity produced by these compounds on excitation with UV. Under these
conditions, Hoechst 33258 produced substantially stronger fluorescence in the blue
emission range than the other minor groove binders studied, showing discrete nuclear
staining (Figure 4.2 A). This image required a four-fold decreased exposure compared

to images captured for the other agents, due to the brightness of the fluorescence.

After Hoechst 33258, the polyamide dimer, TIP-C8-amino, produced the next strongest
fluorescence on excitation with UV followed by TIP-C7-amino, with discrete nuclear
binding observed in permeabilised cells (Figure 4.2 B & C). In contrast, the polyamide
monomer, TIP-amino, was only weakly fluorescent, with nuclear binding barely visible
without contrast enhancement at this exposure (Figure 4.2 D). The PBD dimer, SJG-
136, also showed nuclear staining producing a weak but distinct fluorescence signal
whilst the PBD-polyamide conjugate, GWL-6, showed trace fluorescence and nuclear
binding (Figure 4.3 B (a) & (b)). Distamycin and the hairpin polyamide dimer, JH-37
did not produce detectable fluorescence when raw data images were examined (Figure
4.4 A (b) and A (c)). However, contrast enhancement of these images, amplifying the
fluorescent signal collected, showed that these compounds also localised to the nucleus
in permeabilised cells but were inherently weakly fluorescent (Figure 4.4 B (b) & B (c)).

Thus, the relative inherent fluorescence on UV excitation was established for the
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Figure 4.2 Micrographs of fixed MCF-7 cells exposed for 1 hour to 10p,M doses of A.
Hoechst 33258 (1/4 exposure), B. TIP-C, -amino, C. TIP-C7-amino and D.TIP-amino,
as viewed in the blue emission channel at a magnification of 125, showing the relative

fluorescence and nuclear localisation of the compounds.
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(a)

(b)

Figure 4.3  Micrographs of fixed MCF-7 cells exposed for 1 hour to 10pM doses of (a)
SJG-136 and (b) GWL- , as viewed A. in the blue emission channel and B. in the blue
emission channel with contrast enhancement at a magnification of 125, showing the relative

fluorescence and nuclear localisation of the compounds.
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(a)

(b)

(c)

Figure 4.4  Micrographs of fixed MCF-7 cells, either (a) untreated or exposed for 1 hour to
10pM doses of (b) distamycin and (c) JH-37, as viewed A. in the blue emission channel and
B. in the blue emission channel with contrast enhancement, at a magnification of 100 showing

relative fluorescence and nuclear localisation of the compounds.
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compounds examined, whereby Hoechst 33258 > > TIP-C8-amino > TIP-C7-amino >
SJG-136 > GW-6 = TIP-amino > JH-37 > distamycin. No fluorescence was observed in
fixed cells that had not been exposed to minor groove-binding agents, even after contrast

enhancement (Figure 4.4 (a)).

4.4.2 Live cell uptake and intracellular distribution of the polyamide dimer TIP-C7-

amino and monomer TIP-amino in the human breast cell line MCF-7.

To examine uptake and intracellular distribution of the polyamide dimer, TIP-C7-amino,
in living cells, unfixed MCF-7 cells were exposed to concentrations of up to 30uM of
the polyamide for time periods ranging from 30 minutes to 72 hours, and were viewed in
the blue channel on excitation with UV emitted from the mercury halide light source
(Figure 4.5). Corresponding phase images are shown in Figure 4.6. No polyamide
uptake was visible in either the cytoplasm or nuclei of living cells over 72 hours of
continuous incubation, at doses of up to 3uM (Figure 4.5 A-C (a) & (b)). At 24 hours,
however, a fine micro-precipitate was observed in the culture medium at the highest
doses of 10 and 30uM after which a limited cytoplasmic uptake was visualised, with
progressive intracellular accumulation at these doses over 72 hours (Figure 4.5 A-C (c)
& (d)). Over this duration polyamide uptake was of a granular appearance and
distribution was confined to the cytosol. Accumulation was intracellular as the nuclei of
stained cells were clearly visible as dark shadows and were not obscured by any
superficial binding to the cell surface. Nuclear localisation of TIP-C7-amino was
detected by eye only in cells with compromised membrane morphology as seen under
phase contrast. Furthermore, cells undergoing mitosis did not show chromosomal

staining with this compound (Figure 4.7).

To assess the integrity of the plasma membrane of treated cells, MCF-7 cells exposed to
TIP-C7-amino were counter-stained with the membrane impermeant nucleic acid dye
propidium iodide, which emits at 617nm in the red portion of the visible spectrum, prior
to visualisation and then viewed in both the blue and red emission channels (Figure 4.8).
Under these conditions the intense nuclear staining observed in the blue channel in

selected cells directly correlated with propidium iodide staining visualised in the red,
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indicating that these cells were dead (Figure 4.8 B (b) & (c)). Further, this corresponded
with a compromised morphology as seen under phase contrast (Figure 4.8 B (a)).
Propidium iodide also stained membrane compromised cells in the untreated sample,
however these did not show concomitant staining when viewed in the blue channel
(Figure 4.8 A (b) & (c)). To confirm the viability of cells showing cytosolic
accumulation, those treated with polyamide were counter-stained with both propidium
iodide and CFDA AM, a green emitting membrane permeant dye rendered impermeant
on cleavage by non-specific intracellular esterases yielding carboxyfluorescein, prior to
visualisation and viewed in the red, green and blue emission channels as well as under
phase contrast (Figure 4.9). As previously observed, cells showing nuclear localisation
of TIP-C7-amino in the blue channel also stained with propidium iodide, as indicated by
arrows in Figure 4.9 B & D. Furthermore, these cells did not stain with CFDA AM
when observed in the green emission range (Figure 4.9 C). This was in contrast to cells
showing cytosolic uptake of TIP-C7-amino alone, which also stained with CFDA AM.
To provide a positive control for nuclear staining, live MCF-7 cells were stained with
Hoechst 33258 alone for 1 hour, thereby enabling a comparison of intracellular
localisation of the freely membrane permeant dye Hoechst 33258, with that of the
polyamide TIP-C7-amino. These cells showed uniform nuclear uptake with no residual
staining of the cytosol (Figure 4.10 B). The nuclei were clearly distinguishable from the

surrounding cytosol when compared to the phase contrast image (Figure 4.10 A).

To examine whether cytosolic polyamide distribution co-localised with mitochondria in
cells, MCF-7 cells were treated with TIP-C7-amino over 72 hours and counter-stained
with rhodamine 123, a freely membrane permeant mitochondrial dye rendered
impermeant on exposure to the intramitochondrial electrochemical gradient, prior to
visualisation in the green and blue emission channels, as well as under phase contrast
(Figure 4.11). Images captured indicated that the intracellular distribution of TIP-C7-
amino visualised in the blue channel differed appreciably from that of rhodamine 123
detected here in the green channel (Figure 4.11 B & C). Rhodamine 123 localised to the

mitochondria uniformly across cell sheets, whilst TIP-C7-amino accumulated
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heterogeneously across the monolayer with discrete cytosolic aggregation in cells

situated at the periphery of the groups of cells.

For comparison, the intracellular uptake and distribution of the polyamide monomer,
TIP-amino, was also examined in living cells. MCEF-7 cells were exposed to
concentrations of up to 30uM of the polyamide monomer over 72 hours, and were
viewed in the blue channel (Figure 4.12). No polyamide uptake was visible in either the
cytoplasm or nuclei of living cells after 72 hours of continuous incubation, at doses of
up to 30uM (Figure 4.12 B a-c). In contrast to the dimer, TIP-C7-amino, no micro-
precipitate was observed in the culture medium. Further, no cytoplasmic uptake could
be detected above the levels of inherent auto-fluorescence seen in the untreated controls

(Figure 4.12 A a-c).
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(a)

(b)

(c)

(d)

Figure 4.5 Micrographs of live MCF-7 cells exposed to doses of (a) OpM, (b) 3pM,
(c) 10pM and (d) 30pM TIP-C7-amino over A. 24 hours, B. 48 hours and C. 72 hours as

viewed in the blue emission channel at a magnification of 75, showing dose-dependent

cytosolic uptake of TIP-C7-amino over time.
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(a)

(b)

(d)

Figure 4.6 Corresponding micrographs of live MCF-7 cells exposed to doses of (a)
OpM, (b) 3pM, (c) 10fxM and (d) 30pM TIP-C7-amino over A. 24 hours, B. 48 hours and
C. 72 hours as viewed under phase contrast at a magnification of 75, showing an absence

of any effect on overall cell morphology.
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Figure 4.7 Micrographs of live MCF-7 cells treated for 72 hours with 30pM TIP-C7-
amino as viewed A. under phase contrast and B. in the blue emission channel and C. in the
blue channel with contrast enhancement at a magnification of 150, showing an absence of
chromosomal staining by TIP-C7-amino in mitotic cells. Cells at anaphase (a) and metaphase

(m) are indicated with arrows.
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(a)

%

(b)

(c)

Figure 4.8  Micrographs of live MCF-7 cells exposed to A. OpM and B. 30pM TIP-C7-amino
for 72 hours, counter-stained with 0.01 mgmf of propidium iodide, viewed (a) under phase
contrast, (b) in the red emission channel and (c) in the blue emission channel at a magnification of

110, showing that uptake in live cells is confined to the cytoplasm. Arrows indicate dead cells.
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Figure 4.9  Micrographs of live MCF-7 cells exposed to 30pM TIP-C7-amino for 48h,
counter-stained with O.Olmgml-1 propidium iodide and IpM CFDA AM, viewed A. under
phase contrast, B. in the red emission channel, C. in the green emission channel and D. in
the blue emission channel at a magnification of 110, showing that nuclear uptake is limited

to non-viable cells. Dead cells are indicated with arrows.
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Figure 4.10  Micrographs of live MCF-7 cells incubated for 1 hour with 10pM Hoechst
33258 as viewed A. under phase contrast and B. in the blue emission channel at a
magnification of 125, showing the nuclear localisation of freely membrane permeant

Hoechst 33258 in living cells. A mitotic cell at anaphase is indicated with an arrow.
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Figure 4.11 Micrographs of live MCF-7 cells exposed to 30pM TIP-C7-amino for 48
hours, counter-stained with IpM rhodamine 123, viewed A. under phase contrast, B. in the
green emission channel and C. in the blue emission channel at a magnification of 250,

showing that uptake of TIP-C7-amino does not co-localise with mitochondria.
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(b)

Figure 4.12  Micrographs of live MCF-7 cells A. untreated and B. treated for 72 hours with
30pM TIP-amino monomer as viewed (a) under phase contrast (b) in the blue emission
channel and (c) in the blue emission channel with contrast enhancement at a magnification of
125, showing that no nuclear localisation is visible in living cells, although detectable nuclear

staining was seen with TIP-C7-amino in fixed cells (Fig. 4.2).
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4.4.3 Live cell uptake and intracellular distribution of the polyamide dimer TIP-

C7-amino in the human T cell line Jurkat.

To assess polyamide uptake in a T cell line, live Jurkat cells were exposed to
concentrations of up to 30uM of TIP-C7-amino over 72 hours and were viewed in the
blue channel as well as under phase contrast. As with the MCF-7 cells, polyamide
uptake was not detected either in the cytoplasm or nuclei of living cells for up to 24
hours of continuous incubation, at this dose range. Once more, a fine micro-precipitate
began to appear in the culture medium between 24 and 48 hours at the highest doses of
10 and 30uM, after which progressive cell associated accumulation was observed at
these doses between 48 to 72 hours (Figure 4.13). This was of a granular appearance and
did not localise to the nuclei of living cells. Similar to the polyamide uptake observed in
MCEF-7 cells, intense staining was seen in cells exhibiting compromised membrane
structure under phase contrast. Counterstaining with viable cell specific dyes, including
CFDA AM and acridine orange, a dual-fluorescence nucleic acid stain emitting in the
green (525nm) when DNA-associated and in the red (650nm) when RNA-associated,
confirmed that these cells were non-viable (Figure 4.14). Furthermore, a corresponding
anti-proliferative effect was observed qualitatively in this cell type at 10 and 30uM over

48-72 hours.

Live Jurkat cells were also stained with Hoechst 33258, plus CFDA AM and propidium
iodide for 1 hour and viewed under phase contrast and in the appropriate emission
channels (Figure 4.15). As with the MCF-7 cells, this provided a positive control for
nuclear staining, allowing comparison of the localisation of the freely membrane
permeant dye Hoechst 33258 in living cells, with that of TIP-C7-amino. Hoechst
staining of Jurkat cells, however, demonstrated that discrimination of the nucleus from
the cytosol was less straightforward at this magnification, as the nucleus encompassed a
much larger cell volume compared to that in the MCF-7 cells (Figure 4.10).
Corresponding images of Jurkat cells captured in the red and green channels indicated
that whilst the freely permeable Hoechst indiscriminately stained both live and dead
cells, cell viability could be clearly distinguished using CFDA AM and propidium
iodide as previous (Figure 4.15 (b) C & D).
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(2)

(b)

(c)

Figure 4.13  Micrographs of live Jurkat cells exposed to 30p,M TIP-C7-amino over (a) 24
hours, (b) 48 hours and (c) 72 hours, as viewed A. under phase contrast and B. in the blue
emission channel at a magnification of 180, showing cell associated TIP-C7-amino uptake

over time.
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Figure 4.14 Micrographs of live Jurkat cells exposed to 30pM TIP-C7-amino for 72 hours,
counter-stained with IpM acridine orange and IpM CFDA AM, viewed A. under phase
contrast, B. in the red emission channel, C. in the green emission channel and D. in the blue
emission channel at a magnification of ..., showing that uptake does not co-localise with
cellular nucleic acids and that nuclear staining is confined to non-viable cells. Dead cells are

indicated with arrows.
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Figure 4.15  Micrographs of live Jurkat cells stained with 10pM Hoechst 33258, plus
IpM CFDA AM and O.Olmgml ' propidium iodide, viewed A. under phase contrast, B. in
the blue emission channel, C. in the green emission channel and D. in the red emission
channel at a magnification of 180, showing nuclear localisation of Hoechst 33258 in both

viable and non-viable cells. A dead cell is indicated with an arrow.
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4.4.4 Microinjection of live MCF-7 cells with TIP-C7-amino

TIP-C7-amino was directly injected into the cytoplasm of live MCF-7 cells to ascertain
whether a polyamide once present in the cell cytosol at high concentrations could
traverse the nuclear membrane and localise in the nuclei of living cells (Figure 4.16).
The green-yellow excited (557nm) /orange-red emitting (576nm) fluorochrome marker
TRITC- dextran was co-injected to identify injected cells, both under phase contrast
where it appeared pink and in the red emission channel. Injection of TIP-C7-amino was
not straightforward as at high concentration on contact with the culture medium at the
cell surface it began to precipitate, progressively blocking the bore of the needle

capillary.

Microinjected cells were viewed under phase contrast (data not shown) and in the red
and blue emission channels (Figure 4.16 A and B). Successfully injected cells exhibited
pink cytoplasmic staining when viewed under phase contrast due to the presence of the
TRITC-dextran (data not shown). Injected cells were more clearly identified using
TRITC-dextran in the red channel, as shown in Figure 4.16 A. In some cases, however,
the TRITC-dextran appeared to be localised in the nucleus as well as in the cytoplasm of
some cells, as indicated by arrows (a) in Figure 4.16 A. This demonstrated that in these
cells the nucleus as well as the cytoplasm had been directly microinjected, as TRITC-
dextran is normally excluded from the nucleus when the cytoplasm only is injected.
Furthermore, when viewed in the blue channel with contrast enhancement these cells
also showed strongly fluorescent nuclei (indicated by arrows (a) in Figure 4.16 B),
which directly correlated with the nuclear localisation observed in the red channel
(Figure 4.16 A). These data show that in a proportion of the injected cells TIP-C7-amino
has been directly introduced into the nucleus. It cannot be discounted that in such cells
at least part of the observed signal observed in the blue may be due to the presence of a
high nuclear concentration of TRITC-dextran. However, in some cells cytoplasmic
staining only was predominantly observed in the red channel, demonstrating that
cytoplasmic microinjection only had occurred, as indicated by white arrows in Figure
4.16 A. In these cells a weak but detectable nuclear staining was seen in the blue

channel, indicating that TIP-C7-amino may have crossed into the nucleus. The
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possibility that nuclear uptake was as a result of the trauma of injection cannot be ruled
out. However, whatever the mechanism for nuclear uptake, this is an important
observation as it demonstrates that freely soluble TIP-C7-amino will stain the nuclei of
living cells. Weak cytoplasmic auto-fluorescence was observed in cells that had not
been microinjected with the polyamide/TRITC-dextran mix, when viewed in the blue

channel with contrast enhancement, as shown in Figure 4.16 B.

Figure 4.16 Micrographs of live MCF-7 cells microinjected with a TIP-C7-
amino/TRITC-dextran mix to yield final concentrations of 0.3mg/ml polyamide and
Img/ml fluorochrome marker in phosphate buffered saline, as viewed A. in the red
emission channel and B. in the blue emission channel with contrast enhancement at a
magnification of 200, showing nuclear staining by TIP-C7-amino. Nuclear staining, due
to direct injection of the TIP-C7-amino/TRITC dextran mix into the nucleus is indicated

by arrows (a), whilst nuclear uptake following cytoplasmic staining only is indicated by
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4.4.5 Live cell uptake and intracellular distribution of the PBD dimer SJG-136 and the

PBD-polyamide conjugate GWL-6 in the breast cell line MCF-7.
Intracellular uptake of TIP-C7-amino in unfixed cells was then compared to that of the

PBD dimer, SJG-136, a known cytotoxic agent causing cross-links in cells (Gregson, et
al., 2001) and the novel PBD-polyamide conjugate, GWL-6, also cytotoxic and shown
to cause DNA monoadducts in vitro (personal communication from Professor D.
Thurston). MCF-7 cells were treated with a range of concentrations of SJG-136 and
GWL-6 over time periods ranging from 10 minutes to 24 hours and then viewed in the
blue channel as well as under phase contrast. Cells incubated with 10uM SJG-136 for 1
hour showed no detectable cellular uptake (Figure 4.17). Prolonged incubation with
SJG-136 over 24 hours produced a potent cytotoxic effect at that dose and a concomitant
staining of the dying cells when viewed in the blue channel. Corresponding phase
contrast images for both time points clearly establish the differing cell morphologies
after treatment. Cells incubated for 24 hours with a range of doses of SJG-136 showed
dose dependent intracellular compound accumulation as well as an associated
cytotoxicity (Figure 4.18). Localisation of this uptake was not possible due to the gross
changes in cellular morphology and membrane damage incurred on treatment with SJG-

136 by the time accumulation could be detected with this method.

Similarly, prolonged incubation of MCF-7 cells for 24 to 72 hours with a range of
concentrations of the PBD-polyamide conjugate, GWL-6, produced an appreciable dose
dependent cytotoxicity, shown clearly under phase contrast (Figure 4.19). Once more
this was associated with weak staining when viewed in the blue channel, which was
barely visible at the highest doses of 10 and 30uM in dying cells (Figure 4.20). Shorter
exposures to a 30uM dose, ranging from 10 minutes to 2 hours, failed to detect
intracellular compound accumulation in living cells (Figure 4.21). Contrast
enhancement, amplifying the intensity of the fluorescence signal captured, did not
demonstrate a noticeable increase in emitted signal above the inherent auto-fluorescence

seen in untreated cells (Figures 4.20 and 4.21).
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Figure 4.17 Micrographs of unfixed MCF-7 cells exposed to 10pM SJG-136 for (a) 1 hour
and (b) 24 hours, as viewed A. under phase contrast and B. in the blue emission channel at a

magnification of 150, showing strong localised staining in dead cells only.
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Figure 4.18 Micrographs of unfixed MCF-7 cells incubated for 24 hours with (a) OpM,
(b) IpM, (c) 3pM and (d) IOpM doses of the PBD dimer SJG-136, as viewed A. under
phase contrast and B. in the blue emission channel at a magnification of 75, showing that
dose-dependent localised staining is confined to dead or dying cells. Viable regions remain

unstained as indicated by arrows.
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Figure 4.19 Micrographs of unfixed MCF-7 cells incubated with (a) IpM, (b) 3pM and (c)
10pM doses of the PBD-polyamide conjugate GWL.. for A. 24 hours, B. 48 hours and C. 72
hours, as viewed under phase contrast at a magnification of 75, showing the gross changes in

cellular morphology incurred on treatment.
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Figure 4.20 Micrographs of unfixed MCF-7 cells exposed for 24 hours to (a) OjiM, (b)
1jiM, (c) 10™M and (d) 30[xM doses of the PBD-polyamide conjugate GWL-, , as viewed A.
under phase contrast, B. in the blue emission channel and C. in the blue emission channel with

contrast enhancement at a magnification of 75, showing dose-dependent trace staining in dead

or dying cells only.
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Figure 4.21 Micrographs of unfixed MCF-7 cells exposed to 30pM GWL., for (a) 1Omins,
(b) 2 hours and (c) 24 hours, as viewed A. under phase contrast, B. in the blue emission
channel, C. in the blue emission channel with contrast enhancement at a magnification of 75,

showing time-dependent trace staining in dead or dying cells only.
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4.4.6 Live cell uptake and intracellular distribution of the hairpin polyamide
dimer JH-37 in the breast line MCF-7.

Live cellular uptake of the hairpin polyamide dimer, JH-37, was also evaluated in MCF-
7 cells using fluorescence microscopy as above. Cells incubated with a dose of 30uM
JH-37 for varying time durations ranging from 10 minutes to 72 hours, did not show any
detectable intracellular accumulation of compound, when viewed in the blue emission
range (Figure 4.22). Contrast enhancement of these images did not show an appreciable
increase in the signal above the inherent cellular auto-fluorescence. Unlike the PBD
dimer and PBD-polyamide conjugate, JH-37 did not produce a cytotoxic or anti-

proliferative effect in these cells at doses of up to 30uM.

4.477 Uptake in isolated cell nuclei.

To determine whether the nuclear envelope was acting as a barrier to nuclear
localisation, uptake of the polyamides TIP-amino, TIP-C7-amino and JH-37 as well as
the PBD-polyamide conjugate GWL-6 was evaluated in isolated Jurkat nuclei using
fluorescence microscopy. Successful isolation of nuclei from whole cells was
established by incubation of both Jurkat cells and the nuclei prep with 10uM CDFA AM
for 20 minutes at 37°C (Figure 4.23). Although the cells and nuclei were difficult to
differentiate morphologically under phase contrast or bright field (Figure 4.23 (a)),
when viewed in the green channel the whole cells stained brightly whereas the nuclei
did not (Figure 4.23 (b)). As CDFA AM is converted to its fluorescent state by
intracellular esterases located in the cell cytoplasm, this indicated that the nuclei had lost
both the cytoplasm and the surrounding plasma membrane. However, the isolated
nuclei stained brightly with Hoechst 33258 and propidium iodide when viewed in the
blue and red channels respectively (Figure 4.24), thereby demonstrating that they were
intact and retained their DNA content. Incubation of the nuclei for 10 minutes with
equimolar doses of TIP-C7-amino, TIP-amino, GWL-6 and JH-37 showed that the
nuclei stained rapidly with all of the compounds examined when viewed in the blue

emission channel (Figure 4.25). Contrast enhancement was required to visualise this
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Figure 4.22  Micrographs of live MCF-7 ceils exposed to 30|[uM JH-37 for (a) 1Omin, (b) 2
hours, (c) 24 hours, (d) 48 hours and (e) 72 hours, as viewed A. under phase contrast, B. in the
blue channel and C. in the blue channel with contrast enhancement at a magnification of « « ,

showing no localisation visible in living cells, although detectable nuclear staining was seen

with JH-37 in fixed cells (Fig. 4.5).
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Figure 4.23 Micrographs of A. Jurkat cells and B. Jurkat nuclei incubated with 10pM
CDFA AM for 20mins as viewed under (a) phase contrast, (b) in the green channel at a
magnification of 330, showing that the esterase activity in the cytoplasm of intact cells is not

present in isolated nuclei.
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Figure 4.24 Micrographs of isolated Jurkat nuclei stained for 10 min with 10pM (a)
Hoechst 33258 and (b) propidium iodide as viewed under A. bright field and B. in the
blue channel for Hoechst or the red channel for propidium iodide at a magnification of

330, showing staining of the nuclear DNA.
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Figure 4.25 Micrographs of isolated Jurkat nuclei stained for 10Omin with 10pM (a)
TIP-C7-amino, (b) TIP-amino, (c) GWL., and (d) JH-37 as viewed A. under bright field,
B. in the blue channel and C. in the blue channel with contrast enhancement at a

magnification of 180, showing free nuclear uptake.
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staining for TIP-amino, GWL-6 and JH-37 due to the reduced fluorescence of these
compounds (Figure 4.25 C (b)-(d)).

4.4.8 Anti-proliferative activity of TIP-C7-amino in Jurkat and MCF-7 cells.

The qualitative growth inhibition observed in Jurkat cells on incubation with TIP-C7-
amino in previous uptake experiments was investigated further using standard anti-
proliferative assays over a prolonged incubation period. Whilst little growth inhibition
was evident at up to 3uM TIP-C7-amino in Jurkat cells, doses of 10 and 30uM produced
inhibition in growth of 36% and 82% respectively at 120 hours (Figure 4.26A and B).
Polyamide treated Jurkat cells were counter-stained at 72 and 120 hours with propidium
iodide and CDFA AM to differentiate between a decreased rate of proliferation and a
loss of cell viability (Figure 4.27). This showed that for doses of up to 10uM, cells
remained viable even after 120 hours of incubation with TIP-C7-amino. At 30puM, 77%
of cells were viable at 72 hours, whilst at 120 hours only 59% of cultured cells were
alive. The doses of TIP-C7-amino required to cause 50% growth inhibition relative to
control growth (I5,) over time were calculated and are shown in Table 1. These show
that growth inhibition has reached a plateau by 120 hours. For comparison, proliferation
was also assessed in MCF-7 cells incubated with TIP-C7-amino over 120 hours using
the SRB assay. In contrast to the Jurkat cells, no decreased growth was observed in
MCF-7 cells at up to 30uM over 120 hours (Figure 4.28), although at higher

concentrations (100uM) some inhibition was observed (data not shown).

The growth of Jurkat cells was also examined after incubation with the TIP-amino
monomer over 120 hours, during which no inhibitory effect was observed. Following
repeated fixed cell staining experiments, the monomer was shown subsequently to have
lost its ability to fluoresce and was therefore concluded to have degraded (data not

shown).
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Figure 4.26 A. Growth curves of Jurkat cells continuously incubated with O[iM( ¢ ), [jiM
(m ), 3iM (-), 10]iM (+ ) and 30|iM (A ) TIP-C7-amino over 120 hours. Cells were
treated with increasing concentrations of the polyamide dimer TIP-C7-amino and counted as
described in section 4.1. B. Growth inhibition in Jurkat cells on continuous incubation with
TIP-C7-amino over 120 hours. The fraction of control growth for each concentration was

calculated as described and results are the mean of at least three independent experiments

with error bars showing the standard deviation ofthe mean.
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Figure 4.27 Viability of Jurkat cells at 72h (m) and 120h (m) at ONM, 1NM, 3|uM ,10|xM
and 30/iM TIP-C7-amino. Cells were treated with increasing concentrations of TIP-C7-
amino, and at 72 hours and 120 hours were counter-stained for 1 hour with fluorescein
triacetate and propidium iodide, harvested and viewed using an epifluorescence
microscope under phase contrast and in the green and red channels as described in the
methods section. Percentage cell viability was determined by counting the number of
cells visible in the green channel in three fields of view and expressing it as a percentage

of the total cell number in that field.

