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The human genome has long been a target for therapy for many diseases, including cancers.
Intercalating agents and minor groove binding ligands such as polyamides have been developed
with the intention of selectively targeting DNA with high binding affinity and sequence specificity.
However, in vivo selectivity coupled with high affinity has proved hard to achieve, and many
current chemotherapy drugs binding strongly but with low specificity.

Footprinting and fluorescence melting techniques were utilised in this thesis to study a
range of novel DNA-binding ligands to increase the knowledge of this class of compounds. So as
to assess the binding selectivity of DNA binding ligands, four minimal length novel footprinting
sequences were designed, containing every di-, tri- and symmetrical hexa-nucleotide step (the latter
split between two fragments). Initial studies on classic DNA-binding ligands, such as distamycin,
showed the substrates to be useful for footprinting and the results elaborated on their precise
binding preferences.

The novel universal DNA fragments were then combined with ligand-specific fragments to
study the binding of novel analogues of the bis-intercalator TANDEM to the dinucleotide TpA,
especially when flanked by AT-base pairs; binding was attenuated or abolished by removing the
disulphide cross-bridge or replacing the quinoxaline groups with naphthylene rings. However, the
binding affinity was increased by 30-40-fold by substituting the two valine residues in the
octadepsipeptide ring for lysines.

Polyamides are a group of DNA minor groove ligands with established binding rules for
selectivity recognising all four base pair combinations through the use of pyrrole, imidazole and
hydroxypyrrole rings. However, the most selective hairpin polyamides are too large to be useful
drugs and are generally limited to targeting a maximum of ten base pairs of DNA. The sequence
selectivity of a range of polyamide ligands containing novel ring moieties was examined with a
view to improving their selectivity and affinity. It was found that C-terminal pyridoimidazole or
benzimidazole ring systems increased the affinity for A or T compared to a pyrrole group. The
position of pyridoimidazoles and benzimidazoles in 2:1 dimers is also important, with
pyridoimidazole creating a staggered dimer. An isopropyl-thiazole ring system was shown to target
guanine selectively, while also creating a staggered 2:1 complex. The introduction of an imidazole
to the polyamide in place of a pyrrole decreased the binding affinity significantly, as well as altered

the sequence selectivity.
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Introduction

Why Target DNA?

~ The central dogma of molecular biology states that the flow of genetic information travels
from DNA to RNA and finally to the translation into proteins (Crick, 1970). Every
biological process uses this cascade for gene expression, with cancers, viruses and
microbial pathogens using it to elicit damaging effects in humans. It is therefore necessary
to target the cascade selectively to block these unwanted processes.

Every molecule of DNA creates many RNA molecules, which in turn create scores
of protein molecules. It is rational to target the smallest number of molecules at the start of
the cascade to elicit an effect. Therefore DNA is the obvious target to affect molecular
processes and alter gene expression. When the secondary structure of DNA was first
described (Watson and Crick, 1953), at a time when the structure of most drug targets was
not known, it presented one of the first macromolecular targets for drug design. It is now
clear that many diseases, including cancers, viruses (including HIV) and genetic diseases
such as cystic fibrosis might be treated with ligands that target unique DNA sequences to

alter gene expression.

Selective Targeting of DNA

Deoxyribonucleic acid (DNA) is a polymer of sugar-phosphate bound bases: Thymine (T)
and cytosine (C) are pyrimidines; adenine (A) and guanine (G) are purines. These bases,
each attached to a deoxyribose sugar, are connected in chains by phosphodiester linkages.
Nuclear double stranded DNA is composed of two antiparallel strands, which contain
hydrogen bonds between complementary bases in the two strands, creating AT and GC
base pairs. Three hydrogen bonds connect the bases in a GC pairs, with two in an AT pair.
The opposing strands of DNA create a double helical structure, with the two strands
twisted around each other in such a manner as to create major and minor grooves in the
normal B-form of the helix.

The major and minor grooves of DNA generate possible drug target sites, with their
unique patterns of hydrogen bonds. Many proteins interact with DNA via one or other of
these grooves and thereby affect transcription, replication and many other cellular
processes (Nordhoff and Lehrach, 2007). Figure 1.1 shows the possible hydrogen bonding

sites on the exposed edges of the base pairs in the minor and major grooves. Interaction
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Introduction

with these provides a means of achieving sequence selectivity, though it should be
remembered that electrostatic forces, van der Waal interactions and hydrophobic contacts

also play important roles in determining binding affinity and selectivity (Wemmer and

Dervan, 1997).
Major Groove m

N—H~ -
%_g 3
. ®@
Minor Groove Minor Groove

Figure 1.1: Possible hydrogen bonding sites on the DNA base pairs. Red circles indicate

hydrogen bond acceptors, blue circles indicate hydrogen bond donors. The methyl group of
thymine may also hinder interactions with the major groove or provide a hydrophobic

contact point.

DNA Minor Groove Binding Ligands

Although the minor groove contains less information than the major groove, it provides an
ideal location for small molecules to bind to DNA. Its narrow structure allows for close
contact with ligands, which can then form specific interactions with the exposed faces of
the base pairs.

Several minor groove binding ligands have been widely studied, the most important
of which are the polyamides and their derivatives. Intercalating ligands may also make
specific interactions with the minor groove, whilst threading intercalating agents such as

nogalamycin place functional groups in both the major and minor grooves.

15



Introduction

Polyamides

Ligands such as the polyamides have been developed to selectively target the minor groove
and to make contacts with the exposed edges of the base pairs (Neidle, 2001). Most
interactions with the bases involve the N3 on purines and O2 on pyrimidines. The
exocyclic amino group of guanine also forms many water-mediated contacts in protein-
DNA complexes, whilst the 04’ of deoxyribose is involved in a significant number of
hydrophobic interactions.

Many of the hydrophobic contacts have been shown to be secondary,
accompanying energetically more favourable hydrogen bonding to N3 or O2 (Mordvek et
al., 2002). However, for ligand binding to occur, existing hydrogen bonds between water
and the ligand and DNA need to be broken to accommodate the ligand. The DNA minor
groove has a spine of water running its length (Soler-Lépez ef al., 1999) and this needs to
be removed to allow ligand binding. This is energetically expensive, though entropically
favourable, and plays a major role in ligand-DNA interactions (Marky and Breslauer,

1987; Chalikian et al., 1994; Rentzeperis et al., 1995; Guerri et al., 1998).

Many small molecules that bind to specific sequences within the DNA minor groove have
been discovered or synthesised. The first compounds had several common features: They
were comprised of aromatic rings; had an overall curvature that matched that of the shape
of the floor of the minor groove; had hydrogen bond donors and acceptors on the inside
edge; had one or more positive charges; and they selectively bound to AT base pairs
(Wemmer, 2000).

The first minor groove ligands to be studied were the natural products netropsin
and distamycin (Figure 1.2). Early binding studies demonstrated that these ligands bound
selectively to A/T-rich DNA, in a mechanism that did not involve intercalation (Zimmer e?
al., 1971; Wartell et al., 1974). NMR and crystallographic studies have since clearly
defined their mode of binding within the minor groove (Patel, 1982; Coll et al., 1987).

These ligands contain pyrrole rings linked by amide bonds with either a formyl or
guanidine group at the N-terminus and a propylamidine at the C-terminus (Cozzi and
Mongelli, 1998). Both of these ligands bind to A/T-rich sequences of four or more
consecutive AT base pairs. The pyrrole rings cannot form contacts with the 2-amino group
of guanine, which therefore sterically hinders the interaction with GC base pairs (Van

Dyke et al., 1982; Kopka et al., 1985; Lown et al., 1986).
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Figure 1.2: Structures of distamycin (left) and netropsin (right).

Crystallographic and NMR studies have shown that these ligands bind snugly in the minor
groove in a 1:1 fashion (a single ligand molecule binding at a single DNA binding site) at
low concentrations (Patel, 1982; Coll et al., 1987; Gonzalez et al., 2001), taking advantage
of the relatively deep, narrow minor groove at the A/T-rich sequences, as shown in Figure
1.3.

The crescent shape of the ligands matches the curvature of the minor groove and
the NH-groups of the amides point into the groove where they make hydrogen bonds to
acceptors on the base pairs. The positively charged tails are positioned deep in the groove
where there is the highest electrostatic potential. From all this information, it is apparent
that van der Waals forces, electrostatic interactions and hydrogen bonding contribute to the

binding energy (Guerri ef al., 1998; Moravek et al., 2002).

Figure 1.3: DNA double helix d(GGCCAATTGG) with a distamycin molecule bound in a
1:1 mode (taken from the RCSB Protein Data Bank Online [PDB ID — 1JTL]).
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Introduction

Footprinting and other studies have shown that distamycin and netropsin bind better to the
sequences AAAA and AATT than to TTAA and TATA (Zimmer et al., 1979; Abu-Daya et
al., 1995; Abu-Daya and Fox, 1997; Pelton and Wemmer, 1989) and this selectivity is
thought to arise from sequence dependent differences in the shape of the minor groove. A,
sequences tend to have the highest affinity as A,.T, tracts possess a narrow minor groove,
with which the ligands make close contacts (Yoon et al., 1988; Wemmer and Dervan,
1997). A,.T, tracts also have a relatively rigid helix that is ideal for minor groove ligand
binding. This occurs because the AT base pairs can adopt a high propeller twist, generating
bifurcated hydrogen bonds between adjacent base pairs (Nelson ef al., 1987). An ApT step
base stacks the thymine methyl group with the adjacent adenine and the sugar phosphate
backbone in such a way as to again prevent excessive bending of the helix.

In contrast, TpA steps disrupt the structure of the DNA groove and produce a wider
minor groove (Yoon et al., 1988; Wemmer and Dervan, 1997). This is because the thymine
methyl groups project into the major groove without any significant stacking interactions
with either the adjacent adenine or sugar phosphate backbone, making this step more
flexible than A,.T, or ApT, widening the minor groove and preventing close ligand-DNA
contacts (Suzuki ef al., 1996; Allemann and Egli, 1997). In the case of distamycin, TpA
steps at the 5’-end or the centre of the binding site have the greatest effect on the affinity
(Gonzalez et al., 2001). This may be because the ligand binds with its uncharged N-
terminus facing the 5’-end of any stretch of adenine residues, where the ligand sits

shallower in the groove (Kopka et al., 1985; White et al., 1997b).

Structural differences between netropsin and distamycin affect binding selectivity:
Netropsin contains two pyrrole rings while distamycin contains three; and they have
different charged groups on their N and C-termini. These differences subtly affect how
these two ligands bind.

Netropsin sits symmetrically in the centre of the narrow minor groove with the two
pyrrole rings slightly non-coplanar so that each ring is parallel to the walls of the groove.
This causes the minor groove to be forced open by 0.5-2.0 A and the helix is bent back by
8 © across the region of attachment. Its selective binding is not due to hydrogen bond
formation, but close van der Waals contacts between adenine C2 hydrogens and the CH
groups on the pyrrole rings of the ligand (Kopka ef al., 1985; Goodwin et al., 2005).

Distamycin binds in a similar manner to netropsin, but has a larger binding site size

and requires longer A/T-tracts. It also interacts with the base pairs immediately flanking
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the high affinity AATT site (Abu-Daya and Fox, 1997). Whilst both netropsin and
distamycin can both bind with low affinity to A, tracts of three base pairs, netropsin shows
strong binding to tracts of four AT base pairs. In contrast, distamycin will only bind well to
an A, tract of five base pairs or longer, and the sequence AAATT is an especially good
binding site (Abu-Daya and Fox, 1997; Baraldi et al., 2000). This extra selectivity made

distamycin a more appealing research subject.

Distamycin has shown promise as an anti-tumour drug, selectively inhibiting binding of
two important transcription factors in muscle-specific gene expression that are involved in
cancer, SRF and MEF2, to their A/T-rich elements (Taylor et al., 1997). Distamycin also
possesses antiviral and antiprotozoal activity (Ginsburg et al., 1993; Cozzi and Mongelli,
1998; Orfeo et al., 1999); and has also been used as a vehicle for targeting alkylating
agents to DNA in the form of tallimustine and brostallicin, thereby increasing their

cytotoxicity (Baraldi ef al., 2000; Fedier et al., 2003).

Over the years numerous synthetic curved aromatic ligands have been prepared in attempts
to enhance the binding affinity or alter the sequence specificity.

Probably the most widely used synthetic A/T-specific DNA minor groove binding
ligand is Hoechst 33258 (Figure 1.4). This compound is used as a cytological DNA
staining agent due to an intense increase in its fluorescence upon binding to DNA and it is

often used for microscope imaging (Latt and Wohlleb, 1975).

OH
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\ N "

O

. Figure 1.4: Structure of Hoechst 33258.

Hoechst 33258 binds in the minor groove to sequences of 4-5 AT base pairs, with the two
benzimidazole NHs forming a bridge on the floor of the minor groove between adjacent
adenine N3 and thymine O2 atoms on opposite DNA strands (Harshman and Dervan,
1985; Vega et al., 1994; Aymami et al., 1999; Gavathiotis et al., 2000; Bostock-Smith et
al., 2001). The flanking phenol and N-methylpiperazine rings interact with at least one

additional base pair on each site of the binding site (Harshman and Dervan, 1985) and it

19



Introduction

has been suggested that the N-methylpiperazine may form a water-mediated interaction to
guanines adjacent to the A/T-tract (Gavathiotis et al., 2000). Close van der Waals contacts
with the non-polar backbone are also important for strong binding.

Hoechst 33258 has a very low affinity for two consecutive AT base pairs, which
increases significantly for three and reaching a plateau for four AT base pairs
(preferentially binding to AATT (Breusegem et al., 2002)). TpA steps are particularly
weakly bound by Hoechst 33258 compared to the other minor groove binding ligands
(Abu-Daya et al., 1995); although NMR studies have shown that the ligand prefers a
flexible DNA structure (Bostock-Smith ef al,, 2001). The presence of GC base pairs
inhibits binding due to hindrance from the 2-amino group of guanine (Drobyshev ef al.,
1999), though some weaker binding may be permitted at these sequences (Bailly ef al.,
1993).

Hoechst 33258 has been used as a therapeutic agent for solid tumours (Bielawski et al.,
2001), disrupting topoisomerases I and II and resulting in cytotoxic DNA strand cleavage.
The ligand has also been reported to protect against radiation-induced DNA-strand
breakage, but its high mutagenicity and cytotoxic effects limit its use as a protector of

normal tissue during radiotherapy (Tawar ef al., 2003).
These minor groove binding ligands (together with others such as berenil, DAPI and
pentamidine) are all A/T specific. They also display only limited sequence selectivity as

they recognise fairly short (4-5) base pair targets.

2:1 Binding

During NMR experiments on the binding of distamycin to A/T-containing sequences, a
new type of complex was discovered when the site contained more than four AT base
pairs. Two distamycin molecules are bound side-by-side at the sequence AAATT (Pelton
and Wemmer, 1989). In this complex the two ligand molecules are arranged antiparallel,
with each partner in contact with one wall of the minor groove, making contacts to one of
the DNA strands, as shown in Figure 1.5. The groove binding was similar to that seen with
1:1 binding, with the polyamides positioned such that each ring makes contact with a

single base (Walker et al., 1997).
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Figure 1.5: Distamycin bound to d(GTATATAC) DNA in a 2:1 mode (taken from the
RCSB Protein Data Bank Online [PDB ID — 378D]).

A major difference between the 1:1 and 2:1 binding of distamycin is that the minor groove
is substantially wider (by 3.5-4 A) (Wemmer and Dervan, 1997), so that it is more like the
size of a mixed B-DNA sequence than the narrow groove that is typically observed in A/T-
rich regions.

In titrations of an AAATT-containing sequence with distamycin, it was found that
1:1 complexes formed at low ligand concentrations; these were replaced by the 2:1
complex as ligand concentration increased. It was estimated that the binding constant for
the first ligand was about ten times greater than that of the second (Rentzeperis et al.,
1995). This indicates that the DNA minor groove is quite flexible, changing width to
accommodate a second ligand once the first is bound. It therefore follows that there should
be a stronger preference for the 2:1 complex in sequences with an intrinsically wide
groove, while the converse should occur with sequences that adopt a very narrow minor
groove. This has been demonstrated with AAAAA, for which the 2:1 binding mode is
disfavoured relative to 1:1, while the 2:1 binding mode is favoured for the sequence
TATAT (since the TpA steps increase the minor groove width) (Fagan and Wemmer,
1992). By substituting IC base pairs for AT, leaving the minor groove functional groups
unchanged but increasing the width of the minor grove, the 2:1 binding mode is further
enhanced (Wemmer and Dervan, 1997), indicating that DNA groove shape and flexibility
strongly affect the binding behaviour.
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Other minor groove binding ligands such as Hoechst 33258, DAPI and berenil can also
form 2:1 complexes at high concentrations (Loontiens et al., 1990; Gavathiotis et al., 2000;
Rosu et al., 2002). However, this 2:1 binding may not be through minor groove binding, as
intercalation of these drugs into G/C-rich regions has also been proposed (Loontiens et al.,
1990; Bailly et al., 1993; Rosu et al., 2002). The observation that Hoechst 33258 functions
as a clamp for two DNA chains at high concentrations, causing unwinding of the duplex,
also indicates a different mode of binding (Utsuno et al., 1999). Netropsin does not engage

in 2:1 binding, since it contains positively charged tails at both ends.

Research into new DNA minor groove binding drugs therefore shifted to concentrate on
2:1 binding ligands. This was due to the realisation that this provides increased sequence
specificity and increased binding affinity than the conventional 1:1 binding. In addition,
when two molecules of drug bind in the DNA minor groove, the groove is fully filled, so

that processes such as replication and transcription are inhibited more efficiently.

G/C Selectivity: Introducing imidazoles

The major limitation with netropsin and distamycin-based ligands is that they are A/T
selective in both the 1:1 and 2:1 binding modes. This is because pyrrole rings cannot form
contacts with the 2-amino group of guanine, which therefore sterically hinders the
interaction with GC base pairs. Dickerson and Lown suggested that by replacing the
pyrrole (Py) rings with imidazoles (Im) (exchanging a carbon for nitrogen), the exocyclic
NH; group of guanine might be read in the 1:1 binding mode (Kopka ez al., 1985; Lown et
al., 1986).

Peter Dervan’s group at the California Institute of Technology synthesised the
polyamide ImPyPy and similar ligands, which were expected to bind in the 1:1 mode to the
sequence (G/C)(A/T); (Wade and Dervan, 1987; Wade er al., 1992). However, the
molecules did not bind as expected, but recognised the five base pair sequence 5°-
(A/T)G(A/T)C(A/T) (Wade and Dervan, 1987, Wade er al., 1992). In addition, affinity
cleavage experiments challenged the 1:1 binding mode (Wade er al., 1992). NMR studies
confirmed that the ligand bound cooperatively to this sequence in a 2:1 binding mode

(Mrksich et al., 1992; Buchmueller et al., 2006).
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Inspection of crystallographic and NMR data indicated that only A/T-rich DNA sequences
contain the narrow grooves that are necessary for strong 1l:1 binding of netropsin and
distamycin (Coll et al., 1987; Fagan and Wemmer, 1992). Since the introduction of G/C-
residues produces a wider minor groove, it follows that in the 1:1 mode ligands will not be
able to make good interactions with both walls of the groove.

Wemmer’s group used distamycin analogues (using the ligand PylmPy), since
distamycin (unlike netropsin) can bind in a 2:1 mode. NMR studies showed that this
molecule bound cooperatively to AAGTT in preference to AAATT (Dwyer et al., 1992).
In this complex, one imidazole N3 formed a hydrogen bond with the 2-amino group of
guanine, though the other imidazole, placed adjacent to the cytosine, did not make any

hydrogen bond contacts with this base.

Using these simple principles it is possible to design sequence-specific minor groove
binding ligands, which interact in the 2:1 mode, with an imidazole for recognizing guanine
paired with pyrrole against the cytosine-containing strand. In this way, Im/Py targets GC,
Py/Im recognises CG and Py/Py targets AT or TA (White et al., 1997a), as shown in
Figure 1.6. The C-terminal tails of the molecules are specific for AT base pairs (White et
al., 1997b). Interestingly, Im/Im has been shown to recognise a GT mismatch (Lacy et al.,
2004).

Figure 1.6: Imidazole and pyrrole binding to GC and AT sequences. Circles with dots
represent the lone pairs of purine N(3) and pyrimidine O(2) and circles containing an H

represent the 2-amino group of guanine (taken from Wemmer and Dervan (1997)).

Other studies have searched for novel guanine-targeting polyamide units. One recent
example is imidazopyridine, which binds to guanine with comparable affinity to imidazole

(Renneberg and Dervan, 2003; Marques ef al., 2004). 3-pyrazole (Zhan and Dervan, 2000)
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and oxazole (Doss et al., 2006) have also shown increased selectivity for guanine residues.
Expanding the repertoire of aromatic rings for minor groove recognition ensures the
strongest possible binding can be established for the varying microstructure of the DNA at

different sequences.

Covalently linked dimers

The side-by-side binding of two polyamides in the 2:1 mode provides a means for
recognising unique DNA sequences. However the use of such unlinked heterodimers
presents a problem, as the two halves of the dimer can pair in other combinations which
have different sequence specificities. For example, although the ImPyPy.PylmPy
combination should recognise GC(A/T), the homodimers of ImPyPy and PylmPy will bind
to G(A/T)G and (A/T)G(A/T) respectively. In addition, the two halves of longer molecules
may slip relative to each other, altering the sequence specificity (Mrksich and Dervan,
1993a).

These problems have been overcome by covalently linking the two halves of the
dimer. This has been achieved in three different ways, using hairpins, cyclic or central H-
Pins (also known as crosslinked or “stapled”) to join the two halves of the dimer (Figure
1.7) (Mrksich et al., 1994; Cho et al, 1995; Mrksich and Dervan, 1994). All these

structures enhance the specificity and affinity of binding compared to unlinked ligands.

Figure 1.7: Examples of different types of dimer linkage: a) Hairpin b) H-Pin (taken from
Walker et al. (1998a)).
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The most widely used method for joining the two halves of the dimer is the hairpin linkage
(Figure 1.7a). Dervan’s group initially tested a series of hairpin linkers, with one to four
methylene carbons attached to the ligand molecules via amines and carboxylates (Mrksich
et al., 1994). The three-carbon linker (gamma amino butyric acid (y)) gave the highest
binding affinity. Linkers with fewer carbons produced strained molecules, while longer
linkers caused steric clashes. The y-linker forms a tight turn, which fits well at the base of
the minor groove, but also has a strong preference for binding at AT base pairs (de Clairac
et al., 1997; Swalley et al., 1999). This is probably due to steric clash with the 2-amino
group of guanine.

By connecting the carboxyl and amino terminals with a y-linker in a head-to-tail
manner, the binding affinity is increased by about 100 fold, high enough to compete
successfully with transcription factors and other DNA binding proteins (Dervan and Biirli,
1999). These hairpin structures also have higher specificity than their monomeric
counterparts. Hairpin polyamides containing eight rings therefore have an affinity and
specificity that is comparable to endogenous DNA minor groove-binding proteins (Dervan

and Biirli, 1999).

Cyclic polyamides containing the same vy-linkage have also been tested, though these
compounds were more challenging to synthesise. These compounds showed high affinity
for DNA, but their specificity was reduced significantly, suggesting that some flexibility is
required to optimise local contacts (Cho et al., 1995; Wemmer and Dervan, 1997; Herman

et al., 1999).

The H-Pin linkage (Figure 1.7b) uses the N-methyl groups of the pyrrole and imidazole
rings as attachment points for linking the two molecules in the centre of the dimer.
(Mrksich and Dervan, 1994). Studies varying the composition of the linkage have found
that dimers linked by six methylene groups (with a formyl group on the N-terminus) or
seven methylene groups (with an amino N-terminus), bound within the DNA minor groove
with high binding affinity compared to longer or shorter linkages (Mrksich and Dervan,
1993b; O’Hare et al., 2002).

The N-terminus of the ligand also influences the binding characteristics of
crosslinked polyamides and affects the optimal linker length. This is probably due to the
two hydrogen bonds that are created between the formyl group and the minor groove floor.

Hydrogen bond interactions of the N-terminal head group with DNA may be necessary for
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crosslinked side-by-side binding (O’Hare et al., 2002), which are not required for hairpin
linkage.

Linked polyamides have two potential DNA-binding modes, in which the two halves are
fully overlapped or staggered. In the maximum overlap mode (favoured by hairpin
linkage), the absence of an amide on the leading ring holds the parallel peptide chains in
specific regisfer, whereby each ring stacks on an amide of its neighbour. 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
can also stack ring-on-amide, but 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 maximising the distance between the charges (O’Hare et al.,

2002).

Inclusion of p-alanine

At an early stage in the development of synthetic DNA minor groove binding ligands it
was found that the binding affinity does not improve for 2:1 polyamides with greater than
five units (Kelly et al., 1996). This occurs because the unit repeat length and curvature of
the polyamide does not match that of DNA and the two become out of register. A method
to make minor groove binding ligands longer, so as to enhance their sequence specificity,
but without compromising their affinity was therefore required.

Glycine and B-alanine have been used as short flexible inserts, in place of a pyrrole
or imidazole rings; these introduce flexibility into the molecule and allow ligands to bind
to long target sites (Trauger et al., 1996; Swalley et al., 1997). B-alanine (B) is the most
effective linker, producing ligands with high binding affinity and specificity. The B/B pair
is specific for AT base pairs, while /Py or Py/B increase the binding affinity and
specificity relative to Py/Py (Turner et al., 1998). These B-containing polyamides therefore
provide an optimal combination of size, flexibility and alignment of the polyamide-paired
aromatic subunits in the DNA minor groove, allowing the targeting of 11 to 16 base pairs,
and highly cooperative dimeric polyamides using this motif have been now documented

(Dervan and Biirli, 1999).
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Hydroxypyrroles: AT, TA specificity

One problem with using distamycin-derived ligands for sequence recognition is that the
Py/Py pair does not distinguish between AT and TA. Rational design of an adenine or
thymine-specific module was a difficult prospect due to the similar hydrogen bonding
properties of the minor groove-accessible faces of adenine, thymine and cytosine (Walker
et al., 1998a). However, in the late-1990s Dervan’s group introduced a third aromatic ring
(N-methylhydroxypyrrole, Hp) to discriminate between AT and TA (White et al., 1998).
Hydroxypyrrole was tested on the assumption that a small substituent on one corner of the
Py/Py pair would favour thymine over adenine by steric clash with adenine. An hydroxyl
group was chosen as this substituent as it was small, but also because it provided the
possibility of forming hydrogen bonds with the lone pair electrons at O2 of thymine
(Kielkopf et al., 2000; Dervan, 2001). Py/Hp recognises AT base pairs while Hp/Py targets

TA. This now provides a means for selectively targeting each DNA base, as shown in

Figure 1.8.
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Figure 1.8: Molecular recognition of the minor groove of DNA by hairpin polyamides
containing Py, Im and Hp. Circles with dots represent lone pairs of purine N3 and

pyrimidine O2 and circles containing an H represent the 2-amino group of guanine (taken

from Dervan (2001)).

However, other means for discriminating between TA and AT are still being explored (as
hydroxypyrrole degrades over time in the presence of acid or free radicals, so is not very

biologically robust (Renneberg and Dervan, 2003)), including the use of the thiazole ring
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as an adenine discriminator paired opposite pyrrole (Kopka er al., 1997). At present,
hydroxypyrrole remains the unit of choice for distinguishing between AT and TA,
although the related hydroxybenzimidazole has recently shown selective targeting of
thymine (Renneberg and Dervan, 2003; Marques ef al., 2004). Thiophene or furan based
ligands have also shown great potential (Mallena et al., 2004; Chaires et al., 2004), with
chlorothiophene found to target thymine selectivity (Doss et al., 2006).

A range of different polyamide subunits (for targeting each base) are required to
target specific DNA tracts (and so genes) as strongly as possible, as the microstructure of
the minor groove varies for different sequences and so a subunit may bind a region of

DNA more strongly than another and vice versa at a different site.

Other polyamide subunits relevant to this thesis

The work on polyamides described in this thesis studies novel minor groove binding
ligands that contain some alternative subunits. Figure 1.9 shows some of the subunits that
have been wused in these molecules: Isopropyl-thiazole, benzimidazole; and
pyridoimidazole will be utilised to further develop sequence specificity and binding
affinity. Benzimidazole is derived from Hoechst 33258 and should target AT base pairs
(Briehn ez al., 2003); isopropyl-thiazole (unlike thiazole) targets guanines (Anthony et al.,
2004a; Anthony ef al., 2004b; James er al., 2004). Pyridoimidazole differs from
benzimidazole by the substitution of a carbon atom for a nitrogen atom. By comparison

with the difference between Py and Im, we might expect that pyridoimidazole will target

guanine. :
Pyrrole (Py) Imidazole (Im) Hydroxypyrrole (Hp)
H
/ 8 “
—CU _C% \ 1 / \
b ‘) S )
CHy CHy CHy
Isopropyl-Thiazole (Th) Benzimidazole (Bzi) Pyridoimidazole (Pzi)

Figure 1.9: Structures of pyrrole, imidazole, hydroxypyrrole, isopropyl-thiazole,

benzimidazole and pyridoimidazole.
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Dimethylaminopropylamide (Dp) and methylpiperazine (Mp) have been used as C-
terminal moieties that contain positive charges, which may aid binding and directional

orientation (White et al., 1997b; Brown et al., 2007).

Potential use of polyamides

The potential for these DNA minor groove binding ligands is extraordinary and the first
polyamides and their derivatives are already in clinical or experimental use (Dervan, 2001;
Murty and Sugiyama, 2004).

Most DNA is found in chromatin in the form of nucleosomal DNA. It therefore
follows that polyamides have to be able to bind DNA in this form to affect cellular
processes before the genes are expressed. It has been discovered that nucleosomal DNA
sequences facing away from, or even partially facing, the histone octamer are fully
accessible by polyamides (Gottesfeld et al., 2001; Gottesfeld et al., 2002; Leslie and Fox,
2002; Suto et al., 2003). Binding is only prevented by interactions between the DNA and
the histone octamer (Gottesfeld ez al., 2001). Minor groove ligands such as polyamides are

therefore viable pharmacological tools.

Anti-cancer drugs
Polyamides are of interest as potential anti-cancer drugs as they can affect a number of
cancer-related processes.

The distamycin-alkylating agent conjugates brostacillin and tallimustine have been
used to selectively target DNA mismatch repair-deficient human colon tumour cells to
induce cytotoxicity (Fedier et al, 2003), whilst a hairpin polyamide-alkylating agent
conjugate has been used for gene-silencing of the same tumour cells (Shinohara et al.,
2006). Gene silencing has also been exhibited with polyamide-targeted copper-mediated
DNA cleavage (Subramanian ef al., 2006).

Transcription factor binding sites on DNA are attractive potential targets for minor groove
binding ligands, as their blockades should result in modulation of gene expression which is
uncontrolled in cancer. Modulation of transcription factor binding using sequence-specific
binding compounds has received intensive investigation in recent years and sequence
selective compounds have been shown to selectively inhibit the binding of various

transcription factors, including LEF-1 involved in colon cancer (Supekova et al., 2002) and
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Ets involved in breast cancer (Chiang et al, 2000). The human multi-drug resistance 1
gene promoter region has also been targeted by a hairpin polyamide (Buchmueller et al.,
2005).

Minor groove binding agents based on distamycin and Hoescht 33258 have also been
shown to inhibit DNA helicases (Soderlind et al., 1999; Brosh Ir et al, 2000),
topoisomerases (Bell et al., 1997; Flores et al., 2006), DNA replication processes in
general (Sun and Hurley, 1992) and DNA repair (Brooks et al., 1999). All of which are
important in cancer therapy.

Many of these target proteins bind in the major groove of DNA (or at least a
component does). Minor groove binding ligands are therefore used due to their property of
distorting the DNA helix on binding, thereby preventing binding in the major groove as
well as the minor groove (Blattes ez al., 2006). However, modifications to polyamides to
include a major groove binding element have been developed. For example, an eight-ring
hairpin polyamide linked to an Arg—Pro—Arg tripeptide on the carboxyl terminus has been
shown to clamp a positive patch to the DNA backbone and interfere with crucial protein—
phosphate contacts (Bremer et al., 1998). Inhibition of major groove binding protein—-DNA
interactions may also be achieved using polyamide—oligodeoxynucleotide (i.e. a triplex
forming oligonucleotide) conjugates that bind simultaneously to the minor and major

grooves of DNA (Dervan and Biirli, 1999).

Anti-infection drugs
One of the main focuses of polyamides research for treating human infections is the human
immunodeficiency virus (HIV). The polymerase II promoter region of HIV-1 has been
targeted selectively (Dickinson et al., 1998; Tutter and Jones, 1998; Ehley et al., 2002), as
has the long terminal repeat involved in host-DNA integration and transcription (Coulli ez
al., 2002; Mischiati et al., 2004).

Other viruses have also been targeted with polyamides, mainly through inhibition
of transcription factor binding, such as the human cytomegalovirus (Dickinson et al., 1999)

and human papilloma virus (Schaal ez al., 2003).

The protozoan parasite Plasmodium falciparum is responsible for the most lethal form of
human malaria and has a genome comprised of 82 % AT base pairs, with large tracts of

DNA comprised almost entirely of these bases. Several A/T-selective minor groove
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binding compounds have been demonstrated to be effective against the blood stages of this
intracellular parasite in vitro, including distamycin (Ginsburg ef al., 1993). Polyamides
have also shown potential as anti-fungal (Marini ef al., 2003) and anti-bacterial agents

(Simon et al., 2000).

Other uses

The human transforming growth factor Bl involved in several cardiovascular diseases
including stroke and ischemic heart disease, as well as progressive renal disease has also
been selectively targeted by a polyamide (Lai et al., 2005; Matsuda et al., 2006).

DNA minor groove binding ligands have also been used as transcription activators
to upregulate gene expression (Arora et al., 2002; Schmitz and Schepers, 2004; Kwon et
al., 2004). This is possible by targeting a sequence upstream of a transcription binding site
by a hairpin polyamide, which is linked by a flexible tether to short activating peptides (the
activation domain). The complex transcription machinery is recruited to the transcription

factor binding site and so the gene is expressed.

Polyamides have also found use as a biochemical tool, such as fluorescently labelling
telomeres (Maeshima er al., 2001). By fluorescently tagging a telomere-targeted
polyamide, staining is more rapid than conventional hybridisation methods. Telomere
length can therefore be quickly established to observe the effects of this property on the

cell cycle of, for example, cancer cells.

ok ok

It is estimated that 50 % of the DNA sites on any gene promoter can now be targeted with
minor groove binding ligands (Dervan, 2001), which should be sufficient to target most
important transcription factors. Despite this, recent investigations have shown that some
inhibition ix vitro is not matched by in vivo activity (Chiang et al., 2000; Best et al., 2003).
However, the pharmacokinetics, bioavailability and toxicity of polyamides still need to be
established, and it seems likely that one day DNA minor groove binding drugs will form

the basis of new classes of gene targeted therapies.

Several other sequence specific DNA binding ligands have been used in the work

described in this thesis. Their properties are described below.
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Mithramycin

The aureolic acid anti-tumour antibiotic mithramycin (Figure 1.10) and the related
compounds chromomycin and olivomycin contain an aglycone chromophore to which
several sugar residues are attached; the A-B disaccharide and C-D-E trisaccharide

segments projecting from opposite ends of the chromophore (Bakhaeva et al., 1968).

3-side chain

OCH;3 oM

Figure 1.10: Structure of mithramycin.

Mithramycin is coordinated by Mg** ions to form an antiparallel dimer through
interactions between the cation and the O° and O' oxygens of the aglycone chromophores
(Sastry and Patel, 1993). The aglycone chromophores then bind in the DNA minor groove
through the formation of hydrogen bonds between the 2-amino protons of guanine and
acceptor phenolic hydroxyl O° oxygens, although van der Waals interactions are also
important (Sastry and Patel, 1993; Sastry et al., 1995). Mithramycin is therefore a G/C-
specific minor groove binding ligand, with at least two contiguous GC base pairs necessary
for binding (Van Dyke and Dervan, 1983).

Fox and Howarth (1985), Cons and Fox (1989) and Carpenter et al. (1993) have
used DNase [ footprint to show CpG steps to be weak mithramycin binding sites, whilst
GpC are stronger and GpG/CpC is the preferred sequence.

The saccharide groups are also involved in binding, with the C-D segment interacting
edgewise in the antiparallel alignment with G/C bases through hydrophobic contacts
(Sastry and Patel, 1993). The E sugar lies in the minor groove across both duplex strands
and creates hydrogen bonds with guanine or cytosine (it can accept or donate hydrogen
bonds, so reducing selectivity by the ligand), as well as hydrophobic interactions, to
stabilise ligand binding at the terminals (Sastry and Patel, 1993). The A-B disaccharide
segment interacts in the minor groove with the sugar phosphate backbone and acts as a
weak clamp for the mithramycin dimer to prevent it sliding along the helix groove (Sastry

and Patel, 1993). Although Van Dyke and Dervan (1983) observed that at least two
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contiguous GC base pairs were required for recognition, they also saw that a minimum of
three base pairs were involved in binding. NMR studies have shown that binding of the
saccharide groups of mithramycin means that a sequence of six base pairs is actually
involved in ligand binding (Sastry and Patel, 1993).

The mithramycin dimer cannot be accommodated in a narrow minor groove (Sastry
and Patel, 1993). In such regions, strong binding will occur if there is a neighbouring TpA
step present, which will create a “kink™ in the DNA so widening the minor groove and

allowing the E sugar to be accommodated within the groove (Sastry et al., 1995).

Mithramycin has been found to inhibit both cancer growth and bone resorption by binding
G/C-rich DNA, which blocks binding of Sp-family transcription factors to regulatory
elements. By stopping Sp factors binding to the c-src promotor region, for example, many
human cancers can be treated (Remsing ef al., 2003a). Mithramycin also induces myeloid
differentiation of HL-60 promyelocytic leukaemia cells, so is an effective agent in certain
patients with chronic granulocytic leukaemia (Miller ef al., 1987). Mithramycin SK is a
recently discovered derivative of mithramycin (Remsing et al., 2003b), with a hydroxy-
methoxy-oxo-butyl 3-side chain the only difference. This substitution elicits up to nine-

fold higher activity against melanoma, leukaemia and central nervous system cancer cells.

DNA Intercalators

Another major group of ligands that bind to DNA are the intercalators (Baguley, 1991;
Waring and Bailly, 1994; Brafia et al., 2001; Dawson et al., 2007). These compounds all
possess planar polyaromatic systems, which bind by insertion between DNA base pairs,
often favouring pyrimidine/purine steps (Brafia et al., 2001). These chromophores can be
linked to other groups (such as peptides), which play an important role in determining the
affinity and selectivity of binding.

A selection of DNA intercalating agents that have been used in this investigation are

described on the following pages.
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Actinomycin D
Actinomycin D is a chromopeptide comprised of a phenoxazone chromophore connected

to two depsipeptide ring systems of mainly hydrophobic residues, as shown in Figure 1.11.
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Figure 1.11: Structure of actinomycin D.

Actinomycin D binds to double stranded DNA by intercalation of its phenoxazone
chromophore, positioning the cyclic depsipeptides in the minor groove. Its preferred
binding site bis GpC, as shown by footprinting (Van Dyke et al., 1982; Scamrov and
Beabealashvilli, 1983; Fox and Waring, 1984a) and structural studies (Muller and
Crothers, 1968; Sobell and Jain, 1972; Sobell, 1973). It binds to this sequence by forming
hydrogen bonds between its threonine carbonyls and the 2-amino groups of guanines
positioned on either side of the intercalation site (Kamitori and Takusagawa, 1994; Chen et
al., 2003a). The importance of the 2-amino group has been shown by studies using inosine-
containing DNA fragments (Jennewein and Waring, 1997), although weaker binding has
been seen with ApC and GpN steps (Chen ef al., 2004).

Binding of actinomycin D to DNA is in several phases, as the ligand binds to an
optimal site (Muller and Crothers, 1968; Fox and Waring, 1984b; Brown and Shafer, 1987)
and consequently changes DNA conformation (Waterloh and Fox, 1991a). The
phenoxazone chromophore causes the DNA helix to be unwound by rotating one base pair
at the intercalation site (Kamitori and Takusagawa, 1994), so allowing the depsipeptide
rings to bind strongly in the minor groove (Kamitori and Takusagawa, 1994). Overall
intercalation of actinomycin unwinds the DNA helix by 26 © (Waring, 1970; Muller and
Crothers, 1968), creating an asymmetrically wound helix that extends for several base pairs

beyond the actual binding site (Kamitori and Takusagawa, 1994). This produces a long-
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range effect on DNA conformation that may be responsible for the anti-cooperative
binding observed with a GCGC oligomer (Scott et al., 1988) and explains the enhanced
DNase I cleavage seen in footprinting studies that is propagated into neighbouring regions

of A/T DNA (Waterloh and Fox, 1991a).

Actinomycin D can also significantly change DNA structure to produce its optimal GpC
binding site, either by forming hairpins (Chen et al., 2003b) or by looping out regions of
single strand DNA (Robinson et al., 2001; Chen ef al., 2004). By forming hairpins in
single strand DNA, actinomycin can serve as a sequence-specific single strand DNA
binding agent that inhibits HIV and other retroviruses replicating through single stranded
DNA intermediates (Chin et al., 2003). Actinomycin D has previously been used as an
anti-tumour drug by inhibiting transcription (Horwitz and McGuire, 1978; Chen, 2002).

Quinoxaline antibiotics — Bis-intercalators

Echinomycin

Echinomycin (Figure 1.12) is a member of the quinoxaline group of antibiotics that also
includes triostin A. These compounds possess a cyclic octadepsipeptide, which contains a
thioacetal or disulphide cross-bridge, to which two quinoxaline chromophores are attached
(Waring and Wakelin, 1974; Wakelin, 1986). They bind to DNA by the simultaneous bis-
intercalation of the quinoxaline rings, positioning the cyclic peptide in the minor groove,

where it makes specific contacts with the bases.
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Figure 1.12: Structure of echinomycin.

Echinomycin binds selectively to the dinucleotide step CpG (Low ef al., 1984a; Van Dyke

and Dervan, 1984), with these two base pairs sandwiched between the quinoxaline

35



Introduction

chromophores. However, other weaker binding sites have been observed, such as TpG
(Van Dyke and Dervan, 1984), CpC and CpA (Waterloh and Fox, 1991b). The 2-amino
group of guanine is therefore the only essential feature of the binding site, as shown by
experiments with DNA fragments containing inosine or diaminopurine (Jennewein and
Waring, 1997).

A number of crystal and NMR structures have revealed the details of the interaction
between echinomycin and DNA, to explain the selectivity for CpG (Wang et al., 1984;
Ughetto er al., 1985; Gao and Patel, 1988; Gilbert and Feigon, 1992). The crucial
interactions are hydrogen bonds between the carbonyls of the two alanines and the 2-amino
groups of the guanines (Wang er al., 1984; Ughetto ef al., 1985). The valine residues also
aid binding by creating van der Waals interactions with the deoxyribose sugars in the DNA
backbone (Ughetto et al., 1985). The other residues in the depsipeptide ring (serine and
cysteine) are important for the structural integrity of the backbone ring (Ughetto et al.,
1985).

The intercalation of the quinoxaline chromophores of echinomycin alters local
DNA duplex conformation (Low ef al., 1984) to unwind the DNA helix by 48 © in regions
flanking the CpG binding site (Waring and Wakelin, 1974; Fox et al., 1986), twice the
unwinding angle of monofunctional intercalators such as ethidium. Elongation of the DNA
also occurs (Tseng et al., 2005), with these two effects altering six base pairs of DNA
(Tseng et al., 2005), even though only four base pairs are directly involved in binding (Van
Dyke and Dervan, 1984). The distortion of the DNA destabilises the base pairing adjacent
to the CpG site, enabling the formation of Hoogsteen pairing at flanking AT base pairs,
which has been observed in NMR and crystal structures (Wang er al., 1984; Gilbert and
Feigon, 1992). However, this Hoogsteen base pairing is not essential for binding (Gilbert
and Feigon, 1992; Sayers and Waring, 1993). Echinomycin does not bind to all CpG sites
with equal affinity and the strongest is observed at ACGT and TCGT, with adenine
selectivity most likely due to an interaction between the base and the valines of the ligand
(Ughetto et al., 1985; Gao and Patel, 1988). Cooperative binding has been observed when
echinomycin binds to multiple adjacent sites (Gilbert and Feigon, 1992; Bailly et al., 1996;
Leslie and Fox, 2002), although alternating G/C-tracts create anti-cooperativity (Wakelin
and Waring, 1976).

Echinomycin has recently been shown to have impressive activity against the malarial

parasite P.fulciparum (LDsg = 7-10 ng/ml) (Castillo et al., 2003) and so may have potential
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use in the field of antimalarials. It has also shown potential as an anti-tumour agent (Dolma
et al., 2003), inhibiting transcription factor binding (Kong et al., 2005), chromatin
decondensation, nuclear assembly and DNA replication (May et al, 2004). New
echinomycin analogues have recently been developed to further the pharmacological use of

the ligand (Kim et al., 2004).

TANDEM
Triostin A N-Demethylated (TANDEM) is a synthetic derivative of the quinoxaline
antibiotic triostin A (Viswamitra et al., 1981; Ughetto et al., 1985; Wakelin, 1986), which

lacks the N-methyl groups on the valine and cysteine residues, as shown in Figure 1.13.
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Figure 1.13: Structure of TANDEM.

This small alteration results in a dramatic change in its sequence selectivity and TANDEM
binds selectively to TpA steps (Lee and Waring, 1978; Low et al., 1984b; Waterloh et al.,
1992; Lavesa et al, 1993). This binding is about 20-fold weaker than the parent
compounds echinomycin and triostin A (Lee and Waring, 1978).

NMR studies (Addess et al., 1993) have revealed that TANDEM binds in the same
way as the parent compounds, with the two quinoxaline rings bis-intercalating around the
TpA step and causing local unwinding of the DNA helix, while the peptide ring lies in the
minor groove (Addess et al, 1993). The electrostatic component of the stacking
interactions between the chromophores and bases that make up intercalation sites plays a
very important role in binding affinity (Marco et al., 2005).

The change in sequence selectivity is due to the formation of intramolecular
hydrogen bonds between the two valine NH groups and the alanine carbonyls (which are
involved in hydrogen bonds to the 2-amino group of guanine in the parent compounds)

(Addess et al., 1993). This interaction rotates the side chains of the valines inwards, so
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narrowing the width of the peptide ring. Adenine bases are then targeted by the formation
of intermolecular hydrogen bonds between the N3 atom of the base and the alanine NH
groups (Addess et al., 1993). However, this hydrogen bonding is not thought to be the
dominant factor in TANDEM binding, and the selectivity is mainly attributed to steric or
hydrophobic interactions with a minor groove of suitable dimensions (Bailly and Waring,
1998). Strong binding requires the presence of an intact disulphide cross-bridge (Lee and
Waring, 1978; Malkinson et al., 2005), though an analogue in which alanines replace the
cysteines still binds to A/T-rich DNA, albeit with a much lower affinity (Fox et al., 1980a).
It has long been known that TANDEM binds cooperatively to poly(dA-dT) (Lee and
Waring, 1978) and more recent work has shown that the neighbouring bases to TpA affect
the binding; ATAT shows the highest affinity while there is little interaction with TTAA
(Fletcher et al., 1995; Lavesa and Fox, 2001). Longer alternating A/T-tracts generate
stronger binding sites (Fletcher et al., 1995).

Nogalamycin

Nogalamycin is an anthracycline antibiotic that bears bulky sugar residues at both ends of
an anthracycline chromophore (Figure 1.14). It is a member of a class of DNA binding
agents known as “threading intercalators”. These compounds intercalate into duplex DNA,
but leave pendant groups in both DNA grooves. In the case of nogalamycin, the positively
charged fused bicycle amino sugar binds in the major groove and the uncharged nogalose
sugar (with methyl ester) in the minor groove (Searle et al., 1988; Williams ez al., 1990).
This mode of binding requires local denaturation of the DNA duplex, so as to insert the

ligand.
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Figure 1.14: Structure of nogalamycin.
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Since the local DNA structure has to be unpaired before it can bind, nogalamycin displays
very slow association and dissociation kinetics (Fox and Waring, 1984c; Fox et al., 1985),
which are both faster for A/T- than G/C-rich DNAs. DNase I footprinting studies have
shown that nogalamycin possesses some limited sequence binding preferences and appears
to bind best to regions of alternating purines and pyrimidines that contain all four DNA
bases (Fox and Waring, 1986; Fox and Alam, 1992). Several crystallographic and NMR
structures have been determined for nogalamycin bound to short DNA fragments in which
the ligand is intercalated between different base steps: CpG (Gao et al., 1990; Robinson et
al., 1990); TpG (Searle et al., 1988); and CpA (Zhang and Patel, 1990). This large array of
binding sequences emphasises that nogalamycin does not have an absolute sequence
binding preference, although a hydrogen bond may be formed between the 2-amino group
of guanine and the methyl ester of nogalamycin (Williams ez a/., 1990). The ligand appears
to discriminate between different DNA sequences by virtue of their structure and stability.
Intercalation is always at YpR steps; but the best binding sites contain combinations of all

four bases.

Techniques for studying DNA binding specificity and affinity

Three main techniques are used in this thesis to study the selectivity and affinity of
different DNA binding ligands. They are: DNase I footprinting; hydroxyl radical

footprinting; and fluorescence melting.

Footprinting

DNA footprinting is a protection assay in which cleavage of DNA is inhibited at discrete
locations by the sequence-specific binding of a ligand or protein. A DNA fragment of
known sequence and length (typically a restriction fragment of 100-200 bp), which has
been selectively radiolabelled at one end of one strand, is lightly digested (single hit
kinetics) by a suitable endonucleolytic probe in the presence and absence of the drug under
investigation, as shown in Figure 1.15. The cleavage agent is prevented from cutting
around the drug-binding sites, so that when the products of reaction are separated on a
denaturing polyacrylamide gel and exposed to autoradiography, the position of the ligand

can be seen as a gap (footprint) in the otherwise continuous ladder of bands (Fox, 1997).
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Figure 1.15: Footprinting in the absence (left) and presence (right) of a DNA binding
ligand.

DNase I footprinting
A commonly used endonucleolytic probe for footprinting is the monomeric glycoprotein
DNase 1. This is a double-strand specific endonuclease that introduces single-strand nicks
in the phosphodiester backbone of DNA, cleaving the O3’-P bond. The enzyme requires
the presence of divalent cations (especially calcium and magnesium). It binds by inserting
an exposed loop into the DNA minor groove, interacting with the phosphate backbone and
groove walls (Suck et al., 1986; Lahm and Suck, 1991; Weston et al., 1992). DNase I does
not have any simple sequence dependency but it produces an uneven cleavage pattern in
which A,. T, tracts and G/C-rich regions are poorly cleaved (Drew and Travers, 1984).
ApT is also cut much more efficiently than TpA. Regions of duplex DNA with unusually
narrow minor grooves (such as A,. T, (Fox, 1992)) are poor substrates, as the enzyme
cannot insert its exposed loop into the minor groove. Crystal structures of
oligonucleotides-DNase I complexes show that the DNA is bent towards the major groove;
this may be an essential part of the catalytic mechanism and explains why rigid DNA
sequences (such as G/C-rich regions) are poor substrates for the enzyme.

DNase I has a molecular weight of 30.4 kD and covers about 10 bp of DNA (one
complete turn of the DNA helix). The large size of this probe causes an overestimation of

drug binding site sizes, as it cannot cleave close to the bound ligand. Another factor that
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affects the interpretation of DNase I cleavage patterns is that although DNA bases lie
perpendicular to the helical axis, they are inclined relative to the phosphodiester backbone.
Since DNase I binds across the minor groove, the footprint is staggered by 2-3 bases in the
3’-direction across the two strands. When a DNA-binding ligand is added, the closest
approach of the enzyme is not the same on each strand (Figure 1.16). DNase 1 can
therefore approach closer to the ligand on the lower strand, while the region of the upper
strand protected extends by a further 2-3 bases beyond the actual ligand-binding site. As a

result, DNase I footprints are staggered by about 2-3 bases in the 3’-direction across the

3‘ .,’(‘ SI
5 Aﬂ | 3

DNaseI  Ligand

two strands.

Figure 1.16: DNase I binding to and cleaving DNA in the presence of a ligand, showing
the 3’ stagger.

Hydroxyl radical footprinting

Hydroxyl radicals are another endonucleolytic probe that is used in DNA footprinting
(Tulius, 1988). These are formed using the Fenton reaction (Equation 1.1) between ferrous
ions and hydrogen peroxide. The hydroxyl radical is a highly reactive and freely diffusible
species, which can approach close to the bound ligand as a result of its small size. The
resolution problems suffered by DNase 1 are therefore not a factor in hydroxyl radical
footprinting. In addition, hydroxyl radicals generate an even cleavage pattern in the drug-
free lanes (though cleavage is attenuated in A,. T, tracts).

Although the exact mechanism of hydroxyl radical cleavage is still unclear, it is
accepted that the free radicals attack the DNA backbone at the C4’ or CI’ positions,
leading to subsequent base removal and strand scission (Pogozelski et al., 1995). Although
greater resolution makes hydroxyl radical footprinting more accurate, it is a more complex
and time-consuming technique so is generally used only after preliminary DNase I
experiments. The reaction is quenched by free radical scavengers, so cannot be used for

ligands such as echinomycin and TANDEM, for which stock solutions are prepared in
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DMSO. It also cannot be used for ligands that bind in the DNA major groove, such as

triplex-forming oligonucleotides.
Fe*" + H,0, — Fe’" + OH + *OH

Equation 1.1: The Fenton reaction, showing the creation of hydroxyl radicals. The Fe** is

usually complexed with EDTA to prevent a direct interaction of Fe** with DNA.,

Fluorescence melting
Another way to study DNA binding ligands is through DNA melting experiments. Ligand
molecules that bind to duplex DNA will stabilise it and so increase the melting temperature
(T'n). This has typically been studied by measuriﬁg changes in the absorbance at 260 nm,
determining the relative binding affinities of different ligands by comparing their effects on
the 7,,. A more sensitive and high throughput variation of this technique uses synthetic
oligonucleotides containing a fluorophore attached to one strand and a quencher linked
opposite this on the other strand (Darby et al., 2002). When the fluorophore and quencher
are in close proximity, as in the duplex, the fluorescence is quenched. When the structure
melts, the fluorophore and quencher are separated and there is a large increase in
fluorescence. These experiments are performed in the Roche LightCycler, which has an
excitation source of 488 nm, with the fluorescence emissions measured at 520 nm.

