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Abstract

This work describes the interactions of small molecules with nucleic acid
structures. Chapter 1 is concerned with the structure of DNA and goes on to
explain the structure of the DNA Holliday junction, an intermediate in
homologous recombination. Chapter 2 explains why the DNA Holliday junction
is a potential therapeutic target for small molecules in the disruption of certain
pathways utilizing homologous recombination. Chapter 3 goes on to describe
the process of ligand design with the development of the bis(9-aminoacridine-4carboxamides) as potential junction binders. Chapter 4 is concerned with DNA
crystallography as a method to examine small molecule binding to nucleic acid
structures. Chapter 5 presents Structure 1: the first structural evidence of a
small synthetic molecule non-covalently cross-linking two DNA duplexes. The
asymmetric unit consists of one DNA duplex containing an intercalated acridine4-carboxamide chromophore at each of the two CG steps. The other half of
each ligand is bound to another DNA molecule in a symmetry related manner,
with the alkyl

linker threading through the

minor grooves. The two

crystallographically independent ligand molecules adopt distinct side chain
interactions, forming hydrogen bonds to either 06 or N7 on the major groove
face of guanine, in contrast with the semi-disordered state of monointercalators bound to the same DNA molecule. The complex described here

suggests a possible explanation for the inconsistent behaviour of 6-carbon
linked bis-acridines in previous assays of DNA bis-intercalation. Chapter 6
presents Structure 2: the first example of non-covalent small molecule binding
to the DNA Holliday junction. The bis-acridine molecule; compound 2, binds
across the centre of the junction, and the two adenines either side of the
junction cross-over, are replaced by the acridine chromophores. These line up
with adjacent thymine bases and form stacking interactions with the pyrimidine
bases above and below. The linker lies across the junction centre in the major
groove and the side chains attached to each chromophore thread through into
the minor grooves, forming hydrogen bonding interactions with the surrounding
DNA bases. This structure represents a starting point for the design and
synthesis of new ligands capable of binding to the DNA Holliday junction in
preference to any other DNA structure. The disruption or stabilisation of
Holliday junctions could eventually lead to the inhibition or prevention of
inappropriate homologous recombination, a new direction in the targeting of
tumour cells utilising HR as a means to maintain immortality. Chapter 7 lists the
experimental results for both the synthetic and the crystaiiographic techniques.

Chapter 1
DNA and the Holliday Junction

The work presented in this thesis is concerned with
the interactions o f nucleic acid structures with sm all
synthetic molecules. D N A , o r deoxyribonucleic acid
is a simple polym er made up o f ju s t fo u r different
nucleotides. The sim plicity o f D N A in itia lly deemed
it u n q u a lifie d to be the 'code' o f life. However, it
was eventually determined as the ca rrie r o f genes,
responsible f o r
heredity.

This

our

in d ivid u a lity;

chapter covers

the

u n it

of

the fun d a m e n ta l

aspects o f D N A discovery, its m olecular structure
and fin a lly , a description o f the D N A H o llid a y
ju n c tio n , a higher order D N A m otif.

CHAPTER 1. DNA and the Hoiiiday Junction

1.1 The History of DNA
All throughout history, there have been observations, guesses, and random
theories as to how heredity works of which perhaps the best was Aristotle's. He
of course had the details incorrect but he came close to the truth with a
suggestion that biological inheritance implies the transmission of a 'plan for
development' from parent to offspring. The first step towards solving the
mystery of "how does heredity work?" took place in 1865. Previous to this in
1859, the publication of Darwin's Vrigin o f Species' provided a range of
interesting arguments about the theory of evolution but the key question was
somehow overlooked; how did these evolutionary adaptations actually occur? In
1866, Gregor Mendel published a paper outlining the mechanism of biological
inheritance.^^^ His findings would later go on to explain the mystery of heredity.
Mendel grew pea plants, which exhibited particular characteristics and then
cross-bred them with strains that had opposite characteristics, for example
wrinkled seeds as opposed to smooth ones. From the progeny, he postulated
that when an organism reproduces itself sexually, characteristics are inherited
according to a determinable pattern involving 'units of inheritance' located in
the reproductive cells of the parents. Consequentially, the distribution of
characteristics in the offspring can be accurately predicted and thus described
by a simple mathematical formula. These 'units of inheritance' described by
Mendel are now called genes.

It finally became apparent through evidence provided by classic genetics
experiments on the DrosophUia fly that genes resided in the chromosomes.
Identification could also be made between a specific gene and a particular
chromosome to the extent that various genetic characteristics of the fly could
be mapped to precise locations on the chromosome. How these chromosomes
contained such complex genetic information was still unknown. They were
made up from a very limited number of constituents, one being protein and the
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Other we now know as nucleic acid. The question arose as to which one
possessed the ability to transmit this complex genetic information. P. A. Levene
and his co-workers focused on the nucleic acid side of the problem. They
identified the two forms of nucleic acid, DNA or deoxyribonucleic acid and RNA
or ribonucleic acid, which differed in their subunit make-up. Levene correctly
identified that RNA was a molecule made up from a spine of phosphate-sugar
links with purine and pyrimidine bases "sticking outV^^ however, he was
incorrect in suggesting that the whole molecule was a short one, made up of
only four nucleotide monomers; the emergence of the tetranucleotide theory. It
was due to this assumption that research in this area stagnated as it seemed
highly implausible that a molecule consisting of only four monomer units was
sufficiently complex to control the mechanisms of heredity.

It was not until 1944, and after a great many unsuccessful genetics
experiments, that evidence published by 0. T. Avery*^^^ directed interest back
towards the elusive DNA molecule. He showed that bacterial DNA appeared to
be the carrier of bacterial heredity. After initial scepticism, a body of supporting
theory was generated and with this new evidence, the tetranucleotide theory
was disproved. One of the major breakthroughs came in 1950 when Erwin
Chargaff

used

a

paper

chromatographic

method

to

make

accurate

measurements of the components of DNA, he showed that the four bases;
adenine, guanine, cytosine and thymine were present in varying proportions
according to the biological source from which they were taken.^'^^ His theory
proposed that if the DNA molecule contains genetic information, then that
information cannot be carried in any way other than as the '^specific sequence

o f the fournudeotide bases"d\or\q the polynucleotide chain.

Finally it seemed clear how DNA could act as the carrier for genetic information.
This theory was later expanded to provide Chargaff's Rule^"^^ where the DNA of
any species always showed that the number of adenine residues equalled the
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number of thymine residues and the number of guanine residues equalled the
number of cytosine residues. The next two contributors in the hunt to find the
structure of DNA were Rosalind Franklin and Maurice Wilkins of Kings College,
London. During 1950, Wilkins succeeded in obtaining well oriented fine fibres
from a specimen of DNA which gave X-ray diffraction of exceptional quality. It
was as a result of this that Franklin undertook a systematic X-ray investigation
of these fibres.

Franklin was able to isolate the B form of DNA, allowing its

structural differences to the previously-documented A form to be observed for
the first time. Franklin was able to suggest from her results that DNA was

helical structure containing probabiy 2, 3 or 4 co-axiai nucieic acid chains per
heiicai unit, and having the phosphate groups n ear the outside"
Following this key observation, it was James Watson and Francis Crick who
were eventually able to propose a model to allow the structure of DNA to be
solved.^^^ This discovery resulted in a Nobel Prize in 1963 for three of the four
scientists for their work which finally unearthed the true structure of DNA.
Unfortunately, Franklin did not receive the Nobel Prize with her colleagues due
to her untimely death from cancer at the age of 37, before the prize was
awarded.

1.2 The Primary Structure of DNA
The structure of DNA, as explained by Watson and Crick^^^ has two helical
chains, each coiled round the same axis, both of which show right-handed
helices. These chains run in opposite directions (3' ascending, and 5'
descending) and are held together by purine and pyrimidine bases (Figure 1.1).
The bases are joined together in pairs via inter-chain hydrogen bonding. For
each given pair, one base must be a purine and the other base a pyrimidine for
bonding to occur, and only specific pairs of bases can bond together. These
pairs are adenine (purine) with thymine (pyrimidine), and guanine (purine) with
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cytosine (pyrimidine). This type of base pairing is referred to as Watson-Crick
base pairing (Figure 1.2). Since the discovery of the structure of B-DNA, the
structures of both A-DNA^^^ and Z-DNA^^^^ have also been solved (Figures 1.8 1. 10).

NH
4

NH2

Guanine

Adenine

NH
5

6

Thymine

Cytosine

Figure 1.1 The four bases found within a DNA molecule. They are adenine and guanine (both purine bases), and
cytosine and thymine (both pyrimidine bases). The numbering scheme for the atoms in the aromatic rings are shown in
red.

A molecule of DNA is defined as one of the strands of the DNA double helix.
Each DNA strand consists of a chain of nucleotides which in turn are made up
from three separate parts, a sugar (deoxyribose), a phosphate and one of the
four bases (Figure 1.3). Each nucleotide is joined to the next by a type of
covalent bond known as a phosphodiester bond; each base is joined to its
sugar by a glycosidic bond and the overall molecule has various geometric
properties as a result of sugar puckering and phosphodiester backbone torsion.
In addition to this, bases and base pairs can be defined by a set of various
parameters

based

upon

rotational

and translational

properties are explained in the following sections.

movement.

These
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Adenine
Sugar

I

Thymine o

Sugar

M

Guanine

Sugar

Cytosine R

Y
S ugar

Figure 1.2 Standard Watson and Crick DNA base pairing. Thymine pairs with adenine and cytosine pairs with guanine.
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Figure 1.3 A short nucleotide chain descending from 5' to 3' made up from four nucleotide units.
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1.2.1 Sugar Puckering
The deoxyribose sugar is a non-planar, five membered ringJ^^ It prefers to exist
in orientations which minimise the steric strain energy within the ring. These
orientations are known as the sugar pucker and they determine the shape of
the helix and also whether the DNA molecule adopts the A or the B
configuration. There are four conformations of sugar pucker, two of these are
e/7C7b-puckers which means that one or two atoms (C2' or C3') are turned out of
the plane into the direction of the atom 05'. Exo-pucker describes a shift in the
opposite direction. In RNA, the ribose sugar is predominantly in the C3'- endo
conformation whereas deoxyribose in DNA can exist in both the C2'- endo and
C3'- endo conformations. More specifically, the A and B forms of DNA differ
mainly due to their sugar pucker. In the A form, the C3' atom appears to be
above the sugar ring, whilst the C2' atom appears below it. Thus, the A form is
described as cy-endo. Likewise, in the B form, the C2' atom appears above the
sugar ring, whilst C3' is below; this is called C2'-endo (Figure 1.4). The
deoxyribose sugar in Z-DNA can exist in both conformations, depending on the
base attached.

O

0

0 3 ’ -E n d o

o
BASE

0 2 ’ - Endo
BASE

0

/
Figure 1.4 The two types of sugar pucker seen with deoxyribose

The differences in sugar pucker in A- and B-DNA cause variations in the
distances between adjacent phosphates which amount to around one
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Angstrom. This results in an extra couple of base pairs to each helix turn in an
A-DNA strand, when compared to that of B-DNA.

1 .2 .2 The Glycosidic Bond
The bond that joins the deoxyribose sugar to the base is called the glycosidic
bond. More specifically, it is an N-glycosidic bond where the anomeric carbon
on the sugar is bound to the base via the nitrogen atom in the aromatic ring.
This bond has the potential for free rotation, so there is the potential for a large
range of torsion angles; however, structural constraints within the DNA
structure restrict the amount of orientations possible. Glycosidic torsion angles
are defined by the four atoms 04'-CT-Nl-C2 for pyrimidines and 04'-CT-N9-C4
for purines, and there are two distinct orientations which the bases can exist in
when connected to the sugar. These are known as syn and anti (Figure 1.5)
and it is the latter that predominates in DNA which allows the hydrogen bonds
to form between the base pairs in the DNA double helix.

Figure 1.5 The two conformations of nucleosides, the figure shows 5//7-adenosine on the left and æf/'-adenosine on
the right

Both A- and B-DNA have j/?^glycosidic bonds throughout their structure,
however, in Z-DNA, the pyrimidine bases are bonded to the sugar via anth
glycosidic bonds but the purine bases are bonded via 5//7-glycosidic bonds.

CHAPTER 1. DNA and the Holliday Junction
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1 .2 .3 The Phosphodiester Backbone
The phosphodiester backbone of DNA is described by eleven torsion angles/^^
including five from the sugar ring (Figure 1.6a) and six angles on the actual
phosphodiester chain (Figure 1.6b).

Base

Figure 1.6 The eleven torsion angles which define the position of the phosphodiester backbone of DNA. (a) The five
internal torsion angles in a deoxyribose ring, (b) The six torsion angles in the phosphodiester backbone.

The possible range of values that these angles could adopt is severely restricted
as a result of steric considerations. The backbone of a polynucleotide chain
consists of a repeating unit of six single bonds including one from the sugar
ring; P-05', 05'-C5% C5'-C4', C4'-C3% C3'-03' and 03'-P (from bottom to top in
Figure 1.6b). The torsion angles about these bonds are assigned a symbol,
these are respectively; a, p, y, 5, s,

The sugar ring consists of five bonds;

04'-Cl% CT-C2', C2'-C3', C3'-C4' and C4'-04' and the five endocyclic torsion
angles are described by the symbols, v°, v‘, v^,

and

backbone torsion angle 6 and the endocyclic torsion angle

respectively. The
both refer to

rotation about the same bond, C4'-C3', and as a result, for angle 5, the bond
adopts a value correlated with the conformation of the sugar pucker.
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12

1 .2 .4 Nucleic A d d H elical Param eters
Individual bases and base pairs within a double helix can be described by a
standardized set of parameters^^^^ which aliow the conformation of a nucleic
acid to be recorded in detail. These parameters can be divided into three
separate groups. The first group describes the relative position of one base to
another within the same base pair (shear, buckie, stretch, propelier, stagger
and opening). The second group describes the reiative position of one base pair
to another adjacent base pair (shift, tilt, slide, roil, rise and twist). The final
group describes the relative position of a base pair to the helix axis (xdisplacement, inclination, y-displacement and tip). Within these groups, some
parameters describe rotationai movement (tip, inciination, opening, propel ier,
buckle, twist, roll and tilt) and some describe translational movement (x,
displacement, y-displacement, stagger, stretch, shear, rise siide and shift). The
parameters can therefore be separated alternativeiy according to which type of
movement they describe (Figure 1.7).

CHAPTER 1. DNA and the Holliday Junction
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X
Shear

Buckle

Stretch

Propeller

Stagger

Opening

x-displacement

Sh ft

Twist

inclination

Coordinate
Frame
y displacement

Figure 1.7 Visual representation of the nucleic acid helical parameters. The parameters are divided into three groups:
movement within a base pair (upper left); movement between two base pairs (upper right); and movement of a base
pair relative to the helix axis (lower left). The rotational parameters are highlighted in grey. These parameters for
Structure 1 are discussed in Chapter 5, the base-pair step and base-pair parameters for Structure 1 were taken from
the NDB website under derivative data. The method used to compute the values for Structure 1 can be found at:
http:,'/Tidbserver.rutqeis.eLlu/standards/stdiidard reference.html
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1.3 The Secondary Structure of DNA
Early diffraction studies carried out on DNA fibres around the early 1950's
identified two distinct conformations of DNA. At low humidity and high salt
concentration, A-DNA was favoured as opposed to conditions of high humidity
and low salt concentration where B-DNA was f a v o u r e d . I n 1979, the lefthanded helical structure of Z-DNA^^^ was discovered. These three main forms of
DNA are described in the next three sub-sections.

1.3.1 A DNA
The A-type DNA^^^ (Figure 1.8) consists of a right-handed double helix with
approximately 11 residues per turn. The deoxyribose sugar adopts a C3'-endo
conformation and the glycosidic bonds joining the sugars to the bases are anti
where the bases are directed away from the sugar ring. The planes of the base
pairs in the helix are tilted by ~20° away from the perpendicular to the helix
axis with a rotation ~30° per nucleotide step, equating to a helix turn every
23Â. The sugar-phosphate backbone has an anti-periplanar conformation with a
deep, narrow major groove and a shallow, wide minor groove producing a
hollow central core around which the helix coils. It is formed through the
dehydration of B-DNA.

Figure 1.8 Structure of A-DNA (PDB Code: 414D).
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1 3 .2 B-DNA
This is the classical Watson-Crick double helix^^^ containing approximately 10
residues per turn tilted between -16° and -6°. The sugar pucker is C2'-endo
and the glycosidic bonds are

where the bases are directed away from the

sugar ring. The planes of the base pairs are perpendicular to the helical axis,
with a rotation of between 36° to 45°, equating to a helix turn every 34Â. The
tertiary structure of B-DNA shows a wide major groove and a narrow minor
groove with depths of approximately 7Â. (Figure 1.9) B-DNA is the most stable
form of DNA, with the assumption that it is this form that represents most of
the DNA in a cell.

Figure 1.9 Structure of B-DNA (PDB Code: 424D).

1 .3 .3 Z-DNA
This form of DNA^^^ is a left-handed double-helical structure that is stabilised by
high salt concentrations. It contains approximately 12 residues per turn with a
base rotation of between -9° and -50°, equating to a helix turn every 46Â
(Figure 1.10). The deoxyribose sugars adopts the C3'-endo conformation if
bonded to a pyrimidine (C) or the C2'-endo conformation if bonded to a purine
(G). No naturally-occurring, long DNA molecule has been shown to be entirely
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in the form of Z-DNA. Regions of alternating purine-pyrimidine, for example,
CGCG, etc. are more prone to form Z-DNA. The conformation of the base
relative to the sugar (the glycosidic bond orientation) is important for Z-DNA. In
A and B-DNA, bases can only exist in the

conformation, pyrimidines usually

cannot adopt the syn conformation. This is contrary to Z-DNA where an
alternating CGCG sequence shows the cytosine bases linked to the sugar via an
a/?A^glycosidic bond and the guanine bases linked via a 5//>glycosidic bond.
Formation of Z-DNA in B-DNA unwinds the DNA causing a change from a righthanded to a left-handed helix.

a

Figure 1.10 Structure of Z-DNA (PDB Code: HOT).

1.4 The Holliday Junction
Homologous genetic recombination is an essential life process for two reasons.
The first is the promotion of genetic diversity. If DNA could replicate to allow
100% fidelity, offspring would always have the same genetic background.
However, most species have evolved to survive which requires genetic change
such as recombination of very similar parts of the DNA. The second reason
almost seems to contradict the first in that homologous genetic recombination
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also serves to maintain genetic integrity. This is demonstrated by the repair of
lesions in DNA to minimise any changes in the genetic sequence. The changes
in DNA which result in homologous genetic recombination were first modeiled
by Robin Holliday in 1964. He suggested that a four-stranded DNA junction
existed as a structural intermediate in his proposed model to account for the
means by which genetic information is exchanged in y e a s t . H o l l i d a y
suggested that his four way junction was a DNA 'crossover' with separate
stacked DNA helices in either a parallel or anti-parallel orientation. The Holliday
junction, as it is now known, is an intermediate in the model that explains the
recombination of genes and DNA repair events. The Holliday model of
recombination was re-established by D. Dressier and H. Potter in 1978 who
demonstrated that the proposed intermediate existed; their results were
published validating the Holliday model of recombination.'^^'^^ In 1988, David
Li Iley, solved the structure in adubon^^ using NMR, but it took another 10
years to solve the actual crystal structure. Gerald Joyce, Professor of
biochemistry at the Scripps Research Institute, was trying to crystailise a DNA
enzyme complex with an RNA substrate when it dimerised, forming a four-way
junction of two DNA strands and two RNA strands.Technically, this molecule
was not a Holliday junction, since it was formed from RNA and DNA strands.
Miquel Coll, from the Institut de Biologia Molecular in Barcelona, accidentally
crystallised a true Holliday junction in 1999^^^^ with two fold symmetry and
pairwise stacking of the double-helical arms which formed two continuous BDNA helices running anti-parallel. They crossed in a right-handed way with two
central consecutive adenine-guanine mismatches (Figure 1.11).
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Figure 1.11 The first Holliday junction crystal structure to be solved, this was formed from the sequence
d(CCGGGACCGG) 4 and solved by Miquel Coll et al. in 1999.^*^’

1.4.1 Holliday Junction Structure
The Holliday junction is a four-way junction in which four nucleotide strands
cross to form two shared double-helical segments. Two distinct structures are
formed where the first has a central open region and the second adopts an Xstacked conformation. In the former, the four arms are directed towards the
corners of a square (Figure 1.12a), and in the latter, the junction undergoes a
folding process whereby the overall symmetry is lowered (Figure 1.12b). This
causes the formation of two types of strands in the X-stacked structure; two
strands run continuously with an unbroken axis that passes through the point of
strand exchange, and the remaining two strands cross over from one pair of
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Stacked helices to the other. This defines the point of strand exchange at the
crossover.

%

Figure 1.12 The two conformations of the DNA Holliday junction, (a) The open-X form where four B-DNA arms are
directed towards the corners of a square, (b) The stacked-X form where the junction undergoes folding and symmetry
is lowered. The stacked-X conformation occurs when the open-X form interacts with proteins or certain metal cations. It
is also this conformation that is seen in every crystal structure solved to date.

There have been a number of structural characterisations of Holliday junctions
between 1999 and 2005. The first paper was published by M. Coll^^^^ and co
workers and describes a Holliday junction crystallised from the mismatched
sequence

d(CCGGGACCGG)4 .

The

sequence

d(CCGGTACCGG) 4

which

crystallised as a junction with the addition of multivalent cations was first
reported in 2000.^^®^ It was later also reported to form a junction when
covalently bound by the light activated compound psoralen.^^^^ In 2002, another
Holliday junction was reported by P. S. Ho and J. M Vargarson, which was
formed from the methylated sequence d(CCGGTACm^CGG).^^°^ In 2003 P. S. Ho
continued to develop his research into the crystallisation of Holliday junctions,
and started to focus more on the effect of sequence on the conformation of
Holliday junction structures. He reported two new Holliday junction structures
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formed from the sequences d(CCGGCGCCGG) 4 and d(CCAGTAC(BrU)GG)4 .'^^^^
From this work, he showed that the central ACC-trlnucleotide motif, previously
identified as important for stabilizing the junction, is now not exclusive for
junction formation and stabilization. Instead, the central region of the sequence
can be Pu-C-Py, where Pu is either an adenine or guanine, and Py is either a
cytosine, a 5-methylcytosine,*^^°^ or 5-bromouracil but not a thymine nucleotide.
In 2005, in his most recent publication, Shing Ho outlined how sequence
defines structure,*^^^^ where he examined the inverted repeat DNA sequence

(^{CCnnnNeN/Né^G) where Ne, Ny, and Ns were any of the four naturally
occurring nucleotides and nnn are self complimentary depending on the
nucleotides chosen. This general sequence crystallised as B-DNA, A-DNA or
Holliday junctions depending on which specific nucleotide sequence was used.
Four Holliday junction structures resulted: d(CCGGTACCGG) 4 with a calcium ion
in the

asymmetric

unit,

d(CCGGGCCCGG)4 ,

and

two

structures

from

d(CCGATATCGG) 4 each with a calcium ion present but in different locations.

Within the HeiiX Group at Reading, work has focused on the crystallisation of
Holliday junctions in the presence of various metal cations. The first Holliday
junction was crystallised from the sequence d(CCGGTACCGG) with a different
crystal lattice to that previously reported. Fol l owing this, the sequence
d(TCGGTACCGA) has also been crystallised for the first time as a Holliday
junction in the presence of Group I and II metal cations. A number of
structures have been solved with this sequence, the first (Figure 1.13a) in the
presence of Ca^^ to a resolution of 1.97Â,^^^^ the second (Figure 1.13b) in the
presence of both Ca^^ and Na^ to a resolution of
1.13c) in the presence of Sr^"^ to a resolution of

and the third (Figure
The sequence

d(CCGGTACCGG) has also been shown to form a junction in the presence of
Ca^^ ions (Figure 1.13d), this structure was solved to a resolution of
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2.1 The Holliday Junction in Homologous Recombination
Homologous recombination is a type of genetic rearrangement that occurs
during the exchange of part of a section of DNA with another DNA sequence
from a homologous chromosome or its sister chromatid. This 'crossing over' of
DNA underlies many biological pathways; one important example is the process
of meiosis. It is the 'shuffling' of the DNA sequence via the mechanism of
homologous recombination during meiosis that provides offspring with unique
genetic information; the promotion of genetic diversity of a species by the
rearrangement of alleles on the genome. A second is during the process of DNA
repair, where homologous recombination becomes a DNA maintenance
pathway, protecting chromosomes from double stranded DNA breaks; the
promotion of genetic integrity.

Homologous recombination was first understood by studies of Drosophila
it was observed that genes on different homologous chromosomes could re-sort
during meiosis. After the discovery that genes were made up from DNA, two
models to explain recombination were suggested. The first was known as the
'copy choice' model of recombination;^^'^^ it proposed that the recombinant
molecule was generated by the synthesis of new recombinant daughter DNA,
copied from the parents - not directly taken from the parents. This model was
soon disproved in favour of a second model, suggesting it was the breaking,
then rejoining of the parent DNA strands which resulted in recombination of the
genetic material. This second theory was confirmed by studies of recombination
between the genomes of bacterial viruses.^^^ Genetic markers of different
densities were added to the DNA of one set of parental viruses, so that the
progeny could be separated via density centrifugation according to the label
they inherited. Infection of E coii with a mixture of labelled and unlabelled
parental viruses (where replication was inhibited) yielded a recombinant
progeny with intermediate densities. This was an important result as it indicated
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that they had acquired DNA from both types of parent, as predicted from the
second theory of recombination, and thus disproving the first.

However, this still did not explain the actual mechanism of homologous
recombination. In 1964, a molecular model for recombination was proposed by
Robin Holliday. The Holliday model of genetic recombination as it is now
known,*^^^ has been revised and evolved over the years,^^^ however the
intermediate known as the DNA Holliday junction still remains a key component
in this process and the model suggested by Holliday continues to provide the
basis for the current mechanism to explain homologous recombination.
Following are a number of schematics which help to visualise the mechanism
for homologous recombination from start to finish, and to identify the key
enzymes involved in the process.

ds - Break

3C~3C
5" to 3 ' exonuclease

^

Strand invasion

. ^ 1^ Branch m igration

y—X

—
DNA
-• synthesis

Y"

Ligation

XU

Figure 2.1 Schematic showing the Holliday model for genetic recombination. (More specifically, this scheme shows
homologous recombination during DNA repair - the maintenance of genetic integrity) First, both strands in one DNA
molecule (shown in blue) are broken. Then, the 5' ends are degraded by exonuclease, leaving one of the 3' ends (thick
blue line) to invade the homologous strand (shown in red). DNA polymerase then extends this 3' end via DNA synthesis
to join its former 5' end to which it is ligated. The remaining 3' end is also extended and ligated. This results in the
formation of two Holliday junctions which can migrate along the strands due to the breakage and re-formation of
hydrogen bonds between the base pairs either side of them.

The scheme in Figure 2.1 outlines the initiation of homologous recombination;
however, to complete the process and yield either hetroduplex or recombinant
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DNA, the Holliday junctions must be resolved. The following figure has been
adapted from Professor Stanley Maloy's website under microbial genetics at the
San Diego State University (http://www.sci.sdsu.edu/~smaloy/).

'
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RuvC is involved in the late step of lecomhination.
RuvC cleaves Holliday junctions hy introducing
nicks into strands with the same polarity. The nicks
leave a 5" terminal phosphate and a 3" terminal
hydroxyl group which are joined hy DNA ligase. The
active form of RrrvC protein is a dimer.
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Figure 2.2 Schematic showing the resolution of a Holliday junction by junction binding enzymes. The three Ruv
proteins work in a coordinated manner to promote Holliday junction resolution. A tetramer of RuvA binds to one face of
an open Holliday junction to form a complex that allows the binding of two RuvB ring helicases on opposing duplexes
and an RuvC endonuclease dimer to bind on the other face of the junction in one of two orientations, see above bottom lefÿ^'^l The RuvC protein then resolves the structure to yield either hetroduplex or recombinant DNA products
by the introduction of a pair of symmetrically related incisions at specific sites. [Adapted from
httD://www.sci.sc)su.edu/-"Snialov/MiC['obialGenetics/toD!Cs. qenetic-analvsis/recofnbination/rec-molecular.html1.

The Holliday junction is a key intermediate in homologous recombination, and it
participates in many cellular pathways which utilize this mechanism. Examples
of pathways where homologous recombination plays a part are site-specific
recombination,^^^ resolution of stalled replication forks,^^°'“ ^ DNA repair^^^'^^^
and phage integration.H ow ever, from a therapeutic point of view, we are
most interested in the involvement of Holliday junction structures in metabolic
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pathways utilized by cancer cells. More specifically, the suppression of
inappropriate homologous recombination by stabilisation or disruption of the
Holliday junction intermediate could be of therapeutic value. In the next
sections, two cellular pathways are discussed which utilize homologous
recombination and are of interest due to their involvement in the progression of
cancer, and cancer cell metabolism.

2.2 The Inhibition of PoIy(ADP-ribose) Polymerase (PARP)
Poly (ADP-ribose) polymerase (PARP)^^^'^^^ is part of a large family of 18
proteins whose catalytic activity is dependent on the presence of single or
double strand breaks in DNA. More specifically, PARP-1 can detect the presence
of DNA strand breaks, and in turn, mediate DNA repair via activation and
recruitment of DNA repair enzymes. Although PARP is a multifunctional
regulatory enzyme (Figure 2.3) consisting of three active domains, it is
generally considered to be a DNA repair protein, and its role in DNA repair is
considered to be its primary function. Upon DNA damage, PARP binds rapidly to
the site of damage on the DNA and catalyses the transfer of ADP-ribose from its
substrate to NAD^ to a number of nuclear acceptors, including itself.
Following subsequent automodification, PARP is released from the DNA^^^^
allowing other components of the DNA repair machinery to be activated,
therefore preventing unwanted recombination of cells with damaged (mutated)
DNA. If the damage cannot be repaired, the apoptosis pathway is activated and
subsequent enzymes involved in this process cleave the PARP protein into two
fragments*^^®'^^^ rendering it inactive. The cell containing the damaged DNA is
then eliminated in a safe and controlled way.
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Figure 2.3 The structure of poly (ADP-ribose) polymerase (PARP) (PDB Code: 1A26).

Due to its pivotal involvement in the DNA repair process, PARP has become a
therapeutic target in the treatment of cancer.^^^^ Recent ideas have focused
more upon the inhibition of DNA repair pathways as a route to cancer therapy
as opposed to direct damage of DNA by chemical agents such as alkylators or
topoisomerase inhibitors. This is because once DNA damage has occurred in the
body, regardless of the type of cells affected, the body activates its own DNA
repair pathways to repair this damage wherever possible. As a result, tumours
become resistant to chemotherapies which promote DNA damage due to the
subsequent activation of DNA repair pathways. It is a fine balance between
creating DNA damage and suppressing DNA repair that determines the final
therapeutic consequences.'^^^^ For example, some tumours show an elevated
level of DNA repair, which in turn renders agents like the DNA alkylators almost
useless, the enzyme PARP is directly involved in a number of these DNA repair
pathways. During the repair of alkylated bases (caused by, for example,
nitrogen mustards); PARP recruits scaffold proteins, DNA ligases and DNA
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polymerase, then mediates the base excision repair (BER) pathway. It is the
interference with the DNA repair pathways; more specifically in this case,
inhibition of PARP, in combination with DNA damage agents that has become
an important route to cancer therapy.

Unfortunately, inhibition of PARP has other consequences which also need to be
addressed. First, any chemotherapy involving inhibition of PARP must be used
in combination with DNA damage agents."^^^^ It is the lack of repair of DNA
damage that is an effective chemotherapy; agents like alkylators cause the
damage, followed by inhibition of the enzyme PARP, responsible for initiating
the repair pathway. In the absence of PARP activity, DNA single strand breaks
caused by the DNA damage agents start to accumulate. These breaks are not
fixed and progress on to become double strand breaks (DSB). Once a DSB
occurs, the body activates a new DNA repair pathway utilizing homologous
recombination. As DSB's are by far the most serious form of DNA damage, the
homologous recombination repair pathway has to be very effective (explained
in more detail in Chapter 3) and usually the damage is successfully and
completely repaired. Unfortunately therefore, inhibition of PARP is subverted by
the double strand break repair pathway. Certain genes are associated with the
homologous recombination repair pathway, and most notably it is the
involvement of BRCAl and BRCA2 (breast cancer susceptibility genes) which
are of interest. Cells that are deficient in BRCA2 have recently been shown to
be more sensitive to PARPl inhibitors,^^^^ with the suggestion that this is due to
the deficiency in homologous recombination in this cell-type. The theory is that
in cells with normal functioning homologous recombination repair pathways,
double strand breaks caused by inhibition of PARP would be repaired, whereas
in the ^/?C42-deficient cell lines, the homologous recombination pathway is
defective, and in combination with an absence of PARP activity, the DNA DSBs
remain un-repaired, resulting in growth arrest and death of dividing tumour cell
populations. This combination therapy of DNA damage agents alongside PARP
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inhibition works selectively for tumour cells deficient in the BRCAl or BRCA2
genes. This could be considered beneficial as cancer cell selectivity is important
during chemotherapy as it reduces the number of healthy cells affected.
However, it also means this form of chemotherapy is very exclusive, and can
only be used in very specific cases (breast and ovarian cancers). It would
therefore be advantageous to provide general PARP sensitivity in replicating
tumour cells without the requirement for defective genes like BRCAl and
BRCA2. The Holliday junction intermediate is formed then resolved during
homologous recombination^^'^^ and plays a key role in double strand break
repair.^^^^ It can therefore be seen as a target for the design of selective
inhibitors of the homologous recombination repair pathway which would
prevent Holliday junction resolution at the last stage of the repair pathway. This
would then lead to cell death through lack of DNA repair. See Figure 2.4 for a
visual representation of cellular responses to chemotherapy, including the
possible route to cancer therapy via the disruption of Holliday junctions during
homologous recombination repair of double strand breaks.

CANCER

Death from Cancer

Chemotherapy(DNAdamage agents)

Pathway only affectivefor cancers showing BRCAl and BRCA2
deficiency (breast or ovarian cancers)
__________

DNA Damage
Defective BRCAgenes

DNA damage not repaired,
cancer cell death.

