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ABSTRACT

The interactions in solution and in the fibre state of the
frypanocidal phenanthridine drugs, ethidium bromide, dimidium bromide and
‘prothidium (di)bromide with DNA have been investigated using a variety of
physical techniques, A'number of analytical techniques applicable to
polymer-ligand interactions have been developed and used in the analysis
of these results,

For each of the cdrugs, complexes were prepared with three natural
DNA's of different nucleotide compositions using a novel mixing scheme,

The solution spectra were analysed in terms of binding affinity, number
and size of binding sites and base-pair specificity. The binding of
ethidium and dimidium is limited by neighbour exclusion effects, whilst
prot'adium is able to bind to higher levels,

Fibre X-ray diffraction showed that dimidium and ethidium caused a
sﬁbstantial increase in the DNA pitch at high humidities, probably through
intercalative binding., In contrast, the binding of prothidium appears
to cause no change in the DNA secondary structure at any humidity. The
birefringence and linear dichroism of the fibres used in the diffraction
study were measured over a range of humidities, using a microspectrophotoneter,
The results are interpreted in terms of the tilt angle of the base-pairs
and/or dfug chromophores, the disorientation of the DNA helices (estimated
from the diffraction patterns) and the fractions of . bound dfug. At high
humidities, a substantial fractioh of ethidium or dimidiuh is oriented
pefpendicular to the helix axis, consistent with intércalation. The X-ray
diffraction and dichroism measurements coﬁsidered together give an unwinding
angle at the intercalation site of about 340. This is unexpectedly large
but there are difficulties in combining the resuits from fhese two

techniques. " prothidium shows little preferred orientation in its binding.
\y\
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A combined external binding scheme is presented with some molecules
inclined parallel to the sugar-phosphate chain, and others binding across

adjacent chains, Computer drawings and molecular models illustrate these

suggested binding schemes.
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CHAPTER 1

INTRODUCTION

The fundamental role of deoxyribonucleic acid (DNA) in the replication
of living cells is well established, It encodés the genetic infcemation
and transmits it from one generation to the next. The information can
then be deciphered by the messenger RNA - riboéome-transfer RNA system to
synthesise the enzymatic and structural proteins for the new organism,
‘DNA, conjugated with protein, is a major coustituenﬁ of the gehes, which
are the regions of a chromosome that determine particular genetic traits.

DNA is a long polymer, made up of monomers called nucleotides. Each
nucleotide consists of three components - a heterocyclic base, a deoxy-
riboée sugar and a ph0sphat§ group -~ and has a molecular weight of about
330, There are four different bases that ‘occur commonly in DNA; two
purines, adenine (A) and guanine (G), and two pyrimidines, thymine (T) and
cytosine (C). The nucleotides are polymerised to form a sugar-phosphate
chéin (Fige. 1.1) whose direction can be specified by reference to the
sugar 3' and 5' carbon atoms, The molecular weight of DNA is extremely
high, ranging from several million to several hundred million depending
on the species, and this corresponds to many thousands of nucleotides.

‘The two polynucleotide chains are joined by a specific interaction
between certain bases., This interaction is in thé form of a hydrogen
bonding scheme in which adenine is always paired with thymine, and guanine
always with cytosing. The resulting double helix is stabilised with the
hydrophobic bases ;ﬁ the centre and the negatively charged phosphate
groﬁps, usually neutralised by alkali metal ions such as Na', arranged
externally. The two chains run antiparallel (Fig. 1.2), being related by

a dyad axis perpendicular to the helix axis and passing through each base-
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‘Fig. 1.2 Schematic representation of the Watson-Crick DNA

model with strands of opposite polarity
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pair (Fig. 1.3); The sugar-phosphate backbones are regular, even though
the base sequence is random, because the dimensions of the A - Tand G -~ C
base-pairs are virtually identical,

The importance of the base-pairing scheme with regard to DNA
replication is that it allows the DNA t§ act as its own template, since the
base sequence on one strand specifies the sequence on the other, . The
genetic information itself is coded in terms of the sequence of béses
along a polynucleotide chain, Groups of three bases, termed codons, code
. for the insertion of a particular amino-acid into a protein.'

l,1.1 DNA COnformatlon

Early fibre X-ray diffraction studies (Wilkins et al., 1953; Franklin
and Gosling, 1953; Marvin gﬁ gl., 1958) established that there were three
distinct conformations, the A, B and C forms, for natural DNA, which are
all modifications of the same basic structure. The structure -of the A
form was described in detail by Fuller et al. (1965); that of the B form
by Langridge et al. (1960); and that of the C form by Marvin et al. (1961).
Recently, more reflned structures of the A and B forms have been presented
(Arnott and Hukins, 1972). The model proposed by Watson and Crick (1953)
corresponds most closely fo the B conformation. |

The three eOnformations of DNA differ in the number of nﬁcleotides
per helix turn, the helix pitch and the nucleotide conformation (Tabler
1.1).. The A and B forms are quite different and can be characterised by
the type of sugar puckering present (Fig. 1.4) and the disposition of the
base-pairs relative to the helix axis (Fig. 1.3).  The sugarlpucker is
determined by the position of C2' or C3' relative to the plane defined by
Cl*' - 05' - C4', The conformation is endo if the most out 6f plane atom
is on! the same side of the plane as C5', and exo if it is on the oﬁpOSite ‘
side to C5', In B DNA the distance D, of the base~pairs from the helix

axis is small and negative, the base tilt is almost zero, and the sugar



Fig. 1.3 . The parameters defining the disposition of a base-pair
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Sugar Pitch Residues " Rise per Distance Twist 4
Form Pucker (A) per turn Nucleotide D (©) (©) Reference§
: (A) ()
A C3 endo 28,15 1l 2.56 4.72 20 =1.2 Arnott and Hukins, 1972
B C3 exo 33,8 10 344 ~0.,16 ~5.9 241 Arnott and Hukins, 1972
C C3 exo 3009 9.3 3.22 . "2.13 ‘-600 5 MarVin it. Elo’ 1961
=z

DNA

TABLE 1.1  Helical Parameters of the Three Main Conformations of




pucker is C3' exo, The two polynucleotide chains are wound around each
other such that two helical grooves, a large one and a smaller one, run
aiong the polymer between the two strands. The characteristic 3.4 base-
pair repeat distance along the helix axis gives rise to strong reflections
on thée meridian of X-ray diffraction photographs, 1In the A form the
base-pairs are moved nearly 5% forward (D positive) from the helix axis
and the tilt angle is large and positive, whilst the sugar ring pucker is
C3' endo, Although the C form has a number of features which make it
distinct from the B form, it is similar in having C3' exo sugar puckering
and negative values both for the distance, D, and the tilt angle.

. TheAconformation depends on the type and concentration of the
counterion present, and on the relative humidity. At low ionic stréngths
(< 5% excess NaCl) the A form has always been observed at humidities up to
and including 92%, and occasionally at 98% (Cooper and Hamilton, 1966);
whilst fibres containing more counterions (> 9% excess NaCl) gave B-patterns
at 75% relative humidity. Fibres containing salt contents intermediate
between these two values, gaQe the A form at 75% R.H; and the B form at 92%
R.H, and above., X-ray diffraction studies have shown that the A form is
crystalline, giving Bragg reflections over much of the diffraction péttern,
whereas the B form is semi—crystalline and gives less well defined reflections
in the centre of the pattern and diffuse diffraction streaks over the

remainder of the pattern. A

| Wiéh fibres made from the lithium salt of DNA, the A form is not
observed. Instead the semi-crystalline C form is observed at low salt
concentrations (< 3% excess Licl) and low humidities (< 60% R.H.), and a
crystalline B pattern is obtained at higher ionié concentrations,

Hamilton et al. (1959) showed that the above conformations could be
obtained from natural DNA's from a wide variety of sources, Bram (1973)
has reported some differences of the B conformation with G - C content, and

in particular the possibility of aD conformation, but the effect is not
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great., Premilat and Albiser (1975) and Goedwin (1977) have found that the
base-pair composition of DNA has only a negligible effect on the diffracted
X-ray intehsities, which can be exblained by slight changes in the base- .
pair tilte So far, no variations of the A form of DNA have been reported,
although in‘dried specimens the intermolecular separation of the double
helices is dependent on the relative humidity, ) |

DNA structure is so closely related to its function that it is possible
that the different conformations are involved in the cell mechanisms, It
is generally accepted that the B form of DNA, which is‘moaﬁ stable at high
humidities, is the most probable conformation in solution in fhe living -
cell, If different segments of DNA adopt slightly different conformations
under the same environmental conditions, perhaps as a result of tﬁe base=
pair composition within thaf segment, it would provide a possible molecular
basis for control mechanisms in DNA replication and transcriptior..

A nﬁmber of recent papers (Rodleykgzvgl., 1976; Sasisekharan end
Pattabiraman, 1976, 1978; Sasisekhe.ran et al., 1977, 1978; Cyriax and Gith,19m;
pohl and Roberts, 1978) have suggested that the two strands of DNA do not
coil around one another but lie side-by-side (the so-called SBS model).

Crick EE al. (1979) refute this sﬁggestion using evidence fromkrecent gel
electrophoresis experiments (Keller and Wendel, 1974; Keller, 1975; Shure
and Vinograd, 1976; Wang, 1978, 1979), They‘do however concede that the
experimental evidence for the righthandedness of the original model (Watson
‘and Crick, 1953) is still only suggestive and not yet completely compeiling.
Fourier transferm studies on the SBS model (R.J. Greenali éﬁ él., to be
published) have shown serious discrepancies netween therx-ray diffraction

intensities observed and those calculated using the model,
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1.2  The Interaction of Drugs with DNA

‘Albert et al.(1961) showed that the antimicrobial activity of
phenanthridines and acridines, both of which possess a triple aromatic
ring (Fig. 1.5), is dependent on the compounds existing as cations.  They
suggested that the drugs act by competing with hydrogen ions for certain
anionic groups in the organism, These aniOniclgroups probably have a
Bk, of 9 or higher (for example, the hydroxyl groups in the purine or
pyrimidine bases in DNA). Albert pointed out that there is a correlation
between the activity of these drugs and the area of flatness in the drug
molecﬁle. The triple aromatic rings oféen present in drugs are referred
to as chromophores, since they are the basis of the characteristic colours
of these drugse. The chromophores of the phenanthridines and acridines
are fully conjugated and hence are flat (the atoms in the chromophores
deviating by less than 0.13 from the mean plane through the chromophore
(Giacomoni, 1973)) and have an area of approximately 3833 Hydrogenation
of one ring of S5-aminoacridine to yield S5-aminotetrahydroacridine reduées
the flét area of the molecular to‘28x2 and also reduces its bactériostatic
activity by a factor of thirty to a level comparable to that of the drug
4-aminoquinoline, which also has é flat area §f 2882.

The requirement for planarity was investigated by Lerman (1961) in
studies on the interactiqn of acridines with DNA, = X-ray diffraction
patterns of DNA-acridine fibres revealed closer side by side packing of
'DNA molecules, suggesting‘fhat external binding to.DNA was not the dominant
binding process. Layer.lines corresponding to the helical repeat of the
DNA were not observed but the meridional reflections indicating a monomer
repeat distance of-g.dx along the structure were still strong. DRA~
acridine'complexes in solution exhibit a marked increase in viscosity and
decrease in sedimentation coefficient cémpared with DNA (see also Kersten

et al,, 1966; O'Brien et al., 1956; Miller and Crothers, 1968). Other
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cations, lacking.the planarity of the acridiges, were found to reducs fhe
.viscosity of DNA, These obsérvationé are compatible with a thinner,
stiffer DNA helix and Lerman proposed thét the drug interacted with DNA
largely by a process which he called intercalation, This involved the
sandwiching of a drug molecule between two adjacent DNA base-pairs (Fige.
1.6). Tﬁe base~pairs remain perpendicular to the helix axis, but they
are moved apart to accommodate the drug molecule (of approximately 3,4%
thickness) which lies in Van der Waal's contact with the base~pairs above
and below, The intimate contact between the m-orbitals o. the drug
molecuie and the base-pairs would help to stabilise the complex via
hydrophobic and charge-transfer forces,

Since the DNA sugar-phosphate ¢hain is virtually fully extended in
native DNA (no doubt partly due to electrostatic repulsion between
successive negatively charged phosphate groups), Lerman proposea that the
helix had to unwind (Fige le7) in order to admit the drug. This leads to
a local distortion of the helix. An initial estimate of 45° unwinding
was suggested, but this was later modified to 362 (Lerman, 1964), This
distortion of the helix at intercalated sites would destroy the long-range
regularity of the helix (as long as the sites were nof located at regular
i{ntervals along the DNA molecule), which accounts for the loss of sharp
layer-line reflections in tbe X-ray diffracti;n patterns when a substantial
amount of drug is bound,

An X-ray diffraction and model building study of ethidium bromide
binding to DNA by Fuller.and Warihg (1964) likewise conciuded that ethidium
intercalated into DMA. They proposed that the minimum and possibly the
preferred unwinding angle for intercalation of ethidium was 120, since this
would maintain maximal separation of the charged phosphate groups in the
perturbed helix. . In general, the binding of drugs to DNA has a stabilising
effect on the double stranded strpcture, as deduced from the increased

AN

- ’ N
melting temperature (Lerman, 1964). More recent studies (Wang, 1974;
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Keller, 1975; Sobell and Jain, 1972; Tsai et al,,1975) have quest’ionnd'
this figure for ﬁhe unwinding angle and have suggested a value of around
26°. Fuller and Waring pointed out the similarity in structure between
the phenanthridine and acridine rings (Fig. l.5) and suggested that bound‘
ethidium lies across end between successive base pairs, with the phenyl
and ethyl groups lying in the large groove of the DNA, Such a position
allows tne formation of hydrogen bonds between the 3- and 8-amino groups
of the ethidium cation (Fig., 1.8) and phosphate groups on both strands of
the DNA, This was similar to the position for proflavin: intercalation
postulated by Lerman; tﬁé'nitrOgen_heteroatom of proflavine did not lie
in fhe same position as that of ethidium but the same hydrogen bonds
could be made although there would be less overlap with the base-pairs.