Time (hours) I50(PM)
24 >30
48 >30
72 26
96 16.5
120 15.8

Table 4.1 Anti-proliferative activity of TIP-C7-amino in Jurkat cells over time. I, is

the dose required to cause 50% inhibition relative to control growth.
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Figure 4.28 Growth inhibition in MCF-7 cells on continuous incubation with TIP-C7-amino
over 120 hours. Cells were treated with increasing concentrations of polyamide and stained
with SRB. The fraction of control growth was calculated as described in section 4.1. Results
are the mean of at least three independent experiments, with error bars showing the standard

deviation of the mean value.
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4.5 Discussion

Exploiting the property of inherent fluorescence on UV excitation, the cellular uptake of
an untagged cross-linked polyamide, TIP-C7-amino, was examined in the two human
cell lines MCF-7 and Jurkat using fluorescence microscopy. This enabled a direct
assessment of its permeability, uptake and subsequent intracellular distribution in living
cells. Polyamide uptake was compared in the two cell types, to address the possibility
of a cell-type dependency of uptake, and to a range of structurally related minor groove
binders, including distamycin, a TIP-amino monomer, a hairpin linked polyamide, JH-
37, a PBD dimer, SJG-136, and a PBD-polyamide conjugate, GWL-6. The PBD dimer
SJG-136 has been shown previously to produce covalent DNA adducts in cells
traversing both the plasma and nuclear membranes (Gregson et al., 2001), therefore its
inclusion in the study enabled an evaluation of the sensitivity of fluorescence
microscopy as a method for examining the uptake of small molecular ligands in cells.
Finally, the effect of prolonged exposure to the polyamide, TIP-C7-amino, on the
proliferation of both cell lines used in the uptake studies was assessed using standard

anti-proliferative assays.

Initial studies of the relative fluorescence of these compounds in fixed cells
demonstrated a wide range of fluorescent activity on excitation with UV. Distamycin,
comprised of three pyrrole rings, and the hairpin linked polyamide JH-37, composed of
four pyrrole and two imidazole units, produced the weakest fluorescence which was
only detectable in the blue channel following contrast enhancement. This indicated that
whilst neither the pyrrole nor imidazole heterocycles are very fluorescent on UV
excitation, the emitted signal could still be detected with this methodology. The PBD-
tripyrrole polyamide conjugate, GWL-6, and the TIP-amino monomer were also weakly
fluorescent, but nevertheless produced a signal just visible in the blue channel without
enhancement. In contrast, the PBD dimer, SJG-136 and the cross-linked polyamide
dimers TIP-C8-amino and TIP-C7-amino all produced fluorescence that could be
visualised clearly in the blue. As the PBD moiety is known to fluoresce on UV
excitation, and the pyrrole heterocycle has been shown here not to be very fluorescent,

the difference in the relative fluorescent activity of SJG-136, containing two PBD
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moieties, and GWL-6 containing only one, may be accounted for by the relative number
of component PBD units. Furthermore, the difference in fluorescence observed here
between the thiazolated polyamides and the pyrrole and imidazole-containing
polyamides, JH-37 and distamycin, suggests that the thiazole heterocycle itself may be
strongly fluorescent. The increased fluorescence of the TIP dimers over the monomer
may be due, therefore, to the increased number of constituent thiazole units.
Furthermore, it is interesting to note that a small increase in the chain length of the
linker used, from C7 to C8, also appears to affect the relative fluorescence of the two
dimers examined, with C8 linked polyamide producing the greatest fluorescent signal
observed for any of the novel compounds examined. Importantly, this work established
that untagged polyamides could be visualised using fluorescence microscopy following

excitation with a UV source.

All of the compounds examined were shown to localise in the nucleus of fixed cells.
Under these conditions the plasma and nuclear membranes have been permeabilised and
the cytosol lost. The genomic DNA has partially lost its chromatinous superstructure
and is thereby freely accessible to DNA binding agents. Therefore fixed cell studies can
only demonstrate an ability to bind nuclear DNA in a membrane free system and do not
reflect the transport and uptake processes present in living cells. Auto-fluorescence is
not observed after fixation, as it is the product of the UV excitation of component
soluble cytosolic molecules, which have been lost on membrane permeabilisation. Thus
direct demonstration of the permeability, transport mechanisms and subsequent
intracellular localisation of non-covalent and non-cytotoxic DNA binding ligands, such

as polyamides, requires measurement in living cells.

Examination of the live uptake and distribution of TIP-C7-amino in the breast cell line
MCF-7 demonstrated that at low micromolar doses neither cytosolic nor nuclear uptake
was observed in viable cells using fluorescence microscopy. Uptake was seen, however,
in dead cells at all concentrations as shown by propidium iodide and CFDA AM
counter-staining. At 24 hours, the higher concentrations of polyamide formed a micro-

precipitate visible in the culture medium under phase contrast. Subsequently a dose
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dependent cytoplasmic accumulation of TIP-C7-amino occurred between 24 and 72
hours. In contrast, the TIP-amino monomer did not precipitate, showing no visible
uptake in either the cytoplasm or nuclei of MCF-7 cells over 72 hours. Chromosomal
staining during mitosis, in which the nuclear membrane has dissolved, leaving the
chromatin freely accessible, was not observed for either compound. These results
indicate that even allowing for the increased fluorescence of the TIP-amino dimer
relative to that of the monomer, the strongly fluorescent cytosolic uptake of the
thiazolated dimer visualised was predominantly intracellular aggregation of the micro-
precipitate, possibly ingested by cellular transport processes such as phagocytosis or
pinocytosis. These involve vesicular uptake and subsequently internalised molecules
would be sequestered within the cytoplasm encased within a Vesicuiar membrane. This
in turn would prevent further nuclear uptake from the cytosol and would explain the
absence of nuclear staining during mitosis. However, the TIP-amino monomer, which
did not form a micro-precipitate, also failed to stain the nuclear material in dividing
cells, suggesting that this compound was also not present in the cytosol in a freely

soluble form at a sufficient concentration to be visualised.

Previous studies have demonstrated mitochondrial as well as cytosolic accumulation of
polyamide in ovarian and breast cell lines using fluorescent tagging (Sharma et al.,
2001; Belitsky et al., 2002). In the present study of the untagged polyamide TIP-C7-
amino, however, there was no evidence of mitochondrial uptake, with the distribution of
the internalised polyamide clearly differing from that of the mitochondria stained with
the fluorescent MitoTracker rhodamine 123. This difference may be accounted for if the
observed accumulation of TIP-C7-amino in live cells were mediated by a vesicular
uptake mechanism, as sequestered polyamide would not be freely available to traverse
the mitochondrial membrane. However, the absence of punctate cytoplasmic staining in
cells microinjected with drug would argue against this. Alternatively, TIP-C7-amino
may not be present in an adequate concentration within the mitochondria to be detected.
Furthermore, covalent attachment of a fluorophore moiety to the polyamides used in

prior studies may alter the electrostatic properties of the conjugates, thereby influencing
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membrane permeability relative to untagged polyamides and accounting for observed

differences in distribution.

As recent studies indicate that live cell uptake of polyamides may be cell-type
dependent, with nuclear localisation observed in T cell lines (Belitsky et al., 2002), the
uptake and intracellular distribution of TIP-C7-amino was also examined in the T cell
line Jurkat. Intracellular localisation was more difficult to establish in the Jurkat
suspension, compared to the thinner cross-section of the MCF-7 monolayer, as the cells
were smaller and their nuclei encompassed a larger relative cell volume. As observed
on incubation with the MCF-7 cells, a micro-precipitate formed at high concentrations
after which TIP-C7-amino appeared to be cell associated, with cytoslic uptake visible in
viable cells. Internalised polyamide did not co-localise with nucleic acid staining by
acridine orange, demonstrating that it was not visibly accumulating in the nucleus.
CFDA AM counter-staining confirmed that areas of strong polyamide uptake were
comprised of non-viable cells. Overall, no difference was observed in the visible
intracellular uptake and distribution of TIP-C7-amino in MCF-7 and Jurkat cells in this
study. However, as this was the only compound examined in both cell lines and its
cytosolic uptake appeared to be predominantly as a solid aggregate, this might not be a

general phenomenon.

To examine whether freely soluble internalised polyamide could cross the nuclear
membrane and bind the genomic DNA of a living cell, TIP-C7-amino was directly
injected into the cytosol of MCF-7 cells together with the fluorescent marker TRITC-
dextran. A number of injected cells showed evidence of nuclear as well as cytoplasmic
staining by TRITC-dextran, suggesting that the force of flow from injection might have
disrupted the nuclear membrane in these cases, as TRITC-dextran is normally excluded
from the nucleus. Some cells, however, did show cytoplasmic staining only with
TRITC-dextran, with weak nuclear staining observed in the blue. Whilst nuclear
localisation here may also be due to membrane trauma rather than native cell transport
mechanisms, this result nonetheless indicates that unsequestered TIP-C7-amino can

stain the nuclei of living cells and at sufficient concentration be visualised using
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fluorescence microscopy. Thus, had internalised polyamide in the uptake experiments
been free to traverse the nuclear membrane in sufficient concentrations, it would have
been detected. As this was not observed in either MCF-7 or Jurkat cells, this strongly
suggests that the polyamides examined are not freely membrane permeant and as such
are either being at least partially excluded from the cell or being ingested, at

undetectable levels in the case of TIP-amino monomer, in a sequestered form.

Examination of the uptake and distribution of the PBD dimer SJIG-136 in MCF-7 cells
provided a positive control for live cell uptake and nuclear localisation as SJG-136
forms covalent DNA adducts in cells following 1 hour of incubation at nanomolar
concentrations (Gregson et al., 2001). However, no intracellular uptake could be
visualised after 1 hour using fluorescence microscopy, with uptake detected only after
24 hours at micromolar concentrations. Furthermore, intracellular distribution could not
be ascertained as the cells stained were dead or dying. Interestingly, viable regions
remained unstained despite exhibiting gross morphological abnormalities. This
indicates that although these cells were beginning to die, whilst they retained intact
membranes the PBD analogues, SJG-136 and GWL-6, were not present in sufficient
internal concentrations to be detected. Only after the loss of membrane integrity did
these compounds become freely permeant, entering the cells at sufficient levels for
detection. This suggests that although PBD analogues must traverse both the plasma
and nuclear membranes to produce DNA adducts, they are nonetheless not freely
permeant. It therefore seems possible that cell death may be initiated by relatively few
DNA lesions, assuming that this is the cytotoxic mechanism, which on progression
cause membrane degeneration and subsequently a further influx of PBD molecules.
Therefore, the PBD uptake visualised here is in membrane-compromised cells that are
already dead or dying as a result of preliminary lesions. This initial nuclear PBD
uptake, possibly taken up over the course of multiple cell divisions, is not visible in
intact and viable cells even after contrast enhancement. Additionally, it is interesting to
note that the presence of the polyamide conjugated onto the PBD moiety in GWL-6 does

not prevent this compound from entering cells and eliciting a cytotoxic effect.
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Uptake and distribution of the hairpin linked polyamide, JH-37, was also evaluated in
live cells, although it had been shown to be only weakly fluorescent in fixed cell studies.
It did not form a precipitate and neither nuclear nor cytoplasmic uptake was visualised
after contrast enhancement. This suggested that JH-37 was also not freely permeable to
the plasma or nuclear membrane. Were JH-37 able to accumulate in large concentrations
within the nucleus it would have been visible on contrast stretching. As this was not
observed, JH-37 was being at least partially excluded from cells or internalised either by
passive or active cell processes at concentrations below the limits of detection for the

current technique.

To determine whether the nuclear envelope constituted a significant barrier for the
nuclear localisation of small molecular DNA ligands, uptake studies of TIP-C7-amino,
TIP-amino, GWL-6 and JH-37 were also carried out in isolated Jurkat nuclei. Purified
nuclei were clearly differentiated from whole Jurkat cells, which were morphologically
similar, using CDFA AM, which identified intact cells only. Subsequent removal of the
plasma membrane and surrounding cytoplasm enabled all of the compounds studied to
traverse into the nucleus and stain the intact chromatin within 10 minutes, suggesting
that the nuclear envelope was readily permeable. These data correlate with work by
Janssen and co-workers, which demonstrated that fluorophore-tagged polyamides could
selectively stain DNA satellites in isolated Kc nuclei (Janssen et al., 2000a). Such
results are unsurprising as the nuclear envelope is a double membrane perforated by
numerous pores. These are nearly 90A wide and are of sufficient size to allow the
passage of all but the largest molecular assemblies, such as chromosomes and mature
ribosomes, suggesting that small ligand uptake is more likely to be impeded either at the

plasma membrane itself or sequestered within the cytoplasm.

In contrast to the live cell uptake studies, which failed to show a visible cell-type
dependency of TIP-C7-amino uptake in MCF-7 and Jurkat cells over 72 hours,
investigation of its anti-proliferative activity demonstrated a difference in growth
inhibition in these cell lines over 120 hours. Whilst, no significant inhibition or

cytotoxicity was observed at doses of 10 and 30uM over 120 hours of continuous
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incubation in the MCF-7 cell line, a marked decrease in proliferation was seen in the T
cell line Jurkat at 10uM over 72 to 120 hours. Indeed by 120 hours of incubation at this
dose, growth had been suppressed by 37% whilst cell viability was approximately 95%.
At 30uM, evidence of strong growth inhibition was observed from 48 hours of
continuous incubation. By 72 hours, 60% inhibition of proliferation was observed with
75% cell viability, whilst at 120 hours there was 82% growth inhibition relative to the
untreated controls. This was, however, associated with only 60% cell viability, and thus
an ostensible cytotoxic effect was evident at this dose. Nevertheless, growth inhibition

was the predominant effect elicited on treatment rather than cytotoxicity.

These results indicate that the T cell line Jurkat is more sensitive to prolonged exposure
to TIP-C7-amino than the MCF-7 cells, although growth in the latter is also inhibited at
higher doses (100uM). The reason for this difference in growth between the two cell
lines is unclear but may be due to a number of factors. Although uptake of TIP-C7-
amino over 72 hours was only visualised in both cell lines after the formation of a
micro-precipitate, a number of parallel cell transport mechanisms may be ingesting the
polyamide, possibly including low levels of passive diffusion across the cell
membranes. As growth inhibition is most evident between 72 and 120 hours and
incubation periods were terminated after 72 hours for the uptake studies it cannot be
excluded that some nuclear uptake may have be detected over that time period had the
experiments been extended. Leeching from intracellular vesicles containing sequestered
polyamide could also allow low levels of soluble polyamide into the cytosol, available
for subsequent nuclear uptake. However, it cannot be excluded that the growth
inhibition observed in the Jurkat T cell line may not be dependent on interactions of the

polyamide with nuclear DNA and may be the result of another molecular mechanism.

The work presented in this chapter demonstrates that fluorescence microscopy may be
used to visualise directly the uptake and intracellular distribution of untagged molecular
ligands in cells. With the ability to amplify the collected signal in the form of contrast
enhancement, the microscopy employed here is as sensitive as conventional confocal

microscopy. The fixed cell studies clearly indicate that were any of the untagged
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compounds examined freely permeant and able to localise to the nuclear compartment at
a significant concentration they would have been visible using this technique, either
without or with contrast enhancement depending of their relative fluorescent activity.
Thus under freely permeable conditions this method is sufficiently sensitive to visualise
untagged as well as fluorophore-tagged ligands. The ability to visualise untagged
molecules importantly excludes the possibility that the size and charge of a conjugated
fluorophore may affect the dynamics of ligand uptake in cells. As nuclear localisation
of polyamides in living cells was not observed, it appears within the detectable limits of
this technique that the compounds examined are not reaching the nuclear compartment
of MCF-7 cells at high concentrations in a freely soluble state. This strongly suggests
that they are either at least partially excluded from the cell, in the cases where no
intracellular uptake was observed, or are being sequestered intracellularly, as seen with
TIP-C7-amino, either at the point of uptake or subsequent to internalisation.

Importantly, the nuclear envelope does not appear to be a barrier to nuclear localisation.

As passive diffusion of small molecules into cells is strongly charge dependent, the
electrostatic properties of the polyamides examined, for example the presence of the
cationic amino head group in the case of the two TIP compounds, may not be
compatible with membrane permeability. This has wider implications as future
therapeutic applications for gene targeting using polyamides will rely extensively on
their effective cellular uptake and nuclear localisation. Factors influencing delivery in
living cells, such as molecular size, electric charge, non-specific protein binding and
hydrophobicity/lipophilicity at physiological pH (Horobin et al., 1990; Larsen et al.,
2000), must be considered in the design of future generations of polyamide molecules
for use as gene regulators. Other gene targeting strategies including anti-sense have also
encountered problems with delivery, as oligonucleotides are polyanions and will not
readily pass the hydrophobic lipid bilayer constituting the plasma membrane in adequate
amounts to show activity. This has resulted in the development of different types of

carrier systems to enhance their absorption and distribution (Jaaskelainen et. al., 2002).
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The conjugation of polyamides to alkylating moieties such as chlorambucil, CBI, CPI
and PBDs nevertheless does not appear to prevent entry into cells, with the optimal
resultant conjugates demonstrating an increased cytotoxicity and sequence specificity in
vitro relative to the alkylating agents alone (Wang et al., 1996; Kumar & Lown 2003;
Wang et al., 2002, 2003). Assuming that DNA alkylation is responsible for the
observed cytotoxicity, this strongly suggests that alkylating conjugates are able to cross
the cell membrane at sufficient levels to interact with the genomic DNA producing
sequence-specific lesions and are not excluded by the attachment of a polyamide
moiety. Thus the electrostatic properties of the alkylating moiety itself may alter the
overall charge of the conjugate enabling its passage across the cell membranes. As
observed here with SJG-136 and the PBD-polyamide conjugate GWL-6, it may be that
relatively low concentrations are able enter the cell initially, but that these produce
sufficient lesions to initiate cell death. Other structural factors may also increase the
lipophilicity of these molecules, for example the hydrophobicity of their linkers (Lown
et al., 1989).

Subsequent to these studies, Crowley and coworkers have shown that the absence of
nuclear localisation by polyamides in some cell lines may be due to lysosomal
sequestration rather than impermeability of the nuclear enevelope (Crowley et al.,
2003). They have demonstrated that by changing the fluorophore used for polyamide
tagging from BODIPY to fluorescein, neutralising the overall charge of the fluorophore-
polyamide conjugate from a weakly basic cation by the addition of an anionic moiety,
that lysosomal sequestration is prevented and nuclear accumulation occurs as a result.
Furthermore, in the human fibroblast cell line (RSF), use of the p-glycoprotein inhibitor
verapamil can block lysosomal polyamide sequestration, possibly by the disruption of
vesicular trafficking. This, however, did not occur in an epithelial cell line (HCT116)
only and cannot be generally induced by other p-glycoprotein inhibitors such as bepridil,

cyclosporin A and ketoconazole.

The results reported here demonstrate that the uptake and distribution of untagged

molecular ligands, including polyamides, may be visualised in living cells by
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fluorescence microscopy within the limits of detection. This has shown that untagged
polyamides are not freely cell permeable and under some circumstances may be
sequestered intracellularly, in turn preventing their nuclear accumulation. Polyamide
present in a freely soluble form in the cell cytoplasm does appear to be able to
accumulate in the nucleus as shown by microinjection, suggesting that the nuclear
membrane itself may not be the primary barrier to nuclear accumulation. This is
supported by the rapid and unimpeded uptake of the compounds in isolated nuclei. The
inability of polyamides to localise in the nuclei of living cells does not appear to be cell
type dependent, although there is some evidence of increased sensitivity in the T cell
line Jurkat to growth inhibitory effects of prolonged polyamide exposure. However, this
may be as a result of predominant intracellular accumulation of the polyamide examined
as a solid aggregate. Moreover, the cytotoxic ligands SJG-136 and GWL-6, a PBD
dimer and PBD-polyamide conjugate respectively, are also not freely permeant although
they may nevertheless induce sufficient covalent lesions to initiate cell death, suggesting
that relatively few DNA adducts may be required to produce a cytotoxic effect.
Importantly, the use of untagged ligands provides an accurate assessment of their uptake
and distribution in living cells. As Crowley and coworkers have clearly demonstrated
recently, the physicochemical properties of molecules used for conjugation in
fluorophore-tagged uptake studies may significantly alter the uptake characteristics of
the resultant conjugate, providing a misleading model of live cell uptake (Crowley et al.,
2003).
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CHAPTER 5

THE EFFECTS OF DISTAMYCIN AND THE THIAZOLE-CONTAINING
POLYAMIDE TIP-C7-AMINO ON GLOBAL GENE EXPRESSION IN THE
MODEL EUKARYOTIC SYSTEM SACCHAROMYCES CEREVISIAE.

5.1  Introduction

The development of multiple strategies for the selective targeting of nucleic acids at
either the level of the message or the gene provides potential for the artificial
modulation of the transcription of disease-related genes including those implicated in
oncogenesis. One recent antigene strategy has involved the synthesis of distamycin
derivatives, or polyamides, able to bind to DNA sequences of increasing length with an
affinity and selectivity resembling that of transcriptional regulation molecules in cells
(Dervan 2001). Whilst difficulties persist in generating polyamides capable of targeting
of sixteen base pairs, the minimum size required for identifying a unique region of
sequence, whilst retaining optimal affinity and sequence selectivity, a number of
polyamides have nevertheless been shown to be able to up or down-regulate the
expression of selected genes in vitro on a consistent basis (Gottesfeld et al., 1997,
Dickinson et al., 1998, 1999a, b; Chiang et al., 2000; Mapp et al., 2000). Furthermore,
although the cell uptake characteristics of polyamides have not been fully characterised
and current evidence suggests that they may not be freely permeable, the uptake of
polyamide-dye conjugates has recently been demonstrated directly in some human T
cell lines (Belitsky et al., 2002; Dudouet et al., 2003). As a consequence, few studies
have been published examining the effect of polyamides on the expression of genes as

well as predetermined site-specific binding of DNA by polyamides in living cells.

Recent development in the field of genomics involving the evolution of spotted cDNA
microarrays (Brown & Botstein 1999) has enabled the simultaneous measurement of
genome-wide mRNA expression. In this technique cDNA clones of known sequence are
spotted and immobilised onto a glass slide or nylon membrane to produce a probe in the

form of a cDNA grid known as ¢cDNA microarray or ‘DNA chip’. Pools of purified
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mRNA from the cell populations under investigation are reverse transcribed into cDNA
and then labelled prior to application to the cDNA microarray chip. The pools of cDNA
may be labelled either using pairs of fluorescent dyes, where one cDNA pool is labelled
with a red dye and the other with a green dye, or using radioisotopes such as **P where
both cDNA pools are labelled with the same isotope. Use of pairs of fluorescent dyes for
labelling enables simultaneous application of the two pools of cDNA to the microarray
chip, whereas radiolabelled cDNA pools require separate rounds of hybridisation.
Comparison of the intensity of the signal produced from a given spot after hybridisation
of both cDNA pools indicates the relative abundance of the corresponding mRNA in the

two cell populations.

Using this technique, work carried out concurrently with experiments in this thesis, has
investigated the levels of mRNA expression of polyamide-treated human DLD-1 colon
cells (Supekova et al., 2002) and lymphoid MT2 cells (Dudouet et al., 2003). Both of
these studies found that relatively few genes were affected by treatment, with different
transcription profiles generated by polyamides targeted to different sequences (Dudouet
et al., 2003). Many of the gene transcripts consistently affected by treatment were
identified as cell stress and various signal transduction genes. Expression levels of
target genes were unaffected by polyamide treatment directly in DLD-1 cells. Analysis
of the promoter regions of affected genes in order to identify potential polyamide
binding sites linked to transcriptional regulation revealed numerous possible sites,

however, no consensus binding motif was found (Supekova et al., 2002).

The aim of the work presented in this chapter was to carry out a preliminary
investigation into the effect of distamycin A and the polyamide TIP-C7-amino on global
gene expression profiles in the eukaryotic model system Saccharomyces cerevisiae
using DNA microarray hybridisation, in an effort to examine the ability of polyamides
to modulate gene expression in cells. DNA hybridisation in S. cerevisiae provides a
useful model in which to investigate gene expression profiling, as the relatively small
genome (approximately 6000 genes) has been established and subjected to extensive

mutational analysis. As the biological effects and cell uptake properties of polyamides
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in yeast strains have not been defined, S. cerevisiae was treated with distamycin and
TIP-C7-amino to evaluate potential anti-proliferative effects. These experiments
provided a guide in the design of subsequent gene expression profiling experiments
using nylon filter cDNA microarrays, which were carried out to evaluate the biological

consequences of these treatments at the level of the gene.

5.2 Materials
5.2.1 Investigational compound

TIP-C7-amino provided and diluted as in materials section 2.2.

5.2.2 Radioisotope
[0-*P] CTP (10mCi/ml, ~2500Ci/mmol) was purchased from Amersham International.

5.2.3 Chemicals

D-glucose, distamycin A, diethyl pyrocarbonate (DEPC), -mercaptoethanol, yeast
extract, sodium dodecyl sulphate (SDS), distamycin A and sodium chloride were
purchased from Sigma

Dithiothreitol (DTT) 0.1M and mycological peptone were purchased from Invitrogen
and Lab-M, respectively.

A 20mM dNTP mixture was made up from 100ul aliquots of the 100mM stocks of
dGTP, dATP and dTTP purchased from Invitrogen in 200ul of DEPC treated water.

5.24 Enzymes
Lyticase (5000U/ml) and Superscript™ II RNase H- Reverse transcriptase (200U/ul)

were purchased from Biorad and Anachem, respectively.

5.2.5 Buffers

5X First strand buffer containing 250mM Tris-HCI (pH 8.3), 375 mM KCl, 15mM
MgCl, was purchased from Invitrogen

Y1 Buffer: 1M sorbitol, 0.1M EDTA pH7.4.

20X SSC: 17.5% sodium chloride, 8.8% trisodium citrate pH7.0.
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DEPC water: 0.1% DEPC treated distilled deionised water.

5.2.6 Growth media
YEPD agar: 1% mycological peptone, 1% yeast extract, 2% D-glucose, 1.8%
bacteriological agar.

YEPD: 1% mycological peptone, 1% yeast extract, 2% D-glucose.

5.2.7 Kits

An RNeasy kit, containing mini spin columns and buffers RW1 and RPE, was
purchased from Qiagen.

A LIVE/DEAD yeast viability kit containing the yeast cell stains 10mM FUN1 and
SmM Calcofluor White M2R was purchased from Molecular Probes.

5.2.8 Microarray Filters
Yeast Index Genefilters Microarrays, MicroHyb hybridisation solution, Poly dA

(1ug/ul) and Oligo dT 1pg/ul were purchased from Invitrogen.

5.2.9 Data analysis programs

OptiQuant imaging software and Pathways image analysis software were purchased
from Research Genetics.

Statistical analysis of the data was carried out using Microsoft Excel.

5.2.10 Identification of genes derived from expression profiles
Genes were identified using the Saccharomyces Genome database (SGD) at

http://www.yeastgenome.org/.
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5.3 Methods

5.3.1 Anti-proliferative activity of polyamides in S. cervisiae

The anti-proliferative activity of distamycin A and the polyamide TIP-C7-amino were
evaluated in the wild type S. cerevisiae strain DBY747 using two different assays. A
standard colony counting assay was used for a preliminary investigation of cell
proliferation following treatment for 2 hours with each investigational compound over a
wide dose range. Cellular proliferation was then examined in the culture suspensions
over time following treatment by measuring the optical density of the culture at 600nm.
This enabled determination of the viability of aliquots of cells from the treated cultures,
in an effort to discriminate between growth inhibition and cytotoxicity using cell

staining techniques and subsequent visualisation by fluorescence microscopy.