PARP
PARPInhibition

DNA damage repaired,
cancer progresses

DNA Damage
iregresses to DSBT

Possibleroute to newformof cancer
therapy by disruption of HJresolution
Inthe HRrepair pathway.
HoHidayJunction disruption

Death from Cancer

DNA damage repaired
via homologous reconAlnatlon,
cancer progresses

HR pathway disrupted,
DNA damage not repaired,
L
cancer cell death.

Figure 2.4 Schematic representation of some of the processes involved in cancer chemotherapy in which the Holliday
junction is an intermediate.
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2.3 The Alternative Lengthening of Telomeres Pathway
The alternative lengthening of telomeres (ALT) pathway is a recombination
based, telomerase independent mechanism of telomere length c o n t r o l . I t is
expressed in around 20% of cancers where a lack of telomerase requires
another method of telomere maintenance. Following is a description of
telomeres and telomeric DNA, their functions in normal cells and cancer cells,
and finally how the disruption of pathways used by cancer ceils to maintain
their telomeres is an important new area of chemotherapy.

2 .3 .1 Telomere Structure and Function
The most important part of a ceil is the genetic information which is stored in
the cells nucleus within the chromosomes. These each consist of a supercoiied
double strand of DNA with a specific sequence of bases known as the genome.
The preservation of this information is very important in the promotion of
genetic integrity during cell replication, and so, on the ends of the
chromosomes are regions of highly conservative DNA called telomeres^^^^
(Figure 2.5). In human DNA, telomeres are characterized by a hexameric repeat
sequence, rich in CG base pairs; (TTAGGG)n'-^°^ which can repeat up to 2000
times (3-20 kiiobases in length) in a region of telomeric DNA. Telomeres are
present on the ends of the chromosomes to protect the stored genetic
information

from

being

damaged

during

ceil

division.

They

prevent

chromosomal fraying and also, by forming into certain tertiary structures,
prevent the enzymes involved in the double strand break repair pathway from
binding to the ends and processing them as a double strand break. Without
telomeres, chromosome-to-chromosome end joining could occur, the genetic
information would become scrambled and cells would not successfully divide
and pass on the correct sequence of DNA.
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Figure 2.5 An example of a repeat sequence of telomeric DNA forming a G-quadruplex tertiary structure [PDB code:
IKFl] formed from the sequence (AGGGTTAGGGTTAGGGTTAGGG)/^^^ The view on the left shows the structure from
the side, the view on the right shows the structure from above. Potassium ions in purple can be seen in the central
open region. This structure is an example of the type of folding that occurs in telomeric DNA to prevent enzymes in the
DSB repair pathway from recognizing and processing the ends as DSBs.

When a cell divides, every chromosome is copied by replication and
transcription enzymes. These enzymes produce mirror images of the original
DNA strands however, to do this they are attached to the strands themselves,
and this means the very last part of the DNA sequence cannot be copied as the
enzyme is bound to it. As a result of this, the duplicate chromosome is very
slightly shorter than the original, it lacks a small amount of the original
telomere sequence; each time a cell divides the telomeres sacrifice about 50 150 base pairs of their DNA. This means that cells can only divide a limited
number of times as the telomeres can only lose a finite amount of base pairs
before the genetic material they are protecting becomes instable. When
telomere length declines below a certain level, an irreversible growth arrest
state named replicative senescence is triggered and the cell dies.^^^^ Cells can
normally divide only about 50 to 70 times, with telomeres getting progressively
shorter until the cell either dies or sustains genetic damage that can lead to
cancer. Within the body, certain cells have a higher rate of division than others,
for example, white blood cells often need replacing after an illness, or stem
cells, which are needed for general repair of bodily tissues. These types of cells

CHAPTER 2. Holliday Junctions as Therapeutic Targets

34

have a mechanism for extending their telomeres, they utilize a group of
specialized reverse transcriptase enzymes known as

(Telomerase

Reverse Transcriptases). These enzymes can extend telomeric DNA in humans,
however, this enzyme pathway is not expressed in normal cells, and the
telomeres in these cells get shorter as a result of aging. The telomeres in
normal cells are typically 6 times shorter in older people than in children.

2 .3 .2 Telomeres and Cancer
When a cell has reached its maximum number of divisions (regardless of the
rate of division) it's telomeres are at the minimum length before chromosome
instability occurs. This triggers that cell to enter the cellular senescence
pathway which avoids replication of cells with damaged or mutated DNA as a
result of extreme telomere shortening. However, cancer cells have escaped this
fate and have found a way to prevent cell death as a result of telomere
shortening, by maintaining their telomeres. Cancer cells do this by the
activation one of two possible pathways of telomere length maintenance. It is
this property which makes cancer cells effectively immortal. The first method of
telomere length maintenance in cancer cells is through the activation of
telomerase, one of the enzymes in the TERT pathway for rapidly dividing cells.
Telomerase is a unique ribonucleoprotein enzyme that adds the telomeric DNA
repeat sequence (TTAGGG) to the 3' end of chromosomal DNA ends.^^"^'^^^ It is a
reverse transcriptase that carries its own RNA molecule to be used as a
template to code for the telomere repeat sequence.

The activation of telomerase in cancer cells means that the chromosomes will
never become unstable regardless of the amount of cell divisions, and the
cancer cell is never recognized by the body as abnormal, allowing uncontrolled
replication which leads to tumour growth. Telomerase activity has been
observed in about 85% of all human tumors,*^^^^ and so has become an
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important target for anti-tumour therapy with multiple potential sites for the
development of inhibitors of various stages of its action. Most recently, it is the
design of small molecules with the potential to stabilize the G-quadrupex
structure formed at the ends of telomeric DNA that is of interest. These Gquadruplex structures inhibit telomerase activity and, therefore, small molecules
that stabilize these structures could be effective chemotherapeutic agents.^^^'^®^

There is however, a down side to targeting telomerase. First, there are still
20% of cancers which do not express telomerase, they maintain their telomeres
using a different mechanism. This is known as the ALT (Alternative Lengthening
of Telomeres)
independent

pathway

mechanism

which

is a

of telomere

recombination
length

based,

telomerase

control.Inhibition

of

telomerase would be no use for these cancers, and the ALT pathway has been
seen

increasingly

in cancers

like

osteosarcoma,

soft tissue

sarcoma,

glioblastoma multiforme, renal cell carcinoma, adrenocortical carcinoma, breast
carcinoma, non-smail cell carcinoma of the lung, and ovarian carcinoma.
Secondly, in work by J. W. Shay and co-workers, cancer cells were shown to
become resistant to telomerase inhibition, where a telomerase independent
telomere elongation was induced in human cancer cells when telomerase was
inhibited. They describe a novel mechanism of resistance to anti-telomerase
therapy.^"^^^ It opens an area of potential cancer therapy targeted at the
alternative lengthening of telomeres pathway, inhibition or disruption of this
pathway in conjunction with telomerase inhibition may pave the way for a more
effective form of combination cancer therapy.

2 .3 .3 The H olliday ju n ctio n in the ALT pathw ay
The alternative lengthening of telomeres pathway involves homologous
recombination of which the Holliday junction is an intermediate. However, the
mechanism of homologous recombination utilized in the maintenance of
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telomeres is not yet fully understood. There have been some suggestions as to
how the mechanism for telomere elongation via ALT progresses , however, one
in particular stands out as the most plausible. In a paper by E. H. Goodwin and
c o - w o r k e r s , t h e y outline a mechanism for telomere elongation via an
unequal exchange of sister chromatids. They argue that "telomeric exchanges,

if they are unequal and occur at a sufficiently high frequency, will allow cells to
proliferate Indefinitely without poiymerase-mediated extension o f telomeric
sequence". To be more specific, prior to mitosis, homologous recombination
occurs between symmetrically paired chromosomes or sister chromatids and
leads to the exchange of equal amounts of DNA. With telomeric DNA, the
sequence is repetitive, and sister chromatids can find sites of homology
anywhere along their length. This means alignment can occur asymmetrically
between two telomeric strands and homologous recombination results in a net
gain of telomeric DNA in one chromatid and a net loss in the other (Figure 2.6).
This would mean the daughter cell with the shortened telomeres would
undergo normal cellular senescence and be lost from the population, however,
the one with elongated telomeres would survive and have an increased
proliferative potential. A cancer cell population could survive by this mechanism
of telomere elongation, even if some cells were sacrificed due to the inheritance
of shortened telomeres.

This description seems to make sense however the initiation of this mechanism
for ALT is not explained. In a paper by Alessandra Muntoni and Roger R.
Reddel,^"^^^ they suggest that "/br this mechanism to be affective, it would need

to be coupled with unequal segregation o f chromosomes at mitosis, leading aii
those with lengthened telomeres to the same daughter ceif. Basically, for the
mechanism to begin there needs to be a selection of long telomeres available in
the first place. In stem cells, a segregation of cells occur which result in
different properties. For example, stem cells with short-telomere lengths are
released for differentiation however, the cells with longer telomeres are held

CHAPTER 2 . Holliday Junctions as Therapeutic Targets

37

back in the progenitor compartment to keep the self-renewal potential of the
population intact. It is possible that telomerase-negative cells could initiate the
ALT mechanism via adaptation of the stem cell method of sorting cells with
different length telomeres before replication. The method of ALT initiation is still
widely unknown so the suggestions made are purely theoretical and no
experimental evidence is available as yet. This is in contrast to the rest of the
mechanism proposed by E. H. Goodwin where experimental evidence is in
agreement with predictions made if his mechanism is correct.*^'^^ It is this
mechanism

of

alternative

lengthening

of

telomeres

via

homologous

recombination that involves the formation then resolution of a DNA Holliday
junction during the unequal exchange of sister chromatids (point C, Figure 2.6).

B

T
T\
AT
cc
'J c
U
T 4
T A
A 1
GC
JC .

1A
T A
A T

"OV
J u

I A

r A
A T

GC
C
GG
; A
T A
A 1
a c
G C.
QL
t A
T A
A 1

GL
3 r.
a c

' A
A 1
a r
oc
L L
A t 'a
- A TA
A 1 A 1
I.- 1, GC
C ll GC
GC ■3C
A
A

AT
GC
GL
LC

S c

D

' A
- A
A i

■' ; A :

U V. GC
GC 30
G C ÜO
• A

T- O

T A
I A
A 1
GC
GC
GC
1 A
T A
A 1
or.

T A
I A
A T
o r
GC
oc
TA
T A
A 1
(. C

ac

ac

GC

GC

T A
T A
A T

G C
GC
O L
T A
T A
A I
G C
GC
GC

T A
T A
A T

G r.
Gc
Gc
T A
T A
A r
G C

GC
GC
I A
T A

A T

I A
TA
A T

A

G
GL
GC

OC
oc
oc

O C
G C

A

G C

HJ fo iiD a t lo n

TA
1A

T A
} A

a n d le s o l ii t i o n

A T

A

GC
GC
VL

T
G C
0 r.
0 u

Figure 2.6 [adapted from Human Molecular Genetics, 2005, Vol. 14, Review Issue 2, R191-R196] "Graphical
representation o f the mechanism by which unequal t-SCE generates daughter cells with different telomere lengths and
hence different lifespan potential. Post-rephcative chromosomes have telomeres o f essentially equal length (A). I f the
sister chromatids align their teiomeres asymmetrically (B) and exchange telomeric sequences (C), this will result in two
sister chromatids (D ) and ultimately two daughter cells (E) with different telomere lengths. The daughter cell with
shorter telomeres will soon senesce and be lost from the population, whereas the one with longer telomeres will have
an extended proliferative potential". Note at point C a Holliday junction is formed then resolved.
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If this mechanism is correct, then disruption or stabilization of the DNA Holliday
junction would prevent the ALT pathway from progressing past point C (Figure
2.6). Instead, the cell would be registered as damaged and programmed cell
death would be triggered. The cells would not be able to replicate successfully
and the cancer growth via ALT would be halted. Even if the proposed
mechanism for the alternative lengthening of telomeres is not precisely correct,
it is known that the mechanism does involve homologous recombination, of
which the Holliday junction is an intermediate. Perhaps the most interesting
point to make here is that Holliday junctions formed from telomeric DNA during
strand exchange will have very specific sequences (made up from TTAGGG
repeats). This means that small molecules could be designed not only to bind
specifically to the Holliday junction structure, they could also be sequence
specific so only Holliday junctions formed from telomeric DNA during the ALT
pathway would be targeted.

2.4 Summary
To summarise, the Holliday junction is an intermediate in homologous
recombination, which is a key process in double-strand break (DSB) repair. DNA
repair has become a target for therapeutic intervention in cancer, but the
effective inhibition of enzymes such as poly(ADP-ribose) polymerase (PARP) is
subverted by the DSB pathway. Homologous recombination is also integral to
the immortalisation of telomerase deficient tumour cells by the alternative
lengthening of telomeres (ALT) pathway. In both cases, the ability to suppress
inappropriate HR may be of therapeutic value. This could be achieved by the
design of small synthetic molecules with the ability to bind to the Holliday
junction structure and as a result, initiate disruption or stabilization of the
intermediate during the HR pathway.
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Chapter 3
Drug Development: Past and Present

We have defined the H o llid a y ju n c tio n as a new target
fo r

p o te n tial

cancer

therapy.

It

was

therefore

im portant to select a lo g ica l starting p o in t f o r po ten tial
H

drug design. A fte r ca re fu l consideration^ a series o f
compounds were chosen which had the po te n tial to

HN

bis-intercalate

D N A,

more

specifically,

with

appropriate geometry and m ultip le positive charges to
m aximize the possibility o f specific H o llid a y ju n c tio n
binding. This chapter outlines the background and
development o f chemotherapies, but more specifically,
0"

'NH

the development o f compounds based on acridine-4carboxamides; the p o te ntial ju n c tio n binders.
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3.1 Cancer
Cancer is a disease that has always been with us throughout history; however,
It Is only In the twentieth century that It has become one of the most prolific
killers of our time. This Is largely due to an Improvement In health care,
allowing a greater life expectancy. Many other diseases are no longer fatal
allowing the population to live longer, however cancer becomes more common
with old age. Cancer Is defined as a disease In which there Is uncontrolled
proliferation and spread within the body of abnormal forms of the body's own
cells. When cancer cells replicate, the normal growth mechanism Is affected
resulting In three main groups of tumour classification:

1. Benign tumours: these can grow anywhere In the body, damage can
be caused by the exertion of pressure on organs In close proximity, or by
the obstruction of blood vessels or nerves. Benign tumours do not have
the ability to spread so surgical excision Is usually the best way of
removal.

2. In situ tumours: these occur In the epithelium layer without further
Invasion Into the body. They can be removed via simple surgical excision.

3. Malignant

tumours:

these

possess

properties

such

as

dedifferentiation. Invasiveness, and the ability to metastasize. Malignant
tumours can Invade an entire cellular system and once a tumour Is
established. It can redirect and stimulate the growth of blood vessels to
provide the nutrients needed for It's rapid growth.

3.2 DNA Damage
Cancer can result from many different factors. These can depend on the
environment an Individual Is exposed to (skin cancer Is most commonly caused
by prolonged exposure to the sun which emits high levels of radiation In the
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form of ultra-violet light), their genetic background (breast cancer is often
inherited through the female line), prolonged exposure to a known carcinogen
(for example; benzene) or a viral promoter (most commonly seen as the cause
of leukaemic cancers^^^). The site of initial damage by any of these factors is the
DNA itself. DNA is present in the cell nucleus in the form of chromosomes,
which are made up from a long chain of super-coiled DNA. The human
genome*^^^ (coded by the 23 chromosomes within each cell nucleus) consists of
approximately six billion bases (that is three billion base pairs), and DNA
damage occurs everyday during routine metabolic processes and environmental
factors at a rate of about 1000 to 1,000,000 lesions per day. Usually this tiny
percentage of damage to the genome is insignificant, and enzymes exist to
correct the majority of the damage, joining DNA strands back together, or un
tangling knots which have formed unnecessarily. However, it becomes more
serious when damage is caused to critical genes. For example, if a tumour
suppressor gene is damaged,*^^'"^^ it may impede a cells ability to carry out this
function and therefore the likelihood of tumour formation is increased.

DNA damage can occur either by external influences (exogenous damage
caused by, for example; radiation, plant toxins, or synthetic chemicals) or
internally during normal cellular processes (endogenous damage caused by
reactive oxygen radicals; produced from the mutation of normal metabolic by
products). As DNA damage can be caused naturally (without external
influences), the body has a number of repair mechanisms ready to counteract
any potentially serious lesions,

mixtakes or tangles. The

DNA repair

mechanisms are so specific, individual processes exist depending on the type of
damage, the location on the genome, or even the type of bases involved.

CHAPTER 3. Drug Development; Past and Present

45

3.3 DNA Repair Mechanisms
When DNA is damaged, the conformation of the double helix is altered and this
can be detected by the cell. As a result, specific DNA repair enzymes bind at, or
near the site of damage. This in turn triggers other molecules involved in the
repair pathway to be activated. A typical repair mechanism would involve the
formation of an enzyme-DNA complex while the necessary repair is carried out.
The enzymes involved vary according to the type of damage, and the phase of
the cell cycle that the damaged cell is in. The next few sub-sections outline the
three main types of successful DNA repair mechanism, however, in this work
we are most interested in the double strand break repair mechanism which
utilizes homologous recombination, of which the DNA Holliday junction is a
mechanistic intermediate.

3 .3 .1 D irect Reversal
Direct reversal is the simplest DNA repair pathway. Certain proteins actually
exist solely to reverse certain types of DNA damage which occur on a regular
basis. An example is the protein methylguanine DNA methyltranferase,^^^ or
MGMT, which acts to reverse the highly mutagenic alkylation lesion; 0^methyiguanine. The generation of a methylated guanine occurs as a result of a
reaction between a guanine base and a cellular catabolite.^^^ The protein works
by the direct transferal of the alkyl group on the guanine to a cysteine residue
in its active site. This inactivates the protein which is then degraded in a
subsequent pathway. This process is energetically expensive as each MGMT
molecule can only be used once, therefore damage resulting in an 0^methylguanine adduct is very detrimental to a cell.
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3 .3 .2 Single S trand Break (SSB) R epair
DNA exists as a double helix, consisting of two anti-parallel single nucleotide
strands. When one of these strands is damaged, the other can be used as a
template to guide the correction of the damaged strand. Single strand damage
can occur in several different ways, thus there are a number of different modes
of SSB repair available, depending on the type of damage. The first, known as
'base excision repair' (BER), is a multi-step process that repairs damage to
bases caused by oxidation, méthylation, deamination or hydrolysis. These
relatively simple alterations are nevertheless highly mutagenic if they are not
fixed, and can represent a significant threat to genome stability and fidelity.*^^^
The second type of SSB repair is known as 'nucleotide excision repair' (NER),
which acts on a wide range of DNA lesions. One of the most important is the
repair of helix distorting thymine dimers caused by ultra-violet light from the
sun. The mechanism of repair involves the recognition of bulky distortions in
the DNA helix by nucleotide excision repair enzymes. This leads to removal of
the damaged, single-stranded DNA segment, which creates a gap in the DNA
strand. This gap is then filled in by DNA polymerase, which uses the
undamaged strand opposite as a template during the process of DNA synthesis
and re-ligation. NER is particularly important as the formation of pyrimidine
dimers as a result of exposure to ultra-violet light from the sun makes up the
vast majority of exogenous DNA damage. Failure of any of the proteins or
enzymes involved in this DNA repair pathway can result in an increased risk of
skin cancer. The third and final mechanism is known as 'mismatch repair'
(MMR) which corrects replication errors such as base-base mismatches, misincorporation of nucleotides, or template slippage (all as a result of DNA
polymerase malfunction). The mechanism of MMR is similar to the previously
discussed SSB repair pathways; the DNA lesion is recognized by specific
enzymes, a portion of the strand containing the lesion is removed and then
corrected by DNA repair synthesis and re-ligation.'^®^
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3 3 .3 Double Strand Break R epair
Double strand breaks (DSBs) are the most serious form of DNA damage,
causing huge problems for dividing cells as both strands of the double helix
break simultaneously. This form of damage can occur due to a variety of
reasons, the most common being exposure to ionizing radiation or certain
genotoxic agents. Double strand breaks, although very serious, are somewhat
of a double edged sword. The previously described forms of DNA damage, if
un-repaired, result in mutations of the DNA, causing genome instability and loss
of fidelity. It is the consequential replication of these damaged cells, which
under normal circumstances should have undergone programmed cell death,
which result in malignancy and tumour growth. The difference with DSBs is that
if they remain un-repaired, the cell in question will not be able to undergo
successful division, so therefore a failure of DSB repair can never lead to
cancer; a cell has to divide to be malignant. Nevertheless, DSBs still need to be
fixed as healthy cells need to divide. There are two mechanisms for DSB repair,
as unlike single strand break repair, both strands are damaged thus preventing
the use of one undamaged strand as a template for repair. The first mechanism
utilizes homologous recombination (HR) which corrects double strand breaks by
the retrieval of genetic information from a homologous, undamaged DNA
molecule, usually the undamaged sister chromatid. A wide variety of proteins
are involved in this process, starting with the initial detection of the broken DNA
ends by the RAD52 protein.^^^ The damaged DNA ends are processed by a
group of epistasis proteins before identification of a section of undamaged DNA
to act as a suitable homologous repair template on the sister chromatid. The
damaged DNA strand then invades the undamaged DNA in a process called
strand exchange where the DNA forms a four-way homologous recombination
intermediate; the Holliday junction. The Holliday junction intermediate is then
resolved to yield two separate, error free, DNA double helices. This method of
DSB repair is very precise, and is used when cells with DSBs are in the S or G2
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phase where sister chromatids are available. The second, much less precise
mechanism of DSB repair is used when sister chromatids are not available to
act as homologous repair templates; the mechanism of non-homologous end
joining (NHEJ).

The NHEJ pathway is usually quite error prone as there is no homologous
template available to help guide the joining of the two broken ends of the DNA
together. This results in loss of sequence information and possible risk of
mutations during the repair process. This mechanism of DSB repair is
unfortunately the only method of repair if the cell is not dividing and has not
replicated its DNA. A heterodimeric protein called Ku70/Ku80 initiates the NHEJ
mechanism by binding to the damaged DNA ends. This in turn activates other
proteins which are involved in processing of the damaged ends. Finally, the
ends are re-ligated to complete the DSB repair.

If at all possible, the body will repair damage to DNA within its cells; however,
if damage has been caused to a critical gene, the cell will not be repaired.
Instead, the cell undergoes programmed cell death to avoid replication and
spread within the body of cells with mutated DNA. However, these cellular
processes are not always failsafe. If the repair mechanisms fail to correct the
DNA damage, and the cell is not triggered into apoptosis, cancer can occur.
Sometimes, mutations can occur in the genes that regulate DNA repair and
apoptosis, so as a result, the development of cancer can be caused by the
failure to repair DNA damage as well as acquiring the mutations in the first
place.
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3.4 Treatment of Cancer
Cancer is usually only discovered due to a side effect of the tumour growth, for
example the position of a solid tumour Inside the body may cause discomfort
and pain due to pressure exerted on other organs. Enzymes released by tumour
cells can cause Internal bleeding, which Is passed out In fluid leaving the body.
An Ideal treatment for cancer would be the complete removal of all cancerous
cells from the body; however. If the cancer Is malignant and has already spread
to other areas of the body, this Is almost Impossible. There are three main
methods for treating cancer; surgical excision. Irradiation, and chemotherapy.
These can be used Individually or as a combination of treatments depending on
the type of tumour and the stage of Its development. Chemotherapy works by
overwhelming the capacity of the cell to repair DNA damage, this should then
result In programmed cell death. DNA damage Is most common In cells which
are dividing, this Is one of the main properties of cancer cells, and therefore,
they are preferentially affected. Of course, there are other cells In the body
which

are dividing so these

unfortunately are

also affected

by the

chemotherapy treatment. The most recent cancer treatments focus on causing
DNA damage to cells only associated with cancer, either by physical methods
where the tumour Is treated directly or by biochemical means; the exploitation
of a feature unique to cancer cells. This reduces the negative affects on healthy
dividing cells. The use of chemotherapy focusing on biochemical methods does
have an advantage In that cancerous sites already spread from the Initial
tumour site can also be targeted. There are many different approaches In
chemotherapy,

with the

main therapeutic treatments falling

Into four

categories:

1. Cytotoxic drugs: which Include the following:
•

alkylating agents, which act by forming covalent bonds with the
DNA thus Impeding DNA replication.
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Intercalating drugs, which can slip between the nucleic acid base
pairs causing a change in shape of the double helix.

• Groove binders, which can target the minor groove of the DNA,
directly affecting DNA structure and hydration.
•

Anti-metabolites, which block or subvert a metabolic pathway
during DNA synthesis.

• Cytotoxic antibiotics which prevent cell division, and

plant

derivatives which affect microtubule function and hence the
formation of the mitotic spindle.

2. Hormones: these include steroids such as glucocorticoids, estrogens,
androgens and drugs which suppress hormone secretion or antagonise
hormone action.

3. Molecular therapeutics: compounds such as 'Glivec' and antibody
therapies such as 'Herceptin' which target enzymes or receptors either
over-expressed or mutated in cancers. The most recently developed is
'Avastin', an anti-angiogenic therapy.

4. Code reading molecules: these are agents of increasing importance
which target either the major or the minor groove of DNA by recognising
a specific sequence more than 3-4 base-pairs long for preferential
b i n d i n g . ( I t should be noted that certain alkylating agents and groove
binders can also recognize certain DNA sequences but these drugs are
usually only either AT or CG specific as opposed to the code readers
which can recognize longer sequences).

Finally the secondary structure of DNA represents one of the recent molecular
targets for DNA interactive compounds; structures such as the G-quadruplex
have been investigated.*^^^^ Figure 3.1 shows a scheme of DNA-interactive
agents which demonstrate anti cancer properties:
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Figure 3.1 Classes of DNA-interactive agents and their molecular interactions with DNA. (Adapted from [10])

3.5 Intercalating Drugs and their Mode of Action
As mentioned previously, there are a number of cytotoxic drugs involved in the
targeting of DNA as a cancer therapy. However, in this work, it is the
intercalators that are of most interest and following is a more detailed
description of their structure and mode of action upon DNA.

Intercalating drugs are compounds that possess the ability to slip in between
parallel stacked base pairs in a nucleotide chain. This causes increased base
pair separation and overall lengthening of the double helix. The torsional bonds
within the DNA backbone are also disrupted. All these seemingly small
alterations can be magnified over the whole DNA length, which can contain
thousands of base pairs. Such effects can alter protein recognition and gene
coding. The damage caused by these molecules can potentially be irreversible,
causing the cell containing the damaged DNA to undergo programmed cell
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death. Two examples of natural products that have reached the clinic are
Adriamycin [1]

and Actlnomycin D [2]

OH o

OH
''OH

(Figure 3.2).

Pro

,S a r
'^Me-Val

Pro

,o

Val-D.

Val-D,
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^Me-Val
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o
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OH o

"nh,
OH

Me

Me

[1]

Figure 3 .2 Adriamycin [1] and Actinomycin D [2] are examples of intercalating drugs. The chromophores are the fused
six membered rings. These are the parts that intercalate between the base pairs of DNA.

An important structural characteristic of these intercalating drugs is their polyaromatic planar chromophores. These are usually based loosely around either
an anthroquinone or an acridine ring system. It is this part which intercalates
between the base pairs of DNA, often with other parts of the drug forming
hydrogen bonding interactions with bases in the minor or major groove.
Following is a step-by-step account of how a specific acridine-based intercalator
drug

was

developed

from

first

principles,

(dimethylamino)ethyl]acridine-4-carboxamide

or

it

is

called

DACA."^^^^^^

The

/\A[2bis-

intercalator compounds designed in this report are made up from two DACA
monomers joined together via various alkyl chain linkers. They have the
additional ability to potentially target more specific motifs like the DNA Holliday
junction due to their bis-acridine structure.
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3.6 Acridine derivatives; A Brief history
The development of 9-amlnoacridlne-4-carboxamldes and ultimately, DACA,
was a side project of the amsacrine work (see section 3.6.1) and started from
ideas exploring the utility of tri-cyclic DNA-intercalating chromophores with
cationic sidechains.^^°"^^^ The nature and the positioning of such a sidechain was
critical for drug potency. The ability of the chromophore to act as a chargetransfer acceptor was enhanced by attaching the sidechain via an electronwithdrawing function. One of the first studies in this area was carried out by G.
J. Atwell et at. in A u c k l a n d . I t involved the preparation of a series of 9aminoacridine-carboxamides (Figure 3.3). They found that 9-aminoacridines
with a cationic group at position 4 attached by an electron-withdrawing
alkylcarbamoyl side chain are potent anti-tumour agents both in vitro and vivo.

[3]

II

I

I

-j-CONHY
3

Figure 3 .3 9-aminoacridine-carboxamide derivative, Y represents a number of varied amine groups.

They arrived at their conclusions via a series of rational analyses. The first step
was to attach the side chain (A^AAdimethylaminoethyl) to positions 2, 3, and 4
with R=H. All three compounds showed the same lipophilicity, they had similar
levels of DNA binding, however, they had very different biological activity
profiles. The 2- and 3-substituted acridines were inactive as anti-tumour agents

in vivo, however, the compound with the side chain in position 4 showed very
high activity against HCT-8 human colon adenocarcinoma cells and P388
leukaemia. The next step was the exploration of structure-activity relationships
for this class of DNA-binding anti-tumour agent. It was discovered that both in

vitro and in vivo activity steadily declined when the R(H) group was replaced
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with increasing alkyl chain lengths. This suggested that the loss was largely due
to non-specific drug lipophilicity rather than the placing of an alkyl chain In a
position of bulk intolerance. Replacement of the R group with polar or charged
compounds also had a negative effect on activity. The R group was left as the
original hydrogen and attention was turned to the length of the side chain
joining the cationic centre to the chromophore. Loss of activity was apparent
with extension of the chain by just one methylene unit. Following this, a series
of mono-substituted derivatives were investigated, with methyl, methoxy, and
chloro groups at available acridine positions (Figure 3.4).

NH,
[4]

N.

Figure 3 .4 Substituted 9-amlnoacrldlne-4-carboxamide, R represents a methyl, a methoxy or a chloro group
substituted at positions 5-8.

This work showed that substituent effects on biological activity depend more on
the position rather than the actual properties of the substituent groups.^^"^^
Further development of a series of 5-substituted derivatives was undertaken.
This work took into account that previous studies with amsacrine analogues
showed more weakly basic derivatives to have a broader range of activity
compared to hydrophilic, di-cationic species like the 9-aminoacridine-4carboxamides. The greater activity of the more weakly basic derivatives was
attributed to the fact that compounds with a greater proportion of neutral form
at physiological pH, will distribute more effectively.^^^^ It was found that two
compounds in the series of 9-aminoacridine-4-carboxamides showed the best in

vivo anti-leukemic activity. They were also the first compounds to show in vivo
activity against the remotely implanted Lewis Lung solid tumour. The compound

[6 ] shown in Figure 3.5 was particularly potent.
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NH
[5]

N.

NHg

Reduction of pKa

[6]
N
/S O 2
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o'

N
H
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Figure 3 .5 Two alternative ways of reducing the p /â of the acridine chromophore. Route (a) shows the most potent
compound discovered as a result of investigations into 5-substituted derivatives of the 9-aminoacridine-4carbonxamides. Route (b) shows an alternative method of reducing the pKa of the acridine chromophore, by replacing
the 9-aminoacridine system with that of acridine itself.

The increased activity of [6 ] was attributed to its weakly basic chromophore
(pAb = 5.15), which allowed its distribution to be almost entirely monocationic.
These results were encouraging, so following this work, Atwell and co-workers
decided to investigate an alternative way of reducing the p/â of the acridine
chromophore (route b) by replacing the strongly basic 9-aminoacridine system

[5] with that of acridine itself [7].^^^^ Removal of the 9-amino group gave
compounds with greatly reduced acridine p/â values, where the chromophore
was uncharged at physiological pH. The removal of the 9-amino group also
drastically altered dipole moment and electronic charge distribution. This meant
these compounds were considered to be a completely new class of anti-tumour
agent.
[7]

Figure 3 .6 The structure of DACA.

CHAPTER 3. Drug Development: Past and Present

Compound 7, or

56

(Figure 3.6), as it is now known showed very high

anti-leukemic and solid-tumour activity prompting a more advanced evaluation.
DACA went on to complete phase II clinical trials, but did not show sufficient
activity

to

warrant

further

development,

despite

having

favourable

extravascular transport properties.

3 .6 .1 Am sacrine and bis-acridine deveiopm ent
Most rational drug design programs start with research into a natural product
and the developments of the acridine derivatives and hence DACA originated
from research into synthetic analogues of the anti-tumour antibiotic doxorubicin
(adriamycin [1], see Figure 3.2) which is an intercalating topoisomerase II
inhibitor. Certain enzymes exist within the body to deliberately introduce both
single and double strand breaks in DNA as part of their function. These
enzymes are known as the topoisomerases,^^^"^°^ and their function is to remove
'knots' in the DNA caused during supercoiling. These breaks are not considered
to be DNA damage; however, adriamycin can target the DNA-enzyme complex,
and as a result, promote DNA damage. The enzyme breaks the DNA, and then
the intercalating agent prevents the break from being repaired by stabilizing the
DNA-enzyme complex. Topoisomerase enzymes have been found in higher
quantities in tumour cells, probably due to the increased rate of replication. This
method of cancer therapy exploits a feature unique to cancer cells within the
body. Topoisomerase

which is composed of two identical sub-units,

cleaves a double helix then allows the passage of a second DNA segment
through the break. The enzyme then rejoins the strand breaks by acting as a
two gate molecular clamp (Figure 3.7).
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Figure 3.7 A molecular model for the passage of a double helix through another catalysed by topoisomerase II. Note
the DNA helices are represented as blue and green tubes.