Craig and Isenberg (1970) tested a number of polyéyclic aromatic
hydrocarbons and validified the criterion that drugs that were siall
enough t5 fit between the base-pairs of DNA and be well protectéd from the
acqueous medium were more likely to bind.

Later DNA-drug diffraction patterns (Neville and Davies, 1§66 -
. acridines; Pigram, 1968 - daunamycin)‘showed more clearly defined layer
lines fhan in the earlier studies, and the lines were mofe closely spaced
than in the control DNA pattern indicating that the helix pitch had
increased. The generally poor definition of-the layer lines compared to
those iﬁ DNA patterns was evidence of a disordering of the helix pitch,
and the increase in ﬁagnitude of the pitch ﬁas a natural consequence of
the insertion of the drug and the unwinding of the helix; The increase
in pitch of the DNA—drug fibres with increasing humidity is in accord with
the expected hydrophobic nature of interéa%ation.

'Since Lerman's original proposal other evidence supporting an inter-
calation model has accumulated. An autoradiographic study (Cairns, 1962)
showed that DNA molecules increased in length after proflavine was bound

\\\ S
to them, and this has been fonfirmed recently (Butour et al., 1978) by
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. electron microscopy of PM2 DNA molecules treated with either ethidiuﬁ |
bromide or a covalently dimerised form of acridine. - Light scattering and
low angle X-ray scattering studies (Mauss éﬁ él., 1967; Luzzati et al,,1961)
confirmed a reducea mass per unit length for the DNA-drug complex, and
flow dichroism, circular dichroism and fluoreécence polarisation studies
(Lerman, 1963; Le Pecq and Paoletti, 1967; Dalgleish and Peacocke, 1971;
Genest and Wahl, 1972; Leng éﬁ él., 1973; Houssier éﬁ éi., 1974) indicated
that the drug chromo;hores were bound approximately perpendiculdr to the
DNA axis. Unwinding of the supercoils of closed circular DNA (Waring,
1970), revealed by changes in the sedimentation coefficient, is consistent
with the idea of an.intercalated drug unwinding the DNA molecule.
Electron-spin resonance studies (Hong and Piette, 1976) strongly favour
an intercalative binding mode for spin-labelled ethidium, and NMR work
(Krugh and Reiﬁhardt, 1975) has suggested a base-pair specifiéity for the
intercalation of ethidium bromide,

There is now evidence on an increasing number of other drugs that
are able to bind to DNA in this fashion, These include the antitumour
antibiotics daunomycin, adriamycin and nogalamycin (Calendi gﬁ al., 1965;
Vard et al., 1965; Kersten et al., 1966; Neogy et al., 1973), the
 schistomicidal drug, miracil D (Carchman et al., 1969), the antimalarial
drug ‘chloroquine (0'Brien gﬁ_él., 1966) as well as many carcinogenic
hydrocarbons (Lesko gﬁ,gi., 1971). Intercalation is also a likely mode
.of binding for actinomycin D (Miller and Crothers, 1968) and propidium
iodide.(HudSOn EE éi., 1969). |

Structural formulae of some of these drugs are‘shown in Fig, 1.5,
and it will be noted that all possess a ﬁlanar triple aromatic ring system
except for chloroquine which has only a two-ring chromophore., The flat
ring systems are important, since it is an obvious requirement of fhe
, 1nterqa1ation theory that the dr%ﬁ molecule must possess a reasonably

. A .
large flat portion (but not too large or bulky) if it is to slip in between



the flat base-pairs of the DNA helix, In fact it has been shown (Miller
et al., 1973) that a proflavine derivative, 2, 7-di-t-butyl-proflavine,
does not intercalate, and this had been predicted by molecular model
building studies vhich showed that the steric hindrance involving the
4 bulky:side groups would prevent intercalation of the ring system,

There is evidence from equilibrium studies of the binding of drugs
to DNA (Waring, 1965; Blake and Peacocke, 1968; Zunino et al., 1972) for
the co-existence of more than one binding mode, although the original
interpretation of some of these results may be open to question (see
Chapter 3). Intercalation is thought to predominate at low drug/DNA
ratios, but an external binding (i.e. non intercalative) mode may be
important at large drug/DNA content. Relaxation kinetics experiments
(1Li and Crothers, 1969; Sdmedel and Crothers, 1971) have suggested that
gome external binding is present even at low drug content., In fact,
intercalation may occur via a multi-step reaction, with the external
binding mode as an intermediate stage (Sobell et al., 1977). The external
binding mode probably involves an electrostatic attachment of the cationic
drug molecules to the negatively charged phosphate groups élong the
outside of the DNA helix, since this mode appears to be more sensitive to
the ionic strength of the complex, ° External binding may also exhibit a
specificity towards particular DNA types by forming specific hydrogen bonds
to certain base-pairs, and externally bound planar drug molecules (such as
’the acridines) may stack together along the sugar-phosphate backbones.,

Intercalation has been used as a model to explain hbw frameshift
mutations are caused by aminoacridines and how some drugs may act as
translation/replication inhibitors (Brenncr éﬁ éi., 1961; Streisinger éﬁ él.,
1966), The insertion of a drug molecule into DNA could alter the reading
sequence of a hypothetical genetic code such that a radically altered non-
functional gene product would result, if indeed any product were made at

\Y
all. It is likely that the normal copying and transcribing of DNA will
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only occur if both the sequencg and genmetry of the bases are correct,
Intercalation of a small molecule into the helix can be expected to
seriously affect these processes and it may prove. less easy for the‘Strands
tg separate, In addition, the side chains of the drug may partially
'510ck one of the grooves in the helix and prevent enzymes from rec0gniéing
appropriate regions, Drugs may cause mis-translation of the DNA (e.g.
proflavine) and act as mutageﬁs or carcinogens. Other drugs fe.g.
daunomycin, adriamycin) are éxtensively used in tho chemotherapeutic
treatment of acute leukaemiu and solid tgmours in humans (Tan Eé.§i°' 1967;
Bolron et al., 1969). |
The three drugs considered in this work are phenanthridines and, in
common with many other suspected intercalators, they each possess a triple
aromatic ring (Fig. 1.8). They aré trypanocidal, and have been used
extensively in the treatment both uf‘sleepihg sickness in man and nagana
in cattle, Dimidium bromide was used until 1952 when, in an attempt to
overcome drug resistance, increased doses were used and found to result in
high fatility, delayed toxicity and photosensitisation (Burdin and
Plowfight, 1952), The ethyl homologue, ethidium bromide, was found to be
ten times more a?tivé and much less toxic than dimidium and is still used
in both East and West Africa. At the pH of the blood, ethidium forms twice .
as much pseudobase as dimidium, and it has been suggested (Watkins, 1952) .
that this may enhance its ability to penetrate cell membranes. FA further
successful modification was achieved in 1956 by attaching the pyrimidyl
.moiety of -quinapyraminé on to the 8-amino group of the friple ring to
form prothidiwa (di)bromide, which was found to possess prOphylacfic as'
well as curative activity giving protection to cattle for periods up to
four months (Robson, 1961). These drugs also have antiviral properties
and interfere with the synthesis of nucieic acids in a vériety of organisms

(Kerridge, 1958; Kandaswamy and Henderson, 1962; Tomchik and Mandel, 1964).

N
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1.3 Outline of the Present Project

This study is aimed at élucidating‘the mode of attachment of drugs to
DNA at a molecular level, Information about the binding at this level,
and in pérticular the comparisonvof closely related drugs, is essential
for the development of neQ, more specific chemotherapeﬁtic agents with
reduced itoxic side effects._ Moreover, understénding of the way in which
 small molecuies modify the structure of DNA may shed light on the intep-
action between DNA and more cohplex systems, such as enzymes and
regulatory protéins. |

The full chemical nomenclature and étructure of the three phenanth-
ridine drugs used in this work ~ dimidium bromide, ethidium bromide and
prothidiun (di)bromide - are shown in Fig. 1.8. Previous research on
DNA-drug interactions has been carried out on complexes either in solution
or in the solid state., This study has used various physical techniques
to characterise the interactions in both phases, in an effort to bridge
the gap between them,

Spectroscopic analysis of the binding (Chapter 4) was used to provide
information on the common features and differences between the binding of
the ﬁhree drugs. Binding parameters, such as fhe association constants
~and the ﬁumber of binding sites associated with each base-pair, were
obtained for the binding to DNA's of differing base-pair content. These
were used to determine any base-pair or base sequence specificity operatiﬂé
in the interactions. '

Fibre X-ray diffraction (Chapter 5) was used to monitor the changes in
helix pitch and intermolecular separation with increased drug content and
changing humidity.-/’This information was used to determine which binding
modes were taking place. Measurement of the arcing of the diffraction

streaks was used to indicate the probabie disorientation within the DNA=-

drug fibres. V\



Absovrption spectra from fibres were used (Chapter 7) to compare the
binding modes in the solid state with those in solution. Linear
dichroism and birefringence measurements, used in conjunction with the
X-ray diffraction results, can provide information on the orientation of
the drug chromophores. These measurements were recorded at different
humidities so that the fraction of free drug and bound drug (whether
intercalated or externally bound) could be.-followed for different
environmental conditisns.

Preliminary studies with space-filling models (Chapterv8) were under-
taken to investigate the stereochemical feasibility of certain DNA=drug
models in the light of the accumulated data., A model building study,
using a computerised linked atom least squares refinement routine, vas used

to compare more precisely the different models,

\\
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CHAPTER 2

MATERTALS AND EXPERIMENTAL TECHNIQUES

2.1  The Materials

2.1.1‘ The Nucleic Acidé

‘Some of the more commonly availahle DNA types are listed below in

order of descending G~C content:-

G-C (%
Micrococcus 1ysodeikficus 72
Sarcina lutea 72
Seréatia marcescens 58
Escherichia coli ' 50-52
Salmon testes a4
Calf thymus , ' 22
Cytophaga johnsonii 4 33

Clostridium perfringens ’ 30

In order to investigate possible base-pair specificity or sequence
specificity in the binding of drugs to DNA, a number of varieties were
required which would adeqpately cover this range of G-C content and which
would be available in a fairly purified form at reasonable cost, On the
basis of these criteria the varieties shown %n Table 2.1 were chosen.

A theoretical paper (Felsenfeld and Hirschmann, 1965) has shown,
using a model in which hypochromism arises from the interaction of base-
pairs along the helix, that the absorptivity should increase quadratically
with A-T content sq/long as the base-pair sequence is random, But because
their figures and the results from several experimental papers (Schildkraut‘
et al., 1962 - buoyant density in Cscl; Gray éE él., 1978 - circular
d1chroxsm, Blake and lefoley, 1978 - spectrophotometry of dlrect—derivative

\\
melting curves) do not correspond, and because the experimental values vary



. TABLE 2.1

DNA Varities Chosen by the Author fér’Study

" G=C content Maximum absorptivity

Species | 1 1

(%) (M em™)
M. lysodeikticus 72 (1,2) 6300 (3)
6400 (2)
6923 (4)
Calf Thymus : . 42 (5) 6600 (6,7)
6412 (4)
Cl. perfringens 30 (5) 6225 (4)
6700 (8)

Réferehceé

1.
2.
3.
4,
5.

6.

7.

8.

Ramstein and Lengz, 1975.

Kleimchter et al., 1969.

Vakelin and Waring, 1976.

