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The interaction of sequence specific ligands with DNA has been widely studied and
the majority of this research has focused up on the binding of these drugs to free
DNA. However, a therapeutic compound that targets DNA must interact with
chromatin in vivo. Previous work with nucleosomes using reconstituted TyrT DNA,
from E.coli, demonstrated that in the presence of sequence selective ligands the DNA
appeared to rotate by 180° relative to the histone octamer. Since these studies utilised
natural DNA, which contains many drug binding sites, only the gross effect of ligand
binding could be observed. This work utilises DNA constructs containing drug-
binding sites at defined rotational and translational positions, with respect to the
histone octamer. Therefore it is possible to assess changes in nucleosome structure in
the presence of a defined number of ligand molecules binding at a defined region of
the DNA superhelix. The ligands used in this study are the minor groove binder
Hoechst 33258 and the bis-intercalator echinomycin. It is observed that Hoechst
molecules can bind to sites on the outer surface of the DNA superhelix without
altering the structure of the core particle. Echinomycin does not appear to recognise
targets in this rotational setting. The interaction of Hoechst and echinomycin with
single target sites located on the inner surface of the DNA helix also has little effect
up on the structure of the nucleosome. However, it has been observed that the
binding of two or three Hoechst molecules to the inner surface appears to alter the
rotational position of the DNA superhelix, with respect to the histone octamer, by
180°. This is not observed with echinomycin. However, experiments in which ligand
is added during nucleosome reconstitution show that echinomycin inhibits this
process with constructs containing two or three inner facing target sites and the level
of nucleosome disruption appears to be dependent upon the translational position of

the targets. In contrast Hoechst 33258 does not.



Abbreviations

A adenine

bp base pairs

BSA bovine serum albumin

bz benzimidazole

C cytosine

dCTP deoxycytosine triphosphate
CD circular dichroism

G guanine

Kda kilo daltons

9-DAM 9-deoxydoxorubicin

DAP 2,6,-diaminopurine

4-DDM 4-demethoxydaunorubicin
dATP deoxyadenosine triphosphate
dCTP deoxycytosine triphosphate
DEPC diethylpyrocarbonate

dGTP deoxyguanine triphosphate
dHAT histone Acetyl-detransferase
DHFR dihydrofolate reductase

DNA deoxyribonucleic acid
DNasel deoxyribonuclease [

4’-DMA 4’-deoxydoxorubicin

DMSO dimethylsulfoxide

dTTP deoxythymidine triphosphate
EDTA Ethylediaminetetraacetic acid
HAT histone Acetyl-Transferase
H33258 hoechst 33258

H1 histone H1

H2A histone H2A

H2B histone H2B

H3 histone H3

H4 histone H4

H5 histone H5

His histidine

4’- 1AM 4’-deoxy, 4’-1iodo-doxorubicin
PTG 1sopropyl 3-D-thioglactopyranoside
NMR nuclear magnetic resonance
NOE nuclear overhauser electron spin
nt nucleotide

MNase micrococcal Nuclease

MPE methidiumpropyl-EDTA
PAGE polyacrylamide gel electrophoresis
PCR polymerase chain reaction
PMSF Phenylmethylsulphonylfluoride
phe Phenol

pm revolutions per minute

T thymine

TBE Tris-Borate-EDTA buffer



TE Tris-EDTA buffer

TEMED N, N, N’, N’-tetramethylethylenediamine
Tm melting temperature

X-gal 5-bromo-4-chloro-3-indolyl B-galactosidase
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1 Introduction

1.1 Why Study the Interaction of Small Ligands with the Nucleosome?

There is an extensive body of literature relating to the binding of small ligands with
free DNA. Many of these ligands are potent antibiotics and by virtue of their DNA
sequence selectivity, effective anti-tumour compounds. To evaluate the role small
ligands might play as potential therapeutic agents, it is necessary to study their
interaction in an environment, which mimics that of the cell. The eucaryotic genome
is packaged into the cell nucleus as chromatin. In this state the DNA is highly
supercoiled and interacts extensively with histone proteins. The conformation of the
DNA in vivo 1s vastly different to that of free DNA and hence represents an altered
binding substrate for sequence selective ligands. In addition, the interaction of the
DNA with histone proteins will mask potential ligand binding sites and alter the
manner by which the ligand interacts. This study focuses on the interaction of
sequence selective ligands with the nucleosome. Off course, in vivo the DNA helix
will contain on average, one nucleosome every 200bp, but for simplicity, ligand
binding to one nucleosome has been carried out. Previous studies of this type, see
below, used DNA containing many ligand binding sites at undefined positions, with
respect to the histone octamer. Hence, it was possible only to assess the overall
consequences of ligand binding to the nucleosome. This study attempts to clarify
some of the issues raised from previous work by using 1-3 ligand binding sites at a
defined position on the nucleosome core particle. It is then possible to assess not only
the consequences of ligand binding to this complex but also the contribution made by
1-3 ligands at a defined position on the DNA. To this end, the ligands used for this
work where the minor groove binder Hoechst 33258 and the naturally occurring bis-

intercalator echinomycin.

1.2 Chromatin
Approximately two metres of DNA are compacted into the eucaryotic cell nucleus in

the form of chromatin that consists of a fibrous nucleoprotein network containing



genomic DNA and protein. Formally, there are two types of chromatin:
heterochromatin and euchromatin. In heterochromatin, the nucleoprotein fibres are
densely packed together while in euchromatin the structure is open. Isolated
chromatin gives the appearance of what has commonly been described as “beads on a
string”. These “beads” correspond to nucleosomes, fig 1.1. The nucleosome is the
fundamental unit of chromatin and is responsible for the binding of 146bp of DNA in
1.65 left-handed superhelical turns. It is composed of four proteins, the core
histones, called H2A, H2B, H3 and H4. /n vivo, a linear chain of nucleosomes is
folded further into a 30nm fibre, which is the basic structure of mitotic chromosomes
and requires the presence of a fifth histone, H1, which stabilises the fibre (McGhee
& Felsenfeld, 1980; Pruss ef al., 1995). DNA between nucleosomes is known as
linker DNA and is usually 30-40bp long to aliow for the additional binding of H1/H5
(forming a chromatosome) and therefore, on average there is one nucleosome per

200bp.

1.3 The Structure of the Nucleosome

The nucleosome is the elementary unit of eucaryotic chromatin. Since most
eucaryotic DNA is complexed with histone proteins this represents the template on
which gene regulation and DNA replication occur. The X-ray crystal structure of the
nucleosome has recently been resolved at 2.8A (Luger et al., 1997) and 2.2A (Harp et
al. 2001) and has provided the long awaited structural detail of this important
complex. In addition the structure of the nucleosome containing the histone variant

H2A.Z has also been solved at 2.6A resolution (Suto ef al. 2000).

146bp of DNA is wrapped around the central protein core in 1.65 turns in a flat
left-handed superhelix. The psuedo- symmetrical point of the complex, the dyad,
passes directly through a single DNA base-pair thus dividing the superhelix into a 72
and 73bp half. The superhelix has a diameter of 41.8A and is not uniformly bent;
rather it is kinked along its path that contributes to a final overall axis of super helical
curvature, figs 1.2 and 1.3. The protein core is composed of two copies each of the

histones H2A, H2B, H3 and H4 that assemble to form an octamer on which the DNA



Figure 1.1 The higher order structure of chromatin. A, shows a model for cooperative interaction within the30nm fibre,
resulting in a folded nucleosome array. Near the bottom of this figure, the array has an open structure. The DNA is shown
as a black line and individual nucleosomes are shown as 3-D circles. Image taken from Pruss ef al. 1995. B, cryo-AMF
(atomic force microscopy) image of chicken erythrocyte chromatin. Individual nucleosomes are white dots and the DNA,

white line, can be seen weaving through the structure. This image was reproduced with the kind permission of Sitong Sheng
(unpublished data).



is bound. The histone protein sequences are highly conserved from species to
species, illustrating the fundamental importance of this remarkable multi-subunit
DNA-binding complex. The N-terminal histone tails make up approximately 28% the
total mass of the protein, 206KDa, but were not resolved in the crystal structure due
to their high mobility.

1.3.1 The Histone-fold pairs

Based upon the assignment of helical and looped regions in the protein core each
histone-fold has the structure: al-a2-L1-L2. This forms a crescent shaped hetrodimer
in which two-fold symmetry passes through the intersectional cross-over between the
a2 helices from each histone in the pair. One dimer binds approximately 2.5 turns of
DNA, inducing a 140° bend, fig 1.4. Each histone-fold-binding domain contacts the
DNA at three points where the minor groove of the double helix faces the protein
core. The arrangement between each histone subunit in the pair creates the L1-L2
and the al-al binding sites at the edge and centre of the dimer. However, some
differences are evident in the manner in which al-""1 helices and L1-L2 sites interact
within each pair. Structural alignment of the four histones, based on the "2 helices,
reveals that the H4 and H2A loops are slightly shorter, by 1-2 amino acids, than their
H3 and H2B counterparts. The L2 loops in the C-terminal half of the histone fold
show a high degree of structural homology between histones. A three amino acid
stretch in the L2 loop of one histone in the pair and the L1 loop of the other histone
run in parallel beta conformation at the end of the dimer. The conformation of these

loop motifs might be dependent upon the local DNA sequence (Luger et al., 1997).

1.3.2 Histone-fold DNA Interactions

The histone-fold domain binds 121bp of DNA with 4bp regions between each
domain. Each histone fold is associated with 27bp (ca. 2.5 turns) of DNA. Binding is
primarily through the interaction with charged phosphate groups with the DNA
backbone and only two such groups are available for binding per helical turn. Notice
that three principle binding sites are evident in the histone-fold. The al-al site binds

the centre of the DNA segment across the histone domain while the L1-L2 loops



Figure 1.2, The crystal structure of the nucleosome at 2.8A resolution. The 146bp of DNA (coloured brown and turquoise)
and the histone core proteins (H2A: yellow, H2B: red, H3: blue and H4; green) are shown as a ribbon structure. The left image

is a view looking down the DNA superhelix axis and the right image is a view looking perpendicular to the superhelix axis.
Image taken from Luger et al. 1997.
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Figurel.3, A cross-section of the nuclesome core particle showing the 73bp half. The
complex is presented as a ribbon structure and is coloured as in fig 1.2. The view is
looking down the DNA superhelix axis. The dyad is positioned at the top of the image
and the central base pair though which it passes is labelled SHL 0 (super helix location).
Each SHL label represents an addition helical turn of the DNA. Duplicate copies of the
histone proteins are indicated either as primed or unprimed. Taken from Luger et al. 1997.



Figure 1.4, The histone fold pairs. The DNA is shown as a ball and stick structure while
histone proteins are shown as ribbons. Each image is coloured as in fig 1.2. A, theH2A-
H2B fold pair. The SHL is indicated and side chains which make contact with theDNA
superhelix are shown. B, as in (A) but showing the H3-H4 fold pair. Image taken from

Luger et al. 1997.



bind at the edges of each DNA segment. Luger es al. (1997) have observed five
principle features in binding:

1. The N-termini of helices ol V1 in histones H3, H4 and H2B interact with a single
phosphate group in the DNA backbone.

2. Hydrogen bonds to phosphates are made from main-chain amide nitrogen atoms

either near or in the last turn of the al and o2 helices.

3. An arginine side-chain from each histone fold enters the DNA minor groove 10 out
of the 14 times it faces the octamer. The last four such interactions are made from

tail regions penetrating the minor groove.
4. Extensive non-polar contacts are made with deoxyribose groups.

5. Hydrogen bonds and salt-links occur frequently between DNA phosphate atoms
and protein basic and hydroxyl side chain groups. These side chains approach the

inward facing DNA backbone from both the minor and major grooves.
(Luger et al., 1997)

The H3, H4 and H2B al-o1 binding sites all have their N-termini focused on a single
phosphate group of the DNA backbone and there are no specific interactions with the
double helix although the residue isoleucine 65 of histone H3 was found to reach into
the major groove and make a nonpolar contact with the 5-methy! group of thymidine.
It is unclear whether this represents a standard histone-DNA contact or whether it is
due to the DNA sequence used in the structure. Arginine residues inserted at each
inward facing minor groove are restricted from making base-specific contacts with

the DNA due to hydrogen bonds with the core protein residues.



1.3.3 The NH2-Nucleosome “Tails”

The histone tails account for approximately 25% the mass of the nucleosome (Wolffe
& Hayes, 1999). They are located at the amino termini of histones H2A, H2B, H3,
and H4 and additionally in the carboxyl terminus of histone H2A. Trypsinized
mono-nucleosomes produce identical positioning patterns on Lytechinus variegates
and X. borealis 5s TRNA DNA constructs compared to non-trypsinized controls
(Dong et al., 1990a; Hayes ef al., 1991a). DNasel and hydroxyl radical footprinting
data have also shown that removal of the histone tails appears to have no effect on
the structure of DNA and does not contribute to the helical periodicity found in
histone-reconstituted X. borealis 55 rRNA gene constructs (Hayes ef al., 1991a).
Hence, proteolytic digestion of the nucleosome, which removes the histone tails,
appears to have little influence up on nucleosome positioning; neither does it appear

to significantly modify the conformation of the core particle, fig 1.5.

Although the conformation of the histone tails was not resolved in the crystal
structure, because of molecular disorder (Luger ef al., 1997), it is known that these
domains interact with both the DNA superhelix and the protein octamer. It has been
previously documented that loss of the histone tails can effect the super coiled
structure of the bound DNA causing it to uncoil (Diaz & Walker, 1983). Early NMR
experiments have reported that the tails dissociate with increases in ionic strength.
This dissociation is highly cooperative with no intermediate stage, i.e. the tails are
either bound or unbound (Walker, 1984). When unbound from the core complex, the
tails are thought to lack a coherent secondary structure. However, they are not
random coils and particular conformational restraint is found at arginine residues. At
approximately 600mM NaCl, changes in the conformation of the nucleosome core
particle have been attributed not to unfolding of the complex but to an apparent
increase in molecular size, and anisotropy (Ausio ef al., 1984). Removal of the fails,
by proteolysis, has little affect upon the hydrodynamic frictional properties of the
particle and DNasel digestion assays show little change in the cleavage pattern of
these complexes (Ausio ef al., 1989). Alterations are observed at elevated ionic

strength. At 600mM NaCl, DNasel cleavage patterns become less distinct and there



5 10 15 20 25 30 35 40 45
H3 N- ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGT-//- C

Te
5 10 15 20 25
H4  N- SGRGKGGKGLGKGGAKRHRKVLRDNI-//- C
T
5 10 15 20 25 30
H2B N- AKSAPAPKKGSKKAVTKTQKKDGKKRRKTRKE -//-C
Tr

Figure 1.5, Histone tail sequences of X. horealis. The residue number is shown above
each sequence, regions underlined represent areas that were solved in the crystal
structure and TT indicates trypsin cleavage sites. Adapted from Luger e/ al. 1997.



is a loss in the average 10bp/turn nucleosome-phasing pattern so that it
begins to resemble that of free DNA (Dong et al., 1990b). This has been accredited
to a loosening in the supercoiled nature of the bound DNA and was also confirmed
by sedimentation analysis (Yager & Van Holde, 1984). In addition, changes in the
frictional characteristics of the complex are also apparent but with a constant radius

of gyration (Ausio et al., 1984).

1.3.4 Interaction between the histone “tails” and the DNA superhelix

Cross-linking studies (Pruss & Wolffe, 1993), have mapped the binding of the H2A
carboxyl terminal tail across the dyad of the nucleosome in reconstituted X. borealis
5S rRNA gene constructs. These results have been confirmed using mixed sequence
chicken DNA purified as nucleosomes after MNase digestion to produce Hi-stripped
chromatin (Usachenko et al., 1994). The carboxyl terminal tail of H2A contacts the
DNA superhelix at position nt 77 (dyad axis) by virtue of the residue His123. The
amino terminal domain of H4 contacts the DNA at position nt 93 via residue His18
and weakly at nt 57 and 66. At increased ionic strength, 400-600mM NaCl, or after
proteolytic digestion, these contacts are greatly reduced, further supporting the
conclusion that this is due to the interaction of the histone tails with the bound DNA.
The H2A contact across the dyad axis is lost in the presence of linker DNA depleted
of linker histones. It is suggested that the C-terminal domain of H2A may be
arranged along the linker DNA in this system. Removal of the linker DNA by MNase
causes the H2A C-terminal domain to rearrange to the closest site on the core
nucleosomal DNA, the dyad. A more recent study, using recombinant histone
proteins, has also identified binding of the H2A tail ~40bp to ether side of the dyad,
primarily to one of the two strands of DNA and an additional set of two cross-links
approximately Sbp symmetrically disposed to either side of this single cross-linking
site (Lee & Hayes, 1997). It has been suggested that the inner most portion of the
H2A tail is anchored to the structural core domain so that interactions with the DNA
are restricted to a single location. Since the pattern of observed cross-links is highly

localised, it appears that the H2A tails do not bind the DNA superhelix as a random
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coil or in multiple conformations but that a degree of conformational restraint exists

in these domains.

1.4 Nucleosome Positioning

(Chao et al., 1979) first observed core histone proteins binding to the E.coli lac
control region in an asymmetric manner and, of many possible arrangements, the
formation of only two nucleosomes was favoured. This phenomenon is now known
as nucleosome positioning and there are numerous examples of DNA sequences
which position in a defined manner with core histone proteins (Clarke e al., 1985;
Cockell e al., 1983; Costanzo et al., 1990; Drew & Calladine, 1987; Eisfeld ez al.,
1997, Flaus et al., 1996; Flaus & Richmond, 1998; Kralovics er al., 1995; Patterton
& Hapgood, 1996; Pennings ef a/., 1991; Pennings e al., 1989; Ramsay ef af., 1984;
Roberts et al., 1995). Nucleosome positioning can be defined in terms of two
components: rotational positioning and translational positioning. Rotational
positioning refers to the unique orientation of the DNA relative to the protein surface
while translational positioning refers to where along the DNA the histone octamer

sits, fig 1.6.

The association of the histone octamer with a large number of sequences
demonstrates that a specific interaction between histone core proteins and the DNA
may not be a significant factor in nucleosome positioning. Rather it appears more
likely that positioning is determined by the overall flexibility and conformation of
the DNA. So, although the histone octamer does not recognise a specific DNA
sequence it does recognise the DNA structure, which is ultimately determined by the
sequence.  Sequence-dependent preferences have been observed in rotational
positioning where it was found that AAA/TTT and AAT/ATT sequences were
orientated so that the minor groove tended to face the histone octamer while
GGC/GCC and ACG/CGT sequences were found to face away from the histone
octamer (Drew & Travers, 1985; Fitzgerald & Anderson, 1998; Satchwell et al.,
1986; Staffelbach er al., 1994; Travers & Klug, 1987, Travers & Klug, 1990). This

model of binding was first proposed by (Zhurkin er al., 1979) and took into account a
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Figure 1.6, The two components of nucleosome positioning. The Histone octamer is shown
as a blue box and the DNA superhelix is shown in red. (A), highlights each component.
(B), shows a change in translational positioning and (C) shows a change in the
rotational positioning, where the DNA has been turned at an angle around its axis.



property of DNA known as anisotropic flexibility. Therefore, DNA sequences
that are intrinsically bent will tend to form nucleosomes more readily than sequences,
which are not although both types of sequence are equally stable once complexed

with core histone proteins (Pennings ef /., 1989).

Studies with DNA sequences that exhibit anisotropic flexibility and have sequence
elements in phase with the helical repeat have been found to incorporate strongly into
nucleosomes (Anselmi er al., 1999; Buttinelli e a/., 1995; Lowman & Bina, 1990;
Pennings et al., 1989; Shrader & Crothers, 1989; Shrader & Crothers, 1990) and
support the model of rotational positioning based upon the curvature of DNA.
Genomic sequences isolated from mouse Ehrlich asceites cells show an occurrence
of molecules with phased runs of AAA and AAAA, CA repeats and TATA
tetranucleotides which form highly stable nucleosomes (Widlund er a/., 1997) and
DNA sequences isolated from a large selection of randomly produced sequences
show a high degree of intrinsic curvature (Lowary & Widom, 1998). Periodic
sequence elements, which could serve as nucleosome positioning signals, have also
been observed in human exons and introns (Baldi ez al., 1996). CTG triplets, which
are associated with several human diseases such as myotonic dystrophy, spinal and
bulbar muscular atrophy and Huntington’s disease, have also been found to form
highly stable nucleosomes, and it has been observed that these repeats are
preferentially found around the nucleosome dyad (Godde & Wolffe, 1996).
Repeating units of the “TG sequence” (5’-TCGGTGTTAGAGCCTGTAAC-3’) also
have a higher affinity for the histone octamer relative to nucleosomally derived DNA
and exhibit a stable rotational position (Shrader & Crothers, 1989) but further studies
demonstrated that the translational position is random (Patterton & Simpson, 1995).
In addition, the positioning of this sequence in vivo was not confirmed (Tanaka ef al.,
1992; Wallrath e al., 1994). It has been suggested that this is because the local
helical repeat of DNA across the nucleosome dyad does not match that of the TG

sequence (Tanaka et a/., 1992).

In addition, it has been found that modification of the exocyclic groups of DNA alter

12



its positioning properties with the histone octamer. This was carried out by the
substitution of cytosine and adenine with inosine-5-methylcytosine and 2.6,-
diaminopurine. The rotational positioning of the DNA was found to be sensitive to
the number of modified exocyclic groups incorporated into the sequence under study,
which was the tyrT fragment from FE. coli. Therefore it was deduced that the
exocyclic groups of DNA impose steric constraints on binding to the histone octamer
and are important in setting the rotational position of the DNA (Buttinelli er o/,
1998). It has also been suggested that the translational position of nucleosomes may
also be directed by the anisotropic flexibility of the DNA molecule (Fitzgerald &
Anderson, 1998; Sivolob & Khrapunov, 1995). Therefore it appears likely that the
rotational and translational position of a DNA molecule will be governed by the
interplay of many different factors associated with the conformation of the DNA
molecule and recognised “positioning sequences” which ultimately impart this
conformational information. The length of the DNA is also important since it has
been observed that the central 40bp of a 145bp sequence is essential for the
positioning of the DNA and that this central 40bp is bound symmetrically across the

nucleosome dyad (Ramsay, 1986).

In contrast, there are a number of sequences, which inhibit nucleosome formation.
The repeating motif [(G/C);NNJ, excludes the formation of nucleosomes and this is
thought to be due to fact that molecules containing repeating units of this sequence
are found to bend into the major and not the minor groove of the DNA (Wang &
Griffith, 1996). This sequence has also been found in the control region of the DHFR
gene, which is not complexed with core histone proteins in vivo (Shimada et al.,
1986). In addition, repeating units (>50) of the sequence CCG, found in fragile X
syndrome, are also found to exclude the formation of stable nucleosomes (Wang et
al., 1996). Telomeric DNA sequences have less affinity for the histone octamer and
this is thought to be due to the telomeric repeat length, which is 6-8bp long and is
hence out of phase with the helical repeat of nucleosomal DNA, which is ca. 10.17bp

(Cacchione ez al., 1997; Rossetti et al., 1998).
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The structure of the DNA superhelix appears to be similar when different
sequences are successfully complexed with core histone proteins. The average
periodicity of free DNA in solution is ca. 10.5bp turn™ while that of nucleosomal
DNA is 10.17 bp turn™, as derived from statistical sequencing (Drew & Travers,
1985), 10.21bp turn™’, from the direct sequencing of a small sample from the same
molecular population (Satchwell et al., 1986) and 10.18bp turn’, as assayed by
hydroxyl radical digestion of the X. borealis 5S gene complexed as a nucleosome
(Hayes et al., 1990). Hayes et al. 1990 observed that the same sequence, when bound
to a calcium phosphate surface, had a periodicity of 10.49bp turn”' demonstrating that
these changes in helical repeat are directly attributed to the binding of the histone
octamer. In addition, it was observed that the periodicity of DNA crossing the
nucleosome dyad, corresponding to the central three turns of the DNA sequence, was
increased from 10.05bp turn-1, across positions +15 to +75 if the X. borealis 55
gene, to 10.7bp turn™. After crossing the dyad, the periodicity of the DNA returns to
10.05bp turn™. Therefore this increase in period at the dyad accounts for the average
periodicity of 10.18bp turn™ in nucleosomal DNA. Drew and Travers 1985 and
Satchwell et al. 1986 previously observed similar results and attributed this change in
helical repeat to the departure of the DNA across the dyad from a uniform superhelix
between the two adjacent turns of the supercoil, fig 1.7. Studies in which different
DNA sequences, each displaying altered conformational properties, have been
incorporated into nucleosome core particles show that there is little difference on the
organisation of these sequences when associated with the histone octamer which
demonstrates that the core histone proteins constrain the DNA, regardless of the

source, after successful reconstitution (Hayes et al., 1991b).

1.5 Post-translational Histone Modifications

Post-translational modifications of histone proteins appear to play a key role in the
control and initiation of events such as transcription, DNA replication, repair,
recombination, mitosis, meiosis and chromosomal condensation and segregation.
Identified modifications of histone proteins include acetylation, phosphorylation,

ADP-ribosylation, methylation and ubiquitination which take place on the histone
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Figure 1.7 (A), the path of the DNA superhelix across the dyad axis of the nucleosome
as it departs from a uniform superhelix which is thought to account for an increase in the
DNA helical repeat across this region. (B), the orientation of AT and GC steps in the
rotational positioning of DNA with respect to the minor groove. From Travers and Klug 1990.



tails domains.

Phosphorylation of histone proteins has long been associated with chromatin
condensation. Histone H1 is phosphorylated at S-phase in the cell cycle and reaches
a state of hyper-phosphorylation before the final stage of mitosis and is then rapidly
dephosphorylated to a level comparable to that of S-phase (Bradbury, 1992).
However, chromatin condensation can occur in the absence of phosphorylated H1
since histone H3 also undergoes phosphorylation (Ajiro et al., 1996a; Guo et al.,
1995; Ohsumi et al., 1993; Shen et al., 1995). Modification at serines 10 and 28 of
H3, is linked to the transcriptional competence of c-fos and c-myc immediate early
genes and mitotic chromosome condensation. (Ajiro er al., 1996b; Chadee et al.,
1999; Goto et al., 1999; Guo et al., 1995; Houssier et al., 1983; Thomson et al.,
1999; Wei et al., 1998; Wei et al., 1999).

Histone acetylation was first observed in calf thymus nuclei in 1964 (Alffrey et al.,
1964) and has been associated with transcription for some time. Some transcriptional
activators are histone acetylases (HATs) while some transcriptional repressors are
histone deacetylases (dHATS). The process of acetylation occurs on histone lysine
residues and helps the binding of the transcriptional apparatus to the target regions on
the nucleosome since this modification is thought to relax histone-DNA contacts
(Kimura & Horikoshi, 1998; Wolffe & Hayes, 1999). Examples of HATs include
GCNSp, which acetylates histones H3 and H4 (Kuo et al., 1996; Sternglanz &
Schindelin, 1999; Tanner et al., 1999; Trievel et al., 1999), PCAF which acetylates
histone H3 and other proteins involved in transcription (Clements et al., 1999) and
HAT1, which only acetylates free H4 (Verreault ez al., 1998). Enzymes involved in
acetylation and deacetylation carry these processes out on the N-terminal tails of
histone proteins and many contain a unique structural motif known as the

bromodomain (Winston & Allis, 1999).

Of the remaining three modifications much less is known. Ubiquitination may

correspond to transcriptionally active regions in the genome since the level of this
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modification has been found to increase with transcription. ADP-ribosylation has
been linked to DNA repair since the enzyme poly(ADP-ribose) polymerase which
carries out this modification, is activated after DNA damage and it may also be
implicated in DNA replication (Althaus, 1992; Boulikas, 1990; Realini & Althaus,
1992). The role of histone methylation is unclear although it may have a link to
transcriptional activation; this has been implicated in the ciliate Tetrahymena (Strahl
et al., 1999). Recent thoughts have focused on the concept of a "histone code" (Strahl
& Allis, 2000). In this model, covalent modifications may be read by other proteins,
which would ultimately bring about a specific effect, i.e. transcription. Rather than a
single modification event, it could be possible that multiple modifications act in
concert to produce the desired effect. This is the essence of the “Histone-Code”
hypothesis. Multiple modifications on the same histone tail could become extremely
complex and it has been proposed that covalent modification by one
histone-modifying enzyme may affect the efficiency of another factor interacting

with the now modified tail.