One of the first synthetic analogues developed from research into the mode of
action of adriamycin was amsacrine^^^^ (Figure 3.9). It was part of a series of 9anilinoacridines^^^^ that have been widely investigated for their activity as
topoisomerase II poisons. Amsacrine acts to stabilise a transient DNAtopoisomerase II complex in which DNA strands are cut and covalently linked to
the enzyme sub-units. If the cleavable complex is trapped, DNA damage can
result as the breaks are not resolved. The 9-anilinoacridine class of DNA binder
then became the prototype for an approach to anti-tumour agents with a
different target. Amsacrine binds to DNA with a high affinity but with extremely
fast kinetics - both the association and dissociation rates are extremely high. As
a topoisomerase II inhibitor, this is likely to have little relevance, as the acridine
is trapped in the cleavable complex between drug, DNA and protein (although
the high affinity has profound implications for the activity against solid tumours
and led to the development of DACA). It was suggested that analogues of
amsacrine which had a longer residence time on the DNA may change their
mode of action and become RNA polymerase inhibitors, similar to actinomycin D
(a clinically used natural product - Figure 3.2). Clues to this came from studies
of the natural product nogalamycin (Figure 3.8). This is an intercalating
transcription inhibitor originally isolated from Streptomyces nogalator var.
nogalator.^^^^ It is a mono-functional intercalator with two sugar substituents
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that bind by a threading mode. When complexed with DNA, the glucosamine is
hydrogen bonded to the 06 and N7 atoms of guanine in the major groove and
the nogalose sugar with the methyl ester lies in the minor groove.

OH

h o "'

OH
o

m

OH

o

—o

,o o .

Figure 3.8 The structure of nogalamycin, the chromophore is made up of four fused six membered rings.

It was observed that nogalamycin was an RNA polymerase inhibitor due to its
ability to form long-lived reversible complexes. These occupied approximately
half a turn of the helix in the minor groove down which RNA polymerases track.
Thus it followed that if the dissociation kinetics of amsacrine could to be slowed
down to increase residence time and promote a mode of action leaning more
towards transcription inhibition, a new class of synthetic transcription inhibitors
may be formed. The result was the addition of a carboxamide side chain at
position

This worked on a molecular level as a 'hook' holding the drug in

place once bound to the DNA, leading to increased dissociation times. Figure
3.9 shows the structure of amsacrine [8] and amsacrine-4-carboxamide [9] and
their binding modes to DNA.
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Binding mode of amsacrine
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Binding mode of amsacrine-4-carboxamide
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DNA
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/
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H

Major
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Figure 3.9 The binding modes of amsacrine [8] and amsacrine-4-carboxamide [9].

A side chain (A/,/V-dimethylanninoethyl) was added to amsacrine in position 4
which when complexed to DNA, lay in the major groove forming hydrogen
bonds with the 06 and A/7 atoms of guanine in a manner similar to the amino
sugar of nogalamycin. This had the desired effect of slowing down the
dissociation kinetics and increasing residence time as the withdrawal of the
intercalated chromophore was more difficult. However, the residence times are
still extremely short compared with natural products such as nogalamycin. A
series of compounds were designed that combined the bis-intercalation of
echinomycin (a quinoxaline antibiotic which binds to DNA by bis-intercalation,
see Figure 5.8 in Chapter 5) and the threading mode of nogalamycin to give
bis-intercalating agents with threading side chains, with the potential to be
cytotoxic as a result of transcription inhi bi t i on. More interestingly, even
though these compounds were developed with the idea of inhibiting
transcription, they were made up from components known to poison
topoisomerases (9-aminoacridine-4-carboxamide dimers). This implied a dual
function. The cytotoxicity of the compounds varied depending on linker type
with the most cytotoxic compounds showing a common mode of bis-
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intercalation that evoked complex cellular responses depending on side chain
and linker structure. However, to date, the goal of making synthetic RNA
polymerase inhibitors from this group has not yet been achieved.

3.7 Development of New Bis-acridine Derivatives
The selection of the bis-acridines as potential junction binders followed several
years of crystallographic work carried out in Reading within the Helix group.
Information was systematically collected on the binding of a range of
compounds containing acridine chromophores to duplex DNA. An important
example is the structure obtained from the crystal complex of N-[2(dimethylamino)ethyl]-5-bromo-9-aminoacridine-4-carboxamide

(a

mono-

intercalating analogue of the bis-acridine compounds described), bound to the
brominated DNA sequence d(CG(5-BrU)ACG)2. This structure was solved by
multi-wavelength anomalous dispersion (MAD) which, in addition to the
brominated DNA, also utilized a brominated derivative of the drug.^^^^ The DNA
was shown to crystallise with a two-fold axis relating the two strands within the
duplex, and two symmetry-related ligand molecules intercalating the CG steps
at each end. The ligand side chain occupied the minor groove of the DNA, with
the terminal nitrogen forming a hydrogen bond with the G2 nucleotide. The pKa
of the ligand was close to the pH of crystallisation at 6.5, so both the acid and
the conjugate base forms of the ligand could be seen. This caused slight
disorder of the ligand sidechain density. A third spacer drug was found between
the duplex stacks.

On the left-hand side. Figure 3.10 shows an example of the model with the
ligand excluded which was built from data collected from the MAD experiment
from phases calculated using bromine as the 'heavy atom'. On the right, the
complete structure is shown with bromine atoms in yellow. It should be noted
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that the DNA model created as a result of this MAD experiment was used as the
initial model in Chapter 5. It helped to solve Structure 1; compound 16 bound
to the same (unbrominated) DNA sequence d(CGTACG)2 . The DNA orientation
was surprisingly similar and the ligand chromophores showed similar binding to
the mono-intercalators, slipping in-between the CG base pairs.

Figure 3.1 0 The DNA model produced from MAD measurements for the binding of 9-amino-6-bromo-DACA to (CG(5BrU)ACG)2 to atomic resolution. The figure on the left shows the DNA model only, on the right, the brominated ligands
have been added (bromines in yellow) and the uracil base has been coloured yellow to show the brominated site.

For this work, compounds were chosen with appropriate geometry and multiple
positive charges to maximize the possibility of Holliday junction binding; the bisacridine-4-carboxamides^^^^ originally developed as potential

transcription

inhibitors. Previously at Reading, the eight carbon linked bis-acridine-4carboxamide [17] had been shown to bind to duplex DNA^^^^ and as a result,
promoted the formation of a novel quadruplex-like structure (Figure 3.11).
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3 T

Figure 3.1 1 View from the major (left) and minor (right) groove sides of the structure formed when [17] bound to the
sequence d(CGTACG) 2 in the presence of cobalt.

It was this structure that inspired the initial design approach which focused
around the development of bis-acridine molecules. It was thought that if the
eight carbon linked bis-acridine promoted quadruplex formation in duplex DNA,
then maybe the same, or very similar compounds would show preferential
binding to junction structures; similar in shape to the quadruplex-like structure.
A series of bis-acridines (including the previously made compound 17) were
designed and synthesised as a result of these previous findings and went on to
be investigated as potential junction binders. It was hoped that by varying the
linker length only, an optimum linker group distance would be found which
spanned

the

junction

cross-over

region

exactly,

with

both

acridine

chromophores intercalating into the B-DNA arms either side of the junction
cross-over. A series of bis(9-aminoacridine-4-carboxamides) were synthesised
and linked via the 9 position with neutral flexible alkyl chains of varied lengths.
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The carboxamide side chain at position 4 was present in all compounds as an
A{./V-dimethylaminoethyl group (Figure 3.12).

N

N

-N.

n = 4 (compound 15), n = 6 (compound 16),
n = 8 (compound 17), n = 10 (compound 18),
n = 12 (compound 19).

Figure 3 .1 2 New bis-acridine derivatives being developed to specifically target the Holliday Junction.

3.8 Synthesis of the bis-Acridines
The general synthesis of the bis(9-aminoacridine-4-carboxamides) is outlined in
Schemes 1-3 below. First, the acridone-4-carboxylic acid was prepared from
commercially available 2,2-iminodibenzoic acid, this was then converted to the
9-chloroacridine-4-carbonyl

chloride,

before

amination

with

the

N,N-

dimethylaminoethyl sidechain. Finally two monomers were coupled together via
a nucleophilic reaction with a bi-functional di-amine linker to give the desired
bis-acridine compound.

O
conc. H2 SO4
100‘>C, 3hr

O"
[10]

OH

OH
[11]

Scheme 1: Conversion of 2,2-iminodibenzoic acid [10 ] to acridone-4-carboxylic acid [11].
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SOCIg, DMF
[12]

80®C, reflux, 30 mln

[11]

O

OH

O

Cl

NH2(CH2)2NMe2(1.1eq)
DOM (dry), Et^N, 0«C

[13]

H

Scheme 2: Synthesis of 9-chloroacridine-4-carboxamlde [13] via an acid chloride intermediate.

Phenol (excess)
110®C, 30 min
[13]

H
Chosen Linker (04 Shown, O.Seq)
55«C, 24 hr

:
Scheme 3: Coupling reaction of 9-chloroacridine-4-carboxamide with a chosen di-amine linker (scheme shows the four
carbon linker) to give the final product; a bis (9-aminoacridine-4-carboxamide). Scheme shows the four carbon linked
bis-acridine compound 15
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3 .8 .1 Synthesis o f 9-O xoacrldln-4-carboxylic A d d [1 1 ]
o
conc. H2 SO4
100°C, 3hr

O

OH

OH
[11]

The acridone-4-carboxylic acid was prepared by the cyclisation of 2,2iminodibenzoic acid with excess concentrated sulphuric acid. This approach was
adopted because 2,2-iminodibenzoic was available commercially and this
allowed the number of steps to be reduced from two (the Jourdan-Ullman
reaction of previous reports"^^"^^) to one. The pure starting material was
purchased from Aldrich and as a result, this method gave an almost
quantitative conversion to the acridone after a reaction of approximately 3
hours. The acridone product was fully characterised by mass spectrometry,
NMR,

NMR, IR and elemental analysis. The numbering scheme below is

used in the following description of spectral results:

0

8

5

11® 1^

1

10
' N " 14
H
0 "

O H

The mass spectrum (ES+1) for 9-oxoacridin-4-carboxylic acid shows a clear
single peak at 239 m/z (100%) representing the molecular ion of 238 g.moi"\
The IR spectrum shows clear stretches at 1687 cm"^ and 1623 cm"^ for the two
C=0 bonds. The

NMR shows only one broad single peak in the aliphatic

region. This represents the hydrogen on the nitrogen in position 10 on the
acridone ring. This peak is broad because of tautomerism; the proton can be on
the 9 or 10 depending on the tautomer {/.e. a carbonyl at position 9 as drawn

CHAPTER 3. Drug Development: Past and Present

66

or an OH). There are two multiplets further downfield which represent aromatic
protons at positions 2, 6, 5 and 7. Protons 2 and 6 are furthest upheld as they
can be considered furthest away from the electron withdrawing effects of the
carbonyl groups at positions 4 and 9. Protons at positions 5 and 7 are in very
similar environments, with proton 5 being slightly more downfield as a result of
its proximity to the NH group at position 10. Three clear peaks can be seen at
positions 8.25, 8.45 and 8.54, the peak at 8.25 is a clear doublet whereas the
other two peaks are split into double doublets. These represent protons 3, 8
and 1 respectively, the proton at position 1 is shifted the furthest downfield as
a result of its close proximity to the C=0 group at position 9. The

NMR

shows two very low field peaks for the carbon at position 9 and the carbon in
the carboxylic acid. A third low field peak is assumed to be the C-OH of the
tautomer.

3 .8 .2 Synthesis o f N-[2~(dlm ethylam m o)ethyl]-9-chloroacridine~4'
carboxam ide [1 3 ].

SOCL, DMF

[12]

80®C, reflux, 30 min

[111

O

OH

O

Cl

NH2(CH2)2NMe2(1.1eq)
DOM (dry), EtjN, 0»C

-N.

[13]

H

This was prepared from 9-oxoacridin-4-carboxylic acid via 9-chloroacridine-4carbonyl chloride. Traditionally, 9-chloroacridine-4-carbonyl chloride has been
considered too reactive to isolate and this was confirmed in our hands. On
production of the acid chloride, via reaction of the acridone with thionyl chloride
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and a catalytic amount of DMF, it was used immediately without further
purification.

Amidation of the

dimethylethylenediamine

in

acid chloride with

anhydrous

an

dichloromethane

excess of

N,N-

buffered

with

triethylamine gave a good yield of the 9-chloroacridine-4-carboxamide with no
concomitant replacement of the nuclear chlorine. The pure free base was
isolated by flash column chromatography. The 9-chloro-DACA product was fully
characterised by

NMR,

NMR, MS and IR. However, during purification

and analysis, it was clear that the compound was relatively unstable, with new
peaks appearing in the NMR and on TLC, suggestive of hydrolysis of the 9chloro position to form the acridone (evident on TLC through colour changes
under UV light). This may explain why a melting point for this compound has
not been reported previously in the literature - a melting point for such an
unstable compound has little meaning as it becomes that of a mixture. As a
consequence, no attempt was made to obtain a melting point. The numbering
scheme below is used in the following description of spectral results:

Cl
13

10

N.

The mass spectrum (ES + 1) of this compound revealed a peak at 328.0 m/z at
100% and a smaller peak at 330 m/z at about 33%. These corresponded to the
molecular ion for 9-chloro-DACA; 327.0 g.mol ^ for the ^^Cl isotope, and 329.0
g.mol'^ for the ^^Cl isotope. This characteristic trace for compounds containing
chlorine confirmed that substitution had occurred at position 9 during the
conversion of the acridone to the 9-chloroacridine-4-carbonyl chloride (Figure
3.13).
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Figure 3.1 3 The ES+1 mass spectrum obtained for [13]. Note the smaller peak at 330 m/z, at approximately 33%,
representing the ^^Cl isotope.

The IR spectrum showed one stretch at 1642 cm'^ representing the C=0 bond
in the amide side chain. The

NMR of 9-chloro-DACA revealed the six

equivalent 2Me2 protons in one single peak at 2.37 ppm. These are remote from
any other protons giving this unique singlet peak. The CH2 groups of the
dimethylaminoethyl side chain also appeared in the aliphatic region; the CH2
group nearest the NMe2 (b) was coupled only to those protons in the adjacent
CH2 group (a), resulting in a triplet peak. The CH2 group (a) is shifted further
downfield as a result of its proximity to the electron-withdrawing carbonyl
group in the amide bond. These protons are coupled to both the CH2 group (b)
and the proton in the amide bond resulting in an apparent quartet peak at 3.71
ppm (actually a doublet of triplets in which the central and inner peaks have
coalesced). Furthest deshielded is the proton at position 1, with a coupling
constant J = 7.2Hz, clearly ortho-cou\i\e6 to the signal at 7.65 ppm, suggesting
that this represents the proton at position 2. This is a double doublet similarly
o/#70-coupled to a second proton, constant J = 8.4 Hz which is represented by
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the doublet at 8.33 ppm, that represents the proton at position 3. This is no
doubt deshielded due to the presence of the ortho carboxylic acid. The proton
(H3) is not well resolved, making assignment of me^coupling with H I
impossible. The peak at 8.51 ppm is likely to represent the H8 proton as the
second most deshielded signal {ortho- to the chlorine at position 9 but not

para- to a carboxylic acid as is the case with H I). The final doublet (an
unresolved doublet of doublets similar to H3) therefore represents H5 (as it
would also have ortho and meta coupling but not more complicated ortho,

ortho and meta coupling) and has a 1,2-coupling constant of 8.8 Hz. This
suggests coupling to the signal at 7.60 ppm which has coupling constants of
8.8, 6.8 and 1.2 Hz. This is further coupled to the signal at 7.79 ppm, with
constants of 8.0, 6.8, and 1.2 Hz. These observations suggest that the latter
two signals represent the H6 and H7 protons respectively. The large constant of
8 Hz for H7 no doubt represents the coupling constant to H8 but the
complicated nature of the H7 splitting (in which a doublet of doublets is further
split to a doublet) means that calculation of the coupling constant is difficult.
Further correlation spectra of the compound would no doubt have completed
the assignment, but as this is a known (albeit not very well reported)
compound and rather unstable, it seemed that further characterisation would
be unneccessary. It should be noted that this spectrum was assigned in
accordance to the literature, and that there is a small possibility that protons 1
and 3 are in exchanged positions. This cannot however be confirmed without
coupling NMR experiments.
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Figure 3.1 4 The aromatic region of the
region.

NMR spectrum obtained for [13]. Seven protons can be assigned from this

3 .8 .3 Linker Design
The linker used to make compound 16 comprises of a flexible, neutral alkyl
chain, which can provide one or two cationic charges at physiological pH. Upon
considering the distance required to bridge the cross-over region of a DNA
Holliday junction, it was considered practical to synthesize a range of bisacridine compounds with various linker lengths. Five compounds were made

[15-19] which had linkers ranging from four to twelve carbon atoms long. Five
straight chain linkers (4, 6, 8, 10 and 12 carbon atoms) were available
commercially from Aldrich. It should be noted however that as only compounds

[15] and [16] gave crystal structures, the other compounds are not described
or characterized further. The mono-acridines were coupled by following a
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modified procedure described by L. Wakelin and colleagues.^^^^ The 9chloroacridine-4-carboxamides were dissolved in phenol and reacted with half a
molecular equivalent of the di-amine linkers (Scheme 3). After heating at 55°C
for 24 hours, and suitable work up, the bis-acridine free bases were recovered
from dichloromethane and purified using flash column chromatography. The
tetrahydrochloride salts were prepared by treating the free bases in methanol
with 12M hydrochloric acid, followed by precipitation with ethyl acetate. The
salt solutions were finally freeze dried to give light fluffy yellow powders.

3 .8 .4

Synthesis

of

9f9'-(lf4-b u tan ed iyld n m in o )b is[N -[2-

dim ethylam ino)ethyl]]4-acr!dineacarboxam ide [1 5 ].

O

01
Phenol (excess)

[14]

110°C, 30 min

.N.
H
1,4-diaminobutane
55»C, 24 hr

,N.

N
H

N

Compound 15 was prepared from a reaction of N-[2-(dimethylamino)ethyl]-9chloroacridine-4-carboxamide [13] with phenol to produce the phenoxy
intermediate. This was then reacted with half a molecular equivalent of 1,4diaminobutane. After heating at 55°C for 24 hours, the free base was isolated
by flash column chromatography and base work-up. The 4-carbon linked bis(9aminoacridine-4-carboxamde) product was only able to be characterised by MS
and IR due to its tendency to form aggregates in solution. It was then
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converted to the tetrahydrochloride salt by treating the free base in methanol
with 12M hydrochloric acid, followed by precipitation with ethyl acetate.
Compound 15 (the salt) was fully characterized by

NMR and

NMR. The

numbering scheme below is used in the following description of spectral results.
Only half the compound is labeled due to its symmetry about the central C-C
bond in the linker.
HN
7
6

N.

The mass spectrum (ES + 1) of compound 15 as a free base revealed a peak at
671.3 m/z, corresponding to the molecular ion of 670.0 g.mol'^ (Figure 3.15).
This proves that substitution has occurred at both ends of the di-amine, giving
a bis-acridine molecule.

Figure 3.15 Mass Spectum of the free base of compound 15, the molecular ion can be seen at 671.3 m/z.
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In addition to the molecular ion, a number of additional peaks were observed
between about 100 and 350 m/z but most interestingly, a peak was observed at
336.5 m/z. This is exactly half the mass of the molecular ion and represents the
doubly charged molecular ion which therefore has half the m/z value. The
NMR of the free base was obtained, however, it was impossible to assign the
peaks with any accuracy. TLC analysis showed one spot indicative of a pure
product, and the mass spectrum indicated the correct molecular ion for the 4carbon linked bis-acridine. The free base was therefore converted to the salt
without further characterisation. The tetrahydrochloride salt of compound 15
was analysed by NMR, however, the same poorly defined peaks were observed.
To obtain NMR spectra of a high enough quality to allow peak assignment, a
variable temperature NMR experiment was carried out. The idea being that an
increase of temperature of the solution during the NMR experiment would
disrupt the chromophore stacking interactions and allow the peaks in the
aromatic region to become more defined. Figure 3.16 shows the

NMR

spectra recorded at 90°C for the salt of compound 15.

AB C4

90C

Ml

\\l//

\l//

II

Figure 3.1 6
variable temperature NMR spectrum recorded for the salt of compound 15 at 90°C. The insert shows
the same result at 22.5°C; note the improved definition of the peaks at a higher temperature.
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Although It is clear to see from Figure 3.16 that there is a marked improvement
in peak definition as the temperature is increased, the peaks are still broad and
somewhat unresolved, with the aggregated species giving rise to extra peaks.
Compound 15 was purified by HPLC and, furthermore, was crystallised
demonstrating that it is clearly a single, pure compound. The aliphatic region
was assigned from the NMR recorded at 22.5°C as was observed that
temperature increase caused a merging of the side chain peaks in the 90°C
spectrum. There are four clear peaks in the aliphatic region, which are visible as
separate peaks in both the 22.5 and the 50°C spectra. Although they are not as
clearly split as the peaks seen the

NMR spectra for [13] or even the 6-

carbon linked bis-acridine [16], it is still possible to observe their shape. A peak
at 2.05 ppm represents the four central protons in the carbon linker, the peaks
at 3.48 and 3.88 ppm represent the CHz groups in the side chain, again, the
GHz group nearest the electron withdrawing amide group is shifted further
downfield in line with the spectrum for [13]. Finally, the peak at 4.02 ppm
represents the GHz groups in the linker at either end, nearest the NH group.
Ordinarily, these peaks would show characteristic splittings depending on their
environment (as seen in the spectra of compound 16), due to the unresolved
nature of the spectra, presumably due to aggregtion effects, these were not
observed, even at 90°G. The characteristic singlet peak (this time with an
integral of 12) is observed at 3.00, shifted slightly downfield compared to that
of compound 13.
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3 .8 .5

Synthesis

of

9 ,9 '-(l,6 “hexanedlyldnm lno)bis[N -[2-

dim ethyiam ino)ethyl]] 4-acr!dineacarboxam ide [1 6 J.

O

Cl
Phenol (excess)

N
[13]

[14]

110°C, 30 mins.

O'

N.

N
H

H
1,6-diaminohexane (O.Seq)
55®C, 24 hrs.

Compoun(j 16 was prepareij from a reaction of N-[2-(dimethylamlno)ethyl]-9chloroacridlne-4-carboxamide [13] with phenol to produce the phenoxy
intermediate. This was then reacted with half a molecular equivalent of 1,6diaminohexane. After heating at 55°C for 24 hours, the free base was isolated
by flash column chromatography and base work-up. The 6-carbon linked bis(9aminoacridine-4-carboxamde)
spectrometry,

NMR,

product

was

fully

characterised

by

mass

NMR, MS, IR, and HPLC before being converted to

the tetrahydrochloride salt. This was carried out by treating the free base in
methanol with 12M hydrochloric acid, followed by precipitation with ethyl
acetate. Compound 16 (the salt) was fully characterized by

NMR, ^^C NMR,

and micro-analysis. The numbering scheme below is used in the following
description of spectral results. Only half the compound is labeled due to its
symmetry about the central C-C bond in the linker.
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HN
7
6

The mass spectrum (ES + 1) of compound 16 as a free base revealed a peak at
699.3 m/z, corresponding to the molecular ion of 698 g.mol'\ this proves that
substitution has occurred at both ends of the di-amine, giving a bis-acridine
molecule.

Figure 3.17 Mass Spectum of the free base of compound 16, the molecular ion can be seen at 699 m/z.

In addition to the molecular ion, just as for compound 15, a second peak can
be observed at 350 m/z, this time even more obvious. This is exactly half the
mass of the molecular ion and represents the doubly charged molecular ion
which therefore has half the m/z value.

The

NMR of the free base was initially carried out in deuterated chloroform,

however, the first spectrum obtained showed a lot of noise in the aliphatic
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region,

mainly

attributed

to

the

77

presence

of

various

solvents

like

dichloromethane, methanol and ethyl acetate, used during purification and base
work-up. This could have been avoided if the oil was left on the rotary
evaporator longer. A second

NMR was carried out after further drying of the

compound; this time the NMR solvent used was MeOD because the compound
was found to be more soluble in methanol. At 2.52 and 2.93, two multiplets are
observed, each with an intergral corresponding to 4 aliphatic protons. These
are assigned as the two CHz groups at (d) and (e), however, due to symmetry;
there are two lots of CH2 groups at each position, giving 8 protons in total. The
CH2 group nearest the NH group of the linker is split by the proton attached to
the nitrogen and the 2 protons on the adjacent CH2 which should result in a
doublet of triplets, however, instead, an unresolved multiplet is found further
downfield at 2.99 ppm. The characteristic singlet peak (this time with an
integral of 12) is observed at 3.33 ppm, shifted downfield slightly when
compared to that of the mono-acridine. The side chain CH2 groups can also be
located, this time with integrals of 4. Again the CH2 group nearest the electron
withdrawing amide is shifted further downfield at 3.93 and 3.95 ppm, and is
split into an unresolved doublet of triplets (two peaks can be seen close to each
other representing the doublet and the triplet peaks, however, the actual
splittings are not observed) as a result of the neighbouring NH proton as well as
the other CH2 group. Moving up into the aromatic region, the peaks are similar
in shape and position to the mono-acridine derivative, however, there is a little
background noise, most likely due to stacking of the aromatic chromophores in
solution. Nevertheless, 14 protons could still be located (Figure 3.18) and were
consistent with previous 9-aminoacridine-4-carboxamide NMR data. The doublet
peaks at 8.51 and 8.40 ppm represent the H I and H8 acridine protons
respectively, the latter of which is clearly o/#?o-coupled to the peak at 7.73
ppm, (7 value 8.4 Hz) which represents the proton at position 7. The
unresolved doublet of doublets at 8.24 ppm is the furthest deshielded after
protons 1 and 8, suggesting that is most likely due to the proton at position 3;
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shifted downfield as a result of its proximity to the carboxylic acid group at
position 4. The peak at 7.37 ppm represents the proton at position 2, which is
or#70-coupled to the doublet at 8.52; the HI proton (J value 3.2 Hz).

Ortho-

coupling of proton H2 with H3 was not observed however, this could be
investigated through a 2D-C0SY experiment which would also confirm the

ortho-QOup\\nq seen between the HI and H2 protons. This was not considered
necessary however, as this compound has been previously reported. The final
doublet (an unresolved doublet of doublets similar to H3) therefore represents
H5 and has a 1,2-coupling constant of 8.0 Hz. The final proton, H6 is
overlapped with the H2 proton and is the most shielded at 7.35 ppm. Further
coupling of the H6 proton to the H7 proton is not clear from the ID experiment
but again, as this molecule has been previously described, it did not appear
necessary to carry out extensive 2D experiments.
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Figure 3.1 8 The aromatic region of the
NMR spectrum obtained for compound 16. Fourteen protons can be
assigned from this region, however when comparing this to that of 9-chloro-DACA (Figure 3.15) the base line has a bit
more noise; probably due to stacking interactions of the bis-acridine molecules in solution.
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Chapter 4
DNA Crystallography

M acrom olecular crystallography is the single most
im portant

m ethod

fo r

determ ining

the

three

dim ensional structure o f biological macromolecules to
near atom ic resolution. Both D N A and protein f a l l into
the category o f macromolecules, and in general, the
fu n d a m e n ta l theories and experim ental underpinning
o f p rotein and D N A crystallography are very sim ilar.
However, there are sm all but nevertheless sign ifica nt

Ék

'

differences at many stages o f the experim ental process
when w orking with either D N A o r protein. This work
involves only D N A crystallography, so this chapter
hig h lig h ts the crystallographic jo u rn e y involved when
D N A is the macromolecule in question.
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4.1 Crystals
The word crystal comes from the Greek word ^krustallos', meaning 'clear ice'. An
ideal crystal is defined as an infinite and perfect array in which the building
blocks are arranged according to well defined symmetries (described by 230
space groups) into unit cells that are repeated in three dimensions (x, y and z)
by translations. The actual crystals grown and used in crystallography
experiments are never perfect, due to both local disorder and long-range
imperfections. Crystals resulting from DNA form in an orderly three-dimensional
array and are held together by non-covalent interactions. The crystal structure
of a material is often discussed in terms of its unit cell; it is the smallest unit of
volume which contains one repeat unit of the crystal lattice. The unit cell is
defined by its lattice parameters; if a unit cell could be imagined as a box, these
would be the lengths of the boxes sides and the angles between the sides. Any
atoms found inside the box or unit cell are described by a set of atomic
positions or dimensions (x, y, and z) as explained above. The defining property
of a crystal is its inherent symmetry, so that after certain symmetry operations,
the crystal remains unchanged. For example, rotating a crystal 90 degrees
about a certain axis could give an orientation of atoms identical to the original
orientation. This crystal would therefore have a four-fold rotational symmetry
about this axis. In addition, a crystal may have symmetry operations like mirror
planes, translational symmetries or inversion centres. Sometimes crystals can
possess more than one symmetry operation, combinations of translation and
rotation operations are an example. A full classification of a crystal is achieved
when all of these inherent symmetries of the crystal are identified.

Crystals can also be classified into groups called crystal systems; there are
seven unique crystal systems and each represents a group of crystal structures
with the same basic symmetry characteristics. Each crystal system can be
described by a set of three axes in a particular geometrical arrangement. The
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simplest crystal system with the most symmetry is the cubic system; it has
three axes which are mutually perpendicular and of equal length. The other six
systems in order of decreasing symmetry, are hexagonal, tetragonal, trigonal,
orthorhombic, monoclinic and triclinic (see Table 4.1).

Within each crystal system there are various lattice types. These are known as
the Bravais lattices after Auguste Bravais, who demonstrated that there are 14
types in 1848.^^^ They are a set of points constructed by the translation of a
single point in discrete steps by applying a set of basic vectors. In three
dimensions there are 14 unique Bravais lattices. All crystalline materials fit into
one of these arrangements (See Table 4.1).
Crystal System

Lattices

Triclinic

Monoclinic

Simple

Centred
a *9 0 °
).r = 90°

Orthorhombic

Tetragonal

Simple

Base-centred

Simple

Body-centred

Simple

Body-centred

Body-centred

Face-centred

Trigonal

Hexagonal

Cubic

Face-centred

Table 4.1 The seven unique crystal systems with their associated Bravais Lattices.
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A crystal structure consists of a unit cell positioned around each and every
lattice point. The unit cell repeats indefinitely in three dimensions according to
the arrangement of one of the 14 Bravais lattices. The symmetry characteristics
of the unit cell, is described by its point group which is a subset of symmetry
operations that leaves at least one point invariant. There are 32 different
crystallographic point groups in three dimensions.

When all possible symmetry operations are taken into account, crystals can be
defined by 230 possible arrangements of these symmetry elements in the solid
state known as space groups.^^^ It should be noted that biological crystals such
as proteins and DNA can only be defined by the 65 non-centrosymmetric space
groups. This is due to the fact that the application of mirror planes and
inversion centres would change the symmetry of the amino acid, the direction
of the a-helices in proteins, the stereochemistry of the ribose or deoxyribose
sugars and the 'handedness' of the DNA. Table 4.2 shows the 65 possible space
groups available for biological molecules.
Space Group

Crystal System
TRICQNIC

Point Group
1

Laue Group
1

MONOCLINIC

2

2/m

P2, P21, C2

ORTHORHOMBIC

222

Mm

P222, P222i, P2i2i2, P2i2i2i,

TETRAGONAL

4

4/m

C222i, C222, F222, 1222, 12,2i2i
P4, P4i, P42, P43, 14, 14i

422

4/mmm

3

3

32

3/m

6

6/m

622

6/mmm

23

m3

432

m 3m

TRIGONAL

HEXAGONAL

CUBIC

PI

P422, P42j2, P4j22, P4i2i2, P4z22,
P4,2i2, P4,22, P4,2,2, 1422, 14i22
P3, P31, P32, R3
P312, P321, P3i l 2, P3i21, P3zl2,
P3;21, R32
P6, P6i, P65, P62, P64, P63
P622, P6i22, P6522, P6z22, P6422,
P6i22
P23, F23, 123, P2i3, 12i3
P432, P4232, F432, F4i32, 1432,
P4i32, P4i32, 14i32

Table 4.2 The 65 three dimensional space groups for biological molecules
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4.2 Applied Crystallography
X-ray Crystallography is the principal method by which the detailed three
dimensional structures of molecules, in particular the molecules of living
systems, have been discovered. X-rays are electromagnetic radiation, similar to
visible light, but occur at much shorter wavelengths. While visible light ranges
from 4000 to 7000 Â, X-rays routinely used in crystallography have a
wavelength of 0.7 to 1.7 Â. Objects can be seen with visible light because the
objects scatter the light in all directions. The human eye can differentiate
between the different wavelengths creating an image in the mind. Crystals can
be examined with X-rays due to a similar reason; the electrons present in the
atoms scatter the X-rays in all directions resulting in a diffraction pattern unique
to that crystal.

4 .2 .1 M athem atical Theory o f Crystallography
Wilhelm Roentgen, a professor of physics at the University of Wurzburg,
discovered X-rays in 1895^^^ but it was not until 1912 when Max von Laue,
discovered X-ray diffraction that the atomic arrangement of a crystal could be
worked out in its entirety. Von Laue proposed that crystals might be able to
diffract X-rays,^'^^ and with the help of Walther Friedrich and Paui Knipping, one
of Roentgen's doctoral students, the first crude crystal diffraction pictures were
obtained. Von Laue used crystals as 3-D gratings for the diffraction of an
incident X-ray beam. He explained the diffraction pattern as the result of a
number of scatterings and positive interferences of the radiation passing
through the crystal lattice. He formulated a set of three equations, one per
independent crystallographic direction, which state that a three dimensional
lattice is the combination of three linear arrays of nodes, each node defining
the position of a crystallographic element, i.e. atoms, molecules, ions etc. Each
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equation must be satisfied at the same time in order to obtain a black spot on
the diffraction plate. The three Laue equations can be written this way:

h X = a(cosa - cosao)
k X = b(cos|3 - cospo)
\X = c(cosy - cosYo)

Where h k and I are the Miller indexes of the crystallographic plane, X is the
radiation wavelength, a b and c are the cell parameters and ao, Po and yo are
the angles between the incident ray and the three crystallographic axes,
respectively x, y and z.