Measurement of growth using colony counting:

A culture of yeast S. cerevisiae strain DBY747 was grown overnight in YEPD growth
media in a shaking incubator at 30°C. The following day, 1 ml aliquots of 5 x 107 cells
were treated either with TIP-C7-amino or distamycin over a range of concentrations
(0.1-100uM). Control samples were mock treated with an equivalent volume of drug
vehicle, deionised H,O. Treated samples were incubated in an orbital shaker at 30°C for
2 hours. Following incubation, samples were spun down at 13000rpm for 30 seconds,
the supernatant discarded and the pellets washed twice with 1ml of deionised H,0.
These were resuspended in 1ml YEPD, diluted by 1/10000 in YEPD and 100ul aliquots
of the dilution were plated out on two YEPD agar plates. Plates were incubated for 3
nights at 30°C and the colonies on each plate were counted manually to determine
growth. Experiments were carried out in triplicate and the fraction of control growth was
calculated by manually counting the number of colonies on drug treated plates as a
proportion of the number growing on control plates. The mean fraction of control

growth and standard deviation was calculated for each concentration.
Measurement of growth using optical density:

A culture of the S. cerevisiae wild type strain DBY747 was grown overnight in YEPD in

an orbital shaker at 30°C. The following day, the cell culture was counted, diluted in
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fresh pre-warmed YEPD and aliquotted into 2ml volumes at a concentration of 2 x 10°
cells per ml. Cells were treated in triplicate with a concentration range of 0-100uM
with either TIP-C7-amino or distamycin A, whilst control samples were mock treated
with an equivalent volume of drug vehicle, deionised H,0O. Samples were incubated at
30°C over 24 hours during which culture growth was measured over time by taking
100ul aliquots from the treated cultures at 0, 2, 4, 6, 8, 10 and 24h intervals and
determining the optical density of the samples at 600nm. This was done by diluting the
time point aliquots 1:10 in YEPD growth medium and measuring the optical density of
the samples at 600nm against a sample of YEPD alone using a an LKB Biochrom

Ultraspec II 4050 UV/visible spectrophotometer.

To assess the proportion of viable cells remaining after 24 hours, cells were double-
stained with the viability probes FUN 1 and Calcofluor White M2R. Staining was
effected by washing a 50ul aliquot from each treated culture in 1ml of filter sterilised
ddH,O containing 2% D (+) glucose and 10mM Na Hepes (pH 7.2). Cells were
concentrated by centrifugation for S min at 13000 rpm, after which the supernatant was
removed and the cells were resuspended in the 2% D (+) glucose, 10mM Hepes solution
(pH 7.2). The stains FUN1 and Calcofluor White M2R were then added to each cell
supension to a final concentration of 10uM and 25uM, respectively, and samples were
mixed thoroughly and incubated in a shaking incubator at 30°C for 30 min. Following
staining, a Sul aliquot of each stained cell supension was trapped between a glass
microscope slide and a 18mm x 18mm coverslip and viewed using a Zeiss Axiophot
epifluorescence microscope equipped with a mercury halide light source and narrow
band blue, green and red filters. Cells were viewed with a 40x (NA 0.75) Plan Neofluar

phase objective under phase contrast and in the red and blue channels.

Calcofluor White 2MR is a UV-light excitable counterstain, which labels yeast cell
walls a fluorescent blue regardless of the cell’s metabolic state. The viability probe
FUN 1 is excitable at 480nM and is used to stain metabolically active yeast. It is
initially taken up into the cytoplasm by passive diffusion staining the cytosol fluorescent

green, however, once internalised in live cells FUN1 is metabolised to an alternative
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form which stains intravacuolar structures present in live cells a fluorescent red. Thus
metabolically active cells with an intact plasma membrane exhibit strong punctate red
staining of their intravacuolar structures together with a weak and diffuse green
cytoplasmic fluorescence. Metabolically inactive cells with intact plasma membranes
exhibit diffuse cytosolic staining but lack fluorescent intravacuolar bodies. Using these
properties, the percentage of viable cells was calculated by counting the number of cells
with red intravacuolar bodies as stained by FUN 1 as a proportion of the total cell
number as stained by Calcofluor White M2R in 3 fields of view for each culture aliquot.
A mean and the standard deviation of the mean were calculated for three independent

experiments.

5.3.2 Profiling the response in gene expression on treatment of S. cerevisiae with
Distamycin A or TIP-C7-amino

Drug treatment:

A 10ml culture of S. cerevisiae strain DBY747 was grown overnight in YEPD growth
media in a shaking incubator at 30°C. The following day, the culture was diluted in
fresh pre-warmed YEPD to provide an appropriate number of 1ml aliquots of 5 x 107
cells. These were then treated with either 100uM TIP-C7-amino, 100uM distamycin A,
or mock treated with an equivalent volume of the drug vehicle, deionised H,O, and
incubated for a further 2 hours in the orbital shaker at 30°C. Drug treatments were
carried out either in parallel or in series, in an effort to explore and then limit the number
of experimental variables. Treatments carried out in parallel involved the simultaneous
drug or mock treatment of a number of 1ml aliquots from the same cell culture batch, so
that on comparison of these experiments the only biological variable was the drug
treatment itself. Treatments carried out in series involved the drug or mock treatment of
cells taken from a different batch of cell culture. This meant that for these experiments

there were two biological variables, the drug treatment and the cell culture used.
RNA extraction and quantification:

Following incubation with the investigational compounds, the treated samples were

centrifuged at 2000rpm at 4°C for 30 seconds and the supernatant discarded. Each
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sample was washed twice in 1 ml ddH,0, resuspended in 2ml Y1 buffer (1M sorbitol,
0.1M EDTA pH 7.4) with 2ul B-mercaptoethanol and 30ul (150U) of lyticase
(5000U/ml, Biorad) to remove the cell wall and incubated at 30°C in an orbital shaker
for 15 minutes. Samples were centrifuged at 1000rpm at 4°C for 5 min and the
supernatant discarded. RNA was then extracted from the remaining spheroplasts using a
Qiagen RNeasy kit following the manufacturers protocol and quantified by
measurement of absorbance at 260nm using an LKB Biochrom Ultraspec II 4050
UV/visible spectrophotometer. The absorbance of each sample at 280nm was also
measured to ascertain the level of contaminant protein concentration and an absorbance
ratio of protein: RNA (A5/A,¢) was calculated. Samples with a A,g/A, ratio of over
2 were discarded, as this indicated high levels of contaminant protein, whilst the quality
of extracted RNA with an absorbance ratio of less than 2 was further assessed by
running a 1pg aliquot alongside a 1kb DNA marker on a 1% agarose gel. High quality
RNA showed two distinct bands at 1 and 0.7 kbp corresponding to 28S and 18S

ribosomal RNA, respectively.

Preparation And Hybridisation Of Yeast Genefilter™ Microarrays:

Prior to use, the two yeast microarray filters were stripped for 1 hour with 0.5% boiling
SDS to remove any residuals from the nylon membranes. The two filters were placed
DNA side up in a hybridisation roller tube so that they did not overlap and saturated
with Sml MicroHyb hybridisation solution and 5ul of a blocking agent poly dA (1
ug/ul), and pre-hybridised at 42°C for 2 hours in a Techne Hybridiser HB-1D. 1ug
aliquots of treated RNA was then primed with 2ul oligo dT (1pg/ul) in a total volume
made up to 10ul by diethyl pyrocarbonate treated ddH,0 for 10 minutes at 70°C and
chilled on ice for 2 minutes. The primed RNA samples were then used to generate **P-
dCTP labelled cDNA probe by incubation with 300U of the reverse transcriptase
Superscript I (200U/pl) at 37°C for 90 min, following the manufacturer’s protocol.
Unincorporated *P-dCTP was removed by spinning the labelled probes with 70ul ddH,0
through a biospin-6 column at 1500 rpm for 5 min at room temperature. The counts per
minute of the radiolabelled cDNA probe were then measured using a Wallac 1409 liquid

scintillation counter. Probes were discarded if there was more than a 20% difference in
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the measured counts. A labelled probe was denatured for 3 min at 100"C, added to the
pre-hybridised filters and hybridised overnight for 15 hours at 42°C. Following
hybridisation, the hybridisation mixture was discarded and the filters washed twice for
25 min at 50°C with a wash solution (2X SSC, 1% SDS), A final wash was carried out
at room temperature for 15 min with a second wash solution (0.5XSSC, 1% SDS).
Filters were placed on 3MM chromatography paper (Whatman) moistened with
deionised HjO, wrapped in Saran wrap and exposed to a phosphor screen for 24 hours.
The filters were scanned using a Packard Cyclone phosphor imager and visualised using

OptiQuant software, as shown in Figure 5.1.

Control positives

»

Data point ...

fir/O k1 Gf.001Jt

Figure 5.1 An example image of a pair of Yeast Genefilters. Each filter has
individual DNA clones from the yeast species S. cerevisiae, spotted onto and cross-
linked to its surface. Each of these clones corresponds to the coding region of one of the
6144 genes or yeast “ORFs” (open reading frames) which can be identified from the
complete yeast genome as listed in the Saccharomyces Genome Database (SGD). The
6144 ORFs are divided between the two filters so that each filter has 3072 clones, with
each ORF spotted at a known position on that filter. Thus the two filters contain between
them the entire complement of coding sequence from this organism. A system of
positive controls (as indicated by an arrow) comprised of spots of total genomic DNA
served to monitor the homogeneity of hybridisation runs, as well as facilitating the
alignment of the filter images prior to analysis of the filters using the Pathways

software.
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Image Quantitation:

Due to the degenerative effect of repeated cycles of stripping, each pair of Yeast
Genefilters was used for no more than four hybridisation runs. Furthermore, in an effort
to reduce variation within a parallel treatment data set, where possible the cDNA
derived from such a treatment was hybridised to the same filter set. Thus at any one
time cDNA derived from one of these drug treatments was hybridised to a single pair of
filters (GF-100-a and GF100-b). Samples from the same treatment batch were
hybridised in series to the same pair of filters. Phosphor images of the filter pair used
for each hybridisation run were scanned using OptiQuant software and imported into the
Pathways filter analysis software, for quantification of the raw intensity values of each
OREF present on the filter pair. Each pair of filters was stripped for 1 hour in boiling
0.5% SDS between hybridisation runs.

To enable the mapping of the ORFs spotted onto both filter membranes, the position and
identity of the ORF DNA clones spotted are stored in the software in the form of two
grids. On alignment of the filter images with the appropriate grid, the ORFs may be
identified on the basis of their original grid location provided that the correct grid
information has been selected. Each image was aligned individually to the appropriate
filter grid (GF100-a or GF100-b) by eye using a crosshair to locate the four main control
positives, one at each corner of the filter, so that the image skew was no greater than +
10°. Once the image was aligned, the position of the grid was fine-tuned using the
crosshairs to centre twelve further control points or spots by eye. This then enabled the
appropriate clone grid to be accurately aligned and applied to the correct filter image,
automatically providing a reference position for every spot on the image with each spot
corresponding to a known ORF. With each ORF located, the raw spot intensities on that
filter were measured, whereby the intensity was the numerical value assigned to the
level of expression of a given gene or ORF. These values were then automatically
stored as a single data set. This process was carried out separately for each filter in the
pair and the data measured for each filter was stored as a separate dataset. This was

repeated for each hybridisation run.
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Comparison of filter datasets:

To assess the effect of drug treatment on the expression levels of the entire complement
of yeast genes, datasets of the raw intensities derived from each drug treatment were
compared to those from the corresponding mock treated control. To enable direct
comparison of two datasets, the intensities of spots need to be adjusted so that they
represent the equivalent level of gene expression on both the drug treated filter and the

control filter. This involves correcting for background and normalising the data.

Background correction removes the contribution of noise caused by background
radiation, non-specific hybridisation and bleed from adjacent spots. Correcting for
background noise involves subtracting a value from all spot intensities so that those
intensities that represent no change in gene expression have their values aligned to zero.
This is of particular importance when comparing low intensities. Most correction
techniques involve the subtraction from all spots of a global background value, obtained
from the intensity of an area remote from all spots, or the subtraction from each spot of a
local value, taken from an area adjacent to the spot. However, when the spot intensities
are low, background values are often greater than the spot intensity resulting in a
negative value. For these values subtraction of background from each of the
corresponding filters introduces a large additive error which distorts the degree of

variation at low intensities.

To enable the direct comparison of datasets across the entire range of data values, the
intensities need to be normalised. This involves the multiplication of the intensity
values by a factor calculated by dividing the average intensity value for all the data
points on the drug treatment filter by those from the equivalent control filter. The
normalisation process (as illustrated in Figure 5.2) accounts for differences in the
efficiency of hybridisation and the radioactivity levels between different filter datasets,
thereby enabling a direct comparison of the two filter images. Normalisation is often
applied after background correction and results in the magnification of errors introduced

by background correction.
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Figure 5.2 [lustration of the normalisation of the distribution of intensities for two

filter images, showing distribution (a) before and (b) after normalisation.

In order to overcome the problems of error associated with a multistep approach to
background correction and normalisation, a model was employed to correct and
normalise the data in a single step thereby reducing the accumulation of error as a result
of serial transformations. The raw intensities from the treated sample were plotted
against those from the control to produce a scatter plot (Figure 5.3). A linear model was
fitted to the plot providing values for the gradient and intercept. The intercept represents
the relative deviation from zero of the intensities that represent no change in gene
expression within each dataset. The intercept was subtracted from all spot intensities in
the treated sample. The gradient represents the relative efficiency of radioactive
labelling and hybridisation of the two samples. All intensities in the control dataset

were then multiplied by this gradient so that the overall efficiency ratio equalled one.

an

Treated Sample

Figure 5.3 [lustration of a scatter plot showing the intensities of the treated sample
against the control before (, ) and after (0) normalisation, with solid lines representing

the regression model before (-) and after (-) normalisation.
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Ratios of gene expression were calculated by dividing the corrected intensity of each
ORF from the treated sample by the corresponding corrected intensity in the control.
The resultant ratios were all greater than zero regardless of the difference in expression
levels. For example, a ratio of 2:1 would give a value of 2.0 and a ratio of 1:2 would
give 0.5. To clarify that these values are the same magnitude of change but in opposite
directions, the raw ratios were imported into an Excel spreadsheet where they were logj
transformed so that the values would be spread symmetrically around zero. Thus a ratio
value of 0.5 is log. transformed to -1 and 2 to +1 (as illustrated in Figure 5.4).
Furthermore, transformation of the raw expression data to a log scale eliminates the
proportional relationship between the signal intensity and random error. The log.
transformed ratios provided the basis for a gene expression matrix, whereby the relative
expression levels of different genes could be examined by comparing rows in the
expression matrix whilst the relative expression profiles of different samples (or

treatments) could be assessed by comparing columns.

B 2 1 0 2 3

it)g2 transformed ratio

Figure 5.4  Representation of the distribution of the log. transformed normalised

intensity ratios.

Statistical Analysis and Significance Inference Of The Log: Transformed Ratios:

As it is statistically inefficient to infer a fixed threshold cut off method to filter the log.
transformed ratios, for example +. , the mean values (/r) and standard deviation (a) of
the log. transformed ratios were calculated for each gene across repeat drug treatments
for all 6144 ORFs. A two-tailed-t-test was then used to statistically assess the likelihood
of differential gene expression. The t-test statistic is a measure of the probability that
two mean values obtained from independent measurements are the same. In this case,

the two means to be compared are the mean value from the repeated measures of gene
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expression and the mean value representing no change in gene expression. Using the
log, transformed ratios no change in gene expression is represented by zero. The t-test

statistic was calculated using the equation below, where n was the number of repeats:

un

o)

t =

This measure was converted to a probability or p-value using tabulated values for a t-
distribution where low probabilities indicate that it is unlikely there has been no change

in expression of a particular gene.

Different experimental designs were used in order to assess and minimise the biological
variation introduced by effects other than those due to treatment (e.g. those due to
different cell populations). Experiments were carried out for parallel (i.e. same culture
batches) and serial (i.e. different culture batches) designs. Comparisons were made
between the significant genes across either parallel or serial experiments for a given
treatment dose. Genes common to both designs (i.e. both with p<0.05) were listed
separately. Genes in all the parallel design experiments were ranked in ascending order
according to their probability and the top twenty genes were selected for further
investigation. The biological functions of all selected genes were obtained using a

genome database.

Variation was compared for the serial and parallel design experiments. The standard
deviation was calculated for all genes in the serial and parallel experiments and was
plotted against the mean differential expression ratio. A non-linear model was fitted to
this plot. This model was used to estimate the expected variation for all levels of
differential expression. Using these values for variation, the minimum number of
replicates required to achieve significant differences in gene expression (p<0.05) was
calculated for both serial and parallel designs. The number of replicates required was

then plotted against the level of differential expression for each source of variation.

Identification of the protein products of genes affected on treatment:
The name, identity and possible biological function of the protein products of each

gene/ORF were identified using the Saccharomyces Genome Database (SGD).
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54 Results

5.4.1 Anti-proliferative activity of distamycin A or TIP-C7-amino in S. cerevisiae.

To establish whether distamycin A or the polyamide TIP-C7-amino caused an anti-
proliferative effect in the S cerevisiae strain DBY 747 cultures were treated with these
agents over a wide dose range and over a prolonged time period. Colony-counting
assays examining the growth response after incubation with these agents for two hours
demonstrated differing responses to each agent. Whilst little growth inhibition was
observed with TIP-C7-amino, which produced 98% of control growth at 100pM,
distamycin A had a strong anti-proliferative effect over the dose range examined,

produced up to 55% inhibition in colony growth (Figure 5.5).
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Figure 5.5 Graph of'the fraction of control growth versus dose for S.cerevisiae strain
DBY747 after incubation with either distamycin A (¢) or TIP-C7-amino (m) for 2
hours. The mean % survival was calculated as described and results are the mean of at
least three independent experiments with error bars showing the standard deviation of

the mean.
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Figure 5.6 Graphs to show optical density at 600nm versus time for S. cerevisiae treated
continuously with 0|iM (#), 1|jiM (m), 3pM ( ), 10p.M (x ), 30pM (+ ) and 100p.M ( * ) (a)
distamycin and (b) TIP-C7-amino over 24 hours. Cell cultures were treated with a range of
concentrations of distamycin and the optical densities of the treated cultures were measured as

described in section 5.3. Results are the mean of at least three independent experiments with

error bars showing the standard deviation of the mean over 24 hours.
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This difference in anti-proliferative activity between the two agents became more
pronounced when viewed over time. Cells treated continuously with doses of 30pM and
100]iM distamycin over 24 hours exhibited only 60% and . %, respectively, of control
growth (Figure 5.6a). In contrast, no significant anti-proliferative effect was observed
with TIP-C7-amino even after 24 hours of continuous exposure to a dose of 100jiiM
(Figure 5.6b). 5. cervisiae cells treated with either distamycin or TIP-C7-amino were
counterstained at 24 hours with FUNI and Calcofluor White M2R to differentiate
between an inhibition in cell growth and a loss of cell viability (Figure 5.7). This
showed that for doses of up to 10)liM distamycin, the cells remained viable. At 30pM
and 100pM, however, there was a sharp drop in viability to 25% and 0%, respectively.

In contrast, cells remained viable at all doses of TIP-C7-amino.

U 4

Concentration (pM)

Figure 5.7  Graph to show cell viability versus concentration for TIP-C7-amino (m)
and distamycin (m) at 0[iM, 3|iM, 10pM, 30}iM and 100[iM after 24 hours. Cells were
treated with increasing concentrations of either TIP-C7-amino or distamycin, and at 24
hours were counterstained for 30 minutes with the yeast cell wall stain Calcofluor White
M2R and the vacuolar stain FUNI, harvested and viewed using an epifluorescence
microscope under phase contrast and in the blue and red channels as described in the
methods section. Percentage cell viability was determined by counting the number of
cells with stained vacuoles in the red channel in 3 fields of view and expressing it as a
percentage of the total cell number in that field as determined in the blue channel using

by counting the number of cells with stained cell walls.
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5.42 Response in mRNA expression levels on treatment of S cerevisiae with
distamycin or TIP-C7-amino
The effect of treating S. cerevisiae with either distamycin or TIP-C7-amino was
evaluated by determining the expression levels of all 6144 yeast genes relative to an
untreated population of cells for either three parallel (same cell population) or three
serial (different cell populations) data sets. For each experiment to be directly
comparable, with both the control and further biological repeats, each set of intensities
measured had to be background corrected and normalised. This was carried out as a
single step by linear regression, whereby the raw intensities of the treated sample
were plotted against those of the control. The values derived for the intercept and
gradient were then used to correct and normalise the data, as described in section
5.3.2. A typical scatter plot showing background correction and normalisation of the

data for a single comparison is shown below in Figure 5.8.

10,000
1,000
9,000 y = 0.9943x + 0.7122
8,000
500 -
AL 7,000
% 6,000
A 5.000 500 1,000
2 4000
U 3,000
2,000
1,000 oo y =0.3415x-8.3023
0 2,000 4,000 6,000 8,000 10,000
Treated Sample
Figure 5.8 A typical scatter plot showing the linear relationship between the raw

intensities ofthe control and treated samples before and after normalisation, where (. )
represents the raw data and (0) represents the normalised data. Solid lines represent
the regression model before (-) and after (-) normalisation. The insert indicated by the

green box shows a magnified section ofthe graph in the range ofs 140 .
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The equations shown in this figure describe the linear relationship between the
intensities of the control and treated samples before and after background correction and
normalisation. These processes ensure that equivalent intensities in either the treated or
control sample are the same. In this case the equation describing this linear relationship
is y=x and on normalisation has a gradient equal to 1 and an intercept of 0. Resetting
the intercept to O ensures that an intensity of 0 in the control sample corresponds to an
intensity of O in the treated sample. A gradient equal to 1 sets the average ratio of
intensities in the treated and control spots to be equal to 1 and signifies no change in
gene expression. Consequently, ratios greater than 1 represent the overexpression of a

given gene and ratios less than 1 indicate underexpression.

Two different experiment designs were compared in an effort to assess the variation
introduced into the data as a result of the use of different cell populations. Thus samples
of S. cerevisiae were treated with either 100uM distamycin or 100uM TIP-C7-amino
either in parallel, using the same cell population, or in series, using different cell
populations. For 100uM distamycin, 1233 and 244 genes were shown to have
significant changes in expression at the p=0.05 level for the parallel and serial
treatments, respectively. For 100uM TIP-C7-amino, 848 and 283 genes were shown to
have significant changes in their levels of expression (p=0.05) for the parallel and serial

treatments, respectively.

The top twenty ORFs of a total of 1233 genes derived from the three of 100uM
distamycin parallel treatments are listed in ascending order of p value in Table 5.1. Of
these ORFs, only fifteen were found to be characterised genes and these were
predominantly upregulated, with only three genes showing downregulation. The
changes in the ORF expression levels relative to the control are observed to range from
—2.64 to +3.10. The molecular and biological functions of the protein products of these
characterised genes are listed in Table 5.2. This shows that most of these include
protein products involved in a wide range of unrelated biological processes. Five of

these, however, appear to be involved in DNA or RNA processing events.
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ORF NAME GENE |Stdev| Mean Mean Fold t p
NAME (Ratio) (Log,) Change

YDRO70C FMP16 0.01 0.48 -1.05 -2.08 128.00 | <0.005
YDL096C - 0.02 042 -1.24 -2.37 116.57 | <0.005
YDRO085C AFR1 0.02 0.38 -1.40 -2.64 100.23 | <0.005
YPR093C - 0.01 0.71 -0.50 -1.41 93.82 | <0.005
YHL024W RIM4 0.03 2.90 1.54 2.90 81.98 | <0.005
YMLO18C - 0.01 0.64 -0.64 -1.56 74.55 | <0.005
YDL225W SHS1 0.02 1.70 0.76 1.70 70.89 | <0.005
YELO71W DLD3 0.04 3.10 1.63 3.10 66.94 | <0.005
YDR233C RTNI1 0.03 1.96 0.97 1.96 56.01 | <0.005
YGR123C PPT1 0.02 1.65 0.72 1.65 55.38 | <0.005
YILO36W CST6 0.05 0.40 -1.33 -2.51 50.83 | <0.005
YJR140C HIR3 0.02 1.48 0.57 1.48 50.63 | <0.005
YCLO059C KRR1 0.04 2.19 1.13 2.19 48.25 | <0.005
YPLO089C RLM1 0.04 2.01 1.01 2.01 47.47 | <0.005
YDL226C GCS1 0.03 1.71 0.77 1.71 46.42 | <0.005
YBR112C CYCS8 0.03 1.75 0.81 1.75 46.25 | <0.005
YGRI126W - 0.04 0.52 -0.95 -1.93 45.95 | <0.005
YER137C - 0.03 0.60 -0.75 -1.68 44.88 | <0.005
YLR043C TRX1 0.02 1.55 0.63 1.55 44.23 | <0.005
YIL142W CCT2 0.05 2.43 1.28 2.43 44.04 | <0.005

Table 5.1 Top twenty ORFs listed in ascending order of p value derived from three
samples treated in parallel with 100uM distamycin, where stdev is the standard
deviation between the log, transformed intensity ratios for each ORF across three
samples, the mean ratio is the intensity of the treated sample over the control, the mean
log, value is the log, transformed intensity ratios, fold change is the change in
expression of the treated sample over the control, t is the t-test statistic and p is the
probability that there is no difference in gene expression between the control .and treated

samples. ORFs that do not represent characterised genes are denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD
NAME FUNCTION FUNCTION COMPONENT | CHANGE
FMP16 - - Mitochondrion -2.08
AFR1 Receptor signalling Signal transduction during Shmoo tip -2.64
protein activity. conjugation.
RIM4 RNA binding. Premeiotic DNA synthesis. Cytoplasm 2.90
SHS1 Structural constituent of | Cell morphogenesis. Septin ring 1.70
cytoskeleton.
DLD3 | D-lactate dehydrogenase | Lactate metabolism. Cytoplasm 3.10
(cytochrome) activity.
RTN1 - - ER 1.96
PPT1 Protein serine/threonine Protein amino acid Cytoplasm 1.65
phosphatase activity. phophorylation. Nucleus
CST6 RNA polymerase II DNA metabolism, Nucleus -2.51
transcription factor transcription initiation from
activity. Pol II promoter.
HIR3 Transcription corepressor | G1/S specific transcription Nucleus 1.48
activity. in mitotic cell cycle.
KRR1 - rRNA processing, ribosome | Nucleolus 2.19
biogenesis.
RLMI1 | DNA bending activity, Cell wall organisation and Nucleus 2.01
DNA binding, biogenesis, positive
transcriptional activator regulation of transcription
activity. form Pol II promoter, signal
transduction.
GCS1 ARF GTPase activator ER to Golgi transport. ER-Golgi 1.71
activity, actin binding. intermediate
compartment.
CYC8 General transcriptional Negative regulation of Nucleus 1.75
repressor activity, transcription.
transcription coactivator
activity.
TRX1 Thiol-disulphide DNA dependent DNA Cytosol 1.55
exchange intermediate replication, response to
activity. oxidative stress.
CCT2 Chaperone activity Protein folding, cytoskeleton | Cytoplasm 243
organisation and biogenesis. | Cytoskeleton
Table 5.2 Molecular and biological functions of the protein products of

characterised genes derived from the top twenty ORF list from samples treated in

parallel with 100uM distamycin. Unknown function is denoted with a hyphen (-).
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The top twenty ORFs of a total of 244 genes from the three serial treatments of 100uM
distamycin are listed in ascending order of p value in Table 5.3. Thirteen of these ORFs
were found to represent characterised genes. However, the majority of these were not
shared with the top twenty list of ORFs for the corresponding parallel treatment. Only
GCS1 and SHS1 appeared in both gene sets. Remarkably these showed very similar
levels of expression, with levels in GCS1 changing by +1.71 and +1.72 in the parallel
and serial repeats respectively, whilst SHS1 changed by +1.70 and +1.61, respectively.
The molecular and biological functions of the characterised genes in the serial treatment
are listed in Table 5.4. Once more, the majority of protein products are seen to be
associated with a wide range of biological functions. Only four of the eighteen genes,
RPB11, NUP42, RCL1 and SMP1, were found to be related to DNA or RNA processing

events in this case.