By testing a series of different DNA duplexes with varying concentrations of
ligand, the preferred binding site of the ligand may be established by observing which
duplex is stabilised the most. The concentration dependence of the different melting

profiles can be used to estimate the relative binding strength of different ligands.
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Aims of this Thesis

This thesis describes studies on the interaction of several ligands with DNA. These studies
aim to determine their preferred binding sites, and to understand the molecular basis of
their selectivity. These studies have used DNase I and hydroxyl radical footprinting as well
as fluorescence melting experiments.

These studies are divided into four main sections:

Chapter I1I: Novel universal footprint substrates

Although footprinting is a powerful technique for examining sequence selectivity, it is
limited by the sequences that are available in any given DNA fragment. The work in this
chapter develops novel DNA footprinting substrates that contain distinct combinations of
two, three, four and six base pair sequences. These fragments are tested with several well

characterised DNA binding agents.

Chapter 1V: Novel analogues of the bis-intercalator TANDEM
DNase I footprinting studies, using several different DNA fragments, have been used to

examine the binding and selectivity of several novel analogues of TANDEM.

Chapter V: Novel minor groove binding ligands

The sequence selectivity of derivatives of Hoechst 33258 and other novel polyamides are
investigated using DNase I and hydroxyl radical footprinting. These new polyamides
contain benzimidazole or pyridoimidazole rings in addition to the usual pyrrole and

imidazole groups.

Chapter VI: Minor groove binding ligands containing isopropyl-thiazole units
The DNA binding properties of two novel derivatives of the synthetic ligand thiazotropsin,
which contains isopropyl-thiazole ring systems, are examined by footprinting and

fluorescence melting experiments.
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Chapter 11
Materials and Methods
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Materials

Materials are grouped according to their usage. Many items were used for more than one

protocol, so will be described in their first occurrence.

Cloning and dideoxy sequencing

Oligodeoxynucleotides with BamHI restriction sites for ligation into plasmids were either
purchased from Eurogentec UK Ltd. (Romsey, UK) (DiN and TriN), or provided by
Andrea Di Salvo (University College Dublin) (TANa/TANb) and Tom Brown (University
of Southampton, School of Chemistry) (all other sequences) and stored at —20 °C in water.
pUC18, pUC19 and Taq DNA Polymerase were bought from Sigma-Aldrich (Poole, UK).
dNTPs (dGTP, dCTP, dATP, dTTP), T4 DNA ligase and BamHI were from Promega
(Southampton, UK). Radioactive a->*P-dATP was purchased from Amersham Biosciences
(Little Chalfont, UK) with an initial activity of ~110 TBg/mmol (3000 Ci/mmol).

The T7-Dideoxy Sequencing Kit was bought from the USB Corporation
(Cleveland, OH, U.S.A), whilst Sequagel (19:1 Acrylamide:Bisacrylamide solution
containing 8 M urea) was purchased from National Diagnostics (Hull, UK). 3 MM paper
and Saran wrap used When’ drying the gels were bought from Whatmann and GRI

respectively.

Radiolabelling

HindIII, Sacl, EcoRI, Pstl, Acc651 and Xbal restriction enzymes were bought from
Promega. a-"*P-dCTP and v-’P-ATP were purchased from Amersham Biosciences (Little
Chalfont, UK) with an initial activity of ~110 TBg/mmol (3000 Ci/mmol). AMV Reverse
Transcriptase was purchased from Sigma-Aldrich and Accugel (40 % (w/v) 19:1
Acrylamide:Bisacrylamide sohition) was from National Diagnostics. T4 Polynucleotide
kinase (PNK) was bought from New England Biolabs (Hitchin, UK) and X-ray film used

to show the accurate location of the radiolabelled plasmid was from Kodak.

Ligands

Distamycin A, Hoechst 33258, mithramycin, actinomycin D and echinomycin were bought
from Sigma-Aldrich, with nogalamycin being a gift from P.F. Wiley (Upjohn Company,
Kalamazoo). TANDEM was a gift from Richard Olsen (Department of Chemistry, Utah
State University) whilst solid-phase-TANDEM was a gift from Mark Searcey (School of
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Pharmacy, University of London), along with Bis-acm-TANDEM, [Lys’,Lys']-TANDEM,
Benzylated-[Lys*, Lys®]-TANDEM,  Naphthyl-TANDEM, Hemi-naphthyl-TANDEM,
Biotinated-[Lys* Lys®]-TANDEM,  Bis-acetate-TANDEM and Mono-quinoxaline-
TANDEM. Malvinder Singh (University of Saskatchewan) provided the Series A, B, C
and D ligands, and Colin J. Suckling and Roger D. Waigh (University of Strathclyde)
provided Thiazotropsin A, Thiazotropsin B and Thiazotropsin C.

DNase I and hydroxyl radical footprinting

Bovine DNase I was purchased from Sigma-Aldrich and stored at -20 °C at a

concentration of 7200 U/ml in 150 mM NaCl and 1 mM MgCl,.
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), L-ascorbic acid

and hydrogen peroxide (30 % (w/w) solution) were all bought from Sigma-Aldrich, whilst

ammonium ferrous sulphate was purchased from BDH.

For both dideoxy sequencing and footprinting, a Phosphorimager Screen and the Storm
860 Phosphorimager from Molecular Dynamics (Amersham Pharmacia Biotech UK
Limited, (Little Chalfont, UK)) were used.

Analysis of the footprinting gels was carried out using ImageQuant version 5.0

Build 050 software from Molecular Dynamics and SigmaPlot 9 for Windows.

Fluorescence melting

Oligodeoxynucleotides were provided by Prof. Tom Brown (University of Southampton,
School of Chemistry) and stored at -20 °C in water. For each pair of
oligodeoxynucleotides, one is 5’-fluorescein labelled, whilst the complimentary strand has
a 3’-methyl red quencher moiety present. Fluorescence melting curves were determined in
a Roche Lightcycler with an excitation source at 488 nm using Roche capillaries, taking

fluorescence readings at 520 nm (Darby et al., 2002).

Fluorescence analysis was carried out using the Roche Lightcycler software.
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DNA Fragments

Various DNA fragments were designed and synthesised for this work, and some were used

that were from previous work in the laboratory. These are described below.

MS1/MS2

MS1 and MS2 are fragments that contain every possible tetranucleotide sequence (Lavesa
and Fox, 2001). Both fragments contain the same sequence, bar two point mutations shown
in red below, cloned into the BamHI site of pUCI18, but in opposite orientations. The
sequences below show the strand that is seen when the fragments are labelled at the 3’-end

of the HindIII site.

MS1

5’ -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC
GATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAATTAGGGCGTGAAGAGTTATG
TAAAGTACGTCCGGTGGGGTCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3

MS2

5’ -GGATCCGCATTCGAGGCTGAGATGACAAACCAGACCCCACCGGACGTACTTTACA
TAACTCTTCACGCCCTAATTGCTATACCAGGATAGAACGGGAGCTTAACCTTGATCGC
GCTACGACTAGTGCAGTTGGAAATCGGCCATGTGTATTGCCGCATATGGATCC-3"

pAADI1

pAADI contains every self-complementary (A/T)4 sequence separated by CGCG (Abu-
Daya et al., 1995). The fragment is cloned into the BamHI site of pUC18. The strand that
is shown is the one that is labelled at the 3’-end of the HindIII site.

5’ -GTACGCGTTAACGCGCGATATCGCGCGTAATCGCGCGTATACGCGCGAATTCGC-3"

Pé6
The P6 substrate is a sequence previously used in the laboratory that contains a series of

long (A/T)1; tracks. This is cloned into the BamHI site of pUC18.

5’ -GGATCGGAAATAAATAAATCCGGTTTTTTAAAAAACCGGATATATATATATCC
GGAAAAAATTTTTTCCGGATCC-3"

47



Materials and Methods

TyrT(43-59)

TyrT(43-59) is a derivative of the #rT promoter sequence of E. coli (Brown and Fox,
1999). The #rT sequence was used in the first footprinting experiments with TANDEM
(Low et al., 1984a). The strand shown is the one that is labelled at the 3’-end of the EcoRI

site.

5’ -GGGAACCCCCACCACGGGGTAATGCTTTTTACTGGCCTGCTCCCTTCTCGGGAAG
CGGGGCGCTTCATATCAAATGACGCGCCGCTGTAAAGTGTTAGGAAGAGAAANAAGAA
CTGGTTGCGTAATTTTCATCCGTAACGGATTAAAGGTAACCGGAATT -3

DiN
DiN was prepared as a short synthetic sequence that contains three copies of each the 10

different dinucleotide steps. This was cloned into the BamHI site of pUC18.

5’ -GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3'

TriN
TriN was prepared as a short synthetic sequence that contains each of the 32 trinucleotide

steps. This was cloned into the BamHI site of pUCI18.

5’ -GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA~3’

HexA and HexB

HexA and HexB were designed as synthetic fragments that, between them, contain all 64
symmetrical hexanucleotide sequences. The sequences were designed so that HexA
contains the sites for EcoRI and Pstl, but not HindIII and Sacl, while HexB contains the
sites for HindIIl and Sacl, but not EcoRI and Pstl. Each sequence was cloned in both
orientations into the BamHI site of pUC19. During this work HexArev was only obtained
as a dimer (HexArev2), while HexBrev could not be isolated. The opposite strand of
HexBfor was therefore visualised by cleaving with a different combination of restriction
enzymes (see Table 2.1). It was subsequently realised that these inserts are multiples of
three base pairs and therefore still give blue colonies on Xgal/TPTG plates. HexAfor and

HexBfor contain in frame stop codons and so yield white colonies. HexArev (monomer)
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and HexBrev have now been successfully cloned but the footprinting results with these

sequences are not included in this thesis.

HexAfor

5’ -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAAT
TCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCT
AGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC-3

HexArev2

5’ -GGATCCATGGCCACGTGCACTAGTACTTAAGCGCTAGCATGCGCAGCTGCA
GGCCTAGGTACCGGTTAACGTTTAAACCGCGGTCCGGAATTCTAGATCTATAGC
TAAATTTGGCGCCATATATCGATATCCCGGGATCCATGGCCACGTGCACTAGTA
CTTAAGCGCTAGCATGCGCAGCTGCAGGCCTAGGTACCGGTTAACGTTTAAACC
GCGGTCCGGAATTCTAGATCTATAGCTAAATTTGGCGCCATATATCGATATCCC
GGGATCC-3'

HexBfor

5’ -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCCGGCAATTGCAAG
CTTATAAGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCG
ACGTCATGATCAATATTCGAATTAATGCATGGATCC-3'

HexBrev

5’ -GGATCCATGCATTAATTCGAATATTGATCATGACGTCGACATGTACATATG
TATATACGCGCGTACGCGTATACGTAGCGCGCTTATAAGCTTGCAATTGCCGGC
TAATTAGGGCCCTCGAGCTCGCGATCGGCCGGATCC-3

STRATHA/STRATHB

STRATHA and STRATHB are complementary sequences containing several variations of
the proposed target site for Thiazatropsin B [(A/T)CGCG(T/A)]. The original cloned
sequence was STRATHB (cloned into the BamHI site of pUC19), with STRATHA being
gained by labelling at the opposite end of the sequence. STRATHA is visualised when the
DNA is labelled at the 3’-end of the Acc65I site, whilst STRATHB is visualised by
labelling at the 3’-end of the HindIII site.
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STRATHA
5’ -GATGGATCCTTAATCCGCATAACCCCTTTACGCGAAATCGCCTAATCGGGATATCG
CGAATTCGCGCAAAACGCGTATAGCGTTAAGCGCAATACGCATACCGGATCCGAG-3

STRATHB
57 -CACGGATCCGGTATGCGTATTGCGCTTAACGCTATACGCGTTTTGCGCGAATTCGC
GATATCCCGATTAGGCGATTTCGCGTAAAGGGGTTATGCGGATTAAGGATCCATC-3 '

SASK1/SASK2

SASK1 and SASK2 (which is the same sequence cloned in the opposite orientation) were
designed to contain variants of the proposed binding sites (four base pair G/C-tracts) for
the Series B ligands (described in chapter 5). These were cloned into the BamHI site of
pUCI19. The strands shown are the ones visualised by labelling the 3’-end of the HindIII

site.

SASK1

5’ -GGATCCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCC
ATGCAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTTGGCCAAGCAAGATCTTGCAACC
GGTTGCCACGGATCC-3"

SASK2

5’ -GGATCCGTGGCAACCGGTTGCAAGATCTTGCTTGGCCAAGCAAGGACTTGCAAGGC
CTTGCAAGGTCTTGCATGGCCATGCAAGGGCTTGCAACGCGTTGCATGGCCTAGCAAGCGC
TTGCTGGATCC-3"

SASK3/SASK4

SASK3 and SASK4 (which is the same sequence cloned in the opposite orientation) were
designed to contain variants of the proposed binding sites (a long A/T-tract and
[CWWGWWC],, where W is adenine or thymine) for the Series C ligands (described in
chapter 5). These were cloned into the BamHI site of pUC19. The strands shown are the
ones visualised by labelling the 3’-end of the HindIII site.
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SASK 3

5’ -GGTGGATCCAGCAAGCGCGCTTGCAACCCTATAGGGTTGCAAGTCTTGCAAATAT
ATATATTTGCAAGATCTTGCAAGGCTTGCGCCAAGCTTGCAAGGGTATACCCTTGCAA
GCTAGCTTGCAAGCGCTTGC-3"

SASK 4

57 -GCAAGCGCTTGCAAGCTAGCTTGCAAGGGTATACCCTTGCAAGCTTGGCGCAAGC
CTTGCAAGATCTTGCAAATATATATATTTGCAAGACTTGCAACCCTATAGGGTTGCAA
GCGCGCTTGCTGGATCCACC-3"

TANa/TANb
TANa and TAND are complementary sequences, which contain a single TATA site in the
middle and were used for studying the binding of TANDEM and its analogues (chapter 4).

TANa
5’ -CCACGTCGCTGACCACCTGCGCAGGTCCATATATGGCCAACTCGGTGCAT
CGCTCACTGGACACATCAGTCCATGAATGACTCGATGACTCAATGACTCG-3

TAND
5’ -TCATTCATGGACTGATGTGTCCAGTGAGCGATGCACCGAGTTGGCCATAT
ATGGACCTGCGCAGGTGGTCAGCGACGTGGGCATTGAGCGATGCAGGCAG=-3

Fluorescently labelled oligonucleotides
The oligonucleotides used in the fluorescence melting experiments are shown below.
Targets 1-8 are described in James et al. (2004), whilst target 9 (containing the proposed

binding site of Thiazotropsin B) was designed during this work.

Name Sequence Name Sequence
1 ACTAGT 5/ -F-CCGACTAGTGC-3"’ 6 TCTAGT 5'-F-CCGTCTAGTGC-3"
3’ -Q-GGCTGATCACG-5" 3'-Q-GGCAGATCACG-5"
2 TGATCA 5/ -F-CCGTGATCAGC-3"’ 7 ATATAT 5'-F-CGCATATATGGC-3"'
3/ -Q-GGCACTAGTCG-5" 3'-Q-GCGTATATACCG-5'
3 TGATCT 5'-F-CCGTGATCTGC-3"! 8 AAAAAG 5'-F-CGCARAAAGGC-3!
3'-Q-GGCACTAGACG-5"' 3'-Q-GCGTTTTTCCG-5"
4 TGTACT 5'-F-CCGTGTACTGC-3' 9 ACGCGT 5'-F-CCGACGCGTGC-3"!
3! -Q-GGCACATGACG-5" 3'-Q-GGCTGCGCACG-5"
5 TGAACT 5! -F-CCGTGAACTGC-3!
3'-Q-GGCACTTGACG-5"

51



Materials and Methods

Methods

The methods described are grouped according to the procedure in which they are used.
Certain methods have been used in more than one section. In such cases, only the first use

is described in detail.

Cloning

Annealing and amplification

For DiN and TriN both strands were synthesised and were mixed in equal amounts (1 pl of
100 puM of each) in a total volume of 15 pl (in sterile water containing 1 x 10 x Taq
polymerase buffer). These were annealed by heating to ~95 'C in a water bath then cooling

slowly.

The sequences for cloning SASK1, SASK3, STRATHA, HexA and HexB were made as
single stranded templates, which were amplified by PCR using reverse and forward
primers. The polymerase chain reaction comprised of 0.5 pM of each primer, 0.5 nM
template, 1 x 10 x Taq polymerase buffer, 1 mM MgCl,, 500 uM dNTP mix (dATP,
dGTP, dCTP, dTTP) and 1 pl Taq polymerase (5 u/pl) in a final solution volume of 100 pl

(made up with 80 pl sterile water), using the protocol in Figure 2.1.

94°C | 94°C [25 cycles] |

5 mins 1 min 72 °C 72 °C
58°C | 3mins | 7mins
! 30 secs i

Figure 2.1: PCR protocol for amplification of DNA substrates for footprinting studies.
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A 2 % agarose gel (containing 5 pg/ml ethidium bromide) was run to elute the amplified
DNA from the reaction components and the desired PCR product was trapped in a well
that had been cut into the agarose gel. The isolated DNA fragment was concentrated by
ethanol precipitation. This procedure was found to be necessary in order to inactivate anq_
remove the Taq polymerase, which would otherwise fill in the sticky ends at later stages in
the cloning procedure. The dried DNA pellet was resuspended in 40 pl sterile water. 20 pul
of this was then added to 20 pul sterile water, 4 pl Buffer E (6 mM Tris-HCI, 6 mM MgCl,,
100 mM NaCl, 1 mM DTT, pH 7.5 at 37 °C) and 1 pl BamHI (10 u/ul) before incubating
at 37 °C for 1 hour to generate “sticky ends” ready for ligation into the plasmid. The
BamHI was removed by ethanol precipitation and the DNA pellet resuspended in 17 pl

sterile water.

Ethanol precipitation

A volume of DNA solution was combined with an amount of 3 M sodium acetate
equivalent to 1/9 of the volume of DNA solution, and 3 volumes of ethanol. The solution
was then left on dry ice for 30 minutes before spinning for 10 minutes at 13000 rpm,
discarding the supernatant. The DNA pellet was then washed with 100 pl1 80 % ethanol and
spun at 13000 rpm for a further 2 minutes, discarding the supernatant and drying in a

SpeedVac for 5 minutes.

Ligation of insert into plasmid

5 ul of the annealed, amplified and BamHI-cut oligonucleotides were combined with 10 pl
BamHI-cut pUCI18 (or pUC19) plasmid (DiN and TriN were cloned into pUC18, the rest
were cloned into pUC19), to which 2 ul 10x T4 DNA ligase buffer (300 mM Tris-HC] pH
7.8, 100 mM MgCl,, 100 mM DTT, 10 mM ATP) and 2 pl T4 DNA ligase were added.
This was incubated for at least 3 hours at room temperature to ensure ligation of the insert

into the pUC18 or pUC109.

BamHI cleavage of pUC18/pUC19

1 pl pUCI18 or pUC19 (237 pg/ml) in a total volume of 18 pl (sterile water) was combined
with 2 ul 10 x multicore buffer and 1 pl BamHI before incubation at 37 °C for 1 hour. The
cleavage and was stopped by ethanol precipitation and the DNA pellet resuspended in 10

ul sterile water.
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Transformation into competent cells

10 pl of ligation mixture was added to 200 pl competent TG2 cells and incubated on ice
for 40 minutes. The cells were then heat shocked at 45 °C for 1 minute before returning to
ice. The transformed cells were plated onto agar plates containing 100 pg/ml carbenicillin,

0.02 % X-gal, 1 mM IPTG and grown overnight at 37 °C.

Competent cell preparation (CaCl, method)

AS5Sml2YT (16 g Tryptone, 10 g Yeast Extract, 5 g NaCl per litre) culture was innoculated
with a single colony of TG2 (a strain of E.coli K12 for blue/white selection) from an agar
plate. This was then incubated at 37 °C overnight, shaking at 350 rpm. 500 pl of this liquid
culture was then added to 50 ml 2YT media and incubated as before until it reached an
Agoo 0f 0.5 - 0.8. The cells were then harvested by centrifugation at 5000 rpm for 5 minutes
(at 4 °C) and the resultant pellet resuspended in 20 ml sterile, ice cold, transformation
buffer (50 mM CaCl,, 10 mM Tris-HCI at pH 7.4). After incubation on ice for 30 minutes,
the cells were again centrifuged at 5000 rpm for 5 minutes before being resuspended in 5

ml transformation buffer and stored at 4 °C.

IPTG/X-gal agar plates

100 ml sterile 39.5 g/l blood-based agar was melted and cooled to ~50 °C. 100 pnl 100
mg/ml carbenicillin, 1 ml 100 mM IPTG (in water) and 1 ml X-gal (20 mg/ml in
dimethylformamide) were added before immediately pouring into petri-dishes and leaving

to set. The set plates were stored at 4 °C.

Screening of colonies

The pUC18 and pUC19 plasmids contain a carbenicillin-resistance gene, so ensuring that
only TG2 cells carrying the plasmid grow up on the agar plates. There is also a LacZ gene
incorporated in the plasmid containing the polylinker multiple cloning site, which, if
expressed, complements the partial gene product present in the TG2 cells to produce active
B-galactosidase. In the presence of its inducer, IPTG, this enzyme will degrade the
chromogenic substrate X-gal, producing a blue colouration. However, if an insert is present
within the polylinker multiple cloning site, the LacZ gene will be disrupted, so producing

colonies of TG2 cells without blue colouration. Recombinant TG2 cells were therefore
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selected by aseptically picking off white colonies. A selection of white colonies were then
grown up in 5 ml 2YT media, containing 10 pl 100 mg/ml carbenicillin, overnight at 37
°C, shaking at 350 rpm. 30 % glycerol stocks were made from the liquid cultures (600 pl
culture to 400 pul 50 % glycerol), while the rest of the broth was divided between two 1.5
ml microcentrifuge tubes and centrifuged at 5000 rpm for 7 minutes. The pellets produced

were purified using a QIAgen miniprep kit.

QIAprep spin miniprep (using a microcentrifuge)

Plasmid was prepared from 5 ml overnight culture according to the manufacturer’s
instructions. The pelleted cells were resuspended in 250 ul Buffer P1 and lysed by gently
mixing with 250 pl Buffer P2. 350 pl Buffer N3 was then added (mixing gently
immediately on addition) before the microcentrifuge tubes were centrifuged at 13000 rpm
for 10 minutes. The supernatant was transferred into QIAprep Spin Columns and
centrifuged at 13000 rpm for a further 60 seconds. The flow-through was discarded and 0.5
ml Buffer PB added to wash the column. After spinning for 60 seconds at 13000 rpm
(discarding the flow-through on completion), 0.75 ml Buffer PE was added to the column
(again to wash). The columns were again centrifuged for 60 seconds at 13000 rpm, and
once the flow-through had been discarded, the spin was repeated to remove any residual
wash buffer. The columns were then placed in clean microcentrifuge tubes and the DNA
was eluted by adding 50 pl Buffer EB, first letting stand for 60 seconds, then centrifuging
at 13000 rpm for 60 seconds.

Dideoxy Sequencing

Dideoxy sequencing was performed with a T7-dideoxy sequencing kit (Pharmacia)
according to the manufacturer’s instructions. 40 pl of the purified DNA were transferred to
clean microcentrifuge tubes and 10 pl 2 M NaOH added. After leaving at room
temperature for 10 minutes, the DNA was precipated with ethanol by adding 15 pl 3 M
sodium acetate pH 4.8, 35 pl sterile water and 300 pl 100 % ethanol, followed by washing
with 70 % ethanol. The pellet produced was resuspended in 10 pl sterile water.

To each tube was added 2 pl annealing buffer and 2 pl universal primer, both from
the T7-Dideoxy Sequencing Kit. The samples were then incubated first at 37 °C for 20

minutes, then at room temperature for at least a further 10 minutes.
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A polymerase mix (12 pl Label Mix A (from the T7-Dideoxy Sequencing Kit), 7 pl sterile
water, 1 pl a->*P-dATP) and enzyme / buffer mix (6.5 pl enzyme dilution Buffer, 1.5 pl T7
Polymerase (both from the T7-Dideoxy Sequencing Kit)) were made on ice before mixing
together. 6 pul of this final mixture was added to each microcentrifuge tube and incubated at
room temperature for 5 minutes. Meanwhile, 2.5 pl each of ddGTP-short mix, ddCTP-
short mix, ddATP-short mix and ddTTP-short mix (a set for each sample, all coming from
the T7-Dideoxy Sequencing Kit) were incubated at 37 °C for 5 minutes in clean tubes.

4.5 pl of the radioactive sample was then added to each ddNTP-short mix before
incubating at 37 °C for a further 5 minutes to let polymerisation occur. The reaction was
halted by adding 5 ul Stop solution (from the T7-Dideoxy Sequencing Kit).

The DNA was denatured by boiling for 2 minutes then crash-cooling on ice and run
on a 9 % denaturing electrophoresis gel (18 ml Sequagel, 5 ml 10 x buffer (216 g Tris, 110
g Boric acid, 18.8 g EDTA, 1 kg urea in 2 1 hot water), 27 ml diluent (1 kg urea in 2 | hot
water), 200 pl 20 % (w / v) ammonium persulphate and 40 pl N,N,N’ N’-
tetramethylethylenediamine (TEMED)) at 1500 V, 42 W using 1 x TBE running buffer
until the first (dark blue) band reached the bottom of the gel (about 1.5 hours).

The glass plates were then separated and the gel fixed by soaking in 10 % (v / v)
acetic acid for 10 - 15 minutes. The gel was then transferred to Whatmann 3 MM paper
and dried under vacuum at 90 °C for 1 hour. The dried gel was exposed to a
phosphorimager screen for 20 minutes before being scanned at 100 nm resolution. The

sequence for each sample was then read off and checked.

Changing the insert orientation in the plasmid

All the synthetic DNA inserts used in this work had BamHI sites at both ends and could
therefore be cloned in either orientation. To obtain the opposite orientation (useful for
visualising the other strand in footprinting studies), 1 pl of the DNA was added to 1 pl
BamH], 2 pl Buffer E and 16 pl sterile water and incubated at 37 °C for 1 hour (to excise
the insert). Re-ligation was then carried out in the same way as normal ligation after the
DNA had been precipated with ethanol. After transformation (which produced mainly
white colonies with a few blue colonies resulting from religation without the insert), a
selection of the white colonies were then grown and sequenced as before. All the longer

DNA substrates were therefore available for footprinting in both orientations.
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Radiolabelling

a-2P-dATP / a->2P-dCTP radiolabelling

To 3’-radiolabel the DNA fragment, the purified plasmid DNA from a 5 ml culture (in a
volume of 50 pl) was cleaved with two restriction enzymes (1.5 pl each of 10 u/pul stocks)
as shown in Table 2.1 in the presence of 5 pl 10 x multi-core buffer or other suitable

buffer.

Substrate Labelling Enzyme 2nd Enzyme
MS1/MS2 HindIII Sacl
pAADI1 HindIII Sacl
TyrT(43-59) EcoRI Aval
DiN HindIII Sacl
TriN HindIII Sacl
HexAfor / HexArev2 HindIII Sacl
HexBfor EcoRI Pstl
HexBrev (using HexBfor clone) Xbal EcoRI
SASK1 /SASK2 HindIII Sacl
SASK3 / SASK4 EcoRI Pstl
STRATHB HindITI Sacl
STRATHA (using STRATHB clone) Acc651 Pstl

Table 2.1: Enzymes used to 3’-label each DNA substrate.

After incubation at 37 °C for 1.5 hours, 1.2 pul a-**P-dATP was added to the DNA (using
suitable safety precautions), except for HexBrev, for which a->*P-dCTP was used to enable
visualisation of the opposite strand. Unlabelled dTTP and dGTP were also added to the
STRATHA mixture to fill in the 3’-sticky end of the DNA. The DNA was then incubated
with 0.6 pl AMV reverse transcriptase for 1 hour at 37 °C.

20 pl 20 % Ficoll solution (including 10 mM EDTA and 0.1 % bromophenol blue
in sterile water) was added to the radiolabelled DNA before separating from the remainder

of the plasmid and unbound dATP / dCTP on a non-denaturing polyacrylamide gel
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(typically 5.6% - 7 ml Accugel, 10 ml 5 x TBE (108 g Tris, 55 g boric acid, 9.4 g EDTA in
2 1sterile water), 33 ml sterile water, 200 ul 20 % (w / v) ammonium persulphate and 40 ul
N,N,N’,N’-tetramethylethylenediamine (TEMED)). The gel was run at 800 V, 20 W using
1 x TBE running buffer for about 1.5 hours, until the blue dye reached about three quarters
down the gel.

On completion of electrophoresis, the position of the labelled DNA fragment was
established by exposing an X-ray film to the gel for about 5 minutes. The relevant band
was then cut from the gel and the DNA eluted by adding 300 pl Tris-EDTA (10 mM Tris-
HCl at pH 7.5, 10 mM EDTA) and shaking at 350 rpm overnight at room temperature. The
eluted DNA was then precipitated with ethanol and resuspended in a suitable volume of
Tris-EDTA (10 mM Tris-HCI at pH 7.5, 0.1 mM EDTA) so as to give a reading of about

10 counts per second/pl on a hand-held Geiger counter.

v-3?P-ATP radiolabelling

The TANa and TANb DNA substrates were 5’-radiolabelled using y->*P-ATP. 2 pl of 2
uM DNA was added to 14 pl sterile water, along with 1 pl T4 polynucleotide kinase
(PNK) and 2 pl 10 x PNK buffer. 1 ul y-32P—ATP was also added before the mixture was
incubated at 37 °C for over an hour. After incubation, 10 pul DNase I stop solution (10 mM
EDTA, 1 mM NaOH, 0.1 % bromophenol blue, 80 % formamide) was added and the
mixture heated at 100 °C for 3 minutes before crash cooling on ice. The labelled sample
was then separated from unbound ATP by electrophoresis on a 8 % denaturing gel (16 ml
Sequagel, 5 ml 10 x buffer (216 g Tris, 110 g boric acid, 18.8 g EDTA, 1 kg urea in 2 | hot
water), 27 ml diluent (1 kg urea in 2 | hot water), 200 pl 20 % (w / v) ammonium
persulphate and 40 pul N,N,N’ N’-tetramethylethylenediamine (TEMED)) at 1500 V, 42 W
using 1 x TBE running buffer until the dye band reached about three quarters down the gel.
The radiolabelled DNA was located and eluted from the gel as with 3’-labelling. 2 ul of the
unlabelled complementary strand (either TANb or TANa) was then added to the labelled
DNA and annealed by heating to ~95 °C in a water bath and cooling slowly. This product
can then be directly used as a footprinting substrate, but for clearer results the labelled
duplex is separated from excess complementary strand by non-denaturing electrophoresis

in the same way as 3’-labelling.
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Footprinting

DNase I footprinting

1.5 ul radiolabelled DNA was mixed with 1.5 pl ligand solution (dissolved in 10 mM Tris-
HCl at pH 7.5, 10 mM NaCl at differing concentrations depending on the experiment) and
incubated at room temperature for 30 minutes. A GA track marker was also prepared. The
mixture was then digested with 2 ul DNase I (typically 0.01 units/ml dissolved in 20 mM
NaCl, 2 mM MgCl,, 2 mM MnCl,) for exactly 1 minute before being quenched with 4 pl
DNase I stop solution. The DNA was then denatured by incubating at 100 °C for 3 minutes
and crash-cooling on ice before running on a denaturing polyacrylamide gel (typically 8%
(w/v) composed of 16 ml Sequagel, 5 ml 10 x Buffer (216 g Tris, 110 g boric acid, 18.8 g
EDTA, 1 kg urea in 2 1 hot water), 27 ml Diluent (1 kg urea in 2 1 hot water), 200 pl 20 %
(w/v) ammonium persulphate and 40 pl N,N,N’,N’-tetramethylethylenediamine
(TEMED)) at 1500 V, 42 W using 1 x TBE running buffer until the dye band reached the
bottom of the gel (about 1.5 hours).

The gel plates were then separated and the gel fixed and dried as for sequencing.
The dried gel was then exposed to a phosphorimager screen overnight before scanning at
100 nm resolution.

The range of ligand concentrations tested was based on the results of broad-range

preliminary experiments.

Charged ligands will often stick to the microcentrifuge tubes, so a lower concentration than
wanted will be transferred to the DNA when mixed for incubation. When this is seen to be
having a significant effect on apparent binding strength and is making selectivity of
binding unclear, siliconised tubes are used throughout the above protocol. This obviously
creates a marked increase in apparent strength of binding for the ligand, so results obtained
using this method should only be compared with similarly sourced data. This adaptation

was used when studying the binding of Thiazotropsin B.

GA track marker
A GA track marker shows the location of purines within the labelled DNA sequence,
thereby allowing the identification footprinting sites in relation to the DNA sequence. The

GA track marker was prepared by mixing 1.5 pl labelled DNA with 20 pl sterile water and
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4 ul DNase I stop solution (10 mM EDTA, 1 mM NaOH, 0.1 % bromophenol blue, 80 %
formamide). The sample was then incubated at 100 °C for about 40 minutes with the
microcentrifuge cap open to allow evaporation. The marker was then run alongside the

ligand lanes.

Hvdroxvyl radical footprinting

2 pl radiolabelled DNA was mixed with 10 pl ligand solution (dissolved in 10 mM Tris-
HClI at pH 7.5, 10 mM NaCl at differing concentrations depending on the experiment) and
incubated at room temperature for 30 minutes. A GA track marker was also prepared as

before.

Once the 30 minute incubation was complete, the mixture was digested with 10 pl
hydroxyl radical mix (4 pl 100 mM ammonium ferrous sulphate in 1 ml sterile water, 5 pl
0.5 M EDTA in | ml sterile water, 100 pul 100 mM ascorbic acid in 1 ml sterile water, 10
pl hydrogen peroxide in 1 ml sterile water mixed in a 1:1:2:2 ratio respectively) for 15
minutes before precipitating with ethanol as usual. The pellets produced were resuspended
in 8 ul DNase I stop solution. The DNA was then denatured by incubating at 100 °C for 3
minutes and crash-cooling on ice before running in the same fashion as DNase I
footprinting.

The range of ligand concentrations tested was based on the results of DNase I

footprinting experiments.

Quantitative analysis

Once the phosphorimager screen had been scanned on a Storm 860 Phosphorimager, there

are three ways to use ImageQuant to analyse the gels.

Footprinting plots — Cs

Quantitative footprinting analysis provides a means for estimating the dissociation constant
of the ligand at each binding site. This is achieved by comparing the intensity of bands
within the footprint at different ligand concentrations. Quantitative estimates of the binding
affinities can be obtained by measuring the intensity of the bands in each footprint. These

are normalised (to account for differences in gel loading or cleavage) either by dividing by
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the intensity of a band which is not affected by the ligand or by the total intensity of all
bands in each lane. The “intensity” refers to the radioactivity contained within the volume
of each band, corrected for any background, although it is usually easier to combine the
intensities of all the bands within a footprint to examine the effect of the ligand on the
region of DNA. This can provide more accurate data, but assumes that the footprint only
contains a single ligand binding site.

After calculating the relative intensity of the footprint at different ligand
concentrations these are combined to produce a “footprinting plot” which is fitted by the
simple binding equation 1/T¢=Cs¢/(L+Csg), where I and I are the relative band intensities in
the presence and absence of the ligand respectively and L is the ligand concentration
(Dabrowiak and Goodisman, 1989). If the DNA concentration is lower than the
dissociation constant then Cs, then the ligand concentration, at which the intensity of the
bands in the footprint is reduced by 50 %, approximates to the dissociation constant of the
ligand from the DNA (Ky). Since the radiolabelled DNA concentration is usually less than
10 nM this condition is fulfilled for ligands with K4 values of 100 nM or weaker.

The analysis assumes that DNase I cleavage is zero when the ligand binding site is
fully occupied (i.e. that I/I tends to zero at high ligand concentrations). This is not always
observed. The residual band intensity could be because the ligand-DNA complex 1is still
cleaved (albeit less well than the control), although this is unlikely with minor groove
binding ligands. The residual cleavage can also be caused by impurities in the DNA
preparation, which yield bands that are not a direct result of DNase I cleavage. We
therefore often allow for this residual intensity, by fitting the data to the equation

I/16=Cso/(L+Cs) + R, where R is the residual cleavage (which must be positive).

Densitometer plots

A useful tool to determine where cleavage protection has occurred by a ligand, especially
when using hydroxyl radicals (due to the usually more even cleavage pattern), is the
densitometry plot. The plot is a simple graph of band intensity against DNA sequence,
where a plot for the control lane can be compared with a ligand-treated lane, with
footprints showing as clear dips in the plot. More precise binding sites can be established

n this way compared to mere visual observation.
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Differential cleavage plots

If the cleavage pattern of the control lane is uneven, then densitometry plots can be
misleading or unclear. In these cases, a simple means to identify ligand binding sites along
a DNA fragment is to construct a differential cleavage plot (Fox and Waring, 2001). These
plots represent the cleavage of each bond in the ligand-treated lanes, compared with that in
the ligand-free control lanes. The differential cleavage of each bond is then given by the
log of the difference between the bands of the control and ligand lanes (log(control band
intensity/ligand band intensity)). The analysis assumes single-hit kinetics as multiple
cleavage events will cause an overrepresentation of bands that are close to the label (near

the bottom of the gel).

Fluorescence Melting

These were prepared using the same conditions as described in James et al. (2004).
Lightcycler capillaries contained a total volume 20 pl (5 pl fluorescently-labelled DNA
strand at 1 pM, 5 pl quencher-labelled DNA strand at 1 uM, 5 pl ligand at 4 x final
concentration (varies between experiments, replaced by buffer for controls), 5 pul buffer (10
mM Na Phosphate, 20 mM NaCl at pH 7.4)) were run in a Roche LightCycler. The
samples were typically denatured by heating at 1 °C/min to 95 °C, held for 5 minutes, then
annealled by cooling to 30 °C at 1 °C/min, holding for a further 5 minutes, before heating
back to 95 °C as before. Fluorescence readings were taken at each heating / cooling step.
The range of ligand concentrations tested was based on the results of footprinting

experiments.

Quantitative analysis of melting data

Melting temperatures (7,,) were determined from the maximum in the first derivative of the
melting and annealing profiles using the Roche LightCycler programme. These data
showed the relative change in stability of the duplex caused by ligand-DNA binding and so

is an indicator of relative binding affinity of the ligand to the duplex.

All footprinting and fluorescence melting experiments were repeated to ensure the results

were reproducible.
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Chapter I1I

Novel Universal Footprinting Substrates
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Introduction

As exemplified in the rest of this thesis, footprinting is a powerful technique for assessing
the sequence specificity of DNA-binding. For some novel DNA binding ligands the
investigator will have no prior knowledge of the sequence specificity, while for others the
primary binding site might be predicted, but without knowledge of the likely secondary
binding sites. The ligands examined in the other chapters in this thesis have been tested on
a range of footprinting substrates but in some instances conclusive binding rules are still
hard to establish. DNA footprinting substrates are therefore required that contain as many
different binding sites as possible for any ligand (so called “universal sequences™). This
will also allow identification of the preferred binding sites as well as providing a direct
comparison of related (secondary) binding sites, that may differ by one or more base pairs,
or that are flanked by different neighbouring bases.

For ligands that possess pronounced sequence selectivity, the problem of finding
the exact sequence within any given fragment becomes greater. There are 4"/2 n-mer
sequences if n is odd and (4™+4™®)/2 if n is even (Lavesa and Fox, 2001). There are
therefore 10 different dinucleotides, 32 trinucleotides, 136 tetranucleotides, 512
pentanucleotides and 2080 hexanucleotides. Since a standard 35 cm electrophoresis gel
used for footprinting studies can only resolve 100-180 base pairs, most footprinting
substrates are 100-200 base pairs long. It is therefore clear that as the length of the
preferred target site of a ligand is increased, there is a greater chance that it will not be
represented in any given footprinting substrate. We therefore need a series of footprinting
substrates that contain as many overlapping combinations of different sequences as
possible. These sequences should be combined so as to generate the shortest possible
fragment.

Researchers in the School of Mathematics at the University of Southampton have
produced algorithms for calculating the minimal length DNA fragments that are required to
contain all possible n-mer sequences (Anderson et al., 2006). Two hypotheses have been

proposed.

The n-1 hypothesis
The n-1 hypothesis states that the minimum length (L) of a universal fragment must be
equal to the number of possible n-mers plus (n-1). This allows for the overlapping of

adjacent n-mers, e.g. three optimally overlapped trinucleotides require a 5-mer length of
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DNA to account for the non-overlap at the ends of the linear fragment (3 + (3-1) = 5). In
this way, two equations are derived: One calculates the minimum length of a DNA
fragment that contains all the possible n-mers when n is odd (e.g. trinucleotides) (Equation
3.1a); and one to calculate the minimum fragment length when n is even (e.g.

dinucleotides) (Equation 3.1b).

a)Oddn=4"+n-1 b)Evenn= 4"+4"+n-1

2 2

Equation 3.1: The minimum number of base pairs in a universal sequence containing all

possible n-mers for: a) n is odd; b) n is even.

The minimum length for a universal fragment that contains all possible dinucleotide
sequence is therefore 11 base pairs, 34 base pairs for every possible trinucleotide and 139
base pairs for every possible tetranucleotide.

However, it was discovered that if n is greater than 2 and even, then the n-1 rule is
not correct and longer fragments are necessary to contain all the possible n-mer sequences

(Anderson et al., 2006).

The n>2 and even hypothesis

The limitation with the n-1 rule is that with n-mers for which n is greater than 2 and even,
self-complementary n-mers create what is referred to as “lollipop loops” (Anderson et al.,
2006), when combining overlapping sequences. These lollipop loops occur where the
sequence path has come to a dead-end and can only be continued by repeating at least one
of the sequences. This is analogous to the Koenigsberg Bridges problem (Figure 3.1a), a
mathematical conundrum. If each bridge represents a point where the DNA sequence must
pass to create a minimal length universal sequence (as the adjacent n-mers are overlapped),
then at least one bridge must be passed over twice to involve every bridge in the final
sequence. These “lollipop loops” only occur with even numbered n-mers and arise because
some sequences are self-complementary (Anderson et al, 2006). As a result of this,
Anderson et al. (2006) showed that the shortest fragment containing every possible
tetranucleotide must be 144 base pairs long. This explains why random computer searches

failed to detect shorter sequences (Kwan et al., 2003).
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Figure 3.1: The Koenigsberg Bridges problem: a) The 7 bridges and 4 islands; b) A
hypothetical route across the bridges without going back on ones self, showing that it is

impossible to do so and go over all of the bridges.

Previous studies have generated a universal footprinting fragment (MS1/MS2) that
contains every possible tetranucleotide sequence (Lavesa and Fox, 2001), which has been
widely used in footprinting experiments (Malkinson et al., 2005; Martin et al., 2005).

The work presented in this chapter describes the preparation of footprinting
substrates that contain dinucleotides, trinucleotides and hexanucleotides and their use in
footprinting experiments, along with MS1/MS2. DiN is a fragment that contains three
copies of every dinucleotide sequence; TriN contains every trinucleotide sequence. It is
clearly not possible to design fragments that contain all 2080 hexanucleotide sequences
(though this might be achieved using a panel of appropriate fragments), so, since many
DNA binding ligands are (pseudo)symmetrical, two novel footprinting substrates (HexA
and HexB) have been prepared that between them contain all 64 different symmetrical
hexanucleotides. As far as possible the design of these fragments avoided stretches of
DNA that are poor substrates for DNase I, such as G/C-rich regions and A,.T, tracts. The

four novel DNA fragment sequences are shown in Figure 3.2.

DiN
5’ -GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3'

TriN
5’ -GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3 "’
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HexA

5/ -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAAT
TCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCT
AGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC-3

HexB

5/ -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCCGGCAATTGCAAG
CTTATAAGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCG
ACGTCATGATCAATATTCGAATTAATGCATGGATCC-3

Figure 3.2: Sequences of the four novel DNA fragments used in this chapter. These
sequences were each cloned into the BamHI site of pUCIL8 or pUCI9 and footprinting
fragments containing these sequences were generated by cleaving with appropriate

restriction enzymes as described in chapter 2 (Materials and Methods).

These DNA fragments were used in DNase I footprinting experiments with the well-
characterised ligands: Distamycin; Hoechst 33258; mithramycin; nogalamycin;
actinomycin D; and echinomycin (Figure 3.3). Studies with these ligands were particularly

useful as their primary preferred binding targets have been well characterised.

SUUY
T
U\(n \ M R,

o]
Ha
HaC
HaC
3 o 1o o " OCH3 OH C
HO 0. o cH
HO: a

OO 0 CH3 chy P CHy
HaC o
OH O 0 OH
o o
OH OH o

CH,

OH
H3C\
A

67



Novel Universal Footprinting Substrates

—mmr—— =0 =0T/ | cH cHy O CHy  CH
\cn—cle H<|3-—CH/ T [ ) D
/ | | \ =~ 8 HN h N CHs
HyC N—CH; HsG—N CHa l "
0=<|: r|:=o S l/ N\EKO ° T o o
N,
(|3H2 (||3Hz o o o CHy S o = /
r|:—cH3 HyC—N 5 L ) " \,
| | o w y 4
o—C¢C ¢==0 | o
R L ch_gz HsC o oo
H2c< | >CH2
ﬁz_T T—ﬁz CHs OH
HaG o o—¢ CH.
N e
CH—CH HC—CH
/| [\
Hal NH NH CHy
O=(|: (|:=O
oL, A
<|:H3 HIL ILH <|:H3
0:(|; (|r:0
N NH,
CH3
o OCHs
CH; CHj HaCO H4CO

Figure 3.3: Structures of Hoechst 33258 (A); distamycin (B); mithramycin (C);

echinomycin (D); actinomycin D (E); and nogalamycin (F).

Results

Desion, cloning and sequencing of the universal substrates

The sequences of the oligonucleotides used to prepare the universal footprinting substrates
are shown in Figure 3.2. They were each cloned into the BamHI site of pUCI18 (or pUC19)
as described in the Materials and Methods section (chapter 2). For DiN and TriN both
strands were synthesised and annealed before cloning. For both HexA and HexB only one
strand was synthesised; a primer was annealed to the 3’-end and extended with Taq
polymerase to produce the full length duplex. Successful clones were picked as white
colonies from agar plates containing carbenicillin, IPTG and X-gal. These were subjected
to dideoxy sequencing and the sequencing gels are presented in Figure 3.4.

DiIN and TriN were easily obtained as monomeric clones of these sequences.
HexAfor and HexBfor were also obtained as monomers. Since these sequences are each
longer than the fragments used in most footprinting experiments it was desirable to obtain
clones in which these sequences had been inserted in each direction (as for MS1 and MS2)

so as to be able to view each end of the sequence independently. I attempted to invert the
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Figure 3.4: Dideoxy sequencing gels of DiN, TriN, HexAfor, HexArev2 and HexBfor. The sequence is shown alongside each gel. For HexArev2

only the first part of the dimeric insert is indicated.
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insert by cutting HexAfor and HexBfor with BamHI and religating. This procedure
consistently failed to produce inverted monomeric clones. After completion of this work it
was realised these inserts are multiples of three base pairs and so did not completely
inactivate the LacZ gene, and successful clones appeared as (light) blue colonies. HexAfor
and HexBfor appear as white colonies as they contain in-frame stop codons. During this
work, a dimeric version of HexA was obtained (designated HexArev2) and the sequencing
gel for this is shown in Figure 3.4. The other end of HexB was visualised by labelling the
opposite strand by cutting with Xbal and EcoRI and labelling with a-**P-dCTP, though the
3’-end of the insert is not read as it runs off the end of the gels. Note that when the
footprinting fragments are obtained by labelling the 3’-end of HindIIl cut DNA (HexA),
the same strand is visualised as on the sequencing gels. The opposite strand is visualised on
the sequencing gels compared to the footprinting fragment when the DNA is labelled at the
EcoRI restriction site (HexB).

Footprinting substrates were prepared from these clones and were used in DNase I
(and hydroxyl radical) footprinting reactions with the ligands shown in Figure 3.3. It
should be noted that the observed footprints often encompass two or more possible binding
sites. In such cases, the analysis is focussed on the primary binding site and the other

potential sites are indicated in parentheses.

Universal Dinucleotide Sequence

Figure 3.5 shows the results of DNase I footprinting experiments with distamycin; Hoechst
33258; mithramycin; nogalamycin; actinomycin D; and echinomycin on the DiN fragment.
The footprinting sites are indicated by the filled boxes. The regions protected by each
ligand are highlighted in the sequence shown in Figure 3.6, together with footprinting plots
for the binding of distamycin to DiN. The Cso values for all the ligands are summarised in
Table 3.1. The preferred binding sites for each of these ligands are well established so the
results will only be briefly described.

Distamycin [(A/T)4] produces a general inhibition of DNase I cleavage at 10 uM, though
this can be divided into four regions that contain A/T-residues. The best binding site
corresponds to the sequence TTAT (towards the bottom of the gel) the next best site is
around ATT (the top footprint). TAA and TAT (the middle footprints on the gel) are bound

more weakly.
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Figure 3.5: DNase I footprinting gels of seven ligands on the DiN substrate. GA is a marker lane specific for purines. Con is a control lane. The

ligand concentrations (M) are shown at the top of each gel lane. The boxes indicate the location of the footprints, which are also highlighted in

the sequences shown in Figure 3.6. The site marked in green corresponds to a region of relatively enhanced cleavage with 3 uM nogalamycin.

Sites marked “*” are GpC sites for actinomycin D and CpG sites for echinomycin. Sites are numbered as mentioned in the text. The experiments

were performed in 10 mM Tris-HCI pH 7.4 containing 10 mM NacCl, except for those with mithramycin, which also contained 10 mM MgCl.
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Distamycin
5'-GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3!

Hoechst 33258
5'-GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3!

Mithramycin
5'-GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3!

Nogalamycin
5'-GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3 !

Actinomycin D
5'-GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3!

Echinomycin
5" -GATCACATTCCGCTATGCGAGGTAACCGCTTATCA-3!

Distamycin

ATT $ TAT
Cso = 0.3 +0.06 pM Cso=3%2.3uM

=3
«
>
=3
«
s

TAA TTAT
Cso=0.7+0.2uM * Cso = 0.03 + 0.003 uM

0 5 10 0 5 10

Ligand Concentration (M)

Relative Intensity (Arbitrary Units)

Figure 3.6: [Top] Footprinting sites for the seven ligands (red) on the DiN footprinting
substrate. Only the sequence of the insert, which was cloned into the BamHI site of
pUC18, is shown. The region of enhanced DNase I cleavage in the presence of
nogalamycin is shown in green. [Above] Examples of footprinting plots determined for the

interaction of distamycin with sites in DiN.

72



Novel Universal Footprinting Substrates

Hoechst 33258 [(A/T)4] only generated one DNase I footprint on DiN, at the sequence
ATT.

Mithramycin [(G/C)4] produces a long region of protection covering several G/C-rich
regions. This persists to lower concentrations around the sequence ACCGCT (towards the

bottom of the gel). The ligand appears to bind to this site better than to TCCGCT.

Nogalamycin [(RY),] has produced a non-specific inhibition of cleavage throughout the
fragment at concentrations of 3 uM and above. It is interesting to note the enhanced
cleavage at CCG (indicated by the green box) revealing a region to which the ligand is not
bound. However, another CCG site is also present in this fragment and this does not show

enhanced cleavage.

Actinomycin D [GpC]. There are three GpC sites in this fragment and DNase I footprints
can be seen around each of them (marked with “*” on gel). TGCG appears to be a better

binding site that either of the two CGCT sites.

Echinomycin [CpG]. This fragment contains three CpG steps that would be expected to
bind echinomycin (marked with “*” on gel). At concentrations of 25 pM and above there
is a general attenuation of DNase I cleavage throughout the insert. However, within this
attenuated cleavage pattern are four footprints (as marked). GCGA (site 3) and TCCGCT
(site 2) are bound most strongly, with ACCGCT (site 4) bound more weakly, suggesting
that base pairs further away from the core CpG motif affect the binding affinity. ACAT
(site 1) is the weakest bound site, indicating that CpG is not necessarily required for

binding.

The results with this short fragment, containing three copies of every dinucleotide step, are
generally consistent with our previous knowledge of the preferred binding sites for these
ligands. However, given the low complexity of the sequence these do not reveal any
significant new features about the sequence preference for these ligands. It should also be
noted that, in most cases it would not have been possible to determine the selectivity of
these ligands based on this data alone. Clearly other universal footprinting fragments are

required for general use.
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DiN
Distamycin ATT TAT TAA TTAT
0.3 +£0.06 3+£23 0.7+0.2 0.03 +0.003
Hoechst 33258 ATT
4+1.5
Mithramycin TCCGCT ATG AGG ACCGCT
9+7 52+3.6 3.5+£2 33+£26
Nogalamycin CCG
(Stronger than control)
Actinomycin D CGCT TGCG CGCT
1.4+0.5 0.6+0.1 1.4+0.4
Echinomycin Site 1 Site 2 Site 3 Site 4
ACAT TCCGCT GCGA ACCGCT
25+7 9+4 8+4 19+5

Table 3.1: Cso values (uM) for the interaction of the seven ligands on the DiN fragment. The binding sites are presented left to right in the order

that they run from the top of each gel to the bottom (5°-3”). The site bound by nogalamycin is a site at which increased DNase I cleavage was

observed.
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Universal Trinucleotide Sequence

Figure 3.7 shows the results of DNase I footprinting experiments with distamycin; Hoechst
33258; mithramycin; nogalamycin; actinomycin D; and echinomycin on the TriN
fragment. Footprinting sites are indicated by the filled boxes. The regions protected by
each ligand are highlighted in the sequence shown in Figure 3.8 together with footprinting
plots for the binding of distamycin to TriN. The Cso values for all the ligands are
summarised in Table 3.2. As with the DiN fragment, the preferred binding sites for each of
these ligands are well established so the results will only be briefly described.

Distamycin [(A/T)4]. Like DiN, this fragment does not contain any (A/T)4 sites that might
be expected to bind distamycin. Nonetheless, the ligand has clearly affected the DNase I
cleavage pattern at concentrations of 1 uM and above. TriN contains three (A/T)s sites, of
which ATT (site 4) appears to be the best binding; AAA (site 3) requires higher
concentrations to produce a footprint, while ATA (site 2) is weaker still. Surprisingly, one
of the best footprints appears close to the top of this insert and is associated with the
sequence ATCTAGCA (site 1), which does not contain a long A/T-tract, and demonstrates

that distamycin can bind to some sequences that contain G/C residues.

Hoechst 33258 [(A/T)4]. Hoechst 33258 is known to have similar selectivity to distamycin,
yet the footprints produced are not the same. The ligand binds to each of the (A/T)s tracts
and again ATT (site 4) is better than AAA (site 3), which is better than ATA (site 2). A
footprint is again evident towards the top of the insert (site 1), though only at the highest

concentrations of Hoechst 33258.