Laue's work was the classic demonstration of the wave nature of X-rays,
followed in 1913 by W. L. Bragg, who gave the first mathematical description of
the positioning of X-ray diffraction spots using the Bragg E q u a t i o n . H e
observed that a rotation of the crystal caused a synchronic shifting of the spots
on the plate, as well as the reflection of a beam of light by a mirror plane:

Where d is the plane spacing, 0 is the reflection angle, and X is the wavelength
of the incident beam. The three integers h, /rand /define the plane, specifying
its orientation with respect to the three unit cell edges. The Bragg equation in
this form allows each reflection to be uniquely labelled with its three indices

{hkf) and its net scattering angle to be calculated from the unit cell geometry,
of which dhk! is a function.
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To recap, an X-ray pattern provides information on the unit cell geometry and
symmetry but determination of the full molecular structure involves the
measurement of all the individual intensities. The intensities of the diffraction
pattern and the arrangement of atoms in the unit cell of a crystal structure are
related to each other by Fourier transformation. The mathematical equations
for crystallographic Fourier transformations can be understood in terms of the
physical processes they represent. The two numerical values associated with
each reflection in a crystal diffraction pattern are the amplitude

If\

and the

phase (f> of the diffracted wave. As crystals diffract X-rays in particular
directions, the intensity of the diffracted beam needs to be considered. The
diffraction pattern is the Fourier transform of the electron density. The intensity
of the diffracted beam (hkl) is proportional to the square of the amplitude of
the structure factor.

F hkl = ^
N

This equation represents the combination or addition of many waves to give
one resultant wave in each direction. The structure factor is considered equally
in terms of an image of electron density formed from a diffraction pattern by
adding together waves with their correct relative amplitudes and phases. The
electron density is the reverse Fourier transform of the diffraction pattern.

1

I T7»

I ^{-2ni{hx+ky+jz)-2cL^

This equation shows how phases can be calculated from any proposed model of
a structure. The amplitude and phase for reflection (hkl) can be calculated
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mathematically to mimic the observed experimental diffraction of X-rays by a
crystai. It needs to be done for each reflection, producing a set of caiculated
structure factors, each with an amplitude and a phase. In the experiment itseif
however, only the amplitude is obtained. Here in the mathematicai basis of the
method, the nature of the phase problem is seen.

4 .2 .2 The Phase Problem
The phase problem means that the relative phase shifts can be calcuiated along
with the ampiitudes, but the intrinsic phases of the different reflections are
unknown from the diffraction experiment. There are however, several
procedures that allow the phase problem in X-ray crystailography to be solved.
The first of these is the isomorphous replacement (IR) method*^^^ in which a
native crystal and a heavy atom derivative are both measured and the
differences between the two diffraction patterns are anaiysed. The second is
muitiple wavelength anomalous diffraction

which is based on the

idea of using the anomalous scattering at different wavelengths. The MAD
method depends on the presence of sufficiently strong anomalously scattering
atoms in the DNA structure itseif and on the tunability of synchrotron-radiation
X-ray sources. Third is the direct methods a p p r o a c h . T h i s can make
estimates about the reflection phases using assumptions about the internal
structure of the crystal. The final method is molecular replacement

in

which a previously solved DNA structure is considered similar to the unknown
structure and hence can be used as the model in the first stage. Rotations and
translations are found which position the model structure in the unit cell giving
the highest correlation between expérimentai diffraction measurements and
those caiculated from the model. As this method reiies on the existence of
similar, previously solved structures, it is likely to become more applicable as
the number of DNA structures solved increases.
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4.3 Crystal Growth
The main aim with respect to DNA crystallography is to obtain a perfectly
formed, highly diffracting crystal of appreciable size (0.2mm at least), which
can withstand cryogenic temperatures without disintegrating. As the work
presented in this report only involves DNA crystallography; there are a number
positive and negative implications depending on which stage of the process is
being carried out. For example, the crystallisation of proteins is now quite
routine due to the abundance of methodology built up over the years to
support any initial ciystallographic investigations. There are unfortunately much
fewer resources available for DNA crystallography, this usually means that
protocols that have worked for proteins are adapted to accommodate DNA
crystallisation conditions, basically a case of trial and error. On the other hand
once crystals have been successfully grown, they are a lot more robust and
easier to handle than protein crystals. This is most likely due to the stacking of
DNA helices in the crystal form allowing the formation of solvent channels
which aid in structure stability. Data collection with DNA crystals tends to be
somewhat more successful in comparison. The next section describes the
principles of successful DNA crystallisation.

4 3 .1 The physical Processes o f Crystallisation
The crystallisation of a molecule from its solution is a reversible equilibrium
process, driven by minimisation of the system's free energy.^^^^ When the
molecules are fully solvated, the system is at equilibrium (free energy
minimum). If more molecules are added to the solution, there is insufficient
solvent to maintain full hydration of the molecules. Under these conditions
(supersaturated state) equilibrium is lost and thermodynamics drive the system
towards a new equilibrium with a new free energy minimum. This is achieved
by the formation of new stable non-covalent chemical bonds (e.g. hydrogen
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bonds) by individual molecules. This in turn causes them to lose rotational and
translational freedom; minimising the free energy of the system. The molecules
can enter the solid phase in this state, appearing as either amorphous
precipitate or crystal nuclei. Amorphous precipitates are kinetically favoured,
causing competitive inhibition of crystal formation. The system has to be
brought into a state of limited supersaturation to counteract these opposing
factors. Three stages of crystallisation are common to all systems: nucléation,
growth, and cessation of growth. The formation of crystal nuclei from
supersaturated solutions however, does not always precede formation of
macroscopic crystals. The nucleus must first exceed a specific 'critical' size,
defined by the ratio between the surface area of the nucleus and its volume.*^^^^
Once the critical size is exceeded, the nucleus is capable of further growth,
given the availability of molecules in solution and suitable experimental
conditions. Crystal nuclei formation and growth occur only in supersaturated
solutions, where the concentration of the biological component exceeds its
equilibrium solubility value, shown by a phase diagram^^"^'^^^ (Figure 4.1).

Supersatu ration

Precipitation

Nucléation

Undersaturation
Crystallizing Agent Concentration

Figure 4.1 A Phase Diagram

The phase diagram is divided into two areas; the undersaturated zone and the
supersaturated zone. The curve that separates them represents an equilibrium
between solution and precipitating agent formed at the end of crystal growth
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from a supersaturated solution or from crystal dissolution that occurs in an
undersaturated solution. Crystallisation will only occur in the supersaturation
zone depending on kinetics and the level of supersaturation. This zone is
further divided into three sections:

•

The precipitation zone, excess molecules separate from solution forming
amorphous aggregates.

•

The nucieation zone, excess molecules aggregate in a crystalline form.

•

The metastabie zone, crystals grow as a result of formation of a single
nucleus in the nucieation zone.

After nucieation and growth, cessation of growth must occur. This usually
occurs when the solid and solution phases reach equilibrium, however some
crystals reach a certain size beyond which growth does not proceed, regardless
of solute concentration. This may be the result of either cumulative lattice strain
effects or poisoning of the growth surface.

4 3 .2 Crystallisation Param eters
There are a number of kinetic and thermodynamic parameters contributing to
macromolecular crystal g r o w t h . T h e s e include:

•

Complexity

and

high

degree

of

mobility

at

the

surface

macromolecules
•

Electrostatic nature of macromolecules.

•

Low chemical and physical stability of macromolecules.

•

Specific properties of the macromolecule e.g. ligand presence.

•

Extremely high levels of supersaturation for nucieation.

for
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Although high levels of supersaturation are necessary to promote nucieation,
when supersaturation is achieved, the competition between crystal nuclei and
amorphous precipitation becomes severe. A fine balance has to be achieved
where a high enough level is present to promote nucieation but not too high so
crystals can form successfully in the next stage.

4.4 Crystallisation Techniques
A

number

of

techniques

have

been

developed

for

macromolecular

crystallisation. Three methods are most commonly used: micro-batch, vapourdiffusion and dialysis. In this work, the vapour diffusion method was used
during crystallisation trials. The vapour-diffusion technique involves evaporation
and diffusion of water between solutions of different concentrations to achieve
supersaturation. This is achieved by suspending a drop containing 50%
molecule solution and 50% precipitant agent solution (at vapour equilibrium
concentration) over a well that contains the precipitant solution at the target
concentration. The drop can be a hanging, sandwich, or sitting drop depending
on the rate of diffusion required (Figure 4.2). It should be noted that in this
work, the sitting drop method was used.

Hanging Drop

Sandwich Drop

T=r

\H \ Molecule

Sitting Drop

n

solution + p re cip ita n t

i m P recipitant

Figure 4 .2 A schematic diagram showing hanging, sandwich, and sitting drop methods
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Once trays have been set up, water evaporates from the drop until the
concentration of the precipitant in the drop is the same as the well solution.
The dilution of the well by water vapour leaving the drop is insignificant due to
the large volume of the well. During a vapour-diffusion experiment, the
unsaturated macromolecular solution will become more concentrated (See
Figure 4.3, Point A) eventually reaching a supersaturated state (Point B). As
the first crystals appear, the macromolecular concentration will decrease. The
crystals will then grow until the macromolecular concentration in the drop
reaches the solubility curve (Point C).

Precipitation zone

CL

Crystallizing Agent Concentration

Figure 4 .3 A phase diagram for vapour diffusion

4.5 Crystallisation Trials
Where DNA crystallisation is concerned, there is no set way to obtain suitable
diffracting crystals. Unlike protein crystallography where a vast number of
screens and tested protocols are available, the crystallisation of DNA is not so
simple. If one was to observe all the previous DNA crystal structures solved in
the Nucleic Acids Data Bank (NDB),^^^'^^^ it would soon become obvious that the
majority of these structures were obtained from crystals grown from solution
conditions favouring DNA condensation. DNA condenses in the presence of
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polyamines such as spermine or trivalent inorganic cations like cobalt hexamine.
DNA also condenses in the presence of alcohols like 2,4-methyl pentane diol
(MPD) and divalent metal cations like Mg^^, Ca^^ and Sr^^. These parameters
therefore need to be taken into account when setting up initial screens for
growing DNA crystals. There is only one DNA crystallisation screen (as opposed
to the vast number of protein screens available) which has been developed by

Hampton Research and can aid DNA crystallographers at the earliest stages of
crystal growth. It is called the 'Nucleic Acid Mini Screen'*^^®^ and it provides
twenty four conditions which include various combinations of the reagents
mentioned above. The screen can be used to determine the preliminary
crystallisation conditions for nucleic acid fragments and, in this work, provided a
starting point for DNA crystal growth and optimisation. From the Mini Screen,
two optimisation routes were utilised, one was developed directly from the Mini
Screen (4.5.1), and the other was a new method called the Phase Diagram
Method^^®^ (4.5.2), used when initial results from the Mini Screen were very
poor.

4.5.1 The 'M iniS creen'M ethod
The 'Nucleic Acid Mini Screen'^^®^ evaluates sample concentration, temperature,
pH, monovalent cations, divalent cations, and polyamines. The screen is
ordered from Hampton Research as a pre-prepared kit, it consists of twenty
four, 1ml vials containing various precipant solutions, and a 250ml bottle of
35% v/v MPD as the reservoir solution. Before the screen is set up, both DNA
and ligand solutions have to be prepared. For this work, oligonucleotides were
obtained as HPLC purified solids from Eurogentec, they were then made up into
stock solutions using MilliQ water usually to a concentration of 6mM (double
strand concentration). Each well is typically set up by first inserting 1ml of 35%
v/v MPD into the reservoir section of the well. Next, 4^1 of Mini Screen reagent
is inserted into the drop section in the centre, followed by Ipl of DNA (6mM)
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and l|^l of ligand solution (concentration varies depending on ligand in
question). The 24 wells are then sealed and left at 18°C for a week before
being examined for crystal growth (Figure 4.4). For specific experimental set-up
see section 7.3 in Chapter 7: Experimental)

Mini Screen
Reagent {4pl) »

1ul DNA (1mM)

1ul Ligand
solution (~400)j M)
Reservoir Solution
MPD (35% v/v)

Figure 4 .4 Schematic showing a typical Mini Screen well set-up. Each tray contains 24 wells which are sealed after
solutions have been added. A tray is left undisturbed for approximately one week before the wells are examined under
a microscope for evidence of crystal growth.

After a week, crystals can usually be seen in at least 3 or 4 of the 24 wells if the
Mini Screen is successful. Crystals grown in the screen usually need optimising
before use on an X-ray diffractometer. First, the wells with crystals present
after about a week are noted, and the conditions are examined. It is usual to
find crystals in wells with similar conditions, for example, the crystals found
with duplex forming DNA d(CGTACG) 2 and compound 16 were found in wells
containing strontium chloride as the divalent metal cation. There are three
conditions in the Mini Screen which contain strontium ions so these conditions
were then taken and optimised. For example, if suitable looking crystals were
found in well 13, the conditions are as follows:

10% v/v MPD
40mM sodium cacodylate pH 6.0
12mM spermine tetra-HCI
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80mM strontium chloride

•

ImM DNA d(CGTACG)

•

375|iiM ligand solution
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To carry out a successful optimisation of these conditions, only two parameters
can be changed. For this work, the DNA concentration and the divalent metal
cation concentration were chosen as the variable parameters. The other
parameters were initially investigated but they did not show a great variation in
results with large variations in their concentrations. A typical first optimisation
tray would consist of 24 wells (4 rows and 6 columns), into which each would
be added 3\i\ of a stock solution containing the fixed parameters (MPD, sodium
cacodylate, and spermine), Ipl of DNA, Ipl of strontium chloride, and Ipl of
ligand solution. The DNA concentration would be varied in each row, so that the
initial screen concentration would fall in the centre of the concentration range,
and the strontium chloride concentration would be varied in each column in the
same manner. The ligand solution would be fixed, but added as the last thing
to avoid any possible interactions with anything other than the DNA. This
optimised tray would hopefully yield a number of wells containing better crystal
specimens than before. Often between five and ten successive optimisations
would be carried out until a suitable crystal is grown. This optimisation
technique was used to obtain the perfectly formed, highly diffracting crystals of
duplex DNA with compound 16. See Chapter 7 for final optimised tray
conditions.

4 .5 .2 The Phase Diagram M ethod
The 'Phase Diagram Method'^^^^ of crystal optimisation was used during the
optimisation of crystals which showed very poor results from the Mini Screen,
for example when all 24 wells showed no sign of single crystal growth, or when
crystals appeared but were very poorly defined, i.e. no clear sharp edges, or all
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clumped together and impossible to separate. The 'Phase Diagram Method' is a
completely separate method of crystal growth optimisation, independent from
the Mini Screen, effectively starting again from scratch. The method is outlined
in a paper by S. Arai and co-workers, ''^Crystallization o f a Large Single Crystai

o f a B-DNA Deœmer for a Neutron Diffraction Experiment by the Phase
Diagram Techniqud’ and works on the principle that by varying the salt and
DNA concentration only, one can promote crystal growth by pinpointing the
conditions required for the crystallisation drop to fall within the supersaturation
band on a phase diagram where increasing DNA concentration is on the Y-axis
and increasing salt concentration (SrCb in the case of d(TCGGTACCGA) 4 with
compound 16) is on the X-axis (see Figure 4.5). With the Phase Diagram
Method, there are no pre-made solutions, so everything must be made. A stock
solution is made containing the non-varied parameters, (MPD, sodium
cacodylate, spermine) and this is used in the same way as the optimised Mini
Screen method, where DNA concentration is then varied over the rows and salt
concentration is varied over the columns. The reservoir solution is the same as
the Mini Screen Method; 35% MPD v/v.
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Figure 4.5 Figure taken from [S. Arai et al., "Crystallization o f a Large Single Crystai o f a B-DNA Decamer for a
Neutron Diffraction Experiment by the Phase Diagram Techniqud'. Acta Crystaiiogr. Sect. D, 58, 151 (2002)] "The
phase diagram for crystallization of the B-DNA decamer d(CCATTAATGG): This figure was obtained by adjustment of
the DNA and MgCb concentrations. The concentration of MPD (2-methyl-2,4-pentandiol) was fixed at 30% v/v. The
insert shows a single crystal grown at DNA (1.5 mM), MgClz (100 mM), and MPD (30%v/v). This is the largest single
crystal of an oligomer B-DNA in the world".
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In the Phase Diagram method, the precipitant level in the drop is increased to
nearly equal that of the reservoir solution. The DNA concentrations usedare
substantially higher than those used in the Mini Screen method, with a
maximum concentration possible of 6mM (The maximum recommended
concentration used in the Mini Screen method is ImM). Finally, the salt
concentrations are approximately four times more concentrated in comparison,
in some wells as much as 140mM at final concentration. The parameters which
were not varied at any point in this method are as follows:

•

MPD 30% v/v

•

40mM sodium cacodylate pH 7.0

•

12mM spermine tetra-HCI

•

Ligand solution (concentrations varied with type of ligand used)

The Phase Diagram Method was used to grow high quality, well diffracting
crystals of Holliday junction forming DNA d(TCGGTACCGA) 4 with compound 16
which previously failed to give any promising results with the Mini Screen
Method. After a number of optimisations following the principle of successively
varying two

parameters;

the

DNA concentration and the

salt (SrClz)

concentration with each tray optimisation, suitable crystals were obtained. See
Chapter 7 for final optimised tray conditions. The Phase Diagram method can
be used to screen different divalent salts with an oligonucleotide, certain
sequences seem to produce better crystals depending on the type of salt used.
This method can be set up in multiple 24 well trays with each tray containing a
different divalent metal cation. This was carried out with Holliday junction
forming DNA and compound 16 with strontium chloride (the most successful)
calcium chloride, sodium chloride, potassium chloride and magnesium chloride.
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4.6 Data Collection
Data collection is one of the most Important steps to be taken in the structure
solution of macromolecular crystallography. To obtain a structure worthy of
analysis, it is important to measure an accurate and fully complete dataset,
using the largest, most morphologically perfect crystal possible.

4.6 .1 Crystal Selection
The selection of a suitable crystal is very important, and often whole datasets
can be collected on a crystal which is just satisfactory rather than ideal. This is
because the possibility that a better crystal could be found after disposing of a
crystal that diffracts - but not as well as it could, is not considered worth the
risk. During a trip to a synchrotron, there is a lot of pressure to get a good,
high resolution data set for the crystals being tested. Once a diffracting crystal
is found, it is a difficult decision to remove that crystal under the pretence that
another, more highly diffracting crystal may be found. In the worst case
scenario, a crystal would be picked (perhaps due to its large size) which may
diffract to 2.3Â, not a very high resolution but passable, a decision may then be
taken to remove it in the hope that a crystal could be found that diffracts to
2.0Â. However, no other crystals would then be found in the rest of the crystal
tray which diffract above 2.5Â. This would mean a dataset would be collected
at 2.5Â rather than a potential 2.3Â which was initially possible. These decisions
are not taken lightly and most of the time, crystallographers make the correct
choices resulting in the collection of the highest possible resolution dataset from
the crystal in question.

Within the Helix Group, we have developed ways to

minimize the risk of taking those wrong decisions which cost us valuable time
and resources. Firstly, through the method of freezing crystals in iiquid
nitrogen, we can preserve crystals within loops if they are a reasonable size and
have shown satisfactory diffraction on the 'in-house' X-ray equipment. These
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samples can then be taken to the synchrotron and if a good crystal Is
inadvertently destroyed, these frozen specimens act as 'second chances'.
Secondly, through the production of multiple crystal trays with identical well
conditions, several very similar crystals can be grown. These crystals can be
tested for diffraction on the 'in-house' equipment and if they show promising
diffraction, a number of identical batches can be taken to a synchrotron X-ray
facility for further analysis.

So, potential diffracting crystals are picked on their morphology, that is whether
they have clear edges and corners, and their size, it is a standard observation
that crystals that look 'pretty' i.e. perfectly formed, no cracks or chips, diffract
well, and secondly, the bigger the crystal the better the diffraction. However,
from the observations in this report, it seems crystal morphology is the single
most important factor when predicting clear, high resolution diffraction. This
was seen with the duplex crystals containing compound 16, they were
morphologically perfect, even if they were at most, 0.15mm in diameter; this
resulted in diffraction to 1.5Â without any problems. It should also be noted
here however that during synchrotron trips where many projects were being
investigated, some crystals were tested which were not expected to diffract due
to their badly defined shape and 'fluffy' appearance. These crystals sometimes
diffracted better than the smooth ones. So, the guidelines followed for picking a
crystal on size and shape sometimes do not appiy and more often than not, as
many crystals as possible are tested during synchrotron trip regardless of
morphology just in case they do not follow the standard rules.

The structures presented in this report have been carried out with the use of
various synchrotron facilities around Europe where extensive use was made of
the highly intense and often tunable X-ray sources. This ensured data of the
highest possible resolution and the collection of a SAD dataset otherwise
impossible at fixed wavelength beams. Preliminary investigative work was also
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carried out using the 'in-house' Oxford Diffraction Gemini-S-Ultra Diffractometer
recently installed at Reading (Figure 4.6).

I
I

Figure 4 .6 Image of the 'Gemini S Ultra' X-ray diffraction machine installed at the University of Reading, School of
Chemistry.

This machine has proved to be very useful as a screening tool for potential
highly diffracting crystals, and also for the collection of a number of datasets on
crystals which due to their fragile state; do not survive overseas trips to
synchrotron facilities.

4 .6 .2 Synchrotron Radiation
A synchrotron is a type of cyclic particle accelerator which uses large powerful
magnets positioned in a ring to turn the particle beam so it circulates and an
electric field which accelerates the particles as it travels round. In a
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synchrotron, both the magnetic field and the electric current are varied to
produce a very high energy beam of charged particles accelerated along a fixed
path at speeds approaching the speed of light. It is the ability to control and fix
the path of the accelerated particles that allows the beam to be enclosed in a
relatively small vacuum tube, shaped like a 'donut'. The largest synchrotron
research facilities can often reach a circumference of one kilometer. When the
particles are deflected through the magnetic fields, they emit very intense
beams of light known as synchrotron r a d i a t i o n . T h e

spectrum of

wavelengths produced by a synchrotron ranges from infrared through to
gamma rays, however, it is only the X-ray region, {X = ~10'^°m or 1Â) that is of
interest in this report. These beams of light are channelled off the main circular
route of accelerated particles and onto the research beam lines, positioned all
around the main storage ring (Figure 4.7).

F ig u re 4 .7 A typical synchrotron setup, the beam is bent by the magnets (in red), to follow a circular path around the
storage ring, ^ a m lines are positioned around the central ring to harness the radiation emitted as the beam is
deflected. It is this intense radiation which is used to collect high resolution data from crystal samples [Taken from
Wikipedia, h t t D : / /e n . w ik ip e d ia . o r q / w ik i/ S v n c h r o t r o n 1
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4.7 X-Ray Methods
There are a number of different methods used in crystailography to help
calculate the phasing of a structure, (these were discussed briefly in section
4.2.2 The Phase Problem):

•

Isomorphous Replacement (IR)^^^ in which a native crystal and a heavy
atom derivative are both measured and the differences between the two
diffraction patterns are analysed.

•

Single or Multiple Anomalous Dispersion

which

is based on the idea of using the anomalous scattering of a heavy
element at three, two (MAD), or even one (SAD) wavelength to allow the
complete determination of a crystai structure given that an appropriate
anomalous scatterer is present in the crystal.
•

Molecular replacement (MR)^^^^ in which a previously solved DNA
structure is considered similar to the unknown structure and hence can
be used as the model in the first stage.

In this report, only molecular replacement and SAD were used, and it is these
techniques which will be expanded upon next.

4 .7 .1 M olecular Replacem ent (M R )
Molecular Repiacementf^^^ is the simplest most cost effective way of solving the
three dimensional structure of a DNA molecule by X-ray crystallography. It is a
technique that rather than becoming less popular as more advanced methods
are developed, it continues to get more useful as time passes. This is because it
is based on the use of previously solved structures from the Nucleic Acids Data
which is constantly being added to. As the number of solved
structures increases, so does the effectiveness of molecular replacement as a
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technique to get round the phase problem. The technique of molecular
replacement is used to determine the orientation and position of a molecule in
the unit cell using a previously solved structure as the 'search model'. The
model and the target (unknown) need to reasonably similar, for example, the
same DNA sequence but different conditions of crystallisation. The target
crystal may have different metal cations bound in the grooves or a greater or
lesser network of water molecules within and surrounding the DNA molecule.
Molecular replacement can also be successful when the sequence is varied
slightly between the model and the target but usually in this case, the space
group needs to be identical. It is also very important to have a complete
dataset for the unknown molecule - if not, data is lost and similarity to the
model is reduced. If molecular replacement is successful, a preliminary model
of the target structure will be obtained by correctly orienting and positioning
the previously solved model in the target cell by applying rotation and
translation functions. This initial model for the target can then be optimised by
rigid body refinement. In this work, molecular replacement was used to help
solve the structure of Holliday junction forming DNA d(TCGGTACCGA) 4 with
compound 16 bound as a ligand. A previously solved Holliday junction structure
with the same sequence and space group was chosen as the model (PDB code:
^ ^'

and translation and rotation functions were

carried out on it by the program MOLREP^^^^ to produce a preliminary model for
the target structure.

4 .7 .2 Single Anomalous Dispersion (SAD)
At a synchrotron, time is usually of the essence. The collection of a multiple
anomalous dispersion

dataset involves the collection of three to

four separate complete data sets at various wavelengths around the absorption
edge of the anomalous scatterer present in the crystal. The differences in th e /'
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and/ " contributions are then utilized for phase calculation. This technique,
although very useful for solving new macromolecular structures, is not a very
efficient use of valuable synchrotron time. MAD experiments can often take up
to thirty or forty hours of data collection time and in addition, many more hours
of data processing before structure solution can even begin. In the present era
of high-throughput structure determination, suggestions were made proposing
that good phase estimates could be obtained by the collection of more accurate
data at fewer wavelengths.^^^^ This was shown by Hendrickson & Teeter in
when a single wavelength data set was collected and used to
determine the structure of the protein crambin. The experimental phases were
correctly estimated using the very small anomalous signal from the naturally
occurring sulfur atoms in the protein. Furthermore, Wang advocated this and
described a number of test cases utilizing the power of single anomalous
dispersion (SAD) measurements in his classic work in 1985.

When a crystal diffracts, it is the electron cloud surrounding the nuclei of the
atoms in the crystal lattice which diffract most of the X-rays. This contribution
falls off at higher diffraction angles (higher resolution) and is represented by
the atomic form factor. This is an isotropic signal from the whole atom;/® (<9).
Certain atoms possess electrons that can jump to higher energy levels when
excited by X-rays, this causes an auxiliary resonant anomalous signal and as a
result, the atomic form factor can be expressed as a complex number;/ +

if .

These corrections depend only on the wavelength of the X-rays used in the
diffraction experiment and do not diminish with increased diffraction angle as
seen with the normal scattering factor. In macromolecules, most of the atoms
have negligible f

(1 ) and / " (A,), it is only the 'heavy atoms' like sulfur in

proteins and metal cations in DNA which show anomalous scattering. The net
anomalous dispersion shows only very small differences in intensity even when
a crystal containing an anomalous scatterer is tested. The diffraction data must
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be measured very accurately so these anomalies can be detected and utilized in
phase calculations.

A SAD experiment involves collection of a single data set at (or as close as
possible to) the high-energy side of the absorption edge of the anomalous
scatterer, thus maximizing the anomalous signal obtained. In this work, the
crystal structure of duplex DNA d(CGTACG) 2 bound by compound 16 was
solved by SAD, and the presence of Sr^^ ions in the crystal structure were used
as the anomalous scatterers. One highly redundant data set was collected at
the Sr^'^ K-edge absorption peak (see Chapter 5).

Duing a SAD experiment, all the anomalous scatterers are of the same kind and
it is not possible to evaluate experimental phases exactly as only one
wavelength is measured. Several approaches for breaking the phase ambiguity
have been used for solving crystal structures by SAD. These include resolved
anomalous phasing,"^^"^^ the iterative single wavelength anomalous scattering
(ISAS) approach,^^^^ and the direct-methods applications. However, the modern
approach uses maximum likelihood based phasing which involves carefully
weighted probabilistic methods to determine the initial phases and their
reliability. Programs such as SHARP^^^^ and MLPHARE^^®^ can be used for this
purpose. In addition, density modification procedures can also be used to
improve the phase distributions, (programs such as

SOLOMON^^°^ and

RESOLVE*^^^^) providing the phase errors are correctly estimated. Finally, if there
is only one partial structure model, there is only one sure way to obtain the
correct enantiomer. There can be no difference in the formal error estimate for
the phase probabilities derived from the two possible enantiomorphs so it is
only by looking at the density maps produced that one can pick out the correct
hand and hence the correct enantiomer.
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4.8 Data Processing and Structure Refinement
After the selection of a suitable crystal and the collection of a preliminary data
set, there are many software packages available to help with the task of
structure solution. In the previous sections, two methods were outlined to help
with the phase problem. Following are some brief descriptions of the additional
steps required to complete the successful refinement of a structure. Most of the
software packages used in Chapters 5 and

6

are described next.

4,8 ,1 Processing & Scaling o f X -ra y D ata
is a program used for integrating single crystai diffraction data from
area detectors. MOSFLM performs the actual integration of the reflection
intensities by generating a reflection list, reading the digitised images,
integrating the spots and writing the intensities and standard deviations into the
generate file and the mtz file. MOSFLM begins processing by finding the spots
on the image files and accumulating them prior to auto-indexing. Usually, about
5-10 images are more than enough to allow auto-indexing to be successful.
During this process, MOSFLM presents a list of possible unit cells and space
groups, sorted on the penalty of each solution, and the user has to select the
appropriate choice. Once the correct space group has been selected, the cell
parameters are refined and the data is integrated.

Once the data has been successfully integrated, the next step is to scale and
merge the data set. The CCP4 program SCALA^^^^ is used to carry out scaling
and merging, where the output file from MOSFLM (the mtz file) becomes the
input file for SCALA. Prior to this however, the mtz file has to be sorted by the
program SORTMTZ from the CCP4 suite of programs.^^"^^ This program sorts and
combines standard or multi-record type MTZ reflection data files. The sorted
mtz file is then input into SCALA which scales together multiple observations of
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reflections, and merges multiple observations into an average intensity. This
output file is then ready to be input into REFMAC^^^^; a program for the
refinement of macromolecular structures.

Another route to obtaining a data file ready for refinement is via the HKL suite
of programs.*^^^'^^^ XDISPLAYF^^®^ is used for the visualisation of the diffraction
pattern,

is used

for

data

reduction

and

integration,

and

SCALEPACK^^®^ is used for the merging and scaling of the collected diffraction
data. This method produces a hkl file which can then be input into SHELXL;*^^^^
an alternative program for the refinement of macromoiecular structures.

4 .8 .2 D ata Refinem ent and Structure Solution
The REFMAC program can carry out rigid body, restrained or unrestrained
refinement for

macromolecular structures.

It

minimises the coordinate

parameters to satisfy either a Maximum Likelihood or Least Squares residual.
Refinement is an iterative process in which the atomic model is modified,
structure factor amplitudes are calculated from the modified model, and the
agreement between these calculated structure factor amplitudes (|Fcaid) and
the experimental or observed ones (|Fobsl) is determined. The aim is to find the
model that produces the best agreement between | FobsI and |Fcaic|. In Chapter
6

, REFMAC was used to carry out an initial rigid body refinement of the X-ray

data. This was successful because the cell dimensions and the space group
were found to be very similar to a previously solved structure. By treating the
model as one rigid body, translational and rotational functions were applied
until the model was manipulated into the data without moving the individual
parts of the model.

The SHELX suite of programs was developed by George Sheldrick for use in
both

small

molecule

and

macromolecular

crystallography.*^^^'^^'^^^

Upon
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obtaining a hkl file (via the hkl suite of programs or by conversion of an mtz file
by a program in the CCP4 suite^^"^^) the structural refinement program SHELXL
can be used to refine relatively high resolution data very successfully through
Least-squares or Conjugated Least-squares refinement. SHELXL also provides a
very complete means of assigning constraints and restraints to a structure.

4 .8 3 M ode! Building Softw are
XtaiView^'^^^ is a complete package for solving macromoiecular crystal structures
by isomorphous replacement, including building the molecular model. It has an
extremely user friendly graphical interface and in addition, the 3-D viewing
technology allows maps to be observed in stereo and 3-D, a useful tool for the
macromolecular crystallographer when building into the model. Xtaiview release
was used in the refinement of both Structures in this work. Cootf"^^^ is
another more recent program developed for both Windows and Linux and is
useful for model building, model completion and validation. Coot displays maps
and models and allows model manipulations such as idealization, real space
refinement, manual rotation/translation, rigid-body fitting, and ligand search. It
was used during this work in addition to Xtaiview for viewing the electron
density after refinement cycles for Structure 2.
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Chapter 5
CrossHnking o f Two DNA Duplexes

This

Chapter

describes

the

crystal structure

of

com pound 2 bound to the D N A duplex d(CGTACG ) 2
via

non-covalent

duplex

cross-linking;

the f ir s t

stru c tu ra l evidence o f this type o f binding.

The

asymmetric u n it consists o f one D N A duplex with an
intercalated acridine chrom ophore at each o f the two
CG steps. The other h a lf o f each lig a n d is bound to
another D N A

duplex.

This structure suggests a

possible explanation f o r the inconsistent behaviour o f
6-carbon lin ke d bis-acridines in previous assays o f
D N A bis-intercalation.
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5.1 Introduction
Since the

elucidation

of the

crystal

structures of naturally occurring

antibiotics'^^'^^ with anti-tumour properties; there has been an outpouring of
studies on the design of synthetic analogues which bind to DNA via the
mechanism of bis-intercalation for potential therapeutic use. Acridine-4carboxamides have been shown to mono-intercalate DNA^^"^^ and as a result,
exhibit anti-tumour properties via the inhibition of topoisomerases.^^^ It has
been suggested that bis-intercalating derivatives of these could additionally act
as transcription inhibitors;^®^ the result would be compounds with dual
properties. Previous studies of bis-acridine derivatives have yielded equivocal
results regarding the minimum length of linker required to link two
chromophores capable of simultaneously intercalating a DNA duplex."^^'^°^ A
linker of just

6

carbon atoms in length is considered too short to allow classical

bis-intercalation without violating the neighbour exclusion principle^®^ and as a
result, previous work with compound 16 has not yielded a clear explanation as
to how such a compound could bind to DNA. This work provides the first
structural evidence for a duplex cross-linking mode of bis-intercalator binding,
describing the X-ray crystal structure of the

6

-carbon-linked bis-acridine;

compound 16, bound to the d(CGTACG) DNA molecule (Structure 1). As
predicted by previous reports, a compound with a 6 -carbon linker between two
chromophores does not bis-intercalate DNA by placing both chromophores in
the same duplex,^^^^ instead, (in contrast to a mono-intercalative mode of
binding suggested as a substitute for bis-intercalation*^^^^) as revealed by
Structure 1, one chromophore intercalates one DNA duplex, and the symmetry
related second chromophore intercalates into an adjacent duplex. This work
provides the first structural evidence of how bis-compounds can bind to DNA
with linkers that are too short to allow classical bis-intercalation. In addition to
this. Structure 1 also sheds light on the properties needed for compound 16 to
intercalate DNA. To make compounds more specific for Holliday junction
binding, these properties can be minimised in future ligand design.