Only the changes in expression of 66 ORFs were found to be common to both serial and
parallel designs. These are listed in Table 5.5 and have p values ranging from 0.01 to
0.05. Of these ORFs, only 41 where found to be characterised genes and approximately
90% of these were upregulated. The protein products of these genes were then grouped
into common biological functions and are listed as Tables 5.6-5.11. The largest group
was that of protein products related to DNA and RNA processing events, with 27% of
the protein products related to this function (Table 5.8). The next largest group was
protein products associated with protein processing events, with almost 20% related to
this function (Table 5.6). Remaining protein products were found to be associated with
transport (7%, Table 5.7), protein folding and stress (4.5%, Table 5.9), the structure and
organisation of the cytoskeleton (7%, Table 5.10) and lipid metabolism (7%, Table
5.11).
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ORF NAME GENE |Stdev| Mean Mean Fold t p
NAME (Ratio) (Log,) Change
YDL226C GCS1 0.02 1.72 0.78 1.72 64.10 | <0.005
YARO027W UIP3 001 | 083 -0.27 -1.20 56.11 | <0.005
YOLO005C RPB11 0.01 1.22 0.29 1.22 55.24 | <0.005
YCLXO08C FRM2 0.03 1.78 0.83 1.78 49.49 | <0.005
YKRO068C BET3 0.05 | 246 1.30 2.46 41.23 | <0.005
YPLO88W - 0.06 0.46 -1.12 -2.18 31.62 | <0.005
YJL146W IDS2 002 | 134 0.42 1.34 31.54 | <0.005
YDR192C NUP42 0.03 1.49 0.58 1.49 31.49 | <0.005
YDR166C SEC5 0.01 1.18 0.24 1.18 30.94 | <0.005
YOLO10W RCL1 004 | 1.53 0.61 1.53 28.83 | <0.005
YGR221C TOS2 004 | 147 0.55 1.47 26.73 | <0.005
YKL091C - 0.03 1.31 0.39 1.31 26.35 | <0.005
YBL102W SFT2 002 | 124 0.31 1.24 25.98 | <0.005
YGLO083W SCY1 004 | 147 0.55 1.47 24.42 | <0.005
YDL225W SHS1 0.07 1.61 0.69 1.61 18.23 | <0.005
YBR182C SMP1 0.05 1.43 0.51 1.43 17.59 | <0.005
YBR161W CSH1 0.09 | 1.84 0.88 1.84 17.09 | <0.005
YDR188W CCT6 0.05 1.41 0.49 1.41 16.54 | <0.005
YMLO70W DAK1 0.08 1.69 0.76 1.69 16.42 | <0.005
YGR245C SDA1 0.03 1.20 0.26 1.20 15.41 | <0.005

Table 5.3 Top twenty ORFs listed in ascending order of p value derived from three
samples treated in series with 100uM distamycin, where stdev denotes the standard
deviation between the log, transformed intensity ratios for each ORF for the three
samples, the mean ratio is the intensity of the treated sample over the control, the mean
log, value is the log, transformed intensity ratios, fold change is the change in
expression of the treated sample over the control, t is the t-test statistic and p the
probability that there is no difference in gene expression between the control and treated

samples. ORFs that do not represent characterised genes are denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD

NAME FUNCTION FUNCTION COMPONENT | CHANGE

GCS1 ARF GTPase activator ER to Golgi transport. ER-Golgi 1.72
activity, actin binding.

UIP3 - - Nuclear membrane -1.20
RPB11 DNA-directed RNA Transcription from the Pol | DNA-directed RNA 1.22
polymerase activity. II promoter. polymerase II, core

complex.
FRM2 - Negative regulation of Cytoplasm 1.78
fatty acid metabolism. Nucleus
BET3 - ER to Golgi transport TRAPP 2.46
IDS2 - Meiosis Cytoplasm 1.34
Nucleus
NUP42 Structural molecule mRNA nucleus import, Nuclear pore 1.49
activity. protein nucleus import,
TRNA nucleus import,
ribosomal nucleus import,
tRNA nucleus import.
SECS5 - Golgi to plasma membrane | Actin cap 1.18
transport, cytokinesis, Exocist
vesicle docking and fusion,
polar budding.
RCL1 - rRNA processing. Nucleolus 1.53
TOS2 - - - 1.47
SFT2 - Golgi to endosome Golgi membrane 1.24
transport.
SCY1 - - Clathrin-coated 1.47
vesicle
SHS1 Structural constituent of | Cellular morphogenesis, Septin ring 1.61
cytoskeleton. cytokinesis, cell polarity.
SMP1 DNA bending activity, Positive regulation of Cytoplasm 1.43
transcription factor transcription form Pol IT Nucleus
activity. promoter.
CSH1 Mannosyltransferase Sphingolipid biosynthesis. | Vacuole 1.84
activity.
CCT6 Chaperone activity. Cytoskeleton organisation | Chaperone- 141
and biogenesis, proetin containing T
folding. complex
Cytoplasm
Cytoskeleton
DAK1 Glycerone kinase activity | Glycerol catabolism, Cytoplasm 1.69
response to stress.
SDAl - Actin cytoskeleton Nucleus 1.20
organisation and
biosynthesis, start control
point of mitotic cell cycle.
Table 5.4 Molecular and biological functions of the protein products of characterised

genes derived from the top twenty ORF list from samples treated in series with 100uM

distamycin. Unknown function is denoted with a hyphen (-).

253




PARALLEL SERIAL
ORF NAME GENE NAME Fold Change p Fold Change p
YDL147W RPN5 233 <0.01 2.81 0.02
YDRO99W BMH2 1.61 <0.01 1.50 0.03
YBR106W PHOS8 1.34 0.01 1.49 0.04
YBRI55W CNS1 1.40 0.05 1.66 0.01
YDR172W SUP35 2.12 0.02 1.69 0.02
YALOO3W EFBI 1.40 0.01 1.30 0.01
YDR165W TRMS2 1.68 0.04 1.66 0.03
YDR228C PCF11 1.48 0.03 1.40 0.05
YBRO15C TTP1/MNN2 1.63 0.04 1.48 0.01
YBR165W UBS1 143 0.03 1.69 0.01
YAL022C FUN26 1.46 <0.01 1.61 0.01
YBRI159W ; 1.64 0.03 1.77 0.01
YBR166C TYRI 1.86 0.04 1.90 0.03
YDR144C MKC7 1.50 0.01 1.51 0.04
YBLO7TW ] 2.14 0.02 1.77 0.02
YBR160W CDC28 1.59 0.05 1.99 0.02
YDL225W SHS1 1.70 <0.01 1.61 <0.01
YCRO13C ] 1.99 0.02 1.98 0.01
YBRO26C MRFI1/ETR1 1.61 0.01 1.77 0.01
YDL161W ENTI 1.80 0.01 1.69 0.03
YDL226C GCS1 171 <0.01 1.72 <0.01
YHR156C LIN1 1.32 0.03 1.33 0.02
YHR188C GPI16 1.55 0.02 1.51 0.04
YIL026W RNR2 1.60 <0.01 1.46 0.04
YGL173C KEMI 1.57 0.01 135 0.05
YGLO13C PDRI 1.56 0.01 1.32 0.05
YELO036C ANPI 1.84 <0.01 1.53 0.02
YFLO40W ) 132 <0.01 -1.40 0.05
YER071C ; -1.60 0.01 -1.59 0.01
YILO75C SEN3/RPN2 2.86 0.01 2.33 0.01
YHRO84W STE12 -1.58 0.01 -148 0.04
YER103W SSA4 173 0.02 1.58 0.01
YFRO51C RET2 1.98 0.03 178 0.04
YGRI23C PPTI 1.65 <0.01 1.86 0.05 Table 5.5
YGL202W ARO8 171 0.01 1.49 0.01 .
YEL047C ) 1.52 0.03 1.91 0.04 Complete list of
YHR039C MSC7 1.42 0.04 1.75 0.01
YHRO054C 3 231 <0.01 1.92 0.01 ORFs that are
YGL122C NAB2 1.79 0.01 1.73 0.03
YILO53W RHR2 2.06 0.02 1.99 0.04 common (o
YFRO05C SADI 1.56 0.02 1.72 0.01
YKRO068C BET3 1.97 0.03 2.46 <0.01 both parallel
YLLO26W HSP104 1.80 0.02 2.63 0.01 .
YMLO85C TUBI 1.39 0.01 1.60 0.04 and serial
YLROS56W ERG3 2.06 <0.01 1.89 0.02
YJL123C § 1.83 0.03 1.61 0.04 treatments of
YMLO70W DAK1 1.66 <0.01 1.69 <0.01 .
YMLO094W GIMS5 1.36 0.01 1.37 0.04 S.cerevisiae.
YKL214C YRA2 1.25 0.01 131 0.01 )
YLR209C PNPI 1.38 0.03 1.40 0.03 with 100uM
YMLO72C ) 2.38 0.05 1.61 0.05 ) ,
YMRO039C SUBI 1.31 0.04 1.41 <0.01 distamycin.
YMR108W ILV2 1.73 0.01 1.65 0.03
YKL212W SAC1 1.83 0.02 1.87 0.02 ORFs that
YOLO15W . 1.49 0.01 1.82 0.02
YOR281C PLP2 1.20 0.03 1.36 0.05 do not
YPLO14W . -1.69 0.03 -1.34 0.04
YPLO63W TIMS50 1.52 0.03 1.64 0.04 represent
YMR290C HAS2 1.32 0.03 1.40 0.01 _
YOR202W HIS3 128 0.01 -1.28 0.02 characterised
YPR118W ) 1.36 0.04 1.32 0.05
YOLO019W ; 117 0.04 -1.30 0.03 genes are
YPLO50C MNN9 2.01 0.03 1.49 0.02 _
YOL155C ) -1.81 0.03 -2.55 0.01 denoted with
YPR127TW ; 2.08 <0.01 2.42 0.02
YOLO005C RPB11 127 0.01 1.22 <0.01 a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD
NAME FUNCTION FUNCTION COMPONENT CHANGE
Serial Parallel
RPNS Endopeptidase activity Ubiquitin dependent Proteasome regulatory 2.33 2.81
protein catabolism. particle.
MNN2 Alpha-1,2- Protein amino acid Golgi apparatus 1.63 1.48
mannosyltransferase activity. glycosylation.
UBS1 - Protein ubiquitination, Nucleus 1.43 1.69
protein-nucleus export.
TYR1 Prephenate dehydrogenase Tyrosine metabolism. Cytoplasm 1.86 1.90
activity.
MKC7 Aspartic-type signal peptidase | Proteolysis and Cell wall 1.50 1.51
activity. peptidolysis.
GPI16 GPI-anchor transamidase Attachment of GPI Integral to 1.55 1.51
activity. anchor to protein. endoplasmic
reticulum membrane.
ANP1 Mannosyltransferase activity. | N-linked glysosylation. | Golgi cis cisterna 1.84 1.53
/MNNS8
SEN3 Endopeptidase activity, Ubiquitin dependent Proteasome regulatory 2.86 2.33
/RPN2 receptor activity. protein catabolism. particle.
PPT1 Protein serine/threonine Protein amino acid Cytoplasm 1.65 1.86
phosphatase activity. phosphorylation. Nucleus
ARO8 Aromatic amino acid Aromatic amino acid Cytoplasm 1.71 1.49
transaminase activity. family metabolism.
ILV2 Acetolactate synthase Branched chain family Mitochondrion 1.73 1.65
activity. amino acid
biosynthesis.
HIS3 Imidazoleglycerol-phosphate Histidine biosynthesis. Cytoplasm -1.28 -1.28
dehydratase activity.
MNN9 Mannosyltransferase activity. | N-linked glycosylation. | Golgi cis face, 2.01 1.49
Mannosyltransferase
complex, Membrane
Table 5.6 The protein products of characterised genes appearing in both parallel

and serial 100uM distamycin treatments which are associated with protein processing

and metabolism. Unknown function is denoted with a hyphen (-).

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD
NAME FUNCTION FUNCTION COMPONENT CHANGE
Serial Parallel
PHOS88 Phosphate transporter activity | Phosphate transport. Membrane 1.34 1.49
FUN26 Nucleoside transporter Nucleoside transport. Membrane 1.46 1.61
activity.
RET2 Protein binding ER to Golgi transport COPI vesicle coat 1.98 1.78
BET3 - ER to Golgi transport TRAPP 1.97 2.46
TIMS0 - Mitochondrial matrix Mitochondrial inner 1.52 1.64
protein import. membrane .
Table 5.7 The protein products of characterised genes appearing in both parallel

and serial 100uM distamycin treatments which are associated with intracellular

transport. Unknown function is denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
BMH2 DNA binding, Protein binding | RAS protein signal Nucleus 1.61 1.50
transduction, glycogen
metabolism, signal
transduction during
filamentous growth.
SUP35 Translation release factor mRNA catabolism, Cytosol 2.12 1.69
activity. translational
termination.
EFB1 Translation elongation factor | Translation elongation. Ribosome 1.40 1.30
activity.
TRMS2 Protein binding, tRNA tRNA methylation. Nucleus 1.68 1.66
(guanine-N7-)methyl
transferase activity.
PCF11 Cleavage/polyadenylation mRNA cleavage, mRNA cleavage 1.48 1.40
specificity factor activity, mRNA factor complex.
protein binding. polyadenylation,
transcription
termination from Pol IT
promoter.
CDC28 Cyclin-dependent protein Regulation of cell cycle. | Cytoplasm 1.59 1.99
kinase activity. Nucleus
LIN1 Protein binding. - Chromatin 1.32 1.33
Nucleus
RNR2 Ribonucleoside-diphosphate DNA replication. Cytoplasm 1.60 1.46
reductase activity. Nucleus
KEM1 5’-3’ exoribonuclease 35S primary transcript Cytoplasm 1.57 1.35
activity, deoxyribonuclease processing, filamentous
activity, recombinase activity. | growth, mRNA
catabolism.
PDR1 DNA binding, transcriptional Regulation of Nucleus 1.56 1.32
activator activity. transcription from Pol II
promoter, response to
drug.
STE12 Transcription factor activity. Conjugation Nucleus -1.58 -1.48
withcellular fusion,
positive regulation of
transcription from Pol II
promoter by
pheromones.
NAB2 Poly(A) binding mRNA Cytoplasm 1.79 1.73
polyadenylation, poly A | Nucleus
and mRNA-nucleus
export.
SADI1 Pre-mRNA splicing factor Nuclear mRNA splicing | Nucleus 1.56 1.72
activity. via spliceosome.
YRA2 RNA binding Poly(A)+mRNA- Nucleus 1.25 1.31
nucleus export.
PNP1 Purine-nucleoside Purine nucleoside - 1.38 1.40
phosphorylase activity catabolism.
SUB1 Transcriptional coactivator Positive regulation of Nucleus 1.31 1.41
activity. transcription from Pol II
promoter, transcription
termination from Pol II
promoter.
HAS1 Putative ATP-dependent - Nuclear membrane 1.32 1.40
RNA helicase. Nucleolus
RPB11 DNA-directed RNA Transcription from Pol DNA-directed RNA 1.27 1.22
_polymerase activity. II promoter. pol II complex.

Table 5.8 The protein products of characterised genes appearing in both parallel and

serial 100uM distamycin treatments which are associated with DNA/RNA processing.
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
CNS1 Chaperone activity Protein folding Cytoplasm 1.40 1.66
SSA4 Chaperone activity, heat Protein folding, Cytoplasm 1.73 1.53
shock protein activity. response to stress. Nucleus
HSP104 ATPase activity, co- Protein folding, Cytoplasm 1.80 2.63
chaperone activity, heat shock | response to stress. Nucleus
protein activity.
Table 5.9 The protein products of characterised genes appearing in both parallel

and serial 100uM distamycin treatments which are associated with protein folding and

stress responses.

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
SHS1 Structural constituent of Cellular morphogenesis, | Septin ring 1.70 1.61
cytoskeleton. cytokinesis.
ENTI Clathrin binding Actin cortical patch Actin cortical patch 1.80 1.69
assembly, actin filament
organisation,
endocytosis.
GCSl1 ARF GTPase activator ER to Golgi transport, ER-Golgi 1.71 1.72
activity, actin binding. cell cycle dependent intermediate
actin filament compartment.
reorganisation.
TUBI1 Structural constituent of the Chromosome Cytoplasmic, 1.39 1.60
cytoskeleton. segregation. kinetochore,
nuclear, polar
microtubules and
spindle pole body.
GIMS Tubulin binding Tubulin folding Cytoplasm, 1.36 1.37
prefoldin complex.
Table 5.10  The protein products of characterised genes appearing in both parallel

and serial 100uM distamycin treatments which are associated with the structure and

organisation of the cytoskeleton.

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
ETR1 Enoyl-[acyl]-carrier protein] Aerobic respiration, Mitochondrion 1.61 1.77
reductase activity. Fatty acid biosynthesis.
RHR2 Glycerol-1-phosphate Glycerol biosyntheis, Cytoplasm 2.06 1.99
activity. response to osmotic Nucleus
stress.
ERG3 C-5 sterol desaturase activity. | Ergosterol biosythesis. Endoplasmic 2.06 1.89
reticulum
DAKI1 Glycerone kinase activity Glycerol catabolism, Cytoplasm 1.66 1.69
response to stress.
SACI1 Inositol/phosphatidylinositol Dephosphorylation, Integral to Golgi 1.83 1.87
phosphatase activity. phosphoinositide membrane.
metabolism.

Table 5.11 The protein products of characterised genes appearing in both parallel and

serial 100uM distamycin treatments which are associated with lipid metabolism and

stress responses.
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The top twenty ORFs of a total number of 848 derived from three samples treated in
parallel with the polyamide TIP-C7-amino are listed in ascending order of p value in
Table 5.12. In contrast to distamycin, these were predominantly downregulated.
Fourteen of the identified ORFs corresponded to characterised genes and approximately
70% of these were downregulated. The molecular and biological functions of the
protein products of the genes identified are listed in Table 5.13. This shows that they

belong to a wide range of apparently unrelated functions.

The top twenty ORFs of a total ORF number of 283 derived from the corresponding set
of serial treatments are listed in Table 5.14. Here, fifteen of the identified top twenty
corresponded to characterised genes but in contrast to those derived from the parallel
treatment, the majority of these were upregulated. Only two genes, PRE2 and KAR1
were downregulated. None of the genes identified in the top twenty of either the parallel
or serial data sets were common to both lists. As with the parallel treatment,
identification of the molecular and biological functions of the products of the genes
included in the top twenty derived from the serial treatments demonstrated that they
belonged to a wide range of unrelated functions. However four of these, MIG2, MIP16,
RPB4 and MED7, did appear to be associated with DNA or RNA processing.

When the complete data sets for parallel and serial treatments were compared, only 38
ORFs were found to be common to both and are listed in Table 5.16. The majority of
these, 65%, were downregulated and their p values ranged from <0.01 to 0.05. 25 of the
OREFs represented characterised genes, with just over half downregulated. When the
molecular and biological functions of gene products were identified, once more they
were found to belong to a wide range of functions (Tables 5.17-5.24). As with
distamycin, the largest group were related to DNA/RNA processing events, Table 5.18.
These constituted 36% of the genes common to the serial and parallel data sets. The
next largest groups were related to transport (16%, Table 5.17) and glucose metabolism
(16%, Table 5.19). Remaining groups were cytoskeletal organisation (12%, Table
5.20), lipid metabolism (4%, Table 5.21), protein folding (4%, Table 5.22), ribosome
structure and assembly (8%, Table 5.23) and sexual conjugation (4%, Table 5.24).
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ORF NAME| GENE Stdev | Mean Mean Fold t p
NAME (Ratio) | (Log,) Change

YER049W - 0.00 1.63 0.70 1.63 1505.08 | <0.005
YPL224C MMT2 0.00 0.63 -0.66 -1.58 304.05 | <0.005
YBRO09C HHF1 0.01 0.70 -0.51 -1.42 102.01 | <0.005
YPL193W RSA1l 0.01 0.78 -0.36 -1.29 101.55 | <0.005
YOLO042W NGL1 0.01 0.74 -0.43 -1.34 85.22 | <0.005
YJLO60W BNA3 0.05 0.24 -2.04 4.1 76.35 | <0.005
YML133C - 0.00 0.96 -0.07 -1.05 72.33 | <0.005
YJL101C GSH1 0.04 3.11 1.64 3.11 72.31 | <0.005
YKR024C DBP7 0.02 1.90 0.92 1.90 69.94 | <0.005
YOR381W FRE3 0.01 0.76 -0.40 -1.32 68.58 | <0.005
YALOI9W FUN30 0.01 0.82 -0.28 -1.22 66.86 | <0.005
YMRO089C YTA12 0.06 4.45 2.15 4.45 66.51 | <0.005
YLR463C - 0.01 0.84 -0.25 -1.19 60.16 | <0.005
YLR250W SSP120 0.01 0.77 -0.37 -1.29 48.49 | <0.005
YMR116C ASC1 0.01 1.31 0.39 1.31 47.31 | <0.005
YLR042C - 0.02 0.66 -0.60 -1.52 46.33 | <0.005
YKLO8OW VMAS 0.02 067 | -0.58 -1.50 45.14 | <0.005
YJRO37W - 0.03 0.64 -0.63 -1.55 43.87 | <0.005
YMROO7W - 0.02 0.66 -0.61 -1.53 42.85 | <0.005
YNL212W VID27 0.02 069 | -0.53 -1.44 41.85 | <0.005

Table 5.12  Top twenty ORFs listed in ascending order of p value derived from three
samples treated in parallel with 100uM TIP-C7-amino, where stdev denotes the standard
deviation between the log, transformed intensity ratios for each ORF for the three
samples, the mean ratio is the intensitf of the treated sample over the control, the mean
log, value is the log, transformed intensity ratios, fold change is the change in
expression ratio of the treated sample over the control, t is the t-test statistic and p the
probability that there is no difference in gene expression between the control and treated

samples. ORFs that do not represent characterised genes are denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD
NAME FUNCTION FUNCTION COMPONENT | CHANGE
MMT2 - iron ion homeostasis Integral to membrane -1.58
Mitochondrion
HHF1 DNA binding. Chromatin Nuclear nucleosome -1.42
assembly/disassembly.
RSAl Ribosome assembly. Ribosomal large subunit Nucleoplasm -1.29
assembly and
maintenance.
NGL1 Endonuclease activity. - Mitochondrion -1.34
BNA3 Arylformamidase activity Nicotinamide Cytoplasm -4.1
adeninedinucleotide Mitochondrion
biosynthesis.
GSH1 Glutamate-cysteine ligase Glutathione biosynthesis, Intracellular 3.1
activity. response to cadmium.
DBP7 ATP dependent RNA helicase | 35S primary transcript Nucleolus 1.90
activity. processing, ribosomal
large subunit assembly
and maintenance.
FRE3 Ferric-chelate reductase Iron ion homeostasis, Integral to membrane -1.32
activity. iron-siderochrome Plasma membrane
transport.
FUN30 - Chromosome organisation | Nucleus -1.22
and biogenesis.
YTAI12 ATPase activity, Mitochondrial Cytoplasm 4.45
metallopeptidase activity. intermembrane space m-AAA complex
protein import, protein Mitochondrial inner
complex assembly, membrane
proteolysis and Mitochondrion
peptidolysis.
SSP120 - Protein secretion. Cytoplasm -1.29
ASC1 - - Cytoplasm 1.31
VMAS Hydrogen-transporting Vacuolar acidification. Hydrogen transporting -1.50
ATPase. ATPase VI domain
Vacuolar membrane
VID27 - Vacuole import and Cytoplasm -1.44
degradation.
Table 5.13  Molecular and biological functions of the protein products of

characterised genes derived from the top twenty ORF list from samples treated in

parallel with 100uM TIP-C7-amino. Unknown function is denoted with a hyphen (-).
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ORF NAME| GENE Stdev | Mean Mean Fold t p
NAME (Ratio) | (Log,) Change
YKL117W SBAL1 0.02 1.69 0.76 1.69 76.79 | <0.005
YGL209W MIG2 0.01 1.13 0.18 1.13 36.86 | <0.005
YPL159C PET20 0.03 1.40 0.49 1.40 33.42 | <0.005
YPRO12W - 0.02 1.31 0.39 1.31 30.26 | <0.005
YFR054C - 0.02 0.81 -0.31 -1.24 27.85 | <0.005
YOLO075C - 0.03 0.72 -0.48 -1.40 2495 | <0.005
YOR306C MCHS5 0.05 1.56 0.64 1.56 23.88 | <0.005
YPR103W PRE2 0.03 0.74 -0.44 -1.35 23.72 | <0.005
YHLO013C - 0.04 0.72 -0.48 -1.40 22.24 | <0.005
YHRO15W MIP6 0.03 1.30 0.38 1.30 2198 | <0.005
YKL156W | RPS27A 0.04 1.43 0.52 1.43 20.54 | <0.005
YJL140W RPB4 0.01 1.08 0.11 1.08 20.37 | <0.005
YOR354C MSC6 0.03 1.27 0.34 1.27 18.96 | <0.005
YNL272C SEC2 0.05 1.39 0.47 1.39 17.64 | <0.005
YORO029W - 0.02 0.87 -0.20 -1.15 17.36 | <0.005
YNL279W PRM1 0.06 1.50 0.58 1.50 17.03 | <0.005
YLR175W CBFS5 0.03 1.24 0.31 1.24 16.36 | <0.005
YER182W FMP10 0.04 1.26 0.33 1.26 16.35 | <0.005
YOL135C MED7 0.05 1.36 0.45 1.36 16.07 | <0.005
YNL188W KARI1 0.05 0.70 -0.50 -1.42 16.06 | <0.005

Table 5.14  Top twenty ORFs listed in ascending order of p value derived from three
samples treated in series with 100uM TIP-C7-amino, where stdev denotes the standard
deviation between the log, transformed intensity ratios for each ORF for the three
samples, the mean ratio is the intensity of the treated sample over the control, the mean
log, value is the log, transformed intensity ratios, fold change is the change in
expression of the treated sample over the control, t is the t-test statistic and p the
probability that there is no difference in gene expression between the control and treated

samples. ORFs that do not represent characterised genes are denoted with a hyphen (-).