Mithramycin [(G/C)s]. TriN contains one long G/C-tract (CGCCC; site 2), which binds
mithramycin at similar concentrations to the CCC/GGGG sites that flank the insert. Clear
protection from DNase I cleavage is also observed at CCG (site 3) and to a lesser extent

GC (site 1), while a weaker footprint can also be seen around GTCC (site 4).

Nogalamycin [(RY),]. At concentrations of 3 pM and above nogalamycin produced a
general non-specific inhibition of DNase I cleavage. However, a region in the centre of the
oligopurine tract (GAAAG) shows a small amount of enhanced cleavage, which at least

demonstrates a region to which nogalamycin is not bound, or binds less well.

75



9L

Novel Universal Footprinting Substrates

TriN

Distamycin  Hoechst 33258  Mithramycin Nogalamycin  Actinomycin D Echinomycin
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Figure 3.7: DNase | footprinting gels for the seven ligands with the TriN substrate. The footprints are indicated by the filled boxes and are also
highlighted on the sequence in Figure 3.8. The site marked in green indicates a few bases that are cleaved better in the presence of nogalamycin.
Sites marked “*” are GpC sites for actinomycin D and CpG sites for echinomycin. Sites are numbered as mentioned in the text. GA is a marker

lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.
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Distamycin
5'-GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3"!

Hoechst 33258
5'-GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3!

Mithramycin
5'-GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3!

Nogalamycin
5'-GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3"!

Actinomycin D
5'-GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3"

Echinomycin
5' -GATCTAGCACGCCCATACCGAAAGTCCTGAGATTGTTA-3'

Distamycin

ATCTAGCA e ® ATA

Cso = 0.1  0.04 yM Ceo = 3.3+2.7 M
L. 4
a8
=
= °
=
g .
:_:6 [ ]
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°

Ligand Concentration (M)
Figure 3.8: [Top] DNase I footprinting sites (in red) for the seven ligands on the TriN
substrate. Only the sequence of the insert, which was cloned into the BamHI site of
pUC18, is shown. The region of enhanced cleavage in the presence of nogalamycin is
shown in green. [Above] Examples of footprinting plots for the interaction of distamycin

with sites on this DNA fragment.
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Actinomycin [GpC]. TriN contains two GpC steps, towards the top of the insert (marked
with “*”” on gel) and a clear DNase I footprint is evident 1n this region. Bands towards the
bottom of this footprint reappear before those towards the top, suggesting that AGCA (site
1) is a better binding site than CGCC (site 2). An additional region of protection can be

seen with higher actinomycin concentrations at GTCC (site 3).

Echinomycin [CpG]. TriN contains two CpG steps (marked with “*” on gel) and
echinomycin produces two, almost adjoined footprints in the region that contains these
sites: ACGC (site 1) and CCGA (site 2). There is also some attenuated cleavage further
down the gel at the highest echinomycin concentrations at CTAG (site 3).

The results with this fragment, containing every trinucleotide step, are again consistent
with our previous knowledge of the preferred binding sites for these ligands, though they
also reveal some “canonical” sequences to which the ligands bind less well. Some
unexpected secondary binding sites are also evident, especially with distamycin and

actinomycin.

Universal Tetranucleotide Sequence

DNase I footprinting

Figure 3.9 shows the results of DNase I footprinting experiments with distamycin; Hoechst
33258; mithramycin; nogalamycin; actinomycin D; and echinomycin on the MSI
fragment. Similar experiments with MS2 are shown in Figure 3.10. The footprinting sites
are indicated by the filled boxes and these are highlighted in the sequences shown in
Figure 3.11. The Cso values for the interaction with all the sites on these fragments are

summarised in Table 3.3.

Distamycin [(A/T)4]. Several large footprints are evident with distamycin on MS1 and
MS?2 at concentrations of 3 uM and above. However, fewer clear footprints corresponding
to the best sites are evident at | pM and below. It can be seen that distamycin produces
clear footprints on MS1 and MS2 at AATA/TATT (site 2), ATTT/AAAT (site 3),
AATTA/TAATT (site 8), TTAT/ATAA and TAAA/TTTA (site 9) and TTTT (site 10 on
MS1; the complementary sequence on MS2 is AAAC and is bound weakly). Amongst the
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TriN
Distamycin Site 1 Site 2 Site 3 Site 4
ATCTAGCA ATA AAA ATT
0.1+£0.04 33+£2.7 0.8+0.5 0.07+0.03
Hoechst 33258 Site 1 Site 2 Site 3 Site 4
ATCTAGCA ATA AAA ATT
12+8 13+12 3.6£1.6 0.1+0.04
Mithramycin Site 1 Site 2 Site 3 Site 4
AG CGCCC ACCGA GTCC
9+4 3.7+£2 3.8+2 18+6
Nogalamycin GAAAG
(Stronger than control)
Actinomycin D Site 1 Site 2 Site 3
AGCA CGCC GTCC
1.4+£0.6 1.5+0.6 3+1
Echinomycin Site 1 Site 2 Site 3
ACGC CCGA CTGA
5+£1 56+33 50 £24

Table 3.2: Csp values (uM) for the interaction of the seven ligands on the TriN fragment. The binding sites are presented left to right in the order

that they run from the top of each gel to the bottom (5°-3”). The site bound by nogalamycin is a site at which increased DNase I cleavage was

observed.
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(A/T)4 sites, ATAT (site 1 on MS2), TTAA (site 5) and TATA (site 7) are weaker sites. A
surprisingly good footprint is evident on both strands within the sequence TTCTAT (site
6), suggesting that a single GC base pair can be tolerated within some of the binding sites

(also seen more weakly with ACTAGT (site 4) and TCATCTCA (site 11).

Hoechst 33258 [(A/T)4]. The footprints for Hoechst 33258 mainly correspond to the best
sites that are seen with distamycin, with less evidence for additional regions of protection
at higher concentrations. ATTT/AAAT (site 1), AATTA/TAATT (site 3), TAAA/TTTA
(site 4) and TTTT (site 5 on MS1; the complementary sequence on MS2 is AAAC and is
bound weakly) appear as good binding sites on both MS1 and MS2, of which AATTA and
ATTT are the best. Of the secondary binding sites only observed at higher concentrations
than distamycin, the DNase I cleavage is affected the least at TTAA (site 2).

Mithramycin [(G/C)4]. This G/C-selective ligand has produced many footprints on these
fragments. It appears that at concentrations of 25 pM and above mithramycin has bound to
almost every G/C-tract that is two or more bases long (marked with filled boxes on the
gels). However, at 10 uM fewer sites are occupied by the ligand (see the data with MS1)
and these consist of longer (G/C)4 tracts: GCGCG (site 1), CCCG (site 2), GGGCG (site 3)
and GGGG (site 5). CCGG (site 4) exhibits weaker binding.

Nogalamycin [(RY),]. At concentrations of 3 uM and above nogalamycin produces a
general inhibition of DNase I cleavage on MS1 and MS2, suggesting that it is binding
without any significant sequence selectivity. However there are a few regions of protection
that persist to lower concentrations, such as CATGTGTAT (site 1 on MS2),
TGCAC/GTGCA (site 2), GTATA/TATAC (site 3), GCGTG/CACGC (site 4), TACATA
(site 5 on MS2), GTACGT (site 6 on MS1), GTCTG/CAGAC (site 7) and ATGCG (site 8
on MS1), each of which consists of a region of alternating purines and pyrimidines with

mixed base composition.

Actinomycin D [GpC]. Clear DNase I footprints are evident at every GpC step on
MS1/MS2 in the presence of actinomycin D (marked with “*” on gels). TGCA (site 1)
appears to be the best site and is stronger than AGCA/TCGT (site 5). It is interesting to see
that two closely spaced GpC steps (e.g. AGCGCG/CGCGCT; site 2) appear to bind the
ligand less well than isolated GpCs, though this may be because GCG/CGC is a poor

80



18

Novel Universal Footprinting Substrates
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Figure 3.9: DNase | footprinting gels for the seven ligands with the MS1 fragment. The clearest footprints are indicated by the filled boxes and
are highlighted in the sequence shown in Figure 3.11. Sites marked “*” are GpC sites for actinomycin D and CpG sites for echinomycin. Sites are
numbered as mentioned in the text. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at

the top of each gel lane.
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Figure 3.10: DNase | footprinting gels for the seven ligands with the MS2 fragment. The clearest footprints are indicated by the filled boxes and
are highlighted in the sequence shown in Figure 3.11. Sites marked “*” are GpC sites for actinomycin D and CpG sites for echinomycin. Sites are
numbered as mentioned in the text. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at

the top of each gel lane.
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binding site (e.g. TGCG/CGCA; site 8). Adjacent oligopurine or oligopyrimidine tracts
also seem to inhibit binding (e.g. AGCTCCC/GGGAGCT; site 3) and AGGGCG (site 6 on
MS1)). There may also be some interaction with non-GpC sites (e.g. GGTG/CACC,; site 7)
and TATC/GATA and GGTA/TACC (site 4).

Echinomycin [CpG]. Clear DNase I footprints are evident at every CpG step on MS1/MS2
in the presence of echinomycin (marked with “*” on gels), with CCGT/ACGG (site 3) and
ACGT and CCGG (site 5) being the best sites. However, some CpA and TpG steps may
also be protected at higher concentrations, such as GCAGA (site 1 on MS1; this is mutated
to include a CpG step on MS2 (site 1 on MS2)). CCTGG/CCAGG (site 4) is also bound
weakly. Closely spaced CpG steps seem to be bound better than isolated CpGs (e.g. ACGT
and CCGQG; site 5), though weaker binding is seen at CGCG (GCGCGA/TCGCGC; site 2).

Hydroxvl radical footprinting

Figure 3.12 shows hydroxyl radical footprinting patterns for distamycin, Hoechst 33258
and mithramycin on MS1 (the other ligands are unsuitable for hydroxyl radical footprinting
either as they are dissolved in DMSO, a radical scavenger or because previous work has
shown that they do not generate hydroxyl radical footprints (actinomycin D). Densitometer
plots of the control lane and a ligand-treated lane are shown to the right of each gel, and
the clearest footprinting sites are marked with the sequences of these sites. Similar
experiments with MS2 are shown in Figure 3.13. The binding sites for distamycin, Hoechst

33258 and mithramycin are also highlighted on the sequence of MS1/MS2 in Figure 3.13.

Distamycin [(A/T)s]. Clear hydroxyl radical footprints are produced by distamycin at most
of the (A/T), tracts that generated good DNase I footprints. Attenuated cleavage is seen
with 0.1 uM ligand at the sites: TTCTA, AATTA, TTAT, TAAA and TTTT (MS1); and
TAATT, AAAT and TATT (MS2). At this concentration the ligand has no effect on the
cleavage at ATAT, TATA and TTAA, indicating TpA steps are not bound.

Hoechst 33258 [(A/T)s]. As seen with DNase I, Hoechst 33258 produces similar
footprinting patterns to distamycin. However Hoechst 33258 seems to be more selective
for A/T-tracts and it has no effect on the sites containing single GC base pairs. It is
interesting to note that a 3 bp A/T-tract is bound by Hoechst 33258, which does not show
protection with distamycin (AAT).
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sttamy(.m MSI (top); MS2 (bottom)
-GGATCCATATGCGGH
3'—CC‘!.. GTATACGC

Hoechst 33258: MS]1 (top); MS2 (bottom)
\CATGGCA
GTGTACCE

CAACTGCACTAGTCGTAGCGCGAT CAAL

TTAAGCTCCCGTTCTATCCTGGTATAGCAATTAGSGCGTGAAGAGT TATGT! CTACGTCCGGTGGGGTCTGT TTTETCATCTCAGCCTCGAA
ATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACAT TTCATGCAGGCCACCCCABALCARACAGTAGAGT CCEAG T

GCGGATCC-3!
I'ACGCCTAGG-5"'

GGTTGACGTGATCAGCATCGCGCTAGT

Mithramycin: MS1 (top); M S2 (bottom)
5 ' -GGATCCATATGCGGCAATACACATGG CAGATTT CCAACTGCACTAGT CGTA o
3 - CCTAGGTATACGCCGTTATGTG TAC CGECTARAGGTTGACGTGATCAG CAT CEC

GTATAGCARTTAGGGCGTGAAGAGT TATGTAAAGTACGT CCGETGEGE
-CATATCETTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCT

TGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3!
ACCAAACAGTAGAGTCGGAGCTTACGCCTAGG-5"'

Nogalamycin: MS1 (top); MS2 (bottom)
51 -GGATCCATATGCGGCAATACACATGGCAGATTTCCARALTG
3'-CCTAGGTATACGCCGTTATG TG TACCGGCTARAGGTTGACGTGA

TCGTAGCGCGATCAAGGTTAAGCTCCCGTTCTATCC!
CAGCATCGCGCTAGTTCCAATTCGAGGGCAAGATAGGH

TAGCAATTAGE
W CATATCETTAATCCCGC

AGAGTTATGTAAAGTALL

CCGE 'ATCTCAGCCTCGARTECEEATCC-3
CTTCTCAATA AT'I'I‘(.ATGCAG(:CCACCCC)—J FAC ..AF'.A

CACGTAGAGTCGGAGCTTACGCCTAGG-5"

T

Actinomycin D: MSI (top); MS2 (bottom)
5 ' -GGATCCATATGCGG CALTACACATC GCAGAT TTCCAACTG
3 - CCTAGGTATACGCCGTTATGTGTACCGGCTABAGGTT

CACTAGTCGTA SATCAAGGTTAAGCTCCCGTTCTATCCTEGTATAG

CARTTRCEGCETGAAGAGT TATGTAAAGTACGTCCGETGGEGTCTGTTTTGT CATCTCACCCTCGAATECGEATCC-3

GCTTACGCCTAGG-5"

Echinomycin: MS1
51 ~GGATCCATAT
3'-CCTAGGTATA

'GGGGTCTGTTTTGTCATCTCAGC
CCCCAGACCAAACAGTAGAGTCGGA

Figure 3.11: [Top] Sequences of the MS1 (top strand) and MS2 (bottom strand) fragments, indicating the footprints produced by the different

ligands.
Distamycin
MSI1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11
AATA ATTT ACTAGT TTAA TTCTAT TATA AATTA TTAT, TAAA TTTT TCATCTCA
0.2 +£0.07 0.1 £0.05 1.2+04 1+£04 0.1+0.03 0.6 0.3 0.03 £ 0.004 0.16 £0.03 0.05 £ 0.005 0.7+0.3
MS2 Sites 10 & 11 Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
TGAGATGA TTTA,ATAA TAATT TATA ATAGAA TTAA ACTAGT AAAT TATT ATAT
3x15 0.2+0.1 0.1 +£0.03 0.8+0.3 0.2+0.1 1.3+£0.7 2+1.6 0.6 0.1 1+0.5 05+0.3
Hoechst 33258
MSI1 Site 1 Site 2 Site3 Site 4 Site 5
AT]AST iA(;\:;F 2 ATTT TTAA AATTA TAAA TTTT fiﬂ{
’ ; 0.1 £0.01 11+£2 0.05 £ 0.01 2+0.6 0.5+£0.1
MS2 Site 4 Site 3 Site 2 Site 1
9A Ig A615;A2C TTTA,ATAA TAATT TTAA AAAT Tg?;%TgA ik
341 0.1£0.02 7+3 0.2+0.04 3 :
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Mithramycin
MSL | GGeaG CTGCAC Site 1 Site 2 CCTGG GC Site 3 GAG GTACG ~ Sted Site 5 Geereo
GCGCG . CCCG ks i GGGCG s e ° CCGG  GGGG 1o,
] ) 10+7 8+3 10+£4 34+19 8+5
MS2 1 ccacae Site 5 Site 4 cTC Site 3 GC CCAGG Site 2 Sitel  GTGCAG CGGCC  GCCGC
49£31 cece COTAC - cacee 44£19 22411 CGGG COCEC 59,40 6248 16414
20+ 14 33425 1945 13 410 18413
Nogalamycin
MST Site 2 Site 3 Site 4 Site 6 Site 7 Site 8
TGCAC GTATA GCGTG GTACGT  GTCTG ATGCG
0.2 % 0.05 0.3%0.04 0.6+ 0.25 034005 06403 0.6+0.2
MS2 Site 7 Site 5 Site 4 Site 3 Site 2 Site 1
CAGAC TACATA CACGC TATAC GTGCA CATGTGTAT
1406 07402 15408 0803 06402 0.5+02
Actinomycin D
MS1 Sitel Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8
TGgiGlCA SGGsz‘z TGCA AGCGCG  AGCTCCC TATC,GGTA AGCA AGGGCG  GGTG s‘zcicza TGCG
441 ) 943 3348 1543 17 + 4 2446 8§43
MS2 Site 8 GGCT Site 7 Site 5 Site 4 Site 3 Site 2 TGCA Site 1
CGCA o CACC TGCT  TACC,GATA  GGGAGCT CGCGCT oA CGCA
51217 5943] 24+ 10 86 < 64 1648 16+7.5 : 354 30
Echinomycin
MS1 Site 1 Site 2 Site 3 Site 4 Site 5
?gfcg GCAGA  TCGT,GCGCGA  CCGT CCTGG ?gf”{l; ACGT,CCGG TCG;“:’EG_,)CGG
28+ 10 643 0.5+0.1 20+ 12 03004
MS2 Site 5 Site 4 Site 3 Site 2 Site 1
cccl;gf ;:GA CCGG,ACGT ?Sc:c:(; CCAGG ACGG TCGCGC,ACGA TCGG %CS(S:
0.5+0.1 1846 02401 7+2 942

Table 3.3: Csy values (uM) derived from quantitative analysis of the MS1 and MS2 gels presented in this chapter (with the standard errors
shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3”). Sites marked “-”

correspond to footprints that are evident on visual inspection, but for which quantitative analysis did not provide a clear value.
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Mithramycin [(G/C)4]. Mithramycin produces clear hydroxyl radical footprints in a
number of locations, each of which corresponds to a G/C-rich region. These correspond to
the regions protected from DNase I cleavage. In general these are located at (G/C)4 tracts,
though some shorter regions that contain G/C residues also appear to be bound when

adjacent to a TpA step, whilst CCGG is again seen to be a weak site.
The results with these fragments, containing every tetranucleotide step, are consistent with
our previous knowledge of the preferred binding sites for these ligands, though expanding

the step length from trinucleotide has allowed more binding rules to be developed.

Universal Svmmetrical Hexanucleotide Sequences

Distamycin [(A/T)4]

DNase I footprinting

Figure 3.14 shows the results of DNase I footprinting experiments with distamycin on
HexAfor, HexArev2, HexBfor and HexBrev fragments, thereby showing the interaction
with every symmetrical hexanucleotide sequence. On these gels, the footprinting sites are
indicated by the filled boxes and these are highlighted in the sequences shown in Figure
3.15. The Csp values for the interaction with all the sites on these fragments are

summarised in Table 3.4.

HexA: Every (A/T)4 site except (G/C)TTAA(G/C) produces a clear footprint on HexAfor
at concentrations of 3 uM and below. The strongest sites consist of A/T-tracts of 6 bp, such
as ATATAT (site 2), TTTAAA (site 6; indicating that a TpA step is tolerated) and
AAATTT (site 3). The 4 bp A/T-tracts GAATTC (site 5) and CTATAG (site 4; both only
clearly defined on HexArev2) are also strong sites, but GATATC (site 1) is weaker,
suggesting that longer A/T-tracts are preferred, even though only 4 bp are required for
distamycin binding (through comparison of ATATAT and GATATC). A very good
footprint is evident at GTACTA (site 9), indicating that a single GC base pair can be
tolerated within some of the binding sites. Sites with two GC base pairs in between A/T
regions are bound more weakly, such as ATGCTA (site 8), TACCTA (site 7) and
ATGGAT (site 10).

86



L8

MS1
Distamycin Hoechst 33258
c =

IOl e o
R R
v

P e

(IREE 1RO

oL EURAERL BN

Ly 540 Vs
(R ERLRRRE: T° 1 [FEEET:

L8 L C TR IR TRERINI I R ERSY

S e = E R Tl A

E25E L EARL

Mithramycin

Novel Universal Footprinting Substrates

Figure 3.12: Hydroxyl radical footprinting patterns produced by distamycin, Hoechst 33258 and mithramycin on the MS1 substrate. Only the

clearest footprints are marked. Densitometer plots were derived from the 0.1 uM lane for distamycin and Hoechst 33258, and from the 10 pM

lane for mithramycin. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of

each gel lane.
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MS2 Figure 3.13: [Left] Hydroxyl radical

Distamycin Hoechst 33258 Mithramycin footprinting patterns produced by
< Qowo distamycin, Hoechst 33258  and
mithramycin on the MS2 fragment.
Only the clearest footprints are marked.
Densitometer plots were derived from
the 0.1 puM lane of distamycin and
Hoechst 33258, and the 10 uM lane of
mithramycin. GA is a purine specific

marker lane. Con is a control lane. The

ligand concentrations (LM) are shown at
the top of each gel lane.
[Below] Sequence of MS1 and MS2

sequences highlighting the hydroxyl

§EE2hs S HEARTEEIEIE

RS P YT TY

(Y reeees

radical footprints observed with the

three ligands.

Distamycin: MS1 {top), MS2 (bottom)
5' -GGATCCATATGCGGCAATACACATGGCAGAT TTC CARCTGCAC TAGTCGTAGCGCGATCAAGGTTAARGC TCCCGIT CT ATCCTGG TATAGCAAT TAGGGOGTGAAGAGTTATGTAALGTACGTCCGE TGGEG TCTGTTT TG TCATC TCAGCCTCG AT GCGGATCC- 3!
3' -CCTAGGTATACGCCG TTATGTGTACCGGCTAARGGTTGACGTGAT CAGCATCGOGCT AGTTC CAAT TCGAGGGCAL CATAGGACCATATCGT TAATCCCGCACT TCTCAAT ACAT TTCAT GCAGGCCAC CCCAGACCAAACAGTAGAGTCGGAGCTTACOGCCTAGG-5"

Hoechst 33258: MS| (top); MS2 (bottom)
5' -GGATCCATATGCGGCAATACACATGGCAGAT TTC CAACTGCACTAGTCGTAGCGCGATCARGGTTAAGC TCCCGTT CTATCCT GG TATAGCA AT TAGGGCG TGAAGAGTTATGTAEAGTACG TCCEGTG GGG TCTGTT T TG TCATC TCAGC CT CGALT ZCGGATCC- 3!
3' -CCTAGGTATACGCOGTTATGTGTACCGGCTA AAGGTTCACGTGAT CAGCATCGCGCTAGTTC CART TOGAGGGCAAGATAGGA CCATATCGT TAATCCCGCACT TCTCARTACATTTCAT GCAGGCCACCCCAGAC CARACAGTAGAGTCGGAGC TTACGCCTAGG- 5"

Mithmmycin: MS1 (top): MS2 (bottom)
S' -GGATCCATATGCGGCAATACACATGGCAGAT TTCCAAC TGCACTAGTCGT AZ CECGATCARECTTARSC TCCCGTTCTATCCTGG TATASCAAT TAS
3' -CCTAGGTATACGCCGTTATGTGTACCGGCTARAGGTTGACG TGAT CAGCATC COECTAGTTC CARAT TUG AG CECARGATAGGACCATATCGT TAATY

CGTGAAGAGTTATG TAARGTACGTCCGGTEEEE TCTGTTT TG TCATC TCAZC CTCGAATGCGGATCC- 3!
GCACT TCTCARTACATTTCATGCAGGCCAC CCCAGRACCARACAGTAGACTCGGACGCTTACGCCTAGG-5!
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HexB: Every (A/T)4 site has been bound by distamycin on HexBfor (which does not
contain any (G/C)TTAA(G/C) sites). As with HexA, (A/T)s sequences are preferred, with
TAATTA (site 1) the strongest site. TTATAA (site 3), TATATA (site 5, with ATAT),
AATATT (site 6) and AATTAAT (site 7) are slightly weaker binding sites. (A/T) sites are
bound less strongly by distamycin and CAATTG (site 2) and GTATAC (site 4) have
similar affinity, suggesting that TpA steps can be tolerated within the binding sites.

Distamycin
HexAfor HexArev?2 HexBfor HexBrev
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Figure 3.14: DNase I footprinting gels for the interaction of distamycin with HexAfor,
HexArev2, HexBfor and HexBrev fragments. The clearest footprints are indicated by the
filled boxes and are highlighted in the sequence shown in Figure 3.15. Sites are numbered
as mentioned in the text. GA is a marker lane specific for purines. Con is a control lane.

The ligand concentrations (uM) are shown at the top of each gel lane.
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Distamycin: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCEEEATATCCGATATATEGGCGCCAAATTTAGCTATAGA TCTAGAATT CCGGACCGOGETTTARA CGTTARCCGGTAC CTAGGCCTGCAGC TGCGCATGC TAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC-3 1
3 ' - CCTAGGGC COTATAGCTATAT ACCGCEETT TARL TCEATATCTAGAT CTTAAGGCC TGGC GCCARATTTGCAA TTGGC CATEGATC CGGACGTCGACGCGTACGATCG CGAATTCATGATCACGTGCACCGEGTACCTAGG-5'

Distamycin: HexBfor (top); HexBrev (bottom)
5! - GGAT CCGGCCGAT CGCGAGCT CGAGGGCCC TAAT TAGCCGGCAATTG CAAGC TTATAAGCGCGCTACETATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 '
3' - CCTAGGCCGGCTAGCGCTCGAGCTCCCGGEATTAATCGGCCGT TALCGTTCGAATATTCGCGCGATGIATATGCGCATGCGC GUATATATG TATACATE TACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5"

Figure 3.15: Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by distamycin.

Distamycin
HexAfor Sitel Site 2 Sites 3,4 & 5 Site 6 Site 7 Site 8 Site 9 Site 10
GATATC ATATAT AAATTT, TATA,AATT TITAAA TACCTA ATGCTA GTACTA ATGGAT
22+ 14 0.4+0.2 0.6+0.4 0.4+0.2 2+ 1.4 1+0.7 0.2+0.1 55+3.6
HexArev2 Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
TAGTAC TAGCAT TAGGTA TTTAAA GAATTC CTATAG AAATTT ATATAT GATATC
0.1+0.02 1+£04 3.5+2 0.2+0.03 0.1+0.01 0.4+0.1 0.03+0.01 0.1+£003 1.3+£05
HexBfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7
TAATTA CAATTG TTATAA GTATAC TATATA,ATAT AATATT AATTAAT
0.1+0.07 0.7+0.2 0.2+0.1 1.1£0.7 0.14 £ 0.08 0.3+0.1 0.13 +0.06
HexBrev Sites 7 & 6 Site 5 Site 4 Site 3 Site 2 Site 1
ATTAATT,AATATT  ATAT,TATATA GTATAC TTATAA CAATTG TAATTA
0.1+0.03 0.1+0.04 0.7+0.6 0.14 £ 0.08 0.4+0.25 0.04 +0.01

Table 3.4: Csy values (uM) derived from quantitative analysis of the interaction of distamycin with HexA and HexB fragments (with the standard
errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).
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Hydroxyl radical footprinting

Figure 3.16 shows hydroxyl radical footprinting patterns for distamycin on the HexAfor,
HexArev2, HexBfor and HexBrev fragments. Densitometer plots of the control lane and a
ligand-treated lane are shown on the right of each gel. The clearest footprinting sites are
marked by the filled boxes on the left side of the gels and these are highlighted in the

sequences shown in Figure 3.16 below the gels.

HexA: Clear hydroxyl radical footprints are produced by distamycin at all the sites that
generated good DNase [ footprints, including all (A/T)s; sequences apart from
(G/IC)TTAA(G/C) (CTATAG is also not bound on HexArev2). The footprints observed at
the lower concentrations appear smaller than those seen with DNase 1. Within the (A/T)s
sites, only the central (underlined) bases of ATATAT (site 1), AAATTT (site 2) and
TTTAAA (site 5) show attenuated cleavage at 0.1 pM distamycin. The (A/T)s sites
CTATAG (site 3; only on HexAfor, suggesting it is a weaker site) and GAATTC (site 4)
are also bound. It is interesting to note that whilst TACCTA (site 6) and ATGCTA (site 7)
show cleavage protection on HexAfor (as observed with DNase 1), only TACTAG (site 8)
is bound on both orientations of the fragment, supporting the observation with DNase I
footprinting that two GC base pairs between A/T regions are less favoured than a single

GC base pair.

HexB: Every (A/T)4 sequence shows attenuated cleavage by distamycin on HexB except
for GTATAC and CATATG, indicating TpA steps are not bound well. As with the
previous fragment, footprinting sites do not cover the entire A/T-tract, as shown by
TAATTA (site 1), CAATTG (site 2), TTATAA (site 3) and TATATA (site 4; only on
HexBfor, suggesting it 1s a weaker site). AATATT (site 5) and ATTAATT (site 6) only
show clear protection on HexBrev due to poor resolution of the HexBfor gel. The position
of the footprints within these A/T-tracts seems to indicate TpA steps are not bound by
distamycin. The underlined footprint sites correspond to the HexBfor results when the

sequence is bound on both orientation of the fragment.
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Distamycin

Figure 3.16: [Left] Hydroxyl radical

HexAfor HexArev2 HexBfor HexBrev footprinting  patterns produced by

BO2wm—co 2 32 &3 et distamycin on HexAfor, HexArev2,
OO~ —cS W

HexBfor and HexBrev fragments.

2. Only the clearest footprints are
3n
4m marked. Densitometer plots were

N

f

W

derived from the 0.1 pM lanes of

o

distamycin. Sites are numbered as
mentioned in the text. GA is a purine

specific marker lane. Con is a control
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lane. The ligand concentrations (M)
are shown at the top of each gel lane.

[Below] Sequence of HexA and

HexB fragments highlighting (in red)

G s dh b e —— e —— T

the hydroxyl radical footprints

ETEERIT ERPieRes |

TOEVES ) PRaseee

observed with distamycin.

Distamycin: HexAfor (top): HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCARATTTAGCTATAGATCTAGAATTCCGGACCGCGGETT TARACGTTAACCGGTAL CTAGGCCTGCAGC TGCGCATGC TAGCGCTTARGTACTAGTGCA CGTGGCCATGGATCC-3
3'-CCTAGGGCCCTATAGCTATATACCGCGGTT TAAATCGATATCTAGAT CTTAAGGCCTGGCGCCARATTTGCAATTGGC CATGGATC CGGACGTCGACGCGTACGATCGCGAATTCAT GATCACGTGCACCGGTACCTAGG-5"

Distamycin: HexBfor (top): HexBrev (bottom)
5' -GGATCCGGCCGATCGCGAGCT CGAGGGCCCTAATTAGCCGGCAATTGCAAGCTTAT EAGCGCGCTACGTATACGCGTACGCG CCTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 "
3 ' -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGT TARCGTTCGARATATTCGCGCGATGCATATGCGCATGCGCGCATATATGTATACATGTACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5 !
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Hoechst 33258 [(A/T)4]

DNase I footprinting

Figure 3.17 shows the results of DNase I footprinting experiments with Hoechst 33258 on
HexAfor, HexArev2, HexBfor and HexBrev fragments, thereby showing the interaction
with every symmetrical hexanucleotide sequence. In these gels, the footprinting sites are
indicated by the filled boxes and these are highlighted in the sequences shown in Figure
3.18. Examples of footprinting plots derived from the binding of Hoechst 33258 to
HexBrev can be found in Figure 3.19. The Cso values for the interaction with all the sites

on these fragments are summarised in Table 3.5.

HexA: Every (A/T)s site except CTATAG is bound by Hoechst 33258. There seems less
discrimination between (A/T)s and (A/T)s sequences with Hoechst 33258, with the
strongest sites being AAATTT (site 3) and GAATTC (site 4). It can therefore be
concluded that the (A/T)s sequence AATT is the preferred binding site, with ATATAT
(site 2) bound less strongly. GATATC (site 1), TTTAAA (site 5) and CTTAAG (site 6) are
bound more weakly. Clearly TTAA is not bound well, although it is interesting that this
site is bound at all, unlike with distamycin. Unlike distamycin, no GC base pairs are found

within any of these footprints.

HexB: As with the HexA fragments, every (A/T), site is bound by Hoechst 33258 except
GTATAC. AATT is again the preferred (A/T)4 sequences, with CAATTG (site 2) and
AATTAAT (site 7) the best sites. AATATT (site 6) is also bound strongly. Interestingly
another AATT sequence, TAATTA (site 1), is bound more weakly (most noticeably on
HexBfor), suggesting that a TpA step at the 5’-end of the site reduces the binding affinity.
TATA is a poor binding site; TATATA (site 5, with ATAT) and TTATAA (site 3) have
similarly poor affinity, while GTATAC only shows weak protection on HexBrev (site 4).
This suggests (A/T)s sequences are preferred over (A/T)s-tracts when TpA steps are

present.
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Hoechst 33258
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Figure 3.17: DNase I footprinting gels for the interaction of Hoechst 33258 with HexAfor,
HexArev2, HexBfor and HexBrev fragments. The clearest footprints are indicated by the
filled boxes and are highlighted in the sequence shown in Figure 3.18. Sites are numbered
as mentioned in the text. GA is a marker lane specific for purines. Con is a control lane.

The ligand concentrations (WM) are shown at the top of each gel lane.
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Hoechst 33258: HexA for (top); HexArev2 (bottom)
5'-GGATCCCGGEATATCGATATATCGCGCCARATT TAGCTATAGATCT AGAF
3'-CCTAGGGC CCTATA

TTCCGGACCGCGG TTTARACGTT.
ATATACCG CGGTTTARATCGATATC TAGA TCTT AAGGC CTGG CGCCARAT TTGCAATT

COGTACCTAGGC CTGCAGCTGCGCATGCTAGCGCTTARGTACTAGTGCACGTGGCCATGGATCC-3!
3CCATGGATCCGGACGTCGACGCGTACGATCGLCARTT CATGATCACGTGCACCGGTACCTAGG-5"

Hoechst 33258: HexBfor (top): HexBrev (bottom)
5'-GGAT CCGGCCGATCGCGAGCT CGAGGGCCCTAATTAGCCGGCAATTGCAAGCTTATARGCGCGCTACGTATACGCGTACGCGCG TATATACATATGT ACATGTCGACGTCATGATCAATATT CGART TARTGCATGGATCC-3!
3' - CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTARTCGGCCG TTAACGTT CGARTATTCGCGCGATG CATAT GCGCATGCGCGCATAT ATGTATACATGTACAGCTGCAGTACT AGTTATARGCTTARTTACGTACCTAGG-5'

Figure 3.18: Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by Hoechst 33258.

Hoechst 33258
HexAfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
GATATC ATATAT AAATTT GAATTC TITAAA,TTAA CTTAAG
8§+2 1.4+ 0.5 0.1+0.1 0.3+0.15 8§+2 10+2
HexArev2 Site 6 Site § Site 4 Site 3 Site 2 Site 1
CTTAAG TTAA TTTAAA GAATTC AAATTT ATATAT GATATC
9+1 4+1 0.03+0.01 0.2+0.1 0.06 £ 0.01 0.1+0.04
HexBfor Site 1 Site 2 Site 3 Site 5 Site 6 Site 7
TAATTA CAATTG TTATAA TATATA,ATAT AATATT AATTAAT
2+0.6 1+0.7 7+4 4+25 1+0.7 1+0.6
HexBrev Sites 7 & 6 Site 5 Site 4 Site 3 Site 2 Site |
ATTAATT,AATATT ATAT, TATATA GTATAC TTATAA CAATTG TAATTA
0.1+0.01 1.5+0.5 5+2 21 0.2+0.01 0.1+0.01

Table 3.5: Cso values (uM) derived from quantitative analysis of the interaction of Hoechst 33258 with HexA and HexB fragments (with the
standard errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3”).
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Hoechst 33258 - HexBrev

4, ATTAATT, AATATT CATATG,TATATA - GTATAC
Csp = 0.1 £ 0.01 M Csp = 1.5 £ 0.5 M l Cso= 542 M

TTATAA + CAATTG ﬁ. TAATTA
Cop=2%1HM

Csp=0.2% 0.01 pM Cso= 0.120.01 uM

Relative Intensity (Arbitrary Units)

o 5 10 o 5 10

Ligand Concentration (M)

Figure 3.19: Examples of footprinting plots derived from the binding of Hoechst 33258 to

HexBrev.

Hyvdroxyl radical footprinting

Figure 3.20 shows hydroxyl radical footprinting patterns for Hoechst 33258 on HexAfor,
HexArev2, HexBfor and HexBrev fragments. Densitometer plots of the control lane and a
ligand-treated lane are shown on the right of each gel. The clearest footprinting sites are
marked by the filled boxes on the left side of the gels and these are highlighted in the

sequences shown in Figure 3.20 below the gels.

HexA: Every (A/T)s site shows attenuated hydroxyl radical cleavage with 0.1 uM Hoechst
33258 on HexA, such as ATATAT (site 1), AAATTT (site 2) and TTTAAA (site 4). As
with distamycin, the footprints at the lower concentrations (shown as underlined bases)
cover only a part of the A/T-tract. GAATTC (site 3) is the only (A/T), site that shows
attenuated cleavage at 0.1 uM, with GATATC, CTATAG, GTTAAC and CTTAAG only
producing footprints at higher concentrations. This supports the DNase I footprinting
results that AATT is the preferred Hoechst 33258 binding site and that (A/T)s sequences

are preferred over (A/T), sites when TpA steps are present.

HexB: Every (A/T)s sequence shows attenuated cleavage by Hoechst 33258 on HexB at
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Hoechst 33258

Figure 3.20: [Left] Hydroxyl radical
HexArev2 HexBfor HexBrev fSotprnting  pattems produced by
Hoechst 33258 on  HexAfor,

HexArev2, HexBfor and HexBrev

M

=
<L oo oA
OO0 — oo

fragments. Only the clearest

footprints are marked. Densitometer
plots were derived from the 0.1 pM
lanes. Sites are numbered as

mentioned in the text. GA is a purine

) l"‘v"‘f" ""»‘Jln\‘l’v"’:M’-"'l il/ HI‘k".'\.“\'.““v\

specific marker lane. Con is a control

N BN

lane. The ligand concentrations (LM)

l

are shown at the top of each gel lane.
[Below] Sequence of HexA and
HexB fragments highlighting (in red)

43 : ,.‘”.
NN INR g

LUV s
et

J

the hydroxyl radical footprints
observed with Hoechst 33258.

e o e M e e . A

|
g

1 m, L e
TRINRNTRRIREREYY :

Hoechst 33258: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAARTT CCGGACCGCGGTT TAAR CGTTAACCGGTACCTAGGCCTGCAGC TGCGCATGC TAGCGCTTRAAGTACTAG TGCACGTGGCCATGGATCC-3!
3'-CCTAGGGCCCTATAGCTATATACCGCGGTT TRAATCGATATCTAGATCTTAAGGCCTGGCGCCAAATTTGCAATTGGCCATGGATCCGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5"

Hoechst 33258: HexBlor (top); HexBrev (bottom)
5'-GGATCCGGCCGAT CGCGAGCT CGAGGGCCCTAAT TAGCCGGCAATTGCAAGCTTAT AAGCGCGCTACGTATACGCGTACGCCCCTATATACATATCTACATGTCGACGTCATGATCAATAT TCGAATTARTGCATGGATCC-3 !
3' - CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGG CCGT TAACGTTCGAATETTCGCGCGATGCATATCCGCAT GCGCGCATATATCGTATA CATGTACAGCTGCAGTACTAGT TATEAGCT TAATTACGTACCTAGG-5 "
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0.1 pM except for GTATAC. Unclear cleavage patterns in the control lane prohibit
resolution of good footprints at AATTAAT (at the bottom of the gel). As with the previous
fragments, the footprints do not cover the entire A/T-tracts, as shown by TAATTA (site 1;
only on HexBfor as it is unclear on HexBrev), CAATTG (site 2), TATATA (site 4),
CATATG (site 5), AATATT (site 6) and ATTAATT (site 7; only on HexBrev as it is
unclear on HexBfor). TTATAA (site 3) is also bound. The underlined footprint sites
correspond to the HexBfor results when the sequence is bound on both orientation of the

fragment.

Mithramycin [(G/C)4]

DNase I footprinting

Figure 3.21 shows the results of DNase I footprinting experiments with mithramycin (in
the presence of 10 mM MgCl,) on HexAfor, HexArev2, HexBfor and HexBrev fragments.
On these gels, the footprinting sites are indicated by the filled boxes and these are
highlighted in the sequences shown in Figure 3.22. The Csy values for the interaction with

all the sites on these fragments are summarised in Table 3.6.

HexA: Every (G/C)4 or longer sequence has been bound by mithramycin except TCCGGA
(CCGG was shown to be a poor binding site on MS1/MS2). (G/C)4 and (G/C) sites are
bound with similar affinity and the best sequences have adjacent TpA steps on both sides
of the G/C-tract, such as TTAACCGGTA (site 5; even though CCGG is normally a weak
site) and TAGCGCTTAA (site 8). TATATGGCGCC (site 2), CCGCGGTTTAAA (site 4)
and TAGGCCT (site 6) are slightly weaker sites (most pronounced on HexArev2), whilst
ATATCCCCGG (site 1; only on HexArev2) is a poor binding site. Shorter G/C-regions are
also protected when adjacent to TpA steps and TAGCTATA (site 3; flanked by TpA steps)
is a strong site. TAGTGCACG (site 9) shows weaker affinity. It is interesting to note that
TGCGCA with no adjacent TpA step (site 7) binds with similar affinity to the best sites,
but TGGCCA (site 10; also without a nearby TpA step) is significantly weaker, suggesting
[GCl, is preferred to [Gln.[Cl,.

HexB: All (G/C), and longer sequences show mithramycin footprints on HexB, with visual
mspection of the gels most clearly revealing differences in binding strength between the

sites. GGGCCCTA (site 3) and TAAGCGCGCTA (site 6) are the strongest binding sites,
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while TATACGCGTA (site 8) and TACGCGCGTATATA (site 9) are weaker sites,
indicating that binding is better when there are more GpC than CpG steps. This is
supported by the observations that AAGCTTATA (site 5) is a better binding site than
TACGTATA (site 7), and TAGCCGGC (site 4) is a poor site. TCGCGA (site 2, with no
adjacent TpA step; only on HexBfor) binds better than CCGGCCG (site 1, also with no
nearby TpA step; only on HexBfor), again suggesting CCGG is a poor site.

Mithramycin
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Figure 3.21: DNase [ footprinting gels for the interaction of mithramycin with HexAfor,
HexArev2, HexBfor and HexBrev fragments in the presence of 10 mM MgCl,. The
clearest footprints are indicated by the filled boxes and are highlighted in the sequence
shown in Figure 3.22. Sites are numbered as mentioned in the text. GA is a marker lane
specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the

top of each gel lane.
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Mithramycin: HexAfor (top); HexArev2 (bottom)
5'-GGATCCCGGGATATCGATATATEGCGCCAARTTTAGCTATAGATCTAGAATT CCGGACCGCGETTTARACGTTAACCGGTAC CTAGGCCTG CAGC TGCG CATGC TAGCGCTTAAGTACTAGTGCACGTGE CCATGGATCC-3 !
3! -CCTAGGECZCCTATAGCTATAT ACCGCGGTT TAAL TCGATATCTAGAT CTTAAGGCC TGGCGCCAAATTTGCARTTGGC CATGGATC CGEACGTCGACGCETACGATCGCGAATTCATGATCACETGCACCGGTACCTAGG-5"

Mithramycin: HexBfor (top); HexBrev (bottom)
5! -GGATCCGECCEAT CGCEAGUTCGAGGBCCCTAAT TAGCCBGCAATTG CARCC TTATAAGCCGLECT ACGTATACGLGTACGCE CGTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 !
3! -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAAT 3CCGTTAACGTTCGAATATTCGCECGATGCATATE CGCATGCGCECATATATGTATACATGTACAGCTGCAGTACTAGT TATAAGCTTAATTACGTACCTAGG-5!

Figure 3.22: Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by mithramycin.

Mithramycin
HexAfor Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10
GGCGCC TAGCTA CCGCGG ACCGGT AGGCCT TGCGCA AGCGCT GTGCACG TGGCCA
156 19+6 11£5 12+5 10£5 10+4 6£3 205 ke
HexArev2 Site 10 Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
TGGCCA CGTGCAC AGCGCT TGCGCA AGGCCT ACCGGT CCGCGG TAGCTA GGCGCC TCCCGG
47 +27 65 +49 14+6 3015 21+13 16 +9 31+16 25+19 21+12 32 +£25
HexBfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
CCGGCCG TCGCGA GGGCCC GCCGGC AAGCTT GCGCGC TACGTA ACGCGT CGCGCG
OE=5 8+7 6+4 8x4 T£6 63 9+6 8+4 7+4
HexBrev Site 9 Site 8 Site 6 Site 5 Site 4 Site 3
CGCGCG ACGCGT GCGCGC AAGCTT GCCGGC GGGCCC
109 +34 32+18 8+3 13+£5 1611 6+3

Table 3.6: Cso values (uM) derived from quantitative analysis of the interaction of mithramycin with HexA and HexB fragments (with the
standard errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3’).
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Hvdroxyl radical footprinting

Figure 3.23 shows hydroxyl radical footprinting patterns for mithramycin on HexAfor,
HexArev2, HexBfor and HexBrev fragments in the presence of 10 mM MgCl.
Densitometer plots of the control lane and a ligand-treated lane are shown on the right of
each gel. The clearest footprinting sites are marked by the filled boxes on the left side of
the gels and these are highlighted in the sequences shown in Figure 3.23 below the gels.

HexA: Every (G/C), site shows attenuated hydroxyl radical cleavage in the presence of
high concentration of mithramycin on HexA, but at 10 pM only TTAACCGGTA (site 1),
TAGGCCT (site 2) and TAGCGCTTAA (site 3) show clear footprints. As seen with the
DNase I footprinting experiments, TpA steps are important (TGCGCA and TGGCCA do
not bind at the lower concentrations). Interestingly, TATATGGCGCC and
CCGCGGTTTAAA are not protected at the lower concentrations, suggesting that either
(G/C)4 sequences are preferred over (G/C)g sites, or that TpA steps have to be abutted
against the G/C-tract to affect the binding affinity.

HexB: The hydroxyl radical footprinting pattern of mithramycin on HexB supports the
DNase I experiments and adjacent TpA steps appear to improve the binding at (G/C)4 and
longer sequences, such as in GGGCCCTA (site 2), TAGCCGGC (site 3), TAAGCGCGTA
(site 4), TATACGCGTA (site 6) and TACGCGCGTATATA (site 7). TCGCGA (site 1;
only on HexBfor) is the only binding site without a nearby TpA step. AAGCTTATA (site
4) 1s the only footprint at an isolated GpC step, while there is no binding to TACGTA. This
supports the previous evidence that GpC steps are preferred over CpG. The CCGGCCG
G/C-tract at the extremes of the gels is unclear and so cannot be analysed. However, this

would be expected to be a poor site as there is no TpA step nearby this CCGG sequence.

Nogalamycin [(RY)a]

Figure 3.24 shows the results of DNase I footprinting experiments with nogalamycin on
HexAfor, HexArev2, HexBfor and HexBrev. In these gels, the footprinting sites are
indicated by the filled boxes and these are highlighted in the sequences shown in Figure
3.25. Csp values for the interaction with all the sites on these fragments are summarised in

Table 3.7.
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Mithramycin

HexAfor HexArev?2 HexBfor HexBrev Figure 3.23: [Left] Hydroxyl radical
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Mithramycin: HexAfor (top):; HexArev2 (bottom)
5' -GGAT CCCGGGATATCGATATATGGCGCCAARATTTAGCTATAGATCTAGAATT CCGGACCGCGGTTTAAACGTTAACTUSGTACCTAZCGCUTCGCAGC TGCGCATGC TAGCGUTTAAGTACTAGTGCACGTGGCCATGGATCC-3"
3' -CCTAGGGCCCTATAGCTATATACCGCGGTT TAAATCGATATCTAGAT CTTAAGGCCTGGCGCCARATTTGCAR TTCGEC CATGGATCCGEGACGTCGACGCGTACGATCE CGARTTCATGATCACGTGCACCGGTACCTAGG-5"

Mithramycin: HexBfor (top); HexBrev (bottom)
5'~GGATCCGGCCGAT CELEAGCT CGAGG GCCCTAAT T CEGCAATTGCAAGC TTATAAGCGCGCTACGTATACGLGTACGCECCTATATACATATGTACATGTCGACGTCATCGATCAATAT TCGAATTAATGCATGGATCC-3 !
3'-CCTAGGCCGGCTAGCGC TCGAGCTCC CGGGATTAAT CEE CCGT TAACGTTCGAATATICE CGCGATGCATATE CGCATECGC GCATATATGC TATACATG TACAGCTGCAGTACTAGT TATAAGCT TRATTACGTACCTAGG-5 !
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HexA: Nogalamycin produces non-specific inhibition of DNase I cleavage at
concentrations of 3 pM and above. However, at lower concentrations every (RY)s
sequence is protected, such as ATATATG (site 1), TGCAGC (site 2), TGCGCATGC (site
3) and ACGTG (site 5, with CTAG; only clear on HexAfor). Only one (RY)4 site is
protected at the lower concentrations; AGTACT (site 4; only clear on HexAfor). On
comparing this site to some of those not bound (e.g. AGCGCT, CCGCGG and GATATC),
it is apparent that binding is best to alternating RY sites that contain all four bases. It is
also interesting to note that GGTACC is not bound (while AGTACT is), suggesting at least

six base pairs are involved in binding.

Nogalamycin
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Figure 3.24: DNase 1 footprinting gels for the interaction of nogalamycin with HexAfor,
HexArev2, HexBfor and HexBrev fragments. The clearest footprints are indicated by the
filled boxes and are highlighted in the sequence shown in Figure 3.25. Sites are numbered
as mentioned in the text. GA is a marker lane specific for purines. Con is a control lane.

The ligand concentrations (LM) are shown at the top of each gel lane.
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HexB: 1 pM nogalamycin protects almost every (RY)s sequence, including TACGTATA
(site 1), ATACATAT (site 2; only clear on HexBfor), GTACATGT (site 3; only clear on
HexBfor), CATGATCA (site 4) and ATGCATG (site 5). The exceptions are GCGCGC
and ACGCGTACGCGCGTA. These two poor sites both contain long alternating G/C-
tracts. No (RY)s sites are protected by 1 uM ligand on HexB (such as TCGCGA,
TTGCAA, TTATAA, GACGTC and AATATT), suggesting that longer (RY), sequences

are required for strong nogalamycin binding.

Actinomycein D [GpC]

Figure 3.26 shows the results of DNase I footprinting experiments with actinomycin D on
HexAfor, HexArev2, HexBfor and HexBrev. In these gels, the GpC steps are marked with
“*»_The footprinting sites are indicated by the filled boxes and these are highlighted in the
sequences shown in Figure 3.27. The Csq values for the interaction with all the sites on

these fragments are summarised in Table 3.8.

HexA: Clear footprints can be seen at every GpC on HexAfor in the presence of low
concentrations of actinomycin, except AGGCCT and TGGCCA (suggesting that GGCC is
a poor binding site). The best binding site contains TGCGCA and AGCTGCA (site 4; only
clear on HexArev2). Although other footprints indicate GCGC is a poor binding site, the
close (but not directly adjacent) GpC steps have clearly enhanced binding. GTGCAC (site
6) and TAGCTA (site 2) are also strong sites, while CCGCGG (site 3) is weaker.
AGCGCT (site 5, with AGCA; only clear on HexArev2) and GGCGCC (site 1) are the
poorest binding sites, supporting the theory that directly adjacent GpC steps are weak

binding sites.

HexB: DNase I footprinting with actinomycin D on HexB shows footprints at every GpC
step, except CGGCCG and GGGCCC (again showing that GGCC is a poor binding site).
ATGCAT (site 7) and AAGCTT and TTGCAA (site 4; only clear on HexBrev) are the
strongest binding sites, while TCGCGA and AGCT (site 1; only clear on HexBfor) is a
much weaker site. It is surprising that AGCGCGCT (site 5) and CGCGCG and ACGCGT
(site 6) are good binding sites, even though these GpC steps are located in G/C-rich
regions. This suggests multiple adjacent GpC steps are permitted if in a long alternating
G/C-tract.

104



S0l

Novel Universal Footprinting Substrates

Nogalamycin: HexAfor (top); HexArev2 (bottom)
5 ' -GGATCCCGGGATAT CGATATATEGCECCAAATTTAGCTATAGATCTAGARAT TCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGGCCTGTAGCTGCEGCATECTAGCGCTTARAGTACTAGTGCACGTEGCCATGGATCC-3 !

3 ' -CCTAGGGCCCTATAGC TATATACCGCGGTTTAAATCGATATCTAGATCTTAAGGCCTGGCGCCARAT TTGCAATTGGCCATGGAT CCGGACGTCGACGCGTACGATCGCGAAT TCATGAT CACGTGCACCGGTACCTAGG -5

Nogalamycin: HexBfor (top); HexBrev (bottom)
5 ' -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCCGGCAATTGCAAGCTTATAAGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAATGCATGGATCC-3!

3 ' -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGTTAACGT TCGAATATTCGCGCGATG CATATGCGCATGCGCGCATATATGTATACATGTACAGCTGCAGTACTASTTATAAGCTTAATTACGTACCTAGG-5"'

Figure 3.25: Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by nogalamycin.