1.6 Echinomycin

The quinoxaline, echinomycin, is a naturally occurring compound derived from
Streptomyces echinatus. It has potent antibiotic and anti-tumour activity which is in
contrast to the minor groove binder Hoechst 33258 which is principally used as a
chromosome/DNA dye. Echinomycin is composed of a cyclic octapeptide linked
centrally by a thioacetal cross-bridge. Two quinoxaline-2-carboxylic acid
chromophores project out from the octapeptide on each side of the molecule, fig 1.8.
Examples of related compounds include [N-MeCys3,N-MeCys7]TANDEM and
Triostin A (Addess & Feigon, 1994a; Addess & Feigon, 1994b; Addess & Feigon,
1994c¢; Addess et al., 1993; Alfredson et al., 1994; Bailly & Waring, 1998; Fox et
al., 1983; Lee & Waring, 1978a; Lee & Waring, 1978b; Low et al., 1986b; Low et
al., 1984b; Portugal et al., 1988; Singh et al., 1986; Ughetto et al., 1985; Viswamitra
etal., 1981).
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Figure 1.8, The chemical structure of echinomycin. The quinoxaline chromophores and the
identity of amino acids in the drug are indicated.



Echinomycin binds by the mode of bifunctional intercalation, which
subsequently unwinds the DNA by almost twice that of ethidium bromide, and
interestingly chemical modification of the quinoxaline chromophores also has
implications for ligand binding (Fox er «l., 1980; Fox et al., 1981a; Wakelin &
Waring, 1976; Waring, 1979; Waring & Wakelin, 1974). Each quinoxaline
chromophore intercalates into the double helix, disrupting local base staking across
the target site and bracketing the CG step, while the octapeptide ring makes
extensive non-bonding interactions across the surface of the minor groove which is
now open and unwound by the binding of the ligand. Intercalation is an
electrostatically unfavourable interaction, as measured by stacking interaction
energies of the quinoxaline chromophores, the sandwiched CG base pairs and
flanking bases to the central site. Since echinomycin binds strongly to its target
sequence, this is balanced by the favourable interactions between the octapeptide and
the minor groove of DNA (Gallego er al., 1994). The mode of intercalation is also
dependent upon the ionic strength of solution. In high ionic strength intercalation is
thought to be monofunctional moving to sesquifunctional and finally bifunctional as
the salt concentration is reduced, as deduced from measurements of the helix
unwinding angle and sedimentation analysis (Wakelin & Waring, 1976; Waring &
Wakelin, 1974). The rate of dissociation is also increased in the presence of elevated
ionic strength. Echinomycin has dissociation half-lives ranging from 1-40 mins at
20°C, which appears to be dependent upon the sequences flanking the CG step, and,
as expected, the dissociation of the drug is slower from ACGT than it is from TCGA
(Fletcher & Fox, 1996a; Fletcher & Fox, 1996b). The drug has a clear preference for
mix sequence DNA richer in G+C rather than A+T (Wakelin & Waring, 1976)
although two modes of binding have been observed (Fox ef al., 1981b; Fox &
Waring, 1984; Fox & Waring, 1985). These results can be explained by the fact that,
when presented with altemating CpG and GpC, the ligand initially binds to both
targets and then consequently redistributes to the superior target site: 5°-CpG-3’,
This would result in a kinetic profile that is described by the sum of two
exponentials. This is not observed with mixed sequence natural DNA because the

spectral properties of echinomycin are very similar when bound to different DNA
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targets (Fox & Waring, 1985).

The ligand has a high affinity for 5-NCGN-3' tetranucleotide steps of double
stranded DNA, with particular affinity for ACGT and ACGG which have a
corresponding Cso value, the ligand concentration required to decrease the band
intensity by 50% on DNasel sequencing gels, of <0.3uM. The sequences flanking the
5'-CG-3' step have important consequences for binding due to differences in the
DNA conformation (Low et al., 1984a). For example, the target sites GCGG and
CCGG are poor substrates for this ligand with Csy values of 4.2V1.7uM and
35V 7uM respectively (Lavesa & Fox, unpublished observations).

1.6.1 The Echinomycin-DNA Complex: Footprinting Studies

Although the undisputed primary recognition site of echinomycin is the 5“NCGN-3'
step there is evidence to suggest that this ligand may also have secondary binding
sites. In an elegant series of experiments, Fox and co-workers have deduced that the
drug also interacts with alternating AT (Fox & Kentebe, 1990; Fox et al., 1991;
Waterloh & Fox, 1991). This form of binding is observed in the echinomycin
analogue [N-MeCys3 N-MeCys7]TANDEM (Waterloh et al., 1992). Changes in
DNasel, DNasell and MPE-Fe** cleavage in AT flanking regions, flanking CpG
steps have also been reported by other groups (Bailly ef a/., 1994; Low et al., 1984a;
Van Dyke & Dervan, 1984).

Echinomycin-DNA complexes have also been footprinted with the chemical probe
diethylpyrocarbonate (DEPC), which is very sensitive to alterations in the
conformation of DNA, and KMnO;. DECP is a base specific chemical probe, which
targets purine bases, and will react with adenine over guanine. The compound reacts
in the major groove and interacts on the side of the bases not involved in hydrogen
bonding (Bailly er al., 1994). The N7 group of adenine or guanine undergoes
electrophilic attack with the probe and becomes carbethoxylated. Consequently,
DEPC reactions are not a measure of base pair disruption but are a result of

conformational changes in the DNA, via the accessibility of the N7 group. DEPC
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reacts weakly with native B-form DNA since the N7 group is not very accessible
in this conformation. KMnO4 reacts on the 5,6-double bond of thymine. When
echinomycin binds its target, bases adjacent to the central CG step become less
stacked and hence are more accessible to reaction with these footprinting reagents

(Bailly et al., 1994).

In the presence of echinomycin, several enhancements are evident in AT regions
flanking the central CG recognition motif when using DECP as a footprinting probe
suggesting that secondary binding has occurred, which alters the DNA conformation
at these sites rendering adenine N7 more accessible to DEPC. Bailly ef al., 1994 also
observed DECP enhancements that suggested that these were indicative of the DNA
adopting an altered conformation in the presence of the ligand. Similar results were
obtained for KMnO4 in AT flanking regions of the duplex. However, the authors
suggested that these enhancements did not represent the ligand interacting with AT
flanking regions since these sequences were not considered long enough for such an
interaction to occur. Changes in conformation, transmitted from the central binding
site were thought to be the principle reason for enhancements in DECP and KMnO4
some distance from the binding site. It has also been argued that this increased DECP
reactivity to the N7 group is due to the formation of Hoogsteen base pairing in which
the glycosidic bond of adenine moves into the syn conformation upon binding of the

ligand, see below.

Crystallographic and NMR studies have strongly implicated the 2-amino group of
guanine to be critical in determining the affinity of echinomycin for the recognition
motif 5°-NCGN-3". The idea of that this group may interact with the drug was first
proposed by Laurence er al. 1976. The 2-amino group is the only hydrogen bond
donor in the minor groove, it sterically inhibits access to the floor of the minor
groove and it disrupts the spine of hydration (Larsen ef al., 1991). Studies in which

guanine is replaced with inosine, where this functional group is missing, have
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confirmed the importance of the 2-amino moiety by  DNasel  footprinting,
(Marchand ef al., 1992). Stacking interactions in the helix are also known to be
important in determining the binding of echinomycin to DNA and it is quite probable
that inosine stacks in a different manner thus directly altering the binding
characteristics of the ligand via this mechanism (Alfredson & Maki, 1990; Alfredson
et al., 1991). However, further importance for the role of the 2-amino group comes
from base analogue studies in which it was reallocated to adenine to form 2,6-
diaminopurine (DAP) and where inosine was used to replace guanine (Bailly es al.
1993; Waring and Bailly 1994; Bailly ef al. 1995; Bailly er al. 1995; Bailly and
Waring 1995). In these studies, echinomycin recognises TpDAP steps with very high
affinity, with an observed ICsq of ca. <IpM. It has been suggested that the ligand
may recognise the 2-amino group by virtue of the conformation properties conferred
to the DNA duplex by its presence. These properties would include things such as

groove width and other alterations in the DNA structure.

1.6.2 The Crystal Structure of Echinomycin bound to DNA

Figure 1.9, shows the crystal structure of the echinomycin-DNA complex (Ughetto et
al, 1985) and a comparison is made to that of Triostin A, fig 1.10. The two
carboxylic acid chromophores stack over the central CG site and project into the
major groove and the peptide portion of the ligand can divided amino acids that
project towards the DNA duplex and those that face away. The principle components
that stabilize the complex are hydrogen bonding between alanine and guanine,
extensive van der waals interactions and favourable stacking interactions between the

ligand chromophores and the terminal DNA bases of the binding site.

The importance of the 2-amino group is also highlighted in this crystal structure.
Hydrogen bonds are present between the alanine and the G12 N3 atom and between
the alanine carbonyl group and the G12 N2-amino group. The hydrogen bond
lengths for these are 2.68A for ala-NH-N-G12 and 3.38A for ala-CO-H-G12. The
third hydrogen bond is between alanine 1 and the N3 group of G2; it has a

corresponding bond length of 3.6A. There is no evidence of any hydrogen bond
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Figurel.9, The crystal structure of echinomycin. The ligand is traced in red and the
DNA target site is shown in black. Hydrogen bonds between the drug and the DNA
are indicated by flat shaded ovals. Image taken and modified from Ughetto et a/ 1985.



Figure 1.10, The crystal structure of Triostin A is presented as a comparison to fig 1.8. (A), the complex is
shown as a space-flled model where the DNA is coloured yellow and the drug is coloured light purple. The
arrow indicates the CpG step which is compressed by the binding of the ligand. (B), as in (A), a rotated view
of the complex which highlights structural deviations in the DNA duplex when the drug binds.



network involving water in this structure since steric occlusion would make this
impossible. This interaction is clearly very significant as judged by the work of
others but could this importance also be due to other structural features derived from

having the N2-amino group in the minor groove?

The complex shows substantial conformational change in the DNA helix when
complexed with the ligand. Alanine is responsible for much of this by virtue of its
methyl side chains, which wedge between the sugar groups of C1 and G2 and, in the
second helical chain, of G12 and C11. This causes an increase in tilt between these
base pairs but does not affect the hydrogen bonding between them (Ughetto et al.,
1985). Further helical distortion occurs from intercalation of the quinoxaline
chromophores, which taken together with the above cause internal destabilisation in
the helix by disruption of base stacking interactions. The standard axial rise between
bases is approximately 3.4A, in a B-form helix, but in the echinomycin-DNA
complex this increases to 3.97A. However, favourable stacking interactions occur
between the chromophores and the terminal adenine of each binding site. This is
brought about by a change in the torsion angle of the glycosidic bond which is now
found in the syn conformation making the central AT base pairs of the
oligonucleotide bond in Hoogsteen fashion, fig 1.11, this has also been confirmed by
NMR, see below. The chromophore stacks with A10 but not with T3. Due to the
short length of the polynucleotide under study it was not possible to speculate on
how far these Hoogsteen interactions may spread from the binding site when the
ligand binds and NMR cannot be used to answer such questions since a short DNA

length is also a requirement for successful results.

A final feature of the structure is extensive van der waal interactions which stabilise
the complex. Examples include the interaction with the alanine side chain and the
sugar of C11, methyl groups and the deoxyribose (e.g. the N-methyl group of valine
and the O2 atom of C1). In addition, the formation of Hoogsteen base interactions
causes the opposite C1 and C1' atoms of the bases involved to move 2A closer to

each other, compared to standard Watson-Crick. This has the affect of bringing the
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Figure 1.11, The structure of a Hoogsteen base pair. “R” indicates deoxyribose.



DNA closer to the intercalated chromophore rings (Ughetto ef al., 1985).

1.6.3 NMR Studies of Echinomycin-DNA Complexes

The solution structure of echinomycin bound to a number of different DNA
templates has been studied and confirms the intercalative mode of binding by this
ligand and the critical alanine-2-amnio group interaction (Feigon er al., 1984a;
Feigon et al., 1984b; Gao & D.J., 1988; Gao & Patel, 1989; Gilbert & Feigon, 1991,
Gilbert & Feigon, 1992; Gilbert er al., 1989; Park & Choi, 1995; Waring, 1979).
Another interesting observation is that the drug appears to bind to two closely spaced
target sites in a cooperative fashion. Cooperative binding has also been confirmed by
quantitative DNasel footprinting experiments (Bailly er al., 1996). However, the
exact mechanism behind this cooperativity remains unclear. It is possible that direct
drug-drug contacts may be involved when CG sites are closely spaced or an
alternative explanation is that changes in the conformation of the DNA helix, as a
result of ligand binding, may enhance the binding of a second drug. Arguably, a
number of different factors acting in concert is plausible depending up on the nature

of the binding sites, separation and the environment of the solution.

There is also strong evidence supporting the formation of Hoogsteen base pairing in
Echinomycin-DNA complexes, as assessed by strong NOE signals between the H8
and H1” protons, of the AeT base pairs flanking the central CG site, indicating that
the glycosidic bond is now in the syn conformation (Gilbert ef al., 1989). It has been
suggested that the formation of either Hoogsteen or Watson-Crick base pairing might
be a consequence of stacking interactions once the quinoxaline rings intercalate into
the DNA helix (Gallego ef al., 1993; Gao & D.J., 1988). The orientation of adenine
with the glycosidic bond in syn provides very favourable stacking interactions to

occur between it and the quinoxaline ring.
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1.6.4 Hoogsteen Base Pairing: A Controversy?

The formation of Hoogsteen base pairing in sequences flanking the central CG site of
echinomycin has been strongly implied from footprinting, NMR and X-ray
crystallography studies. This unusual structure is also seen with the closely related
compound Triostin A where it was found that crystals formed more readily at low
pH, perhaps reflecting the requirement for cytosine to become protonated to form

Hoogsteen bonds (Quigley er al., 1986; Wang et al., 1986).

The reaction of DEPC with echinomycin-DNA complexes shows hyperreactivity on
base pairs flanking the CG site and it has been proposed that this may reflect the
existence of Hoogsteen bonds at these positions. Under these circumstances, DECP
would have to react with either N3 or N1 of adenine since N7 would now be
involved in hydrogen bonding (Mendel & Dervan, 1987). Waring and co-workers
dispute this conclusion and alternatively suggest that hyperreactivity of flanking
bases to DEPC and other chemical probes is not a result of the glycosidic bond
rotating but due to unwinding of the DNA helix which would make targets on the
base pairs more susceptible to chemical cleavage (McLean et al., 1989). DNA in
which adenine has been replaced by 7-deaza-2-deoxyadenosine and footprinted with
DNasel and OsO, shows that echinomycin still binds relative to unmodified DNA
and the same enhancements are observed (McLean et al., 1989). The important thing
about 7-deaza-2=deoxyadenosine is that it cannot form fully hydrogen bonded
Hoogsteen bonds. There is nothing to stop this group rotating about the glycosidic
bond so that it may reside in syn. However, the hydrogen bond between N7 and the
N3-H of the pyrimidine cannot be formed thus logically this base pair would not be
as stable as native AT Hoogsteen bonds. In extended work (Sayers & Waring, 1993),
experiments were carried out on the TyrT fragment, from E. Coli, where adenine and
guanine had been substituted with 7-deaza-2=-deoxyadenosine and 7-deaza-2=-

deoxyguanine respectively. Footprinting and further analysis showed that the
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incorporation of these residues did not significantly affect the binding of
echinomycin to DNA. However these experiments could not rule out the possibility
that 7-deaza-2=-deoxyadenosine and 7-deaza-2=deoxyguanine had still rotated into
the syn conformation, but with one less hydrogen bond. It is possible that since the
formation of Hoogsteen bonds brings the DNA duplex 2A closer to the ligand,
relative to standard Watson-Crick, that this would still be favoured and it has been
suggested that Hoogsteen base pairs may be a structural consequence of the DNA

attempting to accommodate a highly invasive ligand (Sayers & Waring, 1993).

1.7 Hoechst 33258

Hoechst 33258 belongs to a family of ligands referred to as the nonintercalating
minor groove binders. It is a crescent-shaped synthetic molecule made from four
rings in the order phenol, benzimidazole 1, benzimidazole 2, piperazine (phe-bzl-
bz2-pip) with free rotation about the bonds connecting each ring, fig 1.12. Other
related compounds include netropsin, distamycin, DAPI and berenil which all bind in
similar ways. All of these compounds are structurally similar and are isohelical.
Minor groove binders have a preference for ATn DNA and usually bind four to five
consecutive AT base pairs without significant distortion in the DNA helix. The
binding preference for these ligands has been attributed to the nature of the AT minor
groove which is very narrow and hence promotes the formation of close van der waal
contacts between the aromatic rings of the drug and the wall of the groove.
Molecular dynamics studies indicate that the structure of AT regions is not
completely pre-organised and hence ligand binding may incur a significant amount
of “induced-fit” (Bostock-Smith et al, 1999; Bostock-Smith & Searle, 1999).
However, recent NMR data of the Hoechst-DNA complex shows that there is little
difference between the structure of free and ligand-bound DNA (Gavathiotis ef al.,
2000). Previous molecular dynamics simulations of the £coRI recognition sequence,
showed a trend for a narrowing in the AATT minor groove, although the groove
dimensions were capable of undergoing significant breathing over the time-scale
studied (Young et al., 1997). The accommodation of a ligand into the AT minor

groove requires movement of the bases at the bottom of the groove to resolve steric
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Figure 1.12, The chemical structure of Hoechst 33258.



Figure 1.13, The crystal structure of Hoechst 33258 at 2.25A resolution bound to the DNA sequence d(CGCGAATTCGCG)
(A), the model is shown as a ball and stick structure. DNA is coloured teal and the drug is shown in yellow. (B), a
molecular surface image of (A) which highlights the close contacts between the ligand and the minor groove of AATT. Image
created in Swiss Pdb Viewer, from the pdb file of Teng et al. 1988, and rendered in Pov-ray for Windows.



clash from the v-shaped walls of the structure. This widens the groove near the
bases, and provides a complementary hydrogen bonding surface to the drug.
Conformational changes in the sugar phosphate backbone then take place to “seal”
the upper region of the minor groove to the ligand, which optimises non-bonding

interactions (Laughton & Luisi, 1998).

CG minor grooves are wider and would presumably not provide the same level of
non-bonded interactions; the presence of the 2-amino group of guanine would also
sterically block the interaction of these ligands with the DNA (Heinemann et al.,
1992). In addition, the negative electropotential of the AT minor groove is attractive
to these positively charged ligands. Once the initial ligand-DNA complex 1s formed,
hydrogen bonds are made between the aromatic rings of the drug and the AT bases.
These hydrogen bonds stabilise the complex but are not thought to be involved in the

recognition process.

Like others in its class, Hoechst 33258 binds selectively to AT rich DNA with a high
preference for AATT and AAAA. The drug binds tightly between the sugar-
phosphate walls of the minor groove, replacing the spine of hydration and may
disrupt local hydration patterns close to the binding site. The spine of hydration was
first observed in the crystal structure of the EcoR/ restriction sequence [GAATTC],
(Drew et al., 1981). First shell water molecules hydrogen bond to purine N3 and
pyrimidine O2 atoms and second shell waters bridge between shell one. Recently it
has been demonstrated that sodium ions act as a third shell and bridge over shell two
(Shui et al., 1998). Hydration around base pairs tends to be very well ordered but the
patterns around other groups in the helix, such as phosphate are more random
(Berman & Schneider, 1999; Bonvin e al., 1998; Sunnerhagen et al., 1998). It is
these hydration structures that are displaced when Hoechst 33258 binds to the DNA
and the ligand conserves the hydrogen bonds originally held between water and the
base pairs. A detailed visualisation between a ligand and hydration patterns comes
from the crystal structure of the minor groove binding drug ethyl-furamideine in

which 220 water molecules were resolved (Guerri ef al. 1998).
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One of the principle drives for the binding reaction is the removal of the hydrophobic
surface of the drug from solvent upon complex formation with the double helix; this
interaction 1s entropically driven (Haq er al., 1997). At relatively low concentrations
of hoechst sequence specific binding of the drug is observed (type I binding). At
greater concentrations non-specific modes of binding are observed which are
mediated through electrostatic interactions between the positively charged ligand and
the negatively charged sugar-phosphate backbone of the DNA (type II binding).
Positioning the 2-amino group in the sequence AATT by incorporation of the base

DAP abolishes Hoechst binding to this sequence (Loontiens ef al., 1991).

Increases in ionic strength dissociate non-specifically bound Hoechst molecules, as
do relativity low concentrations of ethanol. Absorption fluorescent studies show that
one Hoechst molecule is bound per 6bp in poly d[(A-T)]. In addition, GC binding
has also been observed, and it was suggested that Hoechst could be binding in the

major groove at low levels (Loontiens ef al., 1990).

1.7.1 Footprinting Studies of the Hoechst 33258-DNA Complex

The interaction of Hoechst with A/T sites was originally proposed by Mikhailov ef
al., 1981. Before the crystal structure of Hoechst 33258 was available, footprinting
studies had already identified the primary recognition sites of this ligand as four
consecutive AeT base pairs (Martin & Holmes, 1983). AATT and AAAA are strong
binding sites while TAAA and ATTA were weak binding sites. This reflects the fact
that the position and order of the AT bases in the DNA sequence is important since
Hoechst recognises not so much the DNA sequence but the conformation of the
DNA (Murray & Martin, 1988; Murray & Martin, 1994). More recently, it has been
demonstrated that Hoechst discriminates between alternating AT and runs of AT and
binds to the later with 50 fold greater affinity, for example binding is much stronger
to AATT than to TATA. These variations in affinity were attributed to differences in
minor groove width between TpA and ApT steps (Abu-Daya ef al., 1995; Abu-Daya
& Fox, 1997).
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Footprinting studies using methidiumpropyl-EDTA. Fe(Il) (MPE.Fe(I)) allowed an
accurate determination of the size of the binding site. DNasel cleavage produces
footprints approximately 2-3bp larger than the size of the actual binding site and it is
very sensitive to changes in DNA conformation. Chemical cleavage agents such as
hydroxyl radicals and MPE are not affected to the same extent by the conformation
of DNA and due to their smaller size, map the size of the site with greater accuracy.
Using MPE, binding site sizes for Hoechst of approximately 4-6bp are observed
(Harshman & Dervan, 1985). Larger binding sites were observed in longer stretches
of A and T base pairs and presumably reflect the binding of the ligand to overlapping
sites. In addition, it was also found that the ligand could tolerate guanine residues at
the end of a binding site (e.g. AAAAG or AAAG) but these were not found inside
the AT region and the presence of a TpA step within the target site was found to

greatly attenuate drug binding (Portugal & Waring, 1988).

1.7.2 The Crystal Structure of Hoechst 33258-DNA Complex

The crystal structure of Hoechst 33258 has been determined by a number of groups
(Pjura ef al., 1987; Quintana ef al., 1991; Sriram et al., 1992; Teng et al., 1988; Vega
et al., 1994). In all structures, the ligand binds to target sequences via the minor
groove, displacing the spine of hydration. However, although the recognition motif
for Hoechst 33258 has been highlighted as AT# sequences, binding has been
observed to the sites ATTC and GATA (Carrondo et a/., 1989; Pjura et al., 1987).
The binding of the drug to AATT appears not to be affected by temperature although
there are slight changes in the torsion angles between the benzimidazole rings
(Quintana et al., 1991). In all crystal structures, Hoechst is observed to follow the
spiral of the minor groove (i.e. the drug is isohelical) and there are good non-bonded
interactions between the walls of the narrow groove and the benzimidazole rings of
the ligand. The benzimidazole rings of Hoechst fit tightly into narrow AT minor
groove which is barely wide enough for this interaction, see fig 1.13. For these
contacts to occur, the carbon-carbon torsion angles between the rings are extremely

important so that the drug can remain isohelical. However, the phenol ring remains
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coplanar with bezimidazole 1 and is hence twisted out of the curve of the
minor groove. It has been suggested that this is a consequence of resonance
stabilisation between the two ring systems. Despite this, the phenol group still
protects the AT base pair, even although it does not bond directly to it. In addition,
there is an electrostatic contribution to the binding between the negatively charged

DNA and the positively charged ligand by virtue of the piperazine ring.

It is the piperazine group that is thought to explain the one base pair slip observed by
Pjura et al. 1987 and Carrondo ef al. 1989. Steric clash prevents the piperazine and
benzimidazole 2 lying in co-planar orientation, hence they tend to reside at right
angles to each other. Under these circumstances the piperazine ring is 60° removed
from parallism with the AT minor groove and it is hence impossible for it to be
accommodated within this very narrow region. Therefore, it is then forced to interact
with the wider GC region and this explains why the drug appears to be recognising
the sequence ATTC. This allows Hoechst 33258 to tolerate either a GC or AT at the
piperazine end of the binding site and it is thought that piperazine will orientate

towards the region where the minor groove begins to widen.

The binding of Hoechst does not significantly distort the double helix. In summary,

there are two minor changes in DNA conformation:

1. The minor groove, where the drug binds, is widened with a corresponding

compression of the major groove.

2. The DNA helix undergoes an axial bend by approximately 6-8°. There is a slight

increase in base pair buckle across the target site.

Base pair buckle is expected since the ligand effectively increases the helical repeat
of the DNA across the binding site. This is because Hoechst is 20% longer than the
distance between one base pair and the next (Goodsell & Dickerson, 1986; Quintana

etal., 1991).
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The affinity of Hoechst for the AT minor groove can be accounted for by a number
of factors. The 2-amino group of guanine would hinder binding of the drug not just
because of steric occlusion but also because of its electropositive nature. Besides
this, the GC minor groove is wider than that of AT, since one of the principle
stabilising factors in the complex are a tight fit and van der waals interactions
between ligand aromatic groups and the walls of the minor groove it is logical to
deduce that a narrow groove width is more attractive for ligand binding. The
bifurcated hydrogen bonds present in the structure appear to act in a stabilising
manner rather than providing specificity for the interaction. These bonds could occur
equally well, if the 2-amino group of guanine was not there to hinder the drug. This
is in contrast to echinomycin where hydrogen bonding acts as the major recognition

factor.

1.7.3 NMR studies of the Hoechst 33258-DNA Complex

The solution structure of Hoechst 33258 bound to a number of different DNA
templates has been studied (Embrey ef al., 1993; Fede et al., 1991, Gavathiotis ef al.,
2000, Parkinson ef al., 1990; Searle & Embrey, 1990). NMR studies have shown that
Hoechst binds to the central AT region in duplexes containing sites such as AATT
and AAAA, as in the Teng er «l. (1988) crystal structure (Fede er al, 1991
Parkinson ef al., 1990, Searle & Embrey, 1990). Embrey and Searle (1990) observed
the ligand binding in a cooperative manner to a sequence containing two closely
spaced AAAA sites. In a later study this was confirmed where binding of Hoechst to
the DNA was found with only the 2:1 complex of drug:DNA (Gavathiotis ef al.,

2000). However, it is presently unclear as to how this cooperativity is mediated.

Crystal studies suggested that the piperazine ring of Hoechst would prefer to lie in a
region where the minor groove becomes wider. No contacts were observed between
the piperazine groups and the GC base pairs, as judged by NOE spectra (Parkinson et
al., 1990; Searle & Embrey, 1990). However, a hydrogen bond was inferred between

piperazine and guanine via water (Gavathiotis et al., 2000). Taking the previously
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observed degeneracy of the binding site into account, i.e. the inclusion of G or C,
Embrey et al. (1993), studied the interaction of Hoechst with a sequence which offers
the ligand 5 potential binding sites. Hoechst was observed to bind across the central
AATT step and concluded that the bulky piperazine group was accommodated in the
narrow region of the A/T minor groove. In sequences containing two Hoechst
binding sites, piperazine is orientated towards the wider GC region of the duplex
(Gavathiotis et al., 2000; Searle & Embrey, 1990). Dynamic behaviour in the phenol
group via a mechanism of “ring-flipping”, i.e. rotating 180° about the C-C bond has
also been observed in Hoechst-DNA complexes. It is thought that the ability of the
group to do this may reflect “breathing”™ of the structure in solution (Fede et al,

1991; Searle & Embrey, 1990).