261




GENE MOLECULAR BIOLOGICAL CELLULAR FOLD
NAME FUNCTION FUNCTION COMPONENT | CHANGE
SBA1 Co-chaperone activity Protein folding Cytoplasm 1.69
Nucleus
MIG2 Specific RNA polymerase II Glucose metabolism, Nucleus 1.13
transcription factor activity. regulation of transcription
from Pol I promoter.
PET20 - - - 1.40
MCHS Transporter activity. Transport. Membrane 1.56
PRE2 Endopeptidase activity. Ubiquitin dependent protein | Proteasome core -1.35
catabolism. complex.
MIP6 RNA binding. mRNA-nucleus transport. Nuclear pore 1.30
RPS27A Structural constituent of Protein biosynthesis. Cytoplasm 1.43
ribosome. Cytosolic small
ribosomal subunit
RPB4 DNA-directed RNA Transcription from the Pol DNA-directed RNA 1.08
polymerase activity. II promoter. polymerase II core
complex
MSCé6 - Meiotic recombination. Mitochondrion 1.27
SEC2 Guanyl-nucleotide exchange Exocytosis. Cytoplasmic vesicle 1.39
factor activity.
PRM1 - Plasma membrane fusion. Integral to membrane 1.50
Shmoo tip
CBF5 Pseudouridylate synthase 35S primary transcript Small nucleolar 1.24
activity. processing, IRNA ribonucleoprotein
modification. complex.
FMP10 - - Mitochondrion 1.26
MED?7 RNA polymerase II Transcription form Pol II | Mediator complex 1.36
transcription mediator promoter.
activity.
KARI1 Protein binding. Karyogamy during Half bridge spindle -142
conjugation with cellular body.
fusion.
Table 5.15  Molecular and biological functions of the protein products of

characterised genes derived from the top twenty ORF list from samples treated in series

with 100uM TIP-C7-amino. Unknown function is denoted with a hyphen (-).
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PARALLEL SERIAL
ORF NAME | GENE NAME Fold p Fold p
Change Change

YDR164C SEC1 -1.45 0.02 -1.26 0.04
YDR387C - -1.52 0.01 -1.48 0.04
YBR195C MSI1 -1.80 0.04 -1.39 0.03
YDR389W SAC7 -1.42 0.01 -1.44 0.05
YDR191W HST4 -1.87 0.02 -1.52 0.05
YBL094C - -1.25 0.03 -1.37 0.05
YDR297W SUR2 1.24 0.01 1.33 0.02
YELO002C WBP1 -1.22 0.01 -1.19 0.03
YILO72W HOP1 -1.41 0.05 -1.38 0.04
YFRO16C - -1.31 0.02 -1.26 0.04
YGR256W GND2 -1.17 0.04 -1.24 0.03
YKL117W SBA1 1.58 0.01 1.69 <0.01
YJL138C TIF2 1.37 0.05 1.71 0.05
YML100W TSL1 1.20 0.03 1.31 0.02
YMRO31W-A - -1.49 0.01 -1.49 0.03
YJL063C MRPLS -1.19 0.02 -1.20 0.01
YJR047C ANBI1 -1.23 0.04 -1.17 <0.01
YJRO09C TDH2 1.46 0.02 1.40 0.03
YNL279W PRM1 1.29 0.05 1.50 0.00
YNL135C FPR1 1.43 <0.01 1.91 0.05
YOL112W MSB4 1.59 0.04 1.34 0.04
YMR290C HAS1 1.32 0.03 1.46 0.03
YOR170W ESCS8 1.35 0.05 1.43 0.02
YOLO17W - -1.33 0.02 -1.33 0.03
YNL321W - 1.54 <0.01 1.47 0.02
YPRO77C TUF1 1.43 0.02 1.42 0.04
YOR187W - 1.20 0.01 1.21 0.03
YPRO014C - -1.36 0.01 -1.32 0.02
YPLO17C - -1.21 0.03 -1.18 0.03
YNL275W - -1.37 0.02 -1.40 0.04
YNL283C WSC2 -1.63 0.04 -1.35 0.05
YOLO075C - -1.57 0.02 -1.40 0.00
YOL115W TRF4 -1.41 0.05 -1.25 0.02
YNRO56C BIOS -1.60 0.03 -1.36 0.02
YORO029W - -1.12 0.03 -1.15 <0.01
YORO070C GYP1 -1.52 0.03 -1.44 0.00
YOR094W ARF3 -1.34 0.05 -1.15 0.04
YOR365C - -1.96 0.03 -1.85 0.01

Table 5.16 Complete list of ORFs that are common to both parallel and serial
treatments of S.cerevisiae with 100uM TIP-C7-amino. ORFs that do not represent

characterised genes are denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
SEC1 SNARE binding Exocytosis, non- Actin cap -1.45 -1.26

selective vesicle
docking /fusion.
BIOS Permease activity Biotin biosynthesis, Plasma membrane. -1.60 -1.36
vitamin cofactor
transport.
GYP1 Rab GTPase activator Vesicle mediated Golgi apparatus. -1.52 -1.44
activity. transport.
ARF3 ARF small monomeric Intracellular protein - -1.34 -1.15
GTPase activity. transport.
Table 5.17  Protein products of characterised genes appearing in both parallel and

serial 100uM TIP-C7-amino treatments which are associated with transport. Unknown

function or localisation is denoted with a hyphen (-).

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
MSI1 - DNA repair, RAS Chromatin assembly -1.80 -1.39

protein signal complex
transduction, chromatin | Chromatin silencing
silencing, nucleosome complex
assembly.
HST4 DNA binding. Chromatin silencing at Cytoplasm -1.87 -1.52
telomere, short chain Nucleus
fatty acid metabolism.
HOP1 DNA binding. Meiosis, synaptonemal Condensed nuclear -141 -1.38
complex formation. chromosome
Synaptonemal
complex.
TIF2 RNA helicase activity, Regulation of Cytoplasm 1.37 1.71
translation initiation factor translational initiation. Ribosome
activity.
ANB1 Translation initiation factor Translation initiation. Ribosome. -1.23 -1.17
activity.
HASI1 Putative ATP-dependent - Nuclear membrane 1.32 1.46
RNA helicase. Nucleolus
ESC8 - Chromatin silencing. Nucleus 1.35 1.43
TUF1 Translational elongation Translational Mitochondrial 1.43 1.42
factor activity. elongation. matrix.
TRF4 DNA-directed DNA DNA topological Nucleus -141 -1.25
polymerase activity. change, mitotic
chromosome
condensation, sister
chromatid cohesion.
Table 5.18  Protein products of characterised genes appearing in both parallel and

serial 100pM TIP-C7-amino treatments which are associated with DNA/RNA

processing and metabolism. . Unknown function is denoted with a hyphen (-).
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
SAC7 Rho GTPase activator Cell cycle dependent Intracellular -1.42 -1.44
activity, signal transducer actin filament
activity. reorganisation, small
GTPase mediated signal
transduction.
MSB4 Rab GTPase activator Actin filament Bud tip 1.59 1.34
activity. organisation. Incipient bud site
WSC2 Transmembrane receptor Rho protein signal Cytoplasm -1.63 -1.35
activity. transduction, actin Membrane fraction.
cytoskeleton
organisation and
biogenesis, response to
heat.
Table 5.19  The protein products of characterised genes appearing in both parallel
and serial 100uM TIP-C7-amino treatments which are associated with cytoskeletal
organisation.
GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
WBPI1 Dolichyl- N-linked glycosylation, | ER -1.22 -1.19
diphosphooligosaccharide- Cell cycle. Nuclear membrane
protein glycotransferase Oligosaccharyl
activity. transferase
complex.
GND2 Phosphogluconate Glucose metabolism. Superpathway for -1.17 -1.24
dehydrogenase activity. gluconate
utilisation, pentose
phosphate pathway,
RuMP cycle and
formaldehyde
assimilation.
TSL1 Enzyme regulator activity. Response to stress, Alpha, alpha- 1.20 1.31
trehalose biosynthesis. trehalose-phospate
sythase complex
(UDP-forming).
TDH2 Glyceraldehyde-3-phosphate Gluconeogenesis, Cell Wall 1.46 1.40
dehydrogenase activity. glycolysis. Cytoplasm
Cytosol
Lipid particle
Table 5.20 The protein products of characterised genes appearing in both parallel

and serial 100uM TIP-C7-amino treatments which are associated with glucose

metabolism.
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GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
SUR2 Sphingosine hydroxylase Sphingolipid ER 1.24 1.33
activity. biosynthesis and
metabolism.
Table 5.21  The protein product of a characterised gene appearing in both parallel

and serial 100uM TIP-C7-amino treatments which are associated with lipid metabolism.

FOLD CHANGE

GENE MOLECULAR BIOLOGICAL CELLULAR

NAME FUNCTION FUNCTION COMPONENT Serial Parallel

SBA1 Co-chaperone activity. Protein folding Cytoplasm 1.58 1.69
Nucleus

Table 5.22  The protein product of a characterised gene appearing in both parallel

and serial 100uM TIP-C7-amino treatments which are associated with protein folding.

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
MRPLS8 Structural constituent of Mitochondrial genome Mitochindrial large -1.19 -1.20
ribosome. maintenance, protein ribosomal subunit.
biosynthesis.
FPR1 Peptidyl-prolyl cis-trans Ribosome assembly. Cytoplasm 1.43 191
isomerase activity. Nucleus
Table 5.23  The protein product of characterised genes appearing in both parallel and

serial 100uM TIP-C7-amino treatments which are associated with ribosome structure

and assembly.

GENE MOLECULAR BIOLOGICAL CELLULAR FOLD CHANGE
NAME FUNCTION FUNCTION COMPONENT Serial Parallel
PRM1 - Plasma membrane Integral to 1.29 1.50
fusion. membrane
Schmoo tip
Table 5.24  The protein product of characterised genes appearing in both parallel and

serial 100uM TIP-C7-amino treatments which are associated with sexual conjugation.
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Figure 5.9 Scatter plots showing the standard deviation versus the mean ratio of all

genes for 100pM distamycin experiments where (a) shows the parallel treatments and

(b) shows the serial treatments.
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To evaluate the number of replicates required for each type of experimental design,
scatter plots of the standard deviation of the intensities versus the mean logz ratio were
plotted for the parallel and serial treatments ofthe 100jxM distamycin treatments (Figure
5.9 a and b). These showed that for both the parallel and serial treatments that as the
mean log. ratio increased the standard deviation also increased. When the number of
replicates was plotted for each type of treatment against the mean ratio (Figure 5.10),
this showed that as the mean ratio increased the number of replicates required decreased.
Furthermore, as the standard deviation was higher for the serial treatments, the number

of replicates required to achieve significance was greater for the serial data sets.

16 -
14
12
10

Num oFo

1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mean Ratio

Figure 5.10  Graph to show the minimum replicate number required for a p value of
<0.05 for a given level of differential expression, where (-) denotes the parallel data sets

and (-) the serial data sets.
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5.5  Discussion

A preliminary investigation was carried out into the biological consequences of the
treatment of Saccharomyces cerevisiae with either distamycin A or the polyamide TIP-
C7-amino. This was examined at a cellular level by determining the anti-proliferative
effects of these compounds and at the level of the gene by examining the global gene
expression profiles using DNA microarray hybridisation. The eukaryotic organism S.
cerevisiae was chosen for this purpose as its small genome, comprised of approximately

6000 genes, has been established and subjected to extensive mutational analysis.

As the biological effects and uptake properties of polyamides have not been defined in
yeast strains, S. cerevisiae was treated with distamycin and TIP-C7-amino to evaluate
their anti-proliferative properties. Distamycin was found to have moderate anti-
proliferative properties, with an IC,, value of 90uM after two hours of treatment
followed by growth over three days post-incubation. Continuous treatment of S.
cerevisiae with distamycin produced 50% control growth with 30uM at approximately 7
hours and at just over 4 hours with 100uM distamycin. Cell viability studies
demonstrated that the decreases in growth observed correlated with a loss in viability
and thus distamycin was killing the cells over time rather than just inhibiting their
proliferation. In contrast, the polyamide TIP-C7-amino did not show any anti-
proliferative activity even after 24 hours of continuous incubation over the dose range
examined, which ranged from 0-100uM. It is possible, however, that a higher

concentration of TIP-C7-amino might have produced an anti-proliferative effect.

The biological consequences of these compounds were further examined at the level of
the gene in an effort to identify their effects on global gene expression. Two different
experimental designs were used for this purpose, enabling an evaluation of the variation
introduced into the data as a result of using different cell populations. Values obtained
for changes in the levels of expression for all 6144 ORFs were ranked according to the
probability that the differences observed over the three experiments were significant.
This method was used to rank the ORFs for a number of reasons. The imposition of an

arbitrary threshold cut off, for example +2, results in the loss of the majority of the
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information derived, as most of the changes in expression observed are usually small.
This use of the threshold method introduces a bias into the analysis due to outlying data
points, which may be less reliable. This method also fails to take into account that the
importance of the change in expression is related to the importance of the gene itself.
Thus it is possible that a small change in expression of a critical gene may have a more
profound effect than a larger change in a gene which is involved in a less crucial
mechanism. Statistical analysis accounts for the extent of differential gene expression
and the variation between replicates, and can be used to obtain a measure of confidence
in the results. In this study, the ranking method employed ensured that the genes
showing consistent changes in their expression levels across repeat experiments were
prioritised and enabled the reduction of the number of genes down to a manageable

number for subsequent database searches.

In general, the parallel design, using the same population of cells for each treatment,
provided less variation across the experiments. As a result, a large number of genes
showed significant changes in their levels of expression. Serial treatments showed only
20-30% of the number genes derived from parallel treatments. Thus the cell population
used appears to have a strong influence on the number of consistent changes observed
between repeat experiments. However, whilst parallel treatments succeeded in reducing
the variation between repeats, the biological significance of the changes observed under
these conditions may be diminished relative to those observed across different cell
populations. Therefore, the statistical threshold applied to results from the two designs

may have to be adjusted to give the same level of confidence.

Another important consideration in the design of gene expression experiments is the
number of replicates. In general, it is better to have many replicates as it increases the
likelihood that the sample adequately represents the underlying biological variation.
Due to the reduced variation, parallel experiments required fewer replicates to achieve
the same level of statistical significance as the serial experiments. This suggests that
repeat measurements performed in parallel do not fully capture the range of biological

variation. When performing differential gene expression analysis, the experimental
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design and number of replicates need to be optimised in order to achieve statistical
significance and to account for the biological variation. Clearly, it is not possible to
acquire an unlimited number of replicates, especially given the present prohibitive cost
of microarrays. However this study provides estimates of the expected variation, which

can be used to determine the optimal number of replicates in future experiments.

When the data for parallel and serial treatments were analysed individually, treatment
with 100puM distamycin produced significant changes in the level of expression of 1233
ORF:s for the parallel treatment and 244 ORFs across the serial treatments. Similarly,
for 100uM TIP-C7-amino 848 and 283 ORFs showed significant expression changes in
the parallel and serial treatments, respectively. As a significant change was determined
by the p-value, a measure of the likelihood that the differences have occurred at random,
it would be expected that 307 genes (6144 x 0.05) would come up at random for a p
value of 0.05. Thus although these genes would fit the statistical criteria for
significance, they would actually be false positives. As only 244 and 283 ORFs had a p
value of <0.05 for the serial treatments of 100uM distamycin and TIP-C7-amino,
respectively, there is a very high chance that a large proportion of these may be false

positives. This low number was probably due to an insufficient number of replicates.

In contrast, the higher numbers of ORFs derived from the parallel treatments suggests
that only a relatively small proportion of these, 25% for 100uM distamycin and 36% for
100uM TIP-C7-amino, would be false positives. However in these cases, the high
numbers of ORFs obtained made it prohibitive to examine all of their associated
molecular and biological functions. For this reason, genes that came up consistently in
both the parallel and serial experiments with a p value of <0.05 were used for more
extensive database searches. When the serial and parallel results are combined, the
number of false positives should be reduced, with only 15 ORFs coming up at random
(307 x 0.05). As 66 ORFs came up for the combined list for 100pM distamycin
treatments this means that only 23% of these should be false positives. Similarly for
100uM TIP-C7-amino, 38 ORFs came up and thus up to 40% may be false positives in

this case. Nevertheless, these are still relatively high numbers and thus differential
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expression should be confirmed using either Northern Blotting or RT-PCR techniques
prior to examination of promoter regions for any consensus binding sites, in order to
exclude the potentially high number of false positives. The identification of consensus
binding sites may enable differentiation between changes produced by direct interaction

and those that occur as a result of downstream effects.

Analysis of the combined data sets showed that treatment with 100uM distamycin
produced consistent changes in only 66 ORFs. 51 of these ORFs were found to
represent characterised genes and the protein products of these genes were crudely
sorted into six general biological functions. These included protein processing and
metabolism, intracellular transport, DNA/RNA processing, protein folding and stress
responses, structure and organisation of the cytoskeleton and lipid metabolism. Almost
all the changes in expression measured involved upregulation. Indeed, only two genes
were downregulated, HIS3 and STE12, which are involved in histidine biosynthesis and

transcription factor activity, respectively.

The largest biological function group was associated with DNA/RNA processing and
the protein product functions ranged from DNA binding (STE12 and PDR1), mRNA
transcript cleavage (PCF11, KEM1 and SAD1) and polyadenylation (PCF11, NAB2 and
YRA?2). Indeed the largest change observed for this group was for the expression of
NAB2 (+ 1.79 and 1.73). A number of the protein products are associated with the
regulation of transcription from the Pol II promoter, PCF11, PDR1, SUB1 and RPB11.
These changes appear to correlate with current opinion that the biological consequences
of distamycin involve the disruption of DNA processing events such as transcription
factor binding during transcription and the inhibition of helicase activity unwinding

DNA during processing events such as replication.

The second largest functional group were the gene products associated with protein
processing or metabolism. Relatively large changes in expression were observed for
these genes, with up to 3 fold changes in the levels of expression (SEN3/RPN2 +2.86
and +2.33). A number of these, RPNS5, UBS1, SEN3/RPN2 are associated with
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ubiquitin dependent protein catabolism. It is conceivable that the increase in this
catabolic activity may be associated with general protein breakdown due to the onset of
cell death, although after 2 hours of continuous exposure, the incubation period for the
microarray experiments, distamycin does not appear to be killing the cells. However by
4 hours, cell growth in the presence of 100uM distamycin is reduced to 60% of control
growth. Thus it appears that the onset of death occurs between 2 to 4 hours. This may
explain the upregulation of protein catabolism together with the relatively small amount
of gene expression associated with cell stress responses at 2 hours (CNS1, SSA4,
HSP104, RHR2 and DAK1). The timing of the onset of cell death may also explain why
DNA/RNA processing events are upregulated rather than downregulated on disruption
by distamycin. It is possible that at 2 hours cells may still be trying to overcome the
disruptive effects incurred by distamycin binding and attempting to compensate for
these effects by upregulating DNA replication and transcription. This may account for
the slight stimulation in cell growth observed at 2 hours relative to control. Between 2
and 4 hours the cells become committed to death and these processes may actually be

downregulated at this stage.

Analysis of the combined data sets showed that treatment with 100uM TIP-C7-amino
produced consistent changes in only 38 ORFs. Twenty five of these ORFs represented
characterised genes and the protein products of these genes were crudely sorted into
seven general biological functions. These included transport, DNA/RNA processing
and metabolism, cytoskeletal organisation, glucose metabolism, lipid metabolism,
protein folding and ribosome structure and assembly. In contrast to the effects observed
with 100uM distamycin, the ORFs in the combined data set were predominantly
downregulated. However, characterised genes were found to be upregulated and

downregulated in even measure.

Once more the largest functional group was associated with DNA/RNA processing. In
contrast to treatment with 100uM distamycin, patterns in gene expression in this group
were harder to elucidate as 4 of the genes were upregulated and 5 downregulated. This

was particularly evident with genes associated with the initiation of translation, TIF2
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and ANB1, which were up and downregulated respectively. Another example of
conflicting patterns in gene expression was the downregulation of HOPI1, a gene
associated with meiosis. However, PRM1 was upregulated and is a gene required for
schmoo formation, an extension of the plasma membrane required for the sexual
conjugation of adjoining yeast cells. It might therefore be expected that these two genes

would be co-regulated.

The second largest functional groups were gene products associated with vesicular
transport and glucose metabolism. All of the genes associated with vesicular transport
were downregulated. Genes associated with glucose metabolism were both up and
downregulated. The upregulation of TDH2, associated with gluconeogenesis, and
TSL1, associated with trehalose biosynthesis, suggested that cells are requiring
increased levels of glucose, possibly as a response to stress induced by a glucose
deficiency. This seems to be supported by the concomitant decrease observed in the
expression levels of GND2, associated with the oxidative phase of the pentose
phosphate pathway, whereby glucose is broken down to form pentose sugars for the
synthesis of nucleic acids. However it is unclear why the cells exposed to the polyamide
may require more glucose than untreated cells. If the increased requirement for glucose
were only due to overgrowth of the cell cultures this would also have been seen in the
control samples and thus would not appear as a differential effect. Were vesicular
transport shown to be upregulated, in light of the sequestration observed in the previous
chapter, the increased glucose requirement may have been due to active transport
mechanisms associated with endocytosis and subsequent exocytosis of sequestered
polyamide. However, as vesicular transport was observed to be downregulated this does

not appear to be the case.

The remaining functional groups are composed of only one or two genes, making it
difficult to define patterns of expression. The difficulty in interpreting the TIP-C7-
amino data may be due to a number of factors. Firstly, this polyamide may not be
having any significant biological effect on the yeast cells as seems to be suggested by

the cytotoxicity data. This also seems to be confirmed by the relatively small number of
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genes that show changes in expression levels on treatment and the high level of possible
false positives among those genes. This is in contrast to the much higher numbers of
genes that were effected by treatment with 100uM distamycin. The lack of a co-
ordinated response among the functional groups which has made it difficult to define a
pattern of gene expression, also seems to suggest that there is a significant possibility
that many of these genes have come up at random. Once more, this was not the case for
100uM distamycin, which showed a predominant upregulation in the genes affected by

treatment.

Comparison of the gene lists for distamycin A and TIP-C7-amino demonstrated few
common features. No genes appeared to be shared between either the parallel, serial or
complete gene lists for the two compounds. The only similarity observed was that the
largest functional gene group was found to be associated with DNA/RNA processing for
both compounds. However, within this functional group there were no genes shared
between the distamycin and TIP-C7-amino treatments. Furthermore, whilst almost all
of these genes were upregulated on treatment with distamycin, only 40% of the affected
genes associated with DNA/RNA processing were upregulated when treated with TIP-

C7-amino.

The absence of any biological effect on treatment with the polyamide TIP-C7-amino
either at the level of the cell or at the level of the gene may suggest that this polyamide
did not get taken up into cells readily over the incubation period used. This would
correlate with results obtained in the previous chapter examining polyamide uptake in
human cells. Furthermore, the absence of upregulation in genes associated with
vesicular transport mechanisms suggests that after two hours the polyamide was not
being internalised and sequestered. It is possible that such a process would require a
much longer incubation period as was observed for human cells in chapter 4. There is
always the possibility that the nylon microarray platform used here was not sensitive
enough to measure biological effects of a small magnitude above the noise produced by
the inherent variations in the technique. Indeed, the dose and incubation period chosen

for the microarray experiments may not have been optimal for the measurement of
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biological effects at the level of the message. Examination of the levels of gene
expression following longer incubation periods may provide more defined patterns of
gene expression. The transcript levels of genes of interest, for example those associated
with DNA or RNA processing events, which are found to be consistently up or down
regulated following treatment using microarrays might then be verified using alternative
techniques measuring mRNA levels such as Northern Blotting or RT-PCR. This would

enable the elimination of false positives.
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CHAPTER 6
OVERALL DISCUSSION AND FUTURE WORK

The limited success of many current chemotherapy regimes highlights the need for a
new generation of anticancer strategies, able to discriminate more effectively between
tumour and normal tissue. As recent genomic studies indicate that tumours may exhibit
different patterns of transcription to normal cells, novel approaches to combating cancer
now include the exploration of transcriptional therapy (Pandolfi 2001; Darnell 2002).
This aims to regulate the transcription of key disease-related genes either indirectly by
targeting gene transcripts or alternatively by direct interaction with genomic DNA.
Whilst numerous molecules are under development for this purpose, the current
generation of minor groove-binding polyamides already demonstrate the stringent
sequence recognition within double-stranded DNA that would be required for targeting
genomic DNA. Moreover, they have been shown to achieve selective binding with a
comparable affinity to native regulatory proteins, usually binding at nanomolar
concentrations. To date this work has been carried out predominantly in in vitro models.
Nevertheless, the selective binding observed with polyamides within nucleosomal DNA
(Gottesfeld et al., 2001; 2002), as well as their ability to up and down regulate
transcription in vitro and in some cell culture situations (Gottesfeld et al., 1997,
Dickinson et al., 1998, 1999a, b; Mapp et al., 2000; Chiang et al., 2000) demonstrates
their potential as artificial transcriptional regulators and suggests that polyamides may

provide some advantages over alternative strategies such as siRNA.

This thesis describes an investigation into the interactions of polyamides with DNA both
in vitro and in cells. It examines the structural requirements for the in vitro binding of
unlinked and linked polyamides to Watson-Crick and non-canonical DNA sequences.
This includes the effects of linker length, heterocycle permutation and N-terminal head
group on the affinity and selectivity of binding, together with the discriminatory
properties of an imidazole:imidazole side-by-side pairing for selective TG mismatch
recognition. In cells, the uptake and distribution of a thiazolated polyamide was

investigated, in addition to its effects on global gene expression.
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A comprehensive investigation into the effects of linker length and head group across a
large number of novel cross-linked polyamides was carried out in Chapter 2. This
enabled characterisation of the structural requirements for high affinity and selective
DNA binding using the cross-linked motif. In accord with previous and concurrent
studies, the binding trends observed showed the combined influence of these structural
elements on both the affinity and selectivity of DNA binding for this linkage motif
(Chen et al., 1996; Burckhardt et al., 2000; Lacy et al., 2002a). These demonstrated that
despite the slight variance in linker length required for optimal binding affinity, the best
selectivity was achieved with a seven-carbon linker, in agreement with previous work
by Chen and co-workers (Chen et al., 1996). Furthermore, for the cross-linked motif the
N-terminal head group profoundly influenced binding activity, a feature not observed
with the hairpin linkage. In cross-linked molecules the uncharged hydrogen and
acetamide head groups were unable to promote groove binding, whilst charged groups
such as amino and formamide facilitated binding. This suggests that favourable
interactions at the N-terminus, possibly via hydrogen bonding, are critical for optimal

groove binding with the cross-linked motif.

The use of thiazole for the discrimination of A from T was also investigated in Chapter
2. Placed at the N-terminus of a cross-linked motif, thiazole demonstrated a moderate
preference for adenine residues. This was not in agreement with previous work, which
had been unable to detect such discrimination when thiazole was placed centrally within
a hairpin (Nguyen et al., 2001). Cross-linked and hairpin polyamides, however, appear
to differ in their bonding requirements at the N-terminus, as exemplified by the
abrogation of groove-binding with an N-terminal hydrogen in the cross-linked motif, a
structural element commonly used in this position within hairpins. Furthermore, it is
now evident that the sequence selectivity of heterocycles can be affected by their
positional context within the polyamide, which might also account for the differences in
selectivity observed with the thiazole moiety. Indeed, context dependency has been
found to affect the selectivity of the 3-hydroxypyrrole moiety, which exhibits effective

T from A discrimination only when centrally placed (White ef al., 1998; Ellervik et al.,
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2000; Foister et al., 2003). This is not observed with Im/Py pairings, which can

differentiate G from C at both central and terminal positions.

To eliminate the possibility of context dependency on the moderate selectivity of
thiazole for adenine, both the number and relative position of thiazole units would need
to be examined more fully in either the hairpin or cross-linked motif. Improved AT
discrimination may be provided by alternative side-by-side pairing to the
thiazole/pyrrole pair examined here. For example 3-hydroxypyrrole, which has some
preference for thymine, could be paired with thiazole to determine whether the
combined affinity and selectivity for either adenine or thymine of each heterocycle in
Th/Hp is greater than that of the individual Th/Py and Hp/Py pairs. However, the
modest selectivity and affinity of both of these heterocycles relative to pyrrole and

imidazole may ultimately restrict their use in the differentiation of AT base pairs.

Despite continuing investigation into heterocycle design there has been limited success
to date in reliably discriminating TA from AT base pairs. Indeed, N-terminal pairings
capable of binding with an affinity and specificity comparable to those of Im/Py for GC
base pairs have yet to be elucidated. Thus, although the current set of pairing rules
provides a useful basis for polyamide design, variation in the secondary structure of
different DNA sequences means that predicting the optimal heterocycle combination
required for binding at a predetermined site with the heterocycles available at present
can still be unreliable. Faithful differentiation of these bases may require alternative
strategies such as the use of heterodimers, as found with TG: GT discrimination (Rucker

et al., 2003), or even additional DNA contacts perhaps within the major groove.

The discrimination of non-canonical TG mismatches using an Im/Im heterocycle pairing
was examined in Chapter 3. Previous and concurrent NMR, CD, SPR and
thermodynamic studies investigating the ability of the Im/Im pair to discriminate TG
from CG have used short oligomers containing a single putative binding site (Yang et
al., 1999b; Lacy et al., 2002b). Here, however, the selectivity of an Im/Im pair was

examined using a longer region of DNA sequence containing all three putative binding
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sites, thereby enabling a direct comparison of binding preference. This demonstrated
that Im/Im was strongly selective for a single TG mismatch when present alongside a
putative CG match site, indicating that the Im/Im ring pair is a robust recognition motif
for the TG mismatch. Furthermore, subsequent thermodynamic analysis has shown that
the selectivity of Im/Im occurs as a result of favourable entropic contributions at the TG
site (Lacy et al., 2004).