Nogalamycin
HexAfor Site 1 Site 2 Site 3 Site 4 Site 5
ATATATG TGCAGC TGCGCATGC AGTACT ACGTG,CATG
03+0.2 0.3+£0.05 0.2+0.05 0.2+0.05 0.2+ 0.05
HexArev2 Sites 5 & 4 Site 3 Site 2 Site 1
CATG,CACGT,GTAC GCATGCGCA GCTGCA CATATAT
04+0.1 03+0.1 0.2+0.05 0.3=+0.1
HexBfor Site 1 Site 2 Site 3 Site 4 Site 5
TACGTATA ATACATAT GTACATGT CATGATCA ATGCATG
0.6+0.2 0.3+0.1 0.2+ 0.05 0.6+0.3 0.3+0.1
HexBrev Site 5 Site 4 Sites 3 & 2 Site 1
CATGCAT TGATCATG ACATGTACATATGTA TATACGTA
03+0.1 0.3+0.05 0.2+0.05 0.2=+0.1

Table 3.7: Cso values (uM) derived from quantitative analysis of the interaction of nogalamycin with HexA and HexB fragments (with the
standard errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).
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It is interesting that TGCCGGCT (site 3; only clear on HexBrev) is a weak binding site,
while GGGCCC (site 2; only clear on HexBrev) is very poor (possibly explaining why it is
not protected on HexBfor). These two sites suggest both C,.G, and G,.C, (respectively)

create poor actinomycin D binding sites.
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HexAfor HexArev?2 HexBfor HexBrev
{or (=
< <
(DSL%QELO«)\— QDLC))L%CLQJSM\—

1]
3%
4%
F |
: o3 |
*
*
4 %
57 =
: S
4*|;'-* s |
: » ii I_ ke -
6* ~ == 3*Ii - .
= ‘-;' - - e
" - .::;- :"‘—--ﬂo-ﬁ
» Eanes r§§?--—- = o3
-‘-'C ‘ --‘-'.
- - . -
-‘:f‘ .ﬂ - . - * =“" -
3 z PR | i
7*| - ".; - -:--.
- - -
- - T - R a -
2z=82i o b

Figure 3.26: DNase I footprinting gels for the interaction of actinomycin D with HexAfor,
HexArev2, HexBfor and HexBrev fragments. The clearest footprints are indicated by the
filled boxes and are highlighted in the sequence shown in Figure 3.28. Sites are numbered

13733

as mentioned in the text and indicates GpC steps. GA is a marker lane specific for
purines. Con is a control lane. The ligand concentrations (uM) are shown at the top of each

gel lane.
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Actinomycin D: HexA for (top); HexArev2 (bottom)
5' - GGATCCCGGGATATCGA TATATGGUG CCARATTTAGCTATAGATCTAGAATT CCGGACCECGGETT TAAACGTTAACCGGTAC CTAGGCC TG CAGC TGCG CATGC TAGC GCTTAAGTACTAGTGCACGTGGCCATGGATCC -3

3'-CCTAGGGCCCTATAGCTATATACCGC GGTT TARATCGATATCTAGAT CTTAAGECCTGECGCCAAATTTGCAATTGGCCATGGATCCGCACGTCGACCGCGTACGATCG CGAATTCATGATC ACGTGCACCGGTACCTAGG-5"

Actinomycin D: HexBfor (top); HexBrev (bottom)
5'-GGATCCGGCCGAT CGUGAGCT CEGAGGGCCCTAAT TAGCCGECAATTE CAAGC TTATARCGCGCG
3 ' -CCTAGGCCGGCTAGCGC TCGAGCTCCUGGGATTAAT CEG CCGTTAARCGTTCGAATATTCG CGCGATGCATATG CGCATGC

Novel Universal Footprinting Substrates

GCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACG TCATGATCAATAT TCGAATTAATGCATGGATCC-3
GCGCATATATGTATACATG TACAGCTGCAGTACTAGT TATAAGCT TAATTACGT ACCTAGG-5 '

Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by actinomycin D.

Figure 3.27:
Actinomycin D
HexAfor Site 1 Site 2 Site 3 Sites 4 & 5 Site 6
GGCGCC TAGCTA CCGCGG TGCAGCT,TGCGCA,TGCT,AGCGCT GTGCAC
20+6 9+4 945 Sei2 5+£3
HexArev2 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
GTGCAC AGCGCT,AGCA TGCGCA,AGCTGCA CCGCGG TAGCTA GGCGCC
65 10+8 4+3 13£10 7+6 12+7
HexBfor Site 1 Sites 3 & 4 Site 5 Site 6 Site 7
TCGCGA,AGCT AGCCGGCA,TGCA,AGCT AGCGCGCT ACGCGT,CGCGCG ATGCAT
25+9 145 15+9 17+5 6+3
HexBrev Site 7 Site 6 Site 5 Site 4 Site 3 Site 2
ATGCAT CGCGCG,ACGCGT AGCGCGCT AAGCTT, TTGCAA TGCCGGCT  GGGCCC
1.5+0.4 5+1 35+1 2+0.5 2612 51+39

Table 3.8: Csp values (uM) derived from quantitative analysis of the interaction of actinomycin D with HexA and HexB fragments (with the

standard errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).
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Echinomycin [CpG]

Figure 3.28 shows the results of DNase I footprinting experiments with echinomycin on
HexAfor, HexArev2, HexBfor and HexBrev. In these gels, all CpG steps are marked with
“*”_The footprinting sites are indicated by the filled boxes and these are highlighted in the
sequences shown in Figure 3.29. The Cs¢ values for the interaction with all the sites on

these fragments are summarised in Table 3.9.

HexA: DNase I footprints can be seen at every CpG step on HexA in the presence of
echinomycin. ACGT is the best binding sequence, with AACGTT (site 5; only clear on
HexArev2) and CACGTG (site 9) the strongest sites, while WGCGCW is much weaker
(TGCGCA (site 7) and AGCGCT (site 8); both only clear on HexAfor, emphasising they
are weak sites). A weak footprint is also seen at the similar GGCGCC (site 3; only clear on
HexArev2). ATCGAT (site 2; only clear on HexArev2) is a poor binding site, suggesting
that TCGA is a weak binding sequence. CCCGGG (site 1; only clear on HexArev2) is a
relatively strong binding site, with weaker binding seen at WCCGGW (ACCGGT (site 6;
only clear on HexArev2) and TCCGGA (site 4; with CCGCGQG)). Interestingly, a weak
footprint is evident at CCATGG (site 10; only clear on HexAfor), even though this does
not contain a CpG step (binding is probably to CpA).

HexB: Echinomycin generates DNase I footprints at most CpG steps on this fragment
(TCGCGA and TTCGAA are the exceptions). TCGACGT (site 8) containing two CpG
steps is the best binding site, generating a footprint at lower concentrations than TACGTA
(site 5). The weaker site CTCGAG (site 2) is better than GCCGGC (site 3), while no
footprint is evident at TTCGAA (suggesting at least six base pairs affect echinomycin
binding, probably due to differences in the local DNA structure). Sites that contain two
directly adjacent CpG steps such as GCGCGC (site 4) and TCGCGA (to which the ligand
does not bind) produce weaker footprints than two nearby sites, such as CCGGCCGA (site
1; only clear on HexBfor) and TCGACGT (site 8). However, ACGCGCGT (site 6, with
ACGCGT) is a very strong binding site, indicating that three directly adjacent CpG steps
can produce a good footprint. It is interesting to note that sequences containing two or
more CpA steps (and no CpG) are also bound well, and two nearby CpA/TpG steps
(ACATATGT; site 7) are stronger than three contiguous CpA steps (CCATGCAT; site 9).
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Echinomycin
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Figure 3.28: DNase I footprinting gels for the interaction of echinomycin with HexAfor,
HexArev2, HexBfor and HexBrev fragments. The clearest footprints are indicated by the
filled boxes and are highlighted in the sequence shown in Figure 3.29. Sites are numbered
as mentioned in the text and “*” indicates CpG steps. GA is a marker lane specific for
purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each

gel lane.
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Echmomycm Hefoor (top)' [IexArevZ (bottom)

GGCECCAAATTTAGCTATAGATCTAGAATT CCGCACCGCEGETTTARACGTTAACCGGTAC CTAGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGLACGTGGE CCATGGATCC-3"
TATACCGCGGTT TARATCGATATCTAGAT CTTAAGGCC TGGCGL

CCAAATTTGCAATTEGU CATGGATC CGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5"

3'-CCTAGGGCCCTAT

Echinomycin: HexBfor (top); HexBrev (bonom)

5'-GGATCCGGCCGAT CGCGAGCTC ALTTAGCCGGCAATTGCAAGCTTAT AAGCGCGCTACGTATACGCGTACGCGCGTATATACATAT ’“TP- CATGT'C. GACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 '
3' - CCTAGGCCGGCTAGCGCTCGAGCTCC CGEGATTAATCGG CCGT TAACGTTCGAATATTCGCGCGATGCATATGCGCAT GCGC GCATATATGTATACATG TACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5 '

Figure 3.29: Sequences of the HexA (top) and HexB (above) fragments, indicating the footprints (in red) produced by echinomycin.

Echinomycin
HexAfor Sites 1,2 & 3 Site 4 Sites 5 & 6
Site 7 Site 8 Site 9 Site 10
CCCGGG,TCGA, TCCGGA, AACGTT,
TGCGCA AGCGCT CACGTG CCATGG
GCGC CCGCGG ACCGGT
28 £21 57 +47 1+04 35+29
12+4 8+4 1.5+0.8
HexArev2 Site 4
Site 9 Site 6 Site 5 Site 3 Site 2 Site 1
CCGCGQG,
CACGTG ACCGGT AACGTT GGCGCC ATCGAT CCCGGG
TCCGGA
0.7+0.1 9+3 1+0.2 27 +£26 116 1£0.3
8+3
HexBfor Site 6
Site 1 Site 2 Site 3 Site 4 Site 5 Site 7 Site 8 Site 9
ACGCGT,
CCGGCCGA CTCGAG GCCGGC GCGCGC TACGTA e ACATATGT TCGACGT ATGCATGG
3+] 5+2 TSRS 52 £50 1+0.5 3+15 0504 12+9
1+£0.8
HexBrev Site 6 E
Site 9 Site 8 Site 7 Site 5 Site 4 Site 3 Site 2
ACGCGCGT,
CCATGCAT ACGTCGA ACATATGT ACGCAT TACGTA GCGCGC GCCGGC CTCGAG
15+8 0.7 +£0.07 4+2 0.2 £0.05 13+6 5+3 6+t4
0.5+0.07

Table 3.9: Cso values (uM) derived from quantitative analysis of the interaction of echinomycin with HexA and HexB fragments (with the
standard errors shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3).
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Discussion

The universal footprinting substrates developed in this chapter should be useful for
studying novel ligands with unknown sequence selectivity, as these contain every
combination of di-, tri-, tetra- and symmetrical hexanucleotides. In this chapter, seven
well-characterised ligands have been footprinted against universal dinucleotide (DiN),
trinucleotide (TriN), tetranucleotide (MS1/MS2) and symmetrical hexanucleotide (HexA
and HexB) sequences (all of these, except MS1/MS2 have been developed during this
work). These studies were performed in order to demonstrate the use of these fragments
and to discover any novel insights into the interaction of these ligand with their preferred

sites, when flanked by different combinations of base pairs.

Distamycin

Distamycin, which was one of the first natural polyamide ligands to be discovered, has
long been known to bind to A/T-rich sequence and is selective for (A/T)4 sites (Pelton and
Wemmer, 1989; Van Dyke et al., 1982).

The results with DiN confirm that a four base pair A/T-tract (TTAT) is a better
binding site than shorter A/T-tracts. ApT steps (ATT) are also favoured over TpA steps
(TAA; supporting Abu-Daya et al., 1995), and the ligand binds to sites with two such steps
(e.g. TAT) less well than those with one (TAA and ATT).

DNase I footprinting experiments with TriN support these findings. It is interesting
to note that while two ApT or TpA steps are unfavourable, sites with one ApT step are
better than simple A, tracts (supporting Fagan and Wemmer, 1992). This is most likely due
to the way in which the curved structure of the ligand matches the helical shape of these
different sites.

The experiments with MS1/MS2 support these findings, with ApT steps preferred
over TpA and (A/T)s-tracts preferred over (A/T); and (A/T), sites. TTTT is one of the best
sites along with AATTA, suggesting that although ATT is better than AAA (results with
TriN) A,.T, is bound well if n is greater than 3.

The presence of GC base pairs between A/T-tracts will affect the local DNA
structure and the 2-amino group of guanine will also sterically inhibit binding (Patel,
1982). However, some GC base pairs have been tolerated in long A/T-tracts on MS1/MS2,
probably by the ligand traversing the GC base pair (as observed by Kopka ef al., 1985),
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although this has weakened binding affinity.

The novel symmetrical hexanucleotide fragments (HexA and HexB) have enabled
further exploration of the preferred binding sites for distamycin. (A/T)e-tracts are generally
favoured over (A/T)s (Abu-Daya and Fox, 1997). AAATTT is the best binding site on this
fragment, consistent with the suggestion that A, T}, is a strong target (Coll et al., 1987). The
hydroxyl radical footprints suggest that distamycin does not cover the entire sequence and
it appears to be located in the central portion, around the ApT step (Fagan and Wemmer,
1992), as opposed to the A,.T, tracts at either end. The preference of distamycin for
binding to long A/T-tracts (longer than the ligand itself) is most likely due to the local
DNA structure.

It is interesting to note that alternating (AT), base pairs are a better binding site
than TTAA (though this can be bound if it is close to other A/T-tracts). TATA appear to be
a better binding site than TTAA, even though it possesses two TpA steps (supporting work
by Abu-Daya et al., 1995). The inclusion of an ApT step seems to reduce the unfavourable
DNA structure that is generated by the TpA step.

Hoechst 33258

Hoechst 33258 is a synthetic minor groove binding ligand, which has long been known to
be selective for (A/T)4 (Martin and Holmes, 1983; Harshman and Dervan, 1985).

DNase I footprinting experiments on DiN showed binding only at ATT, and that
TpA steps inhibit ligand binding. In this sequence an (A/T),-tract containing a single TpA
step is not protected, indicating that Hoechst 33258 has a more exact sequence binding
requirement than distamycin. This has previously been suggested by Breusegem et al.
(2002) and is most likely due to the more rigid structure of Hoechst 33258.

The results with TriN again demonstrated that the ligand does not bind well to sites
that contain TpA steps even if a ApT step is present (ATA), and Abu-Daya et al. (1995)
have previously shown that there is a 50-fold difference in binding between AATT and
TATA. ATT is the preferred site on this fragment, with AAA weaker. It therefore appears
that, unlike distamycin, Hoechst 33258 binds to ApT better than ApA, though this is much
better than TpA.

The footprinting studies on MS1/MS2 support these results. It is interesting to note
that (AT)s-tracts are generally preferred over (A/T)s-tracts (Abu-Daya and Fox, 1997),
though TTAA is the worst binding site (Abu-Daya et al., 1995; Breusegem et al., 2002).
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This supports the suggestion that the lack of ApT steps weakens Hoechst 33258 binding
(Rosu et al., 2002).

As observed with distamycin, lengthening the nucleotide step on the DNA target to
include every symmetrical hexanucleotide (HexA and HexB) has shown Hoechst 33258
binds to six base pair A/T-tracts better than four base pair tracts (supporting Abu-Daya and
Fox (1997)). TpA steps generally reduce the affinity for A/T-tracts, but these steps are
tolerated better in longer A/T-tracts. Taking into account that only two hydrogen bonds are
possible with Hoechst 33258 (Harshman and Dervan, 1985) and that hydroxyl radical
footprinting shows sites shorter than the A/T-tracts to be bound, these TpA steps are
probably not involved directly in binding on the longer sequences (seen by Bostock-Smith
et al. (2001)). The weaker binding to sites with nearby TpA steps is most likely due to the
effect of this dinucleotide on the local DNA structure (Abu-Daya et al., 1995). Unlike
distamycin, Hoechst 33258 does not bind to sites in which GC base pairs interrupt the A/T-
tracts, as suggested by Bailly ez al. (1993).

Mithramycin

The aureolic acid anti-tumour antibiotic mithramycin preferentially binds in the DNA
minor groove to (G/C)4 sequences (Sastry and Patel, 1993; Carpenter ef al., 1993).

The results with DiN confirm the G/C-selectivity. However, the observation that
ACCGCT is favoured over TCCGCT indicates that an ApC step at the 5’-end of the target
site is preferred over TpC. This is possibly because the purine/pyrimidine step distorts the
local DNA structure by widening the minor groove, so allowing the mithramycin
saccharide units to bind more tightly (as suggested by Cons and Fox (1989) and Sastry et
al. (1995)).

DNase I footprinting experiments with TriN indicate that mithramycin binds better
to longer G/C-tracts, with CGCCC and CCG favoured over GC, as suggested by Carpenter
et al. (1993). GTCC is a weak binding site and interruption by the thymine base clearly
disrupts mithramycin binding.

Footprinting studies with MS1/MS2 support these findings, confirming that longer
G/C-tracts generally create stronger binding sites. All the (G/C)s-tracts bind the ligand with
similar affinities. The only exception is CCGG, which is a weak binding site, suggesting
that CpG steps reduce the binding affinity, consistent with the results of Carpenter et al.
(1993).
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Mithramycin also generally does not bind to CCGG on HexA and HexB. The results with
these fragments suggest that the ligand binds better when there are more GpC steps than
CpG (Carpenter et al., 1993; Sastry and Patel, 1993). Alternating G/C residues are also
preferred over G,C, (even though they contain CpG steps). Unlike most other ligands
studied in this chapter, mithramycin does not bind better to longer G/C-tracts and (G/C)s
sites have comparable affinities to (G/C)s. However, it is thought that the ligand prefers a
distorted DNA structure around its (G/C), binding site, allowing the saccharide groups to
bind well in the groove (Sastry and Patel, 1993).

The structure of DNA near the primary binding site is clearly very important, and
adjacent TpA steps appear to enhance binding, maybe by creating a “kink” in the DNA and
widening the minor groove, thereby allowing better interaction with the saccharide groups
(Sastry et al., 1995). CCGG is only bound when it is adjacent to a TpA step, as too are
shorter (G/C), regions. Placing a TpA step on both sides of a G/C-tract increases binding
strength even more, though TpA steps that are not contiguous with the G/C-tract do not
enhance the binding affinity.

Nogalamycin

Nogalamycin is a threading intercalating agent that targets [YR], sequences (Fox and
Waring, 1986; Searle et al., 1988; Gao et al., 1990; Robinson et al., 1990; Zhang and Patel,
1990). No specific footprints were observed on DiN, though the enhanced cleavage seen at
CCG suggests that this is a site to which the ligand binds less well, even though it has
previously been shown to bind to CpG (Gao et al., 1990; Robinson et al., 1990; Fox and
Alam, 1992) and another CCG site present on the fragment is bound well. Fox and Alam
(1992) suggest runs of pyrimidine or purine base pairs are weaker binding sites. We
therefore suggest that the longer sequence context (TTCCG) at the enhanced CCG site is
responsible for preventing binding.

Mainly non-specific binding is observed with TriN. However, the observation that
a GAAAG sequence shows enhanced DNase [ cleavage at high concentrations supports the
suggestion that contiguous adjacent purines inhibit nogalamycin binding.

The footprinting experiments with MS1 and MS2 show some selective binding to
regions of alternating purine and pyrimidine bases which contain a mixed base
composition, as suggested by Fox and Waring (1986).

HexA and HexB give further insight into nogalamycin’s selectivity and it is
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apparent that the best binding sites contain [RY],, although the only [RY]4 site bound on
HexA and HexB at low nogalamycin concentrations is AGTACT, confirming the
suggestion that regions of mixed base composition are preferred. Long [GC], tracts are
poor binding sites since nogalamycin requires DNA breathing before it can bind, and GpC
is the hardest dinucleotide to unstack (Ornstein et al., 1978). Surrounding G/C-tracts will
stabilise the DNA duplex and will also hinder the interaction with regions that otherwise

might have been good sites.

Actinomycin D

Actinomycin D binds to DNA by intercalating its phenoxazone chromophore between a
GpC step (Kamitori and Takusagawa, 1994; Chen et al., 2003a). The initial DNase I
footprinting on DiN confirmed the interaction with GpC steps, with alternating R/Y steps
preferred around the GpC binding site (Scamrov and Beabealashvilli, 1983).

The results with TriN showed that contiguous C or G around the GpC step produce
weaker binding sites (CGCC compared to AGCA). The observation that GTCC is also
bound (though weakly) is interesting. A similar result was obtained by Wadkins et al.
(2000) and Chen et al. (2004) examining the binding of actinomycin to a single-stranded
DNA sequence. It is possible that the central AT base pair in the GTC site is looped out,
allowing binding to the remaining GpC. Conversely, it is also possible that the central T is
merely tolerated by the ligand, which is binding to the guanine alone, though the presence
of two 2-amino groups is thought to be mandatory for the interaction of actinomycin with
double stranded DNA (Jennewein and Waring, 1997). Interestingly, the GTC sequence in
MS1/MS?2 is not bound by actinomycin, but some footprints with MS1/MS2 do not contain
GpC steps, and the ligand appears to be binding (albeit weakly) to GpT/CpA and ApT
sites. This suggests that the gross structure of the target site may be more important than
hydrogen bond formation at these alternative motifs (Chen et al., 2004).

The results with MS1/MS2 confirm that placing RpY steps adjacent to GpC
produces better binding sites (TGCA is a better site than AGCA) and long purine or
pyrimidine tracts reduce the binding. Two contiguous GpC steps are weak binding sites,
either due to competition (exclusion) between adjacent actinomycin molecules (Scott et al.,
1988) or because the structure of a G/C-tract is not optimal for binding (Orstein et al.,
1978).

The footprinting experiments on HexA and HexB confirm that TGCA is a good
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binding site, and that this is much better than AGCT. CCGCGG 1is a poor binding site,
supporting the suggestion that G/C-tracts create a rigid structure that is not optimal for
strong ligand binding, and two adjacent GpC binding sites again inhibit binding, although
nearby but non-adjacent GpC sites show good binding (Scott ef al., 1988). The observation
that GGCC and CCGG (adjacent to a GpC step) create poor actinomycin D binding
reinforces the evidence that G/C-tracts generally inhibit binding (Scamrov and
Beabealashvilli, 1983). It is interesting to note, however, that three contiguous GpC steps
show good binding. This is most likely because exclusion is not a factor in this case (two
of the three possible intercalation sites are available for binding) and so cooperative

binding may be occurring to overcome any DNA structural limitations.

Echinomycin

The bis-intercalator echinomycin is known to bind selectively to CpG steps (Wakelin and
Waring, 1976; Van Dyke and Dervan, 1984; Ughetto e al., 1985; Low et al, 1984b). The
results with DiN confirm that binding is to CpG, though a CpA/TpG step is also bound
(albeit weakly). This suggests that the presence of a CpG step may not be an absolute
requirement for binding and that other DNA structural features may generate potential
binding sites. (Waterloh and Fox, 1991b). It is interesting to note that TCCGCT is a better
binding site than ACCGCT, indicating that echinomycin binding is sensitive to the
sequence and/or structure over at least six base pairs.

DNase I footprinting experiments with TriN show that although every CpG is
targeted, CTAG is also weakly bound. The interaction with some CpA and TpA steps is
most likely due to recognition of a feature of DNA structure, rather than base specific
binding, in the same way that TANDEM recognises TpA steps (Bailly and Waring, 1998).
This is consistent with the observation that TpD is a better binding site that CpG (D =
diaminopurine) (Tseng ef al. (2005) even though they present similar groups in the DNA
minor groove.

The footprinting studies on MS1/MS2 again show that although all the CpG sites
generate footprints, there is some weaker binding to CpA/TpG. It is clear that multiple
nearby CpG steps enhance binding (this cooperative binding was also seen by Gilbert and
Feigon (1992) and Balilly et al. (1996)), but directly adjacent CpG steps produce poor
binding sites (Wakelin and Waring, 1976). As suggested for actinomycin D, G/C-tracts

may generally be too rigid for strong binding. Alternatively two molecules of echinomycin

116



Novel Universal Footprinting Substrates

cannot bind side-by-side for steric reasons, as expected from the size of the echinomycin
binding site (four base pairs).

The results with HexA and HexB show that ACGT is the best binding site and that
TCGA is much weaker. This may be related to the observation that triostin A causes
adenine bases around the CpG core to adopt a syn conformation, so generating Hoogsteen
AT base pairs (Wang et al., 1984). Gao and Patel (1988) showed that ACGT involves
Hoogsteen base pairing whilst TCGA uses Watson-Crick pairing, and that ACGT
generates the best binding sites. However, Sayers and Waring (1993) suggested that this
difference in base conformation has a negligible effect on binding strength. It is interesting
to note that ATCGAT is a stronger site than TTCGAA, suggesting that the flanking bases
are also important in ligand binding, although it is unclear whether TACGTA binds
differently to AACGTT.

Two contiguous CpG steps are again seen to weaken binding on the HexA and
HexB fragments, but sequences containing three contiguous CpG steps show good binding.
This is probably because the outermost CpG sites in CGCGCG are bound by two
echinomycin molecules, which do not interfere with each other, in contrast to the two sites

in CGCG (Gilbert and Feigon, 1992).

General Conclusions

Universal oligonucleotide seqﬁences are a valuable tool for footprinting studies to establish
the approximate binding selectivity and affinity of novel DNA binding ligands. The
development of novel minimal length universal dinucleotide, trinucleotide and symmetrical
hexanucleotide sequences has enabled binding studies on ligands containing various size
binding sites and sequence selectivities.

The ligands tested in this chapter have already been widely studied on other natural
and synthetic footprinting substrates and these studies support or expand on the selectivity

described in the literature.

The fragments presented in this chapter generate good DNase I and hydroxyl radical
cleavage patterns, with few regions of poor cleavage. Now that both HexArev and
HexBrev have been cloned and sequenced correctly (see Appendix), a useful catalogue of
DNA substrates is available for future use to test novel ligands with completely unknown

sequence specificity
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A complete universal hexanucleotide footprinting sequence is unlikely to be prepared due
to the large number of steps (2080) making it difficult to design, and the fragment length
would be much too long for conventional footprinting studies. However, with algorithms
for the design of this fragment now discovered (Anderson et al., 2006), the main factor
inhibiting the use of such a long sequence is in the gel electrophoresis and footprinting
reactions themselves. Single hit kinetics would also be very difficult to achieve, on average
requiring only one cut per 2000 base pairs. Cutting such a designed fragment into several
smaller sections might be one approach, but would be very time-consuming and labour-
intensive, as many multiple footprinting reactions would need to be carried out in parallel.
Another technique therefore needs to be developed. Fluorescence footprinting might be
one such technique, where DNA is fluorescently labelled instead of radiolabelled. Running
such a long fragment on a conventional capillary sequencing machine would allow
fluorescence detection of the footprinting sites. The position of a footprint could easily be
located by observing how far the DNA had flowed through the capillaries and binding
affinity could be approximated by using an appropriate range of ligand concentrations. The
main drawback from this method is that with radiolabelled DNA, only attomolar quantities
of radiation are present in each band on a gel. Fluorophores are currently not able to be
visualised at this kind of concentration, so the DNA would have to be concentrated
substantially before running, so making calculations of binding affinity very difficult.

A more immediate use for these novel fragments footprinting substrates would be
to investigate the wide range of so-called well-classified ligands to establish further details

of their selectivity and to elaborate on any secondary binding sites.
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Chapter IV
Novel Analogues of the Bis-Intercalator TANDEM
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Introduction

Echinomycin (1) and triostin A (2) are members of the quinoxaline family of antitumour
antibiotics that bind to DNA by bis-intercalation (Waring and Wakelin, 1974), inserting
their chromophores on either side of CpG (Low et al., 1984b). Sequence selectivity is
achieved by the formation of hydrogen bonds between the carbonyl groups of the alanines
and the 2-amino groups of guanines. It has also been demonstrated that the bases on either
side of the CpG affect the binding, such that echinomycin prefers to bind ACGT (Van
Dyke and Dervan, 1984). Triostin A N-Demethylated (TANDEM; 3) is a synthetic
analogue of triostin A that lacks the N-methyl groups, which are present on four of the
peptide bonds in the parent compound. This small alteration results in a dramatic change in
sequence selectivity and TANDEM binds selectively to TpA steps, particularly ATAT
(Lavesa et al., 1993; Lavesa and Fox, 2001). This occurs because the alanine carbonyl
groups form internal hydrogen bonds to the previously methylated amide groups, so

removing the ability to bind to CpG.

Ao 300
QQA T j CUjiJi E

MeMeO/\ /\

1. Echinomycin 2. Triostin A; R =Me
3. TANDEM; R=H

TANDEM has previously been synthesised using relatively demanding solution-phase
chemistry. However, solid-phase synthesis of TANDEM has recently been developed
(Malkinson et al., 2005), allowing the synthesis of a series of analogues with modified
chromophores and amino-acid backbones. This chapter examines the sequence selectivity
of these novel TANDEM analogues, as well as confirming the properties of the TANDEM
that has been prepared by this new method. In the results described below, TANDEM

refers to the newly synthesised compound.
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TANDEM Analogues

The structures of the TANDEM analogues used in this work are shown in Figure 4.1.

Disulphide bridge modification
Bis-acm TANDEM
The synthetic precursor to TANDEM has a broken disulphide bridge, in which the two

sulphurs are protected by acetamide groups.

Modification of intercalating groups
Hemi-naphthyl TANDEM
TANDEM has two quinoxaline ring systems for bis-intercalating into DNA. One of these

rings has been substituted for naphthalene to form hemi-naphthyl TANDEM.

Naphthyl TANDEM
Both quinoxaline ring systems of TANDEM have been substituted for naphthalenes to
form naphthyl TANDEM.

Mono-quinoxaline TANDEM
In this derivative, one of the quinoxaline intercalating groups has been removed and

replaced with an acetyl group.

Bis-acetate TANDEM
In this derivative both the quinoxaline rings of TANDEM have been replaced with acetate.

Octadepsipeptide ring Val* and Val® modification
Biotinylated [Lys*,Lys*| TANDEM

This ligand was made with the intention of using it in nanotechnology to create
nanostructures from DNA complexes. The ligand would be targeted to a synthetic piece of
DNA, where the biotin molecules extending from the TANDEM octadepsipeptide ring
could then be bound by streptavidin or avidin, allowing for more similar nanostructures to
adhere, so building up a structure in whatever shape desired. One such nanostructure that
could be bound by the biotinylated [Lys®,Lys*] TANDEM-DNA complex is a gold-DNA

nanowire discussed in Ongaro et al. (2004), acting in this case as a scaffolding.
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In this derivative, biotin molecules are attached to lysine residues that have been placed at

positions 4 and 8 in the octadepsipeptide ring.

Benzylated [Lys‘,Lys’| TANDEM
The synthetic precursor to biotinylated [Lys*,Lys®]TANDEM contains benzyl groups on

the ends of the side chains of the lysines at positions 4 and 8.

[Lys*,Lys’] TANDEM
This synthetic precursor to benzylated [Lys4,Lysg]TANDEM, is similar to TANDEM, but
with Val* and Val® substituted by lysine residues.
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Figure 4.1: Molecular structures of TANDEM,; Bis-acm TANDEM; Hemi-naphthyl
TANDEM; Naphthyl TANDEM; Mono-quinoxaline TANDEM; Bis-acetate TANDEM,;
Biotinylated [Lys* Lys* TANDEM; Benzylated [Lys* Lys’ ] TANDEM; and
[Lys* Lys®] TANDEM.
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Results

The observed footprints presented in this chapter often encompass two or more possible
binding sites. In such cases, the analysis is focussed on the primary binding site and the

other potential sites are indicated in parentheses.

TANDEM

Before examining the properties of the novel TANDEM derivatives, the sequence
selectivity of the newly synthesised TANDEM was confirmed. The first footprinting
studies with this compound using the #»*T DNA fragment (Low ef al., 1984a) showed
binding to ATAT and ATAA. The results of DNase I footprinting experiments with the
new TANDEM on this fragment (actually #yrT(43-59)) are shown in the first panel of
Figure 4.2. It can be seen that there is a single clear footprint at the ATAT site (the ATAA
site to which binding was observed in earlier work is not present in this shorter #»T
fragment). Weaker footprints are also observed at GTAA and TTAG. These results
confirm the previous observations and demonstrate that the newly synthesised TANDEM
binds to TpA. Similar experiments with fragment pAADI are shown in the central panel of
Figure 4.2. This fragment contains several different (A/T)4 sites and is similar to the
fragments used by Lavesa ef al. (1993). It can be seen that TANDEM produces a clear
footprint at ATAT, with a weaker site at TATA. There is no interaction with the other
(A/T)4 sites, including TTAA. This is again consistent with the previous observations.
SASKI (designed for the studies with the Series B minor groove binding ligands in chapter
5) contains a single TpA step (CTAG) and DNase I footprinting experiments with this
fragment (third panel of Figure 4.2) show a single footprint at this site. The sequences of
these fragments can be found in the Materials and Methods chapter (chapter 2).

These results confirm that the newly synthesised TANDEM has the same properties
as the original material and binds to TpA, especially when this is flanked by A/T residues.
Cso values, derived from quantitative analysis of these footprints are shown in Table 4.1
and show that this ligand binds to the best of these sites with a Csp of about 10 uM,

consistent with previous observations.

MS1/MS2
Figure 4.3 shows the results of DNase I footprinting experiments with TANDEM and the
novel derivatives on the MS1 (left four panels) and MS2 (right four panels) DNA

fragments, with TpA steps marked “+”. These fragments, which contain the same sequence
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in opposite orientations, contain every possible tetranucleotide. The location of the
observed footprints is highlighted in Figure 4.4 and the Cso values derived for these sites

are summarised in Table 4.2.
tyrT(43-59)

Con

LOowo
QO BLAN «—

Figure 4.2: DNase I footprinting gels for TANDEM on #yrT(43-59), pAAD1 and SASKI.
GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations

(LM) are shown at the top of each gel lane.

TANDEM
r1(43-59) | ATAT  GTAA, TTAG
12£5 45+ 27
pAADI TTAA ATAT TAAT TATA
- 4+1 - 6+1
SASKI CTAG
1247

Table 4.1: Csp values (uM) for the interaction of: TANDEM with TpA containing binding
sites on #rT, pAADI1 and SASK1 fragments. The binding sites are presented left to right
in the order that they run from the top of each gel to the bottom (5°-3). Sites marked “-”
correspond to TpA sites that showed no cleavage protection with TANDEM at the

concentrations tested.
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The interaction of [N-MeCys®,N-MeCys']TANDEM with these sequences has previously
been reported (Lavesa and Fox, 2001) and the results with TANDEM confirm these
results. It can be seen that ATAT (site 1) and GTATAG (site 4, with CTAT and TTAG)
are the preferred binding sites for TANDEM, with Csy values of about 8-10 pM. All the
other TpA sites (except TTAA) show footprints, with weaker binding to ATAC (site 2),
CTAG and GTAG (site 3) and TTAT, GTAA and GTAC (site 5).

It can be seen that the Hemi-naphthyl TANDEM produces much weaker footprints
than TANDEM. Several of the weaker TANDEM footprints are no longer evident with this
derivative and DNase I cleavage is only attenuated by this ligand at the strongest
TANDEM binding sites (ATAT (site 1), CTAG and GTAG (site 2) and GTATAG (site 3)).
It seems that substitution of one quinoxaline ring by naphthalene has drastically reduced
the binding affinity and only the strongest sites are bound. Experiments with Naphthyl
TANDEM failed to affect the DNase I cleavage pattern, even at ligand concentrations as
high as 200 pM, with a weak attenuation evident at ATATGTATATA on MSI1 at a
concentration of 500 uM (not shown). The removal of both nitrogens in the quinoxaline
ring has most likely altered the charge distribution around the ring, thereby affecting its
ability to intercalate. Similar results to Hemi-naphthyl TANDEM can be seen with the
Biotinylated [Lys* Lys*] TANDEM. The footprints are much weaker than with TANDEM
and only the best TANDEM sites are occupied. ATAT (site 1) and TATA (site 3) are still
the preferred binding sites and the selectivity seems to be unaltered (CTAG and GTAG
(site 2) show a weaker footprint). Benzylated [Lys*,Lys*)TANDEM produced a very
similar effect to Naphthyl TANDEM (not shown); only very weak binding was evident at
ATATGTATATA with 500 uM ligand on MS1.

In contrast to the other derivatives, [Lys4,Lyss]TANDEM alters the DNase I
cleavage patterns at much lower concentrations than TANDEM. The footprints are located
in similar regions, but are evident at much lower concentrations. As observed with the
parent compound, ATAT (site 1) is the best binding site with good binding also observed
at TATA (site 2). It appears that [Lys’,Lys*]TANDEM binds more strongly than
TANDEM, but without sacrificing the selectivity for TpA (the same sites show footprints
on both ligands (not labelled for [Lys* Lys* ] TANDEM)).

Bis-acm TANDEM, Mono-quinoxaline TANDEM and Bis-acetate TANDEM did
not produce any changes in the DNase I cleavage patterns, even at concentrations as high
as 500 uM. These results demonstrate the importance of the chromophores and the intact

disulphide cross-bridge.
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Figure 4.3: DNase I footprinting gels for TANDEM, Hemi-naphthyl TANDEM, [Lys’,Lys*]TANDEM and Biotinylated [Lys*,Lys*]TANDEM

on the MS1/MS2 DNA fragments. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (uM) are shown at

the top of each gel lane. The footprints are indicated by the boxes and the sequence of the fragments is shown in Figure 4.4. Gels are numbered

as mentioned in the text and TpA steps are marked “+”.



6zl

Novel Analogues of The Bis-Intercalator TANDEM

TANDEM: MSI (top); MS2 (bottom)

5'-GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCARGGTTARGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTAAAGTACGTCCGGTGGGG TCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3 !
3 ' -CCTAGGTATACGCCGTTATGTGTACCGGCTAAAGGTTGACGTGATCAGCATCGCG CTAGTTCCAATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAARCAGTAGAGTCGGAGCTTACGCCTAGG-5"

Hemi-naphthyl TANDEM: MS1 (top); MS2 (bottom)

5' -GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGARGAGTTATGTARAGTACGTCCGGTGGGG TCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC -3 !
3' -CCTAGGTATACGCCGTTATGTGTACCGGCTAAAGGTTGACGTGATCAGCATCGCG CTAGTTCCAATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAARCAGTAGAGTCGGAGCTTACGCCTAGG-5"

[Lys'Lys'] TANDEM: MS1 (top); MS2 (bottom)

5 ' -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAAGGTTARGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTAAAGTACCTCCGGTCGGG TCTGTTT TGTCATCTCAGCCTCGAATGCGGATCC-3 !
3'-CCTAGGTATACGCCGTTATGTGTACCGGCTAAAGGTTGACGTGATCAGCATCGCG CTAGTTCCARTTCGAGGGCARGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAAACAGTAGAGTCGGAGCTTACGCCTAGG-5"

Biotinylated [Lys*,Lys"] TANDEM: MS1 (top); MS2 (bottom)

5' -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAAGGTTARGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTAAAGTACGTCCGGTGGGGTCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3 ¢
3'-CCTAGGTATACGCCGTTATGTGTACCGECTAAAGGTTCGACGTGATCAGCATCGCG CTAGTTCCAATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAAACAGTAGAGTCGGAGCTTACGCCTAGG-5"

TANDEM - MS2

TTAC,ATAA p CTAA,CTATAC,ATAG 4 CTAC,CTAG
*e Cso=33£ 19 uM Cso=82%4 uM Cso=1145uM

Figure 4.4: [Top] Sequences of
fragments MS1 and MS2 showing
the footprinting sites for TANDEM

and its derivatives in red. These were

derived from the gels shown in
Figure 4.3. [Left] Example of
footprinting plots for TANDEM
binding to MS2.

P GTAT
Cso=24£17 pM

Relative Intensity (Arbitrary Units)

Ligand Concentration (uM)
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TANDEM
MS1 Site 1 Site 3 Site 4 Site 5
ATAT CTAG, GTAG  CTAT, GTATAG, TTAG  TTAT, GTAA, GTAC
10+3 12+4 8+3 19+ 10
MS2
Site 5 Site 3 Site 2 Site 1
TTAC, ATAA CTAA, CTATAC, ATAG  CTAC, CTAG GTAT ATAT
33+19 11+5 24+ 17 6+2
Hemi-naphthyl TANDEM
MSI Site 1 Site 3
ATAT, ATAC CTAG, GTAG GTATAG
7+4 18+ 10
MS2
Site 3 Site 1
CTAA, CTATAC, ATAG CTAC, CTAG ATAT
8+2 14+ 8
[Lys*,Lys’ | TANDEM
MS1 Site 1 Site 2
ATAT CT(’?S;GOTZAG CzTiAlT GTATAG, TTAG ~ LTAT, GZTf‘IA” GTAC
0.04 +0.02 T 25+15
MS2 Site 1
TTAC, ATAA CTAC, CTAG GTAT ATAT
31 CTATAC, ATAG 0.540.1 1404 0.2.£0.04
Biotinylated [Lys*,Lys’) TANDEM
MS1 Site 1 Site 3
ATAT, ATAC CTAG, GTAG GTATAG
21+12 45+ 17
MS2
Site 3 Site 1
CTATAC CTAC, CTAG ATAT
156 + 47 154+ 117

Table 4.2: Csp values (uM) for the interaction of: TANDEM; Hemi-naphthyl TANDEM; [Lys’Lys’]TANDEM; and Biotinylated

[Lys®,Lys* TANDEM on MS1 and MS2 fragments. The binding sites are presented left to right in the order that they run from the top of each gel

to the bottom (5°-3”).
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HexA and HexB
Figure 4.5 shows the results of DNase I footprinting experiments with TANDEM and its

derivatives on HexAfor (left four panels) and HexArev2 (right four panels), with TpA
steps marked “+”. These fragments (together with HexBfor and HexBrev, which are shown
in Figure 4.7) contain every symmetrical hexanucleotide sequence. The binding sites for
these ligands are highlighted on the sequence of HexA in Figure 4.6 along with some
representative footprinting plots for [Lys*,Lys’) TANDEM. The Cso values for the
interaction of these ligands with all their binding sites on these fragments are summarised
in Table 4.3.

It can be seen that TANDEM has bound to every TpA step on these fragments,
except TTAA (in both TTTAAA and GTTAAC). The best binding site is at ATATAT (site
1), while CTAG (site 2) seems to be especially weak.

As with MS1/MS2, it can be seen that Hemi-naphthyl produces weaker footprints
than TANDEM, which appear at much higher ligand concentrations and generally only
result in attenuated DNase I cleavage. However, the selectivity seems to be unaffected and
ATATAT (site 1) is still the preferred binding site. A similar effect is seen with
Biotinylated [Lys*,Lys*] TANDEM, which also shows weak binding, with ATATAT as the
preferred site (site 1). Napthyl TANDEM only produced a weak attenuation of DNase I
cleavage around the sequence GATATCGATATAT at 500 uM ligand (not shown). No
binding was observed with Bis-acm TANDEM, Mono-quinoxaline TANDEM or Bis-
acetate TANDEM.

[Lys*, Lys*] TANDEM produced the same footprinting pattern as TANDEM, but
required much lower concentrations (often less than 1 pM). ATATAT (site 1) is still the
preferred binding site and no interaction is seen at TTAA, except at 10 uM for which there

appears to be non-specific binding.

Figure 4.7 shows the results of similar experiments with TANDEM and its derivatives on
HexBfor (left four panels) and HexBrev (right four panels), with TpA steps marked “+”.
The binding sites for these ligands are highlighted on the sequence of HexB in Figure 4.8
along with some representative footprinting plots for [Lys4,Lysg]TANDEM. The Csg
values for the interaction of these ligands with all their binding sites on these fragments are
summarised in Table 4.4.

It is seen that, as expected, TANDEM produces a footprint at most TpA steps. The
exceptions are TTAA and CGCGTACGCGCG, the latter having alternating G/C-tracts that
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HexAfor HexArev2
. 4 Biotinylated . 4 Biotinylated
TANDEM s TANDEM

-
- -
- -

Figure 4.5: DNase I footprinting gels for TANDEM, Hemi-naphthyl TANDEM, [Lys*,Lys®]TANDEM and Biotinylated [Lys* Lys*]TANDEM
with the HexAfor and HexArev2 DNA fragments. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations

(uM) are shown at the top of each gel lane. The footprints are highlighted by the filled boxes and TpA steps are marked “+”. Gels are numbered

as mentioned in the text.

el



eel

TANDEM: HexA for (top); HexArev2 (bottom)

Novel Analogues of The Bis-Intercalator TANDEM

5' -GGATCCCGGGATATCGATATATGCGCGCCAAATITAGCTATAGATC TAGAATT CCGGACCGCGGTTTARACG TTAACCGGTACCTAGGCCTGCAGCTGCGCATGC TAGCGCTTAAGTACTAGT GCACGTGGCCATGGATCC- 3!
3' -CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATAT CTAGATC TTAAGGC CTGGCGCCARATTTGCAATTGGCCATGGATCCGGACGTCGACGCGTACGAT CGCGAAT TCATGATCACGTGCACCGGTACCTAGG-5"

Hemi-naphthyl TANDEM: HexAfor (top); HexArev2 (bottom)

5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATC TAGAATT CCGGACCGCGGTTTAAACGTT AACCGGTACCTAGG CCTGCAGCTGCGCATGC TAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC- 3!
3' -CCTAGGGCCCTATAGCTATATACCGCGGT TTAAATCGATATCTAGATC TTAAGGCCTGGCGCCARATTTGCAATTGGCCATGGATCCGGACGTCGACGCGTACGAT CGCGAAT TCATGATCACGT GCACCGGTACCTAGG- 5!

[Lys',Lys"] TANDEM: HexAfor (top); HexArev2 (bottom)

5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATT CCGGACCGCGGT TTAAACGTTAACCGGTACCTAGGCCT GCAGCTGCGCATGC TAGCGCTTAAGTACTAGT GCACG TGGCCATGGATCC-3 !
3' -CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATATCTAGATCTTRAGG CCTGGCG CCARATT TGCAATTGG CCATGGATCCGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG -5

Biotinylated [Lys’,Lys'] TANDEM: HexA for (top); HexArev2 (bottom)

5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATT CCGGACCGCGGT TTAAACGTTAACCGGTACCTAGG CCTGCAGCTGCGCATGC TAGCGCTTARGTACTAGTGCACGTGGCCATGGATCC- 3!
3' -CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATATCTAGATC TTAAGGC CTGGCGCCARAATTTGCAATTGGC CATGGATCCGGACGTCGACGCGTACGAT CGCGAAT TCATGATCACGTGCACCGGTACCTAGG-5"

Relative Intensity (Arbitrary Units)

[Lys', Lys’] TANDEM - HexAfor

ATAT,ATATAT
Cs0=0.12+0.03 uM

TTAG,CTATAG,CTAG
Cs0=0.21+0.06 uyM

GTAC,CTAG
Cg=06+03 pM

CTAG
Csqu=15%13 )JM

GTACTAG
Cs=0.15+0.05 M

[ 5

Ligand Concentration (uM)

Figure 4.6: [Top] Sequences of fragments
HexAfor and HexArev2 showing the
footprinting sites for TANDEM and its
analogues (in red). These were derived
from the gels shown in Figure 4.5. [Left]
Example of footprinting plots for
[Lys4,Lysg]TANDEM binding to sites in
this fragment.
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TANDEM
HexAfor Sitel Site 2
ATAT. ATATAT TTAG, CT7AinG, CTAG GTAﬁ,iC6TAG ool GT;\E];AG
642 1549
HexArev2
CTAGTAC Site 2 CTAG, GTAC CTATAG Site 1 ATAT
1848 CTAG 1648 1348 ATATAT 1746
2+ 11 743
Hemi-naphthyl TANDEM
HexAfor AT ATSIETIAT AT TTAG, CTATAG, CTAG ~ GTAC, CTAG CTAG GTACTAG
o 1145 17+ 10 244 13 10+ 6
HexArev2
CTAGTAC CTAG CTAG, GTAC CTATAG Site 1
33425 26+ 1.8 5.543.8 4343 ATATAT
2413
[Lys*,Lys’| TANDEM
HexAfor Site 1
ATAT NTATAT TTAG, CTATAG, CTAG  GTAC, CTAG CTAG GTACTAG
; 0.2+ 0.06 0.620.3 15413 0.15 = 0.05
0.1+ 0.03
HexArev2
CTAG CTAG CTATAG Site 1
g_{‘;ﬂ%ﬁ 0402 0.5+02 0.5%0.2 ATATAT
0.12 % 0.02
Biotinylated [Lys® Lys] TANDEM
HexAfor A?X?DLT TTAG, CTATAG, CTAG  GTAC, CTAG GTACTAG
4348 118 + 33 75+ 24
3048
HexArev2
CTAG CTAG, GTAC CTATAG Site 1
CTAGTAC 7141 6130 43£22 ATATAT
42424 s

Table 4.3: Cso values (uM) for the interaction of TANDEM; Hemi-naphthyl TANDEM; [Lys*Lys*|TANDEM; and Biotinylated
[Lys4,Lysg]TANDEM on HexAfor and HexArev2 fragments. The binding sites are presented left to right in the order that they run from the top

of each gel to the bottom (5°-3”).
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will make the DNA too rigid for strong ligand binding. GTATATAC (site 1, with ATAT)
and AATATT (site 2) are the best binding sites. Examination of the Cso values for these
sequences and HexA suggests that YTAR sites are amongst the weakest sites. Once again
much higher concentrations of Hemi-naphthyl TANDEM are required to produce a
footprint, though in this case clear regions of protection can be seen at GTATATAC (site
3, with ATAT) and AATATT (site 4), with slightly weaker binding at TTATAA (site 2)
and CTAA and TTAG (site 1). It is clear that Hemi-naphthyl TANDEM has the same
sequence selectivity as the parent compound, though it binds less well.

As seen with the HexA substrates, Biotinylated [Lys*,Lys® ) TANDEM binds less
well than TANDEM, though again the binding sites are similar to those of Hemi-naphthyl
TANDEM. [Lys*,Lys®JTANDEM again binds better than TANDEM, producing footprints
at sub-micromolar concentration at similar sites. As with HexA, no binding was observed
with Bis-acm TANDEM, Mono-quinoxaline TANDEM, Benzylated [Lys*,Lys® ] TANDEM
and Bis-acetate TANDEM.

TANa/TANDb

These sequences correspond to the two labelled strands of a synthetic DNA fragment that
was designed to contain a single binding site for TANDEM (ATATAT). The results of
DNase I footprinting experiments with TANDEM and the best of its derivatives on this
fragrhent are shown in Figure 4.9, with TpA steps marked “+”. Note that, in contrast to all
the other footprinting substrates, this fragment was labelled at the 5’-end of each strand.
The footprinting site for these ligands is highlighted on the sequence of this fragment in
Figure 4.10, along with the footprinting plots. Their Cso values are summarised in Table
4.5.

It can be seen that all these ligands produce a single footprint at the ATATAT site,
which is evident on both strands, though with very different affinities. The Cso for
TANDEM is about 3-4 pM; Hemi-naphthyl TANDEM is about 10-12 pM, Biotinylated
[Lys*,Lys*] TANDEM is about 30 pM, while [Lys*Lys*]TANDEM is about 0.1 pM,
approximately 30-40 times stronger than the parent compound, TANDEM.

Addition of avidin to biotinylated [Lys*,Lys* TANDEM
A range of concentrations of avidin (25, 50 and 100 uM) was added to the DNA-bound
Biotinylated [Lys4,Lysg]TANDEM (200 and 100 pM) before DNase I cleavage to see if it

was possible to form a biotin-avidin complex and so increase the footprinting site size.
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HexBfor HexBrev
: 4 Biotinylated . a Biotinylated
TANDEM  Hemi-naphthyl  [Lys’,Lys’] Ly s“yLysf’] TANDEM Hemi-naphthyl [Lys®Lys®] [t)y 'Sr;lyljs?]
TANDEM TANDEM TANDEM TANDEM TANDEM TANDEM
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Figure 4.7: DNase I footprinting gels for TANDEM, Hemi-naphthyl TANDEM, [Lys*,Lys*] TANDEM and Biotinylated [Lys’,Lys*) TANDEM
on the HexBfor and HexBrev DNA fragments. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M)

are shown at the top of each gel lane. The footprints are marked with filled boxes and TpA steps are marked ‘“+”. Gels are numbered as

mentioned in the text.
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TANDEM: HexBfor (top); HexBrev (bottom)

5! - GGAT CCGGCCGATCGCGAGCT CGAGGGCCC TAAT TAGCC GGCAATTGCARGC TTAT AAGCGCECTACGTATACGCGTACGCG CGTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 !

TAL

3'-CCTAGGCCGGCTAGCGC TCGAGCTCCUEEEATTAATCGGCCGTTARCGTTCGAATATTCG CECCATGCATATGCGCATGCGCGCAT ATATE TATACATGTACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5 !

Hemi-naphthyl TANDEM: HexBfor (top): HexBrev (bottom)

5' - GGAT CCGG CCGAT CGCGAGCT CGAGGGCCC TAAT TAGCC GECAATTG CARGC TTAT ARGCGCGCTACGTATAC GCGTACGCG U3

TATARCATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 !

3' -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGT TAACGTTCGAATATTCG CECCATGUATATGCGCATGCGCGCAT ATATG TATACATG TACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5!

{Lys'Lys’) TANDEM: HexBfor (top); HexBrev (bottom)

5' - GGAT CCGG CCGAT CGCGAGCT CGRGGGLCH
3'-CCTAGGCCGGCTAGCGCTCGAGCTCCCE

AT

A

\TCGECCGT TARCGTTCGA

'AGCCGGCAATTGCAAGCTT.

TATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAATGCATGGATCC-3 "
"ATGTATACATGTACAGCTGCAGTACTAGT TATARCGCT TAATTACGTACCTAGG-5 '

AAGCGCGCTACGTATACGCGTACGCGCGTA
5 "ATGCGCATGCGCGL

Biotinylated {Lys",Lys’] TANDEM: HexBfor (top); HexBrev (bottom)

5 ' ~GGAT CCGGCCGATCGCGAGCT CGAGGGLCC TAAT TAGCCGECAATTGCARGCTTATAAGC GUGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 !
3'-CCTAGGCCGGCTAGCGC TCGAGCTCCCGGGATTARATCGGCCGT TAACGTTCEAATATTCGCGCGATEGCATATGCGCATGCCC GUATATATGTATACATG TACAGCTGCAGTACTAGT TRATAAGCT TAATTACGTACCTAGG-5!

Biotinylated [Lys’, Lys'] TANDEM - HexBfor

Relative Intensity (Arbitrary Units)

| Croz 28217 4 : oo 126 2 80 M
Figure 4.8: [Top] Sequences of fragments
« HexBfor and HexBrev showing footprinting sites
2 . ‘ i for TANDEM and its analogues (shown in red).
n ) m v - : ) ) These were derived from the gels shown in
. T LR ; b e i Figure 4.7. [Left] Examples of footprinting plots
for the interaction of  biotinylated
[Lys* Lys’)TANDEM with sites on this

: I fragment.