CHAPTER 5: DNA Duplex Crosslinking

117

5.2 Crystal Growth and Data Collection
The self complementary DNA oligonucleotide d(CGTACG) was purchased from
Eurogentec as a HPLC-purified solid. Well diffracting crystals containing
compound 16 were grown by vapour diffusion from sitting drops at 291K. The
initial drop conditions were 40mM sodium cacodylate buffered at pH 7.0, 10%
(v/v) 2-methyl-2,4-pentanediol (MPD), 12mM spermine, 80mM SrCb, ImM DNA,
and Ipl and 375|iM of compound 16. The drop was equilibrated against a 1ml
reservoir of 35% v/v MPD. Bright yellow crystals of octahedral shape and
approximate dimensions
1

. mmx0 . 1 mmx0 . 1 mm appeared after approximately

0 2

week.

Initial screening and crystal indexing were carried out at the EMBL outstation at
DESY

in

Hamburg

(http://www.embl-hamburq.de/^ on

the

X I1 fixed

wavelength beamline. Data were collected using a single flash-frozen crystal at
lOOK mounted in a 0.1mm 'LithoLoop'. Measurements were made using a MAR
Research CCD detector with radiation of wavelength 0.802Â. the crystal
diffracted to a resolution of 1.7Â (Figure 5.1a).

W a itin g

fo r

in p u t

Figure 5.1 Diffraction patterns obtained from data collected on Structure 2 (a) diffraction pattern observed to a
resolution of 1.5Â (b) diffraction pattern observed to a resolution of 2.3Â.
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The data were processed using MOSFLM^^^^ then scaled with SCALA^^^^ from the
CCP4 program suW^^^l This gave unit cell constants of a = 37.46Â, b =
37.46Â, and c = 53.55Â; a = p = y = 90°. The primitive tetragonal space group
was initially assigned as P41/P43 because of the systematic absence; L = 4n.
This tetragonal space group had not previously been observed for the DNA
sequence d(CGTACG) so a single anomalous dispersion (SAD) experiment was
carried out in an attempt to solve the structure. A second low resolution data
collection was performed during the same trip to the EMBL, on the variable
wavelength beam line X31. X-ray diffraction data were collected at lOOK using
radiation at a wavelength of 0.765Â (corresponding to the Sr^^ K-edge
absorption peak) and a 345mm image plate (Figure 5.1b) From this data, an
initial map was calculated using HKL2 MAP^^®^ and this revealed an infinite
nucleotide stack with 16 repeats visible in the unit cell (Figure 5.2). This was
two more than expected for a B-DNA stack from the hexamer. It was the first
indication that intercalation into the DNA at two sites by compound 16 was
highly likely.

Figure 5.2 Initial SAD map obtained for the complex of d(CGTACG) 2 with compound 16. Note the 16 Yungs' in the
DNA ladder, indicative of intercalation.
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Unfortunately, the quality of the SAD map obtained from the second data
collection in Hamburg was not high enough to allow a model to be built. A third
and

final

data

collection

was

performed

at

the

ESRF

in

Grenoble

(http://www.esrf.fr/) on the variable wavelength beamline BM14. The structure
was finally solved by SAD at the Sr^^ K-edge absorption peak, in a modification
to a Sr^^ MAD procedure described in detail elsewhere. X-ray diffraction data
were collected at lOOK using radiation of wavelength 0.769Â and a Mar
Research CCD detector. Data reduction and processing were performed using
the programs Denzo and Scalepack^^^^ (Table 5.1). The structure was solved
using the macromolecular phasing programs SHELXC, D, and E

integrated

into the graphical user interface; HKL2MAP.^^®^ The space group of the crystal
was determined as P4s22 (Figure 5.3) which was one of two possible hands,
the correct hand was chosen according to the correlation coefficients (71.43%
compared to 54.25% for the other hand; P4i22). Two strontium ions were
located in the asymmetric unit, one at half occupancy due to its position on an
axis of twofold rotational symmetry. The initial model was obtained from the
previously determined structure of 6-bromo-9-amino-DACA bound to d(CG^'
®''UACG)2 (PDB Code: 366D).^^^^ This model provided a remarkably good fit to
the experimental map and no initial model rebuilding was necessary.
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Figure 5.3 The P4 3 2 2 space group and symmetry operations [taken from the International Tables for Crystallography V
of I].
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Refinement was performed using SHELXL and manual model rebuilding was
carried out using the program Xtalview, release 3.2.1™ 5% of the reflections
were selected randomly to monitor the validity of the refinement and model
rebuilding process using the Rfree factor (Table 5.1). The complex of compound

16 bound to the DNA sequence d(CGTACG)2 crystallised in the space group
P4]22 (Figure 5.3) in the presence of Sr^^ ions, in a packing not previously
observed for this DNA molecule or any complex involving DNA-intercalating
ligands. The novel packing was due to the non-covalent cross-linking of DNA
duplexes by the bis-acridine molecule. The overall conformation of an individual
duplex shows a strong similarity to that already observed at atomic resolution
for the mono-intercalated analogue. This allowed the model used in that work
to be placed unchanged in the SAD electron density map as a starting model for
this structure, despite the different packing. The quality of the initial SAD map
was excellent and the final refined map revealed an exceptional quality of data
(Figure 5.4) with high definition aA-weighted 2Fo - /S:density maps surrounding
the chromophores and the ligand side-chains (Figure 5.5/6).

Figure 5 .4 (a) A view of the asymmetric
unit; one DNA duplex and two bound
half ligands with the initial SAD map
calculated after phasing from Sr^^ ions
present in the structure. The final refined
model has been superimposed for clarity,
(b) The same view showing the final c t a weighted 2Fo - Fc electron density map
(using data at 8 .0 - 1 .7Â resolution and a
map contoured at la level).
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Figure 5.5 Position of the intercalated chromophores and their corresponding electron density in the DNA duplex
(contoured at la). The two chromophores are not related crystallographically in one duplex and are from different
ligands so are labeled Cl and C2 for clarity. The chromophore on the top, right hand side is Cl and the other is C2.
They are also shown from above to demonstrate the high quality of the electron density surrounding the aromatic rings,
and the dimethylaminoethyl side chains.

A

Figure 5.6 (left) A view of the full ligand structure of Cl crosslinking two DNA duplexes, (right) A view of C2
crosslinking two duplexes. Note the clear, continuous electron density of the 6 -carbon methylene linkers (contoured at

la).
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The initial refined structure of the complex revealed that a crosslinking of two
separate duplexes had occurred through mono-intercalation, as opposed to bisintercalation into the same duplex stack. The bis-acridine linker was seen
bridging the gap between two duplexes extending out from the minor groove.
The model was further refined and the quaiity of the electron density maps
allowed the complete modelling of two bis-acridine chromophores in the
asymmetric unit, as well as the DNA duplex, 103 water molecules and one and
a half Sr^^ ions, the anomalous signal from which was used to obtain the SAD
maps. The asymmetric unit contained two d(CGTACG) strands that interacted
through Watson and Crick base pairing to form the single duplex, this is in
contrast to previous structures with the same sequence with bound monointercalators in which an axis of

2

-fold rotational symmetry relates the two

strands within the duplex."^^^^

The two half bis-acridine moiecules intercalate into a single DNA duplex at two
distinct steps, between the cytosine and guanine bases either end of the DNA
stack. In both cases, the corresponding iinkers extend away from the duplex
and meet an axis of

2

-fold rotational symmetry so that one complete bis-

acridine is made up from two symmetry-reiated halves. The crystal packing
occurs as a direct result of the crosslinking of DNA dupiexes by the bis-acridine
molecuies and in addition, direct stacking occurs between base pairs at
opposite ends of symmetry-related duplexes, without the involvement of a
'spacer' ligand as seen in previous structures where the same DNA moiecuie is
bound by mono-intercalating ligands.^^^^ The duplexes are tightly packed in the
crystal, with the helix axes at approximately 90 degrees to each other between
duplexes which are cross-linked by one ligand. It is important to mention that
the binding sites within one duplex are not equivalent in terms of crystal
packing so a description of each binding site and the interactions with
surrounding DNA bases follows in the analysis and discussion of Structure 1.

CHAPTER 5: DNA Duplex Crosslinking

123

A scheme showing the relationship between the DNA strands in a single duplex,
the two distinct intercalation sites at either end of the duplex hexamer, and the
asymmetric unit with symmetry related duplexes within the crystal lattice is
shown in Figure 5.7 below.

\4

^4

Cl
:g2.
'A4,

Cl

Figure 5.7 Schematic representation of DNA duplex crosslinking by compound 16 in the crystal. The asymmetric unit
(shaded box) contains one duplex with two mono-intercalated ligands at either end of the duplex stack, between the
CG steps. Each molecule of compound 16 lies on an axis of two fold symmetry, with its other intercalating
chromophore bound to a symmetry related duplex (nucleotides labelled with an asterisk). The ligand side-chains reside
in the major grooves of the DNA (thick arrow).

The final refinement used data over a resolution range of 8.0-1.7Â and

and

values of 21.3% and 25.4% respectively. The data and coordinates
have been deposited in the Protein Data Bank^^^'^^^ (code 2GB9) and in the
Nucleic Acid Data Bank^^^^ (code DD0078). See Table 5.1 for cell dimensions
and refinement statistics for Structure 1.
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X -R ay D ata

Space Group

P4322

Unit cell dimensions (Â)

a = 37.46
b = 37.46
c = 53.55
Ot/ Pr Ya° = 90.00

Resolution (Â) (outer shell)

3 7.2 - 1 .7 (1 .7 9 - 1.70)

Unique Reflections

4509 (626)

Completeness (%)

1 0 0 .0

< I / a (I) >

4.2 (3.4)

Rmerge

6.4 (20.4)

(% )

( 1 0 0 .0 )

R efinem ent and M ode! Correlation

Resolution Range (Â)

8.0 - 1.70

No. of reflections used in refinement

4204

R-factor * (%)

2 1 .2

No. of reflections used for

Rfree

221

R-free * (%)

25.5

No. of DNA atoms

240

No. of ligand atoms

52

No. of water molecules

103

Average B-factor (Â^)

24.6

R.m.s. bond length deviations (Â)

0.026

R.m.s. bond angle deviations (Â)

0 .0 2 1

Table 5.1 Cell dimensions and X-ray refinement statistics for Structure 1. * The average number of observations of the
same reflection, t The value of the merging R-factor between equivalent measurements of the same reflection,
Ri= I I I - <I>| / 1 1, f Crystallographic R-factor (Rfree) = Z ||Fo| - |Fdl / S |Fo|.
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5.3 Analysis and Discussion of Structure 1
The elucidation of Structure 1 began as a side project to the Holliday junction
work; an interesting crystallographic project which utilized single anomalous
dispersion as an experimental method. However, upon solving the structure, it
revealed the first crystallographic example of DNA duplex cross-linking by a
synthetic ligand, and also, helped in the design of new ligands with a higher
specificity for the DNA Holliday junction.

Compound 16 is a

6

-carbon linked bis-acridine with a linker of approximately

. Â in length. According to previous studies, it cannot bis-intercalate DNA

8 8

without violating the 'neighbour exclusion p r i n c i p l e ' . T h i s was indeed shown
in a recent electrophoretic mobility assay which suggested that compound 16
binds to DNA via bis-intercalation, but in violation of the principle.^®^ This
principle, first formulated to describe mono-intercalator binding, states that
intercalation cannot occur at two consecutive base pair steps of a DNA duplex.
A bis-acridine molecule with a 6 -carbon linker would therefore be too short to
allow both chromophores to intercalate the DNA and allow the linker to reach
across two base pairs to satisfy the rule. Antibiotics such as echinomycin and
the triostins, which exhibit anti-tumour and anti-microbial activity, bind to DNA
by inserting two quinoxaline groups into the helical stack, with two base pairs
between the chromophores^^'^^ (Figure 5.8) separating them by an allowed
distance. Since the elucidation of the crystal structures of these naturally
occurring antibiotics^^'^^ with anti-tumour properties; there has been a steady
flow of studies working on the design of synthetic analogues which bind to DNA
via the mechanism of bis-intercalation for potential therapeutic use.
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Figure 5.8 (left) The structure of echinomycin (NDB Code: DD0057) bound to duplex DNA d(GCGTACGC) 2 intercalating
between the GC and GT steps, (right) The structure of triostin A (NDB Code: DDF007) bound to duplex DNA
d(CGTACG) 2 bis-intercalating between the GC and GT steps.

One of the main areas of interest in these studies was to determine the
minimum linker length between the two chromophores which would allow bisintercalation without violating the neighbour exclusion principle, in line with the
natural products. These studies have generally employed hydrodynamic
techniques to detect unwinding of supercoiled plasmid DNA or lengthening of
linear DNA upon intercalation by the ligand. Although compounds that have
linkers of 7 or more atoms in length have consistently been shown to bisintercalate/®'^^^ analogues with shorter linkers have remained the subject of
some controversy. Early experiments gave conflicting results concerning
whether linkers of 5 or

6

atoms in length allowed bis-intercalation^^'^°^ at all,

leading to the suggestion that the nature of the linker and any ring substituents
may affect the length required.'^^^^ Alongside the work which focused on the
binding of bis-intercalators to DNA, many structures of mono-intercalating
ligands bound to DNA duplexes have been solved, including several of the
monomer version of compound 16 with the DNA sequence d(CGTACG)2 .^^'^^
Some mono-intercalators based on the acridine-4-carboxamide chromophore
are

known to

have cytotoxic effects due to their ability to

inhibit
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topoisomerasesJ^^ It has been suggested that bis-intercalating derivatives of
these could additionally act as transcription inhibitors. As a result of their
bulkier structure, their residence time on the DNA would be increased.This in
turn would cause disruptions in enzyme activities which rely on moving along
the DNA strand during transcription. The crystal structure of one of these
potential bis-funotional compounds bound to duplex DNA is that of the

8

-

carbon-linked bis-acridine (compound [17]) bound to d(CGTACG) in the
presence of cobalt.^^^^ In that structure, the DNA did not exist as a simple
duplex, it formed a junction-like structure involving four duplexes. The
compound had bound at the centre of this junction like-structure in a
quadruplex intercalation cavity (Figure 5.9).

Figure 5.9 The novel quadruplex-like structure (PDB Code: 1K2L) observed when an 8 -carbon linked bis-acridine
bound to duplex DNA sequence d(CGTACG). The view on the left shows the structure from the major groove side, the
view on the right shows it from the minor groove side.

This was surprising at the time as the linker was considered long enough to
allow classical bis-intercalation in agreement with the neighbour exclusion
principle in a hexamer B-DNA strand. Several similar structures have been
obtained with mono-intercalators, however all were in the presence of Co^^
ions.^^^'^^^ The formation of this quadruplex-like structure is therefore clearly
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not as a result of bis-intercalator binding, and seems more logical to suggest
that it is the presence of cobalt which acts to stabilise the structure, regardless
of the type of ligand. So far, the structure of the

8

-carbon linked bis-acridine

bound to duplex DNA via the classical bis-intercalation method, in agreement
with the neighbour exclusion principle has not been obtained. However, another
study which could be considered similar to the bis-acridine work is that of D.
Yang and co-workers. They managed to show via NMR experiments that a bisphenazine molecule with an 8 -atom linker, linked via the 5-position, and a CH3
group at position 4, bound to the sequence d(ATGCAT) by intercalation of both
chromophores into the same duplex^^^^ between the TG and AC steps (Figure
5.10). This satisfied the neighbour exclusion principle and proved that an

8

-

atom linker was long enough to allow bis-intercalation into the same strand of
DNA.

Figure 5.10 NMR solution of a bis-phenazine with an 8 -atom linker, linked via the 5 position with a CH3 group in
position 4 intercalating into the DNA sequence d(CGTACG) between the GT and AC base pairs (Figure taken from [32]).
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6

-carbon

linker would not be long enough to bind via this method. A further mode of bisintercalator binding, in which the ligand cross-links two duplexes with one
chromophore incorporated into the base pair stack of each, has also been
suggested.Gel electrophoresis experiments using ligands with rigid extended
linkers, designed to promote cross-linking over classical bis-intercalation, have
provided circumstantial evidence for this mode of binding in the form of knotted
and catenated

The authors of this work noted however that formal

proof of duplex cross-linking would require structural characterisation of the
ternary complex formed.

This work provides the first structural evidence for a duplex cross-linking mode
of bis-intercalator binding, describing the X-ray crystal structure of the

6

-

carbon-linked bis-acridine molecule; compound 16, bound to the d(CGTACG)
DNA molecule. In addition to this, compound 16 has also been shown to bind
to the DNA Holliday junction; however it binds via a different mechanism not
involving intercalation. As a result of this, it has been possible to analyse the
interactions between the ligand in both structures and use this information to
design new ligands with specific properties tailored to promote binding to
junction structures and minimise binding via intercalation to B-DNA structures.
The next section contains a detailed description of the interactions seen
between compound 16 and the duplex DNA structure, the role of metal ions
and the conformation adopted by the DNA as a result of cross-linking. Before
this, however is a schematic to demonstrate the colour and numbering scheme
within the asymmetric unit. This scheme will be used in all subsequent figures
describing certain aspects of the structure. When symmetry atoms are shown,
they will be labelled accordingly and their colours defined in the figure legend.
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G6 (A)

05 (A

CHAIN B CHAIN A

G6(B)

Figure 5.11 Schematic of the asymmetric unit of Structure 1. On the left is a simple line drawing; on the right is the
asymmetric unit of Structure 1, chain B is coloured pink and chain A is coloured blue. The intercalating chromophores of
two separate ligands are labelled Cl and C2 and the bases in each DNA molecule are labelled from 1 to 6. The
strontium ions are shown in yellow.

5.3.1 Ligand Interactions
Within the asymmetric unit, there are two half-ligands and are referred to as Cl
and C2 due to their intercalating chromophores. Cl is intercalated at one end of
the DNA duplex between the CG step; C1G2(B) and C5G6(A), with its other
linked chromophore in a symmetry related duplex. C2 is intercalated at the
other end of the duplex between the CG step; C5G6(B) and G2C1(A), with its
other linked chromophore in a symmetry related duplex. These two ligands
have chromophores in very similar orientations within the intercalation cavity,
but their side chains are in different positions in relation to each chromophore.

Cl intercalates the DNA with the ring that bears the side chain closest to Chain
B. The acridine chromophore is seen to form n-n stacking interactions with both
bases below; C5(A) and G2(B), and one of the bases above; G2(B). The
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terminal cytosine; C1(B), paired with G2(B) forms stacking interactions with the
carbonyl oxygen and the ring which bares the side chain (Figure 5.12).

G6 (A)

Figure 5.12 Stacking interactions of chromophore Cl with surrounding bases G2(B), C5(A) and G6(A). The cytosine
base C1(B) forms a different interaction, this time, there is stacking between the base and the carbonyl oxygen and half
of the ring which bares the side chain.

The side chain of Cl protrudes into the major groove of the DNA duplex,
pointing up and down the groove in the 3' direction of Chain B. The protonated
NM6 2 group lies approximately in the plane of the G2(B) base, where it forms a
hydrogen bond with N7 at a distance of 2.76 Â (Figure 5.13). A water mediated
bridge is seen between the ligand side chain and a phosphate oxygen of G2(B);
the amide NH is hydrogen bonded to a water molecule which in turn is bonded
to the oxygen (02P) of the base G2(B) (Figure 5.13). This interaction with the
G2(B) phosphate group has been observed in all previously determined
structures of acridine-4-carboxamide mono-intercalators^^'^^ bound to this DNA
molecule.
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Figure 5.13 Hydrogen bond interactions between the side chain of Cl and the surrounding DNA bases. A water
mediated bridge (2.77 and 3.10Â) is present linking the amide nitrogen in the side chain to the phosphate oxygen of
guanine base G2(B). The NH^Mez nitrogen is bonded directly to the N7 on the same guanine base at a distance of
2.76Â.

The carbonyl carbon atom in the side chain lies in the plane of the acridine ring,
whereas both the carbonyl oxygen and the amide nitrogen are positioned below
the acridine plane, pointing down towards the rest of the side chain (Figure
5.14). This is unusual for amide bonds as the carbon, nitrogen and oxygen
atoms are normally in the same plane. The carbonyl oxygen forms a hydrogen
bond with the nitrogen at position

10

in the acridine ring, demonstrating that

this nitrogen should be protonated under the conditions in the crystal (Figure
5.14). The orientation of the side chain cannot be defined by the protonation
state of the chromophore as it could be argued that the presence of the water
bridges are the reason the side chain is in the observed position. However, in
previous reports,^^^ it is assumed that the protonation state of the chromophore
does directly influence side chain geometry. The linker lies in the minor groove
and extends away from the DNA molecule and the nitrogen atom in the linker
interacts with surrounding water molecules from symmetry related duplexes.
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Figure 5.14 The orientation of the acridine chromophore. The carbonyl carbon can be seen in line with the plane of
the acridine ring, whereas the carbonyl oxygen and amide nitrogen are pointing down, in the same direction as the side
chain. This is extremely similar to that previously observed^^^.

The second chromophore; C2, lies between the CG base pairs C5G6(B) and
G2C1(A) within the asymmetric unit and has a similar conformation to that of
Cl. There are some subtle differences however, in the contacts it forms with
the DNA. The chromophore intercalates into the DNA with the ring attached to
the side chain nearest to Chain B. The acridine chromophore forms

n-n stacking

interactions with the base pair G6 (B) and Cl (A) below, and with the guanine
base G2(A) above (Figure 5.15). There is again another stacking interaction
between the paired cytosine base, C5(B) and the carbonyl oxygen group.
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G6 (B)
G2 (A)

C5(B)

C1 (A)

F ig u re 5 .1 5 Stacking interactions of chromophore C2 with surrounding bases G6(B), C1(A) and G2(A). The cytosine
base C5(B) forms a stacking interaction with the carbonyl oxygen and the ring baring the side chain.

The side chain of C2 lies in the major groove, extending in the 3' direction
along Chain B of the DNA. The protonated NMe2 group lies approximately in the
plane of the guanine base G6 (B), however, it is the interaction between this
protonated nitrogen and the 06 oxygen of guanine G6 (B), which is probably
one of the most significant differences observed between the two bound
chromophores at either ends of the duplex in the asymmetric unit. In the case
of C2, the nitrogen acts as a hydrogen bond donor to the 06 oxygen of the
guanine base G6 (B); at a distance of 2.70 Â (Figure 5.16). The water-mediated
hydrogen bonding interaction between the amide NH and the phosphate
oxygen of G6 (B) is essentially the same as what was described for Cl.
However, there is also another water-mediated contact between the amide NH
and the backbone of C5(B); the phosphate oxygen 02P interacts with the
amide nitrogen via two bridging water molecules (Figure 5.16).The equivalent
interaction was not observed for Cl and the base C1(B), as the phosphate
group of the terminal nucleotide could not be located in the electron density
map.
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F ig u re 5 .1 6 Hydrogen bonding interactions of the side chain of C2 with surrounding bases. Two water mediated
bridges are observed between the amide NH and the phosphate oxygens of G6(B) and C5(B), they interact via one and
two water molecules respectively. The protonated NMez nitrogen can be seen acting as a hydrogen bond donor to the
06 oxygen of guanine base G6(B). This is in contrast to its behaviour in Cl where it hydrogen bonds to the N7 nitrogen
of the same base.

The geometry at the carbonyl carbon is again non-planar, the carbon is in the
acridine plane, with the oxygen and nitrogen groups below the acridine plane,
on the same side as the rest of the side chain. The carbonyl oxygen forms a
hydrogen bond with the nitrogen at position

10

in the chromophore, indicating

protonation of the ring at that position. Although the linker extends into the
minor groove of the DNA in a similar manner as described for Cl, the solvent
surrounding it is less well defined and as a result, no water-mediated
interactions could be determined.

5 3 .2 Strontium Io n Interactions
There are two Sr^^ ions in the asymmetric unit; these are labelled Sri and Sr2,
the latter of which is at half occupancy due to its position on an axis of 2 -fold
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rotational symmetry. Sri is situated in the minor groove of the DNA, at a
pseudo-symmetric position at the central TA step, it is an equal distance from
both ligand binding sites and therefore has no direct interaction with them. The
electron density maps revealed the presence of a primary hydration shell
comprising six water molecules coordinating Sri. Previous studies of Holliday
junction structures with Sr^^ present^^^^ have shown the ion to coordinate up to
eight water molecules. This means that the observed hydration sphere is
incomplete, however, the irregular arrangement of the observed water
molecules around Sri suggests that other, less ordered, water molecules are
also involved in its coordination. One of the water molecules coordinated to Sri
forms a hydrogen bond with the N3 of adenine; A4(A), and another forms a
similar interaction with the N3 of adenine; A4(B). A third water molecule
interacts with the phosphate oxygen OIP of a symmetry-related C5(A)
nucleotide (Figure 5.17).

A 4(B )

F ig u re 5 .1 7 Primary hydration shell of Sri; the ion is surrounded by six water molecules, three of which are also
interacting with the surrounding bases. The symmetry related cytosine is shown in yellow and labelled with an asterisk.
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Sr2 is located on a crystallographic two-fold axis and four coordinating water
molecules could be identified in the electron density maps, consisting of two
symmetry-related pairs. As for Sri, both the number and geometry of these
water molecules suggest that they do not form the complete hydration shell for
this ion. Sr2 does not lie in either groove of the DNA duplex as seen in previous
reports of Sr^^ bound structures,^^^^ but is instead located between the
duplexes, forming bridging interactions between the DNA backbones. One pair
of symmetry related water molecules coordinated to Sr2 form hydrogen bonds
with the phosphate groups of their corresponding C5(A) nucleotides, whilst
another pair each contact the phosphate groups of C5(B) nucleotides. Thus, a
total of four symmetry-related duplexes are linked by Sr2 and its primary
hydration shell (Figure 5.18).

F ig u re 5 .1 8 Interactions of the primary hydration shell of Sr2 with surrounding DNA bases, three of which are from
symmetry related duplexes.
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5 3 3 DNA Conform ation
The two distinctive conformations of the ligand, and most notably, the different
interactions of the side chains with either the N7 or 06 of guanine G6 (B), cause
variations in the surrounding DNA conformation. In Chain A, the opening of the
CG steps to allow intercalation is achieved through a series of changes in the
backbone torsion angles. These changes are similar with respect to the guanine
(G2 and G6 ) residues, however there are marked differences between the two
cytosine residues (Cl and C5) when comparing the two binding sites. There are
subtle changes from the average B-DNA values for the majority of the main
chain dihedral angles for all six nucleotides (Table 5.2). However, there are two
much more pronounced changes in Chain A at G2 and G6 . The a angles have
rotated by 117.2° and 126.5°, respectively, compared to those of B-DNA^"^^ and
the y angles by 136.2° and 116.6°. These coupled a/y rotations at the guanines
are the principal modifications to the backbone torsion angles, and are
responsible for opening up the intercalation cavities at each end of the duplex.
See Figures 5.19 and 5.20 for a graphical representation of the differences in
each torsion angle compared to that of B-DNA for Chain A bases G2 and G6
respectively.

Sugar-Phosphate Torsion Angles (deg)

C l (A)
G 2 (A )
T 3 (A )
A4 (A)
C 5 (A )
G 6 (A )
C l (B)
G2 (B)
T 3 (B )
A 4 (B )
€5 (B)
G6 (B)
B-DNA*

a

P

(P -0 5 1

(0 5 -5 1

n/a.

n/a.

(C s L l
65.28

-179.21

147.24

-177.81

Ô

e

c

X

(C 4 -3 1

(C 3 -3 1

(0 3 -P )

(C l-N )

90.23

-117.64

-71.17

-163.69

151.75

-176.63

-91.59

-100.61

-67.5

168.8

57.2

103.77

179.64

-94.59

-116.69

-56.47

178.04

54.37

130.91

-159.86

-93.18

-113.07
-72.03

-85.66

178.29

46.66

117.76

-151.08

-147.29

64.49

-175.85

-68.63

120.33

n/a.

n/a.

-82.41

n/a.

n/a.

73.31

89.86

-143.96

-86.35

-142.64

-50.17

-160.9

63.93

128.46

165.9

-105.42

-90.64

-50.07

165.25

67.72

109.25

-159.22

-99.22

-117.53

-57.12

168.46

40.87

99.52

-174.58

-95.1

-121.9

-70.03

164.39

65.91

83.21

-146.43

-85.8

-140.88

-58.2

-149.17

60.16

138.49

n/a.

n/a.

-85.23

-62

176

48

128

-176

-95

-102

Table 5.2 The sugar-phosphate torsion angles for each base in both duplex DNA strands. The average torsion angles
for B-DNA are also given for comparison (* taken from [4]).
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180
160
140
120
100

G CHAIN A

G CHAIN B

F ig u re 5 .1 9 Graphical representation of the deviations in torsion angles of base G2 from the average values for B-DNA
(represented by zero). From the graph, it is clear that only the a and y angles of Chain A show a large deviation, at
117.2°, and 136.2° respectively. Chain B shows only minor deviations from the average B-DNA values.

180
160
140
120
100
80

40

G CHAIN A

G CHAIN B

F ig u re 5 .2 0 Graphical representation of the deviations in torsion angles of base G6 from the average values for B-DNA
(represented by zero). From the graph, it is clear that only the a and y angles of Chain A show a large deviation, at
126.5°, and 116.6° respectively. Chain B shows only minor deviations from the average B-DNA values.
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The two guanine nucleotides have been shown to have similar deviations to
average B-DNA values however, the two cytosine nucleotides in the same chain
show very different behaviour to each other. The largest torsion angle
deviations in Cl are those of c and % of 58.4° and 61.7° respectively (Figure
5.21). However, in C5, the s and %values are only changed by 29.6° and 30.0°
whereas the

angle is deviated the most from the average B-DNA value at

52.3° (Figure 5.22) compared to just 28.9° for Cl. In contrast to the large
torsion angle deviations seen in Chain A, Chain B shows only very subtle
conformational changes and as a result, the conformation of the DNA backbone
at the two ligand binding sites in Chain B are very similar. The ligand side
chains are bound to guanine G6 in Chain B at both binding sites and this may
be a factor in restricting the backbone torsion angle deviations of this chain.

180
160
140
120

100
80

C CHAIN A

C CHAIN B

F ig u re 5 .2 1 Graphical representation of the deviations in torsion angles of base Cl from the average values for B-DNA.
From the graph, it is clear that none of the angles are deviated greatly from the average B-DNA values (represented by
zero). However, the greatest changes can be seen with angles e and %, at 58.4°, and 61.7° respectively. Chain B shows
very minor deviations from the average B-DNA values.
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180
160
140
120

100

40

C CHAIN A - » - C C H A IN El]

Figure 5.22 Graphical representation of the deviations in torsion angles of base C5 from the average values for B-DNA.
From the graph, it is clear that none of the angles are deviated greatly from the average B-DNA values (represented by
zero). However, the greatest change can be seen with angle Ç at 52.3°. Chain B shows the greatest deviation from the
average B-DNA value in torsion angle 8 at 44.8°.

The DNA structure shows no major perturbations of indivicjual base-pair
geometry compared to native B-DNA, and no apparent correlations between the
binding sites of the two ligands. One feature that should be noted is that the
C5(A)-G2(B) base-pair is flattened to -1.1Â with regard to its propeller twist, a
feature that is accompanied by a slightly higher buckle ( 8 .0 Â) than that of the
other base-pairs. There are however, a number of interesting variations in the
base-pair step geometries of Structure 1 compared to those of B-DNA. For
steps 1 (on Chain A, between Cl and G2) and 5 (on Chain A, between C5 and
G6 ), a substantial increase in rise is observed; 6.7 and 6 .8 Â respectively (Figure
5.23) compared to the standard B-DNA value of 3.4Â. These are expected for
the two intercalation cavities and in addition, the twist angles for each are
18.8° and 21.9° respectively (Figure 5.24), showing the DNA to be unwound by
17.2° at step 1, and 14.1° at step 5 in comparison to B-DNA at 36°.
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O)

STEP
B-DNA

ris e

F ig u re 5 .2 3 Helical base-pair step parameter 'rise' for Structure 1. Rise is a translational
parameter and is quoted in ansgstroms. The numbers on the x-axis represent the base-pair
step, for example, number 1 would be on Chain A, between Cl and G2. It can clearly be
seen from this graph that steps 1 and 5 have opened up to allow the ligands to intercalate.

40

STEP
t w is t

B-DNA

F ig u re 5 .2 4 Helical base-pair step parameter 'twist' for Structure 1. Twist is a rotational
parameter and is quoted in degrees. The numbers on the x-axis represent the base-pair
step, for example, number 1 would be on Chain A, between Cl and G2. This graph shows
that at steps 1 and 5, a helical un-winding has occurred which has also affected the
neighbouring base-pair steps.
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The only shift or slide value greater than 0.5
base-pair long axis) of 0.75

A is a

slide (translation along

Aat the intercalation site (step 5) of chromophore

C2. However the intercalation site of chromophore Cl (step 1) shows the
largest tilt and roll, at 5.2° and 11.0° respectively. Steps 2, 3 and 4 have shift,
slide, rise, tilt and roll values similar to the average values for B-DNA. However,
steps 2 and 4 have twist angles of 31.9° and 24.3° respectively, showing a
knock-on DNA un-winding effect of 4.1° and 11.7° from the B-DNA value of
36°, caused by the adjacent DNA un-winding of base-pair steps 1 and 5. See
Table 5.3 below for the geometrical properties of the base-pairs and the basepair steps for Structure 1 .