Miller and Crothers, 1975,
Chan and van Winkle, 1969,
Pigram, 1968,

Plumbridge et al., 1978,

Ramstein zt al., 1972

V\




g0 widely amongst themselves, it was decided to adopt the value 6600 M'l

¢:m"1 as the maximum absorptivity (at 255 - 258nm) for all three samples.

| ' The three DNA's were purchased from the Sigma Chemical Company -

(1) M. lysodeikticus Type XI (containing approximately 1% protein,
0.2% RNA) ,

(ii) Calf Thymus ' Type I (containing less than 1% protein, and

‘ | less than 3% RNA)

(iii)ci. perfringens - Type XII(containing less than 2% proteih,
0.02% RNA)

The shape of their absorption spectra were similar, though there
were slight diffefences in the wavelength at which maximum absorptivity
was observed (viz. M. lysodeikticus - 255nm, Calf Thymus - 258nm, Cl.
perfringens - 256nm);

Several spectrophotometfic tests on the purify of a nucleic acid
solution have,been cited in the literature. Dalgleishléﬁ al, (1973)
considered a sample adequately deproteinized if A260/A230 was greater
than 1.85. Goodwin (1977) adopted the criterion that A, /A,  should be
. greater than or about 1,90, Groves et al. (1968) have shown that the
absorbance of proteins around 280nm is due primarily to tryptophan and
tyrosine, and that the peptide bond linkage and the other amino-acids are
responsible for the absorbance around 230nm. " Marmur (1961) quoted that
1.0 : 0.45 : 0,515, equivalent to A260/A230 =2,12

= 1,94, corresponds to an amino-acid content of 0,3 - 0,5%.

Areo * Paso * A2g0 =

and Ayg/ 230 .
For solution spectroscopy, values of A260/A230 greater than 2.2 and

tha 9 were considered avceptabl d
260/A280 greater n 1.9 we ascep e and samples received
that satisfied both these conditions were not deproteinized further. On
the other hand, 2ll the DNA used for fibre-making was routinely purified in
an effort to improve the quality of the subsequent X-ray‘diffraction

patterns. Comparisons of the patterns taken using pxifled DNA have all

shown a 51gn1flcant improvement in picture quality over earlier patterns
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which were taken using unpurified DNA,

A phenol exfraction stage was included in the purification stage since
phenol has been reported to be effective in removing proteins from DNA
samples (Massie'and Zimm, 1956). Freshly-distilled analar grade phenol
was used to avoid oxidation products, and the distillate was allowed to
drip into a 0,1M NaCl solution,

The DNA was shredded gently and dissolved in 0.003M NaCl to give a
concentration of approximately lmg/ml. This salt concentration is
sufficient to prgvent_denaturing of the DNA, but is low ennugh to allow it
to dissolve easily. All samples were leftvfbr at least six days to
dissolve completely. Before adding to the phenol, the salt concentration
of the DNA solution was raised to 0,11 NaCl by addition of. the appropriate
yolume of 2,0M NaCl,

The DNA solution is addéd to the same volume of the phenolic (lower)
layer of the phenol/salt mixture and shaken gently for 20 minutes,. - The
resulting mixture is then centrifuged at 3000 r.p.m. for 20 minutes and
the upper (acqueous) layer is then carefully removed using a hooked Pasteur
pipette to minimise gathering material from the lower layer., This
solution is poured on to an equal volume of propanol, and ailowed to stand
for 15 minutes. The precipitated DNA is then wound on to a glass rod and
washed in 80% ethanol (to remove excess salt); 95% ethanol (to remove water)
and fiﬁaily acetone (to remove the ethanol), It can then be cut from the
rod and stored at 4°C until ready for use. -

purification was found to increase the A260/A230 ratio by between 0.05
and 0.15 relative to the value for unpurifizd DNA, but had little effect on

the A260/A280 ratio, No evidence Of-dehaturatiOn of the DNA due to the

phenol extraction stage has been observed, contrary to the fears of lLeng

t al. (1973).

m——.

The DNA samples were dissolved in either 0.0I1M tris-HC1/0,01LM NaCl
\\\ :
pH 7.6 (low ionic strength buffer) or 0.0l tris-HC1/0.1M NaCl pH 7.6

{high ionic strength buffer). Tris is tris-hydroxymethyl
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methylamine, The tris concentration wac kept low so that the main ionic
component of each buffer would be the sodium chloride, but it was sufficient
to maintain the pH to within % 0.1.

The pH was measured using a Pye model 79'pH meter using a combined
glass-and reference electrode, and calibrated using standard buffers.
Checks on the pH of the DNA, the drug and the DNA-drug solutions throughout |
the investigation always resulted in values of 7.6 & 0.1, close to the

physiological level,

2.1.2 The Drugs

| Ethidium bromide was obtained from BDH Chemicals Ltd,., and dimidium
bromide and prothidium di(bromide) were gifts from Dr. T.I. Watkins, The
Boots Co, Ltde In the dry state they were stored in a desiccator in the
dark at 0 - 4°C.,

Each was used without further purification, being dissolved in either
the low or the high ionic strength buffer. Only with prothidium was
difficulty in dissolving the ‘crystals experienced. For the low ionic
strength solution warming to about 35% was sufficient to permit dissolving,
whilst the high ionic strength solution had to be prepared first'at low
. ionic concentration and then brought up to the highef value when completely
dissolved. All solutions were stored at 0 - 4°C, and wrapped in metal
foil to minimise photolytic degradation.,

The structural formulae of the drugs are given in Chapter 1, The
molecular weight of ethidium bromide was taxen as 415.5,‘and all
con;entrations calculated taking ifs absorptivity at 480nm to be 5850 M‘-']cn"1
(Bresloff and Crothers, 1975). This iéihigher than the 5600 M lem™t figure
extensively quoted in earlier literature (e.g. Waring, 196s; Pigram, 1968),
but it takes into account the ethanol impurity (épprokimately 0.46‘mole/mole»f
. etpidium bromide, according to Bpesioff and Crothers (1975)) associated

\\
with commercial ethidium and is in good agreement with the fipure of
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5900 M"'lcm"'1 used byIWakelin and Warihg (1974).

1

A molecular weight of 380 and absorptivity of 6200 M~ om™L at 480nm

were used for dimidium bromide (Wakelin and Waring, 1974)., The

absorptivities for ethidium and dimidium are réliable to T 100 M-lcm‘l

(M.J. Waring, private communication).
For prothidium (di)bromide a molecular weight of §97.4 was adopted,

with concentrations calculated assuming a peak absorptivity (at ~465nm) of

7100 H~lem™, This figure was obtained by the author experimentally, and

because of variations with ionic strength (Chapter 4) is considered precise

to ¥ 200 1 YemL.

\\
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2.2 gcgparationbof Complexes ahd Fibré;méking.

The required volumes of the stock solutioﬁs were separately diluted by
approximately equal volumes of the appropriate buffer, and the drug solution
was then slowly added to the DNA, stirring confinuously, to give a final
.volume of 14 ~ 18ml containing approximately l.5mg DNA, Control samples
of DNA without drug were also prepared, From each complex, 4ml was
extractéd and used for spectroscopic analysis. The remaining solution
was sedimented in an MSE ultracentrifuge at 40, 000 r.p.m, for 12 hours,

The supernatants were carefully removed and their absorption spectra
recorded; the amounts of free and bound drug in a gel Cén be calculated
‘from subtracting the amouﬁts left in the supernatant from those found
prior to centrifugation,

A drop of the gel was placed between the rounded tips of two thin
glass rods about lmm apart. As the gel dried down the DNA helices tended
to align along the direction joining the two tips, resulting in an oriented.
fibre about 100 -~ 150ym in diametér. .»OrientatiOn is improved if the tips
are gently separated at stages during the drying, but oversfretching must
be avoided as this will result in "necking" and possible rupture of the
fibre., Well-oriented fibres of DNA and DNA—drug mixtures containing only
moderaté amqunts of drug could be prepared at room temperature, However,
the more viscous gels associated with high drug content only produced
‘suitable fibres when prepared at low temperature (4°C) and high humidity
(92% R.H.); at higher temperatu2es the outer surf;ce dries. down to quickly

and the interior is poorly oriented,

N\



2,3  Methods of Investieating the Binding Process

Detection of a complex between a small molecul® and DNA, and
quantifying the parameters of thé binding process, often relies on finding
some physical property of the complex that differs from the sum of the
properties of the'separate species, One of the most convenient tools
for detecting complex formation is by monitoriné the visible absorbance of
the cbmp;ex.at a range of wavelengths for different drug / DNA ratios; but
many other methods have been used as well (Chapter 1), In thi;
investigation information on the binding process has been collected from
solution.SpectrOSCOpy, equilibrium dialysis, fibre X=ray diffraction andb
birefringence and linear dichroism measurements in the fibre state and

subsequently analysed,

2.3.1 Solution Specthséépy

2.3.1(a) Definitions

In this report the binding rétip r will be taken as the number of
drugs bound per base-pair, which is the system adopted by Muller and
Crothers (1975). Earlier papers (e.g, Blake and Peacocke, 1968; Waring,
1965) have taken r to be thé number, of drugs bound per phosphate, but the
definition adopted here is considered preferable since the base-pair is
the natural unit involved in intercalativ¢ binding, |

In diséussing the results of the X-ray diffraction and model-building
work,.it will prove more convenient to refer to thé number of base-pairs

present for each bound drug; this is just the inverse of r.

2.3.1(b) The Method
The phenanthridines, in common with other drugs that incorporate a
heterocyclic structure, have charaéteristic visible absorption spectra,

whereas DNA itself does not absorb light in the visible region., Vhen

\x
mixed with DNA a change in the colour of the drug occurs, More precisely,



as increasing amounts of DNA are added the ébsorbance maximum shifts téwards
longér wavelengtﬁs and reduces in magnitude.

The free drug spectrum (r = ®) and a DNA-drug spectrum taken at a low
value of r (such_that further addition of DNA produces no further change in
the spectrum i.e. all the drug is bound) are considered as the two library
(or reference) spectra., Spectra of complexes with intermediate values of
r can be regarded as linear combinations of the two library spectra, and
the concentrations of the two components may be computed using a least-
squares minimisation procedure applied to the digitised alsorbances (Section
4.3). From the results of this analysis, binding equilibrium data can be
determined.

Different mixing schemes have been used in the past to obtain DNA~drug
complexes in solution with differing binding ratios. These have included
(i) adding small quantities 6f a concentrated drug solution sequcntially to
a stock solution of DNA (Waring, 1970; Angerer and Moudrianakis, 1972;
Pouthart et al., 1973) (ii) adding aliquots of concentratéd DNA to &
standard drug solution (Krugh et al., 1975; Patel and Shen, 1978; Blakeley,
1976) (iii) making separate mixtures each with a constant concentration
of drug but differing concentrations of DNA (Peacocke and Skerrett, 1956;

. Porumb, 1976; Plumbridge and Brown, 1977) and (iv) mixing drug and
DNA stock solutions to form a complex of low sinding ratio r, and subsequentiy
increasing r by adding appropriate volumes of the original drug stock
solution .(Waririg, '1965; Dalgleish et al., 1971).

The first nethod suffers greatly in that the total drug concentration
ﬁithin the various mixtures varies by a faclor similar to the range in r
values required, resulting in vastly different absorbance readings. - The
photodetector of the Cary 118C spectrophotometer has its minimum relative
eérror around A = 0,86, with a relative error of about 1% for absorbance
values between 0.5 and 1,5 (“Optimum'SpectrOphotometer Pafameters",

\\
Application Report AR14-2, Varian Instruments, 1970). This method would
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not only result in having to record values outside the optimum range, but
would involve tald.ng spectra on different absorbance range settings with
the consequent danger of considerable baseline errors.

The second method involves corrections to the absorbances to allow
for the increases in volumes of the mixtures, and since it begins at
large r there it some danger of precipitation. Method (iii) uses
rather large quantities of both drug and DMA. The fourth method overcomes
these drawbacks but, like method (i), it involves using a wide range of
total drug concentration.

By using a constant concentration of drug (method (iii)), not only
can readings be limited to the optimal range (A = 0.5 to 1.5) but the
isosbestic behaviour (Section 4.2) can be viewed directly during the
course of the experiment, if it occurs for that particular complex. A
method which uses only small quantities of drug and DMA (like method (iv))
is also expedient, and a scheme whereby the complex could remain in the
spectrophotometer and have its binding ratio, r, changed in situ without
altering the position of the cuvette would have the advantage that
exactly the same optical path was being sampled for each mixture.

A novel method incorporating all of these advantages has been devised
by the author. A DNA-drug complex was mixed thoroughly and used to fill
a cylindrical cuvette of 5cm pathlength and 15ml capacity. The amount of
drug in the mixture was chosen such that the absorbance maximum would be
at about A = 1.0, and the binding ratio r was sufficiently low to ensure
that the ensuing spectrum corresponded to the case in which all the drug
was bound. Experience indicated that this binding ratio was between
0.07 and 0.10 for the drugs used, although faring (1965) has used a binding
ratio of 0.21 (i.e. a pbosphate/drug ratio of 9.6) for his bound spectrum
for ethidium bromide.