Ligand Concentration (uM)
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TANDEM
HexBfor Site 1 Site 2
CTA{?’ iT7T AG T{fl‘zA CTACI’ GGinTAC GTATATAC, ATAT ATAT
4+15 44+1
HexBrev
Site 2 Site 1 GTATAC, GTAG TTATAA CTAA, TTAG
ATAT GTAC, ATAT, GTATATAC g i,3 743 8+ 4
42+1 3.8x1.5
Hemi-naphthyl TANDEM
HexBfor Site 1 Site 2 Site 3 Site 4
CTAA, TTAG TTATAA GTATATAC, ATAT ATAT
11+£3 6+35 542 44+14
HexBrev
Site 4 Site 3 Site 2 Site 1
ATAT GTAC, ATAT, GTATATAC GTATg(i’ 9G TAG TTATAA TTAG
11+6 107 107 1612
[Lys*,Lys’| TANDEM
HexBfor
CTAA, TTAG TTATAA CTAC GTATAC GTATATAC, ATAT, GTAC ATAT
1+£0.5 1+0.4 1.4+£0.6 0.3+£0.06 0.06 £0.05 0.5+0.2
HexBrev
ATAT GTAC, ATAT, GTATATAC GTATAC, GTAG TTATAA CTAA, TTAG
04+£0.1 0.1£0.01 0.2+0.05 0.3+0.06 04+02
Biotinylated [Lys®, Lys] TANDEM
HexBfor
CTAA, TTAG CTAC, GTATAC GTATATAC, ATAT, GTAC ATAT
3x1.7 126 + 80 19+ 6 76 £ 36
HexBrev
ATAT GTAC, ATAT, GTATATAC GTATAC, GTAG TTATAA TTAG
14+4 27+ 6 516 52%15 60+ 37

8¢1

Table 4.4: Csp values (uM) for the interaction ofi TANDEM; Hemi-naphthyl TANDEM; [Lys*Lys*]TANDEM; and Biotinylated
[Lys4,Lysg]TANDEM on HexBfor and HexBrev fragments. The binding sites are presented left to right in the order that they run from the top of
each gel to the bottom (5°-3°).
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This was attempted with the two HexB fragments. The success of this interaction is
important for the use of the biotinylated TANDEM in nanotechnology. In these
experiments the products of the footprinting reaction were extracted with phenol and
precipitated before loading onto the gel so as to remove the protein. These experiments
(not shown) were unsuccessful; the protein showed a total inhibition of DNase I cleavage
at all the concentrations tested, even with a large excess of Biotinylated

[Lys*,Lys*] TANDEM.

TANDEM
TANa ATATAT
3.4+0.7
TANb ATATAT
42+1.4
Hemi-naphthyl TANDEM
TANa ATATAT
11+8
TANb ATATAT
| 1247
[Lys*,Lys’ ] TANDEM
TANa ATATAT
0.1+0.01
TANbD ATATAT
0.07 + 0.01
Biotinylated [Lys*,Lys’| TANDEM
TANa ATATAT
35+ 10
TANb ATATAT
29+ 8

Table 4.5: Cso values (pM) for the interaction of: TANDEM; Hemi-naphthyl TANDEM,;
[Lys4,Lysg]TANDEM; and Biotinylated [Lys4,Lysg]TANDEM on TANa and TAND

fragments.
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Figure 4.9: DNase I footprinting gels for TANDEM, hemi-naphthyl TANDEM, [Lys®,Lys*] TANDEM and biotinylated [Lys* Lys}]TANDEM on
the synthetic DNA fragment TANa/TANDb. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (uM) are
shown at the top of each gel lane. The footprints are indicated by the filled boxes and TpA steps are marked “+”. The DNA was labelled at the

5’-end of either strand.
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TANDEM; Hemi-naphthyl TANDEM,; [Lys',Lys’] TANDEM; Biotinylated [Lys’,Lys‘] TANDEM: TANa (top); TANb (bottom)

Relative Intensity (Arbitrary Units)

Novel Analogues of The Bis-Intercalator TANDEM

5! -CCACGTCGCTGACCACCTGCGCAGGTCCATATATGECCAACTCGGTGCATCGCTCACTGGACACATCAGTCCATGAATGACTCGATGACTCAATGACTCG-3!
3' -GACGGACGTAGCGAGTTACGGGTGCAGCGACTGGTGGACGCGTCCAGGTATATACCGGTTGAGCCACGTAGCGAGTGACCTGTGTAGTCAGGTACTTACT-5"

TANa

TANDEM
ATATATG
Cs0=3.410.7 uyM

Hemi-naphthyl TANDEM
ATATATG
Cso =11+%8 UM

o

50

50 100 150 200

Py
L 4

[Lys*, Lys*) TANDEM
ATATATG
Cs0=0.1 £0.01 uM

Biotinylated [Lys’, Lys’JTANDEM
ATATATG
Cso =35+ 10 yM

10

0

Ligand Concentration (M)

Figure 4.10: [Top] Sequence of the TANa/TANb
DNA fragment showing the footprinting site for
TANDEM and its analogues. [Left] Footprinting
plots for the interaction of TANDEM, hemi-naphthyl
TANDEM, [Lys’Lys*lTANDEM and biotinylated
[Lys4,Lys8]TANDEM with this site in TANa.
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Antibacterial activity

Although the naturally occurring compounds echinomycin and triostin A are potent
antibiotics, TANDEM has no antibacterial activity. It is not clear whether this is because it
binds less well or because it is more rapidly degraded by peptidases as it lack the N-methyl
groups. Since [Lys*,Lys*]TANDEM binds 30-40 times stronger than TANDEM, we tested
whether this compound has any antibiotic activity against Staphylococcus aureus.
However, in simple dilution experiments neither this compound nor TANDEM had any
effect on the growth of S. aureus at concentrations up to 25 uM. In contrast, echinomycin

displayed a minimum inhibitory concentration of 24 nM.

Discussion

TANDEM

The results presented in this chapter confirm that, as expected, the TANDEM that has been
prepared by solid-phase synthesis has the same properties as that prepared by solution-
phase method. The ligand binds to TpA steps (Lee and Waring, 1978; Low et al., 1984b;
Waterloh et al., 1992; Addess et al., 1992), especially when these are flanked by A and T
residues. It is not possible to directly compare the Csy values obtained in this work with
previous work as most of the published quantitative studies have used [N-MeCys’,N-

MeCys’']TANDEM, which binds more tightly than TANDEM.

The Csy values derived from the interaction of TANDEM with a range of DNA fragments
confirm that TANDEM binds best to ATAT ((Lavesa et al., 1993; Lavesa and Fox, 2001);
this site is slightly better than TATA and significantly stronger than CTAG. No protection
is evident at TTAA regardless of the next adjacent bases, as previously observed (Lavesa
et al., 1993 and Fletcher et al., 1995). This is thought to be due to the unusual structure of
this sequence, which is also a poor binding site for minor groove binding ligands such as
distamycin. Other sites that bind TANDEM less well include GTAT, TTAT (previously
shown by Fletcher et al., 1995 to be a poor binding site) and ATAC, while alternating G/C-
tracts prevent strong binding by creating unsuitable DNA rigidity (Orstein et al., 1978). In
general, the sequence YTAR is a poor binding site. The strong binding to AATATT (in
HexB substrates) indicates that the inhibitory effect of YY/RR steps does not extend to the
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next flanking bases. The observation that ATATAT is preferred over other NATATN sites
(also seen by Fletcher et al., 1995) on HexA and HexB indicates either cooperative binding
of TANDEM to adjacent sites (which seem unlikely as the TpA steps are too close together
to permit the simultaneous bonding of two TANDEM molecules) or that the structure of
long (AT), tracts is better able to support the binding of this ligand, as suggested by
Waterloh er al. (1992). This ATATAT site is bound on the TANa/TANDb substrate
producing a Cs value of between 3-4 pM.

The studies with the other derivatives provide information on important features of the

bifunctional intercalators.

Role of the disulphide bridge

The disulphide bridge is broken in Bis-acm TANDEM, though the rest of the molecule is
the same as TANDEM. This derivative failed to produce any footprints, confirming that
the cross-bridge is an essential part of the structure. This has previously been suggested
with the compounds [Ala’ Ala’]TANDEM (Fox et al., 1980a) and a chemically broken
derivative of echinomycin (Lee and Waring, 1978). Removing the disulphide bridge will
make the compound less rigid; the chromophores may not be oriented in the correct
position for intercalation and the functional groups on the peptide backbone will not be

correctly positioned.

Modification of the intercalating groups

Hemi-naphthyl TANDEM and Naphthyl TANDEM
Substituting one of the intercalating quinoxaline groups for a naphthalene ring severely
reduced the binding affinity, but had little effect on the sequence selectivity. The weaker
binding of this ligand means that only the strongest TANDEM binding sites (TATATA
and AATATT) showed cleavage protection. The results with TANa/TANb confirm that the
ligand still binds to the sequence ATATAT but shows a three-fold decrease in affinity.
Replacing both quinoxaline rings with naphthalene appears to abolish binding
altogether (up to 500 pM). This unexpected observation suggests that although the
sequence selectivity is primarily determined by the cyclic peptide, the chromophores are

more than inert wedges that intercalate between the bases. A role for the chromophores has
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been suggested in previous studies with the analogues 1QN and 2QN, in which one or both
of the quinoxaline chromophores of echinomycin were replaced with quinolines (Fox et
al., 1980b; Bailly et al., 1999). This modification had little effect on the overall selectivity,
but caused significant changes in relative affinities for different sequences. Removal of
both nitrogens in the quinoxaline ring will alter the charge distribution around the ring and
may thereby affect its ability to intercalate. It is also worth noting that quinoxaline rings
alone are not DNA intercalators and that they only bind in this fashion when placed in the
context of the complete antibiotic molecule. It may also be significant that most aromatic
intercalating compounds possess either heteroatoms (such as nitrogen, as in the
phenathridine chromophore of ethidium or acridine rings) or have other electronegative
groups attached to the rings (as in the anthracyclines). It is possible that the naphthalene
rings cannot stack efficiently between the DNA base pairs.

It would be interesting to investigate the properties of other ring-substituted
analogues of TANDEM, possibly including larger three or four ring aromatic groups. We
might expect these derivatives to bind with greater affinity, though the results with the
simple chromophore derivatives presented in the chapter suggest that the effects may not

be simple to predict.

Mono-quinoxaline TANDEM & Bis-acetate TANDEM

The results with these derivatives demonstrate that, although the selectivity may arise from
interactions with the peptide backbone, this alone is not sufficient for DNA binding. The
removal of only one of the intercalating groups of TANDEM abolishes binding.

Modifications of the octadepsipeptide ring - Val* and Val® modifications

Biotinylated [Lys*,Lys’] TANDEM and Benzylated [Lys*,Lys*) TANDEM

Biotinylated [Lys* Lys*)TANDEM was synthesised with the intention of using it in
nanotechnological applications. This derivative exhibited much weaker binding than the
parent compound and only bound to the best TANDEM sites. The much weaker binding
than [Lys* Lys*] TANDEM could arise because the long side chains interfere with the
binding. It could also be attributed to the lack of the positive charge or hydrogen bonding
interactions that are possible with the lysine residues. A similar, though more pronounced

effect is evident with the benzylated compound.
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Adding avidin to the DNA-bound Biotinylated [Lys*,Lys’ ]TANDEM ligand resulted in
complete protection of the DNA from cleavage, even at low concentrations. Although it
could be suggested that the biotins are interfering with ligand binding, so are therefore not
available to bind with the avidin, recent studies have discovered a high-affinity interaction
between DNA and avidin that causes DNA condensation (Morpurgo et al., 2004), possibly

explaining the lack of specific binding.

[Lys*,Lys®] TANDEM

DNase I footprinting studies on [Lys* Lys*) TANDEM (which was a synthetic precursor to
the benzylated compound) showed that this compound binds more strongly than
TANDEM, but with the same selectivity. This stronger binding has caused greater
differentiation between the best binding sites of TANDEM and it can now be seen that
ATAT is clearly preferred over TATA. The 30-40 times stronger binding suggests that
there are favourable interactions between the lysine amino groups (which may be
positively charged) and the negatively charged DNA phosphodiester backbone. This
observation is especially interesting as the valine residues at this position in the parent
compounds form close hydrophobic interaction with the walls of the DNA minor groove
(Ughetto et al., 1985). Introducing a basic amino acid at this position might therefore have
been expected to diminish the binding (although the aliphatic (CH3)s lysine chain may
allow an interaction with the DNA backbone). This therefore raises the possibility of
introducing other amino acids at this position to further enhance the affinity or modulate
the sequence selectivity. Another (untested) favourable property of this compound is that it
should be more soluble than the parent compound TANDEM (6 puM; Lee and Waring,
1978).

TANDEM does not possess any antibacterial activity, either as a result of its lower
binding affinity than triostin A and echinomycin, or because it is degraded by peptidases as
it lacks the N-methyl groups. It was therefore thought that [Lys4,Lysg]TANDEM, which
binds more tightly, might show some antibacterial activity. However, this also showed no
activity against S. aureus at concentrations up to 25 uM. This suggests that the low binding
strength is not the reason for the lack of TANDEM’s activity. It therefore seems likely that
the methyl groups of the natural antibiotics protect them from degradation. It might
therefore be interesting to examine the biological activity of related derivates that contain

two of the N-methyl groups (N-MeCys>’ or N-MeLys"®).
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Introduction

The minor groove of DNA is an ideal target for small molecules that bind using a
combination of hydrogen bonds, electrostatic forces, van der Waal interactions and
hydrophobic contacts to achieve high affinity and sequence selectivity (Wemmer and
Dervan, 1997). Distamycin and netropsin were the first natural compounds found to bind
to the minor groove selectively, targeting A/T regions of DNA (Zimmer et al., 1971;
Wartell et al., 1974). The first such synthetic compound was the dye Hoechst 33258
(containing benzimidazole rings). This compound was also A/T-selective and bound in a
1:1 configuration with the DNA at low concentrations (Harshman and Dervan, 1985).
Pelton and Wemmer (1989) observed distamycin can bind to longer A/T-tracts as a
dimer forming a 2:1 antiparallel complex. This structure has allowed the possibility of
targeting different bases selectively by exploiting differences between the atoms presented
into the DNA minor groove. N-methylimidazole was the first ring unit to be used in this
context, forming hydrogen bonds with the exocyclic 2-amino group of guanine (Kopka et
al.,, 1985; Lown et al, 1986; Wade and Dervan, 1987; Wade et al, 1992). N-
methylhydroxypyrrole has since been used to discriminate between TA and AT, using
steric differences between adenine and thymine (White et al., 1998; Kielkopf et al., 2000).
All four DNA bases can therefore be targeted using different ring systems in a 2:1
configuration. However, long polyamides containing these ring systems come out of phase
with the DNA (Kelly et al., 1996), so limiting the number of bases that can be targeted. In
addition some polyamides do not bind as well as expected to their intended targets (Chiang

et al., 2000; Best et al., 2003).

It is therefore important to develop novel sequence selective compounds by experimenting
with different ring moieties to improve the binding. To this end, derivatives of Hoechst
33258 and standard polyamides have been developed to study the effects of the
introduction of benzimidazole (targets A/T), pyridoimidazole (proposed to target A/T),
various other ring systems and novel linkages between molecules. 39 different ligands

(which have been divided into four series) are discussed in this chapter.

Series A
Ten Series A ligands are shown in Figure 5.1 along with Hoechst 33258. These are all

derivatives of Hoechst 33258 and contain two benzimidazole rings. The ligands differ from
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Hoechst 33258 by substituting the N-terminal phenol with different ring systems, some
only varying from one another by the position of an atom in a ring. Data obtained from
these ligands, when compared to Hoechst 33258, will indicate how different N-terminal

substitutions affect binding selectivity and affinity.

Series B

The 13 Series B ligands shown in Figure 5.2 are conjugates of Hoechst 33258 and
polyamide derivatives, with the exception of M2M-B084, which is a classic Dervan
polyamide. Many of the ligands have a Hoechst 33258 C-terminus and a polyamide N-
terminus. M2M-B074 has a pyridoimidazole moiety at the C-terminus instead of a
benzimidazole, whilst M2M-B083 includes a gamma amino butyric acid linker in the
middle of the polyamide, and may be able to form a hairpin dimer. M2M-B091 contains a
C-terminal imidazole ring and an N-terminal benzimidazole, in the opposite configuration
to Hoechst 33258. M2M-B095 has this inverse N-terminal benzimidazole moiety as well,
whilst M2M-B097 and M2M-B099 have two consecutive C-terminal benzimidazole
moieties. The different configurations of these conjugates will provide insight into the
effect of position of a ring moiety within the polyamide, as well as show how different

components affect the overall binding properties of a ligand.

Series C

The 8 Series C ligands shown in Figure 5.3 are comprised of two Hoechst 33258 and
polyamide derivatives in a “Head-to-Head” or “Tail-to-Tail” configuration, joined together
by a linker region. The design is such that the linker may be able to cross the minor groove,
with each monomer binding to opposite strands. This binding mode may be preferred over
normal antiparallel binding due to the orientation of the ligand. In this way, a potentially
limitless length of DNA can be targeted, as the ligands overlap in the minor groove as

heterodimers with the same binding rules as used for normal polyamides.

Series D

The 8 Series D ligands shown in Figure 5.4 are polyamide-Hoechst 33258 derivatives
similar to the Series B ligands. However, instead of having benzimidazole moieties at the
termini, Series D ligands have internal benzimidazole rings, often next to an N-terminal
imidazole. Of particular interest is M2S-D88, which has alternating Bzi/Py moieties and so

will provide insight into the effect of a central benzimidazole. Studies on these ligands will
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show the effect of benzimidazole position on binding.

These ligands were examined by DNase I and hydroxyl radical footprinting using various
DNA substrates, some of which were designed specifically for certain ligands (e.g.
SASK3/SASK4 for Series C ligands).
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Figure 5.1: Structures of the Series A ligands. These are all derivatives of Hoechst 33258.
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Figure 5.2: Structures of the Series B ligands. These are conjugates of Hoechst 33258 with

pyrrole/imidazole polyamides. M2M-B084 is a standard pyrrole/imidazole polyamide.
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Hoechst 33258 and polyamide derivatives, joined by various linkers.
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Results

DNase I and hydroxyl radical footprinting were used to establish the sequence selectivity
and binding affinity of the 40 ligands shown in Figures 5.1- 5.4. For each ligand, initial
studies were carried out on the universal tetranucleotide sequence MS1/MS2, to determine
the approximate binding selectivity. On the basis of these results, and the predicted
selectivity, further specifically designed sequences (such as SASK1/SASK2) were then

used in order to define the binding preferences more precisely.

The results for Series B and D are grouped together due to the similar nature of these
ligands. The results for the Series C ligands therefore follow after those for Series D.

It should be noted that the observed footprints often encompass two or more
possible binding sites. In such cases, the analysis is focussed on the primary binding site

and the other potential sites are indicated in parentheses.

Hoechst 33258 Analogues: Series A

The Series A ligands were first footprinted on fragments MS1 or MS2 to establish their
approximate binding selectivity. From the results it was clear that all these ligands are A/T
selective and so they were tested against pAADI1, which contains different (A/T)4 sites to
better assess their binding selectivity and affinity.

M2M-A044, M2M-A077 and M2M-A081 were not tested on MS1 and MS2 as

they were obtained after the other ligands.

MS1/MS2
Figure 5.5 shows the results of DNase I footprinting experiments with Hoechst 33258,
M2M-A020, M2M-A030 and M2M-A055 on MS1, while Figure 5.6 shows the results of
similar experiments with Hoechst 33258, M2M-A010, M2M-A016, M2M-A020, M2M-
A040 and M2M-A066 on MS2. Figure 5.7 shows the sequence of MS1/MS2 with the
observed footprinting binding sites highlighted, together with an example of footprinting
plots derived from the binding of M2M-A030 to MS1. The Cs, values for the interaction
with all the sites on these fragments are summarised in Table 5.1.

It can be seen that Hoechst 33258 produces DNase I footprints at most of the
(A/T)4 sites on MS1 and MS2; as expected AATT (in AATTA/TAATT) and ATTT/AAAT
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are the best 4 bp binding sites, producing footprints at the lowest ligand concentrations,
whilst TTTT on MS1 is weaker. On MS2, the sequence corresponding to TTTT 1s AAAC
(due to a point mutation at this site) at which no footprint is produced. Assuming Hoechst
33258 is binding in a 1:1 mode, (A/T)s sequences are therefore preferred over (A/T); sites.
This is confirmed by the weaker binding of AATG/CATT. No significant binding is
observed for TTAA and TATA on MSI1 or MS2 by Hoechst 33258, and TpA steps are
generally bound weakly (such as TAAA/TTTA, TTAT/ATAA, ATAT and AATA/TATT)
compared to sites containing only ApT or ApA/TpT steps.

MS1
Hoechst 33258 M2M-A020 M2M-A030 M2M-A055
&em‘—go' @Semm‘—o'o' Oggggmm‘—
ATAT g |
AATA B
ATTT B |
TTAA |i
TATA
AATTA I |
TTAT
4 SEassss 4 -
¥ 5 5 HH -
: s=2 === i zE=s=!
i sssii R
283 sg22se: Fosooon
TN | S =szszit I' S5

Figure 5.5: DNase I footprinting experiments for Hoechst 33258, M2M-A020, M2M-A030
and M2M-A055 with MS1. GA is a marker lane specific for purines. Con is a control lane.
The ligand concentrations (LM) are shown at the top of each gel lane. The (A/T)4 sites are
indicated to the left of the gels and the boxes adjacent to each gel shows binding. The
footprints are highlighted in Figure 5.7.
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Figure 5.6: DNase I footprinting experiments for Hoechst 33258, M2M-A010, M2M-A016, M2M-A020, M2M-A040 and M2M-A066 with
MS2. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (1M) are shown at the top of each gel lane. The

(A/T)4 sites are indicated to the left of the gels and the boxes adjacent to each gel shows binding. The footprints are highlighted in Figure 5.7.
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Hoechst 33258: MS1 (top); MS2 (bottom)

5' -GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAACGGTTAARGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTARAGTACGTCCGGTGGGG TCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3 "
3’ -CCTAGGTATACGCCGTTATGTGTACCGGCTARAGGTTGACGTGATCAGCATCGCGCTAGTTCCAATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAAACAGTAGAGTCGGAGCTTACGCCTAGG-5"

M2M-A020: MS1 (top); MS2 (bottom)

5 ' ~GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTARAGTACGTCCGGTGGGG TCTGTTT TGTCATCTCAGCCTCGAATGCGGATCC -3 !
31 -CCTAGGTATACGCCGTT ATGTGTACCGGCTAARGETTGACGTGATCAGCATCGCG CTAGTTCCAATTCGAGGGCAAGATAGGACCATATCGTTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAAACAGTAGAGTCGGAGCTTACGCCTAGG-5"

M2M-A030: MS1

5 ' -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCARGGTTAAGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTARAGTACGTCCGGTGGGG TCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3"!

M2M-A055: MS1

5 ' -GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGC GATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGAAGAGTTATGTAAAGTACGTCCGGTGGGG TCTGTTTTGT CATCTCAGCCTCGAATGCGGATCC-3 !

M2M-A010; M2M-A016; M2M-A040: MS2

5 ' -GGATCCGCATTCGAGGC TGAGATGACARACCAGACCCCACCGGACGTACTTTACATAACTCTTCACGCCCTAATTGCTATACCAGGATAGAACG GGAGCTTAACCTTGATCGCGCTACGACTAGTGCAGTTGGAAATCGGCCATGTGTATTGCCGCATATGGATCC-3 !

M2M-A066: MS2
5 -GGATCCGCATTCGAGGC TGAGATGACARACCAGACCCCACCGGACGTACTTTACA TAACTCTTCACGCCCTAATTGCTATACCAGGATAGAACGGGAGCTTARCCTTGATCGCGCTACGACTAGTGCAGTTG GARATCGGCCATGTGTAT TGCCGCATATGGATCC -3 !

M2M-A030 - MS1

TAAA
Cso =65+ 12 uM

® ATTT o\® AATTA p
Cso= 1814 uyM Csp=13+t4 M

Relative Intensity (Arbitrary Units)

Ligand Concentration (1M)

Figure 5.7: [Top] Sequences of fragments MS1 and MS2, showing footprinting sites for the Series A ligands in red. These were derived from the
gels in Figures 5.5 and 5.6. [Above] Example of footprinting plots for M2M-A030 binding MS1.
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It can be seen that M2M-A010, M2M-A016, M2M-A030 and M2M-A040 only produce
footprints at the best Hoechst 33258 sites (AATT and AAAT/ATTT), although M2M-
A030 also shows very weak binding to TAAA and TTTT on MS1. The rank order of their
affinities to AATT and AAAT/ATTT is M2M-A040 > M2M-A016 > M2M-A010 > M2M-
A030, though they are all weaker than Hoechst 33258.

M2M-A020 produces similar footprints to Hoechst 33258, at all the A/T-tracts,
though TTAA is bound more strongly relative to other sites (sites containing TpA steps are
generally stronger for this ligand). M2M-A055 binds best to AATT (with a similar affinity
to M2M-A030), but is less effective at ATTT, binding to the other (A/T)s4 sites weakly
(TTAA is much weaker). M2M-A066 binds AATT and ATTT with approximately the
same affinity as M2M-A010, but this ligand also produces a good, but weaker, footprint at
TTTA and ATAA. TATA is not bound by any Series A ligand on MS1 and MS2.

PAAD1
Figures 5.8 and 5.9 show the results of DNase I footprinting experiments with Hoechst

33258 and the Series A ligands on pAADI1. The (A/T)4 sites are indicated by the filled
boxes. The Csg values for the interaction of these ligands with all the sites on this fragment
are summarised in Table 5.1.

It can be seen that, as previously reported (Abu-Daya et al., 1995), Hoechst 33258
produces a footprint at all the (A/T)4 sites. AATT is the best site and Hoechst 33258 binds
to this about 100 times stronger than to ATAT and TAAT; TATA and TTAA are weaker.
M2M-A010, M2M-A016 and M2M-A040 also bind well to AATT (although 5-, 2- and 3-
fold weaker, respectively, than Hoechst 33258); about 150 times better than to ATAT and
TAAT, though no interaction is evident at TATA and TTAA. A similar effect is seen with
M2M-A066 and M2M-A077 (both 50-fold weaker binding to AATT than Hoechst 33258),
though there is only a 10-15-fold difference in Cso between AATT and the other two sites.
However, M2M-A066 binds TAAT stronger than ATAT, with the opposite true for M2M-
A077.

M2M-A020 and M2M-A044 produce similar, but slightly less selective, patterns of
protection to Hoechst 33258, with about 40-fold higher Cso values at AATT than ATAT
and TAAT. TATA and TTAA are weaker sites, though the discrimination between the best
and worst sites is less than with Hoechst 33258, suggesting that they may have a greater
tolerance for TpA steps. A similar effect is seen with M2M-A055 and M2M-A081, with
protection similar to Hoechst 33258, with about 40-fold higher Cso values at AATT than
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Figure 5.8: DNase | footprinting experiments for Hoechst 33258, M2M-A010, M2M-A016, M2M-A020, M2M-A030 and M2M-A040 with the
fragment pAADI1. GA is a marker lane specific for purines. Con is a control lane. Ligand concentrations (itM) are shown at the top of each gel

lane. The (A/T)4 sites are marked.
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Figure 5.9: DNase I footprinting experiments for Hoechst 33258, M2M-A044, M2M-A055, M2M-A066, M2M-A077 and M2M-A081 on the

pAAD1 fragment. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each
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ATAT and TAAT. TATA and TTAA are weaker sites, though the discrimination between
the best and worst sites is less than with Hoechst 33258, suggesting that they may have a
greater tolerance for TpA steps. A similar effect is seen with M2M-A055 and M2M-A081,
with about 5- and 10-fold higher Cso values at AATT than ATAT and TAAT respectively,
while TATA and TTAA, although still the weakest sites, are bound relatively strongly
compared to Hoechst 33258.

As noted with MS1/MS2, much higher concentrations of M2M-A030 are required
to alter the pAAD] cleavage pattern. Although AATT is still the best site for this ligand
(about 300 times weaker than Hoechst 33258), there is only about a 2-4-fold difference in
the Cso values at the best and worst sites, with every (A/T)4 site bound.

In general the ligands that bind less well show less discrimination between the

different arrangements of (A/T)4 residues.

Hoechst 33258
MS1 ﬁ{}};’ ATTT TTAA AATTA TAAA TTTT AATG
741 0.6+ 0.6 15+7 0.6+0.3 6+1 2+0.5 6=+2
MS2 CATT AAAC E}h TAATT TTAA AAAT 3;{}33;:
9+4 8+4 6+3 1+£0.1 7+5 0.6+0.2 441
pAADI1 TTAA ATAT TAAT TATA AATT
8+5 241 1.5+1 6+4 0.02+0.01
M2M-A010
MS2 TAATT AAAT
442 341,
pAADI1 TTAA ATAT TAAT TATA AATT
- 16+3 16 +4 - 0.1 £0.03
M2M-A016
MS2 TAATT AAAT
3+1 3+1
pAADI1 TTAA ATAT TAAT TATA AATT
- 11+3 10+£3 - 0.04+0.02
M2M-A020
MSI1 AATA ATTT TTAA AATTA TAAA TTTT AATG
11+5 0.2+0.2 8+2 0.4+0.2 4+1 1+£0.3 10+ 4
MS2 CATT AAAC };{.& TAATT TTAA AAAT };{}33}’
5+2 3+1 2541 0.2+ 0.05 2+1 03+0.1 1405
pAADI1 TTAA ATAT TAAT TATA AATT
5.5+£3.5 2+0.5 3+1 543 0.05+0.01
M2M-A030
MS1 ATTT AATTA TAAA TTTT
18+4 13+4 65+12 31+7
pAADI1 TTAA ATAT TAAT TATA AATT
22+2 12+2 10+1 21+£5 6+2
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M2M-A040
MS2 TAATT AAAT
1+0.2 1.5+0.2
pAAD1 TTAA ATAT TAAT TATA AATT
- 8=+2 8=+3 - 0.05+0.01
M2M-A044
pAADI TTAA ATAT TAAT TATA AATT
19+18 35+1 5+2 11+8 0.1+0.01
M2M-A0S5
MS1 AATA ATTT TTAA AATTA TAAA TTTT  AATG
42 +10 34+£5 163 + 65 15+4 25+£5 32+£9  37+11
pAADI1 TTAA ATAT TAAT TATA AATT
8£5 35=+1 35+1 5+£3 0.5+£0.1
M2M-A066
MS2 TTTA,ATAA AATT AAAT
9+3 4+1 6+2
pAADI1 TTAA ATAT TAAT TATA AATT
- 15+3 8=+1 - 1+£04
M2M-A077
pAADI] TTAA ATAT TAAT TATA AATT
- 8x1 14+2 - 1+0.1
M2M-B081
pAADI1 TTAA ATAT TAAT TATA AATT
31+22 5+1 7+1 25+18 0.5+0.2

Table 5.1: Csg values (uM) derived from quantitative analysis of the gels presented in this
chapter (with the standard errors shown). The binding sites are presented left to right in the
order that they run from the top of each gel to the bottom (5°-3”). Sites marked “~” indicate
A/T-tracts on the pAAD1 DNA at which no significant cleavage protection was observed.

Hoechst 33258 / Polyamide Conjugates: Series B

The Series B ligands were first footprinted with DNase I using the MS1 and MS2
substrates to establish their approximate sequence selectivities. Further DNase I
experiments were performed using HexA and HexB, together with hydroxyl radical
footprinting to confirm this selectivity and to more accurately define the binding sites.
Only gels for one orientation of each of these fragments are presented; in each case the
other strands gave similar results.

Once their general selectivity had been established, DNase I and hydroxyl radical
footprinting experiments were carried out using the specifically-designed fragments

SASK1/SASK2 to define the binding preferences more accurately.

M2M-B091, M2M-B093 and M2M-B095 showed no binding to the MSI1/MS2 or
SASK1/SASK?2 fragments.
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M2M-B071
Utilising known binding rules of polyamides, M2M-B071 with the sequence Mp-Bzi-Py-

Py-Im can bind as a 2:1 homodimer in three ways, as shown in Figure 5.10.

Mp-Bzi-Py-Py-Im Mp-Bzi-Py-Py-Im
Im-Py-Py-Bzi-Mp Im-Py-Py-Bzi-Mp
5"-W W G W C W W 5"-W W W G C W W W

Mp-Bzi-Py-Py-Im
Im-Py-Py-Bzi-Mp
57-S G W W C W

Figure 5.10: Possible DNA binding modes for M2M-B071.

Figure 5.11 shows the results of DNase 1 footprinting experiments with M2M-B071 on
MS1, HexAfor, HexBrev, SASK1 and SASK2; and hydroxyl radical footprinting
experiments on HexAfor and HexBfor fragments. Figure 5.12 shows the sequences of
these fragments with the DNase I footprinting sites highlighted, together with an example
of footprinting plots derived from the binding of M2M-B071 to SASK1. The Csy values for

the interaction with all the sites on these fragments are summarised in Table 5.2.

MS1/MS2: It can be seen that M2M-B071 has bound strongest to TGTCA (site 5), with
AGTCQG (site 1, with TGCA) a weaker site. These contain the central portion of the top left
binding mode in Figure 5.10 (i.e. GWC); the interaction with AGTCG suggests that G or C
can be accommodated around the GWC to produce weaker binding sites, though there is
no interaction with GGTCT. CGTTCT (site 2, with AGCT), containing a cytosine adjacent
to the proposed GWWC core, is also bound less well than site 1. Other GWWC sequences
(such as CGATCA and AGTACG) are not protected, indicating that the presence of AGCT
in the site 2 footprint is aiding binding affinity. Weak binding is observed at AGCA (site
3), although surrounding guanine/cytosine bases again prevent binding in the case of
AGCC, AGCGCG and GGCG.

The relatively strong binding to AAGAGTTAT (site 4) suggests that the ligand
may also be able to bind to long A/T-tracts (probably by 1:1 binding) with guanine bases
targeted by the imidazole, as suggested by Lown et al. (1986).
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Figure 5.11: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B071 with the tested fragments. The DNase |
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.12; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 3 pM lane). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.
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M2M-B071: MSI (top); MS2 (bottom)
5 ' -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGTAGCGCGATCARGGT TAAGCTCCCGTTCTATCCTGGTATAGCAATT AGGGCGTGAAGAGTTATGTARAGTACGTCCGGTGGGGT C TGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3 1
3' -CCTAGGTATACGCCGTTATGTGTACCGGCTARAGGTTGACGTGATCAGCATCGCGC TAGTTCCAAT TCGAGGGCARGATAGGACCATATCGTTAA TCCCGCACTTCTCAATACATTTCATGCAGGC CACC CCAG ACCARACAGTAGAGT CGGAGCTTACGCCTAGG-5 '

M2M-B071: HexA for (top); HexArev2 (bottom)
5'-GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATTCCGGACCGCGGTT TARACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGCACGTGG CCATGGATCC-3!
3! -CCTAGGGCCCTATAGCTATATACCGCGGTT TARATCGATATCTAGAT CTTAAGGCCTGGCGCCAAATTTGCAATTGGCCATGGATC CGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5"

M2M-B071: HexBfor (top): HexBrev (bottom)
5'-GGATCCGGCCGATCCGCGAGCT CGAGGGCCCTAAT TAGCCGGCAATTGCAAGC TTATARGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATAT TCGAATTAATGCATGGATCC-3 1
3t - CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGT TAACGTTCGAATATTCGCGCGATGCATATGCGCATGCGCGCATATATG TATACATGTACAGCTGCAGTACTAGT TATAAGCT TAATTACGTACCTAGG-5"

M2M-B071: SASK] (top); SASK2 (bottom)
5' ~-GGATCCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTT GGCCAAGCARAGAT CTTGCAACCGGTTGCCACGGATCC-3"!
3' - CCTAGGTCGTTCGCGAACGAT CCGGTACGTTGCGCAACGTTCGGGAACGTACCGGT ACGT TCTGGAACGTTCCGGAACGTTCAGGAACGAACCGGTTCGTTCTAGAACGTTGGCCAACGGT GCCTAGG-S5 !

M2M-B071 - SASK1

AGTCCT AGATCT
Csp= 22 0.4 uM

AGACCT
Csp=3%1puM

Csp= 6+ 3 pM

Relative Intensity (Arbitrary Units)

Ligand Concentration (LM)

Figure 5.12: [Top] Binding sites for M2M-B071 on the tested fragments (from Figure 5.11). [Above] Example of footprinting plots for the
interaction of M2M-B071 with binding sites in the SASK1 DNA fragment.
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HexA: Only four footprints are evident on this fragment at concentrations of 25 pM or
below, with AGATCT (site 2) and AGTACT (site 4) the best. This supports the proposal
that WGWWCW is the binding site. Weaker footprints are evident at GGTACC (site 3)
and GGATCC (site 1), suggesting that GC base pairs around the central GWWC weaken
the binding, possibly through steric hindrance of the 2-amino group of guanine.

The hydroxyl radical footprinting gels show clear footprints at NGATCN sites
(where N is any base) and some GC sites (particularly those which are not flanked by GC
base pairs). A/T-tracts, except those containing alternating A/T, also show attenuated

cleavage, suggesting that there is also some 1:1 binding.

HexB: TGTACA (site 7) and TGATCA (site 8, with TGACGTCG) are the best binding
sites on the HexB fragment, supporting WGWWCW as the preference binding sequence.
CGATCG is not protected, confirming that GC base pairs flanking the central GWWC
weaken the binding. Long A/T-tracts such as TAATTA (site 2, with GGCT) and TTATAA
(site 5, with AGCT) are bound more strongly than sequences such as AGCT (site 1),
TGCC (site 3), TGCA (site 4) and AGCGCGCT (site 6), whilst CGCG and GGCC show
no binding. This may indicate some 1:1 binding. ATTAATT (site 9) is a weak binding site.

Hydroxyl radical footprinting experiments with M2M-B071 on the HexB fragments
show that A/T-tracts without alternating bases are bound. TGTACA also shows attenuated
cleavage, although binding to TGATCA is less clear.

SASK1/2: It can be seen that M2M-B071 has bound only three sites on the specifically-
designed SASK1/2 fragments. These fragments were designed to contain variations of
(G/C)4-tracts flanked by AT base pairs (i.e. sites such as AGCGCT, AGGCCA, AGCCCT
etc); these hexanucleotide sites are separated by TGCT or TGCA. AGACCT (site 1) and
AGATCT (site 3) are the strongest sites, with AGTCCT (site 2) a weaker site. The binding
at site 3 is consistent with the suggestion that WGWWCW is the preferred binding site.
Site 1 and 2 could either correspond to binding to GWC or to WGWWCW sites in which
one of the central AT base pairs is replaced by cytosine. No binding is evident at GC sites
that are flanked by GC base pairs (GGGCCC, CGCG and CGCGCG are not protected).

Hydoxyl radical footprinting experiments with M2M-B071 are presented later in
the chapter, with the comparable ligand M2M-B097 (Figure 5.37).
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MZM-B071
MS] Tsétéi fgf:% Site 3 Site 4 Site 5
: ’ AGCA  AAGAGTTAT TGTCA
AGTCG CGTTCT 6+2 4405 1403
442 4+1 : :
MS2 TGACA  ATAACTCIT  TGCT AGAACT,  CGACT,
0.2+0.1 642 742 AGCT TGCA
2£0. 2404 2£06
HexAfor Site 1 Site 2 Site 3 Site 4
GGATCC  AGATCT  GGTACC  AGTACT
1947 341 103 )
HexArev2 | \GTACT  GGTACC  AGATCT  GGATCC
2+l 1245 2405 19 +13
HexBfor | ;5atcC AGCT TAATTA, GGCA taca  AOCT  aGegeoer ToTaca  CUACGTCA,  AATTAAT,
67+ 23 31415 AGCC 19+8 13+5  TTATAA "0 9+5 TGATCA TGCA
20+9 13+6 6+4 11+5
HexBrev Site 9 Site 8 . ) Site 5 . . Site 2 .
Site 7 Site 6 Site 4 Site 3 Site 1
TGCA, TGATCA, TTATAA, GGCT,
ATTAATT TGACGTCG TC;Tf‘,SA AGgGngCT AGCT LGE‘;‘ Tg’gg TAATTA ‘i‘gg
2549 9+4 10+ 6 84
SASKI Site 1 Site 2 Site 3
AGACCT  AGTCCT  AGATCT
3+1 6+3 2+04
SASK2 Site 3 Site 2 Site 1
AGATCT  AGGACT  AGGTCT
2541 45+ 1 1.7+ 0.4

Table 5.2: Csp values (uM) derived from quantitative analysis of the M2M-B071 gels (with the standard errors shown). The binding sites are

presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).



Polyamide and Hoechst-Derived Minor Groove Binding Ligands

M2M-B072

Polyamide binding rules usually do not place two imidazole rings opposite each other
(White et al., 1997a; Walker et al., 1998b), so the most likely binding configuration for the
M2M-B072 ligand is shown in Figure 5.13.

Mp-Bzi-Py-Im-Im
Im-Im-Py-Bzi-Mp
5"-W G G C ¢C W

Figure 5.13: Possible DNA binding modes for M2M-B072.

Figure 5.14 shows the results of DNase I footprinting experiments with M2M-B072 on
MS1, HexAfor, HexBfor, SASK1 and SASK2 together with hydroxyl radical footprinting
experiments on HexAfor and HexBrev. Figure 5.15 shows the sequences of these
fragments with the observed footprinting binding sites highlighted. The Csg values for the

interaction with all the sites on these fragments are summarised in Table 5.3.

MS1/MS2: It can be seen that M2M-B072 has bound every (G/C)4 or longer site on the
MS1/MS2 fragment, except CCCG (which bears no resemblance to the proposed binding
site in Figure 5.13). The only GGCC sequence in these fragments has been removed by a
point mutation in MS1 and so is only present on MS2 (CGGCCA). This change has
removed the binding to this site on MS1 (the presented strand; although cleavage is
protected on MS2). The preferred binding site for M2M-B072 on this fragment is GGGCG
(site 3), with GCGGC (site 1), GCGCQG (site 2), GGGQG (site 4) and GCGG (site 5) evident

as weaker sites.

HexA: Only four footprints are evident on this fragment. AGGCCT (site 2) is the best site,
with TGGCCA (site 4) weaker, suggesting that all six base pairs are involved in defining
the best ligand binding and that surrounding YpR steps alter the affinity for the central
GGCC. GGCGCC (site 1) shows a weaker footprint and TGCGCA (site 3) is weaker still.
This suggests a central GCGC can be bound by the ligand; either the central CG is
tolerated within the proposed binding mode or there is secondary binding to GC alone (i.e.
only the central Py-Im of the ligands binds as a 2:1 complex with the DNA). There is no
interaction with the G/C-tracts CCGG; CCGCGG; and CCCGGG.
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Hydroxyl radical footprinting experiments also show attenuated cleavage at these three

sites (GGCGCC, AGGCCT and TGGCCA), supporting the DNase I results.

HexB: It can be seen that M2M-B072 has bound every (G/C)4 on the HexB fragments,
except CCGGCCG and GCCGGC (both of which contain CCGG, which showed no
binding with HexA). GGGCCC (site 2) and CGCGCG (site 4, with CGCG) are the best
binding sites, with GCGCGC (site 3) and TCGCGA (site 1) weaker. Site 4 probably
appears stronger than sites 3 and 1 as the presence of two possible binding sites in the
footprint of site 4 will affect the total binding affinity of the footprint. While GGGCCC
contains the proposed GGCC binding site, the interaction with sites that contain alternating
G/C-tracts suggests the presence of a secondary binding mode in which only GC is
selectively bound. The observation that ATGCAT (site 5) is bound well (stronger than
GCGCGC and TCGCGA) is consistent with this suggestion, though TTGCAA and
AAGCTT show no cleavage protection. It therefore appears that Y/R steps are preferred
around the secondary GC binding site.

Hydroxyl radical footprinting confirms the interaction with three of the strongest
DNase I binding sites, with footprints evident at CGCGCG, ACGCGT and ATGCAT. It is
not clear if there is attenuated cleavage at GGGCCC. It is interesting to note that ACGCGT
shows cleavage protection whilst TCGCGA and GCGCGC do not, emphasising the

importance of six base pairs in ligand binding.

SASK1/SASK2: Five clear footprints are evident on these fragments. AAGGCCTT (site 4)
is the strongest site, with TAGGCCAT (site 1) slightly weaker, suggesting that AGGCCT
1s preferred over AGGCCA. ATGGCCAT (site 3) and TTGGCCAA (site 5) are weaker
sites, suggesting that TGGCCA (sites 3 and 5) produces weaker binding than AGGCCT
(sites 4 and 1). Many other (G/C), sites are not bound by the ligand (e.g. ACCGGT).

A footprint 1s evident at ACGCGT (site 2) but there is no interaction with
AGCGCT or AGCCCT, supporting the suggestion that Y/R steps are preferred around the
secondary (GC) binding site.

Hydroxyl radical footprinting experiments with M2M-B072 are presented later in
this chapter, along with the ligands M2M-B073 and M2M-B074 (Figure 5.23).
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Figure 5.14: DNase 1 and hydroxyl radical footprinting gels showing the interaction of M2M-B072 with the tested fragments. The DNase 1

footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.15; while the hydroxyl radical footprint

sequences are shown (densitometer plots are taken from the 1 uM lane). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (uM) are shown at the top of each gel lane.
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M2M-B072: MSI (top); M S2 (bottom)
5'-GGATCC RATACACATGGCAGATTTCCAACTGCACTAGTCGT
3'-CCTAGG

I GATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAAT T
\STTCCAATTCGAGGGCAAGATAGGACCATATCGTTAAT

AGAGTTATGTARAGTACGTCCGGT G
TTCTCAATACATTTCATGCAGGCCAC

TTTTGTCATCTCAGCCTCGAAT
ACCARACAGTAGAGTCGGAGCTTAC

CGTTATGTC TACCGECTARAGGT TGACGTGATCAGCATC

a

M2M-B072: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATAT CGATATATGGCGCCAAATTTAGCTATAGAT CTAGAATTCCGGACCGCGGTTTAARCGTTAACCGGTACCTAGGCCTECAGCTGCGCATGL TAGCGCTTAAGTACTAGTGCACETGGCCATGGATCC- 3!
3' -CCTAGGGCCCTATAGCTATATACCGCGETTTARATCGATATCTAGATCTTAAGG CCTGGCGCCARATTTGCAATTGGCCATGGATCCGGACGTCGACGUGTACGAT CGCGAATT CATGATCACGTGLACCGETACCTAGG-5"

M2M-B072: HexBfor (top); HexBrev (bottom)
5' -GGATCCGGCCGATCGUEGAGCTCEAGEGCCCTAATTAGCCGGCAATTGCAAGCTTATAAGCGLGCTACGTATACGCGTACGCGUGTATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAAT GCATGGATCC -3
3! -CCTAGGCCGGCTAGCGCTCGAGUTCCCEGEATTAATCGGCCGTTAACGTTCGAATATTCGLECEATGCATATGCECATGCGCGCATATATGTATACATGTACAGCTGCAGTACTAGTTATAAGCTTAATTACGTACCTAGG -5

M2M-B072: SASKI (top); SASK2 (bottom)
5' -GGATCCAGCAAGCGCTTGCTAGGLCATGCAACGIGTTGCAAGCCCTTGCATEGCCATGCAAGACCT TG CAAGGCCT TGCAAGTCCTTGCTTG!
3' -CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGT TCGEGGAACGTACCGGTACGTTCTGGAACGT TCOGGARCGT TCAGGAACGAAC

CCARGCAAGATCTTGCAARCCGGTTGCCACGGATCC-3!
;GTTCGT TCTAGAACGTTGGCCAACGGTGCCTAGG-5"'

Figure 5.15: Binding sites for M2M-B072 on the tested fragments (from Figure 5.14).

M2ZM-B072
MS1 Site 1 Site 2 Site 3 Site 4 Site 5 HexBfor Site 1 Site 2 Site 3 Site 4 Site 5
GCGGC  GCGCG  GGGCG  GGGG  GCGG TCGCGA GGGCCC GCGCGC  CGCG,CGCGCG  ATGCAT
7L 68 g3 1404 642 6542 [ 2404 15+ 10 2403 643
MS2 CCGe ccee CGCCC  CGCGC  CGGCCA  GeeGe | HeXBreV | ATGCAT  CGCGCG.CGCG  GCGCGC GGGCce
10+ 4 Jren) 2+0.6 73 6+3 8+4 T7+3 | 6+2 2+1
HexAfor Site 1 Site 2 Site 3 Site 4 SASK1 Site 1 Site 2 Site 3 Site 4 Site 5
GGCGCC  AGGCCT TGCGCA TGGCCA TAGGCCAT  ACGCGT  ATGGCCAT  AAGGCCTT  TTGGCCAA
Gl BIGL ORI BeATs . Ty e 0.6+ 0.2 1+04 13407 0.4+0.1 24+
HexArev?2 SASK?2 Site 5 Site 4 Site 3 Site 2 Site 1
TC;G;CA T?ICSEA AngST GC;CiG}CC TIGGCCAA  AAGGCCTT  ATGGCCAT ACGCGT ATGGCCTA
' 18+ 8 0.2+ 0.08 14408 S 0.6+ 02

Ll

Table 5.3: Cso values (uM) derived from quantitative analysis of the M2M-B072 gels (with the standard errors shown). The binding sites are
presented left to right in the order that they run from the top of each gel to the bottom (5°-3”).
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M2M-B073

M2M-B073 has a very similar structure to M2M-B071; the only difference is the
substitution of a pyridoimidazole for benzimidazole. Assuming that pyridoimidazole acts
as a hydrogen bond donor, three possible binding sites can be proposed, as shown in Figure

5.16.

Mp-Pzi-Py-Py-Im Mp-Pzi-Py-Py-Im
Im-Py-Py-Pzi-Mp Im-Py-Py-Pzi-Mp
5"-W W G W C W W 5"-W W W G C W W W

Mp-Pzi-Py-Py-Im
Im-Py-Py-Pzi-Mp
5'"-W G W W C¢C W

Figure 5.16: Possible DNA binding modes for M2M-B073.

Figure 5.17 shows the results of DNase I footprinting experiments with M2M-B073 on
MS1, HexAfor, HexBfor, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBrev. Figure 5.18 shows the sequences of these
fragments with the observed footprinting sites highlighted, together with an example of
footprinting plots derived from the binding of M2M-B073 to HexAfor. The Cso values for

the interaction with all the sites on these fragments are summarised in Table 5.4.

MS1/MS2: It can be seen that the best binding sites for M2M-B073 on MS1/MS2 are
TGTCA (site 4) and AGTCG (site 1), with CGTTCT (site 2) a weaker site. This suggests
that the ligand preferentially binds GWC over GWWC. No binding is observed at
GGTCTG (as with M2M-B071), suggesting that G/C bases around the central binding site
reduce the affinity. There is no evidence of binding to an isolated GC (top right in Figure
5.16), but the footprints at (A/T), sites (TTAT and TAAA, site 3) indicate the possibility of
1:1 binding.

HexA: Only two clear footprints are evident on HexA, with AGATCT (site 1) and
AGTACT (site 2) binding with similar affinity. The lack of binding to GGTACC reiterates
the findings of MS1/MS2 that surrounding GC base pairs weaken binding. No isolated GC
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Figure 5.17: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B073 with the tested fragments. The DNase I
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.18; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 3 pM lane for HexAfor and 5 M for HexBrev). Sites are numbered as mentioned in

the text. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.
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M2M-B073: MSI (top); MS2 (bottom)
5'-GGATCCATATGCGGCRATACACATGGCAGAT TTCCAACT GCACTAGTCGTAGCGCGATCARGGTTAAGCTCCCGT TCTATCCTGGTATAGCAART TAGGGCGTGAAGAGT TATGTAAAGTACGT CCGGT GGGGTCTGTTTTGT CATCTCAGCCTCGAATGCGGATCC- 3"
3'-CCTAGGTATACGCCGTTATGTGTACCGGCTAAAGGTTGACGTGATCAGCATCGCGCTAGTTCCAATT CGAGGGCAAGATAGGACCATAT CGTTAATC CCGCACTTCTCAATACATTTCATGCAGGC CACCCCAGACCARACAGTAGAGTCGGAGCTTACGCCTAGG- 5"

M2M-B073: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATTCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGC TAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC-3!
3' -CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATATCTAGATCTTAAGGCCTGGCGCCAAATTTGCAATTGGCCATGGATCCGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5"

M2M-B073: HexBfor (top); HexBrev (bottom)

5" -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCCGGCAATTGCAAGCTTATARGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAATGCATGGATCC-3 '
3' -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGTTAACGTTCGAATATT CGCGCGATGCATATGCGCATGCGCGCATATATGTATACATGTACAGCTGCAGTACTAGT TATAAGCTTAATTACGTACCTAGG 5!

M2M-B073: SASK1 (top); SASK2 (bottom)
5' -GGATCCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTTGGCCAAGCAAGAT CTTGCAACCGGTTGCCACGGATCC-3!
3' -CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGTTCGGGARCGTACCGGTACGTTCTGGAACGT TCOGGAACGTTCAGGAACGARCCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5"!

M2M-B073 - HexAfor

Figure 5.18: [Above] Binding sites for M2M-B073

o® AGATCT AGTACT on the tested fragments (from Figure 5.17). [Left]
Ceo =17 + 7 UM Cso= 10 £ 5 UM

Example of footprinting plots for the interaction of
M2M-B073 with binding sites in the HexAfor
DNA fragment.

0 25 50 0 25 50

Relative Intensity (Arbitrary Units)

Ligand Concentration (M)
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steps are bound by the ligand, while no GWC sites are present on the fragment.
Hydroxyl radical footprinting experiments support the DNase [ findings, with just
AGATCT and AGTACT showing cleavage protection.

HexB: CGACGTCA is the only sequence bound by M2M-B073 on the HexB fragment,
suggesting the GWC binding mode of Figure 5.16 is preferred. No binding is evident at
any of the GWWC (CGATCG, CGTACG and TGTACA) sites. This is contrary to the
HexA results, indicating that GWC (not present on HexA) is the primary binding site, with
GWWC a secondary target (therefore not bound on HexB). No binding is seen at GC sites.

Hydroxyl radical footprinting experiments also show that TGACGTCG to be
selectively bound by the ligand, with the densitometer plots only differing significantly at

this sequence.

M2M-B073
MS1 Site 1 Site 2 Site 3 Site 4
AGTCG CGTTCT TTAT,TAAA TGTCA
5+£1 61 942 3+1
MS2 TGACA ATAA AGAACG CGACT
62 10+2 8+2 4+£1
HexAfor Site 1 Site 2
AGATCT AGTACT
17+£7 10£5
Hex Arev2 AGTACT AGATCT
14+7 14+9
HexBfor Site 1
CGACGTCA
63
HexBrev | 1GacGTCG
5+1
SASK1 Site 1 Site 2 Site 3 Site 4
AGCCCT AGACCT AGTCCT AGATCT
30+£9 8+4 15+£8 17+£6
SASK?2 Site 4 Site 3 Site 2 Site 1
AGATCT AGGACT AGGTCT AGGGCT
- 19+£6 4+2 50+£31

Table 5.4: Cso values (uM) derived from quantitative analysis of the M2M-B073 gels (with
the standard errors shown). The binding sites are presented left to right in the order that
they run from the top of each gel to the bottom (5’-3”). Sites marked ‘“~” correspond to
footprints evident by visual inspection, but for which quantitative analysis did not provide

a clear value.
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SASK1/SASK2: It can be seen that AGACC (site 2) is the best binding site on the
SASKI1/SASK?2 fragment, suggesting GWC is the preferred binding sequence. AGTCCT
(site 3) is a weaker site, along with AGATCT (site 4). AGCCCT (site 1) is the weakest
binding site and is the only GC site showing cleavage protection (possibly because the
cytosine adjacent to the guanine is tolerated within the GWC binding conformation).