Geometrical properties of base-pair steps and base pairs for Structure 1
Base Pair Step
(Chain A)

Number

Shift (A )

Slide

Rise (A )

Tilt
(deg)

Roll
(deg)

Twist
(deg)

-0.166

G2-T3

1
2

0.313

6.738

5.244

10.987

18.818

0.414

-0.356

3.163

0.691

2.027

31.856

T3-A4

3

0.156

-0.187

3.386

0.782

4.975

36.63

A4-C5

4

0.279

-0.24

3.073

3.868

4.421

24.332

C5-G6

5

-0.194

0.747

6.82

2.245

4.898

21.938

Base Pair

Number

Shear

Stretch

Stagger

(A )

(A )

(A )

Buckle
(deg)

Propeller
(deg)

Opening
(deg)

(A) C1-G6 (B)

1

0.377

-0.134

0.14

1.132

-8.296

-0.572

(A) G2-C5 (B)

2

-0.305

-0.218

0.102

1.953

-11.268

0.248

(A) T3-A4 (B)

3

0.063

-0.133

-0.016

5.843

-9.357

3.21

(A) A4-T3 (B)

4

0.036

-0.143

0.122

-0.33

-8.202

2.199

(A) C5-G2 (B)

5

0.193

-0.129

-0.197

8.041

-1.115

-0.823

(A) G6-C1 (B)

6

-0.249

-0.065

0.19

6.143

-9.093

1.298

C1-G2

(A )

Table 5.3 Geometrical parameters of base-pair steps and base pairs. Average B-DNA values for shift and slide are zero,
3.4 for rise, 2 for tilt, 1 for roll, 36 for twist and -11 for propeller twist (all average B-DNA values taken from [4]).
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5.4 Discussion
Structure 1 represents the first structural evidence of a small synthetic molecule
non-covalently

cross-linking

two

DNA

duplexes.

There

are

two

crystallographically independent ligand binding sites in Structure 1, and
comparison of these with each other, and with complexes of related monointercalators can yield valuable information on the elusive mechanism of DNA
cross-linking, previously not fully understood until now. The first structural
feature worth discussing is that each half bis-acridine binds to the DNA duplex
in a very similar fashion to the equivalent mono-acridine. As a result of
intercalation, helix extension and unwinding are observed (an increase in basepair step parameter 'rise' and a change in twist angle) both of which have been
used to detect ligand binding in viscometric s t u d i e s . C o m p o u n d 16 has
previously been classified as a bis-intercalator on the basis that it causes an
unwinding of 36° per ligand in plasmid DNA; approximately double that of the
monomer.^®^ The helix unwinding angle suggested by this structure, taking
account of the effects on adjacent base pair steps, is 30° per chromophore
(CpG step unwound by 17.2°, the adjacent GpT step unwound by 4.2°, and the
TpA step overwound by 0.63°). Classical bis-intercalation by compound 16
would therefore require either violation of the neighbour exclusion principle or
significant bending of the DNA, because the linker is too short to span two base
pairs in an undistorted duplex.

Structure 1 raises the possibility that a certain amount of DNA cross-linking
during solution studies may have complicated such experiments, accounting for
the inconsistencies in results regarding bis- versus mono-intercalation for
compound 16 and other ligands with similar linker lengths.*^®'^^'^^^ This work
demonstrates that compound 16 can bind to DNA by duplex cross-linking, in
the crystalline state at least, whereas the solution data which suggests that 2
may bis-intercalate via the classical mechanism is obtained via indirect
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methods. It remains to be determined whether other ligands of interest with 6 atom linkers could also cross-link DNA, and what the minimum and maximum
linker lengths for this mode of binding actually are. A consideration of the
geometry of cross-linking in the crystal suggests no reason why the same mode
of binding should not be adopted in solution; the precise arrangement of
duplexes seems more likely to be an effect of the ligand cross-iinking than a
cause of it, especially because the same DNA molecule, when mono
intercalated, forms crystals with very different symmetry. In addition, crystals
with identical morphology and very similar unit ceil dimensions (data not
shown) were grown in the presence of various different metal ions which
provides evidence that the crystal packing or morphology of Structure 1 is not
influenced significantly by the Sr^^ ions used for obtaining phase information.
Furthermore, the hexameric DNA helices pack end-to-end to form pseudo
infinite stacks in the crystal, indicating that there would be no steric clashes if
the two cross-iinked DNA molecules were longer than six base-pairs.

There are two separate conformations of the ligand; 2 in the asymmetric unit,
and as a result, there are two environments in which a pair of cross-iinked
duplexes can exist. Both pairs have DNA helices that are at approximately 90°
to each other. However, the precise spatial arrangement of the two helices in
each pair, and therefore the overall conformation of each ligand, differs subtly.
In each case, the first three carbon atoms of the linker extend away from the
helix in a similar fashion, through the minor groove. The major conformational
difference between the two linkers is found at the central carbon-carbon bond.
The linker of chromophore Cl exhibits a gauche torsion angle whereas the
linker of chromophore C2, adopts a trans geometry. This factor, coupled with
the less dramatic differences between the other ligand torsion angles, results in
both linkers bending approximately 90°, in almost opposite directions. It is
therefore the flexible nature of the linker which allows the ligand to cross-link
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duplexes in an adaptable manner, despite previous suggestions that linker
rigidity may promote a cross-linking mode of binding.

Another feature of Structure 1 is the lack of 'spacer' molecules found stacking
between the duplexes. This is in contrast to mono-intercalator duplex structures
where such molecules were found between duplex stacks extending the DNA by
approximately one base-pair per duplex. More interestingly, the side chains of
the two ligand molecules extend in the same direction along the helix, whereas
in all of the mono-intercalator complexes, the side chains of the two symmetryrelated bound ligands both point towards the centre of the hexanucleotide. The
side chain of chromophore C2 interacts with G6 (B) and thus sterically prevents
the side chain of chromophore Cl interacting with G6 (A); the guanine base
adjacent to G6 (B) in the pseudo-infinite stack. Chromophore Cl therefore
intercalates in the correct orientation for its side chain to form a hydrogen bond
with G2(B). This allows the side chains of both ligands to contact guanines in
Chain B rather than Chain A. This is an interesting observation but there is
nothing to say that a crystal of the same morphology and packing could
contain chromophores with side chains extending in the opposite direction,
forming hydrogen bonds with the guanines in Chain A. Maybe it is a completely
random alignment at the point of nucléation which determines the orientation
of the ligand molecules. Once the first duplex and ligand have bound in one
particular direction, consecutive duplex-ligand packing occurs in the same
direction due to the steric restrictions caused by this initial binding. There is
also no steric reason why, even in the absence of intra-duplex crystallographic
symmetry, the two ligands bound to each hexamer could not have both their
side chains extending towards the centre of the duplex, cf. the monointercalator structures. If not completely random, the orientations adopted by
the chromophores and their side chains in Structure 1 can be taken to
represent a genuine preference of the ligand under the stated crystal
conditions.
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containing

the

mono-intercalating

equivalent of compound 16 have shown that the protonation state of NIO has a
significant effect on side chain g e o me t r y . I n Structure 1, both ligands are
protonated at this site, and therefore the side chain is oriented to allow the
carboxamide oxygen to act as a hydrogen bond acceptor in an intramolecular
hydrogen bond. This is in contrast to the conformation observed if NIO is not
protonated. The side chain is rotated by approximately 180° allowing the
carboxamide nitrogen to act as the donor in a hydrogen bond with NIO. Despite
the two ligands adopting the same geometry at the carboxamide group, they
differ in terms of the hydrogen bond contacts made between their side chains
and the guanines in the minor groove. The side chain of Cl forms a hydrogen
bond between the NMez group and N7 of G2(B), in a manner identical to the
major conformation of the monomer.^^^ However, the same nitrogen in the side
chain of C2 forms a hydrogen bond with 06 of G6 (B). The ligands in Structure 1
show two distinct conformations, each of which is well-ordered. This is in
contrast to the mono-intercalated structures where the dimethylaminoethyl
section of the side chain is partially disordered. In these structures, the side
chain is positioned in a central conformation; an average of the two positions
observed in Structure 1, where it could potentially form hydrogen bonds with
either the 06 or N7 atoms of guanine.^"^^ Although this central position could
represent a transitional intermediate, it is not necessarily highly populated itself.
The reasons behind the greater side chain ordering in Structure 1 are not clear,
however, it could be attributed to the difference in electrostatic potential at the
two independent ligand binding sites. At G2, the sugar-phosphate backbone is
contiguous, and therefore the positively charged side chain is attracted towards
the phosphate group as well as the partial negative potential of the major
groove face of the guanine base. As a result, the side chain of Cl lies close to
N7, and thus forms a hydrogen bond. In contrast, the lack of phosphate
negative charge at the interduplex site 3' to G6 means that the side chain of C2
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occupies a more central position within the major groove and thus forms a
hydrogen bond with 06.

Chains A and B show some distinctive structural characteristics as both ligand
side chains interact with Chain B. The temperature factors for Chain B are
noticeably higher for the AT base pairs than for the GC ones, but those for
Chain A increase steadily from 5' to 3' (data not shown). This may be because
the two guanines of Chain B receive a stabilising effect from hydrogen bonds
with the ligand side chains, whereas the only hydrogen bond for Chain A,
ignoring base pairing, is a crystal packing contact involving the backbone of Cl.

When comparing the effects of ligand binding on various nucleotides in this
structure and those of the mono-intercalator complexes, it is important to
distinguish between nucleotides that are co-ordinated by ligand side chains and
those that are not. The region C1-G2 in the mono-intercalator complex is
equivalent to C1(B)-G2(B) and C5(B)-G6(B) in the sense of interacting with the
ligand side chain, and C5-G6 in the previous structures is equivalent to both
C1(A)-G2(A) and C5(A)-G6(A). Hence, it is possible to distinguish specific
effects of the intercalated ligand from more general position effects. The
coupled changes in the a and y torsion angles of G2 and G6 in the monointercalator structure, which have been suggested to be necessary for the
opening up of the intercalation site, are not found in G2(B) or G6 (B), although
they are found in G2(A) and G6 (A). The values for a and y remain remarkably
unchanged from B-DNA values in the G2(B) and G6 (B) nucleotides that are
contacted by the ligand side chains. When assessed in the same way, the
previously identified decrease in 5 (and associated switch to a zy-endo sugar
pucker) for the cytosine in Chain B (strand contacted by the ligand side chain)
appears to be a consistent feature of intercalation. Changes in Ç for both the
cytosine and guanine in the side chain coordinating strand also appear to be
reasonably consistent.
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Structure 1 may provide the first firm evidence of duplex cross-linking by a bisacridine molecule; however, in addition, it has yielded useful information on the
intercalative binding mode of compound 16. This can be used in the design of
new ligands where intercalation has to be minimised to allow binding to
Holliday junctions. A number of properties of compound 16 are particularly
important for intercalation. First, the planar acridine chromophores are ideal for
slipping in between DNA base-pairs; they form n - n stacking interactions with
the planar aromatic bases above and below and do not disturb the helix stack
upon binding. The protonated NMez group can become either a hydrogen bond
donor or acceptor depending on the atom it bonds to in the guanine base (06
or N7 respectively). This key interaction acts a 'hook' holding the intercalated
chromophore in place. These properties which enhance intercalation are
evaluated in the discussion in Chapter

6

, but to promote successful Holliday

junction binding, they need to be removed or greatly reduced. The next chapter
therefore describes the second mode of binding of compound 16 (nonintercalative) to a DNA Holliday junction, and goes on to discuss how
compounds with Holliday junction binding specificity can be achieved.
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Chapter 6
Ligand Bridging o f the DNA Hoiiiday
Junction

^

This chapter describes the crystal structure o f a DNA
H o llid a y ju n c tio n

with the bis-acridine molecule 2

bound at the centre o f the ju n c tio n .

The crystal

structure reveals an unexpected and entirely new mode
o f binding in which the bis-acridine molecule reaches
across the ju n c tio n and each chrom ophore displaces an
adenine base previously p a ire d with thymine.
lin k e r

group

lies

in

the

m ajor

groove

and

The
the

hydrophobic carboxamide sidechains lie in the m in o r
^

grooves. This fin d in g paves the way f o r the design o f
molecules with b inding selectivity f o r H o llid a y junctions.
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6.1 Introduction
The Holliday junction’^^^ is an intermediate in homologous recombination (HR),
which is a key process in double-strand break (DSB) r e p a i r . DNA repair has
become a target for therapeutic intervention in cancer, but the effective
inhibition of enzymes such as poly(ADP-ribose) poiymerase (PARP)'^^^ is
subverted by the DSB pathway.

HR is also integral to the immortalisation of

telomerase deficient tumour cells by the alternative lengthening of telomeres
(ALT) p a t h w a y . I n

both cases, the ability to suppress inappropriate

homologous recombination may be of therapeutic value.

This chapter describes an unforeseen new DNA binding mode, characterised by
a high-resolution crystal structure, which is potentially specific for the stacked-X
Holliday junction. A series of bis-acridines with variable chromophore linker
iengths were designed to probe the inter-heiical distance across the junction
arms. A molecule with a surprisingiy short linker of just six carbon atoms has
been shown to bind to the stacked-X form of the junction through an
unexpected, novel non-intercalative threading mechanism. The two adenines
either side of the junction cross-over region are replaced by the acridine
chromophores, with the linker bridging across the major groove face and the
chromophore sidechains are threaded through to the minor groove side making
interactions with the surrounding DNA bases. The resolution of the structure, to
1.7 Â, reveals that stacking interactions, specific hydrogen bonds and charge
neutralisation are the three key components of the recognition motif. This
structure (Structure 2) is the first example of non-covalent ligand binding to the
DNA Holliday junction and represents a starting point for the design of Holliday
junction-specific smail molecuies with therapeutic potential against tumour ceils
utilising the HR-strand break repair pathway. By stabilising or disrupting the
DNA Hoiiiday junction as a result of ligand binding, future moiecuies could
represent a completely new direction in cancer therapy.

CHAPTER 6: Ligand Bridging of the DNA Hoiiiday junction

155

6.2 Crystal Growth and Data Collection
The self complementary DNA decamer sequence d(TCGGTACCGA) was
purchased as a HPLC doubly purified solid from Eurogentec. Well diffracting
crystals containing compound 16 were grown by vapour diffusion from sitting
drops at 291K. The final crystallisation experiment was an optimised procedure,
developed from initial conditions supplied by the Hampton Research Nucleic
Acid Mini Screen.*^^^ The initial drop conditions were 40mM sodium cacodylate
buffered at pH 7.0, 30%

(v/v) 2-methyl-2,4-pentanediol (MPD), 12mM

spermine, 40mM SrCb, 167pM DNA, and 375|iM of compound 16. This was
equilibrated against a 1ml reservoir of 35% v/v MPD. Flat, hexagonal, straw
coloured crystals of dimensions 0.4 x 0.2 x 0.1
approximately

1

mm appeared after

month.

Data for Structure 2 was collected using a single flash-frozen crystal at lOOK
mounted in a 0.4mm litho loop on the X I1 fixed wavelength beamline at DESY
in

Hamburg

(http://www.embl-hambura.de/T

The

crystal

was

first

cryoprotected in 35% v/v MPD and measurements were made using a MAR
Research CCD detector with radiation of wavelength 0.806Â. The data were
processed using MOSFLM^^^ and scaled with SCALA^^^ from the CCP4 program
suite.The

structure was determined by molecular replacement, using

MOLREP^^^ from the CCP4 program suite. The previously measured native
Holliday junction d(TCGGTACCGA) 4 with calcium ions"^^°^ (pdb code: INQS) was
used as a starting point. Upon an initial 2.7Â rigid body refinement, electron
density was observed at the central crossover region indicative of the six carbon
methylene linker (Figure 6.1). At higher resolutions the rigid body refinement
was

unsuccessful.

Unexpectedly,

Structure

2

was

crystallographically

isomorphous with the native model revealing very similar cell dimensions. It
was expected that ligand binding by intercalation would, at the very least,
cause an expansion of the unit cell to accommodate the extra rung in the DNA
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ladder, however, this was discovered not to be the case. The bridging linker
was perhaps the most obvious difference from native structures at the earliest
stages of refinement, and its presence suggested that something unusual had
to happen to the adenine bases at the crossover region to accommodate the
chromophores, which were essentially in the same position. It was found that
the model would have to incorporate an unprecedented 'flipping-out' of the
adenine bases (A6 (A) and A6 (A')) at the crossover point. Reinforcing this,
replacement of these adenines with the acridine chromophores greatly
improved the density map.

i
Figure 6.1 Example of one of the first pictures taken of the electron density before restrained refinement was carried
out. The additional density caused by the bridging linker can clearly be seen at the crossover region (circled in red)
even at early stages of refinement [figure shows aA density map, contoured at 3o in blue, 2a in purple and la in pink].

Following rigid body refinement, the model had all solvent and metal ions
removed prior to restrained refinement with SHELXL^^^^ and a new ligand library
was created using the Dundee PRODRG Server^^^^ to allow subsequent
refinement of compound 16 within the structure. The SHELXPRO interface was

CHAPTER 6: Ligand Bridging of the DNA Holliday junction

used to generate

ga

157

and difference maps, which revealed a bis-acridine

molecule bound in a non-intercalative manner at the centre of the junction
structure (Figure 6.2a) not observed in the initial model (Figure 6.2b).

Figure 6.2 (a) A view of the aA electron density map at the crossover region for Structure 2 (contoured at 2a). The
partial map is superimposed on the complete model, viewed from the major groove side. Clear density can be seen for
the bis-acridine linker, the first indication of ligand binding at the earliest stages of refinement, (b) A view of the aA
electron density at the crossover region for a native Holliday junction structure (PDB code: INQS) formed from the
same sequence (contoured at 3a). Again, the complete model is shown, viewed from the major groove side.

Manual fitting of the model was done with the program Xtalview, release
3.2.1^^^^ which revealed the structure to be the more symmetrical form of the
Flolliday junction with a 2-fold axis of symmetry at the cross-over region (Figure
6.3). The asymmetric unit thus consists of half the junction, containing one
chromophore and half a linker. The chromophores are symmetrically identical,
related by the 2 -fold symmetry axis.
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Figure 6.3 A view of the overall structure showing the bound bis-acridine molecule at the junction crossover region.
This is again viewed from the major groove side, and two spermine molecules can be seen above and below the centre
of the junction, lying along the phosphate backbones.

The bis-acridine molecule 16 was clearly visible spanning the cross-over region
of the Holliday junction, with very well ordered definition of the ciA-weighted 2Fo
- Fc density maps (Figure 6.4). The acridine chromophores were particularly
well defined, to the extent that the 'holes' in the aromatic rings were visible
(Figure 6.5), this occurred as a result of many rounds of refinement and
optimisation of the solvent structure. The rest of the ligand structure was also
very clearly represented (Figure

. ). The acridine chromophores were seen to

6 6

displace the adenines at the centre of the junction, however, the 'flipped out'
adenines showed poor quality density in the final refined model so their exact
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location could not be specified. The model was further refined and showed well
ordered packing, with an extensive network of water molecules surrounding the
junction and lying within the minor grooves of the junction arms. Metal ions
could not be detected in the refined structure, which is unexpected, as the
crystallisation solution contained both Na^ and Sr^"^ ions. One hundred and
twenty nine water molecules could clearly be located in the asymmetric unit
and in addition, a spermine molecule was also located near the crossover
region, lying along the phosphate backbone. The final refinement used data
over a resolution range of

6

.0-1.7 Â to /? and Rfree^"^^ values of 26.5% and

29.9% respectively. The data and coordinates have been deposited in the
Protein Data Bank^^^'^^^ (code 2GWA) and in the Nucleic Acid Data Bank^^^^
(code DD0083). See Table 6.1 for refinement statisitics for Structure 2.

1
f

Figure 6.4 The oA electron density map for the whole bound molecule in position in the Holliday junction structure
[contoured to la ].
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Figure 6.5 Quality of the aA electron density map around the acridine chromophores, including 'holes' in the aromatic
rings [contoured to 2a].

Figure 6.6 Quality of the aA electron density map around the whole bis-acridine molecule: the linker, the
chromophores, and the side chains are clearly defined [contoured to 2a].
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X -R ay D ata

Space Group

C2

Unit cell dimensions (Â)

a = 65.22
b = 25.14
c = 37.54
p = 110.97°

Resolution (Â) (outer shell)

6 .0 0 - 1.75 (1 .7 9 - 1.75)

Unique Reflections

4960 (445)

Completeness (%)

86.4 (86.4)

< I / a (I) >

13.1 (5.2)

Rmerge (% )

8.25

R efinem ent and M ode! Correlation

Resolution Range (Â)

6.0 - 1.75

No. of reflections used in refinement

4960

R-factor * (% )

26.8

No. of reflections used for Rfree

248

R-free * (% )

29.9

No. of DNA atoms

404

No. of ligand atoms

52

No. of water molecules

129

Average B-factor (Â^)

23.7

R.m.s. bond length deviations (Â)

0.016

R.m.s. bond angle deviations (Â)

0.018

Table 6.1 Cell dimensions and X-ray refinement statistics for Structure 2. * The average number of observations of the
same reflection, t The value of the merging R-factor between equivalent measurements of the same reflection,
Ri= Z I I - <I>| / z I, t Crystallographic R-factor (R^ge) = Z | |Fo| - |Fd | / z |Fo|.
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6.3 Analysis and Discussion of Structure 2.
Holliday junctions, as mentioned previously, are temporary intermediates that
are formed then resolved during a number of metabolic pathways. They have
also been shown to form spontaneously in sol ution. However, if we wish to
study them as structures, it is necessary to promote the spontaneous formation
of these intermediates in crystal form. This way, they are 'frozen in time' as a
static structure (or crystal) which we can study via X-ray crystallography. The
spontaneous formation of these junctions in crystal form has, since 1999 been
independently studied by three groups,’^^^'

one of which is the HeliX Group

in Reading. The sequence chosen for this study was the DNA decamer
d(TCGGTACCGA)4 as previously in Reading, this sequence had been successfully
crystallised as a Holliday junction in the presence of metal cations. Two
structures have since been solved with this sequence, one crystallised in the
presence of strontium (to 1.50Â, PDB code: INVY, Figure 6.7a) and the other in
the presence of calcium (to 1.97Â, PDB code: INQS, Figure 6.7b).^^°^ These
structures revealed some interesting aspects of cation binding to Holliday
junctions, and also allowed tentative conclusions to be drawn about the role
these ions played in promoting junction formation.

Figure 6.7 (a) The crystal structure of d(TCGGTACCGA) 4 with strontium ions. The ions can be seen forming spines
down the minor grooves, (b) The crystal structure of d(TCGGTACCGA) 4 with calcium ions. These ions preferred to sit in
the CG steps towards the ends of the B-DNA arms.
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This sequence in particular had not been shown to form a spontaneous junction
when metal cations were absent from the crystallisation conditions. This is in
contrast to the very similar sequence d(CCGGTACCGG) 4 which forms a junction
without cation involvement.*^^^^ From this work, it was therefore concluded that
the sequence d(TCGGTACCGA) 4 required some sort of charge stabilisation by
positive counterions to successfully form a junction. It was hoped that by
choosing the TCGG sequence, any ligand binding would also promote junction
formation. The ligands used in this report possess four positive charges to
potentially counter the overall negative charge of the DNA, and hence promote
junction formation via some sort of charge stabilisation mechanism. Structure 2
is the first example of ligand binding to the DNA Holliday junction via a novel,
non-covalent mode of binding. Interestingly, the crystallisation conditions
contained both Na^ and Sr^^ ions, however, neither were found in the final
structure which is unexpected. It is thought that the presence of the bisacridine molecule 16 (which is a tetracation) at the crossover region,
neutralises the high charge density in this region necessary for the formation of
the stacked-X Holliday junction. This is provided by Mg^^ in the natural system,
and by the presence of metal cations (as noted in previous reports’^^®^) for
synthetic examples. A number of crystal wells were tested prior to finding the
one which contained the crystal used for this structure, however, upon x-ray
analysis, these other crystals did not show the presence of a bis-acridine
molecule, instead, multiple strontium sites were found. It seems that the
binding of molecule 16 occurs when the strontium concentration is below a
certain level. This suggests that the binding of molecule 16 seems to be
determined more by charge, and less by location of binding.

For the purpose of this report, it should be noted that the d(TCGGTACCGA) 4
sequence has been assigned a numbering scheme and a colour code (Figure
. ) which will be used in every consecutive figure here after to allow clear

6 8

identification of the region under discussion.
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Figure 6.8 A schematic representation of the base numbering and chain colours used for Structure 2. Note the 2-fold
axis of symmetry in the centre represented by the black oval, this falls directly in the centre of the linker of the bound
bis-acridine, also shown in black.

6.3.1 The Cross-Over Region
The Holliday junction cross-over region is perhaps the most important part of
the Holliday junction structure. It is fundamental to the workings of certain
cellular pathways that this DNA intermediate is involved in. For example, it is
here, during the process of homologous recombination that strand exchange
actually occurs. Within the crystal structure, it is this region that has been
studied and characterized in most detail. In previous reports, studies of the
Holliday junction cross-over region have outlined a number of features
associated

with

the junction's

overall

stability.^^°'^^'^^^ The

most

well

documented and consistent of these features, observed in all crystal structures

CHAPTER 6: Ligand Bridging of the DNA Holliday junction

165

solved to date, are the hydrogen bond interactions between the cytosine N4
position prior to the strand cross-over, and the phosphate oxygen atom at the
centre of the junction structure. In Structure 2, this interaction is clearly seen
between [C7 (A): 02P] and [C8 (A): N4] above the junction centre, and also
between the symmetrical equivalents [C7 (A'): 02P] and [C8 (A'): N4] below
(Figure 6.9a).

A6 A

C8 A
T5 (A) A

.A

/

C7 A'
T5 (A')

A6 (A*

Figure 6.9 (a) A view of the crossover region of Structure 2, stabilizing hydrogen bond interactions of distance 2.60Â
can be seen between atoms [C7 (A): 02P^ and [C8 (A): N4\ and between [C7 (A'): 02P\ and [C8 (A^: N4\. Viewed
from the minor groove side, the ligand has been shown as a line drawing, (b) A view of the same area in the native
structure INVY, note the slightly longer hydrogen bond interactions at 2.98Â.

These distances are actually relatively short in comparison to other native
structures with the same sequence (Figure 6.9b). This is most likely due to the
narrowing of the minor groove as the major groove is expanded to
accommodate the ligand which approaches from that side. In native structures,
these hydrogen bonds act to stabilise the junction centre to yield a tightly
packed crossover region with inter-phosphate distances of around 6-7Â. In
Structure 2, the distance between the major groove phosphates is predictably
greater than this, the presence of the ligand at the centre of the junction as
mentioned previously, acts to open up the cavity and produce inter-phosphate
distances in the major groove side of 8.74Â (Figure 6.10a), the largest
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phosphate-phosphate separation at a junction centre seen to date. The minor
groove inter-phosphate distance is 6.55Â, predictably one of the smallest values
as a result of narrowing (Figure 6.10b). These values are compared to native
structures previously solved in Table 2.

C7 (A)

AS (A')

Figure 6.10 (a) Major groove inter-phosphate separation distance in Structure 2 of 8.74Â. (b) Minor groove inter
phosphate separation distance in Structure 2 of 6.55Â.

Protein Data Bank
ID code

M etailo n s
Present

M ajor Groove P-P
separation (Â )

Minor Groove P-P
separation (Â )

2GWA

None

8.74

6.55

INQS

Calcium

6.93

7.37

INVY

Strontium

6.67

6.91

1M6G

Strontium

6.80

6.98

1L4J

Calcium/Sodium

6.98

6.45

Table 6.2 A comparison of the inter-phosphate distances at the crossover regions of all Holliday junction structures
formed from the sequence dCTCGGTACCGA)^ to date. Structure 2 is highlighted in pink.

The novel binding mode of molecule 16 to the DNA Holliday junction is made
possible because the adenines at the cross-over region can flip out of the stack
towards the major groove to allow the acridine chromophores to stack in place
of them on the adjacent pyrimidines. Previous analysis of native junction
structures solved within the HeliX Group showed some variations in hydrogen
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bond lengths between the DNA base pairs depending on the location of the pair
in question. For example, the base pairs at the ends of the B-DNA arms were
analogous to regular B-DNA, however, it was observed that the AT base pairs
at the cross-over region were exceptionally long in some structures when
compared to canonical B-DNA. This observation, at the time was not considered
significant, merely an interesting structural artifact. The AT base pair hydrogen
bonds were in some cases up to 3.30Â in length (a significant difference from
the usual values of around 2.80Â) however, the base pair was still intact, and
seemed stable. See table 6.3 for a comparison of hydrogen bond lengths at the
central AT/CG base pairs with other base-pairs in the structure for all Holliday
junction structures solved to date.

RGB
ID

SEQUENCE

1l4j

d(TGCCTACCGA)

1M6G

d(TGCCTACCGA)

1NQS

d(TGCCTACCGA)

1NVY

d(TGCCTACCGA)

1DCW

d(CCGGTACCGG)

1JUC

d(CCGGTACCGG)

1L6B

d(CCGGTACCGG)

1ZEZ

d(CCGGTACCGG)

1ZF3

d(CCGATATCGG)

1ZF4

d(CCGATATCGG)

RGB
IG

SEQUENCE

CENTRAL GC BASERAIR DISTANCES (A)

1ZF2

d(CCGGGCCCGG)

2.97
3.03
3.04

CENTRAL AT BASE
RAI R DISTANCES (A)
2.86
3.03
3.14
3.3
2.89
2.93
3.05
3.14
2.99
2.79
3.04
2.94
2.74
3.02
2.82
2.94
2.98
3
3.07
2.95

AT BASE-RAIR
DISTANCES
ELSEWHERE IN
STRUCTURE (A)
2.875
2.82
2.84
2.91
2.89
3.16
2.87
2.86
2.83
2.66
2.83
2.88
2.88
3.04
2.93
2.73
3.22
3.11
2.77
2.76
GC BASE-RAIR
DISTANCES
ELSEWHERE IN
STRUCTURE (A)
3.06
3.05
2.92

ATOMS
BONDED

DIFFERENCE
BETWEEN
VALUES (A)

NN
NO
NN
NO
NN
NO
NN
NO
NN
NO
NN
NO
NN
NO
NN
NO
NN
NO
NN
NO

-0.015
0.21
0.3
0.39
0
-0.23
0.18
0.28
0.16
0.13
0,21
0.06
-0.14
-0.02
-0.11
0.21
-0.24
-0.11
0.3
0.19

ATOMS
BONDED

DIFFERENCE
BETWEEN
VALUES (A)

NO
NN
NO

-0.09
-0.02
0.12

Table 6.3 Hydrogen bond lengths between the central AT or GC base-pairs in all Holliday junctions solved to date. In
the majority of cases where the central base-pair is AT, the bonds are longer than those of other AT base pairs,
elsewhere in the structure. The last column shows the differences in length, with the green values representing positive
differences when the central base pair distances are longer than the other base-pair distances. The red values
represent when the central base-pairs are not substantially longer.
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In light of the elucidation of Structure 2, this previous observation becomes
significant. As mentioned previously, the binding of compound 16 is only made
possible by the ability of the adenines at the cross-over region to flip out of the
stack, it is most likely due to the increased length of the hydrogen bonds
between the AT base pairs at the cross-over region which allow this to occur.
The bonds are longer and therefore weaker, so when a potential 'competitor'
for the adenine position is present, it does not take much energy to break the
weakened bonds and remove the adenine.

The flipped-out adenines were convincingly modelled in several orientations
within the junction arms, none of which seem to be preferred over any other by
virtue of putative stacking or hydrogen bond interactions. The final adenine
positions were chosen according to the amount of electron density observed
when subsequent refinement was carried out. However, even upon final
refinement, there still remained a distinct lack of complete electron density for
this residue. It is believed that when a base is removed from the stable
structure of a DNA double helix, it can become substantially more mobile, and
even within a crystal structure, this mobility is a problem. The exact positions of
the atoms cannot be detected accurately, and the X-ray diffraction experiment
fails to pick up the atoms electron density. At this stage it is not possible to say
whether this mode of binding is AT specific, however, suggestions can be made
to explain why the presence of an adenine base may have increased the
possibility of bis-acridine binding. The work of Ho et al. has shown that the
GGGCCC and GGCGCC sequences can also be junction-forming^^®^ showing that
the sequence at the cross-over region does not necessarily have to contain an
ACC core, thought to be essential for junction formation in previous reports^^^^.
Interestingly, when these central GC hydrogen bond lengths were compared to
the previously observed AT bond lengths at the cross-over region, it was found
that their lengths were not as notable. For the d(CCGGGCCCGG) 4 Holliday
junction structure, at the G5(B)-C6(A) site, the lengths were found to be 2.97Â
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06-N4, 3.03Â N1-N3 and 3.04Â N2-02, (see Table 6.3) only slightly lengthened.
It could be argued that a cytosine base in place of an adenine base would be
much less susceptible to flipping out of the DNA stack. It could also be possible
that the binding is promoted by Pyrimidine-X-Pyrimidine stacking where X
represents the acridine chromophore or the adenine base. More specifically, in
this work there is a 5'-T(A)-(acridine chromophore)-C(A0-3' stacking. The
presence of pyrimidine bases above and below the acridine chromophores show
neat pi - pi stacking interactions which may not be quite so affective with more
bulky purine bases. This site in the sequence can also accommodate additional
bulk, as the original observation of the stacked-X junction was an accidental
finding by M. Coll and co-workers while investigating mismatched DNA
decamers.'^^^^ In this original study, a GA purine-purine base pair is readily
accommodated at the site of the T-acridine pair, with P-P separations across
the junction of 7.38 Â across the major groove face and 6.23 Â across the
minor groove face, within the normal range. Currently in the HeiiX Group,
investigations are being conducted on Holliday junction forming sequences with
CG pairs at the central position; these sequences are being set up in
crystallisation trials with compound 16 to see whether the CG bond can be
broken to allow the ligand to bind in the same position as seen with Structure
2.