The binding of Hoechst, as judged by NMR, does not significantly alter the structure
of the DNA duplex and this confirms all previous models for the ligand binding.
Sugars are in the standard C2’-endo pucker, as observed in classic B-form DNA and
glycosidic bonds are in anti. Minor changes were also detected in the major groove
and presumable reflect minor changes in helical parameters, such as base pair buckle
when the ligand binds (Fede et al., 1991). The nature of the sequences under study,
large propeller twists were observed across AT sites. Hence the minor groove width
of these duplexes is extremely narrow, which renders it attractive for Hoechst
binding. This narrowness was found to promote extensive van der waal contacts
between the ligand and the DNA, especially along the floor of the groove. The
helical parameters observed in the complex are also found in free DNA and this
favours a model in which sequence dependent DNA conformation is attractive for
ligand binding rather than these parameters arising as a result of induced fit drug
binding. Bifurcated hydrogen bonds were confirmed between the NH groups of the
benzimidazole rings and the adenine N3 and thymine O2 atoms on the edges of the
base pairs. In addition, it was proposed that the electrostatic difference between the
floor of the AT minor groove and the piperazine ring would impart further
stabilisation to the complex (Parkinson et a/., 1990; Searle & Embrey, 1990).
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1.8 Nucleosome-Ligand Interactions

To be used therapeutically, any sequence selective DNA binding ligand must interact
not with free DNA but with chromatin and ultimately the nucleosome. Early studies
using platinum compounds showed that there was little difference in the binding of
these molecules to extracts of chromatin compared to free DNA. However, the
formation of DNA-protein cross-links was inferred and could have significant
consequences for the chemotherapeutic action of these drugs (Houssier et al., 1983).
Cross-linking of this nature could be visualised with trans-Platinum but is more
difficult to see how this might occur with cis-Platinum. In contrast, the anthracycline
intercalator daunomycin was found to bind to chromatin with a lower affinity relative
to free DNA. The affinity of the drug was greater for nucleosomes containing 175bp
of DNA than for particles with 146bp, perhaps reflecting the ligand’s preference for
linker sequences rather than binding to the supercoiled duplex of the central
nucleosome core. However, at saturating concentrations, the drug caused unfolding
and aggregation of nucleosome core particles (Chaires er al., 1983). Ethidium
bromide has also been demonstrated to bind to nucleosomes with a weaker affinity
for the core particle than for free DNA (Taquet ef al., 1998). The intercalator
actinomycin binds to the nucleosome in a manner comparable to that of free DNA, as
judged by absorption spectra, but requires greater ligand saturation in solution to
achieve this (Cacchione ef @/., 1986). There was a significant decrease in the number
of strong binding sites for this drug and it was deduced that approximately four
ligand molecules were bound per nucleosome. Actinomycin also causes a change in
the conformation of the nucleosome, which Cacchione et a/. (1986) attributed to
unfolding of the particle, from data obtained from sedimentation studies. This
transition was found to be reversible. The nucleosomes used in this study contained
ca. 170bp of DNA, and hence it remains unclear as to whether actinomycin targeted
to regions of the sequence unbound to the protein octamer or whether it interacted
across the surface of the central 146bp of the DNA superhelix. Actinomycin has also
been found to create sites, which are hyperreactive to hydroxyl radicals, but does not
yield a footprint on nucleosomes (Churchill ef a/., 1990). Later work studying the

interaction of the anthracyclines 4’-deoxy, 4’-iodo-doxorubicin (4°-IAM), 9-



deoxydoxorubicin (9-DAM), 4- demethoxydaunorubicin (4-DDM) and
4’-deoxydoxorubicin (4’-DMA) with 175bp nucleosomes showed that the drugs’
spectroscopic and CD profile was similar to that of binding to free DNA (Cera er al.,
1991; Cera & Palumbo, 1991). However, it was observed that 4’-IAM appeared to
prefer binding to the ordered conformation of nucleosomal DNA than to free DNA.
(9-DAM), (4-DDM) and (4’-DMA) were thought to interact with linker DNA and

not bound to the central nucleosome core.

The interaction of the intercalators echinomycin, nogalamycin, actinomycin, and the
minor groove binders berenil, netropsin and distamycin with reconstituted
nucleosomes have been subject to a detailed series of studies which yielded
interesting results. Using the probe DNasel, novel cleavage products were observed
approximately halfway between the original cleavage maxima in drug-free controls.
The hypothesis to account for these observations was that the DNA superhelix had
rotated on the surface of the protein octamer in the presence of a bound ligand. This
phenomenon was not observed with the mono- intercalators actinomycin and
nogalamycin and at high drug concentrations the superhelix was displaced from the
protein core (Portugal & Waring, 1986). To account for these results, Waring and co-
workers have suggested that ligands bound first to sites exposed on the outer surface
of the particle and then caused those sites to be rotated by 180° so that they would lie
on the inner surface of the superhelix. The driving force for this reaction was
suggested to be the optimisation of non-bonded interactions between the ligand and
the DNA (Low er al., 1986a; Portugal & Waring, 1986; Portugal & Waring, 1987a;
Portugal & Waring, 1987b). Molecular modelling studies indicated that this
conformational change in the nucleosome would be favoured after the addition of the
ligand netropsin (Perez & Portugal, 1990). DNasel and hydroxyl radical work
studying the interaction of the drug mithramycin with nucleosome core particles
showed that this ligand did not produce novel cleavage products inherent of
superhelix location (Fox & Cons, 1993). Later work studying the interaction of the
minor groove binding ligands Hoechst 33258, distamycin, netropsin and berenil with

DNA fragments reconstituted with core histone proteins confirmed the rotation of the
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DNA by 180° in the presence of these ligands (Brown & Fox, 1996). However,
there was one important difference: the drug target sites were rotationally positioned
so as to face the histone core. Therefore, these sites were occluded by the histone
octamer and yet rotation of the DNA superhelix was still observed. It was concluded
that the drugs had interacted with their target sites but it was unclear as to how this

was achieved.

1.9 The Site Exposure Model

The problem presented for ligand access to occluded target sites on the nucleosome
is one that has been previously encountered with studies concerning the binding of
regulatory proteins to chromatin. /r vitro studies have shown that many such
proteins have access to their target sites even when those sites appear to be occluded
by the structure of the nucleosome. Most genes are organised in the eucaryotic
genome as nucleosome arrays and since many such sequences have important
biological activity regulatory proteins must have some form of access to their DNA
target sites. It has remained unexplained as to how target sites are recognised under
such circumstances. A model has been proposed which accounts for the binding of
proteins to target sites occluded by the nucleosome and is referred to as “Site

Exposure”, fig 1.14, panel I (Polach & Widom, 1995).

The nucleosome is viewed as a repressive component of the genome but the key to
site exposure lies in the suggestion that these complexes may be dynamic structures
which transiently expose regions of DNA so that regulatory proteins and other
molecules can bind to target sites as though they were free in solution. Evidence for
such dynamic processes have already been observed at the ends of the DNA
superhelix (Clarke er al., 1985). The mechanism for site exposure is that the DNA
superhelix detaches from the histone octamer at the ends of the nucleosome.
Therefore any target may become accessible by the dissociation of up to half of the
superhelix. However, more energy is required to remove a larger portion of the DNA
superhelix from the protein core and hence target sites that are close to the ends of

the nucleosome will be exposed for longer periods of time, i.e. will be more
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Figure 1.14, The site exposure model as presented for a single nucleosome. The histone
octamer is shown as a disk with the DNA wrapping around it. (A), the target, black box,
is inaccessible to protein (R). Unwrapping of the DNA from the surface allows binding.
(B), Cooperativity in the binding of proteins (X) and (Y). After exposure of the target site
for (X) the binding of (Y) is increased and vice versa. See text for details. Taken from
Widom 1998.



accessible, than target sites that are located near the dyad, which will be less
accessible. Since histone-DNA contacts occur at every inward-facing minor groove,
there will be a further energetic cost to displace an additional helical turn of the DNA
from the histone octamer. In an elegant series of experiments, Polach and Widom
1995 demonstrated that the equilibrium constant for a series of endonuclease target
sites was related to their translational position on the nucleosome and observed a
decrease in the equilibrium constant from the ends of the superhelix moving towards
the dyad. It is also of interest that removal of the histone tail domains leads to a slight
increase in the position-dependent equilibrium constants for site exposure (Polach er

al., 2000).

The site exposure model also has important implications for the binding of more than
one molecule to the nucleosome and presents a novel method of cooperatively
(Anderson & Widom, 2000; Polach & Widom, 1996; Widom, 1998) fig 1.14b. As
illustrated in the figure, once protein Y has bound, protein X may bind without
having to pay the energetic cost of site exposure, AGY, which without the binding
of Y would normally occur. Alternatively, the binding of X will assist the binding of
Y and the level of cooperatively between X and Y will equal minus one times the
energetic cost for exposing a site. Therefore, this model has important ramifications
for crucial biological systems such as the initiation of transcription, replication and

any system that requires binding to “occluded” target sites on the nucleosome.

1.10 DNasel

The glyco-protein DNasel produces single nicks in double stranded DNA by
cleaving at the O3°-P bond in the helix. The enzyme binds in the minor groove by the
introduction of an exposed loop region, which inserts a tyrosine residue into the helix
(Suck & Oefner, 1986). This interaction causes the minor groove to widen by
approximately 3A and generates a 21.5° bend in the DNA helix in a direction
towards the major groove and away from the binding surface of the enzyme. This
mechanism suggests that regions of DNA where the minor groove is narrow, such as

A/T, would be cut less efficiently by the enzyme (Hogan et al., 1989; Lahm & Suck,
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1991; Oefner & Suck, 1986; Suck et al., 1988). Cleavage is thought to be brought
about by two histidine side chains which are in close proxiihity to the phosphate
group in the O3’-P bond (Weston et al., 1992) Although the enzyme does not exhibit
any apparent sequence selectivity, the enzyme does cleave some sequences with
greater efficiency than others (Herrera & Chaires, 1994), which explains why
DNasel footprinting gels do not show an even ladder of cleavage products. The
enzyme binds to ca. 10bp of DNA, which is why ligand footprints are larger than
expected. In addition, due to the geometry of DNA, all footprints produced with
DNasel are staggered in the 3° direction by approximately 2-3bp, fig 1.15 (Fox,
1997). DNasel footprinting relies on the fact that the binding of a protein or small
ligand to DNA will cleavage by the enzyme in the vicinity of the target site. The
technique was first employed to demonstrate the binding of the lac repressor to the
lac operator (Galas & Schmitz, 1978). Approximately 200bp of 3°-labelled DNA are
used in a given footprinting reaction, so that cleavage products can be easily resolved
by denaturing PAGE. If the molecule under study binds to its target site, DNasel
cleavage is attenuated relative to the control where the compound binds, fig 1.15.
The conditions of each footprinting experiment insure that on average each DNA
molecule is cut only once, i.e. single-hit kinetics. Although an ideal footprinting
probe should not express any form of DNA sequence selectivity, this property of
DNasel makes it extremely useful at detecting changes in the conformation of DNA

after binding of a molecule.

1.11 Hydroxyl Radicals

Hydroxyl radicals are produced by the Fenton reaction:

Fe** + H,0, = Fe* + OH + OH

These radicals have little sequence preference, make an ideal footprinting probe and,
due to their small size, provide a good estimation of the size of binding sites in DNA-

drug and DNA-protein complexes. The exact cleavage site of the radical on DNA is
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Figure 1.15, A representation of DNasel footprinting. (A), cleavage products,
where the DNA is 3’-end labelled are visualized on a sequencing gel exposing a
footprint where the ligand binds to its target site. (B), the 3’-stagger of DNasel
footprints. The DNA is shown in 2D and is viewed along the minor groove. The hashed
box corresponds to DNasel and the filled diagonal is the bound ligand. Taken from Fox 1997.



not clearly defined although it is thought to react with hydrogen at position 5° in
the deoxyribose and has less reactivity with other hydrogen atoms in the order
H4>H3’>H2’/H1” (Tullius & Dombroski, 1986). This cleavage probe has been used
in the study of DNA-protein complexes (Draganescu et al., 1995; Lee & Hahn, 1995;
Tullius & Dombroski, 1986), DNA structure (Balasubramanian et al., 1998; Price &
Tullius, 1992; Tullius & Dombroski, 1985) and DNA-drug complexes (Cons & Fox,
1989). In this study, hydroxyl radicals have been used to map the rotational position

of histone-bound DNA, see below.

1.12 DNasel and Hydroxyl Radicals as Footprinting Probes for the Nucleosome

DNA bound to the surface of the histone octamer will be protected by the nature of
the complex to footprinting probes such as DNasel and hydroxyl radicals. Minor
grooves facing the protein surface are therefore not readily accessible to these agents
and only exposed regions of the double helix, across the surface of the supercoil, will
be cleaved by the action of DNasel and the hydroxyl radical. Therefore, data
generated and visualised on a sequencing gel in such experiments produces what is
known as a nucleosome phasing pattern, fig 1.16. Since both agents cleave DNA in
the minor groove, regions of maximal cleavage represent areas where the DNA is
facing away from the histone octamer, while regions of attenuated cleavage represent
areas where the DNA is facing towards the protein core. Phasing patterns can be
difficult to interpret with DNasel since the enzyme exhibits a slight sequence

selectivity, which makes the use of hydroxyl radicals more desirable.
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Figure 1.16, A cartoon gel demonstrating nucleosome phasing. The free
DNA is represented as even ladder of cleavage products while in the
nucleosome DNA attenuation of cleavage occurs where a minor groove
faces the surface of the histone octamer. This is indicated with arrows.



2 Materials and Methods

2.1 Enzymes and Chemicals

All chemicals were purchased from Sigma and restriction enzymes were purchased
from Promega. [V-’P]dATP was purchased from Amersham Biotech at a
concentration of 3000Ci mmol-1. Pfu Turbo DNA Polymerase was purchased from

Stratagene at a concentration of 2500 U ml-1 and was stored —20°C.

AMYV reverse transcriptase was purchased from Sigma. The enzyme was stored at -
20°C at a concentration of 12000 units ml™". DNasel was also purchased from Sigma.
It was stored at —20°C at a concentration of 7200 units ml” in 0.15 M NaCl
containing MgCl,. MNase was also purchased from Sigma and stored at a stock

concentration of 170000 units ml” (absorbance units released) at —20°C.

pUC19, fig 2.1, was purchased from Pharmacia Biotech and stored at —20°C at a
concentration of 25 mg ml” in 10 mM Tris-HC, pH 7.5.

Construct tem, fig 2.2, was a gift from Professor Keith Fox and was cloned into

pUC19 polylinker between the EcoRI and Aval restriction sites.

All oligonucleotides were purchased from Oswell DNA Service and were
synthesized on a scale of 40 nmoles. They were stored at —~20°C in Millipore H,O at a
concentration of approximately 16 mg ml”. dNTPs were purchased from Promega

and stored at —20°C at a concentration of 100 mM.

Echinomycin was a gift from Professor Keith Fox. The drug was dissolved in 100%
DMSO to a final concentration of 5SmM. Hoechst 33258 was purchased from Sigma
and was dissolved in AnalaR™ water to a stock concentration of 10mM. This stock
was then aliquoted to avoid constant freeze-thaw of the ligand. Both ligands were

stored at —20°C until use.
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Fig 2.1. Diagram of the pUC19 vector. PCR products were cloned into the polylinker cloning site
by the action of the restriction enzymes EcoRI and 4val. Image taken from the Pharmacia Biotech

Catalogue 1999.



tem:

5¢ -AATTCTGETCACCTTCAGTCTGTTCTCGATGAAGATCACACAAL CAGTTC‘I‘TCTTCCTCTTCCTGACACTCTACAGTGGTGTGTCATCTGA'I‘GTGATGTGTCCCACTTCCCAACAAGGGAGTAGGTCAGTAGAGAACATCACCCTGTQCC -3

10 20 30 40 50 60 70 80 80 100 iic 120 130 140 (150

3¢ -AAGACCAGTG.GAAGTCAGACAACACCTACTTCTAGTGTGTTGGTCAAGAAGAAGGAGAAGGAC'.I‘GTGAGATGTCACCACACAG'IL‘AGACTACACTACACAGGGTGAAGGGTTGT’I‘CCCTCATCCAGTCﬁTCTCTTGTAGTGGGACAGGGCC75

Fig 2.2 sequences of construct fem which contains no CpG or (A/T)n sites and does therefore not
bind with echinomycin or Hoechst 33258.



2.2 Fusion PCR Site Directed Mutagenisis

Construct tem was derived from the naturally occurring sequence TyrT, from E. coli,
which contains randomly distributed binding sites for Hoechst and echinomycin. It
was mutated so as to remove all CpG and (A/T)n sequences and therefore does not
contain any target sites for the ligands echinomycin and Hoechst 33258. Mutagenisis
was then used to introduce target sites for these ligands at defined locations in the
sequence. These differed from the binding sites in natural TyrT in respect that all
echinomycin binding sites were defined as 5’~-ACGT-3" while all Hoechst sites were
defined as 5°-AATT-3" (except in construct H3 where one Hoechst site was 5°-
AAAA-3).

This mutagenisis method utilises the polymerase chain reaction (PCR). The method
described here is a modified version (Landt et a/., 1990). PCR was conducted in
three stages. Stage one produces the required mutation, stage two produces a full-
length fragment and stage three amplifies the mutated products prior to cloning, fig
2.3.

Stage 1 reaction conditions:

2.5 ul dNTP mix (10mM stock solution)

10 pl Pfu TurboTM x10 reaction buffer (200mM Tris-HCI (pH 8.8), 100mM KCl,
100 mM (NH4)2SO4, 20 mM MgSOy, 1% Triton® X-100, 1 mg ml” nuclease-free
bovine serum albumin (BSA))

175 ng Primer 1

175 ng Mismatch Primer

1 pl DNA template* (tem fragment)

Sterile H;0 to final volume of 100 ul

* This was restricted prior to use by the action of EcoRI and Aval, in the polylinker-
cloning site of pUC19, for 2 hrs at 37°C. Restriction enzymes were then heat-
inactivated at 65°C for 15 mins and the DNA precipitated and resuspended in 50ul
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Fig 2.3, diagram of PCR mutagenisis. Stage 1 produces a fragment containing the desired
mutation. Stage 2 then produces a full length fragment Taken with permission and modified
from Brown 1997 (PhD Thesis).



sterile water. The template was stored at — 20°C until use.

“Hot-start” at 95°C for 1 min then add:

1 ul of Pfu TurboTM DNA polymerase (2.5 U/ul).

This was then subjected to the following PCR cycle in a Techne GeneAmp 2000

thermal cycler:

Segment Cycles Description Temperature Time

1 1 denaturation 95°C 30s

2 30 denaturation 95°C 45 s
primer annealing 55°C 1 min
polymerisation 72°C 2min 30 s

A final hold step at 72°C for 5 mins was carried out before cooling the reaction

mixture to 4°C.

For each reaction, segment 2 (primer annealing) was usually altered depending upon
the average Tm of the annealed primer and if non-specific polymerisation products

were observed after the reaction. The average Tm was calculated using the following

formula:
Tm=81.5 + 0.41(%GC) — 675/N - % mismatch
Where N is the length of the primer in base pairs.

Provided the reaction is optimised, stage one should produce sequences containing
the desired mutations. However, it is necessary to remove primer one before

continuing on to the next stage. The DNA fragments from stage one were ethanol
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precipitated, see below, and resuspended in 10 pl 10 mM Tris-HCI (pH 7.5), 0.1
mM EDTA (TE buffer). This was then run on a 1% agarose gel containing 10 pg mi™
ethidium bromide. At this stage it is also possible to assess the extent of
amplification. Bands corresponding to mutated product from stage one were cut out
from the gel under UV light and the DNA extracted using Qiagen Qiaex II DNA
extraction kit. The procedure was followed as detailed in the manufactures

instructions.

Stage 2 reaction conditions:

2.5 ul ANTP mix (10 mM stock solution)
10 ul Pfu Turbo™ x10 reaction buffer
175 ng Primer 2

3 ul gel purified product from stage 1

1 ul DNA template (tem fragment)
Sterile H,0 to final volume of 100 ul

“Hot-start” at 95°C for 1 min then add:
1 pul of Pfu TurboTM DNA polymerase (2.5 U ml™).

This was then subjected to the same reaction temperature cycle indicated above and
the resulting product, was gel purified and extracted from agarose in the same
manner as described for stage one. If low product yields were evident from stage 2
the product was subjected to a final round of PCR in stage three to amplify

mutagenic sequences.

Stage 3 reaction conditions:

2.5 ul ANTP mix (10 mM stock solution)
10 ul Pfu Turbo™ x10 reaction buffer
175 ng Primer 1
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175 ng Primer 2
35 ul gel purified product from stage 2
Sterile H,0 to final volume of 100ul

“Hot-start” at 95°C for 1 min then add:
1 ul of Pfu Turbo™ DNA polymerase (2.5 U ml™).

This was then subjected to the same reaction temperature cycle indicated above and
the resulting product was gel purified and extracted from agarose in the same manner
and prepared for cloning, see below. Primer 1 and primer 2 contained the recognition

sequences for Aval and EcoRI respectively.

2.3 Ligation of Products from PCR Site Directed Mutagenisis

After the final stage of mutagenisis (using fusion PCR), an aliquot of product was
run on a 1% agarose gel containing 10 pg ml” ethidium bromide with Bioline Hyper
ladder 100bp size marker, which contains known quantities of DNA per band. From
this it was possible to obtain a rough estimate of the amount of DNA product present
in the PCR reaction. The remaining gel purified DNA was then digested with the

restriction enzymes LcoRI and Aval according to the manufactures instructions.

Each digestion was carried out for 2hrs 30min at 37°C. Restriction enzymes were

then heat-inactivated at 65°C for 15 mins.

The rough estimate of PCR product, obtained earlier, was used in the following

equation to calculate the approximate amount of insert DNA required for ligation:
ng insert = (ng vector x kbp size insert/kbp size vector) x molar ratio insert/vector

The standard molar ratio used was 3:1
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The ligation reaction was then set-up in the following manner:

X ul insert sticky ends

200 ng pUC19 vector

2ul 10x Promega ligase buffer
1 pl BSA (10mg ml™ stock)

2 ul T4 DNA Ligase

Temperature Cycle Ligation, as described by Anders et al. 1996, was then carried out

overnight. Ligated DNA was then used to transform JM109 competent cells.

Although the first mutated sequences were obtained by fusion PCR, this was later
replaced by the Stratagene QuikChange method, since this was quicker, more reliable

and efficient.

2.4 Stratagene QuikChange@} Site Directed Mutagenisis

The tem construct was obtained from plasmid miniprep, see below, and was used as
a template in the first mutagenisis reactions. Constructs containing multiple drug
binding sites were prepared using other mutants as templates. The principle of this
method is explained in fig 2.4. The QuikChange® reaction was set up according to

Stratagene’s guidelines:

5 ul of 10x reaction buffer (100 mM KCI, 100 mM (NH,), SO4, 200 mM Tris-HCl
(pH 8.8), 20 mM MgSO., 1% Triton™ X-100, 1 mg ml™ nuclease-free bovine serum
albumin (BSA))

X pl (5-50 ng) of dsDNA template (0.2-0.5 ml of plasmid miniprep was generally
used)

X ul (125 ng) of oligonucleotide primer 1 (Forward primer)

X ul (125 ng) of oligonucleotide primer 2 (Reverse primer)
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Fig 2.4, diagram of Stratagene QuikChange site-directed mutagenesis. The desired mutation is
inserted during the cycle phase which produces nicked circular strands. Dpnl digests remaining
parental DNA leaving the mutated DNA intact. This is then transformed into E. coli. An agarose
gel is included to show example results produced by this method. Successful reactions contain a
faint band corresponding to the nicked mutant DNA after enzyme digestion. Smeared products
and linear DNA correspond to cleaved parental DNA.



1 pl of ANTP mix (10mM each of dATP, dTTP, dCTP and dGTP)
sterile H,O to a final volume of 50 ul

Then add:

1 ul of Pfu Turbo™ DNA polymerase (2.5 U/ul)

This was then subjected to the following in a Techne GeneAmp 2000 thermal cycler:

Segment Cycles Description  Temperature Time

1 1 denaturation 95°C 30s

2 25 denaturation 95°C 30s
primer annealing 55°C 1 min
polymerisation 68°C 6 mins

To check the outcome of the initial reaction, a 10ul aliquot was run on a 1% agarose
gel containing 10ug ml™ ethidium bromide. The above mixture should now contain
nicked circular strands containing the original tem construct with the required
mutation. However, much of the mixture contains unmodified tem parental DNA.
Parental DNA is dam methylated and is thus susceptible to the restriction enzyme
Dpnl while mutated products are not. 1ul of Dpnl was added to each reaction mixture
and left in the thermal cycler at 37°C for at least 3 hrs. After this time, the enzyme
was heat inactivated at 65°C for 15 mins. At this stage a 5 ul aliquot was runona 1%
agarose gel containing 10 pg ml™ ethidium bromide to check for Dpnl digestion and
the presence of mutated products. Mutated products are visible as a faint band
corresponding to open circular nicked DNA, fig 2.4. If all was successful, 1 pl from
the resulting mixture was then used to transform competent E. coli IM109 by

electroporation, see below.



2.5 Preparation of Chemical- Competent Cells

5ml of 2xTY (16g tryptone, 10g yeast extract, 5g NaCl 1L"') media was inoculated
with 80 ul of IM109 glycerol stock and grown overnight in an orbital shaker (New
Brunswick Scientific Co. Inc, Edison N.J., USA) at 37°C. 500 ul of this was then
used to inoculate 50ml 2xYT cell culture and was grown until the O.D. at 600nm
reached ca. 0.4-0.6. The cells were then spun-down in a Beckman JA-20 rotor at
5000rpm for 5 mins at 2-4°C. All tips and microtubes were pre-chilled to ca. 2°C
before use. The supernatant was discarded and the pellet was gently resuspended in
25ml of transformation buffer (50 mM CaCl,, 10 mM Tris-HCI, pH 7.4). Cells were
then left on ice for 30 mins. After this time, the cells were centrifuged again at
5000rpm at 2-4°C and resuspended in 5ml of transformation buffer. Competent cells
were stored at 4°C until use and are viable for approximately 5-7 days. Due to the
lower yields of DNA obtained from the QuikChange assay and superior efficiencies
of transformation, the use of competent cells prepared in this manner was superseded

by electroporation.

2.6 Preparation Electro-Competent Cells

Sml of 2xTY (16g tryptone, 10g yeast extract, Sg NaCl 1L™') media was inoculated
with 80 pul of JM109 glycerol stock and grown overnight in an orbital shaker (New
Brunswick Scientific Co. Inc, Edison N.J., USA) at 37°C. 500 pl of this was then
used to inoculate 1L 2xTY cell culture and was grown until the O.D. at 600nm
reached ca. 0.5-1.0. Cells were then centrifuged in Beckman JA-20 rotor at 3000 rpm
at 4°C for 15 min. The pellet was then resuspended in 1L sterile cold water and
centrifuged again with the same conditions. Resuspension and centrifugation was
carried out twice as above but with 500ml sterile cold water then once with 20ml
sterile cold water. After the final centrifugation step, cells were resuspended in 2-3ml
stertle cold 10% glycerol (0.2um filter sterilised). 40 :1 aliquots were frozen down on
dry ice and stored at —70°C. Competent cells, made by this procedure are viable for

3-4 months.
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2.7 Chemical Transformation

10 ul of ligation mixture was added to pre-chilled microtubes and 100-200 pl of
competent cells. This was left on ice for 30 mins. After this time, cells were heat
shocked at 42°C for 1 min and immediately replaced on ice for 2 mins. 400 ml of ice-
cold 2xTY media, supplemented with 80 mM glucose, was added and cells were
allowed to recover for 40 mins in an orbital shaker at 37°C (200rpm). After this time,
cells were then transferred to agar plates containing 100 mg ml™ carbenicillin, 0.5
mM 5-bromo-4-chloro-3-indolyl B-galactosidase (X-gal), 0.5 mM isopropyl B-D-
thioglactopyranoside (IPTG) and incubated overnight at 37°C. Clones were selected
by blue/white screening and successful colonies were removed with a platinum
inoculation loop and grown 5ml 2xTY media overnight, containing 100 mg ml™

carbenicillin and prepared for T7 sequencing.

2.8 Electroporation

Electro-competent cells were removed from —70°C and thawed on ice. 1ul of ligation
or QuikChange®™ mix was then added and the cell suspension and left on ice for 5
mins. After this time, the cells were transferred to a BTX disposable electroporation
cuvette, pre-chilled to ca. 2°C. The cuvette was flicked to mix and settle the cell
mixture (the cell suspension must be in contact with both sides of the cuvette) and
left on ice for a further 1 min. Electroporation was carried out on a Biorad Pulse

Controller and Gene Pulsar machines with the following settings:

Resistance: 200 Ohms
Capacitance: 25 uFD
Voltage: 1.2Kv
Pulse length: 4.5 ms

Immediately after pulsing, Iml of 2xTY media, supplemented with 80 mM glucose,
was added and the mixture was transferred to a polypropylene tube and left to
recover for 1 hr in an orbital shaker at 37°C (200 rpm). After this time, cells were
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transferred to agar plates containing 100 mg ml” carbenicillin, 0.5 mM 5-bromo-
4-chloro-3-indolyl  B-galactosidase  (X-gal), 0.5 mM isopropyl B-D-
thioglactopyranoside (IPTG) and incubatéd overnight at 37°C. Clones were selected
by blue/white screening and successful colonies were removed with a platinum
inoculation loop and grown 5ml 2xTY media overnight, containing 100 pg ml-1

carbenicillin and prepared for T7 sequencing.