The work presented here, together with that from Lee and coworkers, clearly
demonstrates the potential of polyamides for mismatch recognition. However, although
Im/Im pairs are highly selective for single TG mismatches they are unable to
discriminate between TG and GT (Yang et al., 1999b). It is possible that incorporation
of Im/Im pairs into polyamide heterodimers such as ImPyIm-ImImIm (Yang et al.,
1999b) and ImImPyPy-PyPyImPy, which has been found to distinguish T: G from G: T
(Rucker et al., 2003), may provide more stable complexes with TG mismatches.
Moreover, alternative heterocycle pairings might be used to discriminate TG from GT
more effectively. Indeed Lee and coworkers have proposed that an imidazole-
hydroxypyrrole ImHp) ring pair may produce suitable discrimination (Yang et al.,
1999b). In this pair imidazole may interact with guanine whilst hydroxypyrrole might
bind preferentially to the corresponding mismatched thymine. Indeed modelling studies
suggest that in this position the Hp hydroxyl group might hydrogen bond in a manner
similar to conserved water molecules as observed in the crystal structures of G: T
wobble base pairs (Hunter et al., 1987). This would enable bridging of both the guanine
and thymine base pairs (Yang et al., 1999b).

Notwithstanding the selectivity for both Watson-Crick and non-canonical sequences
achieved to date with polyamides in in vitro systems, sequence selective binding using
these molecules has been more difficult to translate into cellular models; a problem
shared with alternative proposed transcriptional control strategies. Until quite recently
studies examining cellular uptake of fluorophore-tagged polyamides have demonstrated
limited internalisation and nuclear localisation in a narrow range of human cell lines

(Sharma et al., 2001; Belitsky et al., 2002; Dudouet et al., 2003). To circumvent the
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need for a conjugated fluorophore, the uptake and intracellular distribution of an
untagged polyamide in living cells was investigated using fluorescence microscopy in
Chapter 4, exploiting instead its inherent fluorescence on UV excitation. This was
significant as it enabled direct assessment of polyamide uptake and distribution in living
cells. It thereby negated the need for an attached fluorophore, which can significantly
alter both the uptake characteristics (Crowley et al., 2003) and the DNA binding
properties of the conjugate relative to the corresponding polyamide alone (Battacharya
& Thomas 2002).

The slow intracellular accumulation and the absence of detectable nuclear localisation of
the thiazolated polyamide examined here correlated with concurrent observations of
polyamide uptake by other research groups (Sharma et al., 2001; Crowley et al., 2003).
The cytosolic staining together with the absence of nuclear localisation, which persisted
even after multiple rounds of mitosis, strongly indicated that the polyamide was not free
to enter the nucleus. This suggested that the internalisation seen was via a vesicular
uptake process sequestering the polyamide within cytosolic compartments, a
phenomenon observed directly by Crowley and coworkers (Crowley et al., 2003).
Microinjection of the polyamide into cell nuclei confirmed that it was possible to
visualise nuclear localisation using the fluorescence microscopy technique employed
here and indicated that the absence of nuclear staining was as a result of the failure of
the polyamide to accumulate at significant concentration within this organelle. The
possibility of polyamide sequestration was further strengthened by evidence that the
nuclear envelope did not provide a barrier to the distribution of freely soluble
polyamide. This was clearly evident from the rapid staining seen here with isolated
nuclei, in addition to the staining of isolated nuclei with fluorophore tagged polyamides

as observed by Laemmli and co-workers (Janssen et al., 2000a; Maeshima et al., 2001).

Whilst some success was achieved in visualising the uptake of polyamides using
fluorescence microscopy, it is possible that very low concentrations of nuclear
polyamide may not have been detected. A more sensitive approach may be the labelling

polyamides with, for example, tritiated hydrogen and tracking them using quantitative
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electron autoradiography. This would also circumvent the use of large conjugated
fluorophores for visualisation with all their associated effects on the charge and size of
the molecule. Use of radiolabelling might then facilitate examination of the uptake of

polyamides in different cell types.

Crowley et al., (2003) have shown that charge is a critical factor in the effective cell
uptake of polyamides and it is also known to influence the uptake of other putative
transcriptional control molecules. However, it may not be the only factor influencing
their uptake, as the cationic molecule netropsin readily accumulates in the nucleus of
living cells (Bailly et al., 1989). This may be as a result of its small size, as recent work
has shown that nuclear localisation of polyamides can also be affected by their
molecular weight, heterocycle content and linker composition (Best et al., 2003;
Edelson et al., 2004). Furthermore uncharged molecules such as PNA are not readily
internalised by cells (Larsen et al., 1999). Thus, a number of other factors, including
lipophilicity, may also play a part in the permeability of such molecules to the cell

membrane (Lown et al., 1989).

Moreover, the molecular basis for the differential uptake of polyamides observed in a
number of cell lines is unclear. Whilst in some cases it may be explained by structural
differences alone, the varying uptake and nuclear localisation of a single polyamide
structure across different cell lines remains to be addressed (Belitsky et al., 2002; Best et
al., 2003; Edelson et al., 2004). It is possible that the type of cell targeted may also
influence the efficiency of polyamide internalisation. In general, however, the range of
factors recently shown to affect the cellular uptake of polyamides are shared with other
transcriptional control strategies and highlight the difficulties encountered transporting
complex synthetic molecules into cells. This suggests that in common with alternative
antimessage or antigene approaches it may be difficult to deliver therapeutically relevant

concentrations of polyamides required for selective transcriptional control.

As any future therapeutic applications for gene targeting using polyamides will rely

extensively on their effective cell uptake and nuclear localisation, it will be crucial to
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define clearly the structural limitations for their optimal delivery to nuclear DNA. This
is especially important when considering the uptake of the much larger polyamides,
which will be required for targeting longer sequences to prevent binding across the
genome. Alternative delivery strategies are already being considered for larger
polyamides, with for example investigations into the design of small self-assembling
polyamide fragments (Poulin-Kerstien & Dervan 2003). However, other forms of
delivery may be required, for example the use of liposomes or cationic lipids, as with
other putative transcriptional control strategies. Once inside the cell, nuclear import
might be enhanced by the addition of a nuclear localisation signal (NLS). These often
occur in nature as clusters of basic amino acids, which are recognised by importins or
karyopherins that facilitate transport into the nucleus. NLS-mediated nuclear import is
utilised by numerous cellular proteins that are commonly shuttled between cytoplasm
and nucleus. It is becoming evident, however, that this represents only one form of
nuclear import, with increasing numbers of signalling molecules found to enter the
nucleus via NLS and importin-independent pathways (Xu & Massague 2004).
Nevertheless, as our understanding of the nucleocytoplasmic shuttling of cellular signal
transducers and transcription factors improves it may be possible to mimic these uptake

pathways with artificial transcriptional control molecules such as polyamides.

Although recent work has demonstrated the difficulties of delivering polyamides into
cells, the antitumour and antiviral activities of polyamides observed over a number of
years suggest that it is possible under certain conditions for polyamides to be
internalised and for them to elicit a biological effect. Studies investigating their antiviral
properties in lymphoid cell lines have shown that they can produce a significant
reduction in the proliferation of viruses such as HIV-1 and FIV in infected cells (Lown
et al., 1989; Wang & Lown 1992; Dickinson et al., 1998; Sharma et al., 2002; Yang et
al., 2003). This is thought to occur as a consequence of targeted binding at
predetermined sites in the viral genome, although not demonstrated directly. However
the inhibition of retroviral replication observed does not necessarily prove that
polyamides are interacting with the nuclear DNA and could be as a result of numerous

modes of action (Wang & Lown 1992; Sharma ez al., 2002). This could explain the
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reduced cytotoxicity of distamycin and related groove binders relative to their associated
antiviral activity, as the two processes may not be occurring via the same molecular
mechanism (Lown et al., 1989). A recent study, however, shows the targeted
derepression of HIV-1 replication in ACH2 cells, a chronically and latently infected T
cell line where HIV-1 is fully integrated into the host genome. This strongly suggests
that in this instance disruption of viral replication by polyamides is occurring at the level
of the nucleus (Coull et al., 2002).

The effect on global gene expression of the exposure of S. cerevisiae to a polyamide was
evaluated in Chapter 5 and compared to the effect exerted by distamycin A, a weakly
cytotoxic agent of similar structure. The uptake of distamycin and polyamides in yeast,
an organism possessing a cell wall in addition to a cell membrane or spheroplast, has not
been demonstrated directly. Nonetheless, the cytotoxic activity exerted by distamycin in
the anti-proliferative assays carried out here suggested that it was being taken up by
yeast cells. This appears to correlate with cytotoxicity studies in other eukaryotic cell
lines, which have demonstrated distamycin to be moderately or weakly cytotoxic
(Chandra et al., 1972; Lown et al., 1989). Given the biological effect exerted by
distamycin on yeast cells, it is not unreasonable to assume that related molecules might
also be taken up within this biological system. Anti-proliferative assays with the
polyamide TIP-C7-amino, however, demonstrated that it had no cytotoxic or cytostatic
activity in this organism, which alongside evidence of sequestration in Chapter 4

suggested that this compound may not be taken up by these cells.

Analysis of the combined data sets of differential gene expression in cells treated with
100puM distamycin or the polyamide TIP-C7-amino, revealed consistent changes in the
transcription of approximately 1% and 0.5% of the yeast genome, respectively. This
remarkably small number of affected genes is consistent with other recent microarray
studies which have also observed that the expression levels of relatively few genes are
affected by treatment with polyamides (Supekova et al., 2002; Dudouet et al., 2003).
However, although treatment with distamycin appeared to produce a pattern of gene

expression that could be loosely correlated with the anti-proliferative effect observed,
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the same was not true for the polyamide TIP-C7-amino. The absence of any cytotoxic
or cytostatic activity by the polyamide, together with the extremely small percentage of
consistent changes in the levels of gene expression could be accounted for simply by

statistical variation and strongly suggested that it was not being taken up by the cells.

The limited gene number consistently affected by distamycin treatment may have been
due to the single incubation period examined of 2 hours, which was either just prior or
coincided with the onset of cell death. The onset of death could be more clearly
determined using flow cytometry examining the effects of distamycin on the cell cycle
over time. Furthermore, examination of the transcription profiles produced over longer
time periods, for example 4 and 6 hours, at which cell death was observed during
continuous incubation in the anti-proliferative assays, may enable clustering of the genes
affected over time. This may produce clusters of genes associated with a given
metabolic pathway and could aid the differentiation between the direct interaction of
distamycin and downstream effects. It would also provide more robust candidate genes
for confirmation of up or down regulation by northern blotting or RT-PCR techniques,
thereby enabling elucidation of some of the biological consequences of distamycin

treatment in cells.

As lymphoid cell lines such as Jurkat and CEM appear to readily take up polyamides, it
may also be profitable to examine the biological effects of increasing concentrations of
polyamide on genomic transcription in T cells. Incubation of CEM cells with polyamide
concentrations of 1-2uM have been shown to have no anti-proliferative effect (Dudouet
et al., 2003), which is consistent with the effects observed with low concentrations of
polyamide in Jurkat cells this thesis. However, the anti-proliferative effect observed
here over prolonged exposure and high concentrations indicate that there may be a
concentration threshold at which non-specific binding to genomic DNA may occur. The
effects on genomic transcription could be examined using microarrays, in combination
with flow cytometry to determine possible mechanisms for the anti-proliferative effects
observed. Once more, the examination of a number of incubation periods would enable

clustering of the affected genes, providing more gene candidates for both RT-PCR and
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the search for consensus binding motifs to determine whether the genes affected by
polyamide exposure are the result of sequence specific binding or downstream events.
Sequence specific binding could also be verified using in vivo footprinting techniques or
by chromatin immunoprecipitation (ChIP), whereby non-covalent ligand-DNA
interactions are captured by in vivo formaldehyde cross-linking of whole cells and the

ligand-DNA complexes identified by immunoprecipitation.

Whilst investigation of the promoter regions from the genes identified was not possible
in the present study due to the potentially high rate of false positives, analysis of
potential polyamide binding sites linked to transcriptional regulation has been carried
out by Supekova and co-workers (Supekova et al., 2002). Promoter regions of the genes
affected by polyamide treatment revealed numerous possible binding sites for the
polyamides examined in that study, but failed to identify a common consensus motif for
binding suggesting that the effects exerted on transcription were not sequence directed.
It is possible that the differential expression observed occurred as a downstream
consequence of polyamide binding, rather than by direct interaction with the polyamide
itself. More recently however, different transcription profiles have been produced by
polyamides targeted to different sequences and importantly these compounds have been
shown to localise within the cell nucleus (Dudouet et al., 2003). This seems to indicate
that in this case each polyamide was having an individual effect possibly as a result of
the different sequences to which they were targeted, although this was not shown to be
as a direct consequence of targeted polyamide binding. Thus despite these preliminary
studies, differential gene expression as a result of the direct interaction of polyamides

binding at targeted sites within the genome in living cells remains to be demonstrated.

In conclusion the in vitro study of the selectivity and affinity of the interactions of DNA
binding ligands such as polyamides is a crucial approach to understanding their possible
mechanisms of action in cells. This has provided useful molecular vectors for the
direction of conventional DNA damaging moieties to specific sequences, as observed
with the numerous polyamide conjugates currently under development. Nevertheless,

for polyamides to be employed successfully in gene targeting strategies elucidation of
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the structural elements required for their efficient cell uptake and nuclear distribution is
vital. These issues have been emphasised by numerous alternative antigene and
antimessage strategies, which have already encountered difficulties in targeting adequate
levels of ligand to show activity. Furthermore, for the evaluation and prediction of the
biological consequences of polyamide binding in cells to be possible, a greater
understanding is required of the accessibility of sequences in genomic DNA, the
dynamics of nucleosomal organisation and the three-dimensional mechanisms of
transcriptional activation. As a consequence, the design of the next generation of
polyamides will require a more thorough understanding of these factors to achieve

realistic therapeutic utility.
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APPENDIX 1

DEFINITION: pBSLTR34TF10 comprised of the viral vector pBSSK and the 5’
LTR of FIV as donated by Tom Phillips from Scripps Research Institute.

1 CTAAATTGTA AGCGTTAATA TTTTGTTAAA ATTCGCGTTA AATTTTTGTT

51 AAATCAGCTC ATTTTTTAAC CAATAGGCCG AAATCGGCAA AATCCCTTAT
101 AAATCAAAAG AATAGACCGA GATAGGGTTG AGTGTTGTTC CAGTTTGGAA
151 CAAGAGTCCA CTATTAAAGA ACGTGGACTC CAACGTCAAA GGGCGAAAAA
201 CCGTCTATCA GGGCGATGGC CCACTACGTG AACCATCACC CTAATCAAGT
251 TTTTTGGGGT CGAGGTGCCG TAAAGCACTA AATCGGAACC CTAAAGGGAG
301 CCCCCGATTT AGAGCTTGAC GGGGAAAGCC GGCGAACGTG GCGAGAAAGG
351 AAGGGAAGAA AGCGAAAGGA GCGGGCGCTA GGGCGCTGGC AAGTGTAGCG
401 GTCACGCTGC GCGTAACCAC CACACCCGCC GCGCTTAATG CGCCGCTACA
451 GGGCGCGTCC CATTCGCCAT TCAGGCTGCG CAACTGTTGG GAAGGGCGAT
501 CGGTGCGGGC CTCTTCGCTA TTACGCCAGC TGGCGAAAGG GGGATGTGCT
551 GCAAGGCGAT TAAGTTGGGT AACGCCAGGG TTTTCCCAGT CACGACGTTG
601 TAAAACGACG GCCAGTGAGC GCGCGTAATA CGACTCACTA TAGGGCGAAT
651 ngggﬁlccm GCCCCCCCTC GAGGTCGACG GTATCGATAA GCTTGATCTC
701 GAGCTCGAGT GGGATGAGTA TTGGAACCCT GAAGAAATAG AAAGAATGCT
751 TATGGACTAG GGACTGTTTA CGAACAAATG ATAAAAGGAA ATAGCTGAGC
801 ATGACTCATA GTTAAAGCGC TAGCAGC TGC CTAACCGCAA AACCACATCC
851 TATGGAAAGC TTGCTAATGA CGTATAAGTT GTTCCATTGT AAGAGTATAT
901 AACCAGTGCT TTGTGAAACT TCGAGGAGTC TCTTTGTTGA GGACTTTTGA
951 GTTCTCCCTT GAGGCTCCCA CAGATACAAT AAATATTTGA GATTGAACCC
1001 TGTCGAGTAT CTGTGTAATC TTTTTTACCT GTGAGGTCTC GGAATCCGGG

<—— OBUSN3

1051 CCGAGAACTT CGCAAGATCT AGATCTAATC GAATTCCTGC AGCCCGGGGG
1101 ATCCACTAGT TCTAGAGCGG CCGCCACCGC GGTGGAGCTC CAGCTTTTGT

1151 TCCCTTTAGT GAGGGTTAAT TGCGCGCTTG GCGTAATCAT GGTCATAGCT
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1201 GTTTCCTGTG TGAAATTGTT ATCCGCTCAC AATTCCACAC AACATACGAGC
1251 CCGGAAGCAT AAAGTGTAAA GCCTGGGGTG CCTAATGAGT GAGCTAACTC
1301 ACATTAATTG CGTTGCGCTC ACTGCCCGCT TTCCAGTCGG GAAACCTGTC
1351 GTGCCAGCTG CATTAATGAA TCGGCCAACG CGCGGGGAGA GGCGGTTTGC
1401 GTATTGGGCG CTCTTCCGCT TCCTCGCTCA CTGACTCGCT GCGCTCGGTC
1451 GTTCGGCTGC GGCGAGCGGT ATCAGCTCAC TCAAAGGCGG TAATACGGTT
1501 ATCCACAGAA TCAGGGGATA ACGCAGGAAA GAACATGTGA GCAAAAGGCC
1551 AGCAAAAGGC CAGGAACCGT AAAAAGGCCG CGTTGCTGGC GTTTTTCCAT
1601 AGGCTCCGCC CCCCTGACGA GCATCACAAA AATCGACGCT CAAGTCAGAG
1651 GTGGCGAAAC CCGACAGGAC TATAAAGATA CCAGGCGTTT CCCCCTGGAA
1701 GCTCCCTCGT GCGCTCTCCT GTTCCGACCC TGCCGCTTAC CGGATACCTG
1751 TCCGCCTTTC TCCCTTCGGG AAGCGTGGCG CTTTCTCATA GCTCACGCTG
1801 TAGGTATCTC AGTTCGGTGT AGGTCGTTCG CTCCAAGCTG GGCTGTGTGC
1851 ACGAACCCCC CGTTCAGCCC GACCGCTGCG CCTTATCCGG TAACTATCGT
1901 CTTGAGTCCA ACCCGGTAAG ACACGACTTA TCGCCACTGG CAGCAGCCAC
1951 TGGTAACAGG ATTAGCAGAG CGAGGTATGT AGGCGGTGCT ACAGAGTTCT
2001 TGAAGTGGTG GCCTAACTAC GGCTACACTA GAAGGACAGT ATTTGGTATC
2051 TGCGCTCTGC TGAAGCCAGT TACCTTCGGA AAAAGAGTTG GTAGCTCTTG
2101 ATCCGGCAAA CAAACCACCG CTGGTAGCGG TGGTTTTTTT GTTTGCAAGC
2151 AGCAGATTAC GCGCAGAAAA AAAGGATCTC AAGAAGATCC TTTGATCTTT
2201 TCTACGGGGT CTGACGCTCA GTGGAACGAA AACTCACGTT AAGGGATTTT
2251 GGTCATGAGA TTATCAAAAA GGATCTTCAC CTAGATCCTT TTAAATTAAA
2301 AATGAAGTTT TAAATCAATC TAAAGTATAT ATGAGTAAAC TTGGTCTGAC
2351 AGTTACCAAT GCTTAATCAG TGAGGCACCT ATCTCAGCGA TCTGTCTATT
2401 TCGTTCATCC ATAGTTGCCT GACTCCCCGT CGTGTAGATA ACTACGATAC
2451 GGGAGGGCTT ACCATCTGGC CCCAGTGCTG CAATGATACC GCGAGACCCA
2501 CGCTCACCGG CTCCAGATTT ATCAGCAATA AACCAGCCAG CCGGAAGGG

2551 CCGAGCGCAGA AGTGGTCCTG CAACTTTATC CGCCTCCATC CAGTCTATTA
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2601 ATTGTTGCCG GGAAGCTAGA GTAAGTAGTT CGCCAGTTAA TAGTTTGCGC
2651 AACGTTGTTG CCATTGCTAC AGGCATCGTG GTGTCACGCT CGTCGTTTGG
2701 TATGGCTTCA TTCAGCTCCG GTTCCCAACG ATCAAGGCGA GTTACATGAT
2751 CCCCCATGTT GTGCAAAAAA GCGGTAGCTC CTTCGGTCCT CCGATCGTT
2801 GTCAGAAGTA AGTTGGCCGC AGTGTTATCA CTCATGGTTA TGGCAGCACT
2851 GCATAATTCT CTTACTGTCA TGCCATCCGT AAGATGCTTT TCTGTGACTG
2901 GTGAGTACTC AACCAAGTCA TTCTGAGAAT AGTGTATGCG GCGACCGAGT
2951 TGCTGTTGCC CGGCGTCAAT ACGGGATAAT ACCGCGCCAC ATAGCAGAAC
3001 TTTAAAAGTG CTCATCATTG GAAAACGTTC TTCGGGGCGA AAACTCTCAA
3051 GGATCTTACC GCTGTTGAGA TCCAGTTCGA TGTAACCCAC TCGTGCACCC
3101 AACTGATCTT CAGCATCTTT TACTTTCACC AGCGTTTCTG GGTGACAAAA
3151 ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAAT
3201 GTTGAATACT CATACTCTTC CTTTTTCAAT ATTATTGAAG CATTTATCAG
3251 GGTTATTGTC TCATGAGCGG ATACATATTT GAATGTATTT AGAAAAATAA

3301 ACAAATAGGG GTTCCGCGCA CATTTCCCCG AAAAGTGCCAC
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APPENDIX II

LOCUS: HUMHERZ201 757 bp DNA linear PRI 31-DEC-1994
DEFINITION: Human HER2 gene, promoter region and exon 1.
ACCESSION: M16789

1 CCCGGGGGTC CTGGAAGCCA CAAGGTAAAC ACAACACATC CCCCTCCTTG
51 ACTATGCAAT TTTACTAGAG GATGTGGTGG GAAAACCATT ATTTGATATT
101 AAAACAAATA GGCTTGGGAT GGAGTAGGAT GCAAGCTCCC CAGGAAAGTT
151 TAAGATAAAA CCTGAGACTT AAAAGGGTGT TAAGAGTGGC AGCCTAGGGA
201 ATTTATCCCG GACTCCGGGG GAGGGGGCAG AGTCACCAGC CTCTGCATTT
251 AGGGATTCTC CGAGGAAAAG TGTGAGAACG GCTGCAGGCA ACCCAGGCGT
301 CCCGGCGCTA GGAGGGACGA CCCAGGCCTG CGCGAAGAGA GGGAGAAAGT

NEU-F —>
351 GAAGCTGGGA GTTGCCGACT CCCAGACTTC GTTGGAATGC AGTTGGAGGG
401 GGCGAGCTGG GAGCGCGCTT GCTCCCAATC ACAGGAGAAG GAGGAGGTGG
451 AGGAGGAGGG CTGCTTGAGG AAGTATAAGA ATGAAGTTGT GAAGCTGAGA
501 TTCCCCTCCA TTGGGACCGG AGAAACCAGG GGAGCCCCCC GGGCAGCCGC
<— NEU-R

551 GCGCCCCTTC CCACGGGGCC CTTTACTGCG CCGCGCGCCC GGCCCCCACC
601 CCTCGCAGCA CCCCGCGCCC CGCGCCCTCC CAGCCGGGTC CAGCCGGAGC
651 CATGGGGCCG GAGCCGCAGT GAGCACCATG GAGCTGGCGG CCTTGTGCCG

701 CTGGGGGCTC CTCCTCGCCC TCTTGCCCCC CGGAGCCGCG AGCACCCAAG

751 GTGGGTC
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Development of sequence-reading polyamides or “lexitropsins”
with comparable DNA-binding affinities to cellular proteins raises
the possibility of artificially regulated gene expression. Covalent
linkage of polyamide ligands, with either a hairpin motif or
crosslinking methylene bridge, has greatly improved binding af-
finity by ensuring their side-by-side register. Whereas hairpin
polyamides have been investigated extensively, the optimized
structure of crosslinked polyamides remains to be determined. This
study examines a series of thiazole-imidazole-pyrrole (TIP) mono-
mers and crosslinked dimers to evaluate the effects on selectivity
and binding affinity of different N-terminal head groups attached
to the leading thiazole ring and differing methylene linker lengths.
Quantitative footprinting of a DNA sequence, containing potential
match and mismatch sites for both maximum overlap and one-
residue stagger binding modes, allowed measurement of binding
constants at each putative site. Within an N-terminal amino TIP
series, C7 and C8-linked compounds bound most strongly to these
sites, whereas maximum binding affinity was observed for a C6
linker with a formyl head group. A C5 linker gave weak binding
with either head group. A hydrogen or acetyl head group abro-
gated binding. Binding was confirmed by gel shift analyses. The
highest specificity for the maximum overlap site over the one-
residue stagger was observed with TIP-C7-amino. Selectivity of the
leading thiazole was modulated by the head group, with N-
terminal formyl TIP exhibiting up to 3-fold specificity for AGT over
TGT, suggesting that N-formyl-thiazole may provide sequence
discrimination of adenine over thymine. Moreover, the leading
head group and methylene linker length significantly influences
the binding characteristics of crosslinked polyamides.

M odification of the sequence specificity of DNA minor
groove binders netropsin and distamycin from AT to GC
(1, 2) has led to the development of sequence-reading poly-
amides or lexitropsins. Strict AT sequence recognition inherent
in the naturally occurring tripyrrole carboxamides has been
expanded by replacement of the guanine-excluding pyrrole ring
with a number of structurally related heterocycles including
imidazole (3). Following the demonstration that distamycin may
bind in a 2:1 binding mode (4), oligopeptides containing imida-
zole were found also to bind cooperatively in this motif to GC
tracts (S, 6).

The current generation of polyamides binds as antiparallel
dimers to opposite strands of the minor groove with each
constituent peptide ring contacting an individual nucleotide
base. Covalent linkage of the two component oligopeptides has
produced sequence-reading ligands of improved binding affinity
(7-13). As a consequence, synthesis of small molecules capable
of DNA sequence discrimination with equivalent binding affin-
ities to those of DNA-binding proteins raises the possibility of
artificial regulation of gene expression (14). Indeed, recent work
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has demonstrated that linked polyamides can modulate tran-
scription of specific genes in vitro and in some cell culture
situations (15-20).

Detailed studies of polyamide binding led to the development
of pairing rules defining optimal combinations of imidazoles and
pyrroles for binding at predetermined DNA sites (21-23). These
rules were extended to address the problem of AT/TA discrim-
ination through use of a 3-hydroxypyrrole unit for preferential
thymine recognition, providing the first success in complete
sequence recognition in the minor groove of DNA (24-26).
Nevertheless, alternative solutions continue to be pursued in an
effort to improve AT/TA discrimination, which include the
potential use of thiazole as an adenine discriminator (27-29).