6 .3 .2 Ligand Interaction s
The bis-acridine ligand is bound at the centre of the DNA Holliday junction. The
crystal structure has revealed an unexpected and entirely new mode of binding
in which the bis-acridine molecule reaches across the junction and each
chromophore displaces an adenine base previously paired with thymine. The
linker group lies in the major groove and the hydrophobic carboxamide
sidechains lie in the minor grooves. This is the first example of a small molecule
bound non-covalently to a DNA Holliday junction.
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One of the most important interactions of the ligand with the DNA is the
extensive 7r-7r-stacking interactions seen between the chromophores and the
bases C7 and T5 in the crossover DNA strands. It is thought that this
interaction forms the main anchor for the ligand within the DNA structure.
Stacking interactions are seen with the bases C7 (A) above and T5 (A') below
for one chromophore and T5 (A) above and C7 (A') below for the symmetry
related chromophore (Figure 6.11a and b).

Figure 6.11 Chromophore stacking interactions (a) A view of the pyrimidine-acridine overlaps within the junction
structure, viewed from the C7 side. Clear 7t - % stacking interactions can be seen with both the lower aromatic ring on
the chromophore and the thymine 15 (A3 base below, and the central aromatic ring and the cytosine above C7 (A), (b)
The same pyrimidine-acridine stacking viewed from the thymine T5 (A3 direction, showing the symmetry-related
chromophore.

It is most noticeable from figure 6.11 that this stacking interaction would only
be affective when pyrimidine bases lie above and below the chromophore. This
implies that purine bases either side of the chromophore would not be as
effective at holding the ligand in place, a possible route to sequence selective
ligands, depending on their chromophore shape (if the binding site remains
constant).

The chromophore sidechains lie in the minor grooves of the Holliday junction
structure. They show remarkably clear electron density for this type of
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functional group. Previous reports^^^'^^^ showing mono-intercalators with the
same carboxamide sidechain bound to duplex DNA, show poor electron density
around the sidechain, whereas the rest of the mono-intercalator is well defined.
The lack of experimental electron density for these sidechains is explained by
virtue of the sidechains mobility. The sidechains can move freely via rotation
around the carbon - chromophore single bond, and two orientations have been
observed depending on the protonation state of the mono-intercalated ligand
(Figure 6.12). More specifically, the original work by Todd et. al. carried out in
the HeliX Group states that " The present work thus clearly demonstrates both

the importance o f local electrostatic potential In determining the state o f
protonation o f this drug and the change In carboxamide orientation and
geometry produced by this change in protonatiorf.

Figure 6.1 2 The two conformations adopted by the mono-intercalator^^^] depending on chromophore protonation. Both
conformations were observed for certain positions, so local disorder of the sidechain electron density was observed.

In Structure 2, there are a number of interesting features which could account
for the previously unobserved stability and immobility of the chromophore
sidechains. Perhaps the most striking interaction is the hydrogen bond seen
between the hydrogen in the amide bond and the 02 of the cytosine (C7 (A))
directly above the chromophore. The amide hydrogen is fixed in position in the
plane; effectively immobile, so upon bonding with the

0 2

, it is the cytosine

base that is pulled down and out of plane with its guanine base pair (Figure
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6.13). This is most obvious when compared to the native structure where a
water molecule interacts via a hydrogen bond with the same

0 2

on cytosine but

as the water is not anchored in any way, the cytosine is not pulled out of plane
with the guanine (Figure 6.13 - insert).

C7 A

A6 B)

Figure 6.1 3 Hydrogen bonding Interactions seen between the bisacridine sidechain and the surrounding bases. The hydrogen in the
amide bond can be seen forming a bond with the oxygen of (C7
(A)), and the oxygen in the amide bond can be seen forming a hydrogen bond with the nitrogen (N3) of (A6 (B)).
(Insert) Similar interactions in the native structure, a water molecule appears to be forming the same hydrogen bonding
interaction as described above with the oxygen of C7. However, its position is not fixed unlike the amide hydrogen, so
the cytosine is not being pulled away from the guanine as a result of the interaction.

Due to the hydrogen bond interaction between the cytosine and the hydrogen
in the amide bond, the hydrogen bonds between the cytosine and its basepaired guanine become longer. In Structure 2, two out of three bonds are
significantly longer when compared to the equivalent base-pair lengths in the
native structure. As one side of the cytosine is pulled down, the opposite side is
pushed up and away from the guanine, this results in an increase in length of
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the two bonds furthest from the
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hydrogen bond interaction with the

sidechain (Figure 6.14).

G 4 (B)

C7 (A)

Figure 6.1 4 Influence of the bound bis-acridine on nearby base pair hydrogen bond lengths (a) Hydrogen bonding
between the cytosine and the guanine base pair above the bis-acridine chromophore. The bonds furthest from the
sidechain interaction are longer due to the pull of the hydrogen bond between the oxygen on the cytosine and the
amide hydrogen, (b) The same bonds shown in the native structure; they are more equal across the bonding pair.

Figure 6.13 also shows a hydrogen bonding interaction between the amide
oxygen and the nitrogen (N3) in the adenine base below the thymine opposite
the acridine chromophore. This bond although not as influential on the
surrounding geometry of the bases, is still an important structural factor. It
seems that in conjunction with the hydrogen bond seen between the amide
hydrogen and the oxygen of C7, this bond acts as a bridge between the two
bases above and below the chromophore (Figure 6.15). In this conformation,
the sidechain is in a remarkably stable arrangement, preventing any rotation
about the carbon-chromophore bond. The sidechain therefore exists in one
conformation,

somewhere

in

between

the

two

previously

recorded
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orientations/^^'^®^ allowing the nitrogen on the central chromophore to be either
protonated or un-protonated without affecting the overall geometry.

C 7

( A )

A 6

B

Figure 6.15 A bridging hydrogen bond between the oxygen of C7 above the chromophore with the amide hydrogen;
and the nitrogen of A6 below the chromophore with the amide oxygen. These interactions help to stabilise the
sidechains position in Structure 2.

As a result of the binding of compound 16, the thymine opposite the acridine
chromophore has also shifted position (Figure 6.16). It is no longer stacking
with the planar bases above and below as seen in the native structure (Figure
6.16 - insert), but instead, is twisted within the stack due to its close proximity
to one of the CH2 groups in the carboxamide sidechain.
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G4(B

A6 B

Figure 6.1 6 Comparison of thymine positions. Steric clashing of the sidechain alkyl group with the thymine base
opposite. The thymine can be seen twisted out of plane due to this effect. (Insert) The same thymine base in the native
structure (PDB code: INQS), showing good alignment with the bases above and below.

The last part of the ligand under discussion is the six carbon methylene linker
which joins the two chromophores together. The linker is important not
because of its interactions with the DNA (like the sidechains) but because of its
position and length. In fact, it is the only part of the ligand which does not
directly interact with the surrounding DNA bases. In a paper published by L.
Wakelin and co-workers^^^^ it was stated that compounds which have the ability
to bis-intercalate into DNA will bind "by a threading mode, in which the side

chains are intended to form hydrogen-bonding contacts with the 06/N7 atoms
o f guanine in the major groove, and the iinkers are intended to He in the m inor
groove" The paper used the six carbon linked bis-acridine - compound 16, as
an example of a compound which would exhibit this mode of binding upon
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interaction with DNA. This statement could be true when the type of DNA is a
simple form of B-DNA, and in fact, this mode of binding has since been proven
to be partly true (with the addition of unforeseen properties depending on the
linker length) in Chapter 5 of this report. However, for Holliday junction forming
DNA, this mode of binding is totally incorrect, and Structure 2 reveals quite the
opposite. The drug sidechains lie in the minor grooves, running parallel to the
phosphates on either side (Figure 6.17). They form hydrogen bond interactions
with the cytosine bases above and the adenine bases below, and the linker lies
across the major groove (Figure 6.18) having entered the structure from the
major groove side. This second, more elusive form of binding is perhaps only
promoted when structures like the Holliday junction are available. Otherwise,
DNA binding based on the description by Wakelin is probably more likely.

Figure 6.17 A view of Structure 2 looking into the minor groove. The ligand has been coloured white and the
background set to black for clarity. The ligand sidechain can be seen in the minor groove, lying parallel along the
phosphate backbones.
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Figure 6.18 A view of Structure 2 looking into the major groove. The ligand has been coloured white for clarity. The
linker can be seen in the major groove, joining up the two chromophores lying over the junction cross over region.

The linker itself does not seem form any direct hydrogen bond interactions with
the surrounding bases or indeed the water molecules nearby. Instead, it seems
to be held in position due to the interactions of the chromophores and the
ligand sidechains on either side of the junction. This is however, only
speculation as the nucleic acid backbone in this region is poorly defined, and
the NH groups in the linker do have potential to form hydrogen bonds with
water molecules or surrounding DNA. Interestingly, the nitrogen atoms in the
linker group, adjacent to the chromophores become chiral once binding has
occurred. This is because once the ligand has entered the Holliday junction
structure from the major groove side, the chromophores and the sidechains
become fixed in position, therefore fixing the linker position (Figure 6.19).
When compound 16 is free in solution, there is free rotation about the all of the
bonds in the linker. The nitrogen has four different functional groups attached
to it, but only in the crystal structure are these fixed.
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H^

^Linker
Nf
Chromophore

Figure 6.19 The chiral nature of the nitrogen
atoms in the methylene linker. Once the ligand
is bound, the Hydrogen and the lone pair are
fixed in position, this position could either be
as shown or where the hydrogen is on the
right and the lone pair is on the left.

This property may have implications for future ligand design. In Structure 2, the
chirality promoted by binding does not really affect the structure as the
hydrogen atom is a very small functional group. If it was exchanged for
something like a methyl group, this could influence the geometry, and therefore
the binding.

6 .2 3 Hydration and Charge Neutralisation
The water structure of DNA is of interest as previously published structures
have shown that proteins bind to DNA by fitting into the space usually taken up
by the primary hydration s h e l l . T h e main areas of interest within a nucleic
acid water structure are the major and minor grooves of the DNA. Structure 2
refined to give well-ordered packing, with an extensive network of water
molecules surrounding the junction and lying within the minor and major
grooves of the junction arms (Figure 6.20).
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Figure 6.2 0 Water molecules in the minor and major grooves of Structure 2. (Left) The minor groove is shown
between chain A' (with a surface added in green to bring out the shape of the groove, the surface colours for each
chain correspond to the schematic shown in Figure 6.6) and chain B (with a surface added in blue). The water
molecules are coloured red with a surface added to demonstrate Van der Waals radii. (Right) The major groove is
shown between chain A (with a surface added in pink) and chain B' (with a surface added in yellow).

One huH(jre(j and twenty nine water molecules could be clearly located in the
asymmetric unit, mostly found within the minor groove. This number of water
molecules is slightly low compared to previous Holliday junction structures/^®'
and is most likely due to the hydrophobic sidechains of molecule 16 lying
in the minor grooves restricting the level of hydration in this area of Structure 2
(Figure 6.21).

Figure 6.21 The minor groove between chains A' (in green) and B' (in yellow). The lack of hydration is noticeable
around the hydrophobic sidechain of molecule 16, (coloured in white) This is in comparison to Figure 6.19 where a
dense network of water molecules can be seen in the minor groove when the sidechain is not present.
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Unusually, two spermine molecules were also located, above and below the
junction crossover region, lying along the phosphate backbones. Spermine has
never been modelled into a Holliday junction structure before, and in other DNA
structures, it is usually too disordered to be modelled in one definite position. At
the pH of crystallisation, spermine is a tetra-cationic species so its presence
signifies a role in stabilising the Holliday junction structure via DNA negative
charge neutralisation. In Structure 2, a spermine molecule can be seen forming
six hydrogen bonding interactions, three directly with the phosphate backbone,
and three with surrounding water molecules (Figure 6.22). The terminal amine
(on the right hand side) is interacting with both phosphate oxygens (OIP and
02P) of the base G4 (A). The oxygen (OIP) of base A6 (A) is bonded to a
water molecule which is forming a bridge between the base and the other
terminal amine group. The same amine group is also interacting with a water
molecule. Finally, one of the central NH groups is forming two hydrogen
bonding interactions, one with the oxygen (OIP) of T5 (A) and one with a
nearby water molecule.

2.66

2.50,
^2.79

3.15

2.50,

2.30

G4 (A)

A6 (A)

15 (A)

F ig u re 6 .2 2 The hydrogen bond interactions of spermine with the surrounding bases and water molecules. Only one
spermine molecule is shown as the other is symmetrically identical.
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This abundance of hydrogen bond interactions with the DNA backbone and
surrounding water molecules helps to explain why these spermine molecules
are more easily seen in this structure. They have many anchors holding them in
a set position, preventing any movement and hence disorder of electron
density.

6.4 Conclusions and Summary
The general aim of this work was to target the DNA Holliday junction with small
synthetic molecules, the idea being that disruption or stabilisation of this higher
order DNA structure may be a useful tool in preventing inappropriate
homologous recombination. This in turn could affect various pathways utilising
homologous recombination, including those involved in the promotion of cancer
cell immortality. This work has succeeded by the elucidation of Structure 2,
however, this is just the start of what could be a very interesting and important
area of research.

Previously, the Holliday junction has only ever been covalently bound by the
light activated compound psoralen, which cross-linked the thymine bases across
the complementary strands.^^^^ This experiment provided a unique example of
the stabilisation of a Holliday junction structure by covalent drug binding, and is
consistent with the known effect of psoralen in promoting recombination. In
that case, though, the same mode of psoralen binding is also well established
for duplex DNA,^^^^ and is associated with helix destabilisation and unwinding.
In contrast to this, compound 16 binds to the DNA Holliday junction via a
novel, non-covalent mode of binding that is specific to Holliday junctions only.
Compound 16 has also been shown to bind to duplex DNA (Chapter 5),
however, the key point to be made here is that it binds by a different
mechanism; utilizing intercalation. It is this difference in binding mechanism.
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depending on the type of DNA structure, that has started the wheels in motion
regarding the design of new ligands which show binding specificity to the DNA
Holliday junction. It has been possible, via a detailed analysis of the two binding
mechanisms, to design molecules with properties to enhance the possibility of
junction binding and at the same time, reduce the possibility of binding by
intercalation.

6.4 ,1 Im p o rtan t Interaction s and Ligand Design
One of the most important interactions of compound 16 with the surrounding
DNA bases is the extensive n - n stacking interactions seen between the
chromophores and the pyrimidine bases C7 and T5 in the DNA cross-over
strands (Figure 6.11). The acridine chromophores consist of three fused

6

-

membered rings, however, stacking is only observed between two of the three
rings with the ring bearing the side chain not forming stacking interactions.
From a ligand design point of view, this ring could be lost and the side chain
position could be re-evaluated. Removal of this ring would not affect the
stacking interactions in the Holliday junction structure, however, it would
greatly reduce the ligands potential for intercalation. Acridines are known
intercalators so losing one ring would essentially convert the acridine
chromophore into a quinoline chromophore; taking with it, the capacity to
intercalate. An important point to be made here is that in Structure 2, the bases
above and below the chromophores are pyrimidines. It could be argued that
Holliday junctions formed with either one or two purine bases either side of the
ligand binding site may not show such strong stacking interactions with
heterocyclic chromophores. Although this reduces the amount of junctions the
ligands may successfully bind to, it may also be a route to sequence selective
ligands, depending on their chromophore shape, something that could be of
use in sequences like the telomeric repeat sequence which is GC rich.
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Of course, the binding of compound 16 would not have been possible at all If It
was not for the displacement of the adenines either side of the cross-over
region, which allowed the chromophores to bind In their place. This propensity
for the adenine bases to 'flip' out of conformation In the presence of compound

16 suggests that the adenlne-thymlne base pair was particularly weak
regarding Its hydrogen bond Interactions. This was not surprising as base-pairs
In the same position In previous junction structures had been shown to have
slightly longer hydrogen bond lengths than elsewhere In the same structure
(Table 6.3). This factor can be attributed to the backbone torsion of the next
base on the strand that moves to the other side of the junction. The knock-on
effect of a large change In the backbone torsion angle of the DNA strand as It
moves across the junction to the other B-DNA arm Is probably a contributing
factor to the adenine base (just before the cross-over) being pulled slightly
further away from Its thymine base pair. From Table 6.3, It can be seen that
most of the junctions have an AT pair In this position, however one example
shows the distances between a CG base-pair In the same position. It Is notable
that the CG pair does not seem to be as affected by the adjacent change In
torsion angle as Its AT base-paIr counterpart. It can be assumed that due to the
presence of three (as opposed to two) hydrogen bonds, the energy required to
pull the CG base-pair slightly further apart Is much greater, therefore the
change (very similar, regardless of base-pair) In torsion angle does not have
such a great effect. It Is as yet unknown as to whether a junction with a CG
pair In the same position would allow the type of ligand binding seen In
Structure 2 and current research In the HellX Group Is Investigating this Idea.

Another Ilgand-DNA Interaction worth noting Is the effect of the ligand side
chain on the thymine base opposite the binding site of the acridine
chromophore. As a result of the binding of compound 16, this thymine has
shifted position (Figure 6.16). It Is no longer stacking with the planar bases
above and below as seen In the native structure (Figure 6.16 - Insert. This has
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a buckle of 1.57° and a propeller twist of -10.7°; close to B-DNA value of -11°),
but instead, is twisted (with a buckle of -9.56° and a propeller twist of -3.55°)
within the stack due to its close proximity to one of the CH2 groups in the
carboxamide sidechain. This can be classed as a disruptive effect upon the
DNA, and the side chain size and shape may have to be re-evaluated in future
ligand design. The side chain does however have some positive properties and
these should be preserved. The NHCO group provides a bridge between the
cytosine base directly above the chromophore and the adenine base below the
thymine opposite the chromophore (Figure 6.15). This bridge helps to hold the
ligand in place, stabilising the side chain in a fixed orientation; a positive
property of binding. The (CH2 ) 2 NMe2 part of the side chain is however not
involved in the stabilisation interactions, and in fact is directly responsible for
promoting the displacement of the thymine base out of the helix stack. This
part of the side chain can therefore be removed and exchanged for a single
methyl group which would be too small to cause steric clashes. Interestingly,
the nitrogen in the NMe2 group in Structure 1 provides one of the key
interactions in that structure. It hydrogen bonds with either the 06 or N7 of
guanine G6 . If this part of the side chain was removed, then the crystal packing
of Structure 1 would most likely be affected. Current research in the HeliX
Group has recently shown a second example of duplex crosslinking which
involves the same duplex sequence and the same ligand but without a side
chain. This structure does indeed show a different crystal packing; the complex
crystallised in space group P6s22 and the hexamer DNA duplexes are tightly
crosslinked by the bis-acridine drug in a head to tail fashion with the drug linker
emerging from the major groove in a fully extended state.

Perhaps the most important part of the iigand is the six carbon methylene linker
which joins the two chromophores together. The linker is important not
because of its interactions with the DNA but because of its position and length.
The linker lies across the major groove (Figure 6.18) having entered the
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Structure from the major groove side. This is confirmed by the great increase in
major groove phosphate-phosphate distance at the junction cross-over (Figure
6.10). It has been suggested in previous reports that compounds with rigid
linkers which forced the chromophores to point in opposite directions were
needed to bind to the DNA Holliday junction, either bridging the B-DNA arms or
binding at the cross-over r e g i o n . T h i s is not the case with Structure 2, in fact
the flexibility of the linker seems to aid binding; the ligand can move freely in
solution, but upon binding the linker compresses or bends to allow the
chromophores to enter the binding site without causing too many steric
problems. If the linker was rigid, this could not happen unless the exact
distance required to bridge the junction was known. However, even then it is
highly possible that as the ligand binds, it manoeuvres into position, maybe
with one chromophore binding first, then as a result of linker bending and
contraction, the second chromophore can fit into position. This is purely
speculative, however, it is clear that a rigid linker would reduce the binding
potential of the ligand, and it is the length of the linker, not its rigidity that is
the deciding factor for junction binding. An interesting point to be made here is
that preliminary crystallographic data has been collected on a Holliday junction
structure with compound 15 (Structure 3) bound in the same position. This
data is far from fully refined with a current R-factor of about 33%. There are
however a number of interesting observations to be made regarding linker
length. Structure 3 is essentially identical to Structure 2, compound 15 is seen
to bind in the same position, with displacement of the adenine bases and the
side chains threading through into the minor grooves with the linker spanning
across the centre of the junction, joining up the two chromophores. After closer
examination of the linker in Structure 3, it was quite clear that it was long
enough to span the junction (previously thought to be too short) and in
addition, it actually seemed to fit better than its

6

-carbon counterpart. Upon

comparison, it highlighted just how compressed the 6 -carbon linker in Structure
2 was (Figure 6.23). The linker in Structure 3 may have fitted better however;
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the chromophores were pulled further out of the stack because the linker was
at full stretch.

From these observations, it is quite obvious that the

chromophores in Structure 2 are in an optimum position, but the 6-carbon
linker is compressed and is not extended to its full potential. In contrast.
Structure 3 shows the 4-carbon linker to be fully extended in an optimum
position; however the chromophores are being pulled out of the stack slightly
as a result of the shorter linker. To optimise the ligand in this instance, a 5carbon alkyl linker would be the obvious choice. In addition to this, if a ligand
with a 5-carbon linker bound to a Holliday junction in the same place as seen in
Structures 2 and 3, this would mean the 2-fold axis of symmetry would fall on
the central carbon atom in the linker as opposed to the centre of a bond (seen
with the linkers with even atoms). This would make refinement of the crystal
structure much easier.

F ig u re 6 .2 3 A comparison of linkers and chromophore positions in Structure 2 (above) Structure 3 (below). It is clear
from this figure that the 6-carbon linker in Structure 2 is much more compressed and 'bent' compared to the 4-carbon
linker in Structure 3. The chromophores in Structure 3 are pulled slightly in towards the linker, therefore the stacking
interactions with the bases above and below are not as effective as in Structure 2.
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To recap, the properties of compound 16 (and 15) which seem to promote
junction binding are as follows, and are also summarised in Figure 6.24.
•

The stacking interactions between two of the three rings of the acridine
chromophores with the pyrimidine bases above and below the binding
site.

•

The hydrogen bonding interactions of the NH and CO groups in the
amide bond of the side chain with the surrounding bases.

•

The length and flexibility of the 4- or 6-carbon linker group which
attaches the two acridine chromophores.

The

properties which could be re-evaluated or removed to minimise

intercalative binding are:
•

Removal of the acridine ring not involved in stacking interactions with
the pyrimidine bases above and below the binding site.

•

Removal or replacement of the dimethylaminoethyl portion of the side
chain to reduce steric clashing with thymine.

•

Optimisation of linker group length to prevent linker compression or
chromophore strain.

R

"NH
c |

T
May cause steric __
problems

LJ
/

May be close
enough to Interact
with Thymine C=0.
Replace with Hbond donor.

Rings
A - required for stacking
B - required for stacking
C - no apparent stacking Interaction

1
u
o

H
May cause steric
problems

\
\

May H-bond with
adjacent bases

F ig u re 6 .2 4 Visual representation of the positive and negative characteristics of the bis(9-aminoacridine-4carboxamide) moity with respect to Holliday junction binding.
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With these ideas in mind, initial work has begun on the synthesis of new
compounds with potential Holliday junction specificity. In Figure 6.25, several
target compounds are shown.

R = CHjCHjNCCHjlî
R = CH,
R = C(CH,)CH2CH,

R = H, alkyl. CONHRZ

R = H, alkyl, CONHRZ

[25]

N

N

N

H

[27]

H

[28]

Figure 6.25 Potential new ligands, specifically designed to bind to Holliday junction structures.

Thus, [20] is an acridine-3-carboxamide, a simple target readily available from
similar chemistry to the

acridine-4-carboxamide"^^^^ that will

allow the

assessment of the importance of the side chain during binding and also
decrease DNA-duplex interaction. It should be noted that one potential side
chain introduces a chiral centre, as Lilley and co-workers have demonstrated
chiral effects in Holliday junctions.^^^^ [21] is also readily accessible and allows
the assessment of removing one ring of the acridine while maintaining most of
the other structural features. These quinoline based compounds have been
synthesised but not yet purified. In contrast, [22] changes the pKa of the
quinoline nitrogen, to assess the effect of charge on the chromophore.

New
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compounds 23-25 maintain the structure activity relationship studies while

[23] also shows the effect of the position of the linker on binding and allows a
comparison to compounds such as [26-28] where the A- and B rings of the
acridine are replaced by an o/#?o-substituted benzene ring. Simple modelling of
this system suggests that hydrogen bonding between the carbonyl oxygen and
the aniline will form a pseudocyclic structure that may contribute to the
stacking interactions. These compounds then also lose the steric clash
associated with the C6 position of acridine and introduce the potential for
hydrogen bonding with C4=0 of thymine. A derivative of compound 26 has
been synthesised with a chlorine at position 4. This was done as a test of the
chemistry, however, the required compound should have an amine at position
4, so allowing potential interaction with the thymine base upon binding. Such
variations move closer to true small molecule probes and away from duplex
binding molecules.

The structure of the linker will also be key to the new molecules. Both the six
and the four-methylene linked compounds are able to span the distance across
the junction and a five-carbon version of these may ultimately be the optimum
linker. However, it would be interesting to probe unsymmetrical molecules and
their effect on the junction and also to look at the effects of rigidity and
perhaps the introduction of a chiral centre into the linker. One intriguing
possibility is the use Huisgen's chemistry,^^^^ recently developed by Sharpless
and co-workers as part of their "Click Chemistry" programme^^®^ to generate
unsymmetrical analogues in which one acridine-4-carboxamide is connected
through a triazole, formed through reaction of an azide and an alkyne, to one
of the new, putative ligands (attempts to form unsymmetrical dimers of
acridines through simple non-stoichiometric reactions with a,w -diamines, tend
to form intractable mixtures). Sharpless' reports of the utility of this reaction in
water*^^^^ suggest that, ultimately, this reaction may be combined with a
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crystallographic soak, with the reaction occurring in the crystal matrix to select
high affinity ligands.

6 .4 .2 Sum m ary
Structure 2 represents the first example of non-covalent small molecule binding
to the DNA Holliday junction. The bis-acridine molecule; compound 16, binds
across the centre of the junction, and the two adenines either side of the
junction cross-over, are replaced by the acridine chromophores. These line up
with adjacent thymine bases and form stacking interactions with the pyrimidine
bases above and below. The linker lies across the junction centre in the major
groove and the side chains attached to each chromophore thread through into
the minor grooves, forming hydrogen bonding interactions with the surrounding
DNA bases. This structure represents a starting point for the design and
synthesis of new ligands capable of binding to the DNA Holliday junction in
preference to any other DNA structure. The disruption or stabilisation of
Holliday junctions could eventually lead to the inhibition or prevention of
inappropriate homologous recombination, a new direction in the targeting of
tumour cells utilising HR as a means to maintain immortality.
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7.1 General Experimental Information
7 .1 .1 Physical Characterisation and Spectroscopic techniques
NMR spectra were recorded on a Broker Avance Spectrometer operating at a
nominal

frequency of 400 MHz, using the specified deuterated solvent. All

spectra were processed using Broker NMR Suite 3.5 and chemical shifts were
referenced to the residual solvent peak. Scalar coupling constants are reported
as observed without correction for the digitisation error. Elemental analysis was
carried out using a Carlo Erba CNN 1108 Elemental Analyser. Melting points
were recorded using a BIbby Stuart Scientific SMP3 Melting Point Apparatus.
Infrared Spectra were recorded as neat samples using a NIcolet Smart Golden
Gate

Fourier Transform

Spectrometer

(Avatar

360

FT-IR

E.S.P)

and

manipulated using OMNIC E.S.P 5.1. Mass spectra (MS) were recorded using a
ThermoQuest Navigator Mass Spectrometer operated under Electrospray
Ionisation In positive (ES+) or negative (ES-) modes.

7 .1 .2 Chrom atographic Techniques
Chromatographic

separations

were

performed

on

Silica

gel

for

flash

chromatography (particle size 40-63pm) (VWR Laboratory Supplies, Poole,
Dorset). Analytlcal-TLC was performed on Merck precoated silica gel 60 F254
TLC plates. The TLC plates were visualised using a variety of techniques;
visualisation under UV light, phosphomolybdic add (10% soln. In EtOH),
ninhydrin (10% soln. In EtOH) followed by heating.

7 .1 .3 Reagent^ Solvent and Apparatus Preparation
All chemicals were reagent grade. All glassware was oven dried prior to use.
DCM; where specified as dry, was freshly distilled from calcium hydride. All
other anhydrous/dry solvents used were bought as such and presumed to
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conform to manufacturers standards. All H2O used was distilled unless
otherwise specified.

7 .1 .4 Crystal Screens, Synchrotrons, Beamlines
The Nucleic Acid Mini Screen was used to carry out
preliminary crystallisation experiments before the
crystallisation conditions were optimised to grow the
crystals used in the X-ray experiments. The screen
consists of 24 separate conditions known to promote
the crystallisation of nucleic acids. Parameters such
as the pH, the type of metal cation and the metal cation concentration are
varied over the 24 conditions to give a wide range of conditions for crystal
growth.

Synchrotron radiation sources, which can be compared to "supermicroscopes",
reveal invaluable information in numerous fields of research. There are about
50 synchrotrons in the world and for this work; two of these facilities were
visited. These were The German Electron Synchrotron (DESY), in Hamburg,
Germany andthe European Synchrotron Research Facility (ESRF), in Grenoble,
France.Below

is a brief description of the beam lines used throughout this

work.

•

HASYLAB, (DESY), Beam line X31, (Germany): This beam line provides a
tuneable X-ray beam between the wavelengths of ~0.5Â and 2.0Â for
use in multiple wavelength (MAD) experiments. The beam line uses a
345mm image plate and a fluorescence detector is available if needed.
An Oxford Cryostream is used for data collection at low temperatures.
This beam line was used to collect initial experimental data on the
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formed

from

compound

15

and

the

duplex

sequence

d(CGTACG)2.

•

HASYLAB, (DESY),

Beam lines X I1 and X13,

beamlines

are

bending

beamlines.

They are

magnet

(Germany): These

macromolecular

crystallography

monochromatic fixed wavelength

beamlines

operated at a wavelength of 0.81 Â [15.3 keV]. The endstation is
equipped with a MARCCD detector [165 mm]. They are optimised for
rapid data collection, high resolution studies and Single wavelength
Anomalous Diffraction [SAD] experiments on heavy atom [Au, Pt, Hg,
etc.] and Kr and Br derivatives. Data for Structure 2 was collected on
X II, and an initial data set to determine the cell dimensions and space
group for Structure 1 was collected on X13.

•

ESRF, (Grenoble), Beam line BM14: This Beam line provides a highly
focused,

rapidly tuneable X-ray beam between ~0.5Â and 2.0Â

wavelength

for

use in multiple or single anomalous dispersion

experiments. A fluorescence detector is integrated into the beam
facilities and an Oxford Cryostream can be used for data collection at low
temperatures. This beam also has an automatic crystal alignment device.
The computer interfaces at the beam line allow maps to be calculated
during data collection. This beam line was used to collect the single
anomalous dispersion experimental data required for solving Structure 1.

Preliminary investigative work was also carried out using the 'in-house' Oxford
Diffraction "Gîe/77//7/-5-6^//'/'^" Diffractometer recently installed at Reading. This
machine has proved to be very useful as a screening tool for potential highly
diffracting crystals, and also for the collection of a number of datasets on
crystals which due to their fragile state; do not survive overseas trips to
synchrotron facilities.

CHAPTER 7: Experimental

198

7.2 Experimental: Synthetic Chemistry
7 .2 .1 Acrldone-4-carboxylic acid [1 1 ]

O

OH

2,2-iminodibenzoic acid (lO.Og, 0.039mol) was dissolved In cone. H2 SO4
(30.0ml). This was stirred and heated to 100°C under gentle reflux for 3 hours.
On cooling, the solution was poured over Ice water (~100ml) to give a bright
yellow precipitate. This was filtered and washed with water to remove any
remaining acid. The yellow solid was dried over P2 O5 (9.15g, 98%). Thin layer
chromatography confirmed formation of product, m.p. 321-324°C (m.p.
324

oc[«]). MIcro-analysIs: Calculated for Ci4HgN031 / 4 H2 O: C 68.98% H 3.90%

N 5.75%. Found: C 69.11% H 4.07% N 5.82%. (KBr disc) v (cm 'l) : 1687
(C=0 carboxyllc acid); 1623 (C=0 ArC9); ^HNMR (DMSG de, 400MHz) 8h ppm:
3.37 (br s, IH , 9(10H)); 7.32 - 7.49 (m, 2H, ArH(2), ArH(6)) ; 7.70 - 7.79 (m,
2H, ArCH(5), ArCH(7)) ; 8.25 (d, IH , J = 7.8 Hz, ArCH(3)); 8.45 (dd, Ji = 7.5
Hz, J2 = 1.7 Hz, ArCH(8)); 8.54 (dd, Ji = 7.9 Hz, J2 = 1.6 Hz ArCH(l)); 11.97
(s, IH , COOH). "CNMR (CDCI3 , 100 MHz) 5c ppm: 114.9 (ArC); 118.5 (ArC);
120.1 (ArC); 122.2 (ArC); 125.8 (ArC); 127.6 (ArC); 130.5 (ArC); 132.3 (ArC);
133.7 (ArC); 134.0 (ArC); 136.8 (ArC); 139.8 (ArC); 141.1 (ArC); 167.2 (C=0);
169.0 (C-OH); 176.4 (COOH). FAB MS (ES+) m /z 239.0 (M+1+, 53%); 238.0
(M+, 7%).
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N ~[2-(dim ethylam ino)ethyl]-9-chloroacridine-4-carboxam ide

[1 3 ]
Cl

,N.
H

Acridone-4-carboxylic acid (2.0g, O.OOSmol) was dissolved in a solution of SOCI2
(30ml) and dry DMF (3-4 drops) in a nitrogen atmosphere. This was stirred and
heated under reflux for 1 hour. On cooling, the SOCI2 was removed under
vacuum to leave a yellowy brown precipitate which was moisture sensitive. This
is intermediate 9-chloroacridine-4-carbonyl chloride. The intermediate was then
cooled to -5°C and a cold solution of N,N-dimethylethylenediamine (0.81ml,
0.0092mol), EtsN (0.93ml, 0.0092mol), and dry DCM (20ml) was added in one
aliquot. The reaction mixture was stirred and allowed to warm to room
temperature over 3 hours. Thin layer chromatography confirmed formation of
product. The reaction mixture was concentrated in vacuo to give a dark yellow
oil. Flash chromatography (3% MeOH-DCM increased to 10%) provided 9chloroacridine-4-carboxamide as a yellow oil. This was triturated in hexane to
precipitate the product as a pale yellow electrostatic powder, (2.05g, 75%).
vmax (clean)/cm^ 3385 (N-H), 2977 (C-H stretch CH3 ), 2602 (C-H stretch CH2 ),
1523 (aromatic C=C), 1642 (C=0). ^HNMR (CDCI3 , 400 MHz) 8h ppm: 2.37 (6H,
s, 2 CH3 ); 2.64 (2H, t, 7 = 6.4 Hz, CH^NMez); 3.71 (2H, app. q, 7 = 6.0 Hz,
NHCHz); 7.59 (IH , ddd, J i = 1.2 Hz, J2 = 6.8 Hz, J3 = 8.8 Hz, ArH(6)); 7.65
(IH , dd, J i = 7.2 Hz, J2 = 8.4 Hz, ArH(2)); 7.78 (IH , ddd, J i = 1.2 Hz, J2 = 6.8
Hz, J3 = 8.0 Hz, ArH(7)); 8.15 (IH , d, 7 = 8.8Hz, ArH(5)); 8.33 (IH , dd, Ji =
0.4 Hz, J2 = 8.4 Hz, ArH(3)); 8.49 (IH , dd, 7r = 1.6 Hz, J2 = 8.4 Hz, ArH(8));
8.91 (IH , dd, Ji = 1.6 Hz, J2 = 7.2 Hz, ArH(l)); 12.08 (IH , t, 7 = 6.3 Hz,
CONH). “ CNMR (CDCI3 , 100 MHz) 5c ppm: 37.96 (CH2 ); 45.45 ( 2 CH3 ); 58.19
(CH2 ); 123.81 (ArC); 124.48 (ArC); 124.65 (ArCH); 126.58 (ArCH); 127.44
(ArCH); 128.40 (ArCH); 129.02 (ArC); 129.40 (ArCH); 131.37 (ArCH); 135.46
(ArCH); 142.77 (ArC); 146.37 (ArC); 147.43 (ArC); 165.39 (ArCONH). FAB MS
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(ES+) /77/Z328 (M+1+ (Cl^^), 100%); 330 (M+1+ (CP^), 33%); 327 (M+ (CP=),
0%); 329 (M+ (CP^), 19%). See Appendix B for ‘H NMR, "C NMR, MS and IR
spectra obtained for this compound.