Hydoxyl radical footprinting experiments with M2M-B073 are presented later in
this chapter, with the ligands M2M-B072 and M2M-B074 (Figure 5.23).

M2M-B074
Binding of two imidazoles opposite each other in a 2:1 complex is unlikely to occur (White
et al., 1997a; Walker et al., 1998b), so M2M-B074 (Mp-Pzi-Py-Py-Im-Im) can bind as a

homodimer in two ways, as illustrated in Figure 5.19.

Mp-Pzi-Py-Py-Im-Im Mp-Pzi-Py-Py-Im-Im
Im-Im-Py-Py-Pzi-Mp Im-Im-Py-Py-Pzi-Mp
5"-W G G W C C W 5"-W W G G C C W W

Figure 5.19: Possible DNA binding modes for M2M-B074.

Figure 5.20 shows the results of DNase I footprinting experiments with M2M-B074 on
MS2, HexAfor, HexBfor, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBfor. Figure 5.21 shows the sequences of these
fragments with the observed footprinting binding sites highlighted. The Cs, values for the

interaction with all the sites on these fragments are summarised in Table 5.5.

MS1/MS2: It can be seen that M2M-B074 has bound the MS1/MS2 fragment to produce
five very clear footprints. The best footprints are located at CGCCC (site 3) and CGGCCA
(site 5), which are closely related to the GGCC binding mode shown in Figure 5.19. A
strong footprint at CCGGACG (site 2) could be due to binding at GGCC or GWC. No
footprints are observed at other (G/C), tracts (such as CCGC, CCCC, CGGG, CGCGC and
GCCGCOC), in contrast to M2M-B072.

ACGACTA (site 4) and ATGACAA (site 1) are also protected, though only at
higher concentrations. It is possible that this corresponds to binding to GWC.
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HexA: DNase I footprinting experiments with M2M-B074 on the HexA fragment show
strong binding to TGGCCA (site 5) and AGGCCT (site 4), consistent with the WGGCCW
binding mode. Other G/C-tracts are bound more weakly, such as GGCGCC (site 1) and
CCGCGG (site 2, with TCCGGA), though there is no protection at CCCGGG, ACCGGT
and WGCGCW. The observation that WGCGCW does not bind, whilst GGCGCC does,
indicates long G/C-tracts are preferred for good binding if the primary binding site
(GGCC) is not present.

Interestingly, AACGTT (site 3) shows a weak footprint, but binding here may be in
the 1:1 mode to the surrounding long A/T-tracts (TTTAAACGTTAA, the longest A/T-
tract in the tested fragments).

Hydroxyl radical footprinting experiments support these DNase I experiments, with
the strongest binding sites again see at GGCGCC, CCGCGG, AGGCCT and TGGCCA.

HexB: It can be seen that the sequences GGGCCC (site 2) and GTCGACGTC (site 4) are
the preferred binding sites for M2M-B074, supporting both the GGCC and GWC binding
modes in Figure 5.19. Other long G/C-tracts are also bound more weakly, with GCGCGC
(site 3) a much stronger site than CCGGCCQG (site 1), even though the latter contains the
GGCC binding site. It is interesting to note that GCCGGC and CGCGCG are not bound,
indicating selectivity beyond just binding to long G/C-tracts. The only (G/C)4 sequence,
ACGCGT, i1s also not bound.

Hydroxyl radical footprinting experiments support these DNase I results, although
binding to GCGCGC is unclear (CGGCCG and GGGCCC still show cleavage protection).
It is interesting to note that the GTCGACGTC site is clearly split into two footprints
around GTCGAC and GTC using hydroxyl radicals, both of which support the GWC

binding mode.

SASK1/SASK2: DNase I cleavage is protected at every GGCC site on the SASK1/SASK2
fragment, with TAGGCCAT (site 1) and AAGGCCTT (site 4) the strongest sites.
ATGGCCAT (site 3) and TTGGCCAA (site 5) are slightly weaker sites, suggesting that
YGGCCR is a weaker site (supported by the weaker binding to CGGCCG on HexB). The
only other (G/C)s sequence bound is AAGCCCTT (site 2), though this requires higher
concentrations than the other sites. No footprints are evident at AGCGCT, ACGCGT nor
ACCGQGT.
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M2M-B074
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Figure 5.20: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B074 with the tested fragments. The DNase I
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.21; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 0.3 pM lanes). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.
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M2M-B074: MS! (top); M S2 (boitom)
5'-GGATCCATATGCGGCAATACACATGGCACAT TTCCAACTGCACTF
3'-CCTAGGTATACGCCGTTATGTCETACCEECTARAGGT TGACGT AT

AAGAGTTATGTAAAGT SGTGGGGTCTGTTT CATCTCAGCCTCGAATGCGGATCC-3!
\GTCGGAGCTTACGCCTAGG-5"

GTACCGCGATCAAGGTTAAGCTCCCGTTCTATCCTGGTATAGCAATTA
CATCGOGCTAGTTCCAATTCGAGGGCAAGATAGGACCATAT CGTTAR'

M2M-B074: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCAMAT TTAGCTATAGATCTAGAATT CCGEACCGCGETTITARAACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC -3
3! -CCTAGGGCCCTATAGCTATATACCGCGETTTAAATCGATATCTAGATCTTARGECCTEGCECCAAATTTGCAATTGGCCATGEATCCGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5!

M2M-B074: HexBfor (top); HexBrev (bottom)
S'-GGATCCGGCCGATCGCGAGCTCGAG CCTRATTAGCOGGCAATTGCAAGCTTATALGCG CTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAATGCATGGATCC -3 !
3' -CCTAGGCCGGCTAGCGCTCGAGITCCCEGECATTAATCGGCCGTTAACGTTCGAATATTCGCGCGATGCATATGCGCATGCGCGCATATATGTATACATCTACAGCTGCAGTACTAGTTATAAGCTTAATTACGTACCTAGG -5

M2M-B074: SASKI (top); SASK2 (bottom)
5' -GGATCCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTTGECCARGCARGATCTTGCAACCGGTTGCCACGGATCC-3 !
3' -CCTAGGTCGTTCGCGAACCGATCCGETACGTTGCGCAACGT TCGEGAACGTACCEGTACGTTCTGEAACCGT TCCEGAACGTTCAGGAACGARCCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5 !

Figure 5.21: Binding sites for M2M-B074 on the tested fragments (from Figure 5.20).

M2ZM-B074
MSI HexBfor Site 1 Site 2 Site 3 Site 4
TZGOGingG TE)"‘SGl%GZT 0G§§COG1 COGEiCOGIG Tg 7GlcoA3T CCGGCCG ~ GGGCCC  GCGCGC  GTCGACGTC
Sl 20, A el 1546 0.06 + 0.02 3407 0.06 = 0.01
MS2 Site S Site 4 Site 3 Site 2 Site 1 HexBrev
ATGACAA CCGGACG CGCCC  ACGACTA  CGGCCA G%CIGfgng GgS%GgC g?i%cog
2407 03+0] 03401 07%03  04£0.1 el : 120,
Al Site 1 Csétéé Site 3 Site 4 G| Site 1 Site 2 Site 3 Site 4 Site
GGCGCC  nogeo AACGTT  AGGCCT — TGGCCA TAGGCCAT AAGCCCTT ATGGCCAT AAGGCCTT TTGGCCAA
0.340.2 e 0.1+0.03  0.05% 001 0.3+0.1 1407 0402 03+0.1 03+0.1
HexArev2 CCGCGQG, SASK?2 Site 5 Site 4 Site 3 Site 2 Site 1
ggi%%’;‘ AIGSgiT Aff‘lciG;T CCGG GGZCiGICC TIGGCCAA AAGGCCTT ATGGCCAT AAGGGCTT ATGGCCTA
ke : 341 1407 03+0.1 0.4+02 241 0.4+02

Table 5.5: Csq values (uM) derived from quantitative analysis of the M2M-B074 gels (with the standard errors shown). The binding sites are
presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).
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SASK1/SASK?2 Hydroxyl radical footprinting:

M2M-B072, M2M-B073 and M2M-B074

Figure 5.23 shows the results of hydroxyl radical footprinting experiments with M2M-
B072, M2M-B073 and M2M-B074 on SASKI1. These have been grouped together so as to

emphasise the difference in sequence selectivity between these related ligands.

It can be seen that both M2M-B072 and M2M-B074 bind to sites containing GGCC
sequences, with TAGGCCAT, ATGGCCAT, AAGGCCTT and TTGGCCAA all showing
attenuated cleavage. Some variation in the binding sequence can be tolerated by M2M-
B072, with AACGCGTT and AAGACCTT bound, whilst M2M-B074 has a more relaxed
selectivity, binding AACGCGTT, AAGCCCTT, AAGACCTT and AAGTCCTT (the latter
two sites possibly correspond to binding to GWC sites). M2M-B073 produces hydroxyl
radical footprints at the same sites seen with DNase I footprinting; AAGACCTT,
AAGTCCTT and AAGTACTT, supporting both the 3- and 4-overlap binding modes
shown in Figure 5.16.

M2M-B079
The M2M-B079 only differs in structure from M2M-B074 by the substitution of the
pyridoimidazole for a benzimidazole. The proposed configurations of binding are therefore

the same as M2M-B074 and are shown in Figure 5.22.

Mp-Bzi-Py-Py-Im-Im Mp-Bzi-Py-Py-Im-Im
Im-Im-Py-Py-Bzi-Mp Im-Im-Py-Py-Bzi-Mp
5"-W G G w Cc C W 5"-W W &G G C C W W

Figure 5.22: Possible DNA binding modes for M2M-B079.

Figure 5.24 shows the results of DNase I footprinting experiments with M2M-B079 on
MS2, HexAfor, HexBfor, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBfor. Figure 5.25 shows the sequences of these
fragments with the observed footprinting binding sites highlighted. The Cs, values for the

mteraction with all the sites on these fragments are summarised in Table 5.6.
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Figure 5.23: Hydroxyl radical footprinting gel
of M2M-B074, M2M-B072 and M2M-B073
with the SASK1 fragment. Only the clearest
footprints are marked. Densitometer plots were
derived from the 1 pM lane for M2M-B074
and M2M-B072; and the 3 pM lane for M2M-
B073. Densitometer plots are colour-coded
with the ligand names above the gel (the
control densitometer plot is black). GA is a
marker lane specific for purines. Con is a
control lane. Ligand concentrations (uM) are

shown at the top of each gel lane.
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MS1/MS2: It can be seen that M2M-B079 has similar binding selectivity to the related
M2M-B074 (Figure 5.20), but requires higher ligand concentrations (has weaker affinity).
The strongest binding sites are at CCGGACG (site 2), CGCCC (site 3) and CGGCCA (site
6), with weaker binding at ACGACTA (site 5) and ATGACAA (site 1). These sequences
support both of the binding modes suggested in Figure 5.22, but with mismatches widely
tolerated. There is no protection of the G/C-tracts CCGC, CCCC, CGCGC and GCCGC, as
with M2M-B074, but CGGGAGC is bound weakly, indicating M2M-B079 is less

selective.

HexA: M2M-B079 has bound to HexA with similar selectivity to M2M-B074, except that
TGGCCA (site 5) is a better site than AGGCCT (site 4). GGCGCC (site 1) has bound with
comparable affinity to AGGCCT, but CCGCGG (site 2, with TCCGGA) is a weak binding
sequence. The other G/C-tracts (CCCGGG, ACCGGT and WGCGCW) again show no
cleavage protection, indicating a more specific binding mode than just long G/C-tracts.
AACGTT (site 3) again shows weak protection, most likely due to 1:1 binding to the
surrounding A/T-tracts (this is located within the sequence TTTAAACGTTAA).

Hydroxyl radical footprinting experiments show attenuated cleavage at the three
strongest binding sites from the DNase I studies (GGCGCC, AGGCCT and TGGCCA);
CGCGG and AACGTT are not bound at these concentrations.

HexB: It can be seen that M2M-B079, like M2M-B074, produces clear footprints at
GGGCCC (site 1) and GTCGACGTC (site 3), supporting both the binding modes shown
in Figure 5.22. Other G/C-tracts give weaker footprints, with GCGCGC (site 2) the
weakest bound site. CCGGCCG (bound weakly by M2M-B074), GCCGGC, ACGCGT
and CGCGCQG are not protected. Interestingly, AATATT (site 4) and AATTAAT (site 5)
show stronger binding than GCGCGC, maybe indicating a preference for 1:1 binding.
Hydroxyl radical footprinting experiments show attenuated cleavage only at the
two strongest DNase I footprinting sites: GGGCCC and GTCGACGTC. However, the
latter site is split into two distinct footprints (GTCGAC and GTC), suggesting multiple
GWC binding sites and explaining the strong DNase I binding affinity for the longer site.

SASK1/SASK2: Every GGCC-containing site is bound universally by M2M-B079 on the
SASK1/SASK2 fragments and a single very long region of protection is evident at
concentrations of 3 pM and above. The selectivity appears to be less than M2M-B074;
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Figure 5.24: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B079 with the tested fragments. The DNase I
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.25; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 0.3 uM lanes). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.



M2M-B079: MSI (top); MS2 (bottom)
5 ' ~GGATCCATATGCGGCAATACACA
3'-CCTAGGTATACGCCGTTATGIGT

TTTCCARCTGCACT
AAAGGTTGACGTGA

M2M-B079: HexAfor (top); HexArev2 (bottom)

5' -GGATCCCGGGATATCGATATATGGCGCCARATTTAGCTATAGATCTAGAATT CCGGACCGCGGTTTAAACG

TAECGCGATCARGGTTA!
ATCGOGCTAGTT CCAR

CCGITCTATCCTGGTATAGCAAT TH
\CGGCAAGATAGGACCATATCGT TAAT

Polyamide and Hoechst-Derived Minor Groove Binding Ligands

AAGAGTTATGTAAAGTA
~TTCTCAATACATTTCAT

TCAGCCTCGAATGCGGATCC-3!
ACGAGTCGGAGCTTACGCCTAGG-5"

TAACCGGTACCTAGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC -3

3' ~-CCTAGGGCCCTATAGCTATATACCGCGETTTAAATCGATATCTAGATCTTAAGGCCTGGUGCCAAATT TGCAAT TGGCCATGEATCCGEACGTCGACGOGTACGATCGCGAATTCATGATCACGTECACCGGTACCTAGG-5!

M2M-B079: HexBfor (top); HexBrev (botton)

5' -GGATCCGGCCGATCGCGAGITCGAGEGCCCTAATTAGCCGGCARTTGCAAGCTTATARGUECUGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTUGACGTCATCGATCAATATTCGAATTAATGCATGGATCC-3!

3'-CCTAGGCCGGCTAGCGCTCGAGT

M2M-B079: SASKI (top); SASK2 (bottom)
5' -GGATCCAGCAAGCGCTTGCTAGGT
3'-CCTAGGTCGTTCGCGAACGA

CATGCAACGCGTTGCAAG
GGBTACGTTGCGCAACGTTCEGGAACG

Figure 5.25: Binding sites for M2M-B079 on the tested fragments (from Figure 5.24).

TCCCGGEATTAATCGGCCGTTAACGTTCGAATATTCG

CCCTTGCATG

CGCG

CATGCARGACCTTGCATL
ACGTTCTGGAACGTT

ATGCATATGCGCATGCGCGCATATATGTATACATGCTACAGCTGCAGTACTAGTTAT ALGC TTA]

['TGCAAGTCC
WCGTTCAGGRA

TTCCTTGGUCARGCAAGATCTTGCAACCGGTTGCCACGGATCC-3 !
CGARCCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5"!

\TTACGTACCTAGG-5"'

M2M-B079
MSI1 HexBfor Site | Site 2 Site 3 Site 4 Site 5
T?éG SSG TS\ ?I%GzT Gzc g ECOCSG OGSSgGl C(? g(i((:)GlG ToT ?I%f 6GGCCC GCGCGC ~ GTCGACGTC  AATATT AATTAAT
P {Fia s s i st 02+0.06 1243 0.1+0.02 2407 2404
MS2 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1 HexBrev
ATGACAA CCGGACG  CGCCC  CGGGAGC ACGACTA  CGGCCA ATST:‘ETT A‘:TiASTT GA(():%%%AC GCQGiCSG ¢ G()%Gicocf
2405 09403 0.6+02 55414 P 0.8+04 v s
LEniity Site | CS(‘:‘E é Site 3 Site 4 Site 5 SHIR Site | Site 2 Site 3 Site 4 Site
GGCGCC o> AACGTT  AGGCCT  TGGCCA TAGGCCAT  AAGCCCTT  ATGGCCAT  AAGGCCTT  TTGGCCAA
02+007 TP 6+2 02+005  0.05+0.01 0.5+02 1408 05403 0.6+ 04 0.6+04
HexArev2 CCGCGG. SASK2 Site 5 Site 4 Site 3 Site 2 Site 1
e T e T i Siees TTGGCCAA  AAGGCCTT ~ ATGGCCAT — AAGGGCTT — ATGGCCTA
=, =g 3 541 +EL- 08403 09404 0.6+02 1405 05402

68l

Table 5.6: Cso values (LM) derived from quantitative analysis of the M2M-B079 gels (with the standard errors shown). The binding sites are
presented left to right in the order that they run from the top of each gel to the bottom (5°-3”).



Polyamide and Hoechst-Derived Minor Groove Binding Ligands

TAGGCCAT (site 1), ATGGCCAT (site 3), AAGGCCTT (site 4) and TTGGCCAA (site
5) bind with similar affinity. The only other (G/C)4 sequence to be bound is AAGCCCTT
(site 2), which contains one base different from the proposed best site (i.e. GCCC instead
of GGCC) but this is not bound as strongly as with M2M-B074. No footprints are evident
at AGCGCT, ACGCGT and ACCGGT.

Hydoxyl radical footprinting experiments with M2M-B079 are presented later in
this chapter, with the ligands M2M-B084, M2M-B088 and M2M-B099 (Figure 5.41).

M2M-B083

M2M-B083 is unique in the Series B set of compounds due to the inclusion of a gamma
amino butyric acid linkage. This has been found to be the optimum linker length for a
hairpin polyamide (Mrksich ef al., 1994) and so M2M-B083 may be able to bind as a

hairpin dimer in the configuration shown in Figure 5.26.

Mp-Bzi-Py-Py
Im—ImD

5'-W W G G W

Figure 5.26: Possible DNA binding mode for M2M-B083. The curved structure represents
the y-linkage.

Figure 5.27 shows the results of DNase I footprinting experiments with M2M-B083 on
MSI. The footprinting sites are highlighted against the sequence of this fragment and Cs,
values for the interaction with all the sites on this fragment are summarised in Table 5.7.

It can be seen that M2M-B083 has chiefly bound A/T-tracts (indicative of selective
binding to just one strand), with AATTA (site 3) the preferred site. TTTT (site 5) and
TAAA (site 4) are much weaker binding sites, suggesting that an ApT step is preferred by
the ligand for strong binding. ATTTCCAA (site 1) is also a strong binding site and
includes the proposed binding sequence in Figure 5.26. However, the weaker binding to
AAGGTT (site 2) suggests the former sequence is being targeted at the adjacent A/T-tract.

Since the proposed binding site (WWGGW) is bound more weakly than simple
A/T-tracts, this ligand was not investigated further.
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M2M-B083
MS1 M2M-B083
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M2M-B083: MSI (top): MS2 (bottom)
5'-GGATCCATATGCGEGCAATACACATGGC!
3'-CCTAGGTATACGCCGTTATGTGTACCH

T

A CGTTGACGTGATCAGCATCGCECTACTI CCAATT CGAGGGCAAGATAGGACCATAT CGTTH

Figure 5.27: [Left] DNase I footprinting gel showing the interaction of M2M-B083
with the MS1 fragment. The footprints are indicated by the filled boxes and are also
highlighted on the sequence below. Sites are numbered as mentioned in the text. GA
is a marker lane specific for purines. Con is a control lane. Ligand concentrations
(uLM) are shown at the top of each gel lane. [Below] Binding sites for M2M-B083 on
the MS1/MS2 fragments.

Table 5.7 (Above): Csp values (WM) derived from quantitative analysis of the M2M-
B083 MS1/MS2 gels (with the standard errors shown). The binding sites are presented
left to right in the order that they run from the top of each gel to the bottom (5’-3°).

CCAACTGCACTAGTCGTAGCGCGATCARCET TAAGCTCCCGTTCTATCCTGGTATAGCAR GECCGTGAAGAGTTATGTARAC TACGTCCGGTGEGGTCTGI T T E TCATCTCAGCCTCGAATGCGGATCC -2 !
CCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAARCAGTAGAGTCGGASCTTACGCCTAGG-5 "
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M2M-B084

M2M-B084 is a classic Dervan polyamide (similar to that presented in Kielkopf et al.
(1998)), which differs from the other ligands in Series B by containing only pyrrole and
imidazole ring moieties and by having a C-terminal dimethylaminopropylamide moiety.
There are two configurations in which M2M-B084 (Dp-Py-Py-Py-Im-Im) can potentially

bind as a 2:1 complex within the DNA minor groove, as shown in Figure 5.28.

Dp-Py-Py-Py-Im-Im Dp-Py-Py-Py-Im-Im
Im-Im-Py-Py-Py-Dp Im-Im-Py-Py-Py-Dp
5"-W G G W C C W 5"-W W G G C C W W

Figure 5.28: Possible binding sites for M2M-B084 on duplex DNA.

Figure 5.29 shows the results of DNase I footprinting experiments with M2M-B084 on
MS2, HexAfor, HexBfor, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBfor. Figure 5.30 shows the sequences of these
fragments with the observed footprinting binding sites highlighted, together with an
example of footprinting plots derived from the binding of M2M-B084 to HexBfor. The Csg

values for the interaction with all the sites on these fragments are summarised in Table 5.8.

MS1/MS2: It can be seen that M2M-B084 has bound CGGCCA (site 7) with the strongest
affinity, so appears to be more selective for the GGCC binding mode than the similar
compounds M2M-B074 and M2M-B079 (though M2M-B084 binds with a weaker
affinity). Weaker binding sites such as ATGACAA (site 1), CCGGACG (site 2) and
ACGACTA (site 6) suggest that binding to GWC is still occurring, though binding to
CGCCC (site 3) and CGGGAGC (site 5) indicates that some other G/C-tracts are also
bound. No footprints are observed at TCCGCA, ACCCCA, CGCGC and GCCGC.

TTGCTA (site 4) also shows weaker cleavage protection, which is most likely due
to 1:1 binding in the surrounding A/T-tracts (TAATTGCTATA) as observed for M2M-
B074 and M2M-B079.

HexA: M2M-B084 appears to be more selective than the related compound M2M-B079
(though it binds with weaker affinity) producing footprints at three sequences: TGGCCA
(site 3), AGGCCT (site 2) and GGCGCC (site 1). The proposed binding sequence GGCC
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is therefore represented, with GGCGCC only differing from this by one base. Combining
the data for the HexAfor and HexArev2 fragments shows that these three sites have similar
binding affinities, though GGCGCC is possibly weaker. Other G/C-tracts, such as
CCCGGG, WCCGGW, CCGCGG and WGCGCW show no cleavage protection.
Significantly, GGACC is not bound by M2M-B084, suggesting the five-unit 2:1 overlap in
Figure 5.28 is not recognised (even though the central core GWC is bound at other
sequences).

Hydroxyl radical footprinting experiments show attenuated cleavage at AGGCCT
and TGGCCA.

HexB: It can be seen that M2M-B084 is again more selective than M2M-B079, binding
preferentially to GGGCCC (site 1), which contains the proposed recognition sequence
GGCC. CGCGCG (site 2, with ACGCGT) is bound more weakly, but GCGCGC and
TCGCGA show no protection (the adjacent alternating G/C-tracts of site 2 are most likely
creating cooperative binding of the ligand). Although there are no footprints in the other
long G/C-tracts (CCGGCCG and GCCGGC), GTCGACGTC (site 3) is bound, although
relatively weaker than with M2M-B079, suggesting that there may be some interaction
with GWC. The A/T-selectivity seen with M2M-B079 is not apparent with M2M-B084.
Hydroxyl radical footprinting only shows binding at GGGCCC and CGCGCQG,
suggesting that the secondary binding to GWC is not as pronounced as with M2M-B079.

SASK1/SASK2: The binding selectivity and affinity of M2M-B084 to SASK1/SASK2 is
similar to that of the related M2M-B079. TAGGCCAT (site 1), ATGGCCAT (site 3),
AAGGCCTT (site 4) and TTGGCCAA (site 5) are bound with the same affinity, with
AAGCCCTT (site 2; which has a single base different from GGCC) a weaker site. The
other G/C-tracts (AGCGCT, ACGCGT and ACCGGT) show no cleavage protection.

Hydoxyl radical footprinting experiments with M2M-B084 are presented later in
this chapter, with the ligands M2M-B079, M2M-B088 and M2M-B099 (Figure 5.41).
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Figure 5.29: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B084 with the tested fragments. The DNase 1
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.30; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 0.3 uM lane for HexAfor and 1 pM for HexBfor). Sites are numbered as mentioned

in the text. GA is a marker lane specific for purines. Con is a control lane. The ligand concentrations (uM) are shown at the top of each gel lane.
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M2M-B084: MSI (top); MS2 (bottom)

5 '-GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCALT A STAGCGCGAT CARGGTTARGCT GITTCTATCCY [ATAGCAATT GAAGAGTTATGTAAAGT A ‘EGTGGGGTCTGT P TCAGCCTCGAATGCGGATCC- 3"
3 '-CCTAGGTATACGCCGTTATGTE TACCGECTAAAGGT TGACGT GATCAG CATCGOGCTAGTT CCARATT CEAGSGCAAGATAGEAC CATAT CETTAATC CCECACT TCTCAATACAT TTCATGCAGECCACCCCAGAC CARA CAGTAGAGTCGGAGCTTACGCCTAGG-5'

M2M-B084: HexAfor (top); HexArev2 (bottom)

5' -GGATCCCGGGATAT CGATAT AT GG CGCCARATTTAGCTATAGATCTAGAATTCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGECCTGCAGCTGCGCATGC TAGCGCTTAAGTACTAGTGCACGETGGCCATGGATCC- 3!

3'-CCTAGGGCCCTATAGCTATATACCGCGGTTTARATCGATATCTAGATCTTAAGGCCTGGCGCCARATTTGCAATTGGCCATCGATCCGGACGTCGACGOGTACGAT CGCGAATTCATGATCACGTGCACCGGETACCTAGG-5"
M2M-B084: HexBfor (top): Hex Brev (bottom)
5' -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCOGGCAATTGCAAGCTTATAAGCGCGCTACGTATACGCETACGCECGTATATACATATGTACATGTCGACGTCATGATCAATATTCGBATTRATGCATGGATCC -3 !

3' -CCTAGGCCGGCTAGCGCTCGAGCTOCUGGEATTAATCGGCCGTTAACGTTCGAATATTCGUGUGATGUATATECGOATGCECGCATATATGTATACATGTACAECTGCAGTACTAGTTATAAGCTTAATTACGTACCTAGG-5'

M2M-B084: SASKI (top); SASK2 (bottom)
5'-GGATCCAGCAAGCGCTTGCTAGGLCATGCAACGCGTTGCAAGCCCTTGCATEGL CATGCAAGACCT TG CAAGEC CTTE CARGTCCTTGCTTGGC ARG CAAGATCTTGCAACCGGTTGCCACGGATCC-3 !

3' -CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGT TCCGGAACGTACCGGTACGTTCTGGAACGT TCOGGAACGTTCAGGAACGAACCGGTTCGTTCTAGARACGTTGGCCAACGGTGCCTAGG-5"

M2M-B084 - HexBfor

GTCGACGTC
, Co=412M

CGCG,CGCGCG
Cso =5+ 2 M
[ ]

GGGCCC
C50 =1+04 |JM

Relative Intensity (Arbitrary Units)

Ligand Concentration (pM)

Figure 5.30: [Top] Binding sites for M2M-B084 on the tested fragments (from Figure 5.29). [Above] Example of footprinting plots for the
interaction of M2M-B084 with binding sites in the HexBfor DNA fragment.
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M2M-B084
MS1
TGGCAG TAGTCGT GCTCCCG  TAGCAA GGGCG  CGTCCGG TTGTCAT
31+19 3104 4406 541 2405 2+0.6 1.5+0.7
MS2 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
ATGACAA CCGGACG CGCCC TTGCTA CGGGAGC ACGACTA CGGCCA
24+1 2406 341 441 341 241 0.7+02
HexAfor Site 1 Site 2 Site 3
GGCGCC AGGCCT TGGCCA
13+7 4+1 341
HexArev2 | 156cca AGGCCT GGCGCC
23417 2407 0.07 + 0.06
HexBfor Site 1 Site 2 Site 3
GGGCCC  ACGCGT,CGCGCG GTCGACGTC
1+0.4 5492 442
HexBrev | 51 cGTCGAC CGCGCGACGCGT — GGGCCC
543 442 1404
SASKI1 Site 1 Site 2 Site 3 Site 4 Site 5
TAGGCCAT AAGCCCTT ATGGCCAT AAGGCCTT TTGGCCAA
0.5+02 5492 1405 0.6+02 0.6+0.2
SASK?2 Site 5 Site 4 Site 3 Site 2 Site 1
TTGGCCAA AAGGCCTT ATGGCCAT AAGGGCTIT ATGGCCTA
0.5+02 0.5+02 0.7+ 0.3 341 0.4+0.1

Table 5.8: Cso values (LM) derived from quantitative analysis of the M2M-B084 gels (with the standard errors shown). The binding sites are

presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).
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M2M-B088
Due to the arrangement of ring moieties in the polyamide M2M-BO088, only two
configurations of 2:1 binding are possible without clashing imidazoles (shown in Figure
5.31), although the second (shown on the bottom in Figure 5.31) exposes unpaired
imidazole rings.
Mp-Bzi-Py-Im-Py-Im
Im-Py-Im-Py-Bzi-Mp
5'"-W W G C G C W W

Mp-Bzi-Py-Im-Py-Im
Im-Py-Im-Py-Bzi-Mp
5'-W W W ¢ G C G W W W

Figure 5.31: Possible DNA binding modes for M2M-B08&8.

Figure 5.32 shows the results of DNase I footprinting experiments with M2M-B088 on
MSI1, HexAfor, HexBrev, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBfor. Figure 5.33 shows the sequences of these
fragments with the observed footprinting binding sites highlighted, together with an
example of footprinting plots derived from the binding of M2M-B088 to MS1. The Cs

values for the interaction with all the sites on these fragments are summarised in Table 5.9.

MS1/MS2: It can be seen that the binding of M2M-B088 is generally weaker than that
observed with the other Series B ligands. The only three sequences bound on MS1 are
A/T-tracts, suggestive of 1:1 binding; AATTA (site 1), TAAA (site 2) and TTTT (site 3).
However, several other (A/T), sites are not bound, with no protection observed at ATAT,
AATA, ATTT, TATA and TTAT, while TTAA is bound only weakly on MS2.

Weaker binding to GCCGC, GGCC and AGTGCA was also observed on the MS2
fragment (all of which differ from the proposed GCGC binding mode by one or two bases)
suggesting G/C binding is secondary for M2M-B088. No other G/C-tracts, including
GCGCQG, showed cleavage protection on either fragment.

HexA: The binding appears to be more G/C-selective on the HexA fragments than
observed with MS1/MS2 and only two long A/T-tracts show DNase I footprints:
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AAATTTA (site 2) and TTTAAA (site 4, with TTAA). Binding to GCGC 1is seen at
several places on this fragment, such as GGCGCC (site 1), TGCGCA (site 6) and
AGCGCT (site 7), although up to two base permutations from this may be permitted:
AGATCT (site 3), AGGCCT (site 5), AGTACT (site 8) and TGCACG (site 9) are bound.
However, there is no protection at the sequences TGGCCA, CCGCGG, CCGG and
CCCGGG.

Hydroxyl radical footprinting experiments show attenuated cleavage at all the
DNase 1 footprinting sites at the top of the gel (GGCGCC, AAATTT, AGATCT,
TTTAAA and AGGCCT). However, the inherently weak binding of this ligand makes it
difficult to assess whether hydroxyl radical cleavage is also attenuated at the other DNase |

sites.

HexB: It can be seen that M2M-B088 has mainly bound to A/T-tracts on the HexB
fragments, with ATTAATT and AATATT (site 6), TATATA (site 4), TTATAA (site 3),
AATT (site 2) and TAATTA (site 1) all exhibiting protection from cleavage. The binding
of M2M-B088 is generally weak, and many of the G/C-tracts in this fragment (including
CGCGCG, which contains the proposed GCGC binding site) do not show footprints. The
only G/C-tract to show protection from cleavage is GACGTC (site 5), which contains
RCGY (which is similar to the GCGC proposed site).

Hydroxyl radical footprinting experiments show attenuated cleavage at three A/T-
tracts; TAATTA, AATT and AATATT.

SASK1/SASK2: Only one footprint at AGCGCT (site 1) is seen on the SASK1/SASK2
fragments. The binding to this site is relatively weak compared to the other Series B
ligands, with other G/C-tracts (GGCC, CGCG, GCCC and CCGG) showing no cleavage
protection.

Hydroxyl radical footprinting experiments with M2M-B088 are presented later in
this chapter, with the ligands M2M-B079, M2M-B084 and M2M-B099 (Figure 5.41).
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Figure 5.32: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B088 with the tested fragments. The DNase I

footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.33; while the hydroxyl radical footprint

sequences are shown (densitometer plots are taken from the 3 pM lanes). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane.



961

Polyamide and Hoechst-Derived Minor Groove Binding Ligands

M2M-B088: MSI (top); MS2 (bottom)
5 '~ GGATCCATATGCGGCAATACACATGGCAGAT TTCCAACT GCACTAGT CGTAGC GCGAT CAAGGTTAAGCT CCCGT TCTATCCTGCTATAGCAAT TAGGGCGTGAAGAGT TATGT ARAGTACGT CCGGT GGGGT CTGTTT T GTCATCT CAGCCTCGAATGCGGATCC- 3"

3'-CCTAGGTATACGCCGTTATGTGTACCGGCTARAGGT TGACGTGATCAGCATCGCGCTAGTT CCAATTCGAGGGCAAGATAGGACCATAT CGTTAATCCCGCACTTCTCAATACATTTCATGCAGGC CACCCCAGACCARACAGTAGAGTCGGAGCTTACGCCTAGG- 5"

M2M-B088: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATTCCGGACCGCGGTTTAAACGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC- 3!

3'-CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATATCTAGATCTTAAGGCCTGGCGCCAAATTTGCAAT TGGCCATGGATCCGGACGTCCGACGCGTACGATCGCGAATTCATGAT CACGTGCACCGGTACCTAGG- 5"

M2M-B088: HexBfor (top); HexBrev (bottom)
5' -GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCOGGCAATTGCAAGCTTATAAGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATATTICGAATTAATGCATGGATCC-3

31 -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGAT TAATCGGCCGTTAACGTTCGAATATTCGCGCGATGCATATGCGCATGCGCGCATATATGTATACATGTACAGCTGCAGTACTAGT TATAAGCTTAATTACGTACCTAGG-5 !

M2M-B088: SASK1 (top); SASK2 (bottom)
5' -GGATCCAGCARAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCAAGACCTTGCARGGCCTTGCAAGTCCTTGCTTGGC CAAGCAAGATCTTGCAACCGGTTGCCACGGATCC~3 !
3' -CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGTTCGGGAACGTACCGGTACGTTCTGGAACGTTCCGGARCGTTCAGGAACGAACCGGT TCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5"

M2M-B088 - MS1

Cso =20+ 10 uM

AATTA Se, TAAA
C5o:13i3HM C50=18i7HM

] 25 50 [ 25 50 0 25 50

Relative Intensity (Arbitrary Units)

Ligand Concentration (uM)

Figure 5.33: [Top] Binding sites for M2M-B088 on the tested fragments (from Figure 5.32). [Above] Example of footprinting plots for the
interaction of M2M-B088 with binding sites in the MS1 DNA fragment.
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M2M-B088
MSI1 Site 1 Site 2 Site 3
AATTA TAAA TTTT
13+3 18+ 7 20+£10
MS2 AAAC TAATT  TTAA AGTGCA GGCC GCCGC
- 11 +£8 30+ 25 26 £ 20 23+ 13 25+ 18
HexAfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
GGCGCC AAATTTA AGATCT TTTAAATTAA AGGCCT TGCGCA AGCGCT AGTACT TGCACG
43 +21 73+ 15 27+£9 26+ 12 19+ 12 12+£3 5+£2 T+2 14 £8
HexArev2
CGTGCA AGTACT AGCGCT TGCGCA AGGCCT TTAATTTAAA AGATCT TAAATTT GGCGCC
32+19 30+£21 21+10 267 19+ 8 23+£10 20+ 10 13£5 19+ 10
HexBfor
TAATTA AATT TTATAA TATATA GACGTC AATATT AATTAAT
27+ 10 163 28 17 16+ 8 19+ 14 12+£10 947
HexBrev Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
ATTAATT,AATATT GACGTC TATATA TTATAA AATT TAATTA
20+ 5 1849 22 +12 15+7 157 6+3
SASK1 Site 1
AGCGCT
8+4
SASK2 Site 1
AGCGCT
6+4

Table 5.9: Cso values (uM) derived from quantitative analysis of the M2M-B088 gels (with the standard errors shown). The binding sites are

presented left to right in the order that they run from the top of each gel to the bottom (5°-3°). Sites marked “~> correspond to footprints evident

by visual inspection, but for which quantitative analysis did not provide a clear value.
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M2M-B097
There are three possible configurations which might allow 2:1 binding for M2M-B097,

two of which have benzimidazole paired with imidazole, as shown in Figure 5.34.

Mp-Bzi-Bzi-Py-Im
Im-Py-Bzi-Bzi-Mp
5"-W W W G C W W W

Mp-Bzi-Bzi-Py-Im Mp-Bzi-Bzi-Py-Im
Im-Py-Bzi-Bzi-Mp Im-Py-Bzi-Bzi-Mp
5'"-W W G W C W W 5"-W G W W ¢C W

Figure 5.34: Possible DNA binding modes for M2M-B097.

Figure 5.35 shows the results of DNase I footprinting experiments with M2M-B097 on
MS2, HexAfor, HexBfor, SASK! and SASK2 fragments; and hydroxyl radical
footprinting experiments on HexAfor and HexBfor fragments with densitometer plots.
Figure 5.36 shows the sequences of the DNase I tested fragments with the observed
footprinting binding sites highlighted. The Cso values for the interaction with all the sites

on these fragments are summarised in Table 5.10.

MS1/MS2: It can be seen that M2M-B097 has bound to two GWC sites on MS1/MS2:
CGACT (site 4, with TGCA) and TGACAAA (site 9). Some weaker binding is evident at
GWWC (GGATCC (site 1, with ATAT) and AGAACG (site 6). However, footprints are
not observed at all the GWWC and GWC sites, with GGTCT and TGTACG not showing
cleavage protection.

Every (A/T)4 tract is bound, indicative of 1:1 binding; such as TTAT (site 2),
AAAT (site 3), TAATTGCT (site 7) and TTTA and ATAA (site 8). The binding to TTAA

(site 5) is weaker.

HexA: Four M2M-B097 footprints are apparent on the HexA fragments, with the A/T-
tracts AAATTTA (site 1) and AATT (site 2) the strongest bound. Other A/T-tracts such as
ATATAT and TTTAAA are not bound, maybe because TpA steps hinder the binding.
AGTACT (site 4) is a slightly weaker binding site, with GGTACC (site 3) weaker still.
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M2M-B097
MS2 HexAfor HexAfor OH' HexBfor HexBfor OH' SASK1 SASK2
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Figure 5.35: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B097 with the tested fragments. The DNase 1
footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.36; while the hydroxyl radical footprint
sequences are shown (densitometer plots are taken from the 0.3 pM lanes). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (LM) are shown at the top of each gel lane.
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M2M-B097: MSI (top); M S2 (bottom)
5'-GGATCCATATGCGGCARTACACATGGCAGATTTZCAACTG
3'-CCTAGGTATACGCCETTATGTGTACCES AAGGTTGAC

Wil F

X GATCRAAGC
SCATCGCGCTAGTTICC

CTATCCTGGTATAGCAAT TAGGGCGTGA AGTACGTCCGGTGGGGTCTGT
SATAGGACCATATCGI TAATCCCGCACTTC TCATGCAGGCCACCCCAGACC

M2M-B097: HexAfor (top); HexArev2 (bottom)
5' -GGATCCCGGGATATCGATATATGGCGCCAAR TAGCTATAGATCTAGC
3' -CCTAGGGCCCTATAGCTATATACCGCEGETTTAAATCGATATCTAGA

M2M-B097: HexBfor (top); HexBrev (bottom)
S!' -GGATCCGGCCGATCGCGAGCTCGAGGGCCCT! i
3!' -CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGAT TAM

M2M-B097: SASK1 (top); SASK2 (bottom)
5! -GGATCCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCARGACCT TG CAAGGCCTTGCAAG
3' -CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGTTCGGGARCGTACCGGTACGTTCTGGAACGTTCOGGARCGT TCA

TECTTGGCCAAGCAAGAT CTTGCAACCGGTTGCCACGGATCC-3!
GGARCGAACCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5"

Figure 5.36: Binding sites for M2M-B097 on the tested fragments (from Figure 5.35).

‘AGCCTCGAATGCGGATCC-3"
STCGGAGCTTACGCCTAGG-5’

VATTCCEGACCGCGGTTTAARCGTTAACCGGTACCTAGGCCTGCAGCTGCGCATGCTAGCGCTTARGTACTAGTGCACGTGGCCATGGATCC - 3!
"TAAGGCCTGGCGCCAAATTTGCAATTGGCCATGEATCCGGACGTCGACGCGTACGAT CGCGARTTCATGATCACGTGCACCGGTACCTAGG-S!

ATTGCAAGCTTATAAGCGCGCTACGTATACGCGTACGCGCGTATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTARTGCATGGATCC -3 !
AACGTTCOGAATATTCGCGCGATGCATATGCGCATGUGCGCATATATGTATACATGTACAGCTGCAGTACTAGTTATAAGCTTAATTACGTACCTAGG -5

M2M-B097
Mg} ATTT TGCA,AGTCG TTAA CGTTCT  AGCAATTA  TTAT,TAAA  TTTTGTCA e % g‘:"ClCT AGSfCZCT
2
72 £ 69 51 23120 6+2 05+02 3+07 1.3+£03 0501 09402
o Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 :}‘;} JARK2 N g o Site |
TGACAAA  TTTAATAA  TAATTGCT  AGAACG TTAA CGACT.TGCA AAAT TATT i AGGACT  AGGTCT
03+0.15 1+£0.5 04+0.1 L) 5+2 D et 2+05 25+1 1146 1+£03 0.7+0.2
HexAfor Site 1 Site 2 Site 3 Site 4
AAATTTA AT GGTACC AGTACT
034015 1403 342 1404
: 5
B e A e GGTACC AATT TAAATTT
05+0.2 2+07 0.1+0.07 02+0.2
HexBfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
GGATCC TAATTA AATTGCA  TACGTATA  CGTACG TGTACA CGACGTCA  AATATT  AATTAAT
g4 4+16 0.07 + 0.04 4417 6+3.5 1404 0.5+02 18405 04401
HexBrev | ,TAATT  TGACGTCO TGTACA CGTACG ~ TATACGTA  TGCAATT TAATTA
6+2 5+3 5+3 7+4 6+4 2+0.5 2+ 1

Table 5.10: Cso values (uM) derived from quantitative analysis of the M2M-B097 gels (with the standard errors shown). The binding sites are

presented left to right in the order that they run from the top of each gel to the bottom (5°-3”).
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It can therefore be suggested that A/T bases surrounding the GWWC core are preferred

over flanking G/C bases. This could explain the lack of binding to GGACC, even though it

contains the preferred GWC sequence. There is no evidence of binding to GC sequences.
Hydroxyl radical footprinting experiments show attenuated cleavage at

AAATTTA, AATT, GGTACC and AGTACT, which correspond to the best DNase I

binding sites.

HexB: Many sequences on the HexB fragment appear to have been bound with similar
affinity by M2M-B097 and there is one long footprint at 10 uM and above. However,
protection at the following sites persists to lower concentrations: AATTGCA (site 3), for
which binding probably occurs at the A/T-tract, as other GC sites are not bound; TGTACA
(site 6), which contains the sequence GWWC; and CGACGTCA (site 7), containing the
sequence GWC. Other strong sites are at A/T-tracts, including TAATTA (site 2),
TACGTATA (site 4), AATATT (site 8) and AATTAAT (site 9). Weaker binding sites are
GGATCC (site 1) and CGTACG (site 5), both containing the GWWC sequence, whilst
CGATCG does not show protection.

Hydroxyl radical footprinting experiments show attenuated cleavage at AATTGCA
and TGTACA. The former can be explained by suggesting 1:1 binding, whilst TGTACA
contains the GWWC sequence proposed in Figure 5.34 for the preferred 2:1 binding mode.

SASK1/SASK?2: Only two footprints are evident on the SASKI1/SASK2 fragments:
AGACKCT (site 1) is marginally stronger than AGTCCT (site 2). It is interesting to note
that AGATCT is not bound by M2M-B097 (contrary to the findings with the similar ligand
M2M-B071). No GC sequences are bound and the affinity of binding for M2M-B097 is
generally stronger than M2M-BO071.

SASK1/SASK?2 Hydroxvyl radical footprinting:
M2M-B071 and M2M-B097

Figure 5.37 shows the results of hydroxyl radical footprinting experiments with M2M-
B071 and M2M-B097 on the SASK1 fragment. It can be seen these two ligands show the
same hydroxyl radical footprinting patterns with attenuated cleavage at AAGACCTT (site
1), AAGTCCTT (site 2) and AAGATCTT (site 3), suggestive of both GWC and GWWC
binding. This selectivity is clearest on the differential cleavage plot and is also seen on

SASK2 (not shown).
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Figure 5.37: [Left] Hydroxyl radical
footprinting gel of M2M-B071 and M2M-
B097 with the SASKI fragment. Only the
clearest footprints are marked and are
numbered as mentioned in the text. GA is a
marker lane specific for purines. Con is a
control lane. Ligand concentrations (uM) are
shown at the top of each gel lane.

[Below] Differential cleavage plot of M2M-
B071 and M2M-B097 binding with the SASK1
DNA fragment (5°-3”) derived from the 3 pM
lanes of the hydroxyl radical gel.
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M2M-B099
Compound M2M-B099 is similar to M2M-B097, but with an extra N-terminal imidazole

moiety. This allows for two potential binding conformations, as shown in Figure 5.38.

Mp-Bzi-Bzi-Py-Im-Im
Im-Im-Py-Bzi-Bzi-Mp
5'-W G G W C ¢C W

Mp-Bzi-Bzi-Py-Im-Im
Im-Im-Py-Bzi-Bzi-Mp
5'-W W G G C cC W W

Figure 5.38: Possible DNA binding modes of M2M-B099.

Figure 5.39 shows the results of DNase I footprinting experiments with M2M-B099 on
MS2, HexAfor, HexBfor, SASK1 and SASK2, together with hydroxyl radical footprinting
experiments on HexAfor and HexBfor. Figure 5.40 shows the sequences of these
fragments with the observed footprinting binding sites highlighted. The Csq values for the

interaction with all the sites on these fragments are summarised in Table 5.11.

MS1/MS2: It can be seen that M2M-B099 has bound to a large number of sites on this
fragment. Every (G/C), sequence generates a DNase I footprint as well as several shorter
sequences (including some GC sites). The strongest binding site is CGGCCA (site 2,
including the proposed GGCC site), with TGCCGCA (site 1), TGATCGCGCT (site 3) and
CGCCC (site 6) as weaker sites. The weaker sites also include GpC steps, including AGCT
(site 4) and TGCT (site 5). It therefore appears that GC alone is necessary for binding of
this ligand, though the weak binding to GGACGTACT (site 7) and TGACA (site 8) show
that other binding sites are occupied (especially GWC).

HexA: Every (G/C)4 sequence on the HexA fragments is bound by M2M-B099. GGCGCC
(site 2), CCGCGG (site 3, with CCGG), AGGCCT (site 5) and TGGCCA (site 8) are
bound especially strongly, all of which contain one or more GpC steps. CCCGGG (site 1)
and ACCGGT (site 4) are weaker binding sites, indicating that G/C-tracts without a GpC
step can also be bound. Weak binding is observed at TGCGCA (site 6) and AGCGCT (site
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7), indicating that the central base sequence of site 2 (GCGC) is not sufficient to produce
strong binding alone.

Hydroxyl radical footprinting experiments confirm these observations, with
attenuated cleavage observed at CCCGGG, GGCGCC, TCCGGA, CCGCGG, ACCGGT,
AGGCCT and TGCGCA. 1t is not clear whether AGCGCT and TGGCCA are protected or

not.

HexB: M2M-B099 has bound every (G/C)s sequence on the HexB fragments. GGGCCC
(site 2), GCCGGC (site 3) and GCGCGC (site 4) are bound strongly, supporting the theory
that GC is necessary for strong binding. However, footprints are also observed at
GTCGACGTC (site 6) and the A/T-tracts AATATT (site 7) and AATTAAT (site 8, with
TGCA), suggesting that 1:1 binding may also be occurring.

It is interesting to note that CGGCCG (site 1) is a weaker binding site than
GGGCCC (site 2), even though they contain the same central tetranucleotide sequence,
indicating that all six base pairs are involved in binding. CGCGCG (site 5, with ACGCGT)
is also a weaker binding site, suggesting that three adjacent GpC steps (in GCGCGC) are
preferred over two steps.

Hydroxyl radical footprinting experiments of the HexB fragments support these
DNase I studies, with attenuated cleavage observed at GGGCCC, GCCGGC, GCGCGC,
ACGCGT, CGCGCG and AATATT. The DNase I footprint at GTCGACGTC (site 6) has
been resolved into two separate binding sites, with two GTC sites binding. Binding to

CGGCCG and AATTAAT is not clear as these sites are at the two extremes of the gel.

SASK1/SASK2: It can be seen that every GpC step has been bound by M2M-B099, except
when these are located in alternating G/C-tracts (GCGC and CGCG). GGCC sites
TAGGCCAT (site 1, with TGCT), ATGGCCAT (site 3, with TGCA), AAGGCCTT (site
5, with TGCA) and TTGGCCAA (site 7, with TGCT) are bound with similar affinity to
sites with only a lone GC (TTGCAA (site 2), ATGCAA (site 4), TTGCAA (site 6) and
TTGCAA (site 8)) or GCC (TTGCCA (site 9), indicating only a single GpC is necessary
for strong binding. This suggests that in the GGCC binding mode in Figure 5.38, only the

central Py-Im is affecting the sequence selectivity.
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Figure 5.39: DNase I and hydroxyl radical footprinting gels showing the interaction of M2M-B099 with the tested fragments. The DNase I

footprints are indicated by the filled boxes and are also highlighted on the sequences in Figure 5.40; while the hydroxyl radical footprint

sequences are shown (densitometer plots are taken from the 0.3 pM lanes). Sites are numbered as mentioned in the text. GA is a marker lane

specific for purines. Con is a control lane. The ligand concentrations (uM) are shown at the top of each gel lane.
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M2M BO)‘) MS1 (top) MS2 (bott
513 A 3G CARTACACATG TTTCCAACTGCACTAGTCGT TCAAGGTTARG STTCTATCCTGGTAT
- CCTAGGTATACGUCGTTATGTSTAC TAAAGGT TGACGTGATCAG (2 X3 CAAGATAGGALCA'
M2M-B099: HexA for (top); HexArev2 (bottom)
S' -GGATCCCGECGATAT OGATATI AAATTTAGCTATAGAT CTAGAATT
-CCTAGGGCCCTATAGCTATA

j'l'l':.l'n‘«SAGl‘Tp GTAAAGTACGT

M2M-B099: HexBfor (top); HexBrev (bottom)
5 ' -GGATCCGECOGATCGCGAGCTCGAGEG CCCTAAT TAGCCGGCAA TTGCAACCTTATAAGCGE
CC'I'AGGCCGGCTAGCGCTCG.J.\; CTCCCGGGATTAATCGGCCGTTAACGT TCGAATATTLG

M2M-B099: SASKI (top): SASK2 (bottom)
S5' -GGATCCAGCAAGCGCTTGCTAGS CCATGCAACGCGTTCGCAAGCCCTTGCATGGCCATGCARGACCTTGCAAL
3'-CCTAGGTCGTTCGCCARLG GGTACGTTGCGCAACETTCGCGAACGTACCGG TACGTTCTGEAACGTTCCGEARCGTTCAGEAACGAN

Figure 5.40: Binding sites for M2M-B099 on the tested fragments (from Figure 5.39).

CTACGTATACGCK

ATATACATATGTACATGT CCACGTCATGATCAATATTCGAATTAATCCA'
CGOCATGCATATGCOECATGOGCGCATATATGTATACA TG TACAGC TGCAGTACTAGTTATAAGCT TAATTAOS

A T G 3 ( TACTAGTGCACGT GG «'l'GC—‘x_l""l cE=i3t
LCCGO _TTszATCGATATCTAGATCI'Thn CCa G CGGE! SACGCGT € ATTCATGATCACGTGCP.