To alter the binding ratio an autopipette (Oxford Laboratories macro-

\\
pipette, maximum capacity 5ml) was used to withdraw a quantity, x ml, of
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the DNA-drug mixture from the cuvette and réﬁlace it with the same vnlume
of a solution of the drug alone. The drug in this solution had the sam;
concéntration as that in the mixture so that the net effect wvas to leave
the total amount of drug unaltered but to remove some of the DNA, These
operations were performed with the cuvette still in position in the
spectrophotometer, and to ensure adequate mixing a portion of the new
mixture was repeatedly withdrawn from and returned to the cuvette by
autopipette. To establish a protocol, this was done ten times and the

nev mixture was allowed to remain in the spectrophotometer for a further
five minutes Eefore an absorbance trace was taken. This procedure was |
repeated several times, with a spectral tréce being obtained for each
mixture, and the series was completed by removing the cuvette, cleaning
and drying it, and filling it with the drug stock solution to obtain the
spectrum of the completely free drug. The spectrophotometer wes

operated in its "auto slit" mode since this provides automatic compensation
of the changing reference signal and a fixed noise level when scanning
over an extended wavelength region ("Auto Slit versus Auto Gain", Application
note UV-73-1, Varian Instruments, 1973),

A similar procedure was carried out in parallel with the reference
cuvette. Iﬁitially it is filled with a DNA solution of the same
concentration as the DNA in the original mixt&rq and it is progressively
diluted by extracting x ml from it and replacing it with x ml.of the
buffer, This compensates for the effect of light scattering by the DNA in
the mixture, | |

with this scheme the binding ratio incceases in a geometric
progressién, giving a convenient spacing-of the data in the subsequent
analysis (Chapters 3, 45 to find the binding site size, The changed
binding ratio is related to the previous binding ratio by -

changed r \'/

previous r W - x
\



-23 -

where V is the total volume of the mixture, equal to 15ml in this
study. |

The autopipette was set to extract/deliver a nominal 4ml and was
calibrated by weighing, on an electronic balance, the amounts of water it
delivered. At this setting it was found to deliver 3,.89ml with a
precision better than 1% (i.e. x = 3.89 L 0.04ml),

Before each spectral series the cuvettes were cleaned with distilléd
water and rinsed intzrnally with acetone and rubbed carefully on the
outside with a lens tissue dipped in ethanol to facilitate drying., (With
this scheme the cuvettes only required cleaning twice - prior to beginning.
the seriés, and beforé taking the final free drug spectrum,) The mulfipots
on the spectrophotometer were then adjusted to compensate for any cuvette
mismatching.

To run a spectral series on a particular drug with a specific type of
DNA and at a given ionic strength rgquires only a small amount of DNA
(about 12mM, equivalent to about 6-7mg in its hydrated sodium salt form)
and even less drug (about 3ui for a drug of maximum absorptivity around

6000 M-lcm—l)

At the end of each series, before running the free drug spectrum, the
cuvette and its contents were weighéd and compared with the weight that
would be expected for a 15ml mixture of that binding ratio. In every
case, the figures for the mixtures agreed to.within 2-3%. Since each
.series involves about twelve extractions and deliveries of ﬁolution, each

1imited to a precision of 1%, there appears to have been no cumulative

errors within the series.

2.,3.1(c) The limitations

The spectrophotometric method can only cover a limited range of
binding ratios, since at low values of r it is difficult to distinguish

the mixture spectrum from the completely bound spectrum and at large r

\



values the free drug and/or.the bound drug Aéy be present at such hi~h
concentrations that their absorbance contribution is no longer directly
propoftibnal to their concentration (due to self-aggregation and/or
instrumental stray light). The mixing scheme adopted by the author
minimises the dangers at large.r values by keeping the total drug
concentration several times lower than the concentration at which the

free drug self-aggregates (Chapter 4).

2.,3.2 Equilibrium Dialysis

2.3.2(a) The Hethod

The equilibrium dia}ysis method allows investigation of the binding
over a wider range of bihding ratios, and thé values obtained require no
special theoretical assumptions regarding the binding process,

The_free drug is allowed to equilibrate‘across a membrane ¢
sufficiently small pore size that it is impermeable to the macromolecule,
Ih the scheme considered here, the macromqlecule (viz. DNA) is cohtained
‘within dialysis tubing which ﬁad previously been boiled in a’Luffer
solution for two hours to remove soluble plasticizers. A length of about
25cm of Visk.'?.ng cellophane tubing, Bmm in diameter, was used to contain
gml of solution and was tied at both ends. |

with reference to Fig. 2.1, the fubing containing the DMA and a
similar sac containing Sml of the apprOpfiate buffer (to acf as a control)
were imﬁersed in a graduated cylinder, of Soml capacity, containing the
drug solution at a concentration é. After three days in the dark,
continuously agitated using a magnetic stir:er, the system was judged to
have reached equilibfium ife. the concentration of free drug inside and
outside the dialysis sacs were the same.

If the total amount of dfug is conserved, using the notation of
Fig. 2.1, it follows that V\ :

= v '
CV = Cl + (02 + Cl)V+ ClV+ 2A (2.2)



Fig, 2.1 Schematic Representation of the equilibrium dialysis

“study
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- (ii) After dialysis
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Where; = C = Free drug concentration before dialysis
-V = Volume of drug solution
. Cl’ Ci = Free drug concentrations inside and outside the
’ sacs after d1a1y51s
C, = Concentration of drug bouud to DNA
A = The amount of drug adsorbed by the membrane
v = leume of solution within each sac
o, C! = Free drug concentrations inside and outside the

control sac of (iil)



The volumes V and v are known (50ml and 5ml respectively), and the
concentration C will have been determined spectrophotometrically, After
equilibrating, samples from the control sac and the graduated cylinder are

]
1 and Cl o
values were always within 5% of each other, in agreement with work performed

removed and their visible spectra recorded to determine C Their
by Armstrong et al. (1970) using acridine dyes..
The amount of drug adsorbed to the membrane, A, is found from an
anciilary experiment (Fig. 2,1 (iii)) using the relation
CV = C'W 4+ C'v + A (2.3)
A value for C2, the bound drug concentration, can then be found from
equation (2,2), Knowing the DNA concentration, and now the quahtities c

1l

and 02' a data point on the binding curve can be obtained (Chapter 3).

2.3.2(b) The Limitations

The disadvantages of the method include the long time required to
achieve equilibrium; the complicating nature of the Donnan effect at low
fonic strengths (Standke, 1975); the difficulty in determining 4 precisely;
the fact that v increases dufing the course of the experiment due to
osmotic uptake of water; and the large quantities of materials required.

The maximum accuracy is obtained when V is as small, and both v and
the DNA concentration are as large és possible. Errors in C2 are
pfoportionately greater when 02 is small (Peacocke and Skerrett, 1956),

Values of r/0l and C1 determined by this method have a precision of
about + 10% compared with about % 3% for the spectrophotometrically
determined data. However, the method is useful for providing values in
a range inaccessible to a spectroscopic study (r % 0.1), and in providing

a check on the spectral data in the region vhere both can be used.

2.3.,3 Fibre X-ray Diffraction

2.3.3,1 The Generators and Cameras

X—ray diffraction photographs from DNA-drug fibres were taken using



nickel filtered copper Kq radiation () = 1.5418 X) from either a "Hilger
and Vatts microfocﬁs generator or a Marconi-Elliott GXs rotating anode
generator, Sets were operated at 35kV, with tube currents of 3mA and
60mA respectively. Exposure times varied with the thickness of the fibre
(and, to a lesser extent, with its drug content) but were typically 5-7
days using the Hilger and Watts generator and 6-8 hours using thc‘

- rotating anode generator,

Pinhole cameras with a specimen-to-film distance of about 3cm were
used with the microfocus geisrators, A focussing camera with toroidal
optics and a specimen—to-film4distance of 3.5cm was used with the rotating |
anode generator. The pinhole cameras sample only a small region of a
fibre, whereas the toroidal arrangement with a beam of annular Cross-—
section averages over a larggr volume of a fibre,

In order to minimise scatteriag of the X-rays by air, the cameras
were continuously flushed at a moderate }ate with helium gas, This
produces relatively little scattering beca&se of the small number of
electrons in the helium atom compared with the numbers in nitrogen and
oxygen molecules. In order to control the environment of the fibre, the
helium was humidified prior to flushing by passing it through water and
then through a saturated salt solution (Section 203.4.2), A pot of the
appropriate saturated salt solution was also placed inside the camera,

At least one hour was allowed for the fibre to equilibrate to the desired
humidity before each exposure, and for photographs.taken at 98% R.H. a
minimum of two hours was allowed, Some difficulty was éxperienced at
high humiditizs (3 92% R.H,) with films expoéed in the pinhole cameras.
Due to the long exposure times the backiﬂg paper tended to adhere to the
X-ray film. Soaking of the flln in water prior to developing a11ev1ated

this problem but did not overcome 1t completely.

. \\



2.3e3.2 Jeasuremenf of Diffraction pe*terns

The diffraction photOgraphé were printed on to Kodak Kpp positive

- paper, and the positions of reflections on this were digitised using a
D-¥ac pencil follower. Using a computer program based on one devel;ped
by Dre. W.J, Pigram, the co-ordinates were then converted into reciprocal
space co-ordinates, from which the pitch, residue repeat distance and
the intérmolecular separation of the helices were obtained,

In order to obtain an accurate value of the soecimen-to-film distance
the fibres were sprayed witi. aragonite powder which produces diffraction
rings cqrresponding to spacinés of 3.3968 and 3.2732} Calcite impurity
in the powder also produces a ring corresponding to 3.0293. Digitised
co-opdinates from one of these rings are used to scale the patterns and
locate their centres.

Co-ordinates of reflections wun be measured much more quickly with
this method than with the 2-dimensional %rgvelling microscope previously
employed by this research group., The agreement between the reciprocal
co-ordinates originating from the four quadrants of a patterh is at least
as good with this method, indicating that there is no significant loss of
accuracy incurred through photographic distortion for example,

A Joyce-Loebl recording microdensitometer was useé to scan some
reflections tangentially in order to find the degree of arcing and hence

an estimate of the disorientation within a fibre,

2.,3.4 Birefringence and Linear Dichroism

2.3.4.1 The Technicques

Birefringence Mmeasurements on DNA and DNA drug fibres provide
information on the orientation of the base-pairs and/or the drug chromophores

relative to the helix axes, and on the disorientation of the helices within

the fibre. Dichroic ratio measurements of DNA -drug fibres can indicate
\



the fraction of drug chromophores oriented parallel to the base pairs if
their orientation and the general disorientation within the fibre is known
(from X-ray diffraction and birefringence data),

As with solution spectroscopy, neither of these techniques can show
that intercalation occurs though the results may be interpreted along these
lines especially in conjunction with results from the X-ray diffractiOnl

studies.

2,3,4.,2 Birefrinrence Measurements

Measurericnts were taken in white light (viz. the internal illumination
of the Zeiss microscope described in Chapter 7), using a calibrated
Ehringhaus rotary compensator, The fibres were placed at an angle of 45°
to-the crossed polariser and analy;er, and the compensator positioned so
that its slow axis was'aligned with fhe fast axis of the fibre (Chapter 6).

Interference colours were difficult to distinguish through the colour .
of a DNA-drug fibre, ahd in order 10 ease thig problem these readings were
taken with the microscope illuminator at maximum intensity and the condenser
aperture (vhich controls the contrast) fully open. An infra-red filter
was placed below the condenser to protect the specimen from hecating.

The fibre and its glass rod support were enclosed in a 3mm thick
humidity cell which fitted on the specimen stage of the polarising
microscope (Saction’ 72), The cell was flushed at a moderate rate with air
which had been humidified by passing through water and then through a
saturated salt solution. The relative humidity was monitored by paper
hygrometers placed before and after thg hunidity cell, The experimental
readings (at 20 - 22°¢) agreed well with each other, but were noticeably
differént to the standard values quoted by O'Brien (1948),

These findings are similar to those reported by ~. Porumb (1976),

and are consistent in giving increasing R.H. in the same order as O'Brien

(1943) .



Nominal R.H, % (O'Brien)  Average R.H. % obtained
_ Dry air L= 52
Sodium bromide . - 57 | 75
Sodiuﬁ chlorate 75 . 84
Potassium chloride 86 90
.Sodium tartrate 7 92 A . 92
Potassium chlorate 98- 85

Each fibre was measures at a series of increasing humidites, with an:
equilibration time of at least one hour at each hunidity., The fibre

length and diameter were also recorded at the time of each measurement.

2.3.4.3 Visible Absorption Spectra of Fibres and Linear Dichroism

Measurements

Visible absorption spectra of' DNA-drug fibres were recorded for
polarised light in the wavelength range 400 to 650nm using a micro-
spectrophotometer system based on a Zeiss Universal microscope and
described in Chapter 7. The fibre was placéd on the rotating stage of
the microscope between crossed analyser and polariser and oriented for
complete extinction. The analyser vas then removed, and absorption
spectra taken for polariser orientations perpendicular and parallel to the
fibre axis under various relative humidity conditions,

The spectra are similar to those obtained from the same complexes in
solution, and at the low r values used the positions of the absorbance
maxima indicate that most of the drug is in the bound state.

The dichrﬂiq ratio, D, is defined as the ratio of the absorbance
recorded with light polarised perpendicular to the fibre axis,.eL,
absorSance recorded withilight polarised parallel to the fibre axis, Al"

to the

A ' . S :
D= "Ly | - (2.4)
\ ' ' | |
Due to the large absorbance of the drug component, only the spectra for

v
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fibres of small binding ratios (r < 0.1 for ethidium-DHA and dimidium-ﬁNA)
could be measured directly, So long as there is only one mode of " binding
énd the fraction of drug bound is known, this condition need not be too
restricting. The magnitude of the dichroic ratio does not depend
necessarily on the amount of drug in the fibre, only on the orientation of
the drug chromophores (both free and bound) relative to the fibre axis.