2.9 Plasmid Miniprep

Sml of 2xTY (16g tryptone, 10g yeast extract, 5g NaCl 1L™") media was inoculated
with 80 pl of a construct glycerol stock and grown overnight in an orbital shaker
(New Brunswick Scientific Co. Inc, Edison N.J., USA) at 37°C. For sequencing,
positive clones were isolated with a sterile inoculation loop and used to inoculate Sml
2xTY media. This culture was then minipreped using Promega Plasmid Miniprep or
Qiagen QIAprep Spin Miniprep kits. Protocols were carried out according to

manufactures instructions. The QIA Spin Miniprep kit was found to be more reliable

as judged by V-*?P labelling.

2.10 T7 DNA Polymerase Sequencing

Positive clones were subjected to plasmid miniprep and eluted in 50 pl of sterile
water. 10 pl of this was stored at -20°C as a first generation DNA stock. The
remaining 40 pl was denatured by the addition of 10 ul 2M NaOH. This was left at
ambient temperature for 10 mins. The DNA was then precipitated with 1/3 volume
ethanol and 1/9 volume 3M Na-acetate (pH 4.8). After precipitation the DNA was
washed with 70% ethanol and dried under vacum in Savant SpeedVac Concentrator
(Stratech Scientific London) for 5 mins. The sequencing protocol was then carried
out, according to manufactures instructions, using an Amersham Pharmacia Biotech

T7 SequencingTM Kit.

2.11 DNA Precipitation
DNA samples were precipitated with the addition of 1/9 volume 3M sodium acetate

and 1/3 volume absolute ethanol relative to the starting total volume of the solution.
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This was left in dry ice for 10 mins and then subjected to centrifugation at 14000
rpm for 10 mins in a bench top centrifuge. Since the DNA in use was usually
radioactive, precipitation could be checked by comparing the cps in the pellet, which
is not usually visible, and the supernatant. If the required, more ethanol was added
and the procedure repeated. Samples were then washed with 120 ul 70% ethanol and
finally dried under vacum in Savant SpeedVac Concentrator (Stratech Scientific

London) for 5 mins.

2.12 Radiolabelling

To the entire plasmid miniprep, prepared as described, 20 pl of 5x AMV Reverse
Transcriptase buffer was added and the volume adjusted to 100 pl. This was
restricted with 2ul of EcoRI and Aval for 2 hrs at 37°C. After cleavage, the DNA
fragment was labelled by the addition of 0.5 ul AMV Reverse Transcriptase in the
presence of [V-"*]dATP. This fills in part of the “sticky end” at the 3’-end of the
EcoRI restriction site. The 150bp DNA fragment was then purified by running on
non-denaturing 8% PAGE run at 27.5V cm™ for 50 mins. The DNA was identified
by exposure to X-ray film, excised from the gel and eluted overnight in 400 pl
10mM Tris-HCI, pH 7.5 containing 0.1 mM EDTA. Usually, 200 pl of this was for
preparing reconstituted nucleosome cores and the remaining 100 pl was precipitated
and resuspended in TE buffer to a concentration of 10 cps pl” using a hand-held

Geiger counter; and used for experiments with free DNA.

2.13 Preparation of H1-Stripped Chromatin

Nucleosomes were purified from chicken erythrocytes in a method modified from
(Lutter 1978, Drew and Travers 1985, Drew and Calladine 1987, Brown and Fox
1997). 250ml of fresh chicken blood was collected from the local abattoir and was
collected in flasks containing 1/7 volume 84 mM sodium citrate, pH 7.0. 50ml of
blood was used for each purification and the remaining 200ml was stored at 4°C in

case it was required.

50ml of blood was diluted to 1L by the addition of 15 mM sodium cacodylate, 60
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mM KCI, 15 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 0.34 M
sucrose, 0.2 mM PMSF, 1 mM benzamidine and 15 mM J-mercaptoethanol, pH 6.0
(solution 1). This was then centrifuged in a Beckman JA21 centrifuge, with a
prechilled JA-20 rotor at 4°C, for 8 mins at 2000 rpm. The pellet was then
resuspended in 500ml of solution 1 and the above steps were repeated three times.
Solution 1 was then adjusted to pH 7.5 using Tris base and 0.1% (v/v) Nonidet P40.
The erythrocyte pellet was then resuspended in 500ml of this solution, which causes
the cells to lyse releasing the nuclei. This was then centrifuged at 3000rpm for 3
mins and the supernatant discarded. This was repeated three times. After the final
wash, the pellet was resuspended in 15 mM sodium cacodylate, 60 mM KCI, 15 mM
NaCl, 0.5 mM spermidine, 0.15 mM spermine, 0.34 M sucrose, 0.2 mM PMSF, 1
mM benzamidine and 15 mM B-mercaptoethanol, pH 6.0 (solution 2) and
centrifuged again at 3000rpm for 10 mins. Solution 2 was adjusted to pH 7.5 using
Tris base and the pellet was resuspended in 100ml of this. At this point the
absorbance at 260nm was measured in 0.1 M NaOH. Before proceeding to the next
step the absorbance should read ca. 50U ml" of nuclei and the nuclei suspension
should be adjusted to this value if necessary. It was generally found, that for fresh

chicken blood, this was rarely necessary.

The next stage of the purification is to release the DNA from the nuclear cell wall so
that when the nuclei are lysed the chromatin can be separated from the nuclear
envelope. Before carrying this out on the whole nuclei solution a trial digest was

preformed to determine the correct digestion time.

1ml of the nuclei solution was adjusted to 1 mM CaCl, and incubated in a water bath
at 37°C for 3 mins. MNase was then added to a concentration of 40U ml™ (expressed
as units of absorbance released) and the reaction was incubated at 37°C. 333 ul
samples were removed after 5 mins, 10 mins and 20 mins. Digestion was stopped by
adjusting the solution to 2 mM EDTA. Samples were then centrifuged at 5000rpm
for 10 mins and the pellet was resuspended in 1ml 10 mM Tris-HCI, pH 8.0, 0.2 mM
EDTA and 0.2 mM PMSF (solution 3). This was then kept on ice for 30 mins with
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occasional inversion to ensure that the chromatin remained in solution. The low
salt in this solution osmotically lyses the nuclear membrane releasing the digested
DNA chromatin into solution. The Aje, in 0.1 M NaOH, was determined and the
samples were centrifuged for a further 10 mins at 5000 rpm. With the correct level of
digestion, ca. 70-80% of the measured absorbance is released into the supernatant. In
general a digestion time of 20 mins was required to achieve these parameters. With
the digestion time calibrated, the above was preformed on the whole nuclei

suspension. After centrifugation, samples were resuspended in 100ml of solution 3.

The total volume of the supemnatant was then accurately measured and transferred to
a 250ml conical flask at 4°C. 4 M NaCl was then added drop-wise while stirring so
as to obtain a final concentration of 0.65 M. This step releases H1 and HS from the
chromatin. This was then transferred to a column of 4B-CL Sepharose previously
equilibrated with 20mM sodium cacodylate, pH 6.0, 0.63 M NaCl, 0.2 mM PMSF
and 1 mM EDTA and run for 6-8 hrs. The absorbance of all column fractions was
then measured at 260nm in 0.1 M NaOH and a graph plotted. This usually gave two
peaks. The first peak corresponds to Hl-stripped chromatin, followed by H1/HS.
SDS-PAGE was used to analyse selected fractions and check for the appearance of
histone HI/HS, fig 2.5. Fractions high in nucleosomes, usually 1-1.5 mg ml™! and
free of HI/HS were concentrated to 2.5-3.0 mg ml™" using Sartorius 100kda cut-off
spin filters and stored at 4°C until use. Nucleosomes stored in this manner showed
signs of degradation after 3-4 months at which a point a new purification had to be

carried out.

2.14 Protein Gels and Coomassie Staining

2 ul of column fraction was mixed with 2 ul SDS-loading buffer and boiled for 3
mins. Samples were then loaded onto a 15% SDS-Polyacrylamide gel (5% Stacking
gel: 330 pl 30% acrylamide mix, 250 pl 1M Tris (pH 6.8), 20 pl 10% SDS, 20 ul
10% ammonium persulfate, 20 ul TEMED, 1.4ul H,O. Resolving gel: 2.5ml 30%
acrylamide mix, 1.3ml 1.5 M Tris (pH 8.8), 50 ul 10% SDS, 50 ul 10% ammonium

persulfate). The gel was run at 8V cm™' until the samples cleared the stacking gel at
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which time the voltage was increased to 11.5V cm™ and the gel run until the dye

front reached the bottom.

For staining, 0.25g of Coomassie Brilliant Blue R250 was dissolved in 90ml of
methanol:H,O (1:1 v/v) and 10ml of glacial acetic acid. The solution was then
filtered though Whatmann No. 3 chromatography paper to remove any undissolved
matter. The gel was then stained in this solution for 4-5 hours. After this time, the gel
was immersed in destain (in 90ml of methanol:H,O (1:1 v/v) and 10ml of glacial
acetic acid) for 4-5 hours; the solution was changed 5-7 times over this period. The
gel was then dried between two sheets of Promega Gel Drying Film for 1 hr at 50°C.
The purity and amount, from selected column fractions, of the purified proteins could

then be observed, fig 2.5a.

2.15 Reconstitution of Histones with Radiolabelled Constructs

Radiolabelled constructs were reconstituted by the salt exchange method as
previously described (Drew and Travers 1985, Ramsey 1986, Brown and Fox 1997).
Precipitated DNA, ca. 2000cps as measured by a hand-held Geiger Counter, was
dissolved in 12 pl of 20 mM Tris-HCI, pH 7.4, containing 0.1 mM EDTA (DNA

buffer). This was then transferred to a fresh microtube.

60 ul of 30mM Tris-HCI, pH 8.0, 4.5M NaCl and 1mM EDTA (High Salt Buffer)
was mixed with 15ul SmM PMSF, dissolved in 100% propanol. 8 pl of this solution
was mixed with the radiolabelled construct. 18 pl of H1-stripped chromatin, 2.5-3mg
ml™ (corresponding to approximately 50ug of nucleosome cores), was then added
and the mixture was incubated at 37°C for 25 mins. The high ionic strength in this
solution causes nucleosome disruption and incorporation of the radiolabelled

construct, fig 2.5b. Since there is a vast excess of chromatin relative to the construct

almost all labelled DNA is incorporated.

After incubation, the salt concentration of the solution was slowly lowered to exactly

100mM. This was carried out by the stepwise addition of 5SmM Tris-HCI, pH 8.0,
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Figure 2.5. A, Coomassie stained protein gel showing all four histones purified
from various fractions. B, the process of histone reconstitution with radio-
labelled constructs. C, a standard histone gel-shift showing retardation of
reconstituted construct.



ImM EDTA and 0.1% Nonidet P40 (Low Salt Buffer) at ambient temperature. Four
additions of 10ul were made followed by eleven additions of 20 ul leaving 5 mins

between each addition.

The integrity of the synthetic nucleosomes was then checked by non-denaturing
PAGE. Histone bound DNA gel-shifts and usually 85-95% was associated with the
retarded species, fig 2.5c. It should be noted that the actual reconstitution may be
better than that measured by PAGE since the conditions of gel-electrophoresis may

disrupt the complex.
The reconstituted nucleosome core particles were stored at 4°C until use.

2.16 Reconstitution of Histones with Radiolabelled Constructs in the Presence of
Ligand |

Precipitated DNA was dissolved in 72 pl of DNA buffer for Hoechst 33258
constructs and 84 pl for echinomycin constructs. These DNA solutions were then
split into six 12 pl aliquots for Hoechst and seven 12 ul aliquots for echinomycin
experiments. High Salt Buffer/PMSF mix and 18 ul of purified HI-Stripped
nucleosome cores was added as described above to each aliquot and the mixture
incubated at 37°C for 25 mins. For each reaction the following concentrations of
ligand were dissolved in Low Salt Buffer, these were higher than required to account
for the 40 ul of solution present before the addition of Low Salt Buffer. This gives

the same concentration range used in footprinting assays, for both ligands.
After reconstitution samples were prepared for gel electrophoresis, see below.

2.17 DNasel Footprinting

For digestions with free DNA, approximately 2 pl of construct (roughly 50cps on a
hand held Geiger counter) was mixed with 2 ul of ligand, dissolved in 10 mM Tris-
HCI, pH 7.5, at the appropriate concentration. This halves the added ligand

concentration. Ligand-DNA mixtures were allowed to equilibrate for 10 mins at
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ambient temperature.

After equilibration, 2 ul of DNasel was added at a concentration of 0.072 units m1™
and digestion was allowed to proceed for 1 min (Mg®" was added to the DNasel
dilution buffer previously). This was stopped by the addition of 5 pl 80%
Formamide, 10 mM EDTA, 1 mM NaOH and 0.1% bromophenol blue (STOP
buffer). Samples were concentrated in a Speed Vac for 5 mins and prepared for gel

electrophoresis. Additional NaCl was not added to free DNA digests.

For digestions with histone reconstituted DNA, approximately 10 pl of construct
(roughly 50cps on a hand held Geiger counter) was mixed with 10 ul of ligand,
dissolved in 10 mM Tris-HCI, pH 7.5 and 100 mM NaCl, at the appropriate
concentration. This halves the added ligand concentration. More ligand 1s required
for these experiments since the concentration of unlabelled genomic DNA, present in
the histone purification, is higher. Ligand-nucleosome mixtures were left to

equilibrate for 10mins at ambient temperature.

After equilibration, 4 pl of DNasel was added at a concentration of 14 units ml™ and
digestion was allowed to proceed for 1 min. This was stopped by the addition of 100
ul of buffered phenol, pH 8.0. 100 pl of sterile water was also added to increase the
volume of the aqueous phase. Samples were then centrifuged at 14000rpm for 5 mins
on a bench-top centrifuge. The aqueous layer was then isolated. This was carried out
twice followed by two extractions with 100 pul ether. Trace amounts of ether were
then evaporated at 50°C for three minutes with caps left open. The DNA was then
precipitated and dried as described, resuspended in STOP buffer and prepared for gel

electrophoresis.

2.18 Hydroxyl Radical Footprinting

For digestions with free DNA, approximately 2 ul of construct (roughly 50cps on a
hand held Geiger counter) was mixed with 10 pl of ligand, dissolved in 10 mM Tris-
HCl, pH 7.5, at the appropriate concentration. Ligand-DNA mixtures were left to
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equilibrate for 10 mins at ambient temperature.
For hydroxyl radical footprinting, fresh solutions of the following were prepared:
0.2 mM ferrous ammonium sulphate

0.4 mM EDTA
10 mM L-ascorbic acid

O o w »

0.1% hydrogen peroxide

These were prepared in 1ml sterile water for digestions using free DNA or 100 mM
NaCl for digestions using reconstituted nucleosomes. Reactants were then mixed in a

micro tube in a ratio of 1:1:2:2 (A:B:C:D) and used immediately.

Digestion of free DNA

10ul of freshly prepared hydroxyl radical mix was added to the drug-DNA mixture
and digestion was allowed to proceed for 10-15 min at ambient temperature. This
was stopped by the addition of 100 pl ethanol and 10 pl 3M-sodium acetate. Samples

were then precipitated and prepared for gel electrophoresis.

Digestion of reconstituted nucleosomal DNA

For digestions with histone reconstituted DNA, approximately 10ul of construct
(roughly 50cps on a hand held Geiger counter) was mixed with 10ul of ligand,
dissolved in 10mM Tris-HCl, pH 7.5 and 100mM NaCl, at the appropriate
concentration. This halves the added ligand concentration. Samples were allowed to
equilibrate for 10 mins. After equilibration, of the drug and nucleosome, 40 ul of
freshly prepared hydroxyl radical mix was added and digestion was allowed to
proceed for 10-15 min. This was stopped by the addition of 100 ul of buffered
phenol, pH 8.0. 100 pl of sterile water was also added to increase the volume of the
aqueous phase. Samples were then centrifuged at 14000rpm for 5 mins on a bench-
top centrifuge. The aqueous layer was then isolated. This was carried out twice

followed by two extractions with 100 pl ether. Trace amounts of ether were
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evaporated at 500C for three minutes with caps left open. The DNA was then
precipitated and dried as described, resuspended in STOP buffer and prepared for gel

electrophoresis.

2.19 Gel Electrophoresis

For sequencing gels, DNA samples were heated to 100°C for three minutes before
loading on to 5% denaturing polyacrylamide gels containing 8M Urea (17 ml
National Diagnostic Sequagel, Sml 10x TBE-Urea buffer (216g Tris, 110g boric
acid, 18.8g EDTA, 1 Kg urea in 2L H,0), 28ml 50% 8M Urea, 200 ul 20%
Ammonium Persulfate and 40 ul TEMED). Gels were 0.3mm thick, 40cm long and
were run at 1500V, 42W until the dye front reached the end of the gel, usually 2 hrs.

For histone gel-shifts, a 4 pl aliquot from the reconstitution mixture was mixed with
3 yul ficol loading buffer and loaded onto 5% non-denaturing polyacrylamide gels
(6ml National Diagnostic Protogel (33% solution), 5ml 5x TBE buffer, 39ml water,
200 pl 20% Ammonium Persulfate and 40 pl TEMED). Gels were 0.3mm thick,
20cm long and were run at 200V, 8W until the dye front was approximately 3/4

down the gel.

After electrophoresis, all gels were fixed in 10% (v/v) acetic acid for 10 mins. After
this time, gels were then transferred to Whatmann 3MM chromatography paper,
covered with Saran wrap and dried under vacum at 80°C for 1hr. They were then
either exposed to X-ray film or to a Kodak phosphor imager plate overnight, which
was scanned the following morning on Molecular Dynamics STORM 860 phosphor

imager.
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3 The Interaction of Ligands with Target Sites
Located on the Outer Surface of the DNA

Superhelix.

Introduction

In the late 80°s, Waring and co-workers postulated that changes in digestion patterns
of histone-bound DNA in the presence of ligands were due to rotation of the DNA on
the protein surface. They suggested that this was driven by the binding of drugs to
the outer surface of the DNA superhelix followed by their movement through 180° so
that they then faced in towards the protein. This was thought to optimise the
interaction of the ligand with the walls of the minor groove via an increase in non-
bonded interactions between the drug and the DNA. However, as described in
chapter 1, Hoechst 33258 causes little structural distortion in the DNA helix upon
binding to its recognition sequence. Hence, the number of ligand molecules, which
were calculated to produce this rotation, is very imprecise. However, for
echinomycin the analysis was more acceptable since this ligand unwinds the DNA by
approximately 48° per bound ligand and hence alters the surface helical repeat (4,),

which could be detected.

We therefore decided to assess the interaction of single ligand molecules with unique
binding sites, which face away from the histone core octamer. It should then be
possible to ascertain what contribution, if any, a single molecule would have on the
repositioning of the superhelix, in vitro. This could then be compared to results for
the binding of drug molecules to two outward facing sites. In addition, by using such
a minimalist system other possible modes of interaction as yet unobserved, between
the ligand and the nucleosome, may yet be highlighted. Five constructs, derived from

fragment tem, were made for this purpose: 334, 46h, 3546h, 44e and 74e.
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Results

The interaction of ligands with the fem sequence

DNA fragment tem, fig 3.1, was designed by taking the nyr7 DNA sequence, for
which its rotational position with nucleosome core particles has been well described
(Drew, 1985) and removing all CpG and (A/T), sites, while retaining the order of
pyrimidine and purine bases. Therefore all known targets for echinomycin and
Hoechst 33258 were removed from the sequence. This fragment would then be able
to act as a template for introducing unique ligand binding sites at desired locations.
Before studying the effects of ligands on these single sites it is first necessary to

demonstrate that:

1. The tem sequence adopts a unique rotational position when reconstituted as
nucleosome core particles.

2. Ligands do not produce any footprints on this fragment, as is expected.

DNasel footprinting gels showing the interaction of Hoechst and echinomycin with
fem free DNA are presented in fig 3.2 a and b. It can been seen that there is no

significant interaction of each ligand with fem.

Rotational positioning

The rotational positioning of the tem construct, when complexed as a nucleosome,
was determined by examining by its cleavage by hydroxyl radicals and is shown in
fig 3.3. Hydroxyl radical cleavage reveals the expected phasing pattern, with
maximal cleavage at positions 37, 47, 57 and 67. This is most clearly seen from the
differential cleavage plot along side the gel. In comparison, digestion of
uncomplexed free DNA produces a relatively even pattern of cleavage products with
occasional differences which, are probably due to sequence-specific conformational
changes in DNA structure. We can therefore conclude that this fragment does adopt a
unique orientation when bound to the histone octamer. The exact translational

position of these nucleosomes was not determined experimentally. This figure also
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3546h: 5’ -ATTACACAACCAATT-3’
3’ -TAATGTGTTGGTTAA-5'

46h: 5'-AATT-3'
3’ -TTAA-5’

35h: 5-ATTA-3'
3-TAAT-5'

5’ //-TGGATGAAGATCACACAACCAGTTCTTC~/ /-3’
30 40 50
3" //-ACCTACTTCTAGTCTGTTGGTCAAGAAG~//~5"

=
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\ >
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57 —AATTCTGGTCACCTTCAGTCTGTTdIGGMGMGATCACACMCCAGTTCTTCETCCTCTTCCTGBCBCTCTACAGTGGTGTG‘ECATC'.!.‘GATGTGATGTGTCCCACTTCCCMCMGGGAGTAGGTCAGTAGAGAACATCACCCTGTCCC— 3/
10 20 30 40 50 | 60 ‘ 70 80 E‘ 90 100 110 120 130 140 150
3¢ —AAGACCAGTGGAAGTCAGACAAQACCrACETCIAGTGﬁ!Q??GG!?CAAGA@G’AAGGAGAAGGAC'I%EEEA?&'{G_?CLCEACA?}§G‘1‘AGACTACACTACACAGGGTGAAGGGTTGTTCCCTCATCCAGTCATCTCT‘I.'GTAGTGGGACAGGGCC—S

N

" \\ §
5’//—TGGATGAAGATCACACAACCAGTTCTTC-//-3’\ x5’—//-TGACACTCTACAGTGGTGTGTCA—//;57
30 40 50 70 80
37" ~//-ACCTACTTCTAGTCTGTTGGTCAAGAAG~//-5" 37 -//-ACTGTGAGATGTCACCACACAGT~//~5"
44e: 5'-ACGT-3’ 74e: 5’ -ACGT-3'
3’ -TGCA-5' 3’ -TGCA-5

Fig 3.1 sequences of constructs 35k, 46h, 3546h, 73h, 74e and 44e. The tem construct is shown in the center.
Expanded regions show where each mutation was introduced and the target sequence of each construct is indicated.
These coloured targets are the only difference between the ligand construct and the parent sequence fem.
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Fig 3.2 DNasel digestion data on the interaction between
Hoechst 33258 and echinomycin with construct fem. The ligand concentration is shown at the top of each
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are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
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The Hydroxyl Phasing Pattern of Construct tem

Hydroxyl Nucleosome
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Fig 3.3 hydroxyl radical digestion of construct tem in the presence of Hoechst . The ligand
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indicates the ligand free control digestion and “GA”are Maxam-Gilbert sequencing
lanes specific for guanine and adenine. Numbers correspond to the sequence. On the
right is presented a differential cleavage plot of the hydroxyl phasing pattern from the control lane.
Each band was divided by the corresponding band in free DNA (data not shown). Points of
maxima represent minor grooves facing solution, while minima represent minor grooves
facing the histone protein complex. The DNA sequence shown is the negative strand. Numbers
at the top of each cleavage maxima indicate its position in the DNA sequence.



shows that high concentrations of Hoechst 33258 (>12.5uM) disrupt the
phased cleavage pattern. This is probably due to non-specific interactions between
the ligand and the DNA, which affect its interaction with the protein surface. On the
basis of these results, further fragments were designed with unique drug binding sites

positioned so as to face towards or away from the protein core.

Construct 464 (fig 3.1) was prepared, containing a single 5’-AATT-3’ target site,
positioned so as to lie with its minor groove facing away from the protein. This
allowed observations of the binding of Hoechst 33258 to a single strong recognition
sequence. The construct 354 contained the target 5°-ATTA-3" so as to study the
binding to a weak site on the outer surface of the nucleosome. Construct 3546/ was a
hybrid of 35/ and 46h. It was then possible to ascertain the interaction of Hoechst
33285 with two ligand sites on the outer surface and compare this to the single site
data. Any change associated with the binding of one extra drug molecule could then
be determined. Construct 44e contained a good echinomycin binding site ACGT and
allowed the interaction of a single echinomycin molecule with an outer facing site on
the nucleosome to be studied. Target sites 354, 46/, 3546k and 44e were created by

fusion PCR site-directed mutagenesis while 74¢ was created using QickChange.

It is possible, although unlikely, that the rotational positioning of the DNA
superhelix could be altered relative to the parent construct zem when the sequence is
changed by mutagenisis. However, previous work carried out by Brown 1997 (PhD
Thesis) demonstrated that varying the DNA sequence by as much as 14bp did not
alter the rotational positioning of the fragments under study. All of the constructs
made in this present series of studies involve the change of only 1-4bp and hence it
seems unlikely that the rotational positioning on these DNA fragments will be
altered. However, this was evaluated by carrying out DNasel and hydroxyl radical
digestion of nucleosome DNA. Although slight differences in cleavage maxima were
evident between constructs, these probably result from minor differences in structure,

rather than alterations in rotational positioning.
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In general each DNA construct was considered to lie in essentially the same
rotational position when reconstituted as nucleosome cores. Fragments containing
echinomycin target sites could not be assayed by hydroxyl radicals in the presence of
the drug due to the addition of DMSO and the rotational position was determined by

DNasel digestion.

All the target sites presented in this thesis were designed with reference to this
cleavage pattern and by making use of the crystal structure of the nucleosome (Luger
et al. 1997). For simplicity, we assumed that the histone octamer would position
across the majority of the 150bp of the labelled DNA fragment since this would
afford the largest number of DNA-protein contacts. From the hydroxyl cleavage
pattern of tem there is a clear cleavage maximum across position 67bp in the
construct. This represents an outer facing minor groove and is roughly half-way
along the construct’s length. From this, we concluded that the approximate dyad
position would be here (making the assumption that the histone octamer would bind
the longest possible length of DNA). However, slight differences in the assigned
cleavage maxima between constructs may be due to small differences in the
positioning of each fragment. Although differences in positioning are unlikely to be a
result of the base sequence changes. The approximate location of the target sites
mapped in the crystal structure provided additional information concerning the
environment surrounding the binding sites. For example, does the ligand approach
the site from the top of the nucleosome or does it have to manoeuvre through the
superhelix gyres? Will positioning the target site near a tail region or other structures
influence ligand binding? Making use of the crystal structure in this manner provided
a clearer picture of the mechanism and action of these interactions. A molecular

representation of all six target sites is presented in figures 3.4, 3.10 and 3.14.
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Construct 35h Construct 46h

upper region of superhelix

lower region of superhelix

Figure 3.4 Molecular graphics of the 354 and 46/ target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-
ball and stick structures. A portion of the histone octamer is shown as grey ribbons. Since only a small region of the
complex is presented, there appears to be two DNA helices. These actually correspond to the one helix which is wraps
around the protein complex. The upper and lower portions of the DNA superhelix are indicated. The view is looking
towards the nuclesome perpendicular to the superhelix axis. Images were created in Swiss-Pdb viewer, from the pdb
file submitted by Luger et al. 1997, and rendered in Pov-ray for Windows.



Hoechst 33258

46h
The sequence of 464 is shown in fig 3.1 and was created so that ligand recognition

sequence would lie approximately half way between one end of the fragment and the

nucleosome dyad.

The AATT target site is located at base pairs 46-49 and judging from hydroxyl
radical cleavage of the parent construct tem, fig 3.3, it should lie with its minor
groove on the outer surface of the DNA superhelix. DNasel footprinting experiments
with the 46h construct are presented in fig 3.5a, which shows cleavage of 46h free
DNA and confirms the binding of Hoechst 33258 to the target site. Differential
cleavage plots derived from data are shown in fig 3.6a, from a region around the
target site and show that this is fully saturated at 0.2uM ligand with a significant
reduction in cleavage with 0.05uM ligand. The signal for this type of analysis was
obtained from phosphor imager data. The relative amount of radioactivity from each
band, between positions 30-80bp of the construct, was quantified from phosphor
imager scans using ImageQuant software. This was then divided by the sum total of
all counts across the measured region so as to normalise the data. For free DNA plots
the amount of radioactivity in each band, in a lane where drug was added to free
DNA, was divided by the corresponding band from the ligand free control, from free
DNA. For nucleosome plots, the amount of radioactivity in each band, in a lane
where drug was added to nucleosome DNA, was divided by the corresponding band
from the ligand free control, from free DNA. In both cases normalised data was used

so as to account for factors such as unequal gel loading.