HGATCC-3"
ACCTAGG-5"'

CTTGCAAGTCCTTGCTTGGCCARGCAAGATCTTEGCAACCGGTTGCCACGGATCC-3!
TTCGTTCTAGARACCTTGGC CAACGETGCCTAGG-5"

M2M-B099
Ml TGCGGCA GGCA AGCGCGATCA AGCT AGCA GGGCG AGTACGTCC TGTCA TGCGG
30+29 54+ 51 02+0.1 1£03 1407 02007 0703 04+0.1 04+0.1
MS2 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
TGACA GGACGTACT CGCCC TGCT AGCT TGATCGCGCT CGGCCA TGCCGCA
7+4 1£05 05+0.2 105 2406 03+0.1 0.04%0.01 03007
HexA for Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8
CCCGGG GGCGCC CCGG,CCGCGG ACCGGT AGGCCT TGCGCA AGCGCT TGGCCA
2404 0.06 % 0.04 0.1 £0.05 0.6+023 0.1+0.03 1.6+08 1305 04+0.1
HERA=YE TGGCCA AGCGCT TGCGCA AGGCCT CCGCGG,CCGG GGCGCC GGATCC
1704 72+69 52+48 0.5+0.1 0401 0.1%001 4£2
HexBfor Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8
CGGCCG GGGCCC GCCGGC GCGCGC CGCG,CGCGCG GTCGACGTC AATATT AATTAAT,TGCA
6+4 04007 03007 0.3+0.05 1404 02+ 0.03 0.7+0.1 0.2+ 0.04
HexBrev | TGCATTAATT GACGTCGAC — CGCGCG.CGCG GCGCGC GCCGGC GGGCCC
3+2 14+0.7 2+15 1+0.8 1+09 08+0.5
SRl Tsé‘f:} Site 2 ngéi Site 4 TS(‘;‘(C: i Site 6 TS(‘]‘(C:% Site 8 Site 9
TAGGCCAT TTIfS‘;‘A ATGGCCAT ATSGZEC?A AAGGCCTT TT6GiC;‘A TTGGCCAA Tgst;“lA TEG&CA
8+2 12+5 6+2 5+3
SASK2 Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
TGGCAA TTGCAA TTGGCCA,AGCA  TGCA,AAGGCCTT  TGCA,AGGTCT  TGCA,ATGGCCAT ATGCAA TTGCAA ATGGCCTA,AGCA
5+2 64 = 60 D, 6+2 341 341 3+ TEER 315

Table 5.11: Cso values (uM) derived from quantitative analysis of the M2M-B099 gels (with the standard errors
presented left to right in the order that they run from the top of each gel to the bottom (5°-3°).

shown). The binding sites are
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SASK1/SASK?2 Hydroxyl radical footprinting:
M2M-B079, M2M-B084, M2M-B088 and M2M-B099

Figure 5.41 shows the results of hydroxyl radical footprinting experiments with M2M-
B079, M2M-B084, M2M-B088 and M2M-B099 on the SASK1 fragment.

It can be seen that both M2M-B079 and M2M-B084 have bound to the GGCC sites
(TAGGCCAT, ATGGCCAT, AAGGCCTT and TTGGCCAA) and are more selective than
the related ligands M2M-B072 and M2M-B074 (shown in Figure 5.23). M2M-B099 has
also bound these four GGCC sequences, but also produces attenuated cleavage at three
sites that contain single GpC steps (TGCA, TGCA and TGCC), supporting previous
findings that only GC is necessary for binding (and not GGCC).

M2M-B088 has only clearly bound the proposed binding site of AAGCGCTT
selectively on the SASKI1/SASK2 fragment, when observed by hydroxyl radical

footprinting. SASKA1
- M2M-B0S M2M-B08
M2M-B079 M2M-B084 9 2 8
<G 9§ o=§ o- <GS0
DO+~ -oco OQOAN~OMm

e, R K {

= ¥ 3 * :
4, 7 TAGGCCAT . TAGGCCAT = AAGCGCTT
% 3 _

. ¢ i
TAGGCCAT . &
c |

" ATGGCCAT ;ATGGCCAT . ATGGCCAT M
¥ k2 iTeca

. AAGGCCTT { AAGGCCTT |

-

TTGGCCAA -~ TTGGCCAA ; TTGGCCAA

Figure 5.41: Hydroxyl radical footprinting gels of M2M-B079, M2M-B084 and M2M-

B099; and M2M-B088 with SASK1. Only the clearest footprints are marked. Densitometer
plots were derived from the 0.1 uM lane for M2M-B079, M2M-B084 and M2M-B099; and
from the 3 uM lane for M2M-B088 and are colour-coded with the ligand names above the
gel (the control densitometer plots are black). GA is a marker lane specific for purines.

Con 1s a control lane. Ligand concentrations (M) are shown at the top of each gel lane.
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1:1 mix heterodimer (M2M-B071 and M2M-B072)

The Series B ligands are designed to bind to DNA in a 2:1 conformation as homodimers.
However, it is possible to mix some of the ligands to create viable 2:1 heterodimers to
select for different sequences.

The mixing of M2M-B071 (Mp-Bzi-Py-Py-Im) and M2M-B072 (Mp-Bzi-Py-Im-
Im) in a 1:1 fashion can give the potential for two different binding configurations to occur
for a heterodimer binding to duplex DNA, assuming normal polyamide binding rules are

applied. These are shown in Figure 5.42.

Mp-Bzi-Py-Im-Im Mp-Bzi-Py-Im-Im
Im-Py-Py-Bzi-Mp Im-Py-Py-Bzi-Mp
5'-W W G ¢ C W W 5'-W G W C ¢C W

Figure 5.42: Possible DNA binding modes for a M2M-B071/M2M-B072 heterodimer.

Figure 5.43 shows the results of DNase I footprinting experiments with M2M-B071,
M2M-B072 and an equimolar mixture of M2M-B071 and M2M-B072 on the MSI
fragment. The Csq values for the interaction with all the sites on the MS1/MS2 fragments
are summarised in Table 5.12.

It can be seen that three of the footprints produced by M2M-B071 and M2M-B072
alone are also present in the 1:1 mix lanes. The affinity of the 1:1 mixture at site 1
(GGGCG/CGCCC) appears to be weaker than that seen with M2M-B072 alone. A similar
situation is seen at site 3 (TGTCA/TGACA), in which the 1:1 mix has a weaker binding
affinity than M2M-B071 alone. These differences can be attributed to the lower
concentration of each ligand in the 1:1 mixture.

However, site 2 (GGGTCT/AGACCC), shows equal or better binding in the 1:1
mixture compared with M2M-B072 alone (M2M-B071 shows no binding at this site). It
can therefore be suggested that the mixture can binds to GWCC as a heterodimer, as shown

in Figure 5.42 above.

Other combinations of ligands: M2M-B072/M2M-B073; M2M-B072/M2M-B097; and
M2M-B073/M2M-B097 exhibited no evidence of heterodimer formation on MS1 and MS2

fragments.
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MS1

M2M-B0O71
M2M-B071 & M2M-B0O72
M2M-B072
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=
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Polyamide and Hoechst-Derived Minor Groove Binding Ligands

Site 1 Site 2 Site 3

M2M-B071 MSI GGGTCT | TGTCA
- 2

MS2 AGACCC | Unclear

1:1 Mix MS1 | GGGCG | GGGTCT | TGTCA
4+1 /T 10£6
MS2 || CGCECCT AGACCE

Ll s=6 g8+4
M2M-B072 MS1 | GGGCG | GGGTCT
1+04 6+3

MS2 | CGCCC | AGACCC
1EorE LS a2

Figure 5.43 (Left): DNase | footprinting gel showing the interaction of M2M-B071, M2M-B072
and a 1:1 mixture with the MS1 fragment. The footprints are indicated by the filled boxes, with the
red boxes representing binding of the 1:1 mixture. GA is a marker lane specific for purines. Con is

a control lane. The ligand concentrations (uM) are shown at the top of each gel lane.

Table 5.12 (Above): Cso values (uM) derived from quantitative analysis of the gel in Figure 5.39

(with the standard errors shown).
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Hoechst 33258 / Polvamide Conjugates: Series D

Using known pairing rules (and assuming that benzimidazole will not bind opposite

another benzimidazole, as with Hoechst 33258), Table 5.13 shows the possible binding

modes for the Series D ligands that showed cleavage protection on the tested fragments.

M2S-D11 Dp-Py-Py-Im-Bzi-Im
Im-Bzi-Im-Py-Py-Dp
5"-W W ¢ C G C W W
M2S-D22 Mp-Bzi-Py-Py-BzN-Im
Im-BzN-Py-Py-Bzi-Mp
5"-W W G G C C W W
Mp-Bzi-Py-Py-BzN-Im
Im-BzN-Py-Py-Bzi-Mp
5"-W G G W ¢C C W
BzN-Im is linked by a six-membered ring and so is sterically unable to
bind as a dimer with itself.
M2S-D33 Dp-Py-Py-Py-Bzi-Im
Im-Bzi-Py-Py-Py-Dp
5"-W G W W W C W
Dp-Py-Py-Py-Bzi-Im
Im-Bzi-Py-Py-Py-Dp
5"-W W ¢ W W C W W
M2S-D66 Mp-Bzi-Py-Im-Gly-Bzi-Py-Im
Im-Py-Bzi-Gly-Im-Py-Bzi-Mp
5"-W G W C W G W ¢C W
M2S-D88 Mp-Bzi-Py-Bzi-Py-Bzi-Im

Im-Bzi-Py-Bzi-Py-Bzi-Mp
5"-W W W G W W C W W W

The Series B ligand results show a six ring overlap is unlikely to occur.

Table 5.13: Proposed DNA binding sites for the Series D ligands. The benzimidazole,

presenting an unbound nitrogen to the minor groove in M2S-D22 is termed “BzN”. The

glycine linkage in M2S-D66 is shown as “Gly”.
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The Series D set of compounds was initially examined by DNase I footprinting with MS1
and MS2 to establish approximate binding selectivity and affinity. DNase I footprinting
experiments were then carried out on the SASK1/SASK2 fragments, since the initial
observations suggested that the ligands were G/C selective, making SASKI1/SASK2 an

ideal substrate.

MS1/MS2

Figure 5.44 shows the results of DNase I footprinting experiments with M2S-D11, M2S-
D22 and M2S-D66 on the MS1 fragment; and M2S-D33 and M2S-D88 on the MS2
fragment. Figure 5.45 shows the sequence of MS1/MS2 with the observed footprinting
binding sites highlighted, together with an example of footprinting plots derived from the
binding of M2S-D11 to MS1. The Cs, values for the interaction with all the sites on these

fragments are summarised in Table 5.14.

M2S-D11: It can be seen that the interaction between the MS1/MS2 fragment and M2S-
D11 is generally weak, with only three A/T-tracts showing DNase I footprints (suggestive
of 1:1 binding). The long site TATAGCAATTA (site 1) shows the strongest affinity,
whilst the shorter sites 2 (TAAA) and 3 (TTTT) are weaker. There is no evidence for the

interaction with any of the proposed G/C-containing sites.

M2S-D22: DNase I footprints are evident at every (A/T), site on this fragment (suggestive
of 1:1 binding); AATA (site 1), ATTT (site 2), TTAA (site 3), TATA (site 5), AATTA
(site 6), TTAT (site 7), TAAA (site 8) and TTTT (site 9). However, the footprint at site 4
(CGTTCTAT) may indicate a different binding mode (though other GWWC sites are not
bound).

M2S-D33: This is a generally weaker binder than the other Series D ligands and M2S-D33
produces DNase I footprints at every A/T-tract on the MS1/MS2 fragment; TTAT (site 1),
TAAA (site 2), TTAA (site 3), TAATTGCTATA (site 5) and TTTA and ATAA (site 6)
binding with similar affinity. Interestingly, ATAGAACG (site 4) is bound by the ligand,
supporting the GWWC binding mode although no other GWWC sequences show
protection. This binding is therefore most likely due to an interaction with the short A/T-
tract (supported by weak binding to ATGACAAA (site 7).
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Figure 5.44: DNase I footprinting gels for the interaction of the Series D ligands with MS1 and MS2 fragments. The clearest footprints are
indicated by the filled boxes and are highlighted in the sequence shown in Figure 5.45. Sites are numbered as mentioned in the text. GA is a

marker lane specific for purines. Con is a control lane. The ligand concentrations (uM) are shown at the top of each gel lane.



A4

Polyamide and Hoechst-Derived Minor Groove Binding Ligands

M2S-D11: MS1

M2S§-D22: MS1
5' ~-GGATCCATATGCGEGCAR TACACATGGCAGAT T TCCAACTGCACTAGTCGTAGCGC GATCARGETTARGCTCCCGTTCTATCCTGETATAGCART TAGGGCGTGARGAGT TATGTARAGTACGTCCGGTGGGG TCTG TTTTGTCATCTCAGCCTCGAATGCGGATCC-3 !

M2S-D66: MS1
5' -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTACTCETAGCEC GATCAAGGTTARGCTCCCGTTCTATCCTGGTATAGCAAT TAGGGCGTGARGAGTTATGTARAGTACGTCCGGTGGGG TCTGTTTTGTCATCTCAGCCTCGAATGCGGATCC-3 !

M2S-D33: MS2
5 ' -GGATCCGCATTCGAGGC TGA

CRARCCAGACCCCACCGGACGTACT TTACATAACTCTTCACGCCCTARTTECTATACCAGGATAGARCGGGAGCTTARCCTTGATCGCGCTACGACTAGTGCAGTTG ZARATCGGCCATGTGTATTGCCGCATATGGATCC -3

M2S-D88: MS2
§' ~GGATCCECATTCGAGGU TERAGATCGACAARCCAGACCCCACCGGACGTACT T TACATAACTCTTCACGCCCTAATTGCTATACCAGEATAGARCG GGAGCTTAACCTTGATCGCGCTACGACTAETGCAGTTGGAAATCGGCCATGTGTATTGCCGCATATGEATCC-3 "

M2S-D11 - MS1

TATAGCAATT TAAA . TTTT
Csp=91£3 uM ) Cs0=15% 3 uM (P Cs0=1326 uM

Relative Intensity (Arbitrary Units)

Ligand Concentration (M)

Figure 5.45: [Top] DNase 1 footprinting sites (in red) for the Series D ligands on the MS1/MS2 fragments. Only the sequence of the insert, which
was cloned into the BamHI site of pUC18, is shown. [Above] Examples of footprinting plots for the interaction of M2S-D11 with the MS1

fragment.
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M2S-D66: It can be seen that M2S-D66 produces the best footprints at AGCGCGA (site 1)
and TTTT (site 4) on the MS1/MS2 fragment. AATTA (site 2) and TAAA (site 3) are the
only weaker binding sites, with not every A/T-tract bound. It is also interesting that there
are no footprints at G/C-tracts, suggesting that the proposed binding to GWCWGWC does

not occur.

M2S-D88: Footprints are evident at every (A/T)4 site on MS1/MS2, including ATAT (site
1), TAAT (site 2), AAAT (site 3), TTAA (site 5), TAATTGCTATA (site 7) and TTTA
and ATAA (site 8). Binding to ATAGAACG (site 6) may also be attributable to 1:1 A/T-
tract binding, though it also contains the proposed GWWC binding site (no other GWWC
site is bound though). It is interesting to note the weaker binding to CGACTA (site 4),
ATGACAAA (site 9) and CGAGGCT (site 10), indicating the ligand may bind to other

sequences than just A/T-tracts.

M2S-D44, M2S-D55 and M2S-D77 showed no cleavage protection on the MS1/MS2

fragment.

SASK1/SASK?2
Figure 5.46 shows the results of DNase I footprinting experiments with M2S-D22 and
M2S-D88 on SASK1 and SASK?2. Figure 5.47 shows the sequence of SASK1/SASK2 with

the observed footprinting binding sites highlighted, together with an example of
footprinting plots derived from the binding of M2S-D22 to SASK2. The Cs, values for the

interaction with all the sites on these fragments are summarised in Table 5.15.

M2S-D22: It can be seen that although M2S-D22 only binds at high concentrations,
producing weak footprints, the clearest protection is at AGATCT (site 4), again indicating
a different binding conformation (GWWC) than those stated in Table 5.13 (GGCC and
GGWCC). AGGCCA (site 1, with TGCA) AGACCT (site 2) and AGTCCT (site 3) are
even weaker sites. No footprints are evident at other G/C-tracts (GCGC, GCCC, CGCQG,
CCGG and GGCC (except AGGCCA,; site 1)) nor isolated GpC steps. There is therefore
only limited evidence that this ligand interacts with GWC or GGCC.

M2S-D88: Only four sequences on SASK1/SASK?2 show specific cleavage protection by
M2S-D88 (non-specific binding is seen down to 5 puM). These sites; AGCGCT and
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M2S-D11
MS1 Site 1 Site 2 Site 3
TATAGCAATTA TAAA TTTT
9+3 15+3 13+£6
M2S-D22
MS1 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
AATA ATTT TTAA CGTTCTAT TATA AATTA TTAT TAAA  TTIT
4+1 0.4+0.1 26+0.5 2.5+0.8 1.3£04 0.5+0.1 1.3+£02 1+03 3+03
M2S-D33
MS2 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
ATGACAAA TTTA,ATAA TAATTGCTATA  ATAGAACG TTAA AAAT TATT
67 +£52 2011 33+18 37+35 20+9 35+£22 23 %15
M2S-D66
MS1 Site 1 Site 2 Site 3 Site 4
AGCGCGA AATTA TAAA TTTT
8+4 24+7 205 61
M2S-D88
MS2 Site 10 Site 9 Site 8 Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 Site 1
ATT,CGAGGCT ATGACAAA  TTTA,ATAA TAATTGCTATA ATAGAACG TTAA CGACTA AAAT TAAT ATAT
6+2 1.2+0.38 0.2+£0.07 0.3+0.05 0.5+0.1 0.7+£0.2 15409 1+£02 05+02 09+02

Table 5.14: Cso values (LM) derived from quantitative analysis of the Series D MS1/MS2 gels (with the standard errors shown). The binding sites
are presented left to right in the order that they run from the top of each gel to the bottom (5°-3”).
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AGGCCA (site 1), AGACCT (site 2), AGTCCT (site 3) and AGATCT (site 4) have
similar Cso values. The only link between these sequences 1s WGNNCW (N being any
base), but other GGCC sites and GCCC are not bound. It can be assumed that AGGCCA 1is
therefore not the ligand target in site 1, and that base steps in the GNNC binding sequence

are consequently essential.

M2S-D11, M2S-D33, M2S-D44, M2S-D55, M2S-D66 and M2S-D77 showed no cleavage
protection on the SASK1/SASK2 fragment.

M2S-D22 M2S-D88
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Figure 5.46: DNase I footprinting gels for the interaction of M2S-D22 and M2S-D88 with
SASK1 and SASK2 DNA fragments. The clearest footprints are indicated by the filled
boxes and are highlighted in the sequences shown in Figure 5.47. Sites are numbered as
mentioned in the text. GA is a marker lane specific for purines. Con is a control lane. The

ligand concentrations (M) are shown at the top of each gel lane.
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M28-D22: SASK1 (top); SASK2 (bottom)

Polyamide and Hoechst-Derived Minor Groove Binding Ligands

5' -GGATCCAGCAAGCGCTTGCTAGGCCATGCARCGCGTTGCAAGCCCTTGCATGGCCATGCAACACCTTGCAAGGCCTTGCRACTCCTTECTTGGCCAAGCAAGAT CTTGCAACCGGTTGCCACGGATCC -3
3'-CCTAGGTCGTTCGCGAACGATCCGETACCTTGCGCAACGTTCGGGAACGTACCGGTACGTTCTEGAACGTTCCGGAACGT TCAGGAACGAACCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5"

M2S-D88: SA SK1 (top); SASK2 (bottom)

5'-GGATCCAGCAAGCGUTTECTACCCCATGCARCGCGTTGCAAGCCCTTGCATGGCCATGCARCGACCTICCARGGCCTTGCAAGTCCTTGCTTGGCCAAGCARCAT CTTGCAACCGGTTGCCACGGATCC-3!
3'-CCTAGGTCGTTCGCGAACGATCCGGTACGTTGCGCAACGTTCGGGAACGTACCGGTACEGTTCTGEAACGTTCCGGAACGTTCAGGAACGAACCGGTTCGTTCTAGRACGTTGGCCAACGGTGCCTAGG-5"

Figure 5.47: [Above] Sequences of the SASKI1/SASK?2 fragments, indicating the footprints (in red) produced by M2S-D22 and M2S-D§8.
[Below left] Examples of footprinting plots derived from the binding of M2S-D22 to the SASK2 fragment.

M2S5-D22 - SASK2

Ligand Concentration (uM)
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M2S-D22
SASKI1 Site 1 Site 2 Site 3 Site 4
AGGCCA, TGCA AGACCT AGTCCT AGATCT
52+10 29+ 5 43 £+ § 18+ 3
SASK2 Site 4 Site 3 Site 2 Site 1
AGATCT AGGACT AGGTCT TGCA,TGGCCT
6+4 8+4 LG 14+£5
M2S-D88
SASKI1 Site 1 Site 2 Site 3 Site 4
AGCGCT,AGGCCA AGACCT AGTCCT AGATCT
6+2 G SERPLS P
SASK2 Site 4 Site 3 Site 2 Site 1
AGATCT AGGACT AGGTCT AGCGCT
2+0.5 2+0.6 2+0.8 1.5+06

Table 5.15 (Above right): Csp values (M) derived from quantitative analysis of the Series D SASK1/SASK2 gels (with the standard errors

shown). The binding sites are presented left to right in the order that they run from the top of each gel to the bottom (5’-3%).
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Linked Hoechst 33258 / Polyamide Conjugates: Series C

Using known pairing rules, the binding modes in Table 5.16 are possible for the Series C
ligands. The other ligands M2M-C107, M2M-C207, M2M-C507 and M2M-C707 showed

no cleavage protection in preliminary experiments and so are not included.

M2M-C307 Dp-Py-Py-Py Dp-Py-Py-Py
M2M-C407 \ Py-Py-Py-Dp \ Py-Py-Py-Dp

M2M-C607 |5'-W W W W W W W W W W W W W W W W W W

The three ligands differ only by the linkages.

M2M-C807 Mp-Pzi-Bzi Mp-Pzi-Bzi
\B21 Pzi-M \Bzi—Pzi~MP

5"-W W W W W W W W w w W W W W

Table 5.16: Proposed DNA binding sites for the Series C ligands. The number of bases
occupied by the linkages is unknown, so those shown are just representative of an

undefined occupied space.

The Series C compounds were initially tested on the MS1/MS2 and SASKI1/SASK2
fragments to establish approximate binding selectivity and affinity. DNase I footprinting
experiments were then carried out on the specifically-designed fragment SASK3/SASK4.
Hydroxyl radical footprinting was utilised to better establish binding selectivity on these
fragments. Hydroxyl radical footprinting on DNA fragment P6, which contains long A/T-
tracts, was carried out to better establish binding of the A/T-selective ligands. DNase I
footprinting experiments for this fragment are not shown, as control DNase I cleavage was

very poor in these long A,.T, tracts, so making footprints unclear.

MS1/MS2 and SASK1/SASK?2

Figure 5.48 shows the results of DNase I footprinting experiments with the Series C
ligands on MS1/MS2 and SASKI1/SASK2. Only M2M-C407 and M2M-C807 showed
cleavage protection on these fragments (M2M-C807 only bound to SASK1/SASK2). The
Cso values for the interaction with all the sites on these fragments are summarised in Table

5.17.
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Figure 5.48: DNase I footprinting gels for the interaction of M2M-C407 with the MS1 fragment, and M2M-C407 and M2M-C807 with SASK1
and SASK?2 fragments. The clearest footprints are indicated by the filled boxes and sequences. GA is a marker lane specific for purines. Con is a

control lane. The ligand concentrations (LM) are shown at the top of each gel lane.
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MS1/MS2: M2M-C407 shows non-selective binding at 50 pM, with one region of
attenuated cleavage at lower concentrations around the sequence TTATGTAAA. This is

the longest A/T-tract in the fragment, though it contains a single GC base pair in the centre.

SASK1/SASK2: M2M-C407 has bound the SASK1/SASK?2 fragment non-selectively at
concentrations of 10 pM and above, with no selective footprints apparent at lower
concentrations. M2M-C807 also binds non-selectively at concentrations of 10 uM and
above, but a distinct footprint is produced at GCAAGATCTTGC, evident on both SASK 1
and SASK2, which persists to low concentrations; this suggests a different binding mode to

that proposed in Table 5.16.

M2M-C407
MS1 TTATGTAAA
15+£9

M2M-C807

SASK1 GCAAGATCTTGC
1+0.02
SASK2 GCAAGATCTTGC
2+0.5

Table 5.17: Cso values (uM) derived from quantitative analysis of the Series C MS1 and
SASK1/SASK?2 gels (with the standard errors shown).

SASK3/SASK4

DNase I footprinting

Figure 5.49 shows the results of DNase I footprinting experiments with M2M-C307,
M2M-C407, M2M-C607 and M2M-C807 on SASK3. Similar experiments on SASK4 are
shown in Figure 5.50. Figure 5.51 shows the sequence of these fragments with the
observed footprinting binding sites highlighted. An example of footprinting plots derived
from the binding of M2M-C807 to SASK3 is in Figure 5.52. The Cso values for the
interaction with all the sites on these fragments are summarised in Table 5.18.

It can be seen that M2M-C307, M2M-C407 and M2M-C607 have all produced a
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single footprint on this fragment around the sequence AAATATATATTT (site 1). M2M-
C407 binds to this the strongest, possibly explaining its observed binding to MS1/MS2 and
SASK1/SASK2, whilst M2M-C307 is weaker and M2M-C607 the weakest ligand.

SASK3
M2M-C307 M2M-C407 M2M-C607 M2M-C807
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Figure 5.49: DNase I footprinting gels for the interaction of the Series C ligands with the
SASK3 fragment. The clearest footprints are indicated by the filled boxes and are
highlighted in the sequences shown in Figure 5.51. Sites are numbered as mentioned in the
text. GA is a marker lane specific for purines. Con is a control lane. The ligand

concentrations (uM) are shown at the top of each gel lane.

M2M-C807 is unique in that it binds to other sites as well; AGATCTTGC (site 3) is the
best site, with AAATATA (site 1) and ATATTT (site 2) bound as weaker sites. The best

221



Polyamide and Hoechst-Derived Minor Groove Binding Ligands

site supports the results with SASK1/SASK2, which suggested that GWWCWWG might
be the preferred target, whilst the splitting of the AAATATATATTT sequence into two
distinct footprints suggests the central alternating region ([AT]s) is a weak site for M2M-

C807.

M2M-C107, M2M-C207, M2M-C507 and M2M-C707 showed no cleavage protection on
the SASK3/SASK4 fragment.

SASK4
M2M-C307 M2M-C407 M2M-C607 M2M-C807
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Figure 5.50: DNase I footprinting gels for the interaction of the Series C ligands with the
SASK4 fragment. The clearest footprints are indicated by the filled boxes and are
highlighted in the sequences shown in Figure 5.51. Sites are numbered as mentioned in the
text. GA is a marker lane specific for purines. Con is a control lane. The ligand

concentrations (LM) are shown at the top of each gel lane.
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M2M-C307; M2M-C407; M2M-C607: SASK3 (top); SASK 4 (bottom)
5 ' ~GGATCCAGCAAGCGCGCTTGCAACCCT ATAGGGTTGCARGTCT TGCAARTATATATATTTGCAAGATCTTGCAAGGCTTGCGCCAAGCT TGCAAGGG TATACCCT TGCAAGCTAGCTTGCAAGCGCT TGCAAGATACTTGGCAT GGATCC-3 !
3 ' -CCTAGGTCGTTCGCGCGAACGTTGGGA TATCCCAACGTTCAGAACG T T TATATATATAAACGTTCTAGAACGTTCCGAACGCGGTT CGAACGT TCCCATATGGGAACGTTCGATCGAACGTTCGCGAACGTTCTATGAACCGTACCTAGG-5

M2M-C807: SASK3 (top); SASK4 (bottom)
5' -GGATCCAGCAAGCGCGCTTGCAACCCT ATAGGGTTGCAAGTCTTGCAARTATATATATTTGCAACGATC TTGCAAGGCTTGCGCCAAGCTTGCARGGGTATACCCTTGCARGCTAGCTTGCAAGCGCTTGCAAGATACTTGGCAT GGATCC-3
3 ' -CCTAGGTCGTTCGCGCGAACGTTGGGA TATCCCAACGTTCAGARCGTT TATATATATAAACGTTCTAGAACGTTCCGAACGCGGTT CGAACGTTCCCATATGGGAACGTTCGATCGARCGTTCGCGARCGTTCTATGAACCGTACCTAGG-5 "

Figure 5.51: Binding sites for the Series C ligands that exhibited selective binding to SASK3 and SASK4, as derived from Figures 5.49 and 5.50.

M2M-C807 - SASK3

AAATATA AGATCTTGC

Cso=0.3£0.1 pM

Relative Intensity (Arbitrary Units)

Ligand Concentration (M)

Figure 5.52: Examples of footprinting plots for the interaction of M2M-C807 with SASK3.
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M2M-C307

SASK3

Site 1
AAATATATATATTT
5+£2

SASK4

Site 1
AAATATATATATTT
5+£3

M2M-C407

SASK3

Site 1
AAATATATATATTT
3+1

SASK4

Site 1
AAATATATATATTT
3+1

M2M-C607

SASK3

Site 1
AAATATATATATTT
6+3

SASK4

Site 1
AAATATATATATTT
T7+5

M2M-C807

SASK3

Site 1 Site 2 Site 3
AAATATA ATATTT  AGATCTTGC
3+0.8 2+0.7 0.3+0.1

SASK4

Site 3 Site 2 Site 1
GCAAGATCT AATATAT TATTT
1+0.3 2+0.4 2+04

Table 5.18: Cso values (uM) derived from quantitative analysis of the Series C

SASK3/SASK4 gels (with the standard errors shown). The binding sites are presented left

to right in the order that they run from the top of each gel to the bottom (5°-3°).

Hydroxyl radical footprinting

Figure 5.53 shows the results of hydroxyl radical footprinting experiments with M2M-
C307, M2M-C407, M2M-C607 and M2M-C807 on SASK3. Similar experiments with

SASK4 fragment are shown in Figure 5.54.
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Figure 5.53: Hydroxyl radical footprinting gels of the Series C ligands with the SASK3 fragment. Only the clearest footprints are marked.
Densitometer plots were derived from the 0.3 uM lane for all ligands. GA is a marker lane specific for purines. Con is a control lane. Ligand

concentrations (LM) are shown at the top of each gel lane.
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Figure 5.54: Hydroxyl radical footprinting gels of the Series C ligands with the SASK4 fragment. Only the clearest footprints are marked.
Densitometer plots were derived from the 0.3 uM lane for all ligands. GA is a marker lane specific for purines. Con is a control lane. Ligand

concentrations (M) are shown at the top of each gel lane.
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The hydroxyl radical footprinting experiments show more clearly defined regions of
attenuated cleavage for M2M-C307 and M2M-C607 on SASK3 than seen with DNase 1.
The long A/T-tract (AATATATATTT) appears as two distinct footprints around AATAT
and ATTT, with the central region not bound. In contrast, M2M-C407 produces a single
long footprint in this region, as seen with DNase I, on both SASK3 and SASK4.

M2M-C807 attenuates cleavage on SASK3 and SASK4 in the same places as the
DNase I footprints, with attenuated cleavage evident around AATAT, ATTT and
AGATCT on SASK4. The observation that the long A/T-tract contains two discrete
binding sites supports the previous suggestion that M2M-C807 has a greater selectivity
than the other Series C ligands.

P6
Figure 5.55 shows the results of hydroxyl radical footprinting experiments with M2M-
C307, M2M-C407, M2M-C607 and M2M-C807 on the P6 fragment.

It can be seen that M2M-C307, M2M-C407, M2M-C607 and M2M-807 bind
within each of the A/T-tracts (A¢Ts, [AT]s, TeAs and [ATTT];) at high concentrations.

The differential cleavage plots (calculated from the results at 0.3 pM ligand) show
that M2M-C307 has the greatest effect at A¢Ts. TsAs is split into two footprints, whilst no
significant cleavage protection is seen at [AT]¢ or [ATTT]; (suggesting that TpA steps are
excluded from the M2M-C307 binding site).

M2M-C407 also produces two footprints in the T¢Ag¢ sequence, while multiple
footprints are seen with [ATTT]s, indicating that the target binding sequence is short for
M2M-C407 (another possible explanation for the footprints on the MS1/MS2 and
SASKI1/SASK2 fragments). It is not clear whether cleavage is attenuated at A¢Ts and
[AT]s.

Low concentrations of M2M-C607 produce footprints at every A/T-tract, though
binding at [ATTT]; is unclear. A single footprint covers A¢Ts, while T¢Ay is again split
mmto two footprints. Some weaker binding is observed at [AT]s, indicating that TpA steps
do not abolish binding, though they appear to reduce it.

Two distinct footprints are seen at both AgT¢ and T¢Ag with M2M-C807, which
suggests that the centre of these sites (the ApT and TpA steps) are bound less well. No
significant binding is observed to [AT]¢ and [ATTT]s, although cleavage attenuation at the
terminals of the P6 fragment suggest strong binding to GATC sites, as seen with previous

fragments.
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Figure 5.55: [Left] Hydroxyl radical footprinting gel of the Series C ligands with the P6 fragment. A/T-tracts are marked to the left. GA i1s a
marker lane specific for purines. Con is a control lane. Ligand concentrations (M) are shown at the top of each gel lane. [Right] Differential

cleavage plot of the Series C ligands against the P6 DNA sequence (5°-3”) derived from the 0.3 uM lanes of the hydroxyl radical gels.
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Discussion

The results presented in this chapter offer insights into the individual binding properties of
the various Hoechst 33258/polyamide subunits and how they might lead to more selective

and stronger binding compounds in the future.

Hoechst 33258 Analogues: Series A

Only A/T-tracts were bound by all the Series A compounds (and Hoechst 33258),
indicating any hydrogen bond acceptor atoms, such as those found on M2M-A066, do not
affect the selectivity. This infers a 1:1 binding mode, which is well known as the preferred

mode for the parent compound Hoechst 33258 (Vega et al., 1994; Aymami et al., 1999).

Hoechst 33258

The results obtained for Hoechst 33258 support the published research on this ligand, with
the findings of Abu-Daya et al (1995) and Breusegem et al. (2002) most directly
comparable to those presented here. These papers show that Hoechst 33258 binds to A/T-
tracts in a decreasing affinity AATT>TAAT=ATAT>TATA=TTAA, as is found in this
study.

N-terminal substitution: Thiophene and furan

The substitution of the Hoechst 33258 N-terminal phenyl group with thiophene in M2M-
A010 and M2M-A016 has reduced the binding affinity. TpA steps significantly reduce the
affinity, more so than with Hoechst 33258, suggesting that the bulky terminal phenyl group
has a limited tolerance for TpA steps.

M2M-A016 binds to the preferred AATT sequence with about 2-fold stronger
affinity than M2M-A010, suggesting that the thiophene sulphur facing into the minor
groove increases the affinity without affecting the selectivity (so it is not acting as a
hydrogen bond acceptor). It might be speculated that the electrostatic potential of the
thiophene ring is now positioned away from the DNA minor groove, so forcing the

molecule into the groove, thereby enhancing the affinity.

M2M-A040 and M2M-A044 have N-terminal furan rings in place of the phenol group of
Hoechst 33258. The single atom change from thiophene decreased the binding strength to
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AATT on pAADI, while also relaxing the selectivity so that it includes some TpA steps.
This may explain the strong binding of M2M-A040 to A/T-tracts in the MS1/MS2
fragment. This relaxed selectivity is most pronounced with M2M-A044, for which the
preference for AATT is reduced while binding to sites containing TpA steps is increased.
The apparent increase in the affinity of M2M-A044 for sites containing TpA steps
may be related to the way the furan oxygen is positioned, so as to poke deeper into the
minor groove of DNA than with M2M-A040. Since no extra hydrogen bonds are present, it
can be suggested that the electrostatic potential of the furan ring, now facing more directly
away from the groove, forces stronger binding of the ligand in the wider groove at TpA

steps.

N-terminal substitution: Bulky ring moieties

M2M-A020, M2M-A030, M2M-A077 and M2M-AO081 are related by the substitution of
the Hoechst 33258 N-terminal phenol for bulky ring groups (benzopyrrole, ferrocene, an
inverted N-methylbenzimidazole and quinoline respectively). Although the overall binding
affinity for A/T-tracts has been weakened by these substitutions, the relative affinity for
TpA steps has strengthened relative to Hoechst 33258.

Taking into account the findings for the thiophene and furan-substituted ligands, it
can be suggested that the bulky ring groups force the ligand into the groove for strong
binding. This effect is most noticeable with M2M-A020, M2M-A030 and M2M-A081,
where the ring moieties are positioned pointing away from the DNA minor groove.
However, the observation that affinity of these ligands is decreased compared to Hoechst
33258 (500-fold in the case of M2M-A030) indicates that this effect is limited to TpA
steps (relaxing the specificity for ApA and ApT).

Although it might be suggested that the benzopyrrole of M2M-A020 forms an extra
hydrogen bond at TpA steps, this cannot account for the increased TpA binding of the
other ligands. It can therefore be proposed that TpA sites are bound relatively strongly as
the wider groove at these steps can accommodate the bulky ring systems of these ligands.
The bulky N-terminal groups (and methyl group in the case of M2M-A077) may also
interact with the DNA backbone to strengthen binding at TpA steps.

N-terminal substitution: Imidazole
The substitution of the Hoechst 33258 N-terminal phenol for imidazole in M2M-A055 and
N-methylimidazole in M2M-A066 has also generally decreased binding strength, though
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with no overall change in selectivity. The imidazole nitrogen clearly does not form
hydrogen bonds with the 2-amino group of guanine.

A relative increase in tolerance of M2M-A055 and M2M-A066 for TpA steps,
relative to Hoechst 33258 and M2M-A040, suggests that their amide (M2M-A055) and N-
methyl (M2M-A066) groups play a role in the sequence selectivity. It is possible that these
groups increase the size of the N-terminal ring, allowing the ligands to more fully occupy
the wide minor groove at TpA steps. It is also possible that these groups interact with the
sugar-phosphate backbone (as with M2M-A077), due to the sequence dependence of DNA
local structure. This could explain the variation in selectivity between M2M-A055, M2M-
A066 and M2M-A077, with slightly different ring structures allowing different sequences
of DNA to be preferentially bound.

General Conclusions

The results for the Series A compounds have shown that changing one ring system can
have subtle effects on selectivity and affinity of binding.

It is clear that Hoechst 33258 is the strongest binding of the ligands tested,
suggesting that an N-terminal phenyl group is best for strong binding with A/T-tracts.
However, Hoechst 33258 is selective for ApA or ApT steps, discriminating against TpA.
To overcome this selectivity, a ring system that more fully occupies the wider groove at
TpA is required. It is possible that selectivity can also be altered through sequence-specific

interactions between a ligand and the DNA sugar-phosphate backbone.

Hoechst 33258 / Polyamide Conjugates: Series B

The Series B ligands are conjugates of Hoechst 33258 and polyamides, containing
benzimidazole, pyridoimidazole, N-methylpyrrole and N-methylimidazole ring systems.
The changes affected the sequence selectivity and affinity, leading to a better

understanding of the role each ring moiety plays in binding to the DNA minor groove.

N-terminal Py-Im

M2M-B071 (Mp-Bzi-Py-Py-Im), M2M-B073 (Mp-Pzi-Py-Py-Im) and M2M-B097 (Mp-
Bzi-Bzi-Py-Im) all have an N-terminal Py-Im, which, in the 2:1 mode, might target two
GC base pairs that are separated by different numbers of AT base pairs (a two-unit overlap

might bind GC; a three-unit overlap will bind GWC; and a four-unit overlap will bind
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GWWO).

M2M-B071 has a clear preference for the three-unit overlap GWC, with weaker
binding to GWWC and GC. This optimal overlap is probably because the
benzimidazole/imidazole pairing, which would be generated by the four-unit overlap, is
sterically unfavourable (contrary to work on benzimidazole-containing hairpin polyamides
(Briehn et al. (2003)); whilst the two-unit overlap does not create enough ligand-ligand and
ligand-DNA contacts for strong binding.

When the benzimidazole of M2M-B071 is substituted for a pyridoimidazole in
M2M-B073, GWC (i.e. the three-unit overlap) is still the preferred binding site, but the
affinity for GWWC is reduced significantly (GC binding is negligible). This indicates that
the pyridoimidazole dislikes binding opposite imidazole more than benzimidazole. A
pyridoimidazole ring system is therefore a useful tool for creating staggered 2:1 ligand
binding, although increased A/T binding (compared with M2M-B071) suggests that some
1:1 binding also results from this substitution.

M2M-B097 contains two contiguous benzimidazole ring systems (instead of Bzi-
Py in M2M-B071). This ligand largely targets A/T-tracts, suggesting that it binds in a
classic 1:1 mode. However, binding to GWC sequences (especially when flanked by AT
base pairs) is stronger than with M2M-B071. It has a clear preference for this site over
GWWC and GC (which are both relatively weaker than with M2M-B071). The two
contiguous benzimidazoles of M2M-B097 may be too rigid (and therefore less annular) for
both rings to bind in a 2:1 conformation, hence preferring the three-unit overlap. It appears
that some Bzi/Im pairing is permitted in this case; possibly indicating that it is the Mp-Bzi
terminal that inhibits binding of the other Series B ligands.

N-terminal Im-Im

M2M-B072 (Mp-Bzi-Py-Im-Im), M2M-B074 (Mp-Pzi-Py-Py-Im-Im), M2M-B079 (Mp-
Bzi-Py-Py-Im-Im), M2M-B084 (Dp-Py-Py-Py-Im-Im) and M2M-B099 (Mp-Bzi-Bzi-Py-
Im-Im) all have an N-terminal Im-Im ring system, which might target two consecutive GC
base pairs.

The results showed that M2M-B072 binds to GpC steps, and that the proposed
target site (GGCC) is bound with similar affinity to GpC steps that are surrounded by AT
base pairs. This suggests that the central GpC alone is sufficient for ligand binding.
However, the different affinities of the various GGCC sites (e.g. AGGCCT and TGGCCA)

suggest that six base pairs are involved in defining the complete binding site. It can
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therefore be proposed that only the central Py-Im is directly responsible for determining
the selectivity in the 2:1 mode, and that the terminal Bzi/Im pairs are redundant (terminal
Mp-Bzi/Im pairs were shown to be non-permissive with M2M-B071) as shown in Figure
5.56. With only two units targeting the DNA selectively, binding is generally weaker than
that observed for the other N-terminal Im-Im ligands, although the affinity for this

sequence is clearly modulated by the surrounding base pairs.

Mp-Bzi-Py-ImtIm
Im-Im-Pyt+Bzi-Mp

5’-N N G C N N

Figure 5.56: Proposed binding mode of M2M-B072, in which only the central Py-Im pair

is responsible for the selectivity.

Lengthening the polyamide by adding an extra pyrrole ring as in M2M-B074 (while also
substituting benzimidazole with pyridoimidazole) allows a four-unit 2:1 overlap, with no
Pzi/Im pairing. This has resulted in GGCC being substantially preferred over isolated GpC
steps; the binding affinity is also strengthened, presumably due to the four-unit overlap.
The surrounding base pairs appear to affect the selectivity, and YGGCCR is a relatively
poor binding site. The ligand also binds weakly to GWC, suggesting that it may also bind
with a five-unit overlap (with pyridoimidazole paired with imidazole). However, the
Pzi/Im pairing does not impart any selectivity, so GGWCC is not preferentially targeted, in
a similar fashion to M2M-B072. The stronger binding affinity of M2M-B074 compared to
M2M-B072 has relaxed the sequence selectivity; some single base changes weaken but do
not abolishing the binding, while some G/C-tracts that do not contain GpC steps are also
bound weakly. This may suggest that van der Waals forces and electrostatic interactions
play a more important role than hydrogen bonding. It is also interesting to note that M2M-
B074 also binds to some long A/T-tracts, presumably in the 1:1 mode, maybe because
longer compounds are more likely to use this binding conformation. This is consistent with
the observation that sequence selectivity is decreased with longer ligands (Kelly et al.;
1996). However, there is no indication to suggest footprint size is significantly larger for
the longer ligand (as could be expected).

M2M-B079 differs from M2M-B074 by the substitution of the pyridoimidazole

with benzimidazole. This single atom change has generally weakened the binding affinity

233



Polyamide and Hoechst-Derived Minor Groove Binding Ligands

and relaxed the selectivity for GGCC, as well as resulting in more binding to long A/T-
tracts (in the 1:1 mode). It is clear that pyridoimidazole, as well as creating a staggered 2:1
complex (shown with M2M-B073), binds more strongly than benzimidazole. This stronger
affinity is coupled with reduced binding to related but different sequences and to A/T-
tracts (as a 1:1 complex).

M2M-B084 is a Dervan-type polyamide (similar to that in Kielkopf et al., 1998),
with a dimethylaminopropylamide C-terminal (instead of methylpiperazine) and a pyrrole
ring in place of the benzimidazole of M2M-B079. These changes resulted in increased
selectivity for GGCC compared with M2M-B074 and M2M-B079, although the
surrounding base pairs do not affect the selectivity, unlike with M2M-B074. However, the
overall binding affinity of M2M-B084 is weaker, suggesting that the benzimidazole and
pyridoimidazole rings produce stronger binding than pyrrole (possibly explaining the
decreased selectivity). The proposed secondary binding site at GGWCC is not bound by
M2M-B084, though there 1s a weak interaction with GWC (weaker relative to M2M-B074
and M2M-B079). This indicates that an unlinked five-unit 2:1 overlap is unstable for
polyamides with a terminal Im-Im, and only the core Py-Py-Im is involved in selective
recognition (in a manner similar to M2M-B072).

M2M-B099 is a similar ligand to M2M-B097, with two contiguous benzimidazole
rings at its C-terminus. Binding would therefore be expected at GGCC, as the results with
M2M-B097 showed that two contiguous benzimidazoles are too rigid for 2:1 binding.
Surprisingly, this ligand only seems to recognise the central GC, as GGCC is bound with
the same affinity as isolated GpC steps. This is similar to the results with M2M-B072,
where two-contiguous N-terminal imidazoles bound opposite Bzi-Py, with only the two
core Im/Py pairs responsible for the selectivity (Figure 5.57). However, the long unpaired
terminal regions clearly affect the binding, as long G/C-tracts are preferred (as with M2M-
B074); directly adjacent GpC steps are poor sites; and affinity is relatively strong.

Mp-Bzi-Bzi-Py-ImtIm

Im-Im-PytBzi-Bzi-Mp

5"-N N N G C N N N

Figure 5.57: Preferred binding mode of M2M-B099, in which only the central Py-Im is

responsible for the sequence selectivity in the 2:1 mode.
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It is also interesting that M2M-B099 binds weakly to GWC, supporting a five-unit overlap
in the 2:1 mode, though there is no binding to GGWCC. This supports the results with
M2M-B097 that Bzi/Im pairs are permitted if the benzimidazole is not the terminal ring;
and with M2M-B072 that a terminal Bzi-Im pair does not impart any sequence selectivity.

N-terminal Im-Py-Im

M2M-B088 differs from the previous ligands by having an alternating Py/Im structure
(Mp-Bzi-Py-Im-Py-Im), which might target alternating GC base pairs. This ligand has a
weaker binding affinity than the other Series B ligands (opposite to that seen with a shorter
ligand f-ImPylm (Buchmueller ez al., 2006)). Some 1:1 binding to A/T-tracts is also seen
(especially when the preferred binding site is not present in the fragment). The proposed
GCGC binding site is strongly bound (although some cleavage protection is observed at
derivatives such as GTGC and GGCC on MS1/MS2), supporting a four-unit overlap of the
ligand in the 2:1 mode. There is no evidence for binding as a two-unit overlap, probably
because not enough 2:1 ligand-DNA contacts can be established. The sequence around the
primary binding site is also important, and GC base pairs considerably reduce the binding
affinity (probably due to steric hindrance from the 2-amino group of guanine). This makes

WGCGCW the preferred binding sequence.

Hairpin polyamide

M2M-B083 is unique in the Series B compounds as it includes a gamma amino butyric
acid linkage, which has been found to be the optimum linker length for hairpin formation
(Mrksich et al., 1994). However, in this case the hairpin configuration is less favourable
than binding to A/T-sequences, suggesting that the C-terminal half binds in a 1:1 complex
with the DNA. This is probably because the N-terminal Im-Im is too short to establish
strong ligand-DNA contacts. The presence of some weaker binding to the predicted hairpin
sequence suggests that a longer benzimidazole-containing hairpin polyamide could still be

viable.

N-terminal reversed-Bzi
M2M-B091, M2M-B093 and M2M-B095 all possess an N-terminal benzimidazole ring,
which is orientated so that it points towards the C-terminus (reversed compared to the

normal ligands). This orientation abolishes binding.
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1:1 heterodimers
Since M2M-B071 and M2M-B072 bind to completely different sites as homodimers, it
was interesting to examine the behaviour of a 1:1 mixture of these compounds, to see
whether they might form an unlinked heterodimer (similar to Mrksich and Dervan, 1993a
and Geierstanger et al, 1993). The combination of these two ligands produces an
additional footprint at AGACCC, which is consistent with the two monomers fully
overlapping in a 2:1 conformation, with benzimidazole binding opposite imidazole. This
conformation is not favoured by the previously discussed ligand homodimers.

It is interesting to note that none of the other ligand pairs gave evidence of
heterodimer formation. The pyridoimidazole of M2M-B073 did not permit heterodimer
formation (compared with the benzimidazole of M2M-B071), as did the two contiguous

benzimidazoles of M2M-B097.

General Conclusions

It appears that for 2:1 unlinked polyamide binding, the optimum overlap of the two
monomers is four units. Two units proved too weak (M2M-B071), even for a linked dimer
(M2M-B083), whilst five units seems to be too rigid for good binding (M2M-B074, M2M-
B079, M2M-B084 and M2M-B099). However, two units are adequate for strong and
selective 2:1 binding if other regions of the oligopeptides aid binding, even though they do
not affect the selectivity (M2M-B072 and M2M-B(099).

Benzimidazole generally does not bind opposite imidazole in the 2:1 mode, though
an exception is when benzimidazole is not the terminal ring system (methylpiperazine may
therefore be important in this regard too). Two contiguous benzimidazole rings also inhibit
fully overlapped 2:1 binding, probably due to their rigidity (M2M-B097 and M2M-B099).
A reversed benzimidazole (“pointing” towards the C-terminal) at the N-terminus of a
Hoechst 33258/polyamide conjugate abolishes binding (M2M-B095 compared to M2M-
B079).

Pyridoimidazole shows interesting selectivity when compared with benzimidazole,
producing stronger binding affinity and increased selectivity (M2M-B074 compared to
M2M-B079). Pyridoimidazole is also useful for staggering a 2:1 complex, so targeting a
longer sequence of DNA (M2M-B073), which is not seen with benzimidazole (M2M-
B071). 1t is important to note also that pyridoimidazole and benzimidazole seem to bind
stronger than pyrrole (M2M-B074 and M2M-B079 compared to M2M-B084), as suggested
by Briehn et al. (2003), although the selectivity is generally decreased.
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The general binding specificities of the Series B ligands that exhibited selective DNA

recognition are presented in Table 5.19.

Ligand Structure Binding site preference
M2M-B071 | Mp-Bzi-Py-Py-Im GWC>GWWC=GC
M2M-B072 | Mp-Bzi-Py-Im-Im GC=GGCC
M2M-B073 | Mp-Pzi-Py-Py-Im GWC>GWWC>GC

M2M-B074 | Mp-Pzi-Py-Py-Im-Im GGCC>GWC>>A/T
M2M-B079 | Mp-Bzi-Py-Py-Im-Im GGCC>GWC>A/T
M2M-B083 | Mp-Bzi-Py-y-Py-Im-Im | A/T>WWGG
M2M-B084 | Dp-Py-Py-Py-Im-Im GGCC>>GWC
M2M-B088 | Mp-Bzi-Py-Im-Py-Im WGCGCW
M2M-B097 | Mp-Bzi-Bzi-Py-Im GWC>>GWWC, A/T
M2M-B099 | Mp-Bzi-Bzi-Py-Im-Im | GC=GGCC>GWC

Table 5.19: Summary of the preferential binding sites of the Series B ligands.

Hoechst 33258 / Polvamide Conjugates: Series D

The Series D ligands are again based on the Dervan series of polyamides (Dervan, 2001).
However, benzimidazole has been incorporated at either the N-terminus of the ligands
(linked to an imidazole ring), internally, or at the C-terminus (linked to Mp) to alter
binding selectivity and affinity.

N-terminal Bzi-Im
M2S-D11, M2S-D33, M2S-44, M2S-D55 and M2S-D77 are all standard polyamides, but
with a benzimidazole-imidazole at their N-termini. The results suggest that the
benzimidazole and imidazole are too close for selective binding in the DNA minor groove,
though an internal hydrogen bond may be formed between the imidazole and the
benzimidazole, so abolishing binding. This could explain the complete lack of binding of
M2S-D55, M2S-D77 and M2S-D44, which should therefore only be able to make one
(M28-D77) or two (M2S-D44) selective contacts with the DNA (none in the case of M2S-
D55), which may not be sufficient.

M2S-D33 (Dp-Py-Py-Py-Bzi-Im) displays some selective binding. This is
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predominantly to A/T-tracts, though the observation that short sequences are bound (3 bp
in some cases) suggests a 1:1 binding mode (staggering of a 2:1 complex would bind
longer sequences). This is supported by the weaker binding of M2S-D11 (Dp-Py-Py-Im-
Bzi-Im), which only binds to A/T-tracts even though another imidazole ring is present. The

weaker binding is indicative of only two pyrrole rings forming DNA interactions.

N-terminal linked Bzi-Im

M2S-D22 is similar to other Series D ligands, but the N-terminal Bzi-Im is linked by a six-
membered ring. The benzimidazole ring is also in a different orientation to normal, with a
hydrogen bond-accepting nitrogen facing into the groove. It also has a C-terminal Mp-Bzi,
which may increase the binding affinity without affecting selectivity.

With the possibility of an internal hydrogen bond removed for this ligand, weak
binding is observed at both the proposed sequences GGCC and GGWCC (though only
GWC for the latter, probably due to the terminal Bzi/Im pair not creating recognition, as
observed for the Series B ligands). However, another binding mode must be responsible
for the observed stronger binding to GWWC. It is possible that the terminal BzN-Im
complex is too tight to bind two contiguous bases well. If the imidazole binds guanine,
then BzN will occupy space which will stagger the neighbouring pyrrole, leaving an

unrecognised base in the centre of the complex, as shown in Figure 5.58.

Mp-Bzi-Py-Py---Im
Im---Py-Py-Bzi-Mp
5/-W W G WW C W W

Figure 5.58: Proposed binding mode for M2S-D22.

Internal benzimidazole-containing ligands
M2S-D66 has a glycine linker connecting two Bzi-Py-Im oligopeptides to allow more
flexibility in the ligand. Surprisingly, this resulted in largely A/T-selective binding,
suggesting that the glycine linker is too flexible to allow stable 2:1 binding at the proposed
site (GWCWGWOC) (the linker might also cause the second half of the ligand to be out of
phase with the first half).

However, a [GC], tract is also bound by M2S-D66, indicating an alternative 2:1

binding configuration. The glycine linkers may not bind opposite each other, but instead
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the ligand is staggered, with the benzimidazole rings opposite the linkers as shown in
Figure 5.59. The flexibility of the linker is compensated for by the opposing bulky
benzimidazole group, while the inherent flexibility of the central Gly-Bzi pairs might

permit binding opposite the 2-amino group of guanine, allowing binding to [GC]..