By using the values of the dichroic ratio at different humidities in
conjunction with the X-ray diffraction data, inforuation on the binding
- mode(s) and the fraction of drug binding intercalatively in the fibre state

was determined (Chapter 7).

2.,3.5 Hodel Building‘ahd Comﬁufer Graphicé

The quantity and quality of data from X-ray diffraction patterns of

fibres aré often limited due to thu lack of crystallinity within the fibre,
‘This often results in patterns which consist largely of diffuse diffraction
étreaks rather than distinct Bragg reflections. With increasing drug
content the fibres may become so noh—crystalline (1.e. the conformation of
the helices and their packing becomes so irregular) that éven the layer
lines overlap and the resolution deteriorates even further,

Fibre data is so sparse that the sfruéture cannot be solved conwntion-
ally by the inversion Sf the observed Fourier transform. Instead, standard
stereochemical pérametérs (such as covalent bond lengtﬁs'ana angles) are
adopted on the basis of the known cheﬁical structure.‘ These are used to
construct a model that conforms to the gross features indicatedyﬁy the
diffraction duta - overall diameter, helix pitch, rise per residue, etc..
The Fourier tfansfd%h of this model can be computed ahd compared with the
obsefved diffraction data, and the model can be adjusted ﬁntil agreement
is reached, Initial models ére usually donétrucfed;manually but invlater

stages éomputer model building o{?en takes place, in which case the
\



conformational energy can be more readily minimised at the same time,

In this work the structure of the undistorted DNA was known and the
drug binding vas presumed to cause perturbations to this structure.
Since there is no adequate Fourier transform theory for the random DNA-
drug binding situation (Goodwin, 1977) all that could be attempted was to
build stereochemically satisfactofy models that satisfied the gross
(geometric) features of the diffracticn data from the DNA-drug fibres,

Preliminary studies with CPK spacefilling models (Xoltun, 1965) were -
made to investigate the stereochemical feasibility of certain models of
drug binding. A model of the B-DNA douSle helix had been constructed
with the central rod supporting the bases divided between two base~pairs
(pigram, 1968; N.J. Rhodes and W.J. Pigram, to be published)., The two
sections of the DNA model could be separated and rotated to study inter-
calation models with various degrees of unwinding, as well as external
binding schemes, More accurate skeletal models can then be built from
vhich sets of torsion (dihedral) angles can be measured. (In practice
some intercalation models had been constructed previously (Goodwin, 1977)
and it was only necessary to adapt these results for the particular drugs
used in this study.)

" These torsion angles were then' refined to give a more favourable
conformation using a program written by Pigram (1968), which had been
rewritten by Goodwin (1977) and has recently been modified by Mr. RJ.
'Greenall of this Department., The program was run on the CDC 7600 Computer
at the University of lianchester Regional Comjuter Centre.via a link from .
the Keele Computer Centre, Once refined co-ordinates for a model were-
obtained they were input to a data file ét Keele, and then used in a
graphics program written by the author to display the structure on an
imlac refresh display interfaced to the Keele GEC 4082 cdmputer.

Facilities to scale and rotate the drawing, to apply 3-dimensional.

A



Ywindowing" to _the data (i.e. isolating and d-isplaying only specially
desired regions of the model), and to produce perspective views from usepr-
nqminated positions (using a 1ight;sensitive pen) were included., As
wvritten the program can be used to produce a drawing of the models on the
" graph-plotter, Hovever, the GINO-F graphics routines referred to in the
program had not yet béen implemented on the graph-plotter‘at Keele at the
time of writing and it was necessary to photograph the drawings off the

Imlac screen for tlis thesis,

W\
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. CHAPTER 3

SPECTROSCOPIC ANALYSIS OF DNA~DRUG BINDING DATA: THEORY

.The visible absorption spectravof drugs alter when they are bound to
DNA, In pérticular, the béﬁnd drug spectrum is shifted to longer
wavelengths and its maximum absorptivity is reduced in magnitude. There
may even be more than one type of binding, and the bound speciés may or may
not be spectroscopically distinct, The spectré taken at a series of
binding ratios, r, can be analysed in most instances as a linear combination
of two library spectra corresponding to the cases of a completely free drug
and a drug completely bound to the DNA, The analysis gives the
concentrations of free and bound drug in each of the mixtures comprising
the series, and is described fully in Section 4,3, This data can then be
interpreted using a particular binding model to yield the binding parameters
of the DNA-drug interaction, such as the association constant and the number

of binding sites associated with each base-pair,

3,1  Simple Single-Species Binding

If there is only ohe bound spécies the reéction may be described by
- DNA o+ DRUG 5 . COMPLEX
- (free sites) (free drug) (bound drug)
Assuming that the binding sites are independent, the Law of Mass

Action gives

K = [ bound _drug]
a  |free sitesllfree drugl

where k.a is the asébbiation constant (an equilibrium constant, not a rate
constant) and the square brackets denote "concentration of*,
Defining the following quantities:’

c, = free drug concentrat%qn :

» \
€, = bound drug concentration

1
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c, + = -total drug concentration

17 %

n = number of binding sites per base-pair

[y)
]

BP}= total concentration of DNA base-pairs,

K
k = 2
a  (npP] - cETcl

The bound drug concentration, €,s Can be replaced by r (BP], where r

is the binding ratio defined in Section 2,3.1(a), giving

k= - rSc1

Rearranging,
r—-— = k (n —-r) (3.1)
¢, a

For_the evaluation of the parameters n and ka’ several linear
transformations of this equation have been used (Klotz and Hunston, 1971;
Scatchard, 1949) and three of thesc are shown in Fig, 3.1. With
transformation (i), % VS, %i, the value of % corresponds to the value of %
when %1 = 0. The extrapolation required is from the largest experimental

value of cl to c1 = ®, yhich is a much larger extrapolation than is apparent
c
o . . l
from the graphical plot., Transformation (ii}, = Vs ¢, has been used

rarely and transformation (ii1), g VS, T, leads to the so-called Scatchard
1 .

plot which has enjoyed widespread usage.

The associétion constant, ka, is related to the standard free energy

of the binding by the expression

Ag
K = ¢RI
a

where AG is the:change in thekstandard free energy, and is a negative
quantity for binding '
R is the gas constant
and T is the temperature (in K).
An energetically strgng feaction will therefore result in ka being

\

\ .
large, leading to a steep negative gradient on the Scatchard plot, and a



. Fig. 3.1 Graph;cal representation of three possible linear
Fig. 3.1

transformations of Qhe binding equation for a
A
- single blnding model (see Equation 3,1)
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weaker reaction will result in a shallow gradient, A tyﬁical case of
strong binding, such as the bindihg of acridines at low binding ratios to
DNA, results in a value for AG between -6 and -9 kcal/mole (Blake and
Peacocke, 1968).

A binding curve (i.e. a plbt of r against cl) is another useful plot,
especially since it preéumes no special relationship between r and cl.
For the case of simple single-species binding its form is shown in Fig. 3.2,
The initial slope is large for a strong binding rec.ction and the value of r
asymptoticaliy approaches n, the maximum number of binding sites available
per base-pair, at large valueé of ¢;o A similar shape ié‘obtained by
‘plotting r ageinst c¢/[BP]l, and this has been used aé an alternative by

porumb (1976). |

In an experimental situation the Scatchard plot is often curved vhen
r is moderately large. The value of n obtained by extrapolation of the
linear region is frequently less than unity even for homopolymers, This
cannot be explained in terms of base-pair or base sequence specifity of
the binding., With DNA containing a, single type of base-pair only, at
each base-pair either binding (of an integral number of drugs) or no
binding should occur, For the homopolymers which bind the drug the value
obtained from the Scatchard plot should be integral. Non-integral values
of n imply that this simple theory is inadequate in describing‘thé prevailing
physical situation.

various,‘more complex theories have been advanced to account for the
curvature of'experimental Scatchard plots, There may bé more than one
type of binding operating, resulting in more than one bound species.
Interactions between drugs could be enviéaged which could eithexr favour the
| binding of additional drugs or discourage further binding. Binding at a
particular base-pair might preclude binding at a neighbdﬁring site; perhaps
due to the steric hindrance of a side group of the initially bound drug

\\
molecule. Binding specificity could operate with a particular drug,



¢

Fipg. 3.2 A schematic binding curve for single-site binding.
r (the no. of drugs bound per base-pair) vs. ¢
- (the free drug concentration); ﬁ_is the maximum

" number of binding sites per base—pair
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whereby the drug preferentially binds to a particular base-pair or to a

particular sequence of base-pairs, These possibilities are discussed in

the following sections,

A\
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3.2 E?Pe Than bne Independent Bound Species

Equation (3.1) applies for only one species of bound drug and can be

re-arranged as
nkgpcy’
Trkgey

If the drug can bind by m differeat bindiné modes.at each base-pair
and the number of binding sites per base-pairkfor mode i is given by ny
with a corresponding associatidn constant ki’ then the binding ratio is
given by

1k1°l

121 1+ k, cl

(3.2)
The total number of sites per base-pair is then given by

n =.
i

=}
;Lr~1
o

As m increases, the number of binding parameters increases as well.
Given that the experimental data is not perfect it becomes incraasingly
difficult to obtain precise solutions for these parameters. Considering
the case where m = 2, a Scatchard’plot would result in a shape similar to
that shown iﬁ Fig, 3.3. This can be treated as being comprised of two
vapproximately linear regions separated by a curved portion. The data in
these two linear regions can be analysed to yield two gradiants and four
- intercepts, all of vhich are generally complax functions of n; and K,

The only parameter directly obtalnable is n( = nl +n, ), the total number
of binding sites per base-pair, although experimentally this is often
difficult to determine accurately. Data at large r is difficult to obtain
because of aggregaégan or precipitation of the drug, and in this region
the plot tends to approach tha axis asymptotically.

It should be noted that the apparent intercepts and gradients
associated with the two linear régions are not what one might expect from

" an intuitive generalisation of the single binding site case. 1In fact,



Fig, 3.C Schematic curve °f'§1 vs. r with intercepts‘and
limiting slopes, where 2 independent binding modes

are present

Y7
C
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Where:»..nl,k1 are the maximum number 6f binding‘sites}and the -
association constant-for tinding by Method I
_ n2,ké " are the parameters similarly define'd; for binding -
by Method II »
.ry ¢ are the total number of bound.drugs per base-éair

and the total free drug concentration
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the two regions are only separable as such when the binding parameters

1

involved, k, and k2, are appreciably different. Consider the case where.
K; ‘ '
n=n, = l. If R% = lo.then an 8% error would result if the slope of

the stronger binding region were taken as -Ky, and there would be an error
of 9% in taking the slope of the weaker biqding region as k. If

5= 100, the slope of tﬁe strong binding region could be taken as - 1 and
result in 6n1y 1% error, but if the slope of the weak binding region were

kg
2

taken as -k, a 98% error would result, This latter case would Eardly
arise in practice since if k, were 50 small, the analysis would have been
carried out bresuming only single-speciés binding. The situation is more
complicafed if ny and n, are not known explicitly,{which is usually the
case, |

Spectroscopic data obtained from proflavine binding to DNA has been
analvsed according to a model assuming two independent bound species
(Peacocke and Skerrett, 1956). These authors took the gradients of the
two linear portions as being equal to -kl and -kz, and obtained values
corresponding to a AG of between -6 and -9 kcal/mole for the strong binding
mode, and between -2 and -3 kcal/mole for the weak binding mode. The
stronger binding was later associated (Blake and Péacocke, 1968) with
- intercalation in conjunction with résults obtained from X-ray diffraction
sfudies. The weaker binding was considered to be an external binding
‘scheme with a strong electrostatic character, since it was found to be more
dependent on the ionic concentration of the complex.

In a perticular analysis if.thé intercept, Zni, is less than m, and
the individual values n; do not seem to correlate with any structural
features of possible’DNA-drug models, then aﬁ alternative binding model may
have‘to be considered. = The binding curve, r vs, ¢, is often helpful in
deciding whether or not a model with more than one bound species is
appropriate. For the case of tgg bound species, in which kl and k, are
well separated, the binding curve will exhibitithe characteristic shape

il1lustrated in Fig, 3.4.



Fig. 3.4 Binding curve, where 2 independent binding modes are present
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3.3  Co—operativity and Anti-Co-operativity

Electrostatic interactions between bound catlonlc drug molecules may
have the effect of discouraging further binding at nearby sites (anti-
co-operativity). However, in some cases it seems that attractive Van der
Vaal's forces may overshadow electrostatic effects and fa&our the
attachment of further drug molecules at adjacen£ sites (co-operativity).