Due to the nature of the DNasel cleavage, the digestion pattern is uneven, reflecting
the dependence of enzyme on the local conformation of the DNA. The footprint
covers 7bp, and it should be noted that, as expected, this is the only drug binding site

on this fragment.
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Figure 3.5 DNasel digestion data on the interaction between
Hoechst 33258 and construct 46A. The ligand concentration is shown at the top of each
lane and is expressed in pM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 46h in the
Presence of Hoechst 33258 (DNasel)
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Fig 3.6 Differential cleavage across the 5’-AATT-3’ target site for 46/ free (a) and
histone-bound (b and ¢) DNA in the presence of Hoechst 33258 as determined by
DNasel. The DNA sequence is shown in the 3°-5° direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). (c), data from (b) presented on a
logarithmic scale. Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



Fig 3.5b shows DNasel cleavage of histone-bound the 46A in the presence of
varying concentrations of Hoechst 33258. The histone-phasing pattern is clear with
cleavage maxima separated by ca. 10bp as the minor groove alternates from facing
the protein core and facing the solvent. This pattern is weaker towards the 3’-end of
the fragment and a clear phasing pattern was rarely obtained before 40bp on any of
the constructs studied. Analysis of these results allows an accurate determination of
cleavage maxima, i.e. regions where the minor groove faces away from the protein
surface as shown in fig 3.6a. Regions of maximal cleavage are found at positions 46,
58, 67 and 77bp, in similar locations to the parent construct fem. The remaining
cleavage maxima could not be accurately defined from the gels since these bands
become too closely packed to resolve. However, visual inspection indicates further
maxima at approximately ca. 97 and 106-108bp. The expected maxima at ca. 85-
87bp, 1s in a region where the DNA is cut poorly by the enzyme on both free and
histone-bound DNA. This makes it difficult to resolve and demonstrates the
importance of using more than one footprinting probe. For these practical reasons
data analysis was generally carried out between positions 30-80bp of each construct.
Since the nucleosome is by its nature symmetrical, obtaining accurate data analysis
for positions beyond the dyad was not considered crucial in determining whether the
DNA superhelix had rotated or undergone some other form of conformational change

in the presence of ligands.

DNasel digestion of this construct indicates that the minor groove of the AATT
target site lies in a region on the outer facing surface as judged by its position relative
to cleavage maxima in the control. Position 46 lies directly on the maximum point of
cleavage, which would place thymine 49 just on the inward/outward boundary of the
DNA superhelix. Based on its position in the crystal structure this site, although
accessible, is facing the lower portion of the DNA superhelix and thus the drug must
partially approach its target between the superhelical gyres. As the concentration of
Hoechst is increased, cleavage across the target site becomes attenuated in a manner
consistent with the drug binding. This is the first report of a drug-induced footprint

on nucleosomal DNA and protection is obvious both visually in each gel and in the
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analysis. Most of the other bands in the digestion are not affected by addition of
the ligand. The exact size of the Hoechst 33258 footprint is difficult to estimate
since enzyme cleavage is reduced at both sides of the target site as the minor groove
turns towards the protein surface. However, this attenuation covers at least Sbp and is
located directly across the target site. There is no evidence for a change in the
rotational setting of the DNA superhelix with increased ligand concentration. It
should be noted that higher concentrations of ligand are always required in
nucleosome experiments, relative to those with free DNA, due to the presence of

large quantities of chicken DNA.

At concentrations of 5uM and below the only changes in the cleavage pattern are
around the desired binding site. At higher Hoechst 33258 concentrations, there are
other regions where the cleavage is altered. Attenuations are evident at positions 66-
68 and 76-77bp while enhancements are observed at positions 63-64, 74-75 and
82bp. Visual inspection of the gel indicates that there are further reductions in
cleavage at the two maxima around positions 100 and 110bp. The majority of these
altered cleavage patterns occur between 7.5-10uM ligand concentration. Since these
altered cleavage patterns occur at relatively high ligand concentrations it may be that
they correspond to non-specific binding of the drug, probably involving interactions
between the positively charged piperazine group and the sugar phosphate backbone
of the DNA helix. Since some of these changes are associated with regions where the
DNA should be inaccessible these changes may indicate wholesale displacement of
the DNA from the protein as observed by Waring and co-workers with high
concentrations of Hoechst (Portugal and Waring 1986; Portugal and Waring 1997a;
Portugal and Waring 1997b).

35h

It appears that Hoechst can produce footprints at a single outward facing AATT sites
on nucleosomal DNA. Since AATT is the best minor groove binding site, we also
assessed the interaction of this ligand with a weaker target site (ATTA) on the outer

surface of the nucleosome. To this end, construct 354 was designed, fig 3.1. The
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construct contains the target 5°-ATTA-3" across base pairs 35-38 and sits in a
rotational position similar to that of the sequence <6k as judged by the cleavage

profiles.

The results for DNasel cleavage of 354 are presented in fig 3.7. The first panel shows
binding of the ligand to free 354 DNA and confirms its interaction with the proposed
binding site. By comparison with fig 3.5a, it is clear that the interaction of Hoechst
33258 with this target is weaker than that observed with AATT in construct 46h.
Since higher ligand concentrations are required to produce a footprint. In addition, it
is interesting to note that the free DNasel cleavage patterns between these two
constructs (46Ah and 35h) appear different. This is difficult to explain since the only
differences between each DNA fragment are in the targets sites and all construct
sequences were confirmed with T7 DNA polymerase sequencing. It may be that
slightly difterent concentrations of DNasel were used in each experiment resulting in
an altered cleavage pattern or fluctuations in the ambient temperature during each
digest may have brought about a similar result. Fig 3.8a shows differential cleavage
plots for the region around this binding site and it can be seen that there are few
changes at low Hoechst concentrations, but that a complete footprint extending over
6bp is evident with 2:M. It should be noted that no other drug footprints are found in
this fragment. In comparison, full saturation of the 462 AATT target was found at a
concentration of 0.2uM Hoechst making the 3542 ATTA site approximately an order
of magnitude weaker. It is interesting to note that the footprint is again displaced in
the 3” direction; the upper (5°) edge of the footprint corresponds to the beginning of
the binding site, while the footprint continues for several bases beyond the lower (3°)

end.

Figure 3.7b shows the results obtained for the interaction of H33258 with 354
nucleosomal DNA. Upon visual inspection of the gel a footprint is clearly visible
across the target site. However, as shown in the differential cleavage plot in fig 3.8b,
the phasing pattern is not accurately resolved across this region, and clear phasing

was only observed after 40bp in many of the constructs studied. The interaction is
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Figure 3.7 DNasel digestion data on the interaction between
Hoechst 33258 and construct 354. The ligand concentration is shown at the top of each
lane and is expressed in uM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 35h in the
Presence of Hoechst 33258 (DNasel)
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Fig 3.8 Differential cleavage across the 5’-TAAT-3’ target site for 354 free (a) and histone-
bound (b and ¢) DNA in the presence of Hoechst 33258 as determined by DNasel. The DNA
sequence is shown in the 3’-5" direction and the target site is indicated by a red box. (a), the
y-axis shows the value obtained for the division of each band, from a lane where Hoechst has
been added (dfx), by the exact corresponding band in the ligand free control (df). (b), the y-
axis shows the value obtained for the division of each band in the histone-bound sample (dcx)
by the corresponding band in the free DNA (df). (c), data from (b) presented on a logarithmic
scale. Arrows indicate resolved cleavage maxima where the minor groove faces away from
the histone core. For clarity, only three concentrations of ligand are presented in each chart.



more easily visualised in fig 3.8c and from this type of analysis the interaction
of Hoechst with the target on histone-bound DNA can be clearly seen. It may be
significant that the 3’-shift in the footprint appears to be less than that observed in the
free DNA suggesting a change in the local conformation of the DNA when bound to
the histone octamer. It is also interesting to note that the ligand concentration
required to produce a footprint at the 35/ target site is very similar to that found with
46h despite that fact that the ATTA target is a much weaker. This is largely
explained by the different total DNA concentration in the experiments with free and
nucleosomal DNA. The higher DNA concentration used in core experiments (ca.
l.6ug of carrier chromatin per experimental sample) mean that the concentration
dependence of the footprint is no longer dictated by the ligand dissociation constant

but by stoichiometry.

In addition to the footprint, further attenuated cleavage and band enhancements are
evident at high ligand concentration in a similar manner to that found in construct
46h. Attenuations in cleavage are found at positions 45-47, 66-68, 76-77bp and 87-
90bp while enhancements are noticeable at positions 63-64, 72-75 and 82bp. Visual
inspection of the gel reveals that these altered cleavage products are repeated beyond
the dyad region of the nucleosome. As with construct 46k, this is thought to
correspond to type II non-specific binding of the ligand to the superhelix at high

concentration, which may potentially displace the DNA from the protein surface.

3546h

Based on the results with 464 and 354 it was decided to study the simultaneous
binding of two Hoechst molecules to a fragment containing both sites on the outer
facing surface of the nucleosome. This was done with construct 35464, the sequence
of which is shown in figure 3.1. The weak ATTA site is located across base pairs 35-
38 and is followed by the strong AATT target covering base pairs 46-49. Thus the
separation between each target site is 8bp across a region where the minor groove

turns towards the histone core. A molecular graphic of this is presented in fig 3.10.
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Figure 3.10 Molecular graphics of the 3546/ and 44e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-
ball and stick structures. A portion of the histone octamer is shown as grey ribbons. Since only a small region of the
complex is presented, there appears to be two DNA helices. These actually correspond to the one helix which is wraps
around the protein complex. The upper and lower portions of the DNA superhelix are indicated. The view is looking
towards the nucleosome perpendicular to the superhelix axis. Images were created in Swiss-PdB Viewer, from the pdb
file submitted by Luger et al. 1997, and rendered in Pov-Ray for Windows.



The interaction of Hoechst 33258 with free 3546Ah, as judged by DNasel, is
presented in fig 3.11a. It is clearly evident that the drug binds to the AATT site at a
lower concentration than to ATTA, demonstrating its greater affinity. Interaction
with AATT is apparent at the lowest ligand concentration (0.05uM) and the site is
fully saturated at a concentration of 0.2uM. The differential cleavage plot in fig 3.12a
confirms that the size of the footprint is 7bp. In contrast, there is a weak attenuation
of cleavage at ATTA with and a full footprint is not observed until 2uM. These
results confirm that AATT is a much stronger binding site for Hoechst than ATTA.

Fig 3.11b shows DNasel cleavage of with histone-bound 35464 DNA in the presence
of Hoechst 33258. The nucleosome-phasing pattern is clear and like all other
constructs, is weaker near the 3" (lower) end of the sequence although in this instance
a weak cleavage maxima can be identified at position 36bp. Analysis of these results
identifies cleavage maxima at positions 36, 45, 55, 67 and 76 (fig 3.12b). Further
visual inspection indicates other maxima around positions 95, 107 and 118bp.
Therefore these nucleosomes are positioned in an identical manner to all the other
constructs and the parental sequence tem. Hence both target sites lie in the same
orientation as found in constructs 354 and 46A, figs (3.4 and 3.10), and should

therefore be accessible to the ligand.

Visual inspection of the gel shows clear footprints across each target site. This is also
evident in the differential plot shown in fig 3.12b. Binding to AATT is distinct at
5uM and is fully saturated by 10uM Hoechst. However, despite the ligands weaker
interaction with ATTA, a similar binding profile is evident across this target site.
Hence both sites are saturated at a concentration of 10uM drug and it appears as
though Hoechst is interacting with these sequences as if they were equivalent. The
size of each footprint is ca. 6bp, but this is difficult to accurately measure since
digestion is attenuated on each side of the target sites as the minor groove turns

towards the histone core.

The results of hydroxyl radical digestion of histone-bound 35464 in the presence of
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Figure 3.11 DNasel and hydroxyl radical digestion data on the interaction between
Hoechst 33258 and construct 3546/. The ligand concentration is shown at the top of each
lane and is expressed in pM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target sites while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 3546h in
the Presence of Hoechst 33258 (DNasel)
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Fig 3.12 Differential cleavage across the 5’-ATTA-3” and 5’-AATT-3’ target sites
for 3546h free (a) and histone-bound (b and ¢) DNA in the presence of Hoechst
33258 as determined by DNasel. The DNA sequence is shown in the 3’-5” direction
and the target site is indicated by a red box. (a), the y-axis shows the value obtained
for the division of each band, from a lane where Hoechst has been added (dfx), by
the exact corresponding band in the ligand free control (df). (b), the y-axis shows the
value obtained for the division of each band in the histone-bound sample (dcx) by
the corresponding band in the free DNA (df). (c), data from (b) presented on a
logarithmic scale. Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



Differential Cleavage of Free and Histone-Bound 3546h in
the Presence of Hoechst 33258 (Hydroxyl)
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Fig 3.13 Differential cleavage across the 5’-ATTA-3’ and 5’-AATT-3’ target sites
for 3546h free (a) and histone-bound (b and ¢) DNA in the presence of Hoechst
33258 as determined by hydroxyl radicals. The DNA sequence is shown in the 3°-5’
direction and the target site is indicated by a red box. (a), the y-axis shows the value
obtained for the division of each band, from a lane where Hoechst has been added
(dfx), by the exact corresponding band in the ligand free control (df). (b), the y-axis
shows the value obtained for the division of each band in the histone-bound sample
(dcx) by the corresponding band in the free DNA (df). (¢), data from (b) presented on
a logarithmic scale. Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



Hoechst 33258 are presented in figure 3.11c-d. Binding to the target sites in free
DNA, 3.11c, is confirmed although, as with all other Hoechst constructs, only weak
footprints are observed. Analysis of these data, fig 3.13a, highlights these
interactions more clearly. Each footprint is approximately 4bp in size as measured
with this probe and gives a more accurate measure of the binding site than that

obtained using DNasel, where footprints tend to be over-estimated.

The interaction of Hoechst with histone-bound 35464 is presented in fig 3.11d. The
cleavage maxima in the drug free core bound DNA are located at positions 34, 44,
55, 67 and 75bp, (fig 3.13b). Further maxima can be seen around positions 86, 96
and 107bp, demonstrating that the rotational position of these nucleosomes is
essentially identical to that of rtem and other constructs. Addition of Hoechst indicates
footprints at both sites, which can be seen in the differential cleavage plots, fig 3.13b.
However it is interesting to note that binding to ATTA appears to be stronger than
binding to AATT. The footprint is 4bp in size across ATTA and Sbp across the
AATT target site. These data may indicate that the ligand has a greater affinity for
the ATTA site than AATT when complexed as a nucleosome and assayed by

hydroxyl radicals.

In addition to binding to the target sites subtle changes in hydroxyl radical cleavage
are also apparent at other locations in the construct. Slight enhancements in
differential cleavage are observed at positions. Unlike the DNasel results, no
additional regions of attenuation are evident. Most importantly, the rotational
position of this construct is not affected by the binding of two Hoechst 33258
molecules to the outer surface of the nucleosome, and the phased cleavage pattern is

still evident at all Hoechst concentrations.
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Echinomycin

44e

Similar experiments were performed with DNA constructs containing outward facing
echinomycin sites. The sequence of 44e is shown in fig 3.1. It contains a single good
echinomycin site (5-ACGT-3’) site beginning at position 44 with the central CG
step covering base pairs 45 and 46. Based upon hydroxyl cleavage of fem and
analysis of the crystal structure the minor groove of the target should be accessible

on the outward facing surface of the nucleosome, and this is represented in fig 3.10.

The results with DNasel are presented in fig 3.14. 3.14a shows the interaction of the
ligand with free 44e DNA and confirms that echinomycin interacts with the expected
target site. Analysis of these results shows that the footprint is complete by 2uM
ligand. This is shown in the differential cleavage plot, which also reveals enhanced
cleavage at guanine 39 (in the 3’-lower side of the target sequence), which
presumably reflects changes in the local conformation of the DNA as the drug
interacts with its target (fig 3.15a). The greater amount of echinomycin required to
produce this footprint relative to those obtained from Hoechst 33258 demonstrates

the lower affinity of the drug for DNA.

3.14b shows the results obtained for the interaction of echinomycin with histone-
bound 44¢. The gel shows a strong phasing pattern characteristic of nucleosome
DNA and the differential cleavage plots (fig 3.15b) identify cleavage maxima at
positions 45, 58, 67 and 76bp.

Visual inspection of this gel suggests that echinomycin does not produce a footprint
at this histone-bound target site, even at concentrations as high as 50puM. Quantitive
analysis of these data (fig 3.15b) suggest that there may be a small reduction in the 3’
vicinity of the binding site, consistent with weak drug binding. However, a weak

footprint of this magnitude might also be a consequence of the ligand interacting
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Construct 44e
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Fig 3.14 DNasel digestion data on the interaction between
echinomycin and constructs 44e. The ligand concentration is shown at the top of each
lane and is expressed in uM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 44e in the
Presence of Echinomycin (DNasel)
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CAAAACCTACTTCTAGTGTGT GAAGAAGAAGGAGAAGGACTGTGAGATGTCACCA
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Fig 3.15 Differential cleavage across the 5’-ACGT-3’ target site for 44e free (b) and
histone-bound (b) DNA in the presence of Echinomycin as determined by DNasel.
The DNA sequence is shown in the 3°-5" direction and the target site is indicated by
a red box. (a), the y-axis shows the value obtained for the division of each band,
from a lane where Hoechst has been added (dfx), by the exact corresponding band in
the ligand free control (df). (b), the y-axis shows the value obtained for the division
of each band in the histone-bound sample (dcx) by the corresponding band in the
free DNA (df). Arrows indicate resolved cleavage maxima where the minor groove
faces away from the histone core. For clarity, only three concentrations of ligand are
presented in each chart.




with  the small proportion  of contaminating free DNA. We therefore

conclude that echinomycin does not interact with this site on histone-bound DNA.

Some other minor changes in the cleavage pattern are evident in other regions remote
from the drug binding site. In particular there appears to be a region of protection
around position 130. Other subtle changes in relative cleavage intensity can be seen
at the cleavage maxima around positions 66-68, 75-79, and 87-89bp. We suggest that
these are caused by other weak non-specific interactions between the drug and the

DNA.

74e

The results with Hoechst demonstrate that the position of an outer facing target site
affects a ligand’s ability to bind to the sequence. The results for construct 44e
demonstrate that echinomycin does not interact with this outer facing target site.
Based on this it was considered important to examine the effect of positioning an
echinomycin binding site across the nucleosome dyad since the binding of Hoechst

to this region appears to have a strong destabilising effect upon the structure of the

nucleosome.

Construct 74e contains one strong echinomycin target site (5-ACGT-3") with the
CG step across positions 74 and 75, fig 3.16.

DNasel results for this construct are presented in fig 3.17. 3.17a demonstrates that
the ligand binds to the target site on free DNA and reveals that the site is fully
saturated by 5uM ligand (there was very little difference between 2 and 5uM). The
differential cleavage plot suggests that the footprint covers 6bp (3.18a). However,
DNasel cleavage is very weak across this region of the fragment and binding to the
target is mainly characterised by the loss of the strong band at position 74. The
footprint at this site is accompanied by the appearance of an enhancement across

positions 68-69. These are presumed to reflect changes in the local conformation of
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Constructs 74e

upper region of superhelix

lower region of superhelix

Figure 3.16 Molecular graphics of the 73/ and 74e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-
ball and stick structures. A portion of the histone octamer is shown as grey ribbons. Since only a small region of the
complex is presented, there appears to be two DNA helices. These actually correspond to the one helix which is wraps
around the protein complex. The upper and lower portions of the DNA superhelix are indicated. The view is looking
towards the nuclesome perpendicular to the superhelix axis. Images were created in Swiss-Pdb viewer, from the pdb
file submitted by Luger ef al. 1997, and rendered in Pov-ray for Windows.
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Fig 3.17 DNasel digestion data on the interaction between
echinomycin and constructs 74e. The ligand concentration is shown at the top of each
lane and is expressed in uM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 74e in the
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Fig 3.18 Differential cleavage across the 5’-ACGT-3’ target site for 74e free (panel
I) and histone-bound (panel II) DNA in the presence of Echinomycin as determined
by DNasel. The DNA sequence is shown in the 3’-5" direction and the target site is
indicated by a red box. Panel I, the y-axis shows the value obtained for the division
of each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). Panel II, the y-axis shows the
value obtained for the division of each band in the histone-bound sample (dcx) by
the corresponding band in the free DNA (df). Arrows indicate resolved cleavage
maxima where the minor groove faces away from the histone core. For clarity, only
three concentrations of ligand are presented in each chart.




the DNA helix as the drug intercalates into the helix.

The interaction of echinomycin with 74e histone-bound DNA, as probed by DNasel,
is presented in 3.17b. The cleavage maxima of the drug-free histone-bound DNA are
found at similar positions as in all constructs and are indicated in the differential
cleavage plot shown in fig 3.18b. In this instance it can be seen that echinomycin has
no effect on the cleavage pattern. These results suggest that echinomycin is not able
to bind to outward facing target sites on the nucleosome. However, it should be noted
that the exact orientation of this site appears to be just on the outer surface. Although
the DNasel data suggests that the first two nucleotides in the target are buried the
final two are not suggesting that this site is an intermediate between inner and outer

facing orientations.

Discussion

The results presented in this chapter show that one or two Hoechst 335258 molecules
can bind to target sites that are located on the outward facing surface of histone-
bound DNA. This binding occurs without causing a change in the rotational
positioning of the DNA superhelix. This is the first direct observation of ligand
molecules interacting with nucleosome core particles in such a manner. Although
previous studies of drug-nucleosome interactions showed evidence of drug binding
they failed to show a discrete footprint. However, these results do not agree with the
theory proposed by Waring and co-workers where it was suggested that the binding
of Hoechst molecules to the outer surface causes the bound nucleosomal DNA to
rotate through 180° leaving the drugs located on the inner surface of the superhelix.
In addition, it appears that single echinomycin molecules can not bind to the outward

facing DNA.

The binding of Hoechst to the outer surface of the nucleosome
DNasel footprinting results on free DNA show that the binding of Hoechst to the
AATT target in construct 46A is stronger than the binding to the ATTA target from
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construct 35h. However, on the nucleosome DNasel cleavage indicates
that the drug binds both sites in an almost identical manner and hydroxyl radical
digestion suggests that binding to the ATTA site is stronger despite the fact that this
1s the weaker of the two sites. It should be noted that the footprinting probes used in
these studies give an overall statistical picture of the entire population of molecules
in the experiment. Therefore DNasel may indicate that, on average, both sites are
occupied while hydroxyl radicals show that the ATTA site is occupied more often
than the AATT site. These differences are a property of the probe used. It may be
that DNasel 1s more effective at capturing a “snap-shot” of a system, which 1s in
rapid exchange and hence shows both sites occupied by the ligand. Hydroxyl
radicals, due to their smaller size, may be more sensitive to rapid changes and hence
indicate that exchange across the AATT is faster than that of the ATTA site where
the drug might have a longer residency time. In addition, differences in the local

conformation and accessibility of the DNA at each site cannot be ruled out.

Besides the footprints, altered cleavage patterns are observed in constructs 354 and
46h when complexed as nucleosome core particles. These changes in digestion,
observed mainly in the DNasel results, are almost identical between DNA fragments
suggesting a common factor. These cleavage patterns do not appear to represent type
I specific minor groove binding of the drug since the regions of attenuation are too
small to account for this. However, given that they are present at higher drug
concentrations, above those required for binding to the primary target site, it is
proposed that these altered cleavage patterns represent type II non-specific binding of

Hoechst to exposed regions of the nucleosomal DNA.

Is there a role for echinomycin on the outer surface?

The observation that even a single echinomycin molecule fails to interact with target
sites located on the outer surface of the nucleosome may lie in the structure of the
DNA superhelix itself. Figure 3.19a shows a cartoon for the binding of echinomycin
to free DNA. The two intercalating chromophores bracket the 5’-CG-3" base step

making primary contacts between alanine and the N2-amino group of guanine.

69



Figure 3.19b, illustrates the possible problems encountered for echinomycin
when attempting to bind in the same way to a fragment of curved DNA. Lines 1 and
1” represent the direction each chromophore must take to intercalate into a free
double helix and are shown as a reference. On the section of curved DNA lines 2 and
2’ represent the new direction of intercalation. This is perhaps the first problem
encountered by the drug when it attempts to bind to DNA in this conformation. In
order to achieve intercalation at the new angles of lines 2 and 2°, the quinoxaline
chromophores must move towards the peptide ring by an angle equal to that between
paths 1 and 2. Steric clash with the octa-peptide ring may prevent this to any great
degree. Intercalation of the chromophore rings stabilises the drug-DNA complex to a
great extent. Due to the fixed length of the peptide ring, it is impossible for the drug
to fully intercalate if the DNA duplex remains curved. Since the length across the CG
step is increased on the outside of the curve. This implies that if echinomycin is
going to bind to the outer surface of the nucleosome then regions where the DNA
path is straighter, for example across the dyad region, would possibly be preferred

although this was not seen in the results.
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Fig 3.19 A comparison between the binding of echinomycin to free DNA (A) and
to a segment of curved DNA(B). Each carboxylic acid chromophore is shown in
blue and a cartoon of the DNA duplex is shown in orange. In (B), lines 1 and
1’ represent the direction of intercalation in free DNA. Lines 2 and 2’
indicate the direction of intercalation in the curved segment. See text for details.



4 The Interaction of Hoechst 33258 and
Echinomycin with Single Target Sites Located on the
Inner Surface of the DNA Superhelix

Introduction

The results presented in chapter 3 demonstrate that Hoechst can bind to some single
sites located on the outer surface of the DNA superhelix without altering the
conformation or orientation of the DNA on the protein surface. In contrast
echinomycin showed little interaction with histone-bound DNA. The binding of
ligands across the dyad caused some changes in nucleosome structure consistent with
disruption of the protein-DNA interaction, but in all these constructs no change in the
rotational position of the DNA superhelix was detected. Based on these results, it
was considered important to study the interaction of ligands with single sites, which
face towards the inner surface of the superhelix since binding of ligands to these
locations could disrupt histone-DNA contacts, which may in turn be the driving force
for rotation of the DNA superhelix. Since the major interaction between the octamer
and the DNA occurs at every inward facing minor groove it seems unlikely that
binding of ligands to outward facing sites should affect the DNA-protein contacts.
However, the protein will mask these sites, which face towards the core, and
interactions with them should be energetically less favourable. This chapter
considers the interaction of Hoechst and echinomycin with single inward facing
target sites. To this end the following constructs were made: 39, 50e, 100e, 58h,

3558k and 73A.

Results

The sequences of the constructs used in this chapter are shown in fig 4.1. Construct
58h contains one good Hoechst binding site (AATT) covering positions 58-61bp.
This target should lie on the inner surface of the superhelix and should not be easily
accessible to the ligand. 33558k was a hybrid of constructs 354 and 38k. This
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Fig 4.1 sequences of constructs 58h, 3558h, 73h, 39e, 50e and 100e. The tem construct is shown in the center.
Expanded regions show where each mutation was introduced and the target sequence of each construct is indicated.
These coloured targets are the only difference between the ligand construct and the parent sequence fem.



construct allows us to compare the interaction with a strong site (AATT)
facing towards the protein core with a weaker site (ATTA) facing away from the
histone surface. Construct 734 contained one good AATT site across positions 73-
76bp and should be relatively inaccessible.

Constructs 39¢, 50e and /00e all contained one good echinomycin binding site
(ACGT). The binding site in 39e covers positions 38-41, with the CpG step at
positions 39 and 40, in 50e the target covers base pairs 49-52, with the CpG step at
positions 50 and 51, while for /00e the site is found across positions 99-102, with the
CpG step at positions 100 and 101. All these sites were engineered in positions for

which the minor groove faces the inner surface of the DNA superhelix.
Echinomycin

39e

In this fragment the echinomycin ACGT site is located on the inner surface of the
superhelix and should not be accessible to the ligand. A graphic of the target site is
presented in fig 4.2 and demonstrates that the CG step should face towards the
histone core. The rotational position was confirmed in the same manner as used for
all other constructs by DNasel digestion studies. As previously noted, hydroxyl
radicals can not be used to confirm the rotational setting in the presence of
echinomycin since the DMSO used to dissolve this ligand strongly inhibits the
reaction. Nevertheless, since the DNasel cleavage patterns for echinomycin
constructs are similar to those obtained with the Hoechst constructs it is reasonable to

propose that they adopt the same rotational position.