Accurate alignment of the peptide rings alongside each base
pair is crucial to providing both sequence specificity and binding
affinity for linked polyamides (6, 30, 31). Optimal length and
geometry of the linkage is required to position both component
ligands in close proximity to the base edges within the minor
groove. To achieve this, two types of structures have been
proposed: a hairpin, whereby the oligopeptides are linked head
to tail by using a suitable “turn peptide” (8), and a crosslinked
or stapled structure, where the central rings of two polyamide
ligands are linked via a methylene bridge (7, 12, 32, 33). Whereas
the binding affinity and selectivity of hairpin polyamides are well
documented (34), the optimum conditions for methylene chain
crosslinked polyamides remain to be defined.

For linked polyamides, two potential DNA-binding modes, an
overlap and a staggered orientation, are possible (Fig. 1) (29). In
the maximum overlap mode, favored by the hairpin linkage (9,
35), the absence of an amide on the leading ring holds the
parallel peptide chains in specific register, whereby each ring
stacks on an amide of its neighbor. In the one-residue stagger
motif, polyamides with a leading amide head group can slip along
the peptide chain by one amide yielding an extended reading
frame. In this binding mode, polyamides also stack ring on
amide; however, the first amide on each ligand overhangs. This
sliding of the ligands in relation to each other allows further
separation of the charged tails, reducing electrostatic repulsion
by maximizing the distance between the charges.

In this report, we present a detailed study on the effect of the
N-terminal head group and methylene linker length on the
binding affinity and specificity of a series of thiazole-imidazole-

Abbreviation: TiP, thiazole-imidazole-pyrrole.
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The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.012588799


http://www.pnas.org/cgl/dol/l

a. b.
Maximum Overlap One Residue Stagger
[ I a/t
Im = Py f Im=Py=+
=Im=Th =Th(=)
G c A alt

Fig. 1. Binding motifs of TIP, The box indicates which rings are side by side
in the minor groove, (a) Maximum overlap motif. Th, thiazoie; Im, imidazole;
Py, pyrrole. The equal sign signifies an amide, and the plus sign signifies the
charged tail. In the maximum overlap motif, the rings stack ring-on-amide.
The DNA target sequence is indicated in capital letters, and the charged tails
prefer adenine or thymine, a/t. (b) One residue stagger motif. This motif
requires a leading amide shown in parentheses. Here, the polyamides slip
relative to the maximum overlap, still stacking ring on amide, but moving the
charged tails further apart. The one residue stagger motifhas a longer reading
frame but still preserves the same number of ring-on-amide interactions.

pyrrole (TIP) crosslinked polyamides (Fig. 2) by using quanti-
tative DNase I footprinting and gel shift analyses.

Materials and Methods

Quantitative DNase 1 Footprinting. A 355-bp 5' ~~P-labeled PCR
fragment was generated from the long terminal repeat region of
plasmid pBSFIV34TF10, kindly provided by Tom Phillips (Vac-
cine Research Institute, San Diego, CA), using standard proto-
cols. The labeled fragment was purified by agarose gel electro-
phoresis and isolated by using a BiolOl kit according to the
manufacturer’s instruction. Polyamides (prepared as in ref. 33)
were incubated with 1,000 cps of 5' single end-labeled fragment
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Fig. 2. Molecular structures of distamycin A, the unlinked thiazole-
imidazole-pyrrole polyamides, and the crosslinked thiazole-imidazole-pyrrole
polyamides used in this study.

in 10 mM Tris, pH 7.0/1 mM EDTA/50 mM KCl/1 mM
MgCl12/0.5 mM DTT/20 mM Hepes at room temperature for 30
min in a total volume of 50 pl. Cleavage was initiated by the
addition of the drug-treated sample to 2 /x1 (0.1 unit) DNase 1
diluted in ice-cold 10 mM Tris, pH 7.0, from a stock solution (1
unit/ju.l, Promega) and 1/xl of a solution of 250 mM MgC17/250
mM CaCb. The reactions were performed at room temperature
and stopped after 3 min by the addition of 100 /xl of a stop mix
containing 200 mM NaCl1/30 mM EDTA, pH 8/1% SDS. The
cleavage products were phenol/chloroform extracted and etha-
nol precipitated in the presence of 1 /xl of glycogen (20 mg/ml,
Roche Diagnostics), washed once in 80% ethanol and lyophilized
dry. The samples were resuspended in formamide loading dye,
denatured for 5 min at 90°C, cooled on ice, and electrophoresed
at 2,000 V for 2 hon a 6% acrylamide denaturing gel (Sequagel,
National Diagnostics). The gels were dried under vacuum at
80°C and exposed to film for 24 h (X-Omat, Kodak). Densitom-
etry was carried out on a Bio-Rad GS-670 imaging densitometer.

Equilibrium association constants were determined for target-
binding sites for each polyamide (36-39). Volume integrations of
five target sites and a reference site allowed the apparent DNA
target site saturation, Oapp, to be calculated for each concentra-
tion of ligand using the following equation:

®app | (Aoillref)/(/o lol/A) ref)) [1]

where Aoi and Acr correspond to the integrated volumes of the
target and reference sites, respectively. Auoi and Aircf are the
integrated volumes for those sites in the absence of polyamide.
The data were fitted to a Langmuir binding model (Eq. 2), where
[T],0i is the total polyamide concentration, /C» is the equilibrium
association constant, and e”in and Omax are the site-saturation
values when the site is unoccupied or saturated, respectively.

omin), + [2]

+ (Gmax

Values for 8min, 8max, and
difference between Oapp and Ofc, using a nonlinear optimization

were obtained by minimizing the

procedure with the constraint Omax > Omm. Goodness of fit was
assessed by calculating a Pearson correlation coefficient between
the actual and the model values. The confidence level was
obtained by using a test statistic for a ¢ distribution, and any fit
with P > 0.05 was rejected. At least three sets of data were used
in determining each association constant for five target match
and mismatch sites.

Gel Shift Assays. A DN A decamer and dodecamer oligomer were
prepared by solid phase synthesis at a 5 /xM scale on an
Eppendorf ECOSYN D300 synthesizer. They were purified on
a DE-52 ion exchange column using a KCI gradient, lyophilized,
and resuspended in water to achieve the proper concentration.
Polyamides were suspended in distilled water at the appropriate
concentration.

Native gels (20% ) using a 29:1 acrylamide:bis ratio were run
at 4°C. The polyamides and the various DNA oligomers were
incubated overnight at room temperature while shaking with 66
mM Mg(OAc)2 and 3.33 mM sodium cacodylate, pH 7.0. Dye
and Ficoll were then added so that the final concentration/lane
was 250 ng DNA/50 mM Mg(OAc)2/2.5 mM sodium cacodylate,
pH 7.0/3.375% Ficoll/0.0125% xylene cyanol/0.0125% brom-
phenol blue in a volume of 20 /xI. Gels were silver stained (40)
by incubating the gel for 15 min with 1% HNO3 followed by 15
min with 0.2% AgNO;. The gels were then rinsed quickly with
water followed by developer for 5-10 min. The gels were fixed
with 10% acetic acid. After fixing, the acetic acid was removed
by rinsing with distilled water before drying.
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{4) Quantitative DNase Ifootprint titration experiment with TIP-C7-amino on the 5' ~'P-labeled 355-bp FIV34TF10 long terminal repeat fragment from

plasmid pBSFIV34TF10, showing four binding sites. All reactions contain 1,000 cps of restriction fragment, 10 mM Tris, pH 7.0/ mM EDTA/50 mM KCI/l mM
MgCU/0.5 mM DTT/20 mM Hepes. Lane 1, untreated control; lane 2, DNase I-treated control; lanes 3-11,10 nM, 25 nM, 50 nM, 75 nM, 100 nM, 250 nM, 500 nM,
1~M TIP-C7-amino; lane 12, GA reaction; lane 13, T reaction. (S) DNase Ifootprint experiment with TIP-C6-formyl, TIP-C7-formyl, and TIP-C8-formyl on the 5'
~nP-labeled 355-bp FIV34TF10 long terminal repeat fragment from plasmid pBSFIV34TF10, showing four binding sites. All reactions contain 1,000 cps of restriction
fragment, 10 mM Tris, pH 7.0/1 mM EDTA/50 mM KCI/l mM MgCb/0.5 mM DTT/20 mM Hepes. Lane 1, untreated control; lane 2, DNase I-treated control; lanes
3-6, 50 nM, 75 nM, 100 nM, 250 nM TIP-C6-formyl; lanes 7-10, 50 nM, 75 nM, 100 nM, 250 nM TIP-C7-formyl; lanes 11-14, 50 nM, 75 nM, 100 nM, 250 nM

TIP-CB-formyl; lane 15, GA reaction; lane 16, T reaction.

Results

Quantitative DNase I Footprinting. DNase I footprinting allowed
the determination of binding affinity and binding specificity for
a series of monomer and crosslinked dimer polyamides (Fig. 2).
The compounds contained one of four different N-terminal head
groups, and the crosslinked compounds contained methylene
linkers ranging from 5 to 8. A typical footprint titration for
compound TIF-C7-amino is shown in Fig. 34. Putative match
and mismatch sites were present in the DNA sequence studied
for both the maximum overlap and one-residue stagger binding
modes (Fig. 1). Four of these sites are indicated in Fig. 3A4.

Association constants for these sites, and a further site at
sequence position 971, were determined for all compounds and
are given in Table 1. No significant binding was observed at any
other DNA sequences within the DNA fragment tested, includ-

ing at a stagger mode binding site with a single base mismatch.

Binding Affinity. Within the N-terminal amino series, the C7- and
C8-linked compounds produced the strongest binding. Reduc-
tion in the methylene chain length to C6 produced a 15-fold
decrease in binding affinity at the maximum overlap match site
relative to the C7- and C8-linked compounds. Further reduction
to a chain length of 5 methylenes produced weak overall binding.
The unlinked TIP-amino bound with an affinity similar to that
of the C6-linked compound.
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In contrast, for the N-terminal formyl series, the C6 linker
produced the strongest overall binding at its target site, having
the greatest binding affinity (K* = 4.0 X 10~ M"') for any
compound in either series. The C7-linked formyl compound had
an approximately 2-fold decreased binding affinity compared
with the C6 compound at most binding sites. The C8-linked
compound gave a further decrease in binding affinity. A com-
parison of the C6-C 8 compounds is shown in Fig. 3B. Similarly
to the amino series, the C5-linked formyl compound was a weak
binder. No the TIP
compounds contained an N-terminal hydrogen or acetyl head

significant binding was observed when
group in either the unlinked or crosslinked form.

Binding Specificity. Comparison of the binding affinities at the
individual binding sites allowed a determination of the relative
binding of the TIP compounds between the maximum overlap
(sites 812, 890, 851, and 971) and stagger (site 871) modes of
binding. In addition, comparison of the four maximum overlap
sites allowed an assessment of the discrimination of the com-
pounds for A:T versus T:A sequences. Table 2 lists the ratios of
binding at the stagger mode binding site (5'-ACGT-3') and
maximum overlap mismatch sites (5'-TGT-3' and 5'-AGA-3")
the site

compared with maximum

(5'-AGT-3").

Within the amino series, only the C7 and C8-linked com-

potential overlap match
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Table 1. Equilibrium association constants (K& x 10* M~*) for the TIP polyamides

Polyamide TAGTT (812) TTGTA (890)
TIP-amino 0.2 (= 0.04) 0.1 (= 0.1)
TIP-CS-amino <0.1 <0.1

TIP-C6-amino 0.2 (+ 0.2) 0.5 (+ 0.4)
TIP-C7-amino 2.7 (£ 1.6) 23 (+ 1.4)
TIP-C8-amino 30 (= 1.8) 33 (£ 2.1)

TIP-C5-formyl <0.1 <0.1

TIP-C6-formyl 4.0 (= 1.8) 2.4 (£ 1.5)
TIP-C7-formyl 2.4 (+x 1.0) 1.2 (£ 0.6)
TIP-C8-formyl 1.3 (+ 0.4) 1.0 (+ 0.4)
TIP-C5-H <0.01 <0.01
TIP-C7-H <0.01 <0.01
TIP-acetyl <0.01 <0.01
TIP-C7-acetyl <0.01 <0.01

Values reported are the mean from at least three
standard deviation indicated in parentheses.

pounds showed specificity for the maximum overlap over the
stagger mode of binding (Table 1). This was 7-fold in the case of
TIP-C7-amino. The C6-C 8 formyl compounds showed specific-
ity for the maximum overlap mode, which was again maximal for
the C7 compound (6-fold). The unlinked TIP-amino compound
gave comparable binding at the maximum overlap match site and
the one-residue stagger site. This compound, however, did show
some discrimination between the maximum overlap match site
and the three mismatch sites, indicating that the thiazoie/pyrrole
pair could discriminate between A:T and T:A. This specificity
was also maintained with the formyl-linked compounds and was
over 3-fold in some cases. The specificity for the match site was
less with the linked amino compounds and absent in the case of
the TIP-C6-amino.

Polyamide-DNA Gel Shift Assays. Concurrent with the footprinting
experiments, PAGE native gel shift experiments were conducted
on two oligomers, which were eventually to be used in crystal-
lization trials. The gel shift results gave an additional assessment
of the binding ability of the various polyamides with different
linkers and head group. A decamer, CCAACGTTGG, con-
tained a single site 5'-ACGT-3"' for the one-residue stagger
binding mode. A dodecamer, CGACTGCAGTCG, contained
three binding sites; two maximum overlap sites, 5'-ACT-3' and
5'-AGT-3', and a further conceivable site, 3'-ACGT-5", in the
one residue stagger mode. But, reading in the reverse direction,
3' to 5' has been reported to occur only under special conditions,
e.g., N-terminal acétylation or addition of a glycine into the tail
region (41). Side-by-side polyamides tend to always read in a 5'
to 3' direction.

Complete binding of the TIP-C7-amino at the one-residue

stagger match site in the decamer, CCAACGTTGG, at a

Table 2. Effects of linker length and head group on specificity of
binding, where specificity is defined as Ifa(AGT)//(a(XGX)

AGT/TGT AGT/TGT AGT/AGA AGT/ACGT
Polyamide (812/890) (812/851) (812/971) (812/871)
TIP-amino 2.0 2.9 33 1.0
TIP-C6-amino 0.4 0.7 0.3 0.7
TIP-C7-amino 1.2 2.7 1.0 6.8
TIP-C8-amino 0.9 1.9 13 2.8
TIP-C6-formyi 1.7 3.3 1.2 3.3
TIP-C7-formyl 2.0 3.4 2.0 6.0
TIP-C8-formyl 1.3 2.6 0.8 33

Ka X 10" (M-")

ATGTA(851) CAGAT(971) CACGIA(871)
0.07 (+ 0.07) 0.06 (+ 0.04) 0.2 (+ 0.2)
<0.1 <0.01 <0.01
0.3 (+ 0.2) 0.7 (i 0.5) 0.3 (+ 0.2)
1.0 (= 0.4) 2.8 (+ 1.6) 0.4 (£ 0.1)
1.6 (= 0.7) 2.4 (+0.7) L1 (= 0.7)
<0.1 <0.1 <0.1
1.2 (£ 0.85) 3.4 (x 1.8) 12 (£ 0.8)
0.7 (+ 0.02) 12 (£ 0.6) 0.4 (£ 0.1)
0.5 (+ 0.2) 1.7 (£ 0.6) 0.4 (+ 0.1)
<0.01 <0.01 <0.01
<0.01 <0.01 <0.01
<0.01 <0.01 <0.01
<0.01 <0.01 <0.01

independent DNase I footprinting experiments, with the

polyamide to DN A ratio of 2:1 and above was demonstrated (Fig.
4A4). The unlinked TIP-amino also displayed complete binding at
this site, but a higher polyamide to DNA ratio of 4:1 was

necessary. In contrast, the TIP-C5-amino was unable to bind.

0:1 2:1 4:1 0:1 1:1 2:1 4:1 2:1 4:1 0:1 2:1 4:1 8:1
dbta- unlinked Cs5 c7
mycta mmlino no head amino
1:1 Z:1 4:1 1:1 2:1 4:1 1:1 2:1 4:1 1:1 2:1 4:1 _1:1 2:1 4:1 0:1
unlinked [ c6 c7 Cc8

mmlino

10:111:1 2:14:111:1 2:14:1 11:1 2:14:111:1 2:14:11

I T os T oo T o 1 I

Fig. 4.  Gel shift where 0:1 indicates no polyamide, only DNA oligomer. (4)
TIP with various head groups. Distamycin bound to AAAATCTCTA isa control,
with the drug binding to AAAA. The remaining lanes show polyamide:DNA
ratios for TIPICCAACGTTGG, with a DNA concentration of 2 /xM. The oligo-
nucleotide contains a single ACGT one-residue stagger site. The head group
and linker length isindicated, (fl) TIPwith amino head group. The two controls
are unlinked TIPand 0:1, where 1isthe DNA sequence, CCAACGTTGG without
polyamide. C5-C8 indicate the polyamide methylene linkers. (O TIP with
formyl head group. C5-C8 indicate the polyamide methylene linkers. The DNA
sequence is CGACTGCAGTCG (1.7 /xM), which containsthree potential binding
sites; a maximum overlap match site, AGT, a maximum overlap mismatch site,
ACT, and a one-residue stagger site AGCT placed in the less favorable 3' to 5'
direction. Note the diffuse bands in the shifted region, indicating multiple
binding sites.
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even at an elevated 8:1 ratio of polyamide to DNA. Further gels
using this oligomer were performed to establish the optimal
length of methylene chain required for binding by the amino and
formyl compound series. These indicated that within the N-
terminal amino series, TIP-C7-amino and TIP-C8-amino pro-
duced the best binding for this site (Fig. 4B). The binding order
was ascertained to be C7,C8 > unlinked > C6 > CS, respectively.
In contrast, the N-terminal formyl polyamides showed optimal
binding with a linker of six carbons (data not shown), and the
binding order was C6 > C7 > C8 > Cs.

Gel shifts with the second oligomer, CGACTGCAGTCG,
determined optimal binding in the maximum overlap mode. The
preferred sequence for this dodecamer in the overlap motif is
AGT (Fig. 1), as the alignment of drug rings places an Im/Im
pair next to a GC base pair. The Im/Im pair is redundant and can
read either CG or GC. Assays with the N-terminal amino
compounds using this oligomer resulted in the same order of
overall binding as seen with the decamer above. With the formyl
head group (Fig. 4C), the C6 linker proved to be optimal, and
once more the compounds followed the binding order observed
with the one-residue stagger motif.

With this DNA sequence, which has two binding sites in the
maximum overlap motif, the gel shifts showed a smear indicating
a number of conformers. This smearing was present on gels with
either head group, amino or formyl. As the Im/Im pair in the TIP
dimer is redundant and may read either GC or CG, this may
account for two of the bands, ACT and AGT, in the diffused
shifted region. Some of the lanes indicate a third band (Fig. 4C),
which could be explained by having two polyamides bind con-
currently.

The formyl head group tested in the gel shifts had a lower
affinity for the DNA in both binding motifs. This was indicated
by an increase in the drug to DNA ratio needed for effective
binding. Optimal binding for the amino head group occurred at
a 2:1 drug:DNA ratio for the ACGT sequence, whereas the best
binding with the formyl occurred at a 4:1 ratio. However, the
Cé6-formyl had a high affinity for AGT in the footprint results.

Discussion

The binding affinities of a series of thiazole-imidazole-pyrrole
polyamide monomers and crosslinked dimers were determined
to evaluate the effects on selectivity and binding of the intro-
duction of different N-terminal head groups attached to the
leading thiazole ring, together with variation in the linking
methylene chain length. Quantitative DNase I footprint titra-
tions of a DNA sequence, containing putative match and
mismatch sites for both the maximum overlap and one residue
stagger binding modes, allowed the measurement of binding
constants at each site. The presence of alternative mismatches
for a given match site enabled specificity of binding to be
determined and, consequently, the potential base recognition
properties of the thiazole to be assessed. Concurrent gel shift
experiments examined binding to short oligomers containing
match sites for both modes of binding.

Quantitative DNase I footprinting demonstrated that within
the N-terminal amino-TIP series, the C7 and C8-linked com-
pounds bound most strongly to the putative binding sites. No
significant binding was observed at sites other than these. The
TIP-C7-amino proved the most selective, with up to a 7-fold
selectivity for the maximum overlap match site, AGT. A signif-
icant decrease in both affinity and selectivity was seen in this
series with reduced methylene chain lengths of five or six
carbons. Alteration of the leading head group to a formyl
resulted in an optimal methylene linker of six carbons. TIP-C6-
formyl produced the strongest binding with a 3-fold specificity
for the overlap match site over the one-residue stagger site.
Reduced binding was seen with the TIP-C7-formyl, which nev-
ertheless showed up to a 6-fold specificity for the overlap match
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site. The C8-linked formyl demonstrated a decrease in both
binding affinity and specificity. Gel shift experiments strongly
supported the footprinting data, giving the same order of binding
affinity in both the amino and formyl series. Overall, however,
the formyl series demonstrated a lower affinity for the DNA in
both binding modes, requiring an elevated drug to DNA ratio.
This is consistent with the CD experiments of Burckhardt and
coworkers (42) comparing C7-linked compounds with an amino
or formyl head group.

Certain linkage and head group combinations proved partic-
ularly weak binders in both footprinting and gel shift experi-
ments. For example, weak binding was observed with a five-
carbon linker for either the N-terminal formyl or amino
compound series. No binding was observed for C5 and C7-linked
compounds lacking an N-terminal head group (hydrogen only)
or with unlinked and C7-linked polyamides with an acetyl head
group. These observations suggest that the presence of an
N-terminal hydrogen or acetyl may abrogate binding in
crosslinked polyamides, as was observed previously with C7-
linked compounds by Burckhardt and coworkers (42). This is not
the case, however, for hairpin polyamides, which bind efficiently
with an N-terminal hydrogen (34).

Whereas polyamides linked using a hairpin motif have been
extensively investigated (34), optimized binding conditions for
crosslinked polyamides remain to be defined. Several studies of
crosslinking in polyamides have demonstrated significant im-
provements in binding on linkage of the individual polypeptide
ligands (7, 13, 42). The detailed assessment of linkage with a
range of possible linkers presented here indicates a C6 linker
with an N-terminal formyl, and a C7 linker with an N-terminal
amino provides suitable alignment of the polyamide dimer
within the minor groove. This is lost when the linker is reduced
to five carbons, possibly because comprehensive contact of the
dimeric ligand with both strands of the DNA is restricted.
Furthermore, a C5 linker provides unfavorable binding com-
pared with an unlinked monomer, suggesting that although
suitable linkage enhances binding, suboptimal linkage may di-
minish effective binding.

This study reveals that the nature of the N-terminal moiety has
a profound influence on the binding characteristics of
crosslinked polyamides. Both the footprinting and gel shift data
indicate that the use of a hydrogen or acetyl head group may
inhibit binding. Furthermore, replacement of an amino head
group with a formyl alters the optimal linker required for
binding. Therefore, there may be a combined effect on poly-
amide binding by the linkage and head group. Polyamide spec-
ificity may also be modulated in this way, resulting in an overall
improved specificity for match site binding with an N-terminal
formyl.

It is significant that both of the successful head groups, amino
and formyl, have an NH group capable of hydrogen bonding with
DNA, whereas the unsuccessful head groups, -H and acetyl, do
not. In a side-by-side unlinked di-imidazole complex with leading
formyl groups (28), both of the formyl NH make hydrogen bonds
with the floor of the minor groove: 2.94 A from cytosine O; or
2.80 A from guanine N3 (see Table 1 of ref. 28). Hydrogen-
bonded interactions of the head group with DNA seem to be
required for crosslinked side-by-side binding, although such an
interaction is not demanded for a hairpin complex (34).

The thiazole ring, tested here in the terminal position of the
polyamide as a reading element for adenine, bound its AGT
target in the maximum overlap motif with both the amino and
formyl head groups. The overlap motif pairs the thiazole ring
with pyrrole; thus, thiazole reads adenine and pyrrole thymine
as expected. The footprinting results with TIP-C6-formyl showed
a preference for AGT over TGT by up to 3-fold. Furthermore,
the footprinting indicated that AGT is strongly favored over
ACGT, the one-residue stagger motif, in which thiazole is next
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to cytosine and imidazole is next to guanine. Therefore, thiazoie
seems to favor adenine moderately in a Th/Py pair, with poor
CG specificity when paired with imidazole.

Our results therefore indicate that the thiazoie moiety pro-
vides moderate binding and discrimination of adenine when in
the polyamide N-terminal position. A previous study concluded
that a thiazole/pyrrole pair binds poorly to all four Watson-
Crick base pairs (43). However, in that study the thiazoie was
placed internally in a hairpin. Positioning of the heterocyclic
moiety within a polyamide may be crucial. Indeed, the successful
T/A discrimination seen with hydroxypyrrole sited internally
within the hairpin motif has not been found when hydroxypyr-
role is placed at the terminal position (44). Binding affinities of
hairpins containing hydroxypyrrole vary considerably based on
the position of the hydroxypyrrole ring within the hairpin motif
(24). Calculation of relative binding affinities of imidazole and
hydroxypyrrole rings by Goodsell and coworkers (45) indicates
that the hydroxypyrrole ring binds with a lower affinity for AT
base pairs compared with the affinity of the imidazole ring for
GC pairs. In the present study, the specificity for adenine
observed with thiazoie in the terminal position is comparable
with the specificity for thymine provided by a hydroxybenz-
amide/pyrrole pair in eight ring hairpin polyamides (44). The
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specificity of thiazoie placed internally with a crosslinked poly-
amide remains to be determined.

Differences in the two types of polyamides, hairpin versus
crosslinked, complicate direct comparison of the thiazoie ring in
the two linkage motifs. In the hairpin motif, there is effective
binding in the absence of a head group. In contrast, in the
crosslinked motif the head group attached to the leading ring
may significantly modulate its binding characteristics, with
formyl enhancing adenine selectivity and acetyl or hydrogen
inhibiting binding for crosslinked polyamides with a leading
thiazoie ring. Additionally, the number of constituent rings in the
dimer, six in this case and eight in the hairpin, may significantly
affect the affinity of binding. We suggest that A-formyl-thiazole
may provide sequence discrimination in crosslinked polyamides,
with thiazoie favoring adenine over thymine. Moreover, we have
demonstrated the important influence of the leading head group
in combination with the length of methylene linker on the
binding characteristics of crosslinked polyamides.
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ABSTRACT

To complement available structure and binding
results and to develop a detailed understanding of
the basis for selective molecular recognition of T-G
mismatches in DNA by imidazole containing poly-
amides, a full thermodynamic profile for formation
of the T-G-polyamide complex has been deter-
mined. The amide-linked heterocycles f-imimim and
f-Pylmim (where f is formamido group, Im is imida-
zole and Py Is pyrrole) were studied by using blo-
sensor-surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC) with a T-G mis-
match containing DNA hairpin duplex and a simlilar
DNA with only Watson—Crick base pairs. Large
negative binding enthalpies for all of the polyamide—
DNA complexes indicate that the interactions are
enthalpically driven. SPR results show slower com-
plex formation and stronger binding of f-imimim to
the T-G than to the match site. The thermodynamic
analysis indicates that the enhanced binding to the
T-G site Is the result of better entropic contributions.
Negative heat capacity changes for the complex are
correlated with calculated solvent accessible sur-
face area changes and indicate hydrophobic contri-
butions to complex formation. DNase | footprinting
analysis in a long DNA sequence provided support-
ing evidence that f-Imimim binds selectively to T-G
mismatch sites.

iINTRODUCTION

Polyamide DNA binding agents are of interest due to their
sequence-specific binding characteristics (1-3), their ability to
recognize mismatched base pairs, and their potential for use in
modulation of gene expression (4). Through the combination
of pyrrole (Py), imidazole (Im), and other heterocycles in a

side-by-side pairing, polyamides capable of specifically
recognizing Watson—-Crick DNA sequences have been
synthesized (1-3). In addition, structural, binding affinity
and kinetics studies have shown the potential use of the side-
by-side pairing of Im heterocycles for recognition of DNA
sequences containing non-Watson—Crick base pairs (5,6). The
amide-linked triimidazole, f-ImImIm where f is formamido
(Fig. 1A), can discriminate T-G from Watson—Crick C-G base
pairs as well as from other mismatches (5,6).