For the very simple case in whigh interactions of bound drugs involving
only nearest neighbours are considered, and neither the co-operativity nor
the binding constant is affected by any change in the DNA secondary
structure caused by the binding of the drugs, the following relatioﬂship

has been proposed {after Fowler and Guggenheim, 1952),
v

Ax = (2—}}2‘_—;-24 KT (3.3)
shere N = the absolute activity 6f the drug
x = the partition function for a molecule of bound drug,
® = the fraction of occupied sites (i.e. ﬁ) _
W = the free energy of interaction of a nearest neighbour

pair of bound drug molecules
kK = Boltzmann'‘'s constaqf "

and B = {1--46(1-e)(l’-‘.em)}}é
For dilute solutions the left hand side of Equation (3,3) can be

replaced by ka°1 to give

E

(B——-———' 1 29)e

k c B+ 1 ~-

(3.4)

If nearest neighbour interactions are negligible (W% 0) this reduces
simply to Equation (3.1),
If the forces of interaction are purely electrostatic in origin,

further simplifications to Equation (3.4) lead to a binding equation of

form .
the for N
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r _ _
=~ = k'k (n - r) (3.5)
c a
1
k* is an interaction coefficient which is related to the ionic
charges and the dielectric constant of the medium, but it can be more

conveniently treated as an adjustable empirical parameter, For instance,

ir _ Ac%(r)
k! = RT

then AG%(r) can be taken as an eiectrostatic free energy term which depends
on the binding ratio, r (Ramétein and Leng, 1975).

In cases where non-electrostatic interactions may be important, the
more exact approach of Equation (3,.,3) is preferable. A theoretical plot

of

kagl against 0 (equivalent to a Scatchi;d piot with both k_ and n
normalised to unity) for several values of eET-, as computed from Eqﬁation
(3.3), is shown in Fig. 3,.5.

when W is non-zero, pronounced curvétu;e is obtained. For positive
values of W (i.e. anti-co—Operativity, due to a repulsive interaction) thé
plots are curved downwards below the simple linear case, and for negative
values of W (i.e. co-operativity, resulting from attractive forces) the
curvature is opposite and the plot lies above the classical Scétchard line.
It will be noticed that the anti-co-operative case could be difficult to
distinguish from the curvature arising from the two independent binding
species model, Co-operative binding is easier to reCOgnisg;bgcause-of the
characteristic direction of the curvature of the Scatchard plot, and the
. sigmoidal nature of the binding curves as shown in Fig. 3.6,

The acridinés, being simple planar molecules, exhibit a strong tendency
to aggresate by stacking in concentrated golutiOns and the aggregate
spectrun is blue-shifted relative to that of the free monomer. A similar
co-operative effect has been found amongst acridine molecﬁles, thought to

be externally bound to DNA, at r yalues-close to unity (Peacocke and

\
\

skerrett, 1956; Bradley and Felsenfeld, 1959), This stacking behaviour
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.. Fig, 3.6 Schematic binding curves to illustrate the difference
in shaﬁé between data for non-co-operative and co-

operative bihding
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along the DNA is not obséfved with ethidium bromide btecause the phenyl
side group prevents close contact, but anti-~co-operativity could operate
either because of this steric restriction or because of changes in the
DNA secondary structure due to local distortion at the strong binding

sites (now believed to be intercalative),

\
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3.4 The Ekéiuded.site Model

3.4,1 The Ratibnaié

It is possible to conceive of a situation where a bound drug occupies
more than one binding site. The drug does not need to pﬁysically cover
more than one site: all thét is requiréd is that binding at a particular
site precludes binding at neighbouring sites., This could arise fium
(i) Steric hindrance. For example, the phenyl substituent on ethidium

and dimidium, and the phenyl group and fhe ﬁyfimidine moietyron

‘ prothidium, could prevent the approach of anothervpotential binding
drug. |
(11) An anti-co-operative effect, e.g. due to the local electrostatic
shielding of the lattice phosphate by a bound drug. It will be seen
later in this section that this anti-co-operative character which we
already have considered separately in Section 3.3 can be conveniently
included in the excluded site model; . Indeed it is difficult to |
geparate it out as a term independent frbm the steric hindrance and
seCOﬁdary distortioh effects.
(iii)Distortion of thé DNA secondary structure. | Binding of a drug could
| cause stereo-modification of the DNA at or near a binding site. If
ifs effect spreads to adjacent sites then it may not prove feasible to
implement the same modification at the neighbouring sites. Acoording
to the intercalative binding model of Sobéll éf.él' (1977), DNA kihks
or bends prior to accepting anrintercalative drug. ' This is made
possible hy altering the normai CZ' endo sugar ring puckering in B
DNA to a mixeq/puckering pattern of the type C2' endo (5!'-3') C3!
| endo and partially unstacking the bases, This mixed pucker sysﬁem
‘necessarily limits intercalation to every other base-pair (i.e. nearest

neighbouf exclusion),

A\



3.4,2 The BihdinQ‘Analysié

In the treatment of the excluded site model by McGhee and von
Hippel (1974) the drug covers n base-pairs* on a DNA molecule N base=-
pairs in length (Fig. 3.7).

At any degree of binding the number of free binding sitgs depends not
only on the number ofvdrug molecules already bound, but also on théir
distribution’along the DNA lattice., This is a major departure from the
classical Scatchard analysis of Section 3.1, Fig. 3.8 shows some of the

‘immediate differences. At complete saturation, g drug molecules are
pound. The classical analysis presumes that at any degree of saturation,
the numbers of bound and free sites should add up to this number., Fig.
3,8(i) shows that this is not the case, For this particular example,
although the lattice is not completely saturated, there are no acceptable
vacant binding sites because the Lound drugs had not been constrained to
pind n base-pairs apart., Fig. 3.8(ii) shows that the number of binéing
sites on a naked lattice is(N = n + 1} A consequence at low binding ratios
(Fig, 3.8(iii)) is that the classical analysis would underestimate the
number of free sites (in this instance, as four instead of seven) and thus
overestimate ka (see Table 3.1).

By incorporating these features ana using simple condifional
probabilities, McGhee and von Hipple were able to begin with the lLaw of
Mass Action and devélop it to obtain an equation analagous fo Equation (3.1),

r "l -nr .n-l

where n, ¢, and r have been previously defined, and k is the association
_ c.
constant of an isolated site,

When n = 1 the last factor in this expression becomes equal to unity,

# Note that this differs from the n defined in Section 4,1 and used up
until now. The current n is the number of base-pairs occluded per
pound drug molecule, whereas the previous n was the number of binding
gites per base-pair. They are related by their inverses.



n=3

DRUG . N=10

Fig, 3.7. An example to illustrate the terms n (the number of
base-pairs covered by a drug molecule) and N (the
number of base-pairs in the DNA molecule) for the '

vexcludéd site model

A



Fig, 3.8 Diagrams to illustrate some of the special features,
described in the text, of the excluded site model
of McGhee and von Hippel (1974).

- For these examples, n =2 and N = 10
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"
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and the equation reduces to

ol

= k(1 - 1)

This is identical to the classical equation (3.1), except for the
"one" inside the brackets, Its appearance, rather than Scatchard!s n;
results‘from the assumption in this tréatment that every base-pair is a
potential binding site for a single drug. If the bound drug mol;CJle
occupies more than one base-pair on the DNA, the last factor in Equation
(3.6) is less than unity and is a function of h and r, The resulting
Scatchard plot is curved and“falls below the classical straight line plot
(Fige 3.9). |

The intercept on the abscissa is % as required for complete
saturation, though the plots become:very shallow at large r for even
moderately sized drug molecpies. Crothers (1968) noted that this implied
a reluctance of the drugs’to bind, and resulted from the accumulation of
gaps smaller than n base-pairs in length.

The slope of Equation (3.6) at low r is -k(2n - 1) so that extrapolation
-of.data from this portion of the curve leads to an intercept of about Tﬁﬁ%IT'
This results in an overestimation of the binding site size (see Table 3.1).
Many earlier DNA-drug binding studies have produced extrapolated intercepts
of around 0.3 drugs per base—pair, which was difficult to explain in terms
of the classical analysis. It can now be seen that these values are
consistént with an exclusion site model in which n =2 (viz. nearest neigh-
bour exclusion).

Equation (3.6) is the most convenient but not the sole formulation of
the solution for the excluded site model., The results of Zasedatelev st
al, (1971), obtained by a combinatorial method, can be arranged to gife
this expression; and both Crothers’(1968), using a Monte Carlo method, and
Schellman (1974), using sequence génergting functions, have proposed
gimilar equations. In addition;\there have been a number of'ﬁore

restricted analyses which have produced less gePeral solutions (Hill, 1957;



Fig. 3.9 Theoretical piots calculgfed from Equation (3.6) for the
binding of drugs ranging in size from n=1 to n=20, for
k=1 M—l (after McGhee and von Hippel , 1974). .
The absicca is scaled in units of i‘; and the dashed

line represents the limiting slope of the n=20 curve
(see text) : '

r/C1" 1,0

Fig. 3;10 Theoretical plots for the co-operative binding of a
 ligand of n=1 (for k=1 M'l) with w ranging from

0 to 5 (after McGhee and von Hippel, 1974
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Schwarz, 1970; Bauer and Vinograd, 1970; Armstrohg et al., 1970).

Recently, good quality X-ray diffraction patterns (Bond EE al,, 1975)
from a platinum-substituted ethidium-DNA complex have strongly supported
the nearest neighbour exclusion theory by demonstratiﬁg a 10.28 periodicity
. along the helix axis. Unfortunately, however, no estimate of the pitch
was made from the diffraction data and because the 10.22 meridional is
considerably less intense than that corresponding to the 3.4K base-pair
repeat, there are dcubts (Goodwin, 1977) as to whether saturatién of the
binding had been reached.

Ethiduim bromide binding to DNA is a particularly difficult case to
analyse SpectrOSCOpically. If an external binding mode is present, it is
likely that it causes a similar shift to the free drug spectrum as is caused
Sy intercalative binding (° Porumb, 1976), Previously the curved
Scatcgard plot had beeﬁ\analysed according to a two binding'mode scheme
(varing, 1965), but more recently the data has been shown to fit accurately
a single binding species model in which nearest neighbour exclusion effects
- are Operating (Bresloff and Crothers, 1975).

Theoretical calculations have been quoted (Gale et él., 1972; Cairns,
1962) to support a saturation of binding at less than r = 0,5 for the
nearest neighbour exclﬁsion model, " It has been suggested that the maximum

) -2)

occupancy under this scheme would be (1 - e
’ 2

. (page, 1959) considered the random selection of adjacent pairs of points

= 0.436. The original paper

from a line of N points, but the theory is inappliéable to drug binding.
‘Once pairs of points had been selected they were not considered again,
whereas in drug binding a dynamic situation prevails in which a rearranée-
meﬁt of drugs aIOné,£he DNA is continuously occurring.

'The excluded site model can be generalised'further to include more
than one binding species and/or to include drug interactions, but in most

such extensions the number of unknown parameters proliferates at a greater
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rate than do theiexperimental means of distinguishing the different effects.
The introduction of a drug interaction parameter w (licCGhee and von Hi ppel,
1974), for instance, modifies the theory to produce the plots of Fig. 3.10.
Values of w greater than unity correspond to co-operativity, and values
less than unity to anti-—co-operativity, Anti-co-operativity and binding
sité overlap are seen to result in the same effect on the plot (viz. a
curving below the classical straight line), and for most applications it
will suffice to abscrb the,interactioﬁ term within the largely steric
overlap factor to produce an "apparent'site size" which includes both

effects.

3.4.3 The Computer Programs

A computer ﬁrOgram, "SCATCH', written by Dr. James McGhee (to be
discussed fully}in a publication in preparation) uses the Regula falsi
itérative‘method to minimise (with respect to n and k) the sum of the
squares of the differences between the two sides of Equation (3.6), in order
to fit experimental binding data éo that expression. A listing kindly
.supplied by Dr. McGhee has been modified so that the program would run on
the 1link to the CDC 7600 COmputér at Manchestef.

ConvergenCevto the best fitting values can be accelerated using a
quadraticicénvergence scheme and the author has déveloped independently a
. program, "SCATFIT", which uses the Simplex method (Nelder a;d Mead, 1965),
This program also outputs graphically the curve geﬁerated by Equation (3.6)
using the best-fit values of n and k, and superimposes it on the data
pointse.

Both prOgrams';ére tested using previously published data for ethidium
bromide (Bresloff and Crothers, 1975) and actinomycin C3 (tUller and
Crothers, 1968), The values obtained for n and k are compared with those

quoted in the original papers in\Table 3.1. As previously noted, use of



TABI.E 3.1

Comparison of Binding Parameters Using Different Andlyses

Original Values Values using 'SCATCH® ) Values using 'SCATFIT'
n k n k n k
\ 4 4 ~ 4
Ethidium bromide 2,76 5,03 x 10 (1) 2.02 1.836 x 10 2,923 | 1.838 x 10

(2,00 | 1.83 x 10%)  (2)

Actinomycin C3 (low salt). 11.11 | 2.4 x10® (3 |  6.388 - (a) 6.230 | 2.003 x 10°
-~ .

Actinomycin C3 (high salt) 12,50 | 1.2 x107 . (3) | .. 7.e2 | . - (4) 7.349 | 8.055 x 10°

1, Values obtained from the classical Scatchard analysis (Equation (3 1), applied to the linear portlon of the data of
Miller and Crothers (1975)).