A DNasel footprint showing the interaction of echinomycin with 3%¢ free DNA is
presented in figure 4.3a and confirms binding to the target site. The footprint is
about 8bp in size and as can be seen from the differential cleavage plot presented in
fig 4.4a it can be seen that the site is fully saturated at a concentration of 7.5uM

ligand. In addition to this footprint there is an enhancement around positions 31-
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Construct 3% Construct 50e

upper region of superhelix

lower region of superhelix

Figure 4.2 Molecular graphics of the 39¢ and 50e target sites. Each image shows a small portion of the nucleosomecore particle. DNA strands
are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-ball and stick structures. A portion of the histone
octamer is shown as grey ribbons for helices and strands while sheets are coloured teal. Since only a small region of the complex is presented,
there appears to be two DNA helices. These actually correspond to the one helix which is wrapped around the protein complex. The upper and
lower portions of the DNA superhelix are indicated. The view is looking towards the nucleosome perpendicular to the superhelix axis. Images
were created in Swiss-PdB Viewer (v3.7b), from the pdb file submitted by Luger et al. 1997 (1aoi.pdb), and rendered in Pov-Ray for Windows 98 .
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Fig 4.3 DNasel digestion data on the interaction between
echinomycin and constructs 39¢.The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 39e in the
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Fig 4.4 Differential cleavage across the 5°-ACGT-3’ target site for 39 free (a) and
histone-bound (b) DNA in the presence of Echinomycin as determined by DNasel.
The DNA sequence is shown in the 3’-5” direction and the target site is indicated by
a red box. (a), the y-axis shows the value obtained for the division of each band,
from a lane where Hoechst has been added (dfx), by the exact corresponding band in
the ligand free control (df). (b), the y-axis shows the value obtained for the division
of each band in the histone-bound sample (dcx) by the corresponding band in the
free DNA (df). Arrows indicate resolved cleavage maxima where the minor groove
faces away from the histone core. For clarity, only three concentrations of ligand are
presented in each chart.



34bp on the 3’-side of the drug binding site, which is thought to reflect distortions
in the local conformation of the helix, caused by drug binding.

Fig 4.3b shows the interaction of echinomycin with histone-bound 39e. The 10 base
pair phasing pattern seen in the control lane confirms the expected rotational position
of this target site. Maxima are identified at positions 36, 48, 55, 66 and 77bp. As
expected the ligand binding site is in a region of poor DNasel cleavage (facing
towards the protein) and visual inspection of the gel indicates little evidence for a
footprint. Analysis of these results, fig 4.4b, does not show any significant
interaction across the target site. However, visual inspection of the gel shows that
there is some enhancement across positions 31-33bp with increasing drug
concentration as seen with free DNA in the presence of echinomycin and this is also
indicated in figure 4.4b. In addition there are some subtle increases in DNasel
cleavage across other regions of the construct. This is better seen by presenting
differential cleavage plots of drug-bound core samples divided by drug-free core
samples (instead of by drug-free free DNA); this is presented in fig 4.5. This analysis
reveals further subtle alterations in the cleavage pattern. The very strong
enhancement can be seen across positions 31-34bp, and it appears that DNasel
cleavage across all inward-facing regions has been increased by about 2-fold except
where the sequence approaches the dyad. On close inspection, this can be seen on the
gel, fig 4.3b, where it appears as though there is a general increase in background
cleavage. However, it is still clear that, for the most part, the nucleosome-phasing

pattern is maintained.

Therefore, although no footprint is observed across the ligand target site, the
enhancement across bases 31-34, which is also seen in the free DNA, and additional
changes in the core cleavage pattern suggest that some form of interaction between
the ligand and the histone-DNA complex has occurred. However, drug binding to a
small fraction of unbound DNA could explain this. Most importantly the rotational
position of these nucleosomes has not changed in the presence of echinomycin and

the phasing pattern has been conserved even in the presence of high concentrations
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Fig 4.5 Differential cleavage across the 5’-ACGT-3" target site for 39 histone-
bound DNA in the presence of Echinomycin as determined by DNasel. The DNA
sequence is shown in the 3’-5" direction and the target site is indicated by a red
box. The y-axis shows the value obtained for the division of each band in the
histone-bound sample where Hoechst was added (dcx) by the corresponding band
in the histone control (dc). For clarity, only three concentrations of ligand are
presented in each chart. Blue arrows indicate the position of identified maxima
identified from figure 4.4b.




of this ligand.

50e

The 50e construct contains an inner facing echinomycin ACGT target, at positions
49-52. 1t was engineered so that the start of the target sequence is 11bp downstream
from the start of the 39¢ site. Based on the results of 39¢ it was considered important
to evaluate the binding of echinomycin to an equivalent site, which was closer to the
nucleosome dyad where the DNA should be even less accessible. A representation

of this site is presented in figure 4.2.

The DNasel cleavage patterns for the binding of echinomycin to free 50¢ DNA are
presented in fig 4.6a. A clear footprint is evident where positions 47-53bp are
protected from enzyme cleavage and the differential cleavage plots are shown 1n fig
4.7a. The footprint is not complete until 7.5uM. Unlike the 39e site there are no 3’
enhancements on the 3’ side of this site though there is a small enhancement directly
5’ to ACGT with the highest drug concentration. Since these are identical target
sequences these differences must reflect the different DNA sequences surrounding
the site. In 3%9¢ the target has AG rich sequences on the 3’-side while in 50e these
sequences are more mixed sequence. Polypurine sites tend to be cut less well by
DNasel than mixed sequence DNA, presumably due to their unusual structure, and
may therefore be more susceptible to distortion by drug binding. Regions that are cut
efficiently by the enzyme will not be able to show enhanced cleavage on drug

binding as they are already in an optimal conformation.

Fig 4.6b shows the results obtained for the binding of echinomycin to histone-bound
50e. The 10bp-phasing pattern is clear in the drug-free controls and analysis, fig
4.7b, confirms that the target site is in the correct orientation, and faces towards the

nucleosome core. A graphic of this is presented in fig 4.2. On addition of
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Fig 4.6 DNasel digestion data on the interaction between
echinomycin and constructs 50e¢.The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.
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Fig 4.7 Differential cleavage across the 5’-ACGT-3’ target site for 50e free (a) and
histone-bound (b) DNA in the presence of Echinomycin as determined by DNasel.
The DNA sequence is shown in the 3’-5" direction and the target site is indicated by
a red box. (a), the y-axis shows the value obtained for the division of each band,
from a lane where Hoechst has been added (dfx), by the exact corresponding band in
the ligand free control (df). (b), the y-axis shows the value obtained for the division
of each band in the histone-bound sample (dcx) by the corresponding band in the
free DNA (df). Arrows indicate resolved cleavage maxima where the minor groove
faces away from the histone core. For clarity, only three concentrations of ligand are
presented in each chart.
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Differential Cleavage of Histone-Bound 50e in the
Presence of Echinomycin (DNasel)

DNA Sequence (3'-§")

[==75uM ~@—125uM —A—50uM]

Fig 4.8 Differential cleavage across the 5’-ACGT-3’ target site for 50e histone-
bound DNA in the presence of Echinomycin as determined by DNasel. The DNA
sequence is shown in the 3’-5" direction and the target site is indicated by a red
box. The y-axis shows the value obtained for the division of each band in the
histone-bound sample where Hoechst was added (dcx) by the corresponding band
in the histone control (dc). For clarity, only three concentrations of ligand are
presented in each chart. Blue arrows indicate the position of identified maxima
identified from figure 4.4b.



echinomycin there are no significant changes in the digestion pattern across the
ligand target site. In addition, differential cleavage plot shown in fig 4.8, (of the core
a samples only) indicates that there is little change in the digestion pattern. From
these data there is little evidence to support the binding of the drug to the ACGT
target site in 50e. In addition, there is no change in the rotational position of these
fragments or a loss in the nucleosome-phasing pattern despite high concentrations of

ligand present in the reaction mixture.

100e

This construct was designed so that the target site is located at an equivalent distance
from the nucleosome dyad as found in 50e and should confirm the results seen with
this fragment. The site is presented graphically in fig 4.9. Fig 4.10a shows the
binding of echinomycin to free /00e DNA as assayed by DNasel digestion and a
clear footprint can be seen at the target site. Differential cleavage plots of these
results are presented in fig 4.11a and show a clear attenuation across the target site,
with saturation at 5:M echinomycin. The footprint is 6-7bp in size and is the only

identified binding site in the fragment.

The interaction of echinomycin with nucleosome-bound /00e is presented in fig
4.10b and analysis is presented in fig 4.11b. Outer facing minor grooves are
identified at positions 46, 57, 68, 78, 87, 97 and 108bp and therefore the target site
lies in a region of minimum cleavage. Most importantly, this site is exactly the same
distance for the dyad as the target in construct 50¢. It can be seen that there is no
clear interaction of the ligand with the target site and there is no footprint. It
therefore appears that, as expected, echinomycin cannot bind to this target site and
that there is no change in the rotational setting of this construct These results are very

similar to that obtained with construct 50e.
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Construct 100e

upper region of superhelix

lower region of superhelix

Figure 4.9 Molecular graphics of the 7/00e target site. Each image shows a small portion of the nucleosome core particle.
DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-ball and stick
structures. A portion of the histone octamer is shown as grey ribbons. Since only a small region of the complex is presented,
there appears to be two DNA helices. These actually correspond to the one helix which is wraps around the protein complex.
The upper and lower portions of the DNA superhelix are indicated. The view is looking towards the nuclesome perpendicular

to the superhelix axis. Images were created in Swiss-Pdb viewer, from the pdb file submitted by Luger ef al. 1997, and rendered
in Pov-ray for Windows.
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Fig 4.10 DNasel digestion data on the interaction between
echinomycin and constructs /00c.The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 100e in

the Presence of Echinomycin (DNasel)
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Fig 4.11 Differential cleavage across the 5’-ACGT-3" target site for /00e free (a)
and histone-bound (b) DNA in the presence of Echinomycin as determined by
DNasel. The DNA sequence is shown in the 3°-5" direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



Hoechst 33258

58h

In the previous chapter it was demonstrated that Hoechst 33258 can bind to the outer
surface of the histone-bound DNA superhelix. Since the binding of two molecules
has little affect on the rotational position of the superhelix, it was decided to study
the interaction of the drug with inward facing targets. Construct 58/ contains an
AATT across positions 58-61bp and should be inaccessible to the drug when bound

to the histone octamer, fig 4.12.

The binding of Hoechst to 58 free DNA is presented in fig 4.13a. It can be seen that
the drug protects positions 54-60bp from DNasel cleavage and binds to the AATT
target site as expected. Interaction with the DNA is observed at 0.05uM ligand and
the target is completely saturated at 0.2uM. The differential cleavage plot in figure

4.14 confirms this.

The Interaction of Hoechst 33258 with 584 nucleosomes as assayed by DNasel is
presented in fig 4.13b and differential cleavage analysis is shown on fig 4.14b. The
10bp/turn phasing pattern is clear and maxima are identified at 45, 58, 66 and 75bp.
The rotational position of the sequence in the ligand-free control is identical to the
tem construct and as expected, the target is found in a region of attenuated DNasel
cleavage therefore representing a minor groove, which faces the protein core. There
is little evidence for binding of the drug across the target site, although the maxima at
position 58bp does appear to be reduced with increasing drug concentration.
However, with high concentrations of Hoechst, the maxima are disrupted in other
regions in the construct and this presumably reflects Type II non-specific binding of
the drug as was observed in the previous chapter. Therefore it is difficult to evaluate
whether the loss of this peak (58) is due to a specific drug interaction across the
target site or whether it is caused by disruption in the phasing pattern due to the
intermediate binding of many drug molecules. Most importantly, there is no detected

change in the rotational position in the presence of the drug.
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Construct 58h

upper region of superhelix

lower region of superhelix

Figure 4.12 Molecular graphics of the 58/ target site. Each image shows a small portion of the nucleosome

core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. The upper and
lower portions of the DNA superhelix are indicated. The view is looking towards the nucleosome perpendicular to

the superhelix axis. Images were created in Swiss-Pdb viewer, from the pdb file submitted by Luger et al. 1997, and
rendered in Pov-ray for Windows.
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Fig 4.13 DNasel digestion data on the interaction between
echinomycin and constructs 58h .The ligand concentration is shown at the top of each
lane and is expressed in pM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 58h in the
Presence of Hoechst 33258 (DNasel)
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Fig 4.14 Differential cleavage across the 5°-AATT-3’ target site for 584 free (a) and
histone-bound (b) DNA in the presence of Hoechst 33258 as determined by DNasel.
The DNA sequence is shown in the 3°-5’ direction and the target site is indicated by
ared box. Panel I, the y-axis shows the value obtained for the division of each band,
from a lane where Hoechst has been added (dfx), by the exact corresponding band in
the ligand free control (df). Panel II, the y-axis shows the value obtained for the
division of each band in the histone-bound sample (dcx) by the corresponding band
in the free DNA (df). Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



3558h
This construct was designed to compare the interaction of Hoechst with a good site

(AATT) with the minor groove facing towards the protein core, with a poorer site
(TAAT) with the minor groove facing away from the protein core. This fragment is a
hybrid of sites 35h and 58h. With free DNA, the drug should preferentially bind to
the AATT site at position 58bp rather than the weaker ATTA at positions 35-38bp.
However, the stronger site should be occluded where as the weaker site should face
away from the protein. A molecular representation of this construct when bound to

the histone octamer is presented in figure 4.15.

Fig 4.16a shows DNasel digestion patterns for the binding of Hoechst to free 35584
DNA. It can be seen that the drug interacts at the AATT site with a greater affinity
than found at ATTA. Each footprint is ca.7bp in size and the differential cleavage
plots confirm the binding to the correct point on the DNA sequence (fig 4.17a).

Fig 4.16b shows the interaction of Hoechst 33258 with 33538/ nucleosomes as
assessed by DNasel and a differential cleavage plot is shown in fig 4.17b. Protection
from cleavage is evident across the lower site at positions 32-38bp (ATTA) with
saturation observed at about 5mM ligand. Besides this, there is little difference
between these results and those obtained for construct 58A. There is no evidence for a
change in the rotational position of the DNA with increasing ligand concentration.
Binding to the upper target site at 58-61bp (AATT) is difficult to assess since this is
in a region of poor DNasel cleavage on account of the inward facing minor groove.
However, as seen with fragment 584 the band at position 58bp is attenuated in a
manner suggesting some form of interaction. No other significant changes in the

phasing-pattern are evident, even at the highest ligand concentration.

These results are confirmed by the data obtained for hydroxy! radical digestion,
which are presented in fig 4.16¢ and d. Hydroxyl radical cleavage of free DNA also

shows binding to the target sites and as can be seen binding is stronger to the upper
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58h AATT
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Figure 4.15 Molecular graphics of the 3558# target sites. Each image shows a small portion of the nucleosome

core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. The upper and
lower portions of the DNA superhelix are indicated. (a)The view is looking towards the nucleosome perpendicular to
the superhelix axis, (b) view looking along the superhelix axis from above. The lower portion of the superhelix has
been omitted for clarity. Images were created in Swiss-Pdb viewer, from the pdb file submitted by Luger ef al. 1997,

and rendered in Po-ray for Windows.
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Fig 4.16 DNasel and hydroxyl radical digestion data on the interaction between
Hoechst 33258 and construct 35584. The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 3558h in
the Presence of Hoechst 33258 (DNasel)

ACACCTACTTCTAATGTGTTGGTGAAGAAGAAGGTTAAGGACTGTG

DNA Sequence (3'5')

[=@=0.05uM =80 2uM =#=2uM |

dexidf

ACTTcmTGTTGGTGAAGAAGAAGGmGACTGTGA

DNA Sequence (3'-5")

[~@—noligand ——=1uM —A—5uM [ 10uM|

Fig 4.17 Differential cleavage across the TAAT and AATT target sites for 3558h
free (a) and histone-bound (b) DNA in the presence of Hoechst 33258 as determined
by DNasel. The DNA sequence is shown in the 3°-5” direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



Differential Cleavage of Free and Histone-Bound 3558h in
the Presence of Hoechst 33258 (hydroxyl radicals)
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Fig 4.18 Differential cleavage across the ATTA and AATT target sites for 3558k
free (a) and histone-bound (b) DNA in the presence of Hoechst 33258 as determined
by hydroxyl radicals. The DNA sequence is shown in the 3’-5’ direction and the
target site is indicated by a red box. (a), the y-axis shows the value obtained for the
division of each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.




AATT site than the lower affinity ATTA site. Differential cleavage plots show that
each site is saturated by 1:M ligand, with this probe, and each footprint is roughly 4-
Sbp is size (fig 4.18a).

From the hydroxyl digested core DNA cleavage maxima are identified at positions
33, 45, 56, 64 and 75bp which confirms the rotational setting of each target and can
be seen in the differential cleavage plot in figure 4.18d. The weaker site (ATTA) is
found on the outer surface while the stronger site (AATT) is found facing the histone
octamer. With increasing drug concentration there is a clear interaction across the
lower target site. There is no evidence for binding across the AATT step at positions
58-61bp and with 10:M Hoechst there is some degradation in the phasing pattern,
which is probably due to non-specific binding of the drug to the DNA superhelix.
Most importantly, as with the DNasel results, there is no change in the rotational
position of the DNA superhelix with increasing ligand concentration. These results
suggest that Hoechst binds much better to the outward facing ATTA than the inward
facing AATT.

73h

Construct 734 was designed so that a site would be placed at an inward facing minor
groove close to the dyad. The sequence of 734 is shown in fig 4.1 and contains a
good Hoechst, AATT, at positions 73-76bp. This site is also flanked by one adenine
on each side, generating the site TAATTT. Therefore there is a weak ATTA site
covering positions 72-75bp and a TAAA site at positions 74-77bp. Based on
previous studies the order of binding is expected to be AATT>TAAA>ATTA. A
molecular representation of the site is presented in figure 4.19 and shows that the

target is expected to face towards the histone core.
The DNasel results for this construct are presented in fig 4.20. 4.20a, which shows

binding to free DNA confirms the interaction of Hoechst with this target site and

shows that the footprint is complete. The differential cleavage plots show that with
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Construct 73h

upper region of superhelix

lower region of superhelix

Figure 4.19 Molecular graphics of the 73/ and 74e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as ribbon-
ball and stick structures. A portion of the histone octamer is shown as grey ribbons. Since only a small region of the
complex is presented, there appears to be two DNA helices. These actually correspond to the one helix which is wraps
around the protein complex. The upper and lower portions of the DNA superhelix are indicated. The view is looking
towards the nuclesome perpendicular to the superhelix axis. Images were created in Swiss-Pdb viewer, from the pdb
file submitted by Luger ef al. 1997, and rendered in Pov-ray for Windows.
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Figure 4.20 DNasel and hydroxyl radical digestion data on the interaction between
Hoechst 33258 and construct 734. The ligand concentration is shown at the top of each
lane and is expressed in uM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target sites while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 73h in the
Presence of Hoechst 33258 (DNasel)
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Fig 4.21 Differential cleavage across the 5’-AATT-3’ target site for 734 free (2) and
histone-bound (b and c) DNA in the presence of Hoechst 33258 as determined by
DNasel. The DNA sequence is shown in the 3°-5 direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). (c), data from (b) presented on a
logarithmic scale. Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



Differential Cleavage of Free and Histone-Bound 73h in the
Presence of Hoechst 33258 (hydroxyls)
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Fig 4.22 Differential cleavage across the 5’-AATT-3’ target site for 734 free (a)
and histone-bound (b and ¢) DNA in the presence of Hoechst 33258 as determined
by hydroxyl radicals. The DNA sequence is shown in the 3°-5’ direction and the
target site is indicated by a red box. (a), the y-axis shows the value obtained for

the division of each band, from a lane where Hoechst has been added (dfx), by the

exact corresponding band in the ligand free control (df). (b), the y-axis shows the

value obtained for the division of each band in the histone-bound sample (dcx) by

the corresponding band in the free DNA (df). (c), data from (b) presented as on a
logarithmic scale. Arrows indicate resolved cleavage maxima where the minor

groove faces away from the histone core. For clarity, only three concentrations of

ligand are presented in each chart.



0.2uM ligand, the footprint covers 6bp and corresponds to interaction with
AATT (fig 4.21). With 2uM Hoechst attenuated cleavage extends into sequences
flanking the AATT site and presumably reflects secondary binding of the molecule
to ATTA and AAAT.

DNasel footprints for assessing the interaction of Hoechst with histone-bound 734
are presented in 4.20b and analysis of these results in fig 4.21b. Identified cleavage
maxima for the histone-bound DNA are found at positions 46, 58, 67 and 77bp. The
gel shows a clear footprint across the target site and this is confirmed in the analysis.
Binding is apparent at 5SuM as judged by attenuation in the cleavage maxima at
position 77bp. From these data, it appears that Hoechst binds to the target site
although it is noted that part of this binding site may be exposed. However, unlike
the other constructs presented so far, it is clear that there are many other substantial
changes in the cleavage pattern in the presence of ligand. Further attenuation in
DNasel cleavage is found at positions 46-47, 67-68, 90, and 97-100bp while
enhancements are observed at positions 81-83, 95 and 106bp. In fact, at this
concentration it appears that there is a removal of the nucleosome-phasing pattern.
Since this was not observed with any of the other constructs it is unlikely to be a
result of type II non-specific binding of the ligand, and must be a direct result of the

interaction of the ligand with this binding site.

Results of hydroxyl radical digestion of free 734 in the presence of Hoechst 33258
are presented in fig 4.20c. A clear footprint can be seen at the ligand target site and
binding is confirmed in the data analysis, fig 4.22a. It should also be noted that this
region shows attenuated cleavage compared to the remainder of the fragment in the
drug-free control. This region corresponds to 6bp of A/T DNA and this attenuation
most probably reflects a reduction in minor groove width. Addition of Hoechst
further reduces the cleavage in this region. However, these results confirm the
binding of Hoechst to the target and the location of the footprint suggests that the
AATT step is the preferred site over the other potential binding sites.
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The results for the interaction of the ligand with histone-bound 734 are presented in
fig 4.20d. From the gel it is difficult to see any clear interaction across the target site.
However, with increasing Hoechst concentration there is a dramatic loss in the
nucleosome-phasing pattern, which is more pronounced that seen in the DNasel
results. Differential cleavage plots of these results are presented, fig 4.22b-c and
confirm the loss of phasing. Cleavage maxima in the absence of ligand are the same
as those obtained for all other constructs and are found at positions 35, 45, 57, 66 and

77bp.

The data suggest the presence of a footprint across the AATT site up to S5uM though
this is complicated by the observation that the drug binding site coincides with a
region of attenuated cleavage However, even by this concentration the phased
cleavage pattern is lessened, especially towards the ends of the fragment. When the
concentration is raised to 10uM the pattern becomes much less clear and the
footprint across the target site is lost. It therefore appears that the interaction of
Hoechst with this binding site, close to the dyad, causes a disruption of the

nucleosome structure.

Discussion

The results presented in this chapter show little interaction of echinomycin and
Hoechst with nucleosomes containing unique single target sites which face towards
the protein core. A few very small changes in DNasel digestion, in the presence of

echinomycin ligand concentrations, are observed.

The interaction of echinomycin with the inner surface of the DNA superhelix
From the results presented in this chapter it appears that single molecules of
echinomycin do not alter the rotational position of the DNA superhelix of the

nucleosome-bound DNA. Some minor changes in cleavage are observed, for
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example with construct 39e across positions 31-34bp, which is also present
in the free DNA and is a drug specific enhancement, and therefore represents an
alteration in the structure of the DNA when the ligand binds. It is suggested that
these enhancements represent background binding to free DNA, which is present as a
small proportion in the nucleosome samples. Since there is no obvious alteration in
the nucleosome phasing pattern we assume that in the most part, echinomycin has
not bound to the target sites in this series of experiments. Most importantly, there is

no change in the rotational setting of these samples.

The role of Hoechst on the inner surface

The results indicate that there is no significant interaction of a single Hoechst
molecule with the inner surface of the DNA superhelix with constructs 3558h and
58h where little interaction was observed across the 58-61bp AATT site. The fact
that a footprint is observed across the 35-38bp ATTA site confirms that the rotational
position of these nucleosomes has not changed. Since both DNasel and hydroxyl
radical cleavage data show no obvious changes in the DNA structure of the
superhelix, it is concluded that the drug simply does not bind to the inner facing
target site. However, the loss of the band at position 58 could indicate some kind of

weak interaction between the drug and the DNA.

With construct 73/ there were significant changes in the cleavage patterns with both
DNasel and hydroxyl radicals. These data suggest that binding near to the
nucleosome dyad has profound consequences up on the structure of the particle. It
appears that binding to this region causes a loss in phasing pattern, which is
ultimately translated as a displacement of the DNA superhelix from the histone
octamer. This suggests that this region of the DNA superhelix is extremely sensitive
to ligand binding. In addition, as demonstrated in chapter 6, ligand binding to this
region also disrupts nucleosome formation. Since this site is inner facing we might
expect some unfavourable interactions to occur between the bound drug and the
surface of the histone octamer. In addition, it is surprising that the binding of a single

Hoechst molecule, at this position, has such profound consequences upon the
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conformation of the core particle. In relation to the site exposure model
(Polach and Widom 1995; Polach and Widom 1996; Widom 1998; Anderson and
Widom 2000; Polach er a/ 2000) we would expect this area of the superhelix to be
exposed much less often and therefore the ligand occupancy at this position should
be low, further demonstrating the sensitivity of this region. However, the hydroxyl
radical and DNasel data suggest that the last A-T step (position 76) in the target is
exposed and that an additional A-T step (position 77) from the parent fragment 1s
located right on the point of cleavage maxima. Alternatively, may be that the ligand,
in addition to binding the TTAA site with low occupancy, is also binding the
overlapping 3’-TAAA-5" across positions 74-77bp which may now become more
favourable. Since this is still very close to the interface between the DNA and
protein, unfavourable interactions between the ligand and histone octamer may still
occur leading to disruption in the complex. Such a mechanism would provide a route
to drug binding across this region of the DNA superhelix without having to wait on

full site exposure.
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5 The Interaction of Hoechst and Echinomycin with

more than One Target Site on the Inner Surface of

¥

the Nucleosome Core Particle

Introduction

The results presented in chapter 4 demonstrate that Hoechst and echinomycin do not
bind to single inward facing targets and that they have little effect on the
conformation and orientation of DNA on the protein surface. This chapter considers

the interaction of these ligands with two and three closely spaced inward facing sites.

The results presented in chapter 3 showed that Hoechst can bind to the outer surface
of the nucleosome without affecting the rotational position of the DNA, while little
interaction is observed between echinomycin and single outward facing sites.
However, it has been suggested that superhelix rotation may occur upon the binding
of two or more ligand molecules on the outer DNA surface (Portugal & Waring,
1986). The action of two and three ligands on the inner surface of the superhelix was
therefore explored. Six constructs were made for this purpose: 49584 was used to
study the binding of two Hoechst molecules and H3 was used to study the interaction
with three Hoechst molecules. 2030e, 3950e, and 7080e were used to study the
binding of two molecules of echinomycin while E3 was utilised to study the
interaction of three echinomycin molecules with the inner surface of the DNA

superhelix.

Results

The sequences of the constructs used in this chapter are shown in fig 5.1. Construct
4958h contains two good Hoechst binding sites (5°-AATT-3"). There are 5 base pairs
between the end of one site and the beginning of the second and over this region the

minor groove turns away from the protein core towards solution. The first target site
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4958h: 5'-
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5;//—CAGTCTGTTGTGGATGAAGATCACACAACCAGTTCTTCTTCC CCTGACACTCTACAGTGGTGTGTC-/ /3"
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37 //-GTCAGACAACACCTACTTCTAGTCTGTTGGTCAAGAAGAAGG GGACTGTGAGATGTCACCACACAG-//5"

2030e: 5'-ACGTTTGTGGACGT-3’ 7080e: 5'-ACGTACAGTGACGT-3’
3’ -TGCAAACACCTGCA-5' 3’ -TGCATGTCACTGCA-5'

3950e: 5'-ACGTAACCAGTACGT-3’
3’ -TGCATTGGTCATGCA-5’

E3% 5'= AACCAGT CTTCC ="
Sr— TTGGTCA GAAGG -5

Fig 5.1 sequences of constructs 4958h, H3, 2030e, 3950e, 7080e and E3. The tem construct is shown in the center.
Expanded regions show where each mutation was introduced and the target sequence of each construct is indicated.
These coloured targets are the only difference between the ligand construct and the parent sequence tem.



covers positions 49-52bp and the second target covers positions 58-61bp therefore
both of these targets should also lie on the inner surface of the superhelix and should
not be easily accessible to the ligand. Construct H3 contains the same binding sites as
found in 4958k with an additional 5’-AAAA-3’ site across positions 40-43bp where

the minor groove faces the protein core.