7 .2 3 9f9'-(lf4-b u tan ed iyld iim in o )b is[N -[2-d im eth ylam in o )eth yl]]
4-acridineacarboxam ide (Compound 1 5 ).

H

A

mixture

of

AA[2-(dimethylamino)ethyl]-9-chloroacridine-4-carboxamide

(lOOmg, 0.305mmol) and dry phenol (Ig , excess) were stirred and heated
together at 110°C for 30 minutes. On cooling to 55°C, 1,4-diaminobutane
(13.44mg, 0.153mmol) was added and the reaction was left stirring over night.
On completion of reaction, 2M NaOH (20ml) was added to the mixture. A small
amount of DCM was added to a separating funnel and the reaction mixture was
poured on top. The reaction flask was then washed with DCM (10ml), which
was also placed in the separating funnel. After separation of the layers, the
organic phase was removed and the aqueous phase was washed with DCM
(10ml) once more. The combined organic extracts were dried over MgS0 4 ,
filtered, and then concentrated in vacuo to give a bright yellow fluorescent oil.
Flash chromatography (10% MeOH-EtOAc then 10% MeOH, 88% EtOAc and
2% EtsN increased to 20% MeOH, 75% EtOAc and 5% Et]N to elute product)
provided product as a bright yellow fluorescent oil (30mg, 29%). FAB MS (ES+)

m /z 6713 (M+1+, 48%); 670.1 (M+, 0%); 336.5 (M+2^+/2, 65%). Due to the
tendency of compound 15 to form agglomerates in solution, the initial NMR
sprectra were very badly defined. The tetrahydrochloride salt of this product
was prepared by dissolving the residue in CHCI3 (2ml) then adding MeOH (2ml)
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followed by concentrated HCI (5eq. ~5|il). This mixture was allowed to stir at
r.t. for 30 minutes before being reduced in vacuo. The residue was then
redissolved in the minimum amount of MeOH and precipitated with EtOAc.
Excess solvent was removed under vacuo and the resulting salt was dissolved in
the minimum amount of water. The salt solution was finally freeze dried over
night to give a light fluffy yellow powder, vmax (clean)/cm^ 1620 (C=0). A
variable temperature NMR was carried out in the hope that the peaks would
separate enough to characterise, best results (at 90°C) are as follows: ^HNMR
(D2 O, 400 MHz, 90°C) ÔH ppm: 2.00-2.10 (4H, m,
3.43-3.48 (4H, m,

2

2

CH2 ); 3.00 (12H, s, 2Me2);

CH2 ); 3.82-3.90 (4H, m, 2 % ) ; 3.97-4.02 (4H, m,

2

CH2 );

7.15-7.32 (4H, m, 4ArCH); 7.46-7.48 (2H, m, 2ArCH); 7.65-7.70 (2H, m,
2ArCH); 7.90-7.94 (2H, m, 2ArCH); 8.09-8.11 (2H, m, 2ArCH); 8.19-8.22 (2H,
m, 2ArCH). %NMR (CDCI3 , 100 MHz, 22.6°C) ôc ppm: 27.57 ( 2 % ) ; 37.77
( 2 CH2 ); 45.95 (2Me2); 49.43 ( 2 CH2 ); 59.11 ( 2 CH2 ); 117.71 (2ArC); 119.00
(2ArC); 120.62 (2ArC); 121.77 (2ArCH); 123.20 (2ArCH); 125.44 (2ArCH);
127.62 (2ArCH); 136.21 (2ArCH); 137.49 (2ArCH); 138.49 (2ArCH); 141.60
(2ArC); 159.28 (2ArC); 165.52 (2ArC); 171.66 (2ArC0NH). See Appendix B for
the variable temperature NMR spectra for the salt and the mass spectrum of
the free base obtained for compound 15.

7 .2 .4 9 ,9 ’-(1^6-hexanediyldiim ino)bis[N -[2~dim ethylam ino)ethyl]]
4-acridineacarboxam ide (Compound 1 6 )

H
N

This was prepared as for the [15] dimer, from /V-[2-(dimethylamino)ethyl]-9chloroacridine-4-carboxamide and

1,6-diaminohexane

(46mg,

43%).

vmax
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(clean)/cm ‘ 1618 (C=0). ^HNMR (CDCb, 400 MHz) 5h ppm: 2.49-2.53 (4M, m,
2

CH2 ); 2.93-2.94 (4M, m, 2 CH2 ); 2.99-3.00 (4M, m, 2 CH2 ); 3.33 (12H, s, 2 M6 2 );

3.83-3.84 (4H, m, 2CHzNMe2); 3.93-3.95 (4M, m, 2 CH2 NH); 7.33-7.35 (2H, m,
2ArH(6)); 7.36 (2H, app. dd, J = 3.2 Hz, 2ArH(2)); 7.73 (2H, ddd, J , = 8.4 Hz,
72 = 1.6 Hz, 2ArH(7)); 7.89 (2H, d, 7 = 8.0 Hz, 2ArCH(5)); 8.24 (2H, d, 7 = 8.4
Hz, 2ArCH(3)); 8.39 (2H, dd, J i = 8.4 Hz, J2 = 1.2 Hz, 2ArCH(8)); 8.51 (2H, dd,
J i = 3.2 Hz, J2 = 1.2 Hz, 2ArCH(l)). "CNMR (CDCI3 , 100 MHz) Sc ppm: 26.36
( 2 CH2 ); 31.09 ( 2 CH2 ); 37.72 ( 2 CH2 ); 45.37 (2MC2); 50.59 ( 2 CH2 ); 58.18 ( 2 CH2 );
115.50 (2ArCH); 119.88 (2ArCH); 122.04 (2ArCH); 123.23 (2ArC); 123.43
(2ArCH); 127.32 (2ArC); 128.24 (2ArC); 129.48 (2ArCH); 131.26 (2ArCH);
134.24 (2ArCH);

143.52 (2ArC);

146.75 (2ArC);

147.88 (2ArC);

166.85

(2ArC0NH). FAB MS (ES+) m /z 699.3 (M+1+, 20%); 698.0 (M+, 0%); 350.4
(M+2^V2, 100%). The tetrahydrochloride salt of this product was obtained as
for

the

C4-DMAE

dimer

(40mg

37%).

Micro-analysis:

Calculated

for

C4 2 H50 N8 O2 .4 HCi.5 H2O, C 53.96%, H 6.85%, N 11.99%, Ci 15.20%. Found C
54.11%, H 6.76%, N 11.64% Ci 15.46%. ^HNMR (D2 O, 400 MHz) Sh ppm:
1.31-1.35 (4H, m,

2

CH2 ); 1.48-1.57 (4H, m,

2

CH2 ); 2.83 (2H, app. t, 7 = 8.0

Hz, 2NHMe2); 2.88 (12H, s, 2Me2); 3.36 (4H, t, 7 = 8.0 Hz, 2 CH2 ); 3.71 (4H, q,
7 = 4.0 Hz,

2

CH2 ); 3.87 (4H, app. t, 7 = 8.0 Hz,

2

CH2 ); 7.18-7.37 (4H, m,

4ArH); 7.53 (2H, app. t, 7 = 8.0 Hz, 2ArCH); 7.73-7.77 (2H, m, 2ArCH); 7.957.99 (2H, m, 2ArCH); 8.08-8.11 (2H, m, 2ArCH); 8.25 (2H, app. d, 7 = 8.0 Hz,
2ArNH). "CNMR (CDCia, 100 MHz) Sc ppm: 27.83 ( 2 CH2 ); 37.77 ( 2 CH2 ); 42.08
( 2 CH2 ); 45.93 (2Me2); 51.26 ( 2 CH2 ); 59.15 ( 2 CH2 ); 120.27 (2ArC); 120.96
(2ArC); 121.49 (2ArCH); 121.57 (2ArCH); 126.14 (2ArCH); 131.46 (2ArCH);
131.60 (2ArCH); 137.43 (2ArCH); 138.46 (2ArCH); 160.19 (2ArC); 161.03
(2ArC); 171.68 (2ArC); 172.19 (2ArC); 180.13 (2ArC0NH). See Appendix B for
NMR spectra obtained for the free base and the salt and the mass spectrum of
the free base for compound 16.
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7.3 Experimental: Crystallography
The initial screens in this work were performed using the 'Nucleic Acid Mini
Screen' via a sitting drop vapour diffusion method with a 1ml well of MPD
(35%) and a 6)al drop of which 4pl was screen condition, Ipl was DNA and 1^1
was ligand solution. All five compounds (See Chapter 3 for compound
identification) were set up in initial crystallisation trials using the 'Nucleic Acid
Mini Screen' conditions with both duplex and Holliday junction forming DNA.
From these initial investigations, four important results were obtained. The
screens yielded crystals with compound 15 and compound 16 with both the
Holliday junction forming sequence and the duplex forming sequence.

7.3.1 Compound 1 5 w ith Duplex Forming Sequence d(CGTACG) 2
This combination gave crystals in eleven of the twenty four wells (shaded
boxes) over about two weeks. The best looking crystals (nice sharp edges, clear
drops, shaded in orange) were found in wells containing magnesium or
potassium cations (See Table 7.1).

5

6

A

4pl NAMS
Reagent 2, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 3, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 4, Ipl
3mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 5, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 6,Ipl 3
mM DNA, Ipl
[15] 3mM

B

4^1 NAMS
Reagent 7, Ipl
3 mM DNA, lul
[15] 3mM

4pl NAMS
Reagent 8, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 9, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 10, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 11, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 12, Ipl
3 mM DNA, Ipl
[15] 3mM

C

4|al NAMS
Reagent 13, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 14, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 15, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 16, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 17, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 18, Ipl
3 mM DNA, Ipl
[15] 3mM

D

4pl NAMS
Reagent 19, Ipl
3 mM DNA, 1^1
[15] 3mM

4pl NAMS
Reagent 20, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 21, Ipl
3 mM DNA, Ipl
[15] 4mM

4pl NAMS
Reagent 22, Ipl
3 mM DNA, Ipl
[15] 4mM

4pl NAMS
Reagent 23, Ipl
3 mM DNA, Ipl
[15] 3mM

4pl NAMS
Reagent 24, Ipl
3 mM DNA, Ipl
[15] 3mM

1

2

3

4

V NAMS
Reagent 1, Ipl
3 mM DNA, Ipl
[15] 3mM

Table 7.1 Individual drop conditions for the mini screen with compound 15 and duplex DNA. Crystals appeared in
shaded boxes, the best looking crystals appeared in the orange boxes. See appendix for individual reagent conditions.
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The crystals resulting from this standard un-optimised Mini Screen were bright
yellow hexagonal shaped specimens of approximate dimensions 0.4 x 0.2 x
0.2mm, (see Figure 7.1). In certain wells, other crystals appeared which looked
like needles with one dimension greatly extended, however, these were
unfortunately no good for further X-ray analysis due to their long thin shape.

V, V,

I»)'*?.

Figure 7.1 A Microscope image photo of a compound 15 - duplex DNA crystal. Note the clear yellow colour.

This crystal and others like it were tested at the synchrotron facility in Hamburg
fhttp://www.embl-hamburq.de/l but unfortunately, upon collection of a low
resolution dataset, the crystal was found to diffract to a maximum resolution of
3Â. However, despite this, initial data processing revealed that the complex had
crystallised in a new space group, not seen before with the DNA sequence
d(CGTACG)2 . Cell dimensions were also obtained; a = 27.23Â, b = 27.23Â, c =
74.43Â, a = p = 90.0°, y = 120.0° but no further analysis was carried out due
to the lack of crystals which showed diffraction over 3.0Â.
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7 .3 .2 Compound 16 w ith Duplex Forming Sequence d(CGTACG) 2
The crystals for this combination were also bright yellow, however, they were a
completely different shape and noticeably smaller in size. They looked like small
diamonds and appeared in abundance in wells containing strontium cations.
The crystals obtained from the mini screen were too small for any practical use
so optimization of the strontium containing wells was undertaken. This involved
altering the SrCb concentrations and the DNA concentrations to favour larger
specimens. After progressive optimization over a period of 2 months, perfectly
formed, sizable crystals were obtained. The final tray conditions were as
follows:

1

2

3

4

5

6

A

3|al Stock 1, Uil
DNA (ImM),
lul [16]
(375^iM), Utl
SrCb (120mM)

3pl Stock 1, Ipl
DNA (2mM),
Ipl [16]
(375pM), Ipl
SrCb (120mM)

3pl Stock 1, Ipl
DNA (3mM),
Ipl [16]
(375pM), Ipl
SrCb (120mM)

3pl Stock 1, Ipl
DNA (4mM),
Ipl [16]
(375pM), Ipl
SrCb (120mM)

3pl Stock 1, Ipl
DNA (SmM),
Ipl [16]
(375pM), Ipl
SrCb (120mM)

3pl Stock 1, Ipl
DNA (6mM),
Ipl [16]
(375pM), Ipl
SrCb (120mM)

B

3|il Stock 1, l|il
DNA (ImM) l(.il
[16] (375nM),
Ipl SrCb
(240mM)

3(,il Stock 1, Ipl
DNA (2mM),
Ipl [16]
(375pM), Ipl
SrCb (240mM)

3pl Stock 1, Ipl
DNA (3mM),
Ipl [16]
(375pM), Ipl
SrCb (240mM)

3pl Stock 1, Ipl
DNA (4mM),
Ipl [16]
(375pM), Ipl
SrOz (240mM)

3pl Stock 1, Ipl
DNA (SmM),
Ipl [16]
(375pM), Ipl
SrCb (240mM)

3pl Stock 1, Ipl
DNA (6mM),
Ipl [16]
(375pM), Ipl
SrCb (240mM)

C

3pl Stock 1, l|ol
DNA (ImM),
Ipl [16]
(375^M), lul
SrCb (360mM)

3pl Stock 1, Ipl
DNA (2mM),
Ipl [16]
(37SnM), lul
SrCb (360mM)

3pl Stock 1, Ipl
DNA (3mM),
Ipl [16]
(375pM), Ipl
SrCb (360mM)

3pl Stock 1, Ipl
DNA (4mM),
Ipl [16]
(375pM), Ipl
SrCb (360mM)

3pl Stock 1, 5pl
DNA (Im M),
Ipl [16]
(375pM), Ipl
SrCb (360mM)

3pl Stock 1, Ipl
DNA (6mM),
Ipl [16]
(375pM), Ipl
SrCb (360mM)

D

3^1 Stock 1, Ipl
DNA (ImM),
l i x \ [16]
(375pM), Ipl
SrCb (480mM)

3pl Stock 1, Ipl
DNA (2mM),
Ipl [16]
(375nM), Ipl
SrCb (480mM)

3pl Stock 1, Ipl
DNA (3mM),
Ipl [16]
(375pM), Ipl
SrCb (480mM)

3pl Stock 1, Ipl
DNA (4mM),
Ipl [16]
(375pM), Ipl
SrCb (480mM)

3pl Stock 1, 5pl
DNA (ImM),
Ipl [16]
(375pM), Ipl
SrCb (480mM)

3pl Stock 1, Ipl
DNA (6mM),
Ipl [16]
(375pM), Ipl
SrCb (480mM)

Table 7.2 Optimised crystallisation conditions for growing crystals of compound 16 with duplex forming DNA
d(CGTACG)2 . The strength of colour represents the quality of crystals found in each well. The final conditions used to
grow multiple specimens for X-ray diffraction were that of well D6. All concentrations shown in the table above are
initial concentrations before addition to the well.

The stock solution (Stock 1) referred to in the above table consisted of 10% v/v
MPD, sodium cacodylate pH:7.0 (40mM), and spermine (12mM); these values
represent final concentrations before addition to the well. The crystals obtained
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after optimization were of approximate dimensions 0.15 x 0.1 x 0.1mm and
were bright yellow perfectly formed diamonds (see Figure 7.2).

Figure 7.2 A Microscope image photo of a compound 16 - duplex DNA crystal. Note the clear yellow colour and clear
sharp edges.

These

crystals

were

tested

at

the

synchrotron

facility

in

Hamburg

ChttD://www.embl-hamburq.de/l and were found to diffract very well. However,
upon collection of the first data set, the complex had crystallised in a new space
group for the sequence d(CGTACG)2 . This resulted in the subsequent collection
of a single anomalous dispersion (SAD) dataset on a variable wavelength beam
line to help to solve the structure. See Chapter 5 for X-ray diffraction results
and following structure solution.

7 .3 .3

Compound

15

W ith

Holliday

Junction

Forming

DNA

d(TCGGTACCGA)4
Crystals for this combination were not initially found in the mini screen trials.
However, as all crystal trays are kept even if no crystals appear, the initial trays
were checked periodically for the possibility of very slow growing crystals and
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sure enough, crystals of Holliday junction forming DNA and compound 15 were
found in a tray 1 year old. They were similar in shape to the optimised versions
of crystals found of compound 16 with the Holliday junction, probably due to
their slow rate of growth. After initial re-assessment of the conditions of
growth, the tray was optimised and fresh crystals were grown in a much
quicker time frame (1-2 months) (Table 7.3).

1

2

3

4

5

6

3^x\ Stock 2, Ipl

A

3pt Stock 2, 1^1
DNA (ImM),
l|il [15] (3mM),
lul SrCl2
(40mM)

DNA (2mM),
Ipl [15] (3mM),
Ipl SrCl2
(40mM)

3pl Stock 2, Ipl
DNA (3mM),
Ipl [15] (3mM),
Ipl SrCb
(40mM)

3pl Stock 2, Ipl
DNA (4mM),
Ipl [15] (3mM),
Ipl SrCb
(40m M)

3pl Stock 2, Ipl
DNA (5mM),
Ipl [15] (3mM),
Ipl SrCb
(40mM)

3pl Stock 2, Ipl
DNA (6mM),
Ipl [15] (3mM),
Ipl SrCb
(40mM)

B

3pl Stock 2, Ijil
DNA (ImM),
Ipl [15] (3mM),
Ipl SrClz
(80mM)

3pl Stock 2, Ipl
DNA (2mM),
Ipl [15] (3mM),
Ipl SrCb
(80mM)

3pl Stock 2, Ipl
DNA (3mM),
Ipl [15] (3mM),
Ipl SrO;
(80mM)

3pl Stock 2, Ipl
DNA (4mM),
Ipl [15] (3mM),
Ipl SrCb
(80mM)

3pl Stock 2, Ipl
DNA (5mM),
Ipl [15] (3mM),
Ipl Sr02
(80mM)

3pl Stock 2, Ipl
DNA (6mM),
Ipl [15] (3mM),
Ipl SrCb
(80mM)

C

3^1 Stock 2, Ipl
DNA (ImM),
IW [15] (3mM),
l|il SrCl2
(120mM)

3pl Stock 2, Ipl
DNA (2mM),
Ipl [15] (3mM),
Ipl SrCb
(120mM)

3pl Stock 2, Ipl
DNA (3mM),
Ipl [15] (3mM),
Ipl SrCb
(120mM)

3pl Stock 2, Ipl
DNA (4mM),
Ipl [15] (3mM),
Ipl SrCb
(120mM)

3pl Stock 2, 5pl
DNA (ImM),
Ipl [15] (3mM),
Ipl SrCb
(120mM)

3pl Stock 2, Ipl
DNA (6mM),
Ipl [15] (3mM),
Ipl SrCb
(120mM)

D

3pl Stock 2, 1^1
DNA (ImM),
lul [15] (3mM),
IM SrCl2
(240mM)

3pl Stock 2, Ipl
DNA (2mM),
Ipl [15] (3mM),
Ipl SrCb
(240mM)

3pl Stock 2, Ipl
DNA (3mM),
Ipl [15] (3mM),
Ipl SrCb
(240mM)

3pl Stock 2, Ipl
DNA (4mM),
Ipl [15] (3mM),
Ipl SrCb
(240mM)

3pl Stock 2, 5pl
DNA (ImM),
Ipl [15] (3mM),
Ipl SrCb
(240mM)

3pl Stock 2, Ipl
DNA (6mM),
Ipl [15] (3mM),
Ipl SrCb
(240mM)

Table 7.3 Optimised crystallisation conditions for growing crystals of compound 15 with Holliday junction forming DNA
d(TCGGTACCGA)4 . The strength of colour represents the quality of crystals found in each well. The final conditions used
to grow multiple specimens for X-ray diffraction were that of well B2. All concentrations shown in the table above are
initial concentrations before addition to the well.

The stock solution (Stock 2) referred to in the above table consisted of 30% v/v
MPD, sodium cacodylate pH: 7.0 (40mM), and spermine (12mM); these values
represent final concentrations before addition to the well. The initial year old
crystals from mini screen conditions 22-24 were taken to Hamburg and tested
at the synchrotron facility. Good diffraction was obtained and the characteristic
C2 space group was evident after minimal data processing. A 2.5Â data set was
collected on beam line X ll. For details of data refinement and structure
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solution see Appendix A, and in addition, for a discussion of this result, see
section 6.3 Conclusions and Summary in Chapter 6.

Z J .4

Compound

16

w ith

Holliday

Junction

Forming

DNA

d(TCGGTACCGA)4.
Crystals for this combination initially seen in the mini screen were not very well
defined. They were flat discs with 'wobbly' edges and were only a very pale
shade of yellow. After setting up an experimental protocol tailored to growing
crystals from wells containing compound 16 and Holliday junction forming DNA,
the following changes were made. In place of the mini screen MPD
concentration of 10% v/v, the new optimization used MPD of 30% v/v; whilst
keeping the reservoir concentration at 35% MPD v/v. The DNA concentrations
were substantially higher, with a maximum initial concentration of 6mM as
opposed to ImM used previously, and finally, the salt concentrations were now
4 times more concentrated, in some wells as much as 140mM at final
concentration. The final tray conditions were as follows:

A

B

C

D

1

2

3

4

5

6

3nl Stock 2, lul
DNA (ImM), lul
[16] (375^iM),
Ipl SrClz
(120mM)
3pl Stock 2, lul
DNA (ImM), Ipl
[16] (375pM),
Ipl SrC\2
(240mM)

3pl Stock 2, Ipl
DNA (2mM), Ipl
[16] (375pM),
Ipl SrCb
(120mM)
3pl Stock 2, Ipl
DNA (2mM), Ipl
[16] (375pM),
Ipl SrCb
(240mM)
3pl Stock 2, Ipl
DNA (2mM), Ipl
[16] (375pM),
Ipl SrCb
(480mM)

3pl Stock 2, Ipl
DNA (3mM), Ipl
[16] (375pM),
Ipl SrCb
(120mM)
3pl Stock 2, Ipl
DNA (3mM), Ipl
[16] (375pM),
Ipl SrCb
(240mM)
3pl Stock 2, Ipl
DNA (3mM), Ipl
[16] (375pM),
Ipl SrCb
(480mM)
3pl Stock 2, Ipl
DNA (3mM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

3pl Stock 2, Ipl
DNA (4mM), Ipl
[16] (375pM),
Ipl SrCb
(120mM)
3pl Stock 2, Ipl
DNA (4mM), Ipl
[16] (375pM),
Ipl SrCb
(240mM)
3pl Stock 2, Ipl
DNA (4mM), Ipl
[16] (375pM),
Ipl SrCb
(480mM)
3pl Stock 2, Ipl
DNA (4mM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

3pl Stock 2, Ipl
DNA (5mM), Ipl
[16] (375pM),
Ipl SrCb
(120mM)
3pl Stock 2, Ipl
DNA (5mM), Ipl
[16] (375pM),
Ipl SrCb
(240mM)
3pl Stock 2, 5pl
DNA (ImM), Ipl
[16] (375pM),
Ipl SrCb
(480mM)
3pl Stock 2, 5pl
DNA (ImM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

3pl Stock 2, Ipl
DNA (6mM), Ipl
[16] (375pM),
Ipl SrCb
(120mM)
3pl Stock 2, Ipl
DNA (6mM), Ipl
[16] (375pM),
Ipl SrCb
(240mM)
3pl Stock 2, Ipl
DNA (6mM), Ipl
[16] (375pM),
Ipl SrCb
(480mM)
3pl Stock 2, Ipl
DNA (6mM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

3pl Stock 2, Ipl
DNA (ImM), Ipl
[16] (375pM),
Ipl SrClz
(480mM)
3pl Stock 2, Ipl
DNA (ImM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

3pl Stock 2, Ipl
DNA (2mM), Ipl
[16] (375pM),
Ipl SrCb
(960mM)

Table 7.4 Optimised crystallisation conditions for growing crystals of compound 16 with Holliday junction forming DNA
d(TCGGTACCGA)4 . The strength of colour represents the quality of crystals found in each well. The final conditions used
to grow multiple specimens for X-ray diffraction were that of well Bl. All concentrations shown in the table above are
initial concentrations before addition to the well.
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The stock solution (Stock 2) referred to in the above table consisted of 30% v/v
MPD, sodium cacodylate pH: 7.0 (40mM), and spermine (12mM); these values
represent final concentrations before addition to the well. The crystals obtained
after optimization were of approximate dimensions 0.4 x 0.2 x 0.2mm and were
straw coloured flat elongated hexagons (see Figure 7.3).

Figure 7.3 A Microscope image photo of a Compound 16 - Holliday junction DNA crystal.

These

crystals

were

taken

to

the

synchrotron

facility

in

Hamburg

(http://www.embl-hamburq.de/) and were found to diffract reasonably well. A
number of data sets were collected and initial data processing revealed a space
group of C l, indicative of Holliday junction structures solved so far. For details
of data collection, structure refinement and solution, see Chapter 6.
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Prelim inary Crystaiiographic Resuits

211

A l l Crystal Growth and Data Collection
The self complementary DNA decamer sequence d(TCGGTACCGA) was
purchased as a HPLC doubly purified solid from Eurogentec. Crystals containing
compound 15 were grown by vapour diffusion from sitting drops at 29IK. The
crystals were grown from initial conditions supplied by the Hampton Research
Nucleic Acid Mini Screen. The initial drop conditions were 40mM sodium
cacodylate buffered at pH 7.0, 10% (v/v) 2-methyl-2,4-pentanediol (MPD),
12mM spermine, 80mM SrCb, 20mM MgCb 3mM DNA, and 3mM of compound

15. This was equilibrated against a 1ml reservoir of 35% v/v MPD. Flat,
hexagonal, straw coloured crystals of dimensions 0.4 x 0.2 x 0.1 mm appeared
after approximately 1 year.

Data for Structure 3 was collected using a single flash-frozen crystal at lOOK
mounted in a 0.6mm "LithoLoop" on the X l l fixed wavelength beamline at
DESY in Hamburg (http://www.embl-hamburQ.de/). The crystal was first
cryoprotected in 35% v/v MPD and measurements were made using a MAR
Research CCD detector with radiation of wavelength 0.806Â. The data were
processed using MOSFLM and scaled with SCALA from the CCP4 program suite.
The structure was determined by molecular replacement, using MOLREP from
the CCP4 program suite.

A1.2 Structure Refinement
The previously measured native Holliday junction d(TCGGTACCGA) 4 with
calcium ions (pdb code: INQS) was used as a starting point to avoid bias,
however, upon an initial low resolution rigid body refinement, some anomalies
were noticed in the occupancies of the DNA bases at the cross-over region.
Another low resolution rigid body refinement was carried out using the
previously solved Holliday junction structure with compound 16 bound. This
allowed a better model to be built indicating similar ligand binding. However,
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this time the data was not to a high enough standard and even with refinement
of a ligand in place at the cross-over region, the temperature factors of the
ligand and the surrounding DNA were unusually high. Following rigid body
refinement, the model had all solvent and metal ions removed prior to
restrained refinement with SHELXL. The ligand library created for compound 16
was altered to accommodate the change in linker length and after a number of
cycles with Structure 2 as the model. Structure 3 appeared to have compound

15 bound at the cross-over region in a very similar manner to the 6-carbon
linked

bis-acridine:

compound

16

Structure

3 was crystallographically

isomorphous with the native model revealing very similar cell dimensions
however, the bridging linker density was not as obvious at the earliest stages of
refinement, and instead, it was observed that the ligand was not actually at full
occupany throughout the crystal.

The SHELXPRO interface was used to generate qa and difference maps, which
revealed the bis-acridine molecule 15 bound in a non-intercalative manner at
the centre of the junction structure. In contrast to Structure 2, two Sr^^ ions
were located in the asymmetric unit, but there was a lack of spermine, even
though the tetravalent cation was present in the crystallisation conditions. The
Sr^^ ions thus replaced the positive charge lost in Structure 3 by the lack of
spermine and acted to counteract the negative charge of the DNA backbone,
along with the positive charges provided by the ligand. Manual fitting of the
model was done with the program Xtalview, release 3.2.1 which revealed the
structure to be the more symmetrical form of the Holliday junction with a 2-fold
axis of symmetry at the cross-over region (Figure 6.3). The asymmetric unit
thus consists of half the junction, containing one chromophore with half a linker
and two Sr^^ ions. The chromophores are symmetrically identical, related by the
2-fold symmetry axis.
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Figure A l l A view of the overall structure showing the bound 4-carbon linked bis-acridine molecule at the junction
crossover region. This is viewed from the major groove side, with four Sr^^ ions visible in the minor grooves of the BDNA arms; two of which are symmetrically related.

The bis-acridine molecule 15 was found spanning the cross-over region of the
Holliday junction, with reasonably ordered definition of the aA-weighted 2Fo - Fc
density maps (Figure A1.2). The data was not fully refined due to the low
quality of the original data collected. The acridine chromophores were seen to
displace the adenines at the centre of the junction, and as in Structure 2, the
'flipped out' adenines showed very poor quality density and as a result, they
were removed from the model. The model has not been fully refined as this is
ongoing work; however, it is at a stage which does allow comparisons to be
made between it and the fully refined model of Structure 2. So far over one
hundred water molecules have been located in the asymmetric unit including
some which form part of the primary hydration shells for the Sr^^ions. The cell
dimensions for Structure 3 are a = 64.95Â, b = 24.72Â, c = 37.09Â, a = y =
90.0°, p = 111.03°
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A

Adenine

Â

Angstrom (1 Â = 10

ADP

Adenosine Diphosphate

ALT

Alternative Lengthening of Telomeres

BER

Base Excision Repair

BRCAl

Breast Cancer 1

BRCA2

Breast Cancer 2

C

Cytosine

DACA

N-[2-(dimethyiamino)ethyi]acridine-4-carboxamide

DSB

Double Strand Break

9-Chloro-DACA

N-[2-(dimethyiamino)ethyi]-9-chioroacridine-4-carb

DCM

Dichloromethane

DESY

Deutsche Eiektronen Synchrotron

DMF

Dimethyiformamide

DMA

Deoxyribonucleic acid

DSB

Double Strand Break

EMBL

European Molecular Biology Laboratory

ESRF

European Synchrotron Radiation Facility

FT-IR

Fourier Transform Infra-Red

G

Guanine

HR

Homologous Recombination

IR

Infra-Red

IR

Isomorphous Replacement

MAD

Multiple wavelength Anomalous Dispersion

MHz

Mega Hertz

nm).
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ml

Milli Litre

mM

Mliii Molar

M IR

Multiple Isomorphous Replacement

MPD

2,4-methyl pentane diol

MR

Molecular Replacement

NaOH

Sodium hydroxide

NDB

Nucleic Acid Database

NER

Nucleotide Excision Repair

PARP

Poly-(ADP-ribose)-polymerase

PDB

Protein Data Bank

Pu

Purine

Py

Pyrimidine

RNA

Ribonucleic acid

SAD

Single wavelength Anomalous Dispersion

SIR

Single Isomorphous Replacement

SSB

Single Strand Break

T

Thymine

t-SCE

Telomere-Sister Chromatid Exchange

TERT

Telomerase Reverse Transcriptase

THF

Tetrahydrofuran

TLC

Thin Layer Chromatography

Hi

Micro Litre

}iM

Micro Molar

UV

Ultraviolet
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