2. Values obtained by Bresloff and Crothers (1975) using the analysis of Crothers (1968), which is equivalent to
Equation (3.6), with n constrained to equal two,

3, Values obtained by Muller and Crothers (1968) applying Equation (3.1) to their data.
4, Program failed to converge with the starting parameters chosen (n = 7 and k= 2,0 x 105).
7 and k = 8.0 x 10°). .

5. Program failed to converge with the starting parameters chosen (n




Equation (3.1) (applicable to the.simple single binding species model)
rather than Eduation (3.6) (resulting from the excluded site theory) leads
to an overestimation of both n and k.

Figse. 3,11 and 3.12 show the results from "SCATFIT" for these sets of
data. EachAfigure shows the génerated best fit curve, and two other
curves generated by taking valﬁes of n 5% lower and k 5% higher than the
best-fit values (the uppef dotted curve), and then n 5% higher and Kk 5%
lower than the best values (the lower dotted curve), This is used to
give an- ‘idea of how well thc best-fit curve fits the experimental data.
The ethidium data is seen to be well described by Equation (3.6), but the
actinomycin data deviates markedly from the theoretical fitted cur&e at
large r (as previously noted by McGhee and von Hippel (1974)). This
implies that an additional cqmplication is operating in the actinomycin
binding, and this is probably thal actinomycin C3 prefers to bind to a
G(5' ~ 3')C sequence (Sobell, 1973). Equation (3.6) is sufficiently
inflexible that variations from it due to Sinding'site heterogeneity |
(discussed fully in the followingﬂsection) can be detected by a poor fitting
of the generated curve to the data..

WSCATFIT" was used in preference to "SCATCH' for analysing the data
presented in Chapter 4, because of its more rapid convergence and its
improved robustness (i.e. its ability to cope with somewhat poorer starting
values of n and k). A further advantage of “SCATFIT" is the ability to
specify, prior to minimisation, the error tolerable in the final result.

A surface plotting program, "SURFPLOT" was dev¢10psd with the
assistance o/ Dr. P. Collis of the Keele University Computer Céntre. The
log of the sum of the residuals from Eqﬁation (3.6) is plotted against a
range of values of n and k enabling the region where the minimum occﬁrs to
be located, and hence starting values of n and k to.be obtained for use in
wSCATFIT"'. Figs. 3.13 and 3 1i\show these plots for the ethldium and
actinsmycin data. The steps at\the right hand side of the plots show

regions in which a minimum will not be found., The absence of readily
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0.0

Ethidium bromide - DNA binding data (from Bresloff

and Crothers, 1975) fitted to Equation (3.6) uéing

the program 'SCATFIT'. The dotted lines indicate

the goodness of fit (see text)

NN



Tig. 3.12 Actinomycin C3 - DNA binding data (from Muller and Crothers,

1968) fitted to Lquation (3.6) using 'SCATFIT',

0.2 4%

(i) Low ionic strength




k=2-0x10i

Figure 3.13

k=1-6x 10

(1)
Surface plots produced by "'SURFPLOT' from BMA-ethidium
bromide data (from Bresloff and Crothers, 1975). The

dotted portion of diagram (i) is-shown, increased in

scale, as diagram (ii).

n=2 1,



Surface plots produced by *SURFPLOT"™ from DMA-
actinomycin C3 binding data at (i) low ionic

concentration and (ii) high ionic concentration

\\
\



identifiable minima in Fig. 3.15 for actinomycin indicates that Equation
(3.6) may be a poor description of the experimental situation, "SURFPLOT™
has been désigned to be used either with a Tektronix graphical display unit

(for interactive use) or with a digital plotter (to produce permanent

copies such as those shown in Figs. 3,13 and 3.14).

\\



3.5 Hetérogeneoué Binding Sites

3.5.1 Base-pair>specificity

A curved Scatchard plot could result from either base-pair or 5ase
sequence specificity in the'binding reaction. Present knowledge of the
. existence of base-pair specificities is restricted largely to the
actinomycin-DNA system (Muller and Crothers, 1968; Sobell et al., 1971), to
the interaction of several acridine dyes (Ramstein et al., 1972) and
analogues (Muller and Crothers, 1975), and to the antibioic netropsin
(wartell et al., 1974).

Crothers (1968) produced a non-linear Scatchard plot for a heterogeneous
polynucleotide using a Monte Carlo method. For a drug which can bind
between two base-pairs (Fige. 3.15) in which at least one member is G-C, and
for which n = 4, he obtained the plots shown in Fig. 3.16. Crcthers
c0nsideréd the binding to be intercalative, but this is not necessary for
the theory. All that is required is that the drug show this preference
for a G-C base-pair.

For this simulation Crothers considered a DNA molecule comprising
5000 base-pairs, a value which permitted advance specification of the base-
pair composition of the random sequence to within roughly 2%. If f is
the fractional G-C content, then the probability of one base-pair chosen
at ranéom being G-C is f, The probability of choosing two adjacent base-
pairs with at least one of them being 6-C is(l - (1 - £)?) that is,
ef - £9, Ths probabiiity holds no matter what the binding site size, n,
of the érug, so long as the identifying site (Fig. 3.17) onwthe drug (i.e.
the chemicai group_ which actually binds).is fixed in a certain position.
This would be the case for most binding schemes, although an exception

would be the bifunctional intercalators (e.g. echinomycin - Wakelin and

Waring, 1976). _\\
In the simpler case of a homogen60ps lattice the intercept on the E



Fig. 3.15 A schematic representation of the conditions applicéble

to the plots of Fig. 3,20

- Identifying
Site

. n =,L- o : -

Either 2 or 3 is 0-C, or both of them are G-C's

' Fig. 3.16 Theoretical Scatchard plot for a model in which a drug
(n=4) binds between two base-pairs when at least one

. - . . ’ 2 ’ .

of them is G~C (P=2f-f"), (After Crothers, 1968)

" X has 5een.set to 1M_1.

-
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Fig. 3,17 Two different identifying sites for the case

vhere n = 4

- Identifying site is 2 ' Identifying site is 1

' (or_é).f‘- - Ai'  S ~ (or 4)

N\
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axis of the Scatchard plot is k, the intrinsic association constant of each
binding site. Because of the need to satisfy the base-pair preference in
a heterogeneous lattice system, the level of binding will always be less
for a given total drug concentration.’ The Ei intercept will be reduced
by the probability factor, P, to Pk, P depends on the fractional G-C
content, f, according to the details of the binding‘preference. For the

scheme considered by Crothers, the dependence of P on f is shown below -

£ P(= 2f - £2)
1.0 | 1.0
0.5 ' 0,755
0.257 0.448

If binding were to chgr.exclusively on only one particular side of
a G-C pair then the probability factor would equal the fractional G-C content
(i.e, P = f), and if it required two adjaCeht G=C pairs then the probability;
. P, would be equal to f2. Thus a plot of the El intercept (called the
affinity, a, by Muller and Crothers (1975)), determined for a variety of
DNA's, against a specific expression for P in terms of f, the G-C content,
could be usefﬁl in testing different models for the binding site specificity
requirements; Fig, 3.18 shows the‘theoretically expected variation of the
affinity, @, with the fractional G-C content, f, for the cases where
P=2f - fz,AP =f and P = £,

These relationships hold only for a heteropolymer with random base-puir
sequence, whercas in DNA the sequence is generally non-random, Josse et al,
(1961) showed thatlfhe‘base-pair sequence in DNA from odd numbered type T
phages is close to random if sufficiently long sepments of DNA are exémined,

-whilst in thymal and bacterial DNA there is a correlation in the arrangement

of immediate neighbours., Shugalin et al. (1971) have concluded that these

\

latter types can be considered as blocks of quasirandom sequence, although




Fig, 3.18 The theoretical variation of the affinity, «,
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each block contains a differing G-C content. For calf thymus DHA the mean
molecular weight of the block is 10 - 15 million with a mean square
deviation of the content of the blocks from the average of an entire genome
as 9.5%, and for E, Qoli.the respective figures are 5 - 10 million and 4%,
Hovevér, Gurskii et al. (1972) using these values for thymal DNA, have
shown that the resulting value of the binding site size,n,for actimomycin
binding to DNA is only about 5% away from the estimate made on the
assumption of a complstely randdm heteropolymer, This deviation is lover
than the normal experimental error in these investipations. 1In any case,
the molecular weights of the DNA fragments used in the experiments
described in this work are likely to be less than the mean value of a
block so that the Sequence within each fragment can be taken as being
completely random,

Fof the situation where n > 2 the concept of an identifying site
(Gurskii et al., 1972) becomes important. The affinity is independent of
the position of the identifying site with the drug, but the saturation
value of r, Tnax? for‘a random heteropolymer doeé depend’on the position
of this site, | For the case where binding requires a G-C pair adjaéent to
the identifying site, Thax is given by

f
Tmax T 1+ fln-1)+ (1 - ) {1 - (1 - f)t-l} (3.7)

vhere t denotes the position of the ideptifying site.  In Fig;
'3,17(1) t could be taken as either 2 or 3, and in Fig, 3.17(ii) it could

be taken as either 1 or 4, For use with Equation (3.7) t should be taken

such that 1 ¢ t ¢ -2’3

The equation can be generalised by replacing f by the probability

factor P, so that it will describe other base-pair specificity schemes -

P
r =
max 1+ P(n - 1{_ + (1 -p) {1 -1~ P)t'l} ‘3'8)



For n=2, when the position of the identifying site is unimportent,
this reduces to

r = P l
max 1+ P

(3.9)

Table 3.2 illustrates the dependence of Thax o0 f for random-sequence
DNA samples of differing G-C content. The relationship between r and
‘ S : max
f is showa fully in Fige. 3,19, for the three different probability factors
considered previously. .

For n=4, the case considered by Crothers, Equation (3.8) reduces to

P ‘
Tax = T+ 5P for t = 1. | (3,10)
and T £ for t )
= ———s =
max 1 + 4P — P or 2 (3.11)

The intercepts, Lo for fhese fwo distinct‘cases are tabulated in
Table 3.3 for the G-C contents considered by Crothers, and the relationships
betveen r,__ and f‘are plotted in Fige 3.20,

Crothers considered the case where the identifying site requires at
least one G-C pair (i.e. P = 2f - f2). However, it is difficult to tell

from 'his results whether his example corresponded to having the identifying

gite at t =l or t =2,

[

.Because of reduced binding due to base-paif specificities, the intercept
Lk is less than the value expected for that particular binding site size,
n. It is the inverse of the intercept which gives a measure of the binding
*aite size. If the valués of Piax are smaller due to baseaﬁair specificities,

inverting them will result in values for the appérént binding site Size,

(= = ), which are larger than the actual site size, n, This is
app rmax ; .

n
{1lustrated, for the different types of specificity considered, in Fig.

-~
3,21 for an actual site size of two (n = 2) and in Fig. 3.22 for an actual

site size of four (n =4).

To recap on the significance of the intercepts measured from the

Scatchard plots — \\
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The Intercept, rmék

TABLE 3.2

, for various f Values when n=2

' Prax
DNA type f
' P=2f-f2 P=7F P=f2'
Poly dG - poly dC 1.00 0.50 0.50 0,50
NI. 1ySO 0072 0048 0.42 0.34
Calf thymus 0.42 0.40 0,30 0.15
Cl. perfringens 0.30 0.34 0.23. 0.08

TABLE 3.3

The Intercept, rmax' for various f Values when n=4

r for t=1 r for t=2
£ max max
P =2f - £ P=f P = 2f - £° P=f
1,00 0.250 0.250 O.ZSQ 0.250
0.50 0.231 0.201 0.219 0.183
0.257 0.191 0.145 0,173 0.131




Fig. 3.21' Apparent binding site size, napp’ as a function of

the fractional G;C contert £ for n=2
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Fig. 3.22 Apparent binding site size, n__ , as a function of
L ——— . app

. the fractional G-C content f for n=4

Mo | L,
S (i) t=1l, P=2f - f

g (1) =2, P=2f-f

1 (iii) t=1, P = £

6 | (iv) t=2,P="¢

1

4 4

2-

‘\\\
0 ¥ v ' T
00 0.2 0.4 0.6 0g 1.0



(1) the § intercept (the affinity, @) is independent of the size of the
binding site and of the position of the identifying site within a
drug molecule, Its variation with the fractional G-C content
depends on the particular type of base-pair specificity operating,
and its value is always less than in the case where there is no
gspecificity in the binding (Fig. 3.18).

(ii) the r intercept (rhax) depends both on-the binding site size and,
vhen n > 2, on the position of the identifying site (Figs., 3.19 and
3,20). Its value is always smaller than the expected value when no
base-pair specificity is présent. Although it depends on more
variables than does the affinity, it may prove ﬁseful to consider its
variation with G-C content if riax is known more reliably than a.