Construct 2030e contains two 5’-ACGT-3’ targets. The first one covers base pairs
19-22, with the CG step at 20 and 21bp, while the second target covers base pairs 29-
32, with the CG step at 30 and 31bp. Therefore the separation between each drug site
is 6bp. This fragment allows us to assess the binding of two echinomycin molecules,
to inward facing target sites, close to the end of the superhelix. The next construct
3950e was a hybrid of sequences 39¢ and 50e. This provided two inward facing 5°-
ACGT-3’ target sites located at the approximate centre of the bound DNA on one
symmetrical face of the nucleosome. The first sites covers base pairs 38-41 and the
second site is across base pairs 49-52. The CG steps are at positions 39-40 and 50-51
base pairs respectively. These sites are separated by 8bp. Construct 7080e was
designed so as to study the interaction across the inner facing minor grooves close to
the nucleosomal dyad axis. This also contains two 5°-ACGT-3’ target sites covering
positions 69-72 and 79-82bp with CpG steps at positions 70-71 and 80-81bp. These
sites are separated by 6bp where the minor groove turns out to face solution. The
final construct, E3 contained the same ACGT sites as found in 3950e with an
additional site across positions 58-61bp, so that the CG step covers positions 59 and

60bp.
Hoechst 33258

4958h

A visual representation of each target in this construct as it is orientated on the core
particle is presented in fig 5.2 and, as can be seen, each site should be positioned in a
region where the minor groove faces the protein core and the spatial separation

between the centre of each target is approximately 37A across the curve of the DNA

84



Construct 4958h
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37A

Figure 5.2 Molecular graphics of the 4958h target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger er al 1997, and rendered in Po-ray for Windows.



superhelix.

DNasel footprinting results for the interaction of Hoechst 33258 with free 4958h
DNA are presented in fig 5.3a and analysis are shown in fig 5.4a. This confirms
binding of the ligand to the engineered target sites. Interaction with each site is
clearly observed at 0.2uM. As a consequence of the size of DNasel the two
footprints almost coalesce into a single footprint, and are separated by a single
(weak) cleavage product at position 53. At the high concentration of SuM there is
further attenuation of DNasel cleavage products throughout the construct sequence,

which is attributed to type II binding of the ligand.

The results of DNasel cleavage for the interaction of Hoechst 33258 with histone-
bound 4938k are presented in fig 5.3b and data analysis is shown in fig 5.4b.
Cleavage maxima in the ligand free control are found at 37, 46, 56, 67, 76 and visual
inspection of the gel indicates further maxima around positions 87, 97-99 and 108bp.
This is the same rotational position, which is observed for other constructs and is
identical to the parent sequence tem. This confirms that the intended target sites are
positioned on the inner side of the superhelix. Notice that the target sites therefore lie
in a region where the DNA is cut poorly, corresponding to a region where the minor

groove is facing the protein core.

As the concentration of Hoechst is increased towards 10uM there are some clear
changes in the cleavage pattern throughout the sequence. DNasel cleavage products
are attenuated at positions 25, 36-39 49-52, 57-60, 78, 87-89, 97-99, and 108bp
which correspond to the cleavage maxima in the ligand free control while other
regions of enhanced cleavage are observed at positions 102-105, 92-94, 84, 74, 63,
53 43-44 and 28. These changes in digestion products cannot be directly attributed to
drug binding and so must represent changes in the interaction of the DNA with the
protein surface. These points of enhancement lie almost halfway between the original
nucleosome peaks and are observed at 7.5-10uM ligand concentration. The

attenuations at positions 49-52 and 57-60bp may correspond to ligand footprints and
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Fig 5.3 DNasel and hydroxyl radical digestion data on the interaction between
Hoechst 33258 and construct 4958%. The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers while numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 4958h in
the Presence of Hoechst 33258 (DNasel)
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DNA Sequence (3'-5")

[=®=0.05uM =@=0.2uM —2uM|

16 B7Hp

dex/df
@®

46bp 56bp

0 AT - X —r—
ACTTCTAGTGTGTTGGTGA[TTAANGAAGGI T AAGGACTGTGAGATGTCA
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Fig 5.4 Differential cleavage across the AATT target sites for 4958h free (a) and
histone-bound (b) DNA in the presence of Hoechst 33258 as determined by DNasel.
The DNA sequence is shown in the 3°-5’ direction and the target site is indicated by
a red box. (a), the y-axis shows the value obtained for the division of each band,
from a lane where Hoechst has been added (dfx), by the exact corresponding band in
the ligand free control (df). (b), the y-axis shows the value obtained for the division
of each band in the histone-bound sample (dcx) by the corresponding band in the
free DNA (df). Arrows indicate resolved cleavage maxima where the minor groove
faces away from the histone core. For clarity, only three concentrations of ligand are
presented in each chart.



a strong enhancement is also found between the target sites at position 53.

Quantitive analysis of the histone-bound cleavage patterns is presented in fig 5.4b
confirming the new peaks in the ligand treated samples. Overall there is an average
movement of cleavage maxima by approximately 3.5bp deduced from the data
between positions 30-80bp of the fragment. For example, the original peak at
position 46 appears to have “moved” to position 44 with 10:M ligand, this is clearly
indicated in fig 5.4b. The next outer facing minor groove was identified at position
56bp, but with the addition of Hoechst this also appears to have moved, this time to
position 53bp. In both cases there is a corresponding attenuation across the region
originally identified as a cleavage maxima in the ligand free control. However, this
pattern is not repeated, to the same extent, at the next two outer facing minor
grooves. In this case, there is the appearance of a new peak positions 62bp and 72bp
but the original peaks at positions 67bp and 76bp are maintained. From the results of
4958h it appears that, on average, there has been a shift in cleavage maxima by

3.5bp, the implications of which are discussed at the end of the chapter.

H3
The next step in this series of experiments was to add an additional Hoechst site to

see whether this would alter the digestion pattern observed in 4958/ any further. This
was carried out with construct H3 where the additional site is located across positions
40-43bp and is in the form AAAA. A representation of this construct bound as a
nucleosome core particle is presented in fig 5.5. The spatial separation between each
site is 31A between AAAA (40-43bp) and AATT (49-52bp) and 37A between AATT
(49-52bp) and AATT (58-61bp).

DNasel footprinting results for the interaction of Hoechst 33258 with free H3 DNA
are presented in fig 5.6a and analysis is shown in fig 5.7a. Binding of the ligand to
the engineered target sites is confirmed although the interaction with AAAA appears
weaker than with AATT. Complete saturation of all sites is evident at 2:M Hoechst.
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Figure 5.5 Molecular graphics of the H3 target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger er al 1997, and rendered in Po-ray for Windows.



As with 4958h the footprints almost coalesce into a single footprint, and are

separated by (weak) cleavage products at positions 44 and 53bp.

The results of DNasel cleavage for the interaction of Hoechst 33258 with histone-
bound H3 are presented in fig 5.6b and data analysis is shown in fig 5.7b. Cleavage
maxima in the ligand free control are found at 45-46, 56-57, 67, 77 and further
maxima are evident around positions 86, 96 and 107bp. Therefore, as in the previous
construct, the target sites are located in a region where the minor groove faces the

protein core.

With increasing drug concentration similar changes are observed in DNasel cleavage
as seen with to 49584 and it appears that the control cleavage maxima have moved
from their original positions. With the highest drug concentration the maxima located
at 35, 46, 56, 67, 76, 86, 96 and 107bp are all attenuated. In addition there are
regions of attenuated cleavage across 35-43, 47-51 and 55-59bp, which are located
across each of the target sites and may therefore correspond to ligand footprints. In
addition to these attenuations in cleavage, regions of enhancement are observed at
positions 63, 72-73, 82, 92-94, and 103bp. Below 63bp it is difficult to see regions of
enhanced cleavage but the data analysis presented in fig 5.7b highlights the
appearance of the peaks at 63 and 72bp with 10:M Hoechst. It is interesting to note
that although the maximum at position 46bp is strongly attenuated, the peak expected
around position 42 is not evident hence supporting the idea that attenuations across
the target sites are due to binding of the ligand with the DNA superhelix. In
comparison a movement of this peak was observed with construct 4958/, which

doesn’t contain a drug binding site across this region.

From these results, it again appears that the rotational position of the DNA
superhelix has altered in the presence of Hoechst. However, there is one important
difference between these results and those of 49584. In 4958k average peak shift was
approximately 3.5bp. Inspection of fig 5.7b indicates that the average peak

movement between positions 30-80bp of the construct has increased to 4.6bp. A
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Figure 5.6 DNasel and hydroxyl radical digestion data on the interaction between
Hoechst 33258 and construct A3. The ligand concentration is shown at the top of each
lane and is expressed in puM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target sites while numbers correspond to the sequence
The additional “OH” lane in (b) is hydroxyl cleavage preformed in the absence of ligand.



Differential Cleavage of Free and Histone-Bound H3 in the

dxfidf

dex/df

45

3.5
34

25

A

-

05 1

10

Presence of Hoechst 33258 (DNasel)

AGTGTTTTGGTGA TAAGAAGGTTAAGGA
DNA Sequence (3'5')

[=0=0.05uM =#=0.1uM —2uM]

45bp l 67bp

‘qﬂﬂ‘-' T
ACTTCTAGTGEEGGTGAmGAAGG_GGACTGTGAGATGTCA

DNA Sequence (3'-5")

[=@—control «=li—1uM —A—5uM 10uM |

Fig 5.7 Differential cleavage across the AAA and AATT target sites for 43 free (a)
and histone-bound (b) DNA in the presence of Hoechst 33258 as determined by
DNasel. The DNA sequence is shown in the 3°-5” direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



Differential Cleavage of Free and Histone-Bound H3 in the
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Fig 5.8 Differential cleavage across the AAA and AATT target sites for H3 free (a)
and histone-bound (b) DNA in the presence of Hoechst 33258 as determined by
hydroxyl radicals. The DNA sequence is shown in the 3°-5’ direction and the target
site is indicated by a red box. (a), the y-axis shows the value obtained for the
division of each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



further difference between these results and construct 4958 lies across the region
surrounding position 67bp. Although a new maximum appears at position 62bp in
49358h, the original maximum is still maintained, but with H3 this maxima is very
much reduced. It is tempting to speculate that this reflects a greater number of
molecules, which have experienced a change in the rotational position of the DNA

superhelix with A3 compared to 4958k,

Hydroxyl radical footprinting results for the interaction of Hoechst 33258 with free
H3 DNA are presented in fig 5.6¢ and differential cleavage analysis is shown in fig
5.8a. Binding of the ligand to each of the expected targets is confirmed by the
presence of footprints. The interaction of the ligand with histone-bound /3 was also
assessed by hydroxyl radical footprinting and the results are presented in fig 5.6d.
Differential cleavage analysis of these data between positions 30-80bp 1s shown in
fig 5.8b. It can be seen, that as expected, each target site is positioned in a region
where the minor groove turns to face the histone core as indicated by the regions of
attenuated cleavage. As the concentration of drug is increased there is a change in the
nucleosome-phasing pattern. Although there appears to be a deterioration in the
pattern between positions 49-80bp, regions of enhanced cleavage are observed at 49-
52 and 58-61bp. Attenuation in cleavage is also apparent across positions 64-68 and
75-78bp and further inspection of the gel indicates new cleavage maxima between
those present in the drug-free control, between positions 77-87, 87-98, and 98-106bp.
Therefore it appears that a change in the rotational position is also observed with

hydroxyl radicals and construct H3.
Echinomycin

2030e

Since two inward facing Hoechst sites appear to affect the conformation of the
nucleosome we next examined whether echinomycin would have a similar affect
using fragment 2030e. A molecular representation of the position of these target sites

in the nucleosome are presented in fig 5.9 and a detailed view of 2030e is presented
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The Position of the 2030e, 3950e and 7080e Target Sites on the Histone Core

ACGT (69-72bp)

ACGT (49-52bp)

ACGT (38-41bp)

Fig 5.9, The translational position of the target sites in 2030e (A), 3950e (B) and 7080e (C) are presented. DNA strands are shown

as red ribbons, the target sites are coloured yellow and are presented as ribbon-ball and stick structures. A portion of the histone
octamer is shown as grey ribbons for helices and strands while sheets are coloured teal For clarity only the first 74bp of the DNA
superhelix are presented (except in the case of 7080 where 80bp 82bp are shown. In each image, the position of the dyad is marked
by a small purple arrow. Images were created in Swiss-Pdb viewer, from the pdb file submitted by Luger ef al. 1997, and rendered in

Po-ray for Windows.
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Figure 5.10 Molecular graphics of the 2030e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger et al 1997, and rendered in Po-ray for Windows.
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Fig 5.11 DNasel digestion data on the interaction between
echinomycin and construct 2030e. The ligand concentration is shown at the top of each
lane and is expressed in uM. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 2030e in
the Presence of Echinomycin (DNasel)

a.
5
45 -
4
35
3
-
g 25
°
24
15
4 L
s | g5
0 - ; : : } - . - - - - - - - .
g t T c [ Al A A Cc A cC c G _Cc Al T
DNA Sequence (3'-5)
[=®=0.05uM =@=1uM 7.5uM |

DNA Sequence (3'5')

~@—contro] =d=5uM =#r—10uM 25uM ]

Fig 5.12 Differential cleavage across the 5’-ACGT-3’ target sites for 2030e free (a)
and histone-bound (b) DNA in the presence of Echinomycin as determined by
DNasel. The DNA sequence is shown in the 3°-5’ direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where Hoechst has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



in fig 5.10. As can be seen the targets are close to one end of the DNA superhelix

facing towards the histone core with the sites separated by approximately 29A.

DNasel footprints for the interaction of echinomycin with free 2030e DNA are
presented fig 5.11a and differential cleavage analysis is presented in fig 5.12a. Both
of the expected sites show complete footprints by 7.5uM. The size of the footprint is
about 6-7bp at each site. As expected the ligand does not significantly affect DNasel
cleavage in the remainder of the fragment, though some bands are attenuated around

positions 73-76bp.

The interaction of echinomycin with histone-bound 2030e is presented in fig 5.11b
and the corresponding analysis is presented in fig 5.12b. As expected, each target lies
in a region of poor DNasel cleavage where the minor groove faces the protein core.
Echinomycin produces two distinct DNasel footprints in the vicinity of these histone-
bound ACGT target sites. It appears that the drug is still able to bind to the sites on
the nucleosome DNA despite the fact that they were designed so as to face the
protein core. This is the first example of clear DNasel footprints with echinomycin
on histone-bound DNA. In the remainder of the sequence there is a general increase
in cleavage at almost all positions, which is especially pronounced at minor grooves
facing away from the protein core. The cleavage maxima are still located at
positions 25, 35, 47, 57, 66, 76 and 96bp and there is therefore no change in the
rotational position of the DNA. It appears that two echinomycin molecules can bind
to these target sites close to the end of the superhelix without significantly altering
the structure of the nucleosome. It should also be noted that although these sites
appear to face the histone octamer it may be that this portion of the DNA superhelix
is outside the nucleosome position. Under these circumstances echinomycin would

have full access to each target site.

3950e
We next moved the two inward facing ACGT target sites further towards the dyad,

away from the ends of the nucleosomal DNA. This was done using construct 3950e,
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for which molecular graphics representations are shown in fig 5.9. A
more detailed view of these sites is presented in fig 5.13 revealing that the sites are

separated by about 40A.

DNasel footprints showing the interaction of echinomycin with free 3950e DNA are
shown in fig 5.14a and differential cleavage analysis of these data are presented in
fig 5.15a. It can be seen that echinomycin produces clear footprints at each site
which are evident at 7.5uM. As seen with 3% there is a drug-induced enhancement
at positions 34-36bp below the lower ACGT target. Similar enhancements are not

seen below the upper site.

Fig 5.14b shows DNasel cleavage patterns for the interaction of echinomycin with
histone-bound 3950e. The digestion pattern of the drug-free DNA confirms that this
adopts the same rotational position as the other fragments and fem. The digestion
products confirm that each site is found in a region where the minor groove is not
easily accessible and hence must face the histone octamer. Direct binding to the
targets, is therefore not easily detected, however footprints are apparent at both target
sites, as indicated by the reduced cleavage of the bands at positions 39 and 50. These
footprints are accompanied by some examples of enhanced DNasel cleavage; the
most prominent of these is found at positions 31-33 in the same region as the drug-
induced enhancements seen with free DNA. These enhancements may indicate the
binding of echinomycin to this nucleosomal DNA, though they could arise from
interactions of the drug with the small amount of contaminating free DNA. Further,
less prominent, enhancements are evident at positions 63, 64, 68, 74, 86, 87, and ca.
108bp. Other regions of attenuated cleavage are also observed. Bands at positions
23-28 are lost at 10uM ligand. Further regions of reduced DNasel cleavage with
increasing echinomycin concentration are observed at positions 76 and 78 and 95bp.
In addition, the cleavage maxima at positions ca. 120 and 130bp are also attenuated
in the presence of the drug. This pattern of band enhancement and attenuation,
remote from the drug binding sites, is similar to that observed for the interaction of

Hoechst with constructs 49584 and H3. These changes cannot represent a change in
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Figure 5.13 Molecular graphics of the 3950e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger er al. 1997, and rendered in Po-ray for Windows.
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Fig 5.14 DNasel digestion data on the interaction between
echinomycin and construct 3950e. The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 3950e in

the Presence of Echinomycin (DNasel)
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Fig 5.15 Differential cleavage across the 5’-ACGT-3’ target sites for 3950e free (a)
and histone-bound (b) DNA in the presence of Echinomycin as determined by
DNasel. The DNA sequence is shown in the 3’-5” direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where echinomycin has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



the rotational position of the superhelix for all the DNA molecules since the
original cleavage maxima are evident, but these may suggest that a portion of the
histone-bound DNA fragments have adopted a different configuration. Positions 120
and 130bp appear far removed from the target sites. However, when the DNA is
bound to the histone octamer these positions would be close to each target site but
would be located on the lower portion of the superhelix. Since these regions are
attenuated as the concentration of ligand is increased, this suggests that some
interaction may occur between echinomycin and the DNA in these experiments.
Under these circumstances the presence of these drugs may inhibit DNasel cleavage

across a small portion of the superhelix below each target site.

7080e

For the final set of experiments in this series, the inward facing echinomycin sites
were moved so that they were close to the dyad. Molecular graphics of the histone-
bound sites are presented in figs 5.9 and 5.16. Based on the previous results 1t was
expected that interaction of the ligand with these sites on the nucleosome would
cause little, if any, change in DNasel digestion. DNasel footprinting results for the
interaction of echinomycin with free 7080¢ DNA are presented in fig 5.17a and
differential cleavage analysis of these data are presented in fig 5.18a. The ligand
interacts with both target sites and a footprint is evident across base pairs 68-74bp for
the first site and 79-85bp for the second site. Both saturate at 7.5puM echinomycin.
There are no enhancements flanking either site. Although there are no clear
footprints with this fragment, the strong bands at positions 70 and 81, within each of

the intended target sites, are attenuated on addition of the ligand.

Figs 5.17b and 5.18b show the interaction of echinomycin with histone-bound 7080e.
Overall, the interaction of echinomycin with these nucleosomes has not altered the
rotational position of the core particle since cleavage maxima at the highest drug
concentration remain in the same positions as found in the control. These results are
similar to those obtained in the previous chapter for single inward facing

echinomycin target sites. If binding did occur, we might expect to see a greater
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Figure 5.16 Molecular graphics of the 7080e target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured orange and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger et al 1997, and rendered in Po-ray for Windows.
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Fig 5.17 DNasel digestion data on the interaction between
echinomycin and construct 7080e. The ligand concentration is shown at the top of each
lane and is expressed in M. “Con” indicates the ligand free control digestion and “GA”
are Maxam-Gilbert sequencing lanes specific for guanine and adenine. Black bars indicate
the ligand target site and numbers correspond to the sequence.



Differential Cleavage of Free and Histone-Bound 7080e in
the Presence of Echinomycin (DNasel)
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Fig 5.18 Differential cleavage across the 5’-ACGT-3’ target sites for 7080e free (a)
and histone-bound (b) DNA in the presence of Echinomycin as determined by
DNasel. The DNA sequence is shown in the 3°-5” direction and the target site is
indicated by a red box. (a), the y-axis shows the value obtained for the division of
each band, from a lane where echinomycin has been added (dfx), by the exact
corresponding band in the ligand free control (df). (b), the y-axis shows the value
obtained for the division of each band in the histone-bound sample (dcx) by the
corresponding band in the free DNA (df). Arrows indicate resolved cleavage maxima
where the minor groove faces away from the histone core. For clarity, only three
concentrations of ligand are presented in each chart.



alteration in the nucleosome phasing pattern, which is not observed. In
addition, based upon the model by Widom and co-workers, site exposure across
these target sites should be a rare event, which further reduces the chances of a

ligand molecule interacting with the target sequences.

E3

From the results presented so far it appears that echinomycin constructs containing
two inward facing target sites do not undergo a significant change in their position
relative to the histone core in the presence of ligand. Therefore we decided to add an
additional target site to ascertain whether this would alter the conformation of these
particles in a similar manner to that observed for 49358k and H3. Construct E3
contains the two targets found in 3950e with the additional ACGT site located across
positions 58-61bp. A molecular representation of these histone-bound sites is

presented in fig 5.19.

DNasel cleavage showing the interaction of echinomycin with free £3 DNA is
shown in fig 5.20a from where it can be seen that full binding across each of the
target sites occurs at 7.5:M ligand. Differential cleavage plots derived from these
data are presented in fig 5.21a. As was observed with constructs 39¢ and 3930e there
is a drug-induced enhancement across positions 32-34bp below the lower ACGT

target. Other 3° enhancements are not detected with the remaining two sites.

Figs 5.20b and 5.21b show DNasel footprints for the interaction of echinomycin with
histone-bound E3. The digestion pattern of the drug-free DNA is identical to that
observed for all other constructs confirming that each site is found in a region where
the minor groove is not easily accessible and hence must face the histone octamer.
Examination of the digestion pattern suggests that, even with three inward facing
sites, this construct has not under gone a change in the rotational position of the
superhelix. Although there are a few drug-induced changes in the cleavage pattern

these are much less pronounced than that seen with constructs 49594 and H3. Most
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Figure 5.19 Molecular graphics of the E3 target sites. Each image shows a small portion of the nucleosome
core particle. DNA strands are shown as red ribbons, the target sites are coloured yellow and are presented as
ribbon-ball and stick structures. A portion of the histone octamer is shown as grey ribbons for helices and strands
while sheets are coloured teal. Since only a small region of the complex is presented, there appears to be two DNA
helices. These actually correspond to the one helix which is wrapped around the protein complex. (a)The view is
looking towards the nucleosome perpendicular to the superhelix axis, (b) view looking along the superhelix axis
from above. The lower portion of the superhelix has been omitted for clarity. Images were created in Swiss-Pdb
viewer, from the pdb file submitted by Luger et al 1997, and rendered in Po-ray for Windows.
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Fig 5.20 DNasel digestion data on the interaction between echinomycin and construct £3.
The ligand concentration is shown at the top of each lane and is expressed in uM. “Con”
indicates the ligand free control digestion and “GA”are Maxam-Gilbert sequencing lanes

specific for guanine and adenine. Black bars indicate the ligand target site and numbers

correspond to the sequence.



Differential Cleavage of Free and Histone-Bound E3 in the
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Fig 5.21 Differential cleavage across the 5’-ACGT-3’ target sites for £3 free (a) and
histone-bound (b) DNA in the presence of Echinomycin as determined by DNasel.
The DNA sequence is shown in the 3°-5" direction and the target site is indicated by
a red box. (a), the y-axis shows the value obtained for the division of each band,
from a lane where echinomycin has been added (dfx), by the exact corresponding
band in the ligand free control (df). (b), the y-axis shows the value obtained for the
division of each band in the histone-bound sample (dcx) by the corresponding band
in the free DNA (df). Arrows indicate resolved cleavage maxima where the minor
groove faces away from the histone core. For clarity, only three concentrations of
ligand are presented in each chart.



obvious changes in the digestion pattern are the enhancements across positions 32-
34bp, which are also present in the drug-bound free DNA. These enhancements were
also seen with 3950e. Above this point attenuation in DNasel cleavage is observed
across positions 36-41bp directly across one of the target sites. Weaker attenuation is
also observed across the remaining two target sites. As with other constructs these
changes in cleavage may be the result of drug binding to the histone-bound DNA or
it may be the result of binding to background free DNA in the sample. Additional
changes indicate enhancements at of positions 64 and 75. In general these changes do
not appear to represent a change in the rotational position of the DNA superhelix and

are very similar to that observed with construct 3950e.

Discussion

The results presented in this chapter suggest that the binding of more than one ligand
molecule to the inner surface of the DNA superhelix can cause changes in the
conformation of the nucleosome. This observation is different for the two drugs and
sheds some light on the possible mechanisms for the conformational changes that
occur on binding. The two ligands have very different properties. Hoechst is smaller
than echinomycin and does not distort the DNA helix. In addition it has one formal
positive charge on the piperazine ring, while echinomycin is composed primarily of
neutral amino acids. In this chapter, a minimum number of targets were engineered
into the DNA sequence fem. It was considered more valuable to obtain data on the
events leading up to superhelix rotation rather than to obtain a DNA fragment, which

immediately exhibited this phenomenon.

The binding of Hoechst: superhelix re-positioning?

The results obtained for the interaction of Hoechst 33258 with 4958k and H3
nucleosomes show that at 7.5uM the ligand generates new bands in the DNasel
digests, which are approximately half way between the cleavage maxima in the drug-
free control. In addition, there is a corresponding attenuation of many but not all the
original peaks. Distinct footprints are observed at each target site demonstrating that

despite the occlusion of each target by the histone octamer, these have been bound by
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the ligand. By comparison with the early results of Waring and co-workers, we
might propose that the binding of two Hoechst 33258 molecules to the target sites on
4958h and three to the target sites on H3 nucleosomes causes a change in the
rotational position of the DNA superhelix (Portugal and Waring 1986, Portugal and
Waring 1987a; Portugal and Waring 1987b).

If we consider that the average helical repeat of nucleosome DNA is 10.1bp/turn then
a change in the rotational position of the DNA by 1bp would represent a rotational
movement of 35.46° (360)10.1) between the DNA helix and the surface of the
histone octamer. From the results of 49584 it appears that, on average, there has been
a shift in cleavage maxima by 3.5bp. It therefore follows that this may represent a
change in the rotational position of this DNA by 124.75° (35.46° x 3.5) with respect
to the histone core with addition of Hoechst 33258. It should be noted that this
calculation only takes into account the changes observed in the analysed data
between base pairs 30-80 of the construct and does not take into account further

changes beyond these points.

This is slightly different to earlier results obtained by Waring and co-workers, where
the DNA superhelix was thought to have moved through a full 180° with respect to
the histone core upon the addition of ligands. However, the tyrT fragment used in the
original studies contained many more ligand binding sites than either of these
fragments. With construct H3, the average peak shift across positions 30-80bp was
4.6bp. By using the same calculation, this would correspond to a change in the
rotational position by approximately 166.77° with respect to the protein core and

presumably the greater extent of this change reflects the additional ligand target site.

Although the final conclusions are similar, these results are not the same as those
originally observed (Portugal & Waring, 1986; Portugal & Waring, 1987a; Portugal
& Waring, 1987b). Based on the DNasel results, it seems that the binding of Hoechst
to the inner surface of the DNA brings, about repositioning of the superhelix. This is

in contrast to the previous work, which suggested that changes in phasing were
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caused by the binding to ourward facing sites. In light of the structure of the
nucleosome it seems unlikely that the DNA superhelix would rotate on the surface of
the histone core since this would be energetically unfavourable. Rather, it seems
more likely that the DNA becomes transiently exposed, in a manner similar to that
described by Widom and co-workers (Polach ef al., 2000; Polach & Widom, 1995;
Polach & Widom, 1996; Widom, 1998). During this transient exposure, Hoechst
would have access to the target sites as they dissociate from the protein core; when
the ligand-bound DNA associates with the histone core it adopts a new position.
Although site exposure suggests a cooperative interaction between the two sites (see
section 1.18) 1t is not clear whether this is occurring with constructs 4938k and H3.
The model proposes that successful binding to the site closest to the edge of the DNA

superhelix will increase the binding of a Hoechst molecule to the next site.

The results obtained with hydroxyl radical cleavage provided a less clear picture for
the change in the rotational position of the DNA superhelix, than that observed with
DNasel. Since the phasing pattern appears broadened, with high concentrations of
drug, could the superhelix be caught between two states, i.e. the original rotational
setting and the new rotational setting? Given the different actions of the two cleavage
probes it may be that DNasel more effectively freezes out a dominant conformation

which is more difficult to detect with the much smaller hydroxyl radical.