Possible uses of the Im/Im pair include rapid detection of
single nucleotide polymorphisms (5,6). Rapid and accurate
detection of T-G mismatch base pairs in DNA would be of
significant benefit since this mismatch is responsible for most
of the common mutations leading to formation of tumors in
humans. In human bladder carcinoma, for example, a G-C to
A-T transition at the 3'G of the GG doublet in codon 12 of the
Ha-ras and Ki-ras proto-oncogene converts them to onco-
genes (7-9). A T-G mismatch is often introduced by spontan-
eous deamination of 5-methylcytosine and can arise from
errors in replication (10). Structural analysis of DNAs
containing T-G mismatches, indicates that the mismatches
adopt a wobble conformation and structural perturbations are
mainly in the vicinity of the mismatch (11,12). NMR studies
show that f-ImImIm forms an anti-parallel dimer in the DNA
minor groove with a T-G mismatch site (5,6,13,14). In the
mismatch complex the guanine-NH, group of the wobble T-G
base pair forms two specific hydrogen bonds to the side-by-
side Im/Im pair (5). Biosensor-surface plasmon resonance
(SPR) analysis has shown that f-ImImIm is capable of strongly
and specifically binding to a DNA sequence with only a single
T-G mismatch (6,13). This novel T-G mismatch recognition
motif has recently been corroborated by results from the
Dervan laboratory, in which a hairpin polyamide containing a
stacked Im/Im pair was found to bind at a T-G mismatch site
(14).

There is a wealth of information on structure, binding
affinity and specificity for the interactions of polyamides with
DNA (1-3), however, the specific energetic factors that
govern the binding events have rarely been characterized.
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Figure 1. (A) Chemical structures of the polyamides: distamycin A, f-
Imlmlm and f-Pylmlm. (B) Sequences of the DNA hairpins used in this
study: CCGG and AsTs are Watson-Crick sequences while CTGGsm con-
tains one T G mismatch. (C) Schematic models of the complexes formed
between f-Imlmlm and the DNA sequences containing a double TG mis-
match (left) and CCGG (right) as inferred from NMR data.

Important calorimetric results have been reported for a very
limited number of polyamides in complex with their target
DNA sequences (15-17). Thermodynamic studies can provide
valuable complementary information to the structural per-
spective and can improve our understanding of the molecular
forces that govern the affinity and specificity of binding.
Specifically, they can give additional insights into the
energetic basis for the discrimination of the T G mismatch
from matched sites by f-Imlmlm. We report here biosensor-
SPR and calorimetric studies as a function of temperature as
well as footprinting studies in a large sequence context for the
interaction of f-lmlmlm and f-Pylmlm (Fig. 1A) with
mismatched and matched sequence DNAs. By conducting
the studies as a function of temperature, we were able to
determine the heat capacity changes on binding that are
critical for a complete thermodynamic understanding of
biomolecular interactions (18-20).

MATERIALS AND METHODS
Reagents and biochemicals

Compounds and buffers. Distamycin A was purchased from
Sigma Chemical Co. and used without further purification.
A”-[2-(Dimethylamino)ethyl]-1-methyl-4-{ I-methyl-4-[4-for-
mamido- i -methylimidazole-: -carboxamide]imidazole-: -
carboxamido)imidazole-2-carboxamide (f-Imlmlm) and N-
[2-(dimethylamino)ethyl |-1-methyl-4- {1 -methyl-4-[4-forma-
mido. 1-methylpyrrole-: -carboxamido]imidazole-: -carboxa-
mido )imidazole-2-carboxamide (f-Pylmlm) were prepared as
described previously (6,21). Solutions of the compounds for
calorimetric studies were prepared in MES20 buffer, 0.01 M
MES [2-(A-morpholino)ethanesulfonic acid] adjusted to pH
6.25, 0.001 M EDTA and 0.2 M NaCl. Concentrations of the
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compounds were determined spectrophotometrically by
absorbance at 304 nm for distamycin and 303 nm for
f-Imlmlm and f-Pylmlm. The extinction coefficients
used were 34 (X)0 M"‘ cm”™' for distamycin (17) and 30 700
M”' em™' for f-Imlmlm and f-Pylmlm at 25°C.

DNA sequences. DNAs were obtained as anionic exchange,
HPLC purified products (Midland Certified Reagent Co).
Biosensor-SPR binding studies were conducted with 5'-
biotinated DNAs, and calorimetric studies were performed
with non-biotinated DNAs. Solutions for the ITC experiments
were prepared in degassed MES20 buffer. To ensure that the
DNA was in the hairpin form, the solutions were heated to
~90°C and cooled rapidly in ice (22). The concentration of the
DNA solutions was determined spectrophotometrically at
260 nm and 85°C using extinction coefficients per nucleotide
of 9264, 9059 and 9400 M”' cm”' for CCGG, CTGGsm and
A;Ts, respectively. The extinction coefficients were calcu-
lated on a per strand basis by the nearest-neighbor method and
divided by the number of nucleotides per strand (23-25).
The extinction coefficients extrapolated to 25°C were 7824,
8107 and 7978 M”' c¢cm”' for CCGG, CTGGsm and A:Ts,
respectively.

Methods

DNase Ifootprinting of TG mismatched oligonucleotides. Five
micrograms of an 80 base DNA 5'-AGG TGA GCA GGT
CCA TAC TGG TTT GCA CCT CGA GGT TACCGG TAT
CTG CTC CAG CTC AAC TGG TAA CCT GCA CCT GGT
CG-3' (MWG-Biotech AG), were 5'-end-labeled with
[Y-32p]ATP using standard protocols. The labeled oligonu-
cleotide was heated at 95°C for 3 min and annealed to 5 |Ig of a
complementary strand at 65°C for 1 min then cooled slowly to
4°C. The annealed product, containing a core match site (5'-
CCGG-3'") and a single T G mismatch site (5'-CTGG-3") that
are underlined above, was separated on a 3% agarose gel,
excised and purified with a Zymoclean gel/DNA recovery kit
(Anachem) using standard procedures. The polyamide f-
Imimlm was incubated with 0.5 |ig of the double-stranded
DNA in 10 mM Tris pH 7.0, 1 mM EDTA, 50 mM KCI, 1 mM
MgClz. 0.5 mM DTT and 20 mM HEPES, at room temperature
for 30 min, in a total volume of 50 |lIl. DNA cleavage was
initiated by the addition of the polyamide treated sample to > |il
(1 U) DNase I diluted in cold 10 mM Tris pH 7.0 from a stock
solution (1 U/)il, Promega) and 1 pi of a solution of 250 mM
MgCla, 250 mM CaClz- The reactions were performed at room
temperature and stopped after 3 min by the addition of 100 pi
of a stop mix containing 200 mM NaCl, 30 mM EDTA pH s
and 1% SDS. The cleavage products were phenol/chloroform
extracted and ethanol precipitated in the presence of : pi of
glycogen (20 mg/ml; Roche Diagnostics), washed once in
80% ethanol and lyophilized. The samples were resuspended
in formamide loading dye, denatured for 5 min at 90°C, cooled
on ice and electrophoresed at 2000 V for 2 h on a 10%
denaturing acrylamide gel (Sequagel, National Diagnostics).
The gels were dried under vacuum at 80°C and exposed to film
for 24 h (X-OMAT, Kodak).

Isothermal titration calorimetry and biosensor-SPR.
Calorimetric titrations were performed with a VP-ITC
(Microcal, Inc., Northampton, MA) or a CSC 4200 ITC
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(Calorimetry Science Corp., Spanish Fork, UT). Software
provided with the calorimeters is used for control and
data collection. Electrical calibration of the instruments
was performed by applying heat pulses using built-in
modules. Chemical calibrations were performed by using:
HCIATHAM, RNase A/2'CMP, and BaC"/IS-Crown-b
(Aldrich Chem. Co., Milwaukee, WI). The enthalpy values
obtained in the calibrations differed by <: % from literature
values (26-28).

ITC experiments were conducted by injecting 6-15 |l
(depending on the compounds concentrations and heat gen-
erated) of the polyamides every 3(X) s for a total of 16-34
injections into DNA solution The concentrations were 0.0585,
0.2228 and 0.200 mM for f-lmlmlm, f-Pylmlm and dis-
tamycin, respectively. DNA hairpin concentrations were from
0.0035 to 0.010 mM. Similar experiments were performed to
determine the heats of dilution of the polyamides with the
DNA solution substituted by buffer. An experimental upper
limit of 35°C was selected based on the of the DNA, which
was determined to be over 40°C. The heat produced for each
injection of compound into DNA or buffer was obtained by
integration of the area under each peak of the titration plots
with respect to time. The heats of reaction were obtained by
subtraction of the integrated heats of dilution of the com-
pounds from the heats corresponding to the injection of
compound into DNA. The heat of titration of the ligand into
buffer varies slightly over the ratio range. Because of the
variation, point-to-point rather than averaged subtraction was
applied to ITC titration data. Data corresponding to the first
injection were discarded. The binding enthalpy (A//°) for each
titration was obtained by fitting the results of heat per mole as
a function of total molar ratio (polyamide/DNA).

SPR experiments were conducted using a BIACORE
2000 with an SA chip. The DNA hairpins were purchased
with 5'-biotinated. Immobilizations, experimental details and
data processing procedures have been previously described
(6,21).

Calculation of solvent accessible surface area. Changes in
solvent accessible surface area (SASA) upon complex forma-
tion were calculated using the GRASP program (29) with a
probe radius of 1.4. Computations were performed for all
atom NMR structures for f-Imlmlm bound to the 5'-
GAACTGGTTC-3' duplex (CTGGdm) containing a core
having two adjacent T G mismatches (5). Carbon, carbon-
bound hydrogen and phosphorus were defined as nonpolar
atoms, while all other atoms were defined as polar. The change
in SASA (ASASA) on complex formation was calculated
as the difference between the SASA of the complex and the
sum of the SASAs of the free DNA duplex and the free
compound in the bound conformation (ASASA = SASAcompiex
- [SASAdna + SASAf.imimim])- Total contributions of the
polar and nonpolar atoms to the surface areas were also
obtained to calculate the predicted heat capacity changes
(ACp®). The ACp® values were calculated using the equation
derived from protein folding (30) and recently modified for
small molecule-DNA complexes (31):

ACp° = (0.382 AAnp - 0.121 AAp) cal/mol K
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Figure 2. DNase 1 footprinting results for the f-lmimlm complex with
match (top) and single TG mismatch (bottom) DNA sequences.
Concentrations of f-lmimlm increase from 1 to 50 pM and the f-Imlmlm
gel lanes are compared to a G/A sequencing ladder and to uncleaved DNA
(-). The protected regions are denoted by gray and black rectangles, respect-
ively. Density plots (far right) illustrate a decrease in band intensity upon
increasing concentrations of f-Imlmlm with protection of DNA cleavage at
the single T G mismatch indicated with a bold arrow.

RESULTS

Selective recognition of T-G mismatches by f-Imlmlm

Although binding of f-ImImIm to single and double mismatch
sites has been demonstrated in short DNA oligomers, selective
binding has not been confirmed in the context of a long duplex
sequence. For direct comparison of the binding of f-Imlmlm to
match and mismatch sites, DNase 1footprinting was used with
an 80 base DNA containing Watson-Crick CCGG and single
T G mismatch (5'-CTGG-3'") sites (Fig. 2). Footprints were
observed at both the T G and match sites but footprints at the
mismatch site appear at concentrations of 10 |iM while
binding at the match site required more than 5-fold higher
concentrations. No binding was observed at other sites in the
DNA duplex under the footprinting conditions. At the highest
concentration of 50 |[iM, the footprints are larger than expected
for the polyamide size. This has been observed with other



Table 1. Themiodynamic parameters for the

interaction of polyamides with matched and mismatched DNA oligomers
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Compound DNA ACp® 15°C 20°C 25°C 35°C
AHYTAS® AH°ITAS® AHYTAS® AH®/TAS°
AG° AG° AG° AG°
f-Imlmlm CTGGsm -258 + 34 -11.1/-2.1 -12.2/-3.3 -12.5/-3.3 -15.7/-6.9
-9.0 -8.9 -9.3, -9.2% -8.8
CCGG -12.8/-5.5
-7.3, -7.3*%
f-Pylmlm CCGG -146 + 40 -8.2 -12.9/-4.7 -14.2/-6.1 -15.2/-7.3
-8.1 -8.1 -7.9

Values of AH® are obtained from calorimetry; AG® are from SPR or calorimetry (*); TAS° are calculated from the relationship 4G° = AH® - TAS°| the units

for AH®, AG® and TAS°® are kcal/mol and for ACp® are cal/mol K.

polyamides and probably arises from nonspecific interactions
at the high concentrations.

Binding constants (K), cooperativity and stoichiometry

Biosensor-SPR sensorgrams for the interaction of f-Imlmim
with DNA hairpin duplexes containing CCGG and CTGGsm
binding sites (Fig. 1) are in Figure 3. The maximum
instrument response (RUmax) obtained in the steady-state
region corresponds to approximately twice the predicted
response for binding of one molecule of the compound and
indicates a ».1 stoichiometry (> mol of compound/mol of
DNA hairpin) in agreement with previous studies (5,6). As can
be seen in the figure, the kinetics for binding of the polyamide
differ markedly for the different DNA sequences: f-Imlmlm
dissociates much more slowly from the mismatch complex
(Fig. 3). Binding constants can be determined from fitting the
steady state region of the sensorgrams, as previously described
(6,21), or from fitting Kinetics in the association and
dissociation regions. As expected, all results were best fit
with a model that has a 2:1 polyamide to DNA stoichiometry.
For binding of f-ImImlm to both matched and mismatched
sequences, Ki is significantly less than K: indicating positive
cooperativity in binding of the two molecules of f-Imlmlm.
Because of correlation between K| and K:, the error in fitting
individual values of  and K: is larger than that of the average
{K = [K\*K:¥'"), for dimer complex formation. For compari-
son of the binding of polyamides to DNA, the average K
values determined from the steady-state region are converted
to binding free energies and reported in Table 1. Reporting the
square root values places all results on a per-bound molecule
basis and allows direct comparison between binding of
monomers and dimers as well as with literature results. The
rate constants obtained from fitting the kinetics curves allow
calculation of K and with the polyamides these values agree
with those from the steady-state analysis. Biosensor-SPR
methods were also used to determine "~ as a function of
temperature and the constants changed very little with
temperature (Supplementary Material, Table SI). In summary,
the presence of a T G base pair in a DNA sequence has a
pronounced influence on the binding of f-ImImlm and yields a
much higher affinity than for a similar perfectly matched
sequence.

Calorimetric analysis ofbinding. Large exothermic enthalpies
are observed in ITC titrations of f-Imlmlm into CCGG and
CTGGsm (examples in Fig. 4). The titration heats for the
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Figure 3. Typical SPR sensorgrams for the interaction of f-Imlmlm with
the CCGG hairpin (top) and CTGGsm hairpin (bottom) at 25°C. The max-
imum responses, with the same amount of DNA immobilized on each sur-
face of the biosensor, are the same in both cases at high concentration
indicating the same stoichiometry. Remarkable differences in binding
kinetics are observed; fast on/off kinetics for f-ImImIm-CCGG and slower
kinetics for the f-Imlmlm-CTGGsm complex. The compound concentra-
tions are from 0.75 to 26 pM with CCGG and 0.01 to 7 pM with CTGGsm.

interaction of f-Imlmlm with the CCGG hairpin are smaller
than for CTGGsm and are spread over a broad ratio range as
expected for weaker binding (s). The titration heat was
converted to heat per mole as a function of total molar ratio,
and point-to-point subtraction of dilution heat was applied.
The data were fitted with a 2:1 model to give molar binding
enthalpies (A//°). Due to the large correlation among the A//°
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Figure 4. Baseline corrected ITC results, before heat of dilution subtraction,
for titration of f-Imlmlm into the CCGG hairpin in MES 20 buffer 25°C
(top). Every peak represents the heat released from a 10 pi injection of
0.0585 mM f-Imlmlm into 3.5 pM of DNA hairpin. The inset is the cor-
rected molar heat/addition, after subtraction heat of dilution, with the best-
fit curve for a 2;1 model. Similar titrations with the CTGGsm hairpin are
shown (bottom). The relative small heat of dilution of f-Imlmlm can be
seen in the last two to three injections when all of DNA sites are saturated.
It is interesting that distinct differences in the heat profiles are observed but
that the averaged total binding heats are comparable (Table 1).

values for binding of the two f-Imlmlm molecules in a
cooperative complex, the average binding enthalpy, rather
than the individual enthalpies and A//»°), is reported in
Table 1. Titrations of f-PylmIlm into the CCGG hairpin (Fig. 1)
provide an excellent model for comparison of strong matched
site binding with the mismatched complex of f-Imilmlm. The
enthalpic contributions are highly favorable for binding of
both polyamides to their DNA recognition sequences. The
AH° values along with AG® values from SPR allow calculation
of AS5° for binding (Table 1). The 45° values are negative, an
unfavorable term in the AG®° of binding. Although the average
enthalpic contribution for the formation of f-Imlmlm/
CTGGsm and f-Pylmlm/CCGG complexes is comparable,
the entropie contribution is less favorable for f-Pylmlm
binding to CCGG at 298 K. The enthalpy is strongly
temperature dependent and decreases (becomes more exother-
mic) as the temperature is increased (Fig. 5, top). Similar
results were obtained for the interaction of f-Pylmlm with its
cognate CCGG sequence (Fig. 5, bottom). The experimental
heat capacity changes for formation of the complexes were
obtained from linear fitting of 4H° as a function of tempera-
ture (Table 1) and all ACp° values are negative.

The interactions of polyamides vary significantly with DNA
sequence as shown in previous studies of distamycin binding
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Figure 5. The dependence of the thermodynamic parameters on temperature
for binding of f-Imlmlm to CTGGsm (top) and f-Pylmlm to CCGG
(bottom). The entropy TAS° (diamonds) was calculated from the experimen-
tal AG° (squares) obtained from SPR, and AH° (filled circles) obtained from
ITC. The slopes of AH® as a function of temperature provide the ACp°
values for complex formation (Table I).

to AT-rich sequences (2,6,17,21). Unlike the imidazole
containing polyamides, formation of the distamycin 2.:
complex with an AsT: sequence is governed by negative
cooperativity with strong affinity in the first interaction (A', =
3.1 X 1® M~*, AG]° = -11.6 kcal/mol) followed by weaker
binding of a second molecule {K: = 8.0 X 10 M'*, AGz® =
-8.1 kcal/mol) (s). ITC titrations of distamycin were con-
ducted as a model system for comparison of positive and
negative cooperativity in dimer interactions (Supplementary
Material, Fig. SI). Binding of the two molecules of distamycin
to DNA is clearly distinguished in the plot, which has a quite
different shape than with the Im polyamide titrations. Binding
of the first distamycin has a lower enthalpy {AHi° = - 2.,
kcal/mol) than that of the second (A//>°=-23.9 kcal/mol). The
entropie contributions of -0.6 and -15.9 kcal/mol for
distamycin binding to the two sites indicate that the entropie
contribution is near zero for binding of the first molecule but is
very unfavorable for the second. These results indicate that, as
with the imidazole polyamides, distamycin binding is enthalpy
driven.

Calculated heat capacity changes. Changes in SASA on
complex formation have been correlated with ACp®° values for
protein-protein, protein-DNA (32,33) and more recently for



drug-DNA interactions (34,35). The ACp® values for the f-
ImImIm-CTGGdm complex were calculated based on buried
surface areas determined by using the reported NMR structure
(5) with previously described methods (31,36). Although the
structure for the complex with the CTGGsm sequence is not
available, the values obtained with the CTGGdm sequence
could be extrapolated to the complex formed with the single
mismatch. The calculated heat capacity changes using two
different sets of parameters are negative and in general
agreement with the experimental values (Supplementary
Material, Table S2).

DISCUSSION

Previous biosensor binding studies have shown that f-ImImIm
and other polyamides bind to short oligonucleotides (matched
or mismatched sequences) with significantly different affin-
ities (6,21). Fox and coworkers have also recently shown that
some, but not all, chemical and enzymatic cleavage agents can
recognize T-G (and other) mismatched base pairs in a long
DNA sequence (37). The first question that we wished to
answer in this study was whether f-ImImIm could selectively
recognize a single T-G mismatch site in competition with
excess Watson—Crick sites. Footprints from DNase I cleavage
of an 80 base DNA sequence with a single T-G mismatch
(Fig. 2) show strong protection from cleavage by f-ImImIm at
the T-G site. These results are in agreement with the
oligonucleotide studies by SPR that indicate stronger binding
of f-ImImIm to the mismatched CTGGsm over the matched
CCGG site.

A full thermodynamic data set is essential to complement
the structural information available for T-G recognition by
f-InImIm and to provide a complete understanding the
energetic basis for the T-G recognition. The values of AH®
and ACp?® for binding reactions are most reliably obtained by
calorimetry rather than indirectly from van’t Hoff determina-
tions (38—41). Calorimetry, on the other hand, may provide a
less accurate K for strong binding reactions due to the
relatively high concentrations that may have to be used if
reaction heats are low. We have found biosensor-SPR methods
to be particularly valuable in studies of DNA oligomer
complexes with small molecules such as the polyamides
(6,21) since a wide range of concentrations can be used and
both kinetic and equilibrium results are obtained. The SPR
studies are particularly useful when the K values are high, as
with the f-ImImIm/T-G complex.

Biosensor-SPR methods clearly show that the polyamides
form cooperative 2:1 complexes with their DNA recognition
sites. The AG® values for binding are essentially constant with
temperature suggesting strong enthalpy—entropy compensa-
tion in this temperature range (Fig. 5). Such compensation is
observed for many biomolecular processes and suggests a
significant hydrophobic component to the binding energetics
(31,42-44). The SPR results quantitatively show that f-
ImImIm binds much more strongly to the mismatched
CTGGsm sequence than to the equivalent DNA with
Watson—Crick base pairs. The AG®° value for binding to T-G
sites is ~2 kcal/mol more favorable than for binding to
equivalent CG sites. The improved binding of f-ImImIm to the
T-G mismatch is correlated with much slower dissociation
kinetics relative to the matched CCGG complex (6,21). The
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slow dissociation kinetics for the mismatch complex could
arise from at least two factors: the breakage of strong H-bonds
(from the amino protons of G to f-ImImIm) and the
rearrangement/re-uptake of water molecules in the DNA
minor groove as described below.

Calorimetric studies are also consistent with formation of
cooperative 2:1 complexes of f-ImImIm with both matched
CG and mismatched T-G DNA sequences and with stronger
affinity for the mismatch. The difference in the heat profiles
for f-ImImIm binding to CTGGsm and CCGG (Fig. 4) arises
both from differences in individual enthalpies (AH,° and
AH,°) and binding constants (K and K>) in the 2:1 complexes.
Somewhat surprisingly given all of these differences, the
calorimetric titrations suggest that the averaged total heats for
dimer formation are comparable for formation of f-ImImIm-
CTGGsm, f-ImImIm-CCGG, and f-PyImIm-CCGG com-
plexes at 298 K. This is particularly surprising since
comparison of the AH® and AG® values for binding (Table 1)
indicates that the enthalpic contributions play the primary role
in driving the interactions. Given that the calorimetric AH°
values for binding are more negative than the total free
energies of binding, there must be unfavorable compensating
entropic contributions in each binding process. Since the AH°
values for these interactions are similar at 298 K, it is the
difference in the unfavorable entropic contribution that
dictates the different binding affinities. The higher binding
affinity for the f-ImImIm-CTGGsm complex means the AS®
for formation of this complex must be less unfavorable than
that of the complex with CCGG.

It is important at this point to combine results from the
structural and thermodynamic studies to suggest possible
explanations the similar AH® but quite different AG° and AS®
for binding of f-ImImIm to match and mismatch sites. NMR
and CD results suggest that significant conformational
changes do not occur in the DNA binding sites on formation
of these complexes (5,6). These observations imply that the
entropic effects do not come from overall structural changes
but from factors such as the loss of translational and rotational
entropy of the polyamides and the opposing gain of entropy
due to release of bound water molecules on complex
formation (although the net change in bound water is
unknown). Since the polyamides would be expected to be
similarly hydrated and to release similar amounts of hydration
water on complex formation, any differences in water
released, among the complexes, would have to be due to
differences in DNA hydration. Structural studies indicate that
the T-G base pair adopts a wobble conformation with an
unpaired free amino group of G that is strongly hydrated as
part of the minor groove hydration matrix (12,45). On
complex formation with f-ImImIm some of these tightly
bound and highly ordered water molecules would be released
from the T-G site to provide a favorable entropic contribution
to complex formation. From this model the entropic contri-
butions are predicted to be less unfavorable for formation of
the f-ImImIm—CTGGsm complex than for the CCGG complex
and this results in the enhanced affinity for the T-G complex.
The difference in AG® between the f-ImImIm-CTGGsm and
—CCGG complexes (~2 kcal/mol and mainly from entropy) is
about the same order of magnitude as the entropy gain by
releasing a single-bound water molecule from its site (46).
Binding of a netropsin analog to a mixed sequence DNA
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suggested that water is actually taken up upon complex
formation (47), and it is difficult to see how this could enhance
binding entropy. Initial molecular dynamics studies in our
laboratory have suggested that minor groove hydration is quite
varied among different AT DNAs, and it is possible that water
release or uptake is quite dependent on different DNA
sequences and ligands.

The negative ACp°® values for complex formation can
provide useful insights about interactions and hydration (30—
36). There are significant differences in the heat capacity
changes for the polyamides and DNA sequences used in these
experiments. The ACp® for the f-ImImIm—CTGGsm complex,
for example, is more negative than that for f-PyImIm-CCGG
(Table 1). These ACp® values indicate important differences in
the formation of complexes with the CCGG DNA versus the
T-G mismatch CTGGsm sequence. Structured water, such as
the water of hydrophobic hydration, can have a large heat
capacity and release of such water, for example on transfer of
nonpolar groups into the interior of proteins or to the minor
groove of DNA, contributes a negative term to the binding
ACp®. Since all of the polyamide complexes examined in this
study have negative ACp®, the binding enthalpy becomes more
favorable (more negative) while the binding entropy is less
favorable (also more negative) as the temperature increases.
Such effects are larger in systems where bound and ordered
water molecules are more strongly associated with the DNA
groove as with CTGGsm. Calculation of buried surface
arcas from the NMR structures of f-ImImIm-CTGGdm and
f-ImImIm-CCGG indicate that the observed ACp® are correl-
ated with water release from buried nonpolar and polar
molecular surface.

Binding of polyamides to GC containing sequences has
quite different characteristics than binding to AT-rich
sequences. Binding of many imidazole-polyamides to se-
quences with GC or T-G mismatched base pairs displays
positive cooperativity, while distamycin binds to A3;T; with
negative cooperativity (6). This difference may be explained
in terms of minor groove width. The groove of AT is unusually
narrow (0.3-0.4 nm) (48), but it is wider in mixed DNA
sequences (0.5-0.6 nm) (49) as well as at T-G base pairs (12).
Since the thickness of one polyamide ring is ~0.34 nm (50),
the first distamycin molecule can fit snugly and make
favorable van der Waals contacts with the walls of the
minor groove in A;T;. For binding of the second molecule,
however, the minor groove must widen sufficiently to
accommodate the two stacked distamycin molecules in a 2:1
complex. On the other hand, the groove width of GC-rich or
T-G sequences is wider and can bind two polyamides in a
positively cooperative manner even at low ratios of compound
to DNA. Interestingly, the experimental K and AH° for
distamycin binding are clearly resolved (17,51 and this work)
in ITC while those for polyamide binding with positive
cooperativity are overlapped and difficult to separate. In
summary, the results presented here provide a thermodynamic
rationale for the specificity in molecular recognition of T-G
mismatch base pairs by Im-polyamides.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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