Mp-Bzi-Py-Im-Gly-Bzi-Py-Im
Im-Py-Bzi-Gly-Im-Py-Bzi-Mp
5'-W W G C N N G C W W

Figure 5.59: Proposed binding mode for M2S-D66. The glycine linkage is shown as “Gly”.

M2S-D88 has an alternating Bzi-(Py/Im) sequence (Mp-Bzi-Py-Bzi-Py-Bzi-Im) and so can
only bind in a specific 2:1 configuration, as benzimidazole does not bind opposite another
benzimidazole, as seen with Hoechst 33258 (Bostock-Smith ez al., 2001; Rosu et al.,
2002). It appears that the proposed GWWC binding site is not entirely correct, as central
GC base pairs are also permitted. However, GGCC is not bound, suggesting that different-
base steps are required for binding to GNNC. This ambiguity in the centre suggests that the
central Py-Bzi pairs have loose contacts with the DNA that can overcome the steric
hindrance with the 2-amino group of guanine. This is most likely due to the three
benzimidazole moieties on each monomer creating a decreased annular shape in the whole

ligand compared with conventional polyamides, so weakening ring contacts with the DNA.

General Conclusions

An N-terminal Bzi-Im does not bind in the DNA minor groove, possibly due to an internal
hydrogen bond being formed between the two ring systems. However, binding is enabled
by inverting the benzimidazole (so removing the possible hydrogen bond donor). The close
proximity of these ring systems allows only one base to be selectively recognised, with the
benzimidazole producing a stagger relative to the DNA, while imidazole forms a hydrogen
bond. Moving the benzimidazole to an internal position restricts the possible binding sites
(as it cannot be placed opposite another benzimidazole), but also relaxes the selectivity
when multiple benzimidazoles are present. This is possibly due to changes in the shape of
the ligand, which may be too rigid for selective binding. Adding a glycine residue within
the compound removes this rigidity problem, but creates a phasing problem between the

ligand and DNA.
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The general binding selectivities of the Series D ligands that exhibited selective DNA

recognition are presented in Table 5.20.

Ligand Structure Binding site preference
M2S-D11 | Dp-Py-Py-Im-Bzi-Im A/T
M2S-D22 | Mp-Bzi-Py-Py-BzN-Im GWWC, A/T > GGCC, GWC
M2S-D33 | Dp-Py-Py-Py-Bzi-Im A/T
M2S-D66 | Mp-Bzi-Py-Im-Gly-Bzi-Py-Im | A/T, [GC],
M2S-D88 | Mp-Bzi-Py-Bzi-Py-Bzi-Im A/T, GNNC

Table 5.20: Summary of the preferential binding sites of the Series D ligands.

Linked Hoechst 33258 / Polvamide Conjugates: Series C

The Series C ligands are “Head-to-Head” or “Tail-to-Tail” linked Hoechst
33258/polyamide conjugates, which were designed so as to enable binding of a single

compound to both DNA strands within the minor groove.

Tail-to-tail linked dimers

M2M-C107, M2M-C207 and M2M-C707 are all tail-to-tail linked dimers, which showed
no binding to the tested fragments. This lack of binding is probably due to the absence of
positively charged C-terminal tails which normally aid binding and directional orientation

(White et al., 1997b).

Pyrrole-containing head-to-head linked dimers

M2M-C307, M2M-C407 and M2M-C607 are pyrrole-containing head-to-head linked
dimers; the only difference between the three ligands is the linker region (-CH,-C=C-CH,-,
-[CH;],- and -[CH;]3- respectively). They are therefore all A/T-selective ligands. However,
M2M-C407 binds shorter tracts than the other ligands (as seen in the multiple binding sites
at [ATTT]; on the P6 fragment). The shorter binding site is probably because this short
linker occupied the least number of base pairs crossing the minor groove (a longer linker
would occupy more space in crossing the DNA). The observation that M2M-C407 is the
strongest binding ligand suggests that its linker is the most favourable for in-phase binding
to DNA. The binding to TTATGTAAA on MS1/MS2 also suggests cooperative binding
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for M2M-C407, as lone (A/T)4 sites are not bound (there is no evidence of this with the
other ligands).

M2M-C307 has a slightly longer linker than M2M-C407, which weakens the
overall binding affinity, probably because the ligand comes out of phase with the DNA.
The weaker binding has removed the binding to TpA seen with the shorter ligand, while
the longer linker also appears to have increased the length of its DNA binding sequence.
M2M-C607 has the longest linker in this series and produces the weakest binding of the
pyrrole-containing head-to-head linked dimers. However, M2M-C607 tolerates TpA steps
better than the others, most likely because the long-linker is able to bridge the DNA at the

wider minor groove.

Imidazole-containing head-to-head linked dimer

M2M-C507 is comprised entirely of imidazole rings, linked by -[CH>]s-. No binding was
observed for this compound on the tested DNA fragments, which was not surprising as
imidazole prefers not to bind opposite another imidazole (Walker et al., 1998b; White et
al., 1997a). M2M-C507 also does not bind the long A/T-tract of SASK3/SASK4 and so

does not appear to bind as an A/T-specific 1:1 monomer.

Pyrido- and benzimidazole-containing head-to-head linked dimer

M2M-C807 is comprised of pyridoimidazole and benzimidazole rings. Conventional
binding rules suggest that it will show selective binding to A/T-tracts. This is indeed seen
but there is no cleavage protection at TpA steps (probably because the short, rigid benzene-
piperazine-benzene linkage is not able to traverse the wider minor groove at these
sequences).

The interesting discovery about this head-to-head linked dimer is that it does not
bind simply to A/T-tracts, and GWWCWWG is bound more strongly than the A/T-tracts
on both SASK1/SASK2 and SASK3/SASK4 fragments, with P6 exhibiting protection at
similar GATC binding sites. It seems likely that this is due to the pyridoimidazole moiety
rotating about the bond between it and the benzimidazole group, exposing two hydrogen
bond accepting nitrogens to face the minor groove for selective binding to guanine. This
reorientation of the ligand will also create a more annular shape, which may assist binding.
Assuming that pyridoimidazole does not bind well opposite another ring moiety (as seen
with the Series B ligands), the binding mode shown in Figure 5.60 explains the observed
binding sites. The linker is apparently too short and rigid to occupy space along the DNA,
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and so it binds directly across the groove.

Mp—PzN—Bzi\ Mp—PzN—Bzi\
Bzi-PzN-Mp Bzi-PzN-Mp

5'-w C w W G W w C w W G W

Figure 5.60: Proposed mode for M2M-C807. The reorientated pyridoimidazole is termed
PzN.

General Conclusions

The Series C set of ligands are unique in that they are designed to bind across the minor
groove of DNA, so targeting both strands with one ligand. If these ligands bind in a 2:1
fashion, then an indefinite length of DNA could be targeted, thereby overcoming the usual
length restriction as long ligands comes out of phase with the DNA.

Apart from confirming that a positive terminus is required for polyamide binding,
the results indicate that the linker is crucial for binding. A -[CH,],- linker creates stronger
binding than -CH,-C=C-CH,- and -[CH,]s-, probably because differences in length alter
the phasing between the ligand and DNA. Target site length is also related to linker length
(a shorter linkage binds shorter sequences), whilst a longer linker is useful for binding to
the wider minor groove at TpA steps. G/C-selectivity is also possible with the cross-DNA-
binding ligands, as shown by the guanine selectively of pyridoimidazole in M2M-C807.
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Chapter VI

Minor Groove Binding Ligands Containing

Isopropyl-Thiazole Units
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Introduction

A large number of small molecules are known to bind to the minor groove of duplex DNA
(Neidle, 2001; Dervan, 2001). These compounds, of which the best known are the natural
products distamycin and netropsin or the synthetic bisbenzimidazole Hoechst 33258, are
generally selective for A/T-rich sequences, to which they bind in a 1:1 mode (Kopka et al.,
1985; Abu-Daya et al., 1995). The molecules make close contacts with the narrow minor
groove that is typically found in A/T-rich sequences; binding to G/C-containing sequences
is hindered by their wider groove and by steric clash with the 2-amino group of guanine.

A large number of modifications to these simple structures have been attempted in
order to change the sequence specificity, but in general these have resulted in a relaxed
specificity, with the inclusion of other sites as well as A/T-tracts (Lown et al., 1986).
However, the observation that distamycin can bind to some sequences in an antiparallel
side-by-side 2:1 mode (Pelton et al, 1989) led to the development of the hairpin
pyrrole/imidazole polyamides as specific sequence-reading agents. These compounds
recognise sequences by the side-by-side pairing of N-methylpyrrole and N-
methylimidazole groups in the DNA minor groove. The simple code recognizes CG with a
pyrrole/imidazole (Py/Im) pair, Im/Py targets GC and the Py/Py pair binds to both AT and
TA (Dervan et al., 2005; Wemmer et al., 2000; Wemmer et al., 1997). Although these
compounds are able to recognise specific DNA sequences, they are large molecules that
often exhibit difficulty in trafficking to the nucleus of cells and are currently limited to
targeting a maximum of ten base pairs of DNA due to the ligand becoming out of phase
with the DNA (Dervan, 2001).

Novel distamycin analogues have therefore been developed with heterocyclic rings
of different shapes and sizes so as to produce molecules with improved potential for
following the contours of the minor groove (Anthony et al., 2004a; James et al., 2004,
Khalaf ez al., 2004; Anthony ef al., 2004b). One method that has been attempted is to use
smaller molecules that can dimerise in the minor groove, but to control the ways in which
they can overlap by including bulky substituents (such as isopropyl-thiazole). The size of
this group prevents side-by-side stacking of another molecule within the minor groove,
thereby forcing the two half halves of the dimer to be staggered. This staggered overlap
also increases the ligand binding site size. The first such ligand to be investigated was

Thiazotropsin A (Figure 6.2A), in which one of the N-methylpyrroles is substituted by an
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isopropyl-substituted thiazole (i.e. Py-Py-Th). The thiazole group would be expected to be
selective for GC-base pairs (like imidazole), but the bulky isopropyl groups prevent side-
by-side stacking with N-methylpyrrole. On the basis of this model it was predicted that this
compound should be selective for the sequence ACTAGT (shown in Figure 6.1), a
prediction that was confirmed by DNase I and hydroxyl radical footprinting (Anthony et
al., 2004b; James et al., 2004).

In the present study, the ligands Thiazotropsin B (Figure 6.2B) and Thiazotropsin C
(Figure 6.2C) (derivatives of the parent compound) have been investigated and compared
with Thiazotropsin A.

Thiazotropsin B has one of the N-methylpyrrole groups of Thiazotropsin A
replaced with N-methylimidazole, as well as a slightly altered N-terminus, from a formyl
to a acetyl group. By comparison with the Dervan rules for sequence recognition and
allowing for the staggered side-by-side binding of these compounds, it can be predicted
that this compound should bind to the sequence (A/T)CGCG(A/T) (shown in Figure 6.1).

Thiazotropsin C has the N-methylimidazole of Thiazotropsin B replaced by another
isopropyl-substituted thiazole. Using conventional Dervan binding rules, treating the
isopropyl-thiazole as binding like an imidazole moiety, this ligand should also bind to the
sequence (A/T)CGCG(A/T). However, the inability of both isopropyl-thiazoles to stack

opposite pyrrole rings will create a further problem and no selective binding is therefore

predicted.
Dp-Th-Py-Py-£f Dp-Th-Py-Im-a
f-Py-Py-Th-Dp a-Im-Py-Th-Dp
5'-W C W W G W 5'-w C G C G W

Figure 6.1: Proposed binding sites of Thiazotropsin A (left) and Thiazotropsin B (right). W

is adenine or thymine; fis formyl; a is acetyl.

DNase I and hydroxyl radical footprinting and fluorescence melting experiments have been
used to explore the sequence specificity of these compounds, with the results compared to

those for Thiazotropsin A.
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Figure 6.2: Structure of Thiazotropsin A (A), Thiazotropsin B (B) and Thiazotropsin C (C).

Results

The three ligands investigated in this chapter were initially studied with DNase I
footprinting using universal tetranucleotide sequences MS1 and MS2 to establish their
approximate binding selectivity and to compare them with the previously published results
for Thiazotropsin A (James et al., 2004). Hydroxyl radical footprinting was also utilised to
better establish binding on these sequences. Thiazotropsin C showed no selective binding
at this stage and so was not investigated further.

Thiazotropsin B was next tested with the footprinting substrates SASK1/SASK2
and STRATHA/STRATHB, which were designed to contain variants of its predicted
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binding site. The results were confirmed by hydroxyl radical footprinting experiments and
compared to the findings of experiments targeting the Thiazotropsin A ligand to
STRATHA/STRATHB.

The selectivities of Thiazotropsins A and B were also examined using fluorescence melting

experiments, using nine synthetic DNA duplexes.

MS1/MS2

Figure 6.3 shows the results of DNase I footprinting experiments with Thiazotropsins A, B
and C on fragments MS1 and MS2. The left panel shows a direct comparison between
Thiazotropsins A and B at a single concentration of each ligand, from which it can be seen
that the two ligands produce different footprinting patterns. The right hand panels show the
interaction of Thiazotropsins B and C with MS1 and MS2 over a range of concentrations.
Figure 6.4 shows the sequence of the MS1/MS2 DNA fragment with observed binding
sites highlighted, together with an example of footprinting plots derived from the binding
of Thiazotropsin B to MS2. The Cs, values for the interaction with all the sites on these
fragments are summarised in Table 6.1.

It can be seen that 10 uM Thiazotropsin A produces a clear footprint at ACTAGT
(marked with “*” on gels) as well as at all the A/T-tracts that are greater than 3 bp in
length (shown as “+” on gels). The footprints produced by Thiazotropsin B are different
and are at three sites comprising tracts of guanine and cytosine bases of variable lengths
and composition. Some binding to A/T-tracts is also evident (marked “+” on gels). It is
interesting to note that there is a footprint at TTTT on MS1 (site 2), while there is no
protection at AAAC in the equivalent position on MS2 (the sequences are different at this
position due to a single point mutation). Although MS1 and MS2 do not contain the
proposed binding site for Thiazotropsin B (ACGCGT), one of the best footprints is located
at GCGCGA (site 1; see Table 6.1), which differs from this by only one base pair at one
end of the site.

In contrast, Thiazotropsin C does not produce any clear footprints, but causes a
general non-specific inhibition of DNase I cleavage at concentrations of 25 pM and above.

This ligand was not investigated further.
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Thiazotropsin A (A)
Thiazotropsin B (B)

MS1 MS2 MS1 MS2

Thiazotropsin B Thiazotropsin C

MS2

- -

bk
[T TN
ERee |Q.’cam,

Figure 6.3: DNase 1 footprinting gels for Thiazotropsins A and B with the MS1 and MS2 DNA fragments. GA is a marker lane specific for
purines. Con is a control lane. The ligand concentrations (M) are shown at the top of each gel lane. The footprints marked relate to the

sequences in Figure 6.4. The footprint marked with “** is ACTAGT, A/T-tracts are marked “+”, whilst other sites are numbered as mentioned in

D thetext
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Thiazotropsin A (single concentration): MS1 (top); MS2 (bottom)

5'-GGATCCATATGCGGCARA TACACATGGCAGATTTCCAACTGCHR 'CGTAGCGCGH
3 ' -CCTAGGTATACGCCGTTATGTGTACCGTCTAAAGGTTGACGTGATUAGCATCGCG CTAGTT

AGCTCCCGTTCTATCCTGGTATAGCAATT
“TTCGAGGGCAAGATAGGACCATATCLTTRATUCCGCACTTLT

TRARGTACGTCCGGTGGGGTCTGTT
TACATTTCATGCAGGCCACCCCAGALCARE

TCTCAGCCTCGAATGCGGATCC-3"
GTAGAGTCGGAGCTTACGCCTAGG-5"'

Thiazotropsin B (single concentration): MS1 (top); MS2 (bottom)

5t -GGATCCATATGCGGCAATACACATGGCAGATTTCCAACTGCACTAGTCGT
3 ' -CCTAGGTATACGCCGTTATGTGTACCGTCTAAAGGTTGACGTGATCAGCA

TAGEGCETGARGAGTTATGTARACGTACGTCCGEGTGGGG TCTGTTTTETCATCTCAGCCTCGAATGCGGATCC -3
IAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAARCAGTAGAGTCGGAGCTTACGCCTAGG-5"

Thiazotropsin B (concentration range): MS1 (top); MS2 (bottom)

5' -GGATCCATATGCGGCAA TACACATGGCAGATTTCCAACTGCACTAGTCGT
3 ' -CCTAGGTATACGCCGTTATGTGTACCGTCTARAGGTTGACGTGATCAGCAT

AAT TAGGGCGTGAAGAGT TATGTEARGTACGTCCGETGGGG TCTGTTTTETCATCTCAGCCTCGARTGCGGATCC-3!
STTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCAARCAGTAGAGTCGGAGCTTACGCCTAGG-5"

Thiazotropsin B - MS2

TTGCTAT y ACGGGA TCGCGCT
P Cs0=20% 11 pM Cso=21+9 M ® Cs0=13x7 M

Relative Intensity (Arbitrary Units)

Ligand Concentration (uM)

Figure 6.4: [Top] Sequences of fragments MS1 and MS2 showing the footprints produced by Thiazotropsins A and B, derived from Figure 6.3.
[Bottom] Examples of footprinting plots derived from analysis of the gels shown in Figure 6.3.
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Figure 6.5 shows hydroxyl radical footprinting patterns for Thiazotropsins A and B on
MS1 and MS2. Densitometer plots of the control lane and a ligand-treated lane are shown
on the right of each gel, and the clearest footprinting sites are marked by the sequences of
these sites. The binding sites for Thiazotropsin B are also summarised on the sequence of
MS1/MS2 shown beneath these gels (highlighted in red).

Inspection of Figure 6.5 reveals that Thiazotropsin A produces only one clear
footprint, at ACTAGT, which persists to the lowest ligand concentration tested. The
footprints in the A/T-tracts are much weaker and are not marked.

The hydroxyl radical footprinting gels for Thiazotropsin B show a clear protection
at the sites seen with DNase I (especially GCGCGA) along with several regions of
protection within G/C-tracts, consistent with the DNase I footprinting experiments (Figure
6.3). Weak footprints other than those observed with DNase I footprinting are also seen,
mainly in the A/T-tracts, indicating a more relaxed selectivity than was observed in Figure

6.3.

SASK1/SASK?2

Figure 6.6 shows the results of DNase I footprinting experiments with Thiazotropsin B on
SASK1 and SASK2 fragments. SASK1 and SASK2 (which is the same sequence cloned in
the opposite orientation) were designed to contain variants of the proposed (G/C)4 binding
sites for the Series B ligands (described in chapter 5) , but are used here as they contain the
proposed binding site for Thiazotropsin B. The left panel shows Thiazotropsin B binding to
SASKI over a range of concentrations using standard microcentrifuge tubes, whilst the
right panels are of the ligand targeting SASK1 and SASK2 using siliconised
microcentrifuge tubes, to prevent the interaction of the charged ligand with the tube, so
affecting apparent binding affinity. It can be seen that the use of siliconised
microcentrifuge tubes does not affect the identity of the binding ligand sites, but does
reduce the concentrations required to generate the footprints. In addition, footprinting plots
with the non-siliconised tubes (not shown) showed a rapid decrease in footprint intensity at
lower drug concentrations, which is evident in the abrupt concentration dependence of the
footprints in the left hand panel of Figure 6.6. Figure 6.7 shows the sequence of the
SASK1/SASK2 DNA fragment with observed binding sites highlighted, together with an
example of footprinting plots derived from the binding of Thiazotropsin B to SASKI.
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Thiazotropsin A Thiazotropsin B
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Thiazotropsin B: MS1 (top); MS2 (bottom)

5' ~GGATCCATATGCGGCAA TACACATGGCAGAT TTCCAACTCUACTAGTCGTAGCCCGATCARGGTTAAGCTCL G T TCTATCC TGO TATAGCAAT TAGGGCGTGAAGAC T TATGTAAAGTACGTCCGGTGGEG TCTGTTTTGTCATC T CAGCCTCGRATECGGATCC -3

SOGE

3" -CCTAGGTATACGCCGTT ATGTGTACCEEC TAAAGG T TEACETGATCAGCAT CECE CTAST ICCAATTCEAGEECARGATAGCGACCATATCETTAATCCCGCACTTCTCAATACATTTCATGCAGGCCACCCCAGACCARACAGTAZAGTCGGAGCTTACGCCTAGG -5

Figure 6.5: Hydroxyl radical footprinting experiments showing the binding of Thiazotropsins A and B to MS1 and MS2. Densitometer plots are
shown alongside each panel for the control and ligand treated lanes (0.1 uM for Thiazotropsin A and 25 uM for Thiazotropsin B) along with the

bound sequences. GA is a marker lane specific for purines. Con is a control lane. Ligand concentrations (uM) are shown at the top of each gel

16¢

lane. The sequence shown below indicates the binding sites for Thiazotropsin B.
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The Csg values for the interaction with all the sites on these fragments are summarised in

Table 6.1.
It can be seen that Thiazotropsin B binds best to ACGCGT (marked with “*” in
Figure 6.6) better than any other site on SASK1/SASK2. This difference is especially

evident when working with the siliconised tubes for which this site is about 100-times

better than the others.

Thiazotropsin B Thiazotropsin B
(Standard Tubes) (Siliconised Tubes)
SASK1 SASK2
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Figure 6.6: DNase I footprinting gels showing the interaction of Thiazotropsin B with
SASK1 and SASK2. [Left] SASK] tested using standard tubes; [Right] SASK1 and
SASK?2 tested using siliconised tubes. The preferred ACGCGT binding site is marked with
“*¥” GA is a marker lane specific for purines. Con is a control lane. Ligand concentrations
(uM) are shown at the top of each gel lane. The footprints marked relate to the sequences

in Figure 6.7.
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Thiazotropsin B (siliconised tubes): SASK 1 (top); SASK2 (bottom)

5' - GGAT CCAGCAAGCGCTTGCTAGGCCATGCAACGCGTTGCAAGCCCTTGCATGGCCATGCAAGACCTTGCAAGGCCTTGCAAGTCCT TGCTTGGCCARGCAAGAT CTTGCAACCGGTTGCCACGGATCC-3 !
3' - CCTAGGTCGTTCGCGAACGATCCGGTACGT TGCGCAACGTTCGGGAACGTACCGGTACGT TCTGGAACGTTCCGGAACGTTCAGGAACGAACCGGTTCGTTCTAGAACGTTGGCCAACGGTGCCTAGG-5 "

Thiazotrepsin B - SASK1

ACGCGT AGGCCT ACCGGT
T Cso = 0.01 + 0.003 uyM Cso=1.1+0.6 uM Cso= 1.4+ 0.6 uM

Relative Intensity (Arbitrary Units)

Ligand Concentration (i M)

Figure 6.7: [Top] Binding sites for Thiazotropsin B on SASK1 and SASK2 using siliconised tubes (from Figure 6.6). [Above] Example of

footprinting plots for the interaction of Thiazotropsin B with binding sites in the SASK1 DNA fragment.
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STRATHA/STRATHB

Figure 6.8 shows the interaction of Thiazotropsins A and B with the STRATHA and
STRATHB DNA fragments over a range of ligand concentrations. STRATHA and
STRATHB are complementary sequences containing several variations of the proposed
target site for Thiazatropsin B [(A/T)CGCG(T/A)]. The left two panels show DNase 1
footprints for Thiazotropsin A on STRATHA and STRATHB, and the right two panels
show the effect of Thiazotropsin B on STRATHA and STRATHB. Figure 6.9 shows the
sequence of the STRATHA/STRATHB DNA fragment with the binding sites of
Thiazotropsins A and B highlighted, together with examples of footprinting plots derived
from the binding of Thiazotropsin B to STRATHB. The Csq values for the interaction with
all the sites on these fragments are summarised in Table 6.1.

Thiazotropsin A appears to bind to G/C-tracts with surrounding adenine and
thymine bases (as shown in Table 6.1 and the unlabelled footprints of the gels). The Cso of
binding to these tracts is about 1 puM, with the exception of the site at the 5’-end of
STRATHA (site 1; GGATCC in Table 6.1), which displays a Csg of about 0.01 uM. The
footprint here actually encroaches into the pUC19 polylinker, where a TCTAGA sequence
is directly adjacent to the BamH1 site (ie. TCTAGAGGATCC). This is the Xbal
restriction site in pUCI19 and is the preferred binding motif, so explaining the very strong
binding affinity.

The footprinting pattern for Thiazotropsin B is very different and ACGCGT (site 4)
is the preferred binding site for this ligand. Thiazotropsin B also binds well to ACGCGA
(site 2) but the Csqy value is about 3 times higher than to ACGCGT. TCGCGA (site 3) is the
weakest site for Thiazotropsin B and the Csg value is 10 times greater than at ACGCGA.
This may indicate that flanking purine/pyrimidine steps are important for binding, as the

affinity is weaker with decreasing numbers of alternating purine/pyrimidine steps.

Figure 6.10 shows hydroxyl radical footprinting patterns for Thiazotropsin B on
STRATHA and STRATHB. Densitometer plots of the control lane and a ligand-treated
lane are shown on the right of each gel, and the clearest footprinting sites are marked by
the sequences of these sites. The binding sites are also summarised on the sequence of
STRATHA/STRATHB shown beneath these gels (highlighted in red).

It can be seen that hydroxyl radical cleavage is attenuated by Thiazotropsin B at

every G/C-tract on STRATHA/STRATHB, producing more footprints than were evident
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with DNase 1. This is similar to the effects seen with both Thiazotropsins A and B with
MS1 and MS2, in which hydroxyl radical footprinting showed more binding sites than
DNase 1. Visual inspection of the gels shows stronger binding to alternating G/C motifs

than to, for example, GGG.

Thiazotropsin A Thiazotropsin B

STRATHA STRATHB STRATHA STRATHB

= (=
Qo SEAR <o v
O —1n~—00 OO~ M~00

<Go SPa <
OO~~~ O

Figure 6.8: DNase I footprinting gels for Thiazotropsin A and Thiazotropsin B on the
STRATHA and STRATHB DNA fragments. Only the clearest footprints are marked. The
3’-end of the sequence is missing with STRATHA as the fragment is labelled closer to the
insert. GA is a marker lane specific for purines. Con is a control lane. Ligand
concentrations (LM) are shown at the top of each gel lane. The footprints marked relate to

the sequences in Figure 6.9 and are numbered as mentioned in the text.
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Thiazotropsin A: STRATHA (top); STRATHB (bottom)

Minor Groove Binding Ligands Containing Isopropyl-Thiazole Unit:

5'-GCGATCCTTAATCCGCATAACCCCTTTACGCGAAATCGCCTAATCGGGATATCGCGAATTCGCGCAAAACGCGTATAGCCETTAAGCGCAATACGCATACCGGATCC-3 '
3'-CCTAGGAATTAGGCGTATTGGGGAAATGCGCTTTAGCGGATTAGCCCTATAGCGCTTAAGCGCCGTTTTGCGCATATCGCAATTCGCGTTATGCGTATGGCCTAGG-5"!

Thiazotropsin B: STRATHA (top); STRATHB (bottom)

5'-GGATCCTTAATCCGCATAACCCCTTTACGCCGAAATCGCCTAATCGGGATATCGCGAATTCGCGCAAAACGCGTATAGCGTTAAGCGCAATACGCATACCGGATCC-3!
3 ' -CCTAGGAATTAGGCGTATTGCCGGARAATGCGCTTTAGCCGATTAGCCCTATAGCGCTTAAGCGCGTTTTGCGCATATCGCAATTCGCGTTATGCGTATGGCCTAGG-5"

Relative Intensity (Arbitrary Units)

Thiazotropsin B - STRATHB

ATGCGT
Cs0=1.120.5uM

ACGCGT
Csp = 0.05+0.02 uM

TCGCGA
Csa =12+02 HM

TCGCGT
Cs0=0.2+0.05 uM

Ligand Concentration (M)

Figure 6.9: [Top] Binding sites for Thiazotropsin A
and Thiazotropsin B on STRATHA and STRATHB,
as derived from Figure 6.8. [Left] Examples of
footprinting plots for the interaction of Thiazotropsin

B with sites on the STRATHB DNA fragment.
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Minor Groove Binding Ligands Containing Isopropyl-Thiazole Units

Thiazotropsin B
(Siliconised Tubes)
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Figure 6.10: [Left] Hydroxyl radical footprinting

gels for the mnteraction of Thiazotropsin B with

STRATHA and STRATHB. The clearest

= footprints are indicated by the sequences.
GCGA

GCCTA Densitometer plots are shown alongside the gels

' G and were derived from the 3 pM lanes. GA is a
marker lane specific for purines. Con is a control
lane. Ligand concentrations (uM) are shown at
the top of each gel lane.

[Below] Binding sites for Thiazotropsin B on
STRATHA and STRATHB, derived from the

hydroxyl radical gels.
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Thiazotropsin B: STRATHA (top); STRATHB (bottom)

5' -GGATCCTTAATCCGCATAACCCCTTTACGCCAAATCGCCTAATCCECGATATCGCCAATTCGCCCARAACGCETATAGCGTTAAGCGCAATACGCATACCGGATCC -3
3 ' -CCTAGGAATTAGGCGTATTGGGGAAATGCGCTTTAGCGGATTAGCCCTATAGCGCTTAAGCGCGTTTTGCGCATATCGCAATTCGCGTTATGCGTATGGCCTAGG -5
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Thiazotropsin A
STRATHA Site 1 CCGITA
coatcc  GCOTT
0.01 £ 0.01 7£0.
STRATHB Site 1
ACGCTA,  AGGCGA
ACGCGT 2408 A?S?/;‘T
1405 :
Thiazetropsin B
MSI1 Site 1 Site 2
ncoe s TCCCGT  AGGGCGT — TAAA She?
6+3 1346 -
4+ _
MS2 Site 1
AATT, ACGGGA
TATA 2149 TCSCSCT
2011
*
SASKL | AGaeea acocgr  TGGCCA  AGACCT  AGGCCT  AGTCCT  TGGCCA  AGATCT — ACCGGT
441 25+ 0.6 2405 12406 15407 16+06 14405 1.4+06
0.01 % 0.003
*
SASK2 | AcCGGT  AGATCT  TGGCCA  AGGACT AGGCCT AGGTCT TGGCCA  AGGGC acocgr TOGCCT  AGCGCT
2146 1142 541 2.7+08 4+1 27+05 1805 14205 S°0C0T ysi07 14206
STRATHA Site 2 Site 3 Site 4
ACGCGA  TCGCGA  ACGCGT
0.1+ 0.06 14404  0.04+0.02
STRATHB TGCGT Site 4 Site 3 Site 2
ToeOT ACGCGT  TCGCGA  TCGCGT
Jeac 0054002 12402  0.2+0.05

Table 6.1: Csp values (uM) derived from quantitative analysis of the gels presented in this chapter (with the standard errors shown). The binding
sites are presented left to right in the order that they run from the top of each gel to the bottom (5°-3”). Sites marked “~ correspond to footprints

that are evident on visual inspection, but for which quantitative analysis did not provide a clear value.
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Fluorescence Melting

Figure 6.11 shows fluorescence melting curves for the effects of Thiazotropsins A and B
on duplexes containing the sequences ACTAGT and ACGCGT (containing the suggested
binding sites for Thiazotropsins A and B respectively). The changes in melting temperature
produced by these ligands are summarised in Table 6.2 [Left]. It can be seen that
Thiazotropsin A stabilises the ACTAGT duplex, producing A7,,s of 19 °C and 9.8 °C at 50
uM and 5 puM respectively. The other duplexes shown in Table 6.2 [Right] showed no
stabilisation with Thiazotropsin A (James ef al., 2004). In contrast, Table 6.2 [Left] shows
Thiazotropsin B stabilised ACGCGT more that ACTAGT though the AT, values are lower
than those produced by Thiazotropsin A with ACTAGT. For example, a A7, of 9.8 °C is
produced by 25 uM Thiazotropsin B against ACGCGT, whilst only 5 pM Thiazotropsin A
stabilises its preferred sequence (ACTAGT) by the same amount. Table 6.2 [Right] shows

the other duplexes tested showed no stabilisation with Thiazotropsin B.

—— ACGCGT Duplex
~—— 50pM Thiazolropsin A
—— 25uM Thlazolropsin B
~—— 50uM Thiazotropsin B

—— ACTAGT Duplex
—— 50uM Thiazolropsin B
— 50uM Thiazotropsin A

—T

T T T T T T T
40 50 60 70 80 40 50 80 70 80

Relative Fluorescence (Arbitrary Units)

Temperature (T)

Figure 6.11: Fluorescence melting curves for sequences ACTAGT (left) and ACGCGT
(right) in the presence of Thiazotropsin A and Thiazotropsin B. The free duplex is in cyan;
50 uM Thiazotropsin A is red; 25 pM Thiazotropsin B is navy; 50uM Thiazotropsin B is

green.
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_Twm () AT (C) Ty (C) AT, (T)
50 UM 25 p(M 10 pM 5 pM 1 pM 10 uM
Thiazotropsin A

ACTAGT 39.3 193 166 132 98 0.6 gfggq\ igf 8i
ACGCGT 53.7 31 12 03 01 00 TOTACT 388 05
. . TGAACT 395 -0.1
Thiazotropsin B TGTAGT  37.8 0.3
ACTAGT 39.3 4.0 1.1 0.5 0.2 0.2 ATATAT 38.4 0.1
ACGCGT 53.7 120 98 54 16 0.1 AAAAAG 382 02

Table 6.2: [Left] AT, values produced by different concentrations of Thiazotropsin A and
Thiazotropsin B on the sequences ACTAGT and CGCGT. [Right] AT}, values produced by
a single concentration of Thiazotropsin B on the sequences shown. The duplex
concentration was 0.25 pM. The melting temperatures of the free DNA duplexes are also
shown. Each value is the average of at least 2 experiments which typically differed by less

than 0.5 °C.

Discussion

The three Thiazotropsin compounds investigated in this chapter contain isopropyl-thiazole
ring systems, a development on the well-classified polyamide ring units, with the thiazole
group selective for GC base pairs (like imidazole) and the bulky isopropyl groups
preventing side-by-side stacking with a pyrrole ring.

Thiazotropsin A

Thiazotropsin A (Dp-Th-Py-Py-f) has previously been shown to bind to ACTAGT (James
et al., 2004). This is thought to occur in the 2:1 binding mode as shown over page in
Figure 6.12 [left], with the isopropyl-thiazole selective for a guanine and the two
monomers staggered so as to avoid overlap between the N-methylpyrrole and isopropyl-
thiazole units. This site is protected in footprinting experiments at concentrations as low as
0.3 uM. However, if the two halves of the dimer slip further, with even less overlap, then

the configuration shown on the right in Figure 6.12 would be produced. On the basis of
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conventional binding rules, we would predict that this might bind to the sequence

WCWWWGW (W = A or T).

Dp-Th-Py-Py-£ Dp-Th-Py-Py-£
f-Py-Py-Th-Dp f-Py-Py-Th-Dp
5"- W C W W G W 5"- W C W W W G W

Figure 6.12: Possible binding sites for Thiazotropsin A.

The results with MS1/MS2 support the findings of previous work with this ligand and
confirm that ACTAGT is the preferred site. A/T-tracts also seem to bind the ligand at 10
LM concentrations, as was noted in the previous study, possibly indicative of 1:1 binding.
None of the footprints showed any evidence for the interaction WCWWWGW, suggesting
that the 4 bp overlap shown on the left in Figure 6.12 is preferred. This could be because of
the greater stabilisation afforded by the increased overlap or because the isopropyl-thiazole
needs something to bind opposite (the formyl group in this case).

The footprinting experiments with STRATHA/STRATHB support the findings
with MS1 and MS2, and the use of siliconised tubes increases the apparent binding affinity
by 10-fold. The preferred site on these sequences appears to be TCTAGA. This suggests
that the dimethylaminopropylamide at the C-terminus of the ligand is indiscriminate

between adenine and thymine.
Fluorescence melting experiments support the binding preference for ACTAGT, which is
clearly a much better binding site than ACGCGT (the preferred site for Thiazotropsin B).

No stabilisation was seen with any of the other duplexes.

Thiazotropsin B

The only significant difference between Thiazotropsin A and Thiazotropsin B is the
substitution of a carbon atom for a nitrogen atom in the third ring system to create an
imidazole ring in place of a pyrrole ring. This change creates a different proposed 2:1

binding mode (Figure 6.13 over page).
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Dp-Th-Py-Im-a
a-Im-Py-Th-Dp
- W C G C G W

Figure 6.13: Proposed binding site for Thiazotropsin B.

The small change in Thiazotropsin B created a different binding selectivity, with the
strongest site on MS1 being GCGCGA, which is similar to the proposed binding site
shown in Figure 6.13. The change in selectivity is clearest when directly compared with
Thiazotropsin A in Figure 6.3. The weaker binding to A/T-tracts is also interesting, with
TTTT on MSI1 exhibiting binding, whilst the complementary AAAC (due to the point
mutation present in this sequence) is not clearly bound. This suggests that for the 1:1
binding three AT base pairs are not sufficient, whilst the ligand can bind to four successive
AT pairs.

Although GCGCGA is the preferred site for Thiazotropsin B on MS1/MS2
(differing from the proposed binding site by just one base pair), the studies on
SASK1/SASK2 show that AGGCCT (which differs from ACGCGT by two base pairs)
also binds the ligand, but with twice the Csy value.

The use of the Thiazotropsin B specific sequence STRATHA/STRATHB has
revealed some interesting features concerning the importance of the bases flanking the
CGCQG core. Binding to ACGCGT is about three times stronger than to ACGCGA, which
in twrn is about ten times stronger than to TCGCGA. This may indicate that
purine/pyrimidine steps are important in binding, as affinity is weakened with decreasing
numbers of alternating purine/pyrimidine steps. This is probably related to the local DNA
structure which is thought to possess a wider minor groove, allowing stronger 2:1 binding.

The best binding site for Thiazotropsin A on STRATHA/STRATHB (ACTAGT) is
about five times stronger than the best site for Thiazotropsin B. This is consistent with all
the observations that Thiazotropsin B binds more weakly, as has been seen with other

imidazole-containing polyamides targeting GCGC motifs (Dervan, 2001).

The fluorescence melting curves shown in Figure 6.11 and tabulated in Table 6.2 confirm
that ACGCGT is the preferred target for Thiazotropsin B, though it binds to this less well
than Thiazotropsin A does to its preferred sequence (ACTAGT). 5 uM Thiazotropsin A
produced a AT, value of 9.8 °C with ACTAGT, whilst 25 pM Thiazotropsin B was
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required to produce a similar AT, value with ACGCGT. This five fold difference is similar
to that seen in the DNase I footprinting studies with STRATHA/STRATHB.

Interestingly, Thiazotropsin B seems also to stabilise the ACTAGT better than
Thiazotropsin A stabilises ACGCGT. Although none of the other fluorescence melting
duplexes showed stabilisation with either ligand, it is clear that Thiazotropsin B is less
selective than Thiazotropsin A; a fact supported by footprinting studies and can only be

attributable to the substitution of a pyrrole ring for an imidazole moiety.

Thiazotropsin C

Thiazotropsin C differs from Thiazotropsin B by the substitution of the imidazole ring for
another isopropyl-thiazole. The following 2:1 binding mode (Figure 6.14) would therefore
result.
Dp-Th-Py-Th-a
a-Th-Py-Th-Dp
5"- W C G C G W

Figure 6.14: Proposed binding mode for Thiazotropsin C.

DNase I footprinting studies on the MS1/MS2 substrate only showed non-selective binding
at 25 uM. The preferred sites for Thiazotropsins A and B are clearly not targeted by
Thiazotropsin C. This non-selective binding suggests that the 2:1 binding mode is not
permitted and that only 1:1 binding is evident at high ligand concentrations. A 2:1 binding
mode is probably not favoured as the internal isopropyl-thiazole groups are too bulky to
bind opposite other ring systems, though the terminal formyl or acetyl groups are small

enough for 2:1 binding to occur opposite an isopropyl-thiazole in Thiazotropsins A and B.

General Conclusions

The results presented in this chapter support the findings of James et al, (2004),
concerning the sequence selectivity of Thiazotropsin A. Substitution of a further carbon
atom by a nitrogen atom on just one of the ring moieties to create Thiazotropsin B has

clearly had a large effect on the binding selectivity and affinity. By targeting guanine with
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the new imidazole ring, the preferred binding site is changed from ACTAGT to ACGCGT,
with the affinity for this new site about five times weaker than the parent compound.

Selective binding is abolished altogether when the imidazole in Thiazotropsin B is
substituted for another isopropyl-thiazole, consistent with the suggestion that the large
group is too bulky for 2:1 binding opposite another ring moiety. The Thiazotropsin C
ligand can therefore only bind in the 1:1 mode at high concentrations.

Isopropyl-thiazole appears to be a useful monomer for increasing the binding site
size of small molecule minor groove binding ligands. This bulky group forces staggering
of the two partners in the 2:1 homodimer, thereby making the three ring system target four

base pairs of DNA.

As with all the ligands presented in this thesis, NMR and X-ray crystallography studies
with appropriate oligonucleotides will be necessary to confirm their proposed selectivity
and binding mode. Although NMR studies have been carried out on Thiazotropsin A
(Anthony et al., 2004b), structural investigations on the other ligands would be useful,
establishing if the bulky isopropyl-thiazole inhibits 2:1 binding against ring systems, as
proposed in this chapter, yet still remaining permissive against the N-terminal domains of

the ligands (formyl or acetyl).

A range of potential new ligands could be synthesised on the basis of these results. Of
particular interest would be a series of different length ligands containing isopropyl-
thiazole ring systems. This would give an insight into how isopropyl-thiazole affects the
dimerisation and binding of long polyamides. As with all polyamides, the potential for new
ring systems is large and variations on the isopropyl-thiazole moiety may also lead to
stronger binding derivatives, with possibly different selectivity depending on the nature of
the alteration.

The results in this chapter indicate that although an isopropyl-thiazole creates a
stagger in a 2:1 homodimer, a small moiety is permitted to bind opposite it in the minor
groove. Variations on this group may reveal an effect of the moiety (formyl and acetyl

tested in this work) on binding strength and affinity.

264



General Conclusions

Chapter VII

General Conclusions
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General Conclusions

The aim of the work described in this thesis was to use DNA footprinting and fluorescence
melting techniques to assess the selectivity and affinity of DNA-binding small molecules.
Novel DNA footprinting substrates were prepared and these, along with other established
fragments, were used to assess the sequence selectivity of novel minor groove ligands and

to further probe the preferred binding site(s) of some well-known and novel ligands.

Chapter III: Novel universal footprinting substrates

Universal oligonucleotide substrates are useful for systematic footprinting studies. Their
use in investigations on novel DNA-binding ligands gives an unbiased method for
approximating sequence selectivity and affinity.

In this research, DNA fragments containing every dinucleotide, trinucleotide and
symmetrical hexanucleotide were designed and prepared for footprinting studies. These
substrates were intended to be of minimal length, while avoiding inappropriate regions
(e.g. long G/C-tracts or long homopurine.homopyrimidine tracts). The usefulness of these
fragments was demonstrated by performing DNase I and hydroxyl footprinting
experiments with the well-characterised ligands: Distamycin, Hoechst 33258;
mithramycin; nogalamycin; actinomycin D; and echinomycin. The results of these studies
are consistent with previous knowledge, but expand our understanding of the fine details of

their sequence selectivity.

Distamycin: The results confirm that this AT-selective ligand prefers ApT steps over TpA,
with AATT as the best binding site. it is interesting to note that A,.T, was only bound well
in AT-tracts that were longer than three base pairs. A/T-tracts of six base pairs length were
preferred over shorter four base pairs tracts, though hydroxyl radical footprinting showed
that the ligand does not protect the whole of these long tracts. This indicates that

distamycin binds best when a narrow minor groove surrounds its primary binding site.

Hoechst 33258: AATT is the preferred binding site for Hoechst 33258, and TpA steps are
particularly bad for binding, more so than with distamycin. Interestingly, A,.T, tracts are
bound strongly at any length (unlike with distamycin). This might be simply because
Hoechst 33258 has a smaller binding site, but may suggest that it prefers a more regular

DNA structure than distamycin.
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Mithramycin: As expected this ligand binds especially well to long G/C-tracts. However,
the affinity for shorter tracts is enhanced if these are flanked by a neighbouring TpA step
(Sastry et al., 1995), while ApT steps seem to inhibit binding. This suggests that an uneven
DNA structure is favoured for binding by mithramycin.

Nogalamycin: Purine/pyrimidine steps around a G/C-tract seem to produce the best
nogalamycin binding sites, but the inclusion of all four bases also seems to be important. A
mixed DNA sequence, with a dynamic DNA structure, is preferred for the threading

intercalation binding of this ligand.

Actinomycin D: As expected, GpC is the preferred binding motif for this ligand, but
adjacent sites attenuated the binding up to two or three base pairs away. This may be due to
direct interaction with the cyclic peptides of actinomycin, but may also reflect differences

in local DNA structure. Purine/pyrimidine steps produce the strongest binding sites.

Echinomycin: As observed by Wang ef al. (1984) and Gao and Patel (1988), ACGT is the
preferred binding site for echinomycin (in the NMR structures, adenines flanking the CpG
core are arranged in the syn conformation). As with actinomycin, abutting binding sites
show weak binding and the DNA sequence two base pairs from the central CpG affects the
affinity.

The novel fragments, especially those with hexanucleotide repeats, are clearly useful DNA
footprinting fragments and are ready for use to test the sequence selectivity of novel

ligands.

Chapter I'V: Novel analogues of the bis-intercalator TANDEM

TANDEM is one of a group of ligands, both natural and synthetic, that bind to DNA by
bis-intercalation (Dawson ef al., 2007). TANDEM is a synthetic analogue of triostin A that
lacks the N-methyl groups, which are present on four of the peptide bonds in the parent
compound. This small alteration results in a dramatic change in sequence selectivity and

TANDEM binds selectively to TpA steps, particularly ATAT (Lavesa ef al., 1993; Lavesa
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and Fox, 2001). This occurs because the alanine carbonyl groups form internal hydrogen
bonds to the previously methylated amide groups, so removing the ability to bind to CpG.

This study used TANDEM that had been prepared by novel solid-phase synthesis,
which was shown to have identical properties (both affinity and selectivity) to solution-
phase TANDEM (Waterloh et al., 1992; Lavesa et al., 1993; Lavesa and Fox, 2001).
Analogues were also tested to study the effect minor changes have on binding selectivity
and affinity.

Studies with novel TANDEM derivatives give new information on the important
features of this ligand. As previously suggested (Fox et al., 1980a; Lee and Waring, 1978),
an intact cross-bridge is essential for binding, probably because this constrains the
conformation. The chromophores are also essential for binding and the peptide backbone
alone does not bind to DNA. Surprisingly, replacement of the quinoxaline chromophores
with other similar aromatic rings, such as naphthylene has a pronounced effect on the
affinity.

The most interesting observation is that replacement of the hydrophobic valine
chains on residues 4 and 8 with lysines strengthens binding affinity 30-40 fold while not
sacrificing selectivity. This is probably due to the favourable electrostatic interaction
between this basic amino acid and the DNA phosphodiester backbone environment created
between the positive charge of the lysines and the negative phosphodiester backbone of the
DNA. Although the compound still does not possess any antibacterial activity, it is
possible that a similar alteration to echinomycin and triostin A will greatly improve their

biological activity.

Chapter V: Polvamide and Hoechst-derived minor groove binding liscands

Polyamides are a group of ligands mainly comprising pyrrole and imidazole rings, which
form selective interactions with individual DNA bases in the minor groove. Long polymers
of these rings have been designed (Dervan, 2001), but in general it has been found that
these come out of phase with the DNA over long repeats (Kelly et al., 1996), so limiting
the number of bases that can be targeted selectively. The work in this thesis was therefore
important for developing novel compounds by examining different ring moieties so as to
improve binding and selectivity. To this end, derivatives of Hoechst 33258 (a minor
groove binding ligand using benzimidazole rings to target the DNA) and standard

polyamides have been developed to study the effects of the introduction of: Benzimidazole
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(targets A/T); pyridoimidazole (proposed to target A/T); various other ring systems; and

novel cross-DNA linkages between molecules.

Series A: Analogues of Hoechst 33258: The Series A ligands differ from Hoechst 33258
by substituting the N-terminal phenol with different ring systems. These studies suggest
that changing the terminal phenyl group of Hoechst 33258 (Series A) decreases the binding
affinity, but also subtly affects the selectivity. It appears that a large ring group pointing
away from the minor groove of DNA creates stronger binding at TpA steps. It also appears
that a methyl group facing away from the DNA groove increases the discrimination
between similar sites (e.g. TAAT and ATAT), perhaps due to an interaction with the DNA
sugar-phosphate backbone at particular local DNA structures.

Series B: Hoechst 33258/Polyamide Conjugates: The Series B ligands are conjugates of
Hoechst 33258 and polyamide derivatives, with the exception of M2M-B084, which is a
classic Dervan polyamide. Various ring systems are used in these ligands: Benzimidazole;
pyridoimidazole; pyrrole; and imidazole.

It appears that for 2:1 unlinked polyamide binding, the optimum length of overlap
of the two monomers is four units. A two unit overlap proves too weak, unless the rest of
the ligand in some way interacts with the DNA to increase binding affinity without being
selective (in cases of longer ligands). The introduction of benzimidazole and
pyridoimidazole in these ligands has provided an insight into the binding of these groups.
Two contiguous benzimidazole moieties are not able to bind effectively in a 2:1 manner,
probably due to their rigidity. An inverse benzimidazole at the N-terminus of a Hoechst
33258/polyamide conjugate also abolishes binding. Pyridoimidazole shows interesting
selectivity when compared to benzimidazole, seemingly creating a staggered arrangement
of the polyamide monomers, so targeting a longer DNA sequence. It is important to note
that pyridoimidazole and benzimidazole seem to bind stronger than pyrrole, as suggested

by Briehn et al. (2003).

Series D: Hoechst 33258/Polyamide Conjugates: The Series D ligands are polyamide
and Hoechst 33258 derivatives similar to the Series B ligands. However, instead of having
benzoimidazole moieties at the terminals, these ligands have internal benzimidazole rings,

often next to an N-terminal imidazole.
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These ligands have shown that an N-terminal Bzi-Im does not exhibit strong binding
unless linked as a complex, which is permissive to binding. However, it only appears to
bind one base, due to the proximity of the hydrogen bond acceptors. It is apparent that the
space occupied by the complex creates a stagger of the 2:1 ligand.

A glycine residue situated in the middle of a Hoechst 33258/polyamide conjugate
weakens the binding, most likely due to the increased flexibility in the linker, so that the
two halves of the compound come out of phase with the DNA and the opposing ligand

monomer.

Series C: Linked Hoechst 33258/Polyamide Conjugates: The Series C ligands are
comprised of two Hoechst 33258 and polyamide derivatives in a “Head-to-Head” or “Tail-
to-Tail” configuration, joined together by a linker region. The design is such that the linker
will traverse the DNA minor groove, with each monomer binding to opposite strands.
These results confirm the literature that a positive terminus is required for polyamide
binding (White et al., 1997b) and indicate that a -[CHy]»- cross-DNA linker creates better
binding than ~-CH,-C=C-CH;- and -[CH;];s-. This is probably due to the rigidity incurred by
the alkyne bond and the length of the propane linker being too long for good, in phase,
binding. Linker length also seems to be important when considering the length of A/T
DNA targeted, with a ligand with a shorter linker binding fewer bases. Only a propyl
linkage shows relatively good tolerance of TpA steps in DNA, possibly due to the length of
the linker.

It is unclear if 2:1 binding is occurring, with steric hindrance caused by the terminal
dimethylaminopropylamide found in some of these ligands possibly inhibiting binding in
this manner. Although pyridoimidazole rings are able to target guanine selectively in these
ligands, the results indicate that more than one ligand is binding in close proximity, rather
than in a 2:1 configuration (even though dimethylaminopropylamide is replaced by

methylpiperazine in this case).

Chapter VI: Minor groove binding licands containing isopropyl-thiazole units

The three Thiazotropsin compounds studied in this thesis contain isopropyl-thiazole ring
systems. The thiazole group is selective for GC-base pairs (like imidazole) and the bulky
isopropyl groups prevent side-by-side stacking with a pyrrole ring. Thiazotropsin A,
containing two pyrroles and an isopropyl-thiazole moiety (i.e. Py-Py-Th) binds
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preferentially to ACTAGT (Anthony et al., 2004b; James et al., 2004). The terminal bases
can be either adenine or thymine, suggesting that the dimethylaminopropylamide at the C-
terminus of the ligand is indiscriminate between these two bases.

Thiazotropsin B has one of the N-methylpyrrole groups of Thiazotropsin A
replaced with N-methylimidazole (i.e. Im-Py-Th), as well as a slightly altered N-terminus,
from a formyl to an acetyl group. The substitution of a pyrrole group by an imidazole
dramatically altered the binding and the preferred binding site is now ACGCGT, with the
imidazole targeting guanine. It is interesting to note that the binding of Thiazotropsin B to
ACGCGT is about five fold weaker than Thiazotropsin A to its favoured binding site. A
lower affinity has also been seen with other imidazole-containing polyamides that target
GCGC motifs (Dervan, 2001).

Thiazotropsin C has the N-methylimidazole of Thiazotropsin B replaced by another
isopropyl-substituted thiazole (i.e. Th-Py-Th). Although binding rules suggest this ligand
could target the same site as Thiazotropsin B, only non-selective binding was observed.
This non-selective binding suggests that the 2:1 binding mode is not permitted and that
only 1:1 binding is evident at high ligand concentrations. A 2:1 binding mode is probably
not favoured as the internal isopropyl-thiazole groups are too bulky to bind opposite other
ring systems. Nevertheless, the terminal formyl or acetyl groups are small enough for 2:1
binding to occur opposite an isopropyl-thiazole in Thiazotropsins A and B.

The Thiazotropsin ligands have shown that isopropyl-thiazole is a useful monomer
for increasing the binding site size of small molecule minor groove binding ligands. This
bulky group forces staggering of the two partners in the 2:1 homodimer, thereby making
the three ring system target five base pairs of DNA. The results also shown that imidazole

weakens the binding affinity.

In conclusion, the results presented within this thesis have provided an insight into the
selectivity and affinity of binding of a range of DNA binding ligand; especially
intercalators and minor groove binding polyamides. In addition, the development of novel
minimal length universal footprinting substrates will enable the systematic investigation of

the sequence selectivity of novel ligands.
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