The interaction of echinomycin at the inner surface

The results for echinomycin are in contrast to those obtained with Hoechst. However,
by using the three double site constructs, with the targets at different translational
positions, and a fragment containing three targets, some interesting results were
generated. The results with construct 2030e demonstrate that, provided the target
sites are located in a region where the DNA helix is fairly mobile (i.e. close to the
ends of the nucleosome) echinomycin molecules can bind to the superhelix. This
appears to have some effect on the conformation of the nucleosome as judged by the
enhanced DNasel throughout the entire histone-bound DNA sequence. It may be that

saturation of these targets makes it more difficult for the superhelix to dock with
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protein octamer in these regions and causing the DNA across a large
proportion of the nucleosome to become more mobile. Therefore, even though
echinomycin is bound at the edge of the superhelix, it is still capable of disrupting
interactions between the DNA and the protein octamer across large distances. There
is no loss in the nucleosome-phasing pattern with increased drug concentration,
although some increases in cleavage across the entire sequence may indicate that a
small proportion of DNA molecules have undergone a change. In reference to the
literature, this is the first time the binding of echinomycin has been directly observed
on nucleosomal DNA since the previous studies revealed changes in cleavage but no
drug footprints. It is interesting to note that binding to the site at 19-22bp appears to
be more efficient compared to the binding at 29-32bp and this may reflect the

differences in site exposure between the two targets.

When the sites are located close to the nucleosome dyad axis, as in construct 7080e,
these alterations in nucleosome structure are not evident and are consistent with the
fact that site exposure of these targets will occur much less often. In both constructs,

echinomycin has not caused a change in the rotational setting of the superhelix.

Similar results were observed with construct 3950e with no drug-induced alteration
of the rotational setting. However, DNasel enhancements are more localised and the
changes around positions such as 31-33bp indicate that the drug may have access to
its target sites. Since this particular enhancement is present in 3930e free DNA it
could arise from a small amount of non-reconstituted material. In addition,
attenuations at positions 23-28 and 37-42bp may actually be very weak drug
footprints. Since other changes are evident in the DNasel cleavage products, which
appear to coincide with these enhancements, and are nucleosome specific, it could be
that these footprints and specific changes in DNasel digestion found in free DNA
might be nucleosome specific. This may actually represent a very weak change in the
structure of the nucleosome, which is propagated by the binding of echinomycin to

the target sites on construct 3950e.
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Based on these results and the analysis of Waring and co-workers (Portugal &
Waring, 1986; Portugal & Waring, 1987a; Portugal & Waring, 1987b) it was hoped
that the binding of three echinomycin molecules would bring about a change in the
rotational setting of the DNA superhelix. However, as the results indicate with
construct £3 there is again no change in the rotational setting of these fragments and

in general, these results were very similar to those obtained for 3950e.
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6 The Effect of Hoechst and Echinomycin on

Nucleosome Core Formation

Introduction

The results presented so far in this report indicate that two or more Hoechst
molecules can bind to target sites located on the outer surface of the nucleosome
without affecting the rotational positioning of the histone-bound DNA. However, the
binding of two or more molecules on the inner side of the superhelix is sufficient to
bring about a change in rotational positioning. In contrast, echinomycin does not to
bind to the outer facing surface of nucleosomal DNA and up to three ligand
molecules are insufficient to bring about repositioning of the histone-bound DNA.
All the data presented so far suggest that conformational changes in the nucleosome
are brought about by the binding of ligands to the inner, and not the outer, surface of
the DNA superhelix. The previous chapters have described the interaction of drugs
with pre-formed nucleosomes, in which the target sites are already occluded by

interaction of the protein.

Based upon this, we decided to study the effects of ligands on nucleosome
reconstitution. This provides information on how nucleosome formation is affected
by the presence of a drug which is already bound to its target sequence. This will
presumably mimic the process of transcription in which the DNA is transiently
dissociated from the histone octamer in contrast to the previous results which model

the effect of the drug on reconstituted DNA. We can envisage several different

scenarios:
1. the drug has no effect on reconstitution

2. the drug prevents reconstitution

3. the drug alters the location of the DNA on the histone octamer
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Results

All constructs used in this series of experiments were the same as those described in
chapters 3-5. Reconstitution was carried out in exactly the same manner, as
previously described, except that drugs were added to free DNA and maintained at a
constant concentration during reconstitution at this stage rather than after
nucleosome formation (see chapter 2, section 2.16). The data are presented as band-
shifts. Hence a positive shift (retarded DNA fragment) indicates that nucleosome

formation is not affected while no or attenuated shift shows that it is disrupted.

In the following band-shift experiments reconstitution efficiencies typically varied by
as much as 5-10% when the same set of samples is run on different gels. This
indicates that the gel conditions may affect nucleosome formation. This decreases the
resolution of this assay since any ligand-induced effect must be greater than ca. 5-
10% to be significant. As a result weak changes in nucleosome formation, resulting

from drug binding, will not be detected.

The Interaction of Ligands with the fem Sequence During Nucleosome

Formation

Before examining the effect of ligands on the reconstitution of various constructs
their effect upon reconstitution with the template sequence, tem, was studied. The
results are presented in fig 6.1 where Hoechst and echinomycin have been added to
the reconstitution mixture, before running on non-denaturing PAGE. Quantitive
analysis of these results, showing the relative amount of histone-bound and free
DNA is presented in fig 6.2. As can be seen there is no change in the level of zem
nucleosome formation. However, in the presence of 25 and 50:M of echinomycin
only 60-50% of the fragment binds to the histone octamer. Since this sequence does
not contain any echinomycin sites we presume that this observation is not a result of
binding of this ligand to the DNA sequence. In addition some material is retained in

the wells at these concentrations which may correspond to drug-induced aggregation
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Fig 6.1 Band-shift assays of nucleosome formation in the presence of Hoechst and echinomycin
with construct fem. The ligand concentration is shown at the top of each lane and is expressed
in M. “Free” indicates unbound DNA and is used as a marker, “Con” is the ligand free control

Bands corresponding to histone-bound DNA are indicated with an arrow.



Nucleosome Formation with Construct tem in the Presence
of Hoechst and Echinomycin
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or precipitation.

Nucleosome Formation with Constructs 35h, 46h, 3546h, 44e and 74e

In chapter three, it was demonstrated that Hoechst and echinomycin did not
significantly alter the conformation of the nucleosome core particle, which contained
their target sites on the outer surface of the DNA superhelix. Band-shift assays for
constructs 35h, 46k and 3546k are presented in figs 6.3a-c and quantitive analysis of
these data, are shown in fig 6.5a. It can be seen that Hoechst has not affected the

efficiency of nucleosome formation, with these fragments.

Similar experiments examining the effect of echinomycin on nucleosome
reconstitution with constructs 44e and 74e¢ are shown in fig 6.4, with quantitive
analysis of these data shown in fig 6.5b. Echinomycin did not interact with pre-
formed 44e and 74e nucleosomes. With construct 44e, nucleosome formation
decreases to 55% (fig 6.5b) in the presence of SuM echinomycin and as the
concentration of drug is increased the band-shift is steadily abolished so that it
represents only 0.3% with 50uM ligand. This effect is clearly much more
pronounced than that seen with echinomycin and fem. A similar result is obtained

with fragment 74e, though the ligand has less effect at the lower concentrations.

Nucleosome Formation with Constructs 3558h, 73h, 39¢, 50e and 100e

Chapter 4 considered the interaction of Hoechst and echinomycin with single inward
facing target sites and it was concluded that little change occurred in these
nucleosomes with the addition of ligand. The exception to this was 734 for which the
phasing pattern deteriorated at high Hoechst concentrations. Band-shift assays, with
construct 3558~ fig 6.6a indicate little change in the efficiency of nucleosome

reconstitution, which is clearly indicated in the quantitive analysis, fig 6.8a.
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Fig 6.3 Gel shift assays of nucleosome formation in the presence of Hoechst with
constructs 354, 46h and 3546h..The ligand concentration is shown at the top of each lane
and is expressed in pM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bans corresponding to histone-bound DNA are indicated with a blue arrow.
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Fig 6.4 Band-shift assays of nucleosome formation in the presence of echinomycin with
constructs 44e and 74e. The ligand concentration is shown at the top of each lane
and is expressed in pM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bands corresponding to histone-bound DNA are indicated with an arrow.



Nucleosome Formation with Constructs 35h, 46h, 3546h,
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Fig 6.5 Band-shift data for constructs from chapter 3. (a), 35h, 46h and 3546h (b),
44e and 74e. Nucleosome formation is expressed as a percentage and is shown in the
y-axis. The ligand concentration is shown on the x-axis.
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Fig 6.6 Gel shift assays of nucleosome formation in the presence of Hoechst with
constructs 35584 and 73h. The ligand concentration is shown at the top of each lane
and is expressed in pM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bans corresponding to histone-bound DNA are indicated with a blue arrow.
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Fig 6.7 Band-shift assays of nucleosome formation in the presence of echinomycin with
constructs 39, 50¢ and /00e. The ligand concentration is shown at the top of each lane
and is expressed in pM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bands corresponding to histone-bound DNA are indicated with an arrow. .



Nucleosome Formation with Constructs 3558h, 73h, 39,
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Fig 6.8 Band-shift data for constructs from chapter 4. (a), 35584 (b), 3%, 50e, and
100e Nucleosome formation is expressed as a percentage and is shown in the y-axis.
The ligand concentration is shown on the x-axis.



However, with construct 73k (fig 6.6b) reconstitution has fallen to 70% with
10puM ligand. In addition, visual inspection of the band-shift for 734 shows a super-
shifted species at concentrations of 2.5, 5 and 7.5:M ligand. The bands in these
super-shifts account for less than 1% the total DNA in each sample and most
probably represent nucleosomes in which the DNA superhelix is not symmetrically

positioned.

In contrast, echinomycin causes a severe disruption in nucleosome formation with
constructs 39e, 50e and 100e, fig 6.6a-c. Analysis of these results, fig 6.8b,
demonstrates that with 39¢ there is a steady fall in histone reconstitution down to less
that 2% with the highest ligand concentration. With construct 50e, where the target
site is 11bp closer to the nucleosome dyad, this reduction in nucleosome formation is
more rapid and falls to 28% with 5uM echinomycin. This is then followed by a
steady reduction and it reaches 1% at the highest ligand concentration. The results
obtained for /00e are very similar except that the initial rate of reduction in
reconstitution is slower than observed with 50¢, with 5uM ligand. This is then

reduced at approximately the same rate until it reaches 0.91% with 50:M ligand.

Nucleosome Formation with Constructs 4958h, H3, 2030e, 3950e, 7080¢ and E3

The final series of band-shift experiments involved the constructs from chapter 5,
which contain 2-3 ligand target sites located on the inward facing side of the DNA
superhelix. The results with pre-formed nucleosomes showed that Hoechst caused
extensive conformational change with constructs 4958h and H3. However, the band-
shift data with these fragments, shown in figs 6.9 and 6.11a, show that the ligand has
very little effect upon the efficiency of nucleosome formation with these constructs,
even at the highest concentrations of Hoechst. The band-shift data highlights the fact
that, despite having up to three inward facing Hoechst target sites, the integrity of the
core particle is maintained in the presence of the ligand. However, it should be

remembered that the present data do not distinguish between Hoechst-DNA-Histone
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Fig 6.9 Gel shift assays of nucleosome formation in the presence of Hoechst with
constructs 4958h and H3. The ligand concentration is shown at the top of each lane
and is expressed in puM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bands corresponding to histone-bound DNA are indicated with an arrow.
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Fig 6.10 Band-shift assays of nucleosome formation in the presence of echinomycin with
constructs 2030e, 3950e, 7080e and E3. The ligand concentration is shown at the top of each lane
and is expressed in uM. “Free” indicates unbound DNA and is used as a marker, “Con” is the
ligand free control. Bands corresponding to histone-bound DNA are indicated with an arrow. .
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formation and exclusion of the ligand during reconstitution.

Once again the results are very different with the echinomycin constructs 2030e,
3950e, 7080¢ and E3. Band-shift assays for these fragments are presented in fig 6.10
and corresponding data analysis is shown in fig 6.11b. As observed with all the
echinomycin constructs, in this section, there is a steady decrease in nucleosome
formation as the drug concentration is increased. However, the rate of decrease is
different for each fragment. With 2030¢ reconstitution is reduced to approximately
50% with 10uM ligand. There is then a steady reduction down to 4% with the
highest drug concentration. However, with construct 3950e, 50% nucleosome
formation occurs between 5-7.5uM echinomycin, which then falls to 2% with the
highest concentration. The results for 7080¢ are very similar to 3950e although the
initial rate of inhibition, at SuM ligand, is 45% for this fragment compared to 67%
for 3950e. With these three constructs, it is also interesting to note the appearance of
material retained in the wells, which coincides with the reduction of a histone bound
species. As with construct 44e, this is thought to represent aggregated material,
which fails to run into the gel. The final construct, £3, shows almost complete
inhibition of a histone-bound species with the lowest drug concentration where
reconstitution was calculated at only 12% with 5uM echinomycin. With 10uM drug,
nucleosome formation was reduced by half to 6%, which is almost identical to 7080e

(7%), and by 50uM there was no detectible signal for a histone-bound species.

Discussion

The results presented in this chapter indicate that Hoechst does not have a significant
effect on the formation of nucleosome reconstitution with these fragments, except for
construct 73/ where formation was reduced at the highest drug concentration. This is
in contrast to the data with echinomycin in which nucleosome formation was
severely disrupted in every case. These results shed some light on the action of each

ligand molecule and also pose some interesting questions about the process of
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nucleosome formation itself.

The interaction of echinomycin with constructs containing previously characterised
single outward and inward target sites.

The results obtained from band-shift assays with constructs 44e and 74e were
unexpected. Since each target site in these DNA fragments lies on the outer surface
of the pre-formed nucleosome it was thought that full access of the drug to its target
would not inhibit the process of reconstitution. We therefore reasoned that the ligand
would simply be displaced from its target site during nucleosome formation.
However, the results in this chapter demonstrate, that this is not the case and that the
drug prevents nucleosome formation. One plausible explanation for these
observations is that echinomycin alters the local DNA conformation on binding to its
target sequence. It may be that the histone core can then no longer bind the distorted
DNA surface. The average helical repeat of nucleosomal DNA is 10.1 bp/turn. Since
echinomycin unwinds the helix by approximately 48° it might be difficult to establish
the local histone-DNA contacts present in the crystal structure. This is especially
relevant since the emerging rules for nucleosome positioning appear to point to the
sequence dependent conformation of DNA. If this is the case, then it might not
matter what orientation the drug site is in since all that is required is to alter the DNA
conformation to such an extent that it is poorly recognised by the histone octamer.
From figs 6.7 and 6.8b it is clear that nucleosome formation is more severely
disrupted in constructs 50e and /00e relative to construct 39e. Since the target sites
in 50e and 100e are both equidistant from the dyad it may be that the severity of
disruption is a consequence of the translational position of the target sites. It is also
interesting that the results observed with construct 44e where similar to that obtained
for 50e and 100e despite the opposite orientation of the target. We therefore conclude
that the translational position of the target site in these constructs is more relevant
than the rotational setting of the site during histone-DNA reconstitution. Although
with construct 74e, ligand binding had a much lower effect upon formation than with

44e. This seems to suggest that binding of echinomycin to the outer surface close to
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the dyad 1is better accommodated. However, with constructs containing
inner facing target sites, it is plausible that the presence of a bound echinomycin
molecule would further disrupt local DNA-histone contacts. Aggregation in core
samples was observed in all gel-shift experiments with echinomycin. Since the
majority of nucleic acid in the sample is unlabelled chicken genomic DNA it will
have many potential echinomycin binding sites. When the ligand is added during
these experiments it will also bind to these additional sites, which may inhibit the
formation of a large population of potential nucleosomes. We therefore conclude
that, in the absence of a bound DNA superhelix, many histone complexes aggregate
and may non-specifically bind DNA. These large aggregates may be inhibited from

entering the gel matrix and are thus visualised in the wells.

The interaction of echinomycin with constructs containing previously characterised
two and three inward facing target sites.

Although two echinomycin molecules bind to construct 2030e, the level of disruption
in nucleosome formation is less than that observed with any other fragment. With
construct 3950e¢, the results were similar to 50e¢ and /00e even though two
echinomycin molecules bind to this construct. Finally, when the two sites were

placed close to the dyad region there was further disruption in reconstitution.

These data further implicate that the position of the target sites are an important
factor during nucleosome formation. However, with construct £3 nucleosome
formation was severely disrupted at low concentrations of echinomycin. We
therefore conclude that with construct E3, the disruption in nucleosome formation is
a result of binding three echinomycin molecules to the DNA fragment during
reconstitution. However, from these data, it is unclear as to what extent the
translational position of the sites has on nucleosome formation. We could envisage
that a construct containing three targets close to one end of the DNA sequence may
require higher ligand concentrations to achieve a similar level of disruption as

observed with construct £3.
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The interaction of Hoechst with constructs during nucleosome formation

The results for constructs 354, 46k and 3546h indicate that these nucleosomes form
with the same rotational position as previously described in chapter 3. Since Hoechst
caused little change in the conformation of the nucleosome it was expected that a
similar situation would occur during nucleosome formation. Hence after nucleosome
formation it is expected that the drug will be bound to the target sites located on the
outer surface of the DNA superhelix. However, the result obtained for 73/ suggests
that the region close to the dyad is sensitive to drug binding at the inner surface since
nucleosome formation was reduced with 10uM Hoechst. Since there was no
detectable change in the level of reconstitution with construct 3558% it is concluded
that the drug must be simply displaced or accommodated at the inward facing target
(58-61bp). Given that Hoechst contains one formal positive charge and that the
surface of the histone octamer is highly basic it would seem reasonable to conclude

that the drug is displaced so as to avoid electrostatic repulsion.

With constructs 49587 and H3 we conclude that the rotational position of the DNA
superhelix has altered in the presence of Hoechst. The ligand should have full access
to the target sites during reconstitution. If the DNA superhelix binds to the histone
octamer so that the target sites are facing inward, energetically unfavourable clashes
between the bound Hoechst molecules and the protein surface may cause the
superhelix to lie with a different rotational setting. If rotation did not occur we might
expect attenuation in the histone-bound DNA species in the band-shift experiments
since presumably the presence of two or more Hoechst molecules would then disrupt
nucleosome formation in a manner consistent with that found in constructs

containing target sites for echinomycin.
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7 General Conclusions

From the results presented in this thesis it is clear that sequence selective DNA
binding ligands can interact with nucleosome core particles. However, there are
differences in the details of this interaction between the two drugs studied. It was
previously suggested by Waring and co-workers (Portugal and Waring 1986;
Portugal and Waring 1987a; Portugal and Waring 1987b) that ligands can bind to
target sites located on the outer surface of the DNA superhelix, and that this
interaction causes the superhelix to rotate through 180° on the surface of the histone
core. The driving force for this change in conformation was thought to be an increase
in non-bonded interactions between the walls of the minor groove and the bound
ligand which would now be located on the histone-facing side of the superhelix and

hence on the inner surface of the coil.

In the light of these conclusions, we first decided to assess the interaction of Hoechst
and echinomycin with sites located on the outer facing surface of the nucleosome
(chapter 3). From these experiments, it was shown that Hoechst could bind to unique
target sites with this rotational setting. Binding is also observed with DNA constructs
containing two or more outward facing binding sites. These results represent the first
direct observation of footprints for the interaction of a ligand with nucleosome-bound

DNA.

In contrast, we failed to detect binding of echinomycin to unique outward facing
sites, thereby raising some interesting questions. The footprint observed with
Hoechst is strongly suggestive that the DNA superhelix has not undergone a change

in the rotational position.

It is possible the differences between the present results and those of Waring and co-
workers (Portugal and Waring 1986; Portugal and Waring 1987a; Portugal and
Waring 1987b) arise from co-operative interactions between two closely spaced

echinomycin molecules in the previous studies. The helical repeat of nucleosome
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DNA i1s approximately 10.1bp/turn, hence for two echinomycin molecules to bind in
close proximity and remain on the outer surface of the core particle the closest
spacing between each target site would be approximately 6bp. Cooperativity has
been previously demonstrated for echinomycin binding to two CG sites which are
separated by up to 4bp (Bailly et a/. 1996) but it is presently not clear whether this
would extend to 6bp. In addition, the region between each target site, on nucleosome
DNA, would have extensive interactions with the histone octamer principally via salt
linkages between hydroxyl side-chains and phosphate groups of the helix backbone.
If cooperativity, between two CG sites, were mediated through alterations in the
conformation of the DNA, then histone-DNA contacts at the inner-facing region

between the target sites would presumably inhibit such a mechanism.

Since no significant changes in the rotational position were evident with outer facing
Hoechst sites, the next series of experiments evaluated the role of single inward
facing sites. The results presented in chapter 4 demonstrated that binding to these did
not cause any change in the conformation of the nucleosome, except for construct
73h where the inner facing site was positioned close to the dyad axis. Waring and
co-workers (Portugal and Waring 1986; Portugal and Waring 1987a; Portugal and
Waring 1987b) proposed that two or more ligands might be required to bring about a
change in the rotational setting of the DNA superhelix. These experiments with

single inward facing sites are therefore consistent with this suggestion.

In chapter 5, the studies with 2-3 inner-facing target sites showed that Hoechst 33258
produced clear changes in the digestion pattern of the construct, consistent with a
change in the rotational setting of the DNA. These results are in agreement with
previous work carried out by Brown and Fox (1996) in which a construct with
multiple inward facing Hoechst sites was observed to rotate in the presence of ligand.
In contrast, echinomycin failed to alter the rotational position of the DNA superhelix

even when three inward facing sites were present.

These different results must reflect differences in the structures and modes of binding
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of the two ligands. Hoechst is smaller than echinomycin and causes little change
in DNA conformation upon binding. It also carries one formal positive charge. In
contrast, echinomycin causes large local distortions in DNA conformation, and is

composed primarily of neutral amino acids ordered into a bulky octa-peptide ring.

It has been previously suggested that one contributing factor in the drug-induced
rotation of the DNA superhelix might be electrostatic repulsion between a bound
ligand and the histone core (Brown and Fox 1996). Under these circumstances, the
positively charged piperazine group of Hoechst and the basic surface of the histone
octamer may repel each other. Since some rotation is observed with two inward
facing Hoechst sites it follows that two positive charges placed consecutively at the
inner surface of the superhelix are sufficient to bring about this change in
conformation. The presence of a third Hoechst molecule, and hence a third positive
charge, increases the number of nucleosomes in the population which undergo this
change in the rotational position of the superhelix (observed in the results for

construct A3 relative to 4958h).

Without formal molecular modelling, it is difficult to envisage exactly what
interactions occur between Hoechst and the surface of the histone octamer. However,
the nucleosome crystal structure reveals that an arginine side chain penetrates the
minor groove every time it faces the protein core (Luger et al. 1997). This side chain
is prevented from making hydrogen bond interactions with the surface of exposed
DNA bases due to constrains imposed on it by the remainder of the protein. Despite
this, it does occlude a significant portion of the minor groove (see fig 7.1). In this
figure a section of the histone octamer has been coloured according to electrostatic
charge and hence demonstrates the electro-positive nature of the DNA binding
surface. What might be the sequence of events, which leads to the observed changes
in the rotational position of the DNA superhelix with constructs 49584 and H3 in the

presence of Hoechst?

In order to interact with nucleosome-bound DNA it seems reasonable to suppose that
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Fig 7.1 Models detailing interactions inside the inner facing minor groove. (A), the electro-
static surface of the histone octamer surrounding the AATT 49-52bp site. Blue indicates regions of positive
charge with a potential approaching 1.8 while red indicates regions of negative charge with the potential
approaching -1.8. Only a small area of the protein core is shown. The DNA is coloured light green with the
AATT target site indicated in orange. This view looks directly into the minor groove from the top of the
nucleosome. The presence of arginine is marked in the structure. (B), a stereo
view of the interactions between a bound Hoechst molecule and the surface of the
histoneoctamer. Acidic amino acids are coloured blue and Arg 83 is coloured red. The
DNA is shown in gold with the AATT target site coloured teal. Images were created
In Swiss-pdb Viewer, from the submitted file from Luger et al. 1997, and rendered in Pov-Ray for windows 98.



the ligand will have to wait until a target site becomes exposed. According to
Widom and co-workers (Polach and Widom 1995), target sites further away from the
nucleosome dyad will be exposed more often than those close to the centre.
Therefore we might imagine that AAAA across positions 39-42bp (in construct /43)
is more readily occupied than the AATT sites at positions 49-52 and 58-61bp. This
model suggest that binding to AAAA will increase the binding to AATT (49-52bp)
which will in turn increase the binding to AATT (58-52bp). These successive
interactions will be cooperative. Since rotation is observed with this construct we can
assume that non-favourable interactions occur between the ligand and the surface of
the histone octamer, and that the binding of one molecule increases the binding of a

second Hoechst molecule and so on.

This process of electrostatic repulsion between Hoechst and the surface of the
histone core most probably does not occur between the piperazine group and a single
histone side-chain (e.g. the minor groove facing arginine). Rather it seems more
likely that piperazine interacts with the net positive charge across an area of the core
since the situation is made complex by the presence of the DNA backbone and acidic
protein side chains (which would neutralize positive charges on the surface of the

protein; see Fig 7.1b).

How might the actual process of rotation occur? The information gained from the
crystal structure of the nucleosome suggests that the DNA superhelix is unlikely to
rotate across the surface of the histone core. Such a process would involve the
simultaneous breaking and reforming of many salt linkages and it is unlikely that the
binding of Hoechst would provide sufficient energy for this mechanism. It seems
more likely that the DNA is transiently displaced from the surface of the protein and
re-docks in the new rotational position. It is not clear whether this occurs by
wholesale displacement of the DNA or by local displacement and re-docking, which
may be subsequently propagated around the structure. However, to maintain the

stability of the core, the second scenario appears more favourable.
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Although the echinomycin has little effect on the conformation of pre-formed
nucleosomes, it causes major disruption when added during the reconstitution
process, as assessed by the band-shift experiments. As discussed in chapter 6 it is
also interesting to note that inhibition of nucleosome reconstitution appears to be
dependent on the translational position of the target sites. The binding of
echinomycin to sites, which are expected to be close to the dyad, has a greater effect
upon reconstitution than a site placed close to one end of the DNA superhelix. The
binding of three ligand molecules, as in construct E3, completely abolishes
nucleosome formation. The different results between constructs 4+¢ and 74e may be
explained by differences in the DNA conformation at each target site when
complexed as a nucleosome core particle. Across positions 43-46bp the DNA has
smaller helical repeat (10.1bp/turn) than found across the dyad region(10.7bp/turn).
Echinomycin unwinds DNA upon binding and requires the path of the helix to be
relatively straight. Therefore, it may be that a bound molecule is tolerated near the
dyad, during nucleosome formation, since the drug would cause less total
conformational deviation in the superhelix from that found in a native nucleosome.
In contrast, binding to the site in construct 44e induces greater conformational
differences, in the DNA superhelix, relative to that found in a native nucleosome, 1.e.
an increased helical repeat from intercalation and Iess overall curvature in the path of

the DNA superhelix.

Although these ligands are not used clinically, the differences in their effects upon
the nucleosome may provide some information as to how they might interact with
native hetero-chromatin. These results suggest that echinomycin and similar ligands
will bind better to transcriptionally active chromatin in which the DNA is more
exposed. In contrast minor groove ligands may be better able to bind to chromatin

that is not being actively transcribed.

It is not clear whether the Hoechst-induced changes in nucleosome structure will
occur in chromatin since the results in this thesis deal with isolated nucleosome core

particles. It is interesting to speculate what might happen when a DNA fragment is
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bound to more than one histone octamer. Could the ligand still produce a change in
the rotational position of the DNA in the nucleosome containing its binding sites? If
this does occur would this change in the rotational position be transmitted to other
nucleosomes in the chain or would it be localized across one complex? If it were
localized these changes may alter the conformation of the linker DNA between
nucleosomes. An analogy is twisting an elastic band at its centre when both ends are
constrained; the result is a change in structure (writhe) as the energy of twisting is
accommodated. It is worth noting that (A/T), sites are relatively common (1 in every
16 tetranucleotides — i.e. on average every 64 bases) so that every nucleosome-length

fragment will contain at least one, and probably two binding sites.

The work presented in this thesis has attempted to answer some of the questions
relating to the interaction of small DNA binding ligands with nucleosome core
particles. We now know how many molecules are required to bring about a change in
the rotational position of the DNA superhelix. There is strong evidence that the
changes in nucleosome positioning are caused by Hoechst binding to the inner and
not the outer surface of the nucleosome. In contrast to previous results, these data
also demonstrate that echinomycin does not cause a rearrangement of nucleosome-
bound DNA. These experiments have provided the first direct observation for ligand
binding to the nucleosome, as seen with the clear DNasel footprints seen with
constructs containing outward facing Hoechst sites and an echinomycin construct
containing two inner facing sites at the edge of the DNA superhelix. The band-shift
studies clearly show that the presence of echinomycin during nucleosome formation
inhibits reconstitution in a manner, which is dependent upon the translational
position of the target sites. This is in agreement with studies carried out by Widom
and co-workers (Polach and Widom 1995; Polach and Widom 1996; Widom 1998;
Anderson and Widom 2000; Polach et a/ 2000).
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