A further complication would be that binding occurs to both A-T end

G;C pairs but with differing affinities'(kAT and kGC)’ a circumstance that

could hardly be detected by these methods,
miller and Crothers (1975) studied the base-pair specificities of a

series of proflavine and acridine orange analogues by differential dialysis
of the drugs against DNA samples of differing G-C content. For the bis

(dimethyl—amino) phenazoxonium ion, the results fitted closely a linear,

relationship between the affinity, ©, and the fractional G-C content

jndicating that binding requires one G-C pair.-

3.5.2 Base SéquénCe SpeéificitX

Analysing the dependence of @ and Yoy 00 the G-C content, as described
in the previous section, may provide information on the preference of a
drug for a particuléf séquence of bases. The situation where a drug is
found to prefer binding to a site containing two adjacGntqd—C's'(i.e. ,
. p = £2) is equivalent to a seduénce specificity for GpG (or CpC),
It can be shown that, as a consequence of_the right-handed nature of K

\

the Watson-Crick DNA double helix with its strands of opposite polarity .
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(Fige. 1.2), there are ten distinctly differént binding sites (Fig., 3.23).
Although the experimental evidence is conflicting (Chan and van Winkle,
1969; Gersch and Jordan, 1965; Kleinw%cﬁter et 21., 1969; Bidet et al.,
1971), each of these sites could theoretically possess a different
association éonstant (kl; k2, k3.....;..klo) and the differences amongst
them would be more apparent at low binding ratios, These ten sites could
be built into a double-helical model of eleven base-pairs, or into a
circular double helix of ten base-pairs, for inspection purposes (Fig.,
3.,24), | It is clear, for example, that sites 1, 2 and 3 iﬁ Fig. 3.24 are
not equivaleht and that they preéent different environments to a biﬁding
drug molecule. |

In a random arrangément of base-pairs in a DNA molecule, the ffequency
of any nearest neighbour paip (viz. a sequence of two) should be
" predictable as the product of the frequencies.of its constitueni monomers
(e.ge F(ApT) = F(TpA) = F(Ap) x F(Tp), where F indicates "frequency of").
Josse gﬁ al, (1961) observed that whilst most sequence frequencies fell
within these predictions, for several DNA's they differed sharply., IA
particular, the sequence C(S' - 3')G seems to occur with a frequency which
ig invariably less than the random value in animal and plant ceils (0.016
in calf thymus, instead of an expécted 0.21 x 0,21 = 0,044); and, by
contrast, its isomeric sequence G(5' x 3')C aiffers little from the random
expectétion (in calf thymus, 0.044 experimentally). In bacteria, the
reverse of this tendency appears to be the case. Some of the results of
Josse éﬁ al. zre reproduced in Table 3.4, together with fhe corresponding
expected (random) frequencies.

Base-pair Specificity‘can be determined through binding experiments
using DNA samples of varying base-péif composition (Wartell éz al., 1974 -
netropsin; Vakelin and Varing, 1976 - echinomycin), Direct determination
" of sequence specificity (Miller %:c_ al., 1973) is facilitated by using

synthetic double helical polynuclébtides, but these are limited in their
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Fig. 3.24 The loldistinguishable sites may be built into a DNA
* .
model 11 ‘base-pairs long, or into a circular DNA

' model 10 base—palrs lonv w1th 5 G-C's and 5 A-T's



(Experimental data from Josse et é_l_., 1961)

Nearest Neighbour Cl. perfringens Calf thymus M. lysodeikticus
Sequence .
(5 - 31). Theoretical Theoretical Experimental Theoretical Experimental
ApA, TpT 0.123 0.084 0.089, 0,087 0,020 0.019, 0,017
CpA, TpG 0.053 0,061 0.080, 0.076 0.050 0.052, 0,054
_ GpA, TpC 0.053 0.061 0.064, 0.067 0.050 0.065, 0.063
- CpT, ApG 0.053 0.061 0.067, 0.072 0.050 0.050, 0.049
GpT, ApC 0.053 0,061 0.056, 0,052 0.050 0,056, 0,057
GpG, CpC 0.023 0.044 0.050, 0.054 0.130 0.112, 0,113
TpA * 0,123, 0.084 0.053 0,020 0.011
ApT 0.123 0.0384 0,073 0.020 0.022
CpG 0.023 0.044 0.016 0.130 0.139
GpC 0.023 0.044 0,044 0.130 0.121
Theoretical values using: .f o = 0.15 and fA, T = 0.35 (Cl. perfs.)
fC,'. g = 0.21 and fA, T = 0,29 (Calf thymus)
fo ¢ = 036 and fA, T = 0,14 (M, lyso.)
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availabiL.ty,

Krugh et 21. (1975) have investigated the strong (intercalative)
binding of ethidium bromide to dinucléotides using visible spectréphotometry,
circular dichroism and MR techniques and have reported a base sequence
specificity. A definite preference for binding to a purine (51 - 31)
pyrimidine sequence (GpC) compared with the isomeric pyrimidine (5' - 31)
purine sequence (CpG) has been detected. . They predict the ex1stence of
different equilibriua constants for the Ten different intercalation sites
based on the importance of stabilising stacking interactions between the
base—pai? and the intercalated phenanthridium rings Patel and Canuel
(1976) have extended sequence studies to the tetranucleotide level, and
have observed stronger binding of ethidium to the self-domplementary
GpCpGpC (i.e. two GpC intercalation sites) and GpGpCpC (i.e. one GpC
site/ duplexes compared to the CpCpGpG (i.e. no GpC sites) by mOthorin~
the UV absorbance at 480nm of various mixtures,

A recent theoretical analysis (Pack and Loew, 1978) of the origins
of the base sequence specificity in the intercalative binding of ethidium
to DNA has considered the binding in two stages.s In the first stage,
the double helix changes conformation (unwinds)‘to accept the intercalating
molecule; and in the second stage, the drug is bound and its interaction
energy (priﬁarily with the bases) compensates for the energy required for
.unwinding. vThey conclude that the sequence'specificity of‘ethidium is
more readily explained in terms of the confbrmatiodal'energy changes than
by preferential stacking interactions, NIR studies (Patel and Canuel,
1977) of the binding of proflavine and propidium diiodide have shown thét
both exhibit a Spe01flclty for G(5' - 3')C sites, similar to that shown by
ethidium, and it is probable (Pack and Loew, 1978) that all drurs which

unwind DNA in the same manner as ethidium would exhibit this particular

A
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*
sequence specificity,

* 9-amino acridine (Seeman et 2l., 1975) shows a sequence preference for
a pyrimidine (5' ~ 3') purine Sequence, ApU, but it is a non-
intercalator, Actinomycin D shows a strong specificity for G(s5' - 31)C
sequences, but this has been exglained in terms of specific hydrogen
bonding by the lactone rings (NMuller and Crothers, 1968; Jain and
Sobell, 1972).
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3,6  Concludine Remarks

The change in the free energy when drugs bind to DNA results from a
complex mixture of electrostatic effects, m—electron interactions,
hydrophobic bonding and dipole/polarisability factors, all constrained
by steric considerations. Estimation of the relative importance of each
of these effects would not be easy even with deéailed thermodynamié and
kinetic studies, Free enefgy calculations (e.g. Gersch and Jordan, 1965,
on the aminoacridinesj remain at a formative stage and, because of the
complexity of the situation, must continue to function only in a supporting
capacity. to empirical observations.

Useful information can be obtained from a careful interpretation of
a Scatchard plot of the binding parameters., It is important to realise
that much (if not all) of the non-linearity in such a plot can be
attributed to a binding overlap effect (i.ec. an exclusion site model).
Experimental data should be first analysed according to this model, and
only if this proves inadequate shéuld one consider a multi-binding species
or a co-operativity treatment. Analysis using DNA samples of different
G;C content will reveal any base-pair specificity of a drug, and may
indicate a base sequence specificity in its binaing.

The prgsence of different binding sites may prove to be of great
importance in the recognition process involved in protein-nucleic acid
{nteractions and in DNA replication and tranécription. Simple
electrostatic and hydrogen bonding interactions caﬁnot by themselves be
very selective sincekthére are many such sites on the helix, but
selectivity due to sﬁacking/steric/electrcnic/unwinding factors would allow
a sequence within é;e DNA to be recognised, Highly specific antibiotic
and anti-tumour dfugs could then be deSigned to bind at or adjacent to

these sequences, If a correspondence were established between the unwinding

éﬁgie of DNA and the helical conformation of the intercalative complex,
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specifities could be predicted directly from measured unwinding angles and

this would greatly facilitate the design of sequence-specific intercalators,

N\
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CHAPTER 4

Spectroscopic Ana]ysis of DNA-Drug

Binding Data : Experimental

4.1  The Absorption Spectra of the Druss

The three phenanthridine drugs uadar investigrtion possess the
characteristic planar phenanthridinium ring, the electronic structure of
which is little affected by the methyl or ethyl substituents of dimidium
end ethidium bromide (Giacomoni and Le Bret, 1973). Fig, 4.1 shows the
geometry .of the main ring and the T_electron distribution, Theoretical
caiculations (Giacomoni and Le Bret, 1973) on this structure have predicted
an absorbance spectrum with a strong visible component around 445nm, The
red shifting of the peak to 48Cnm for dimidium and ethidium, observed
, expérimentally, is due to the bathochromic effect of alkyl groups (Jones,
1945).

The absorbance of ethidium bfomide obeys Beer's Law (i.e, the
absorbance increases linearly with the concentration of the solution) up
t+to concentrations of about 1.0mi (Wa;ing, 1965) above which departures
occur due to aggregation of the drug molecules (Thomas and Roques, 1972).
The author has found that dimidium obeys Beer's law up to a similar
concentration, and that prothidium obeys it up to at least 0,10m{ (which is
’1ower than the free drug concentration ( 0.62mM5 used in the spectroscopic
series). Above these concentrations the dmigs can.form antisymmetric
dimers causing the spectra to become red—shlfted and hypochromlc (Fig. 4,2),~
The proposed structure of the ethidium dlnor is shown in Flg. 4.3, In
this configuration both the steric hindrance, due to the phenyl groups,
and the electrostatic repulsion of the'charged nitrogens are minimised, and
the large surface areas inrcontact maximise the hydrophobic effect, A

. \
 gimilar stacking geometry applies to the acridines (Zanker e_t_ g_];., 1959)0



Figure 4.1 The planar geometry and charge distribution of the
ethidium chromophore. The numbers refer to the
net electronic distribution on single atoms.
The arrow shows the direction of the first
transition moment (after Giacomoni and Le Bret, 1973).

Figure 4.2 Absorption spectra of ethidium bromide in acqueous
solution. The concentrations are (1) 107% t
@ 2 x 10“3M; (@) 5 x 10“%, @ 10*“2M,
GB) 107% (after Thomas and Roques, 1972).



Figure 4.3 (i) Possible structure of a stacked complex between
two ethidium bromide molecules (after lhomas and Roques,

1972).

(ii) Electrostatic attraction (A) and repulsion (R)
sites in this stacking model (after Giacomoni and Be

Bret, 1973)
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The exciton interaction theory (Phiipott, 1970) has been used to
explain the spectral changes in dimerisation. The electronic transitions
in the neighbpuring chromophores are assumed to be coupled by C;ulombic
interactions, and the transition dipoles are approximated to point dipoles,
For a stacked aggregate the energy of interaction is largest when the
transition dipoles are parallel or antiparallel, and it becomes zero when
they are mutually perpendicular, The original enerzy of the transition is
split into two transitions, with a transfer of inteasity (i.e., a higher
oscillator strength) to the ligher energy transition, and the resulting
spectrum is thus blue shifted,

The theory is successful in explaining the blue shift displayed on
stacking by the acridines (whose dipoles are arranged antiparallel to each
other in the'dimer) but it cannot explain the red shift shovm by the
phenanthridines. In fact, the transition dipole of the visible transition
of the ring in ethidium bromice has been.calculated (Giacomoni and lLe
Bret, 1973) to make an angle of 34° with the line Joining the amino groups
(Fig. 4,1) and in the antisymmetric geometry of the dimer the dipoles
would be nearly perpendicular, so that the exciton interaction would be
very sﬁall. The observed red shift may be due to the bromide ion,
(Porumb, 1976), freely dissociated in a monomeric drug solution, attaching
jtself to a specific site in the dimer and acting as an auxochrome (i.e. an
electron-donator). This would enlarge the territory available to the

—electron system and consequently increase the wavelength of (ie, 'red
shift!') the electronic transition. It is suggested thaﬁ the bromine ion
would attach to one of the chromophores in the positively charged area of the
N; and C6 atoms, a site protected from tﬁe acqueous environment and nqt
available in the monomer. An increase in the ionic strength of the solution
is expécted to facilitate dimerisation since the anions of the salt will
electrostatically shield the éhagged nitrogens of each ring., Although no

significant effect was detected for dimidium (compare the free drug spectra
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in Figs 4.18(1i) with that of Fige. 4.21(i)) and for ethidium (compare
Fig. 4.9(i) with Fig, 4,13(i)) a small shift was noticed for prothidium

(di)bromide, which is doubly charged in solution (compare Fig. 4.24 with

Fig. 4.26(i)).
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4,2 The Absérption Spectra of the DNA-Drup Complexes

Acridines and phenanthridines bind readily to DNA in vitro. - The
complexes formed afe metachromatic viz, the absorption spectrum of the
drug is shifted to longer wavelengths (bathochremism) snd the maximum
absorptivity is depressed (hypochromism). | These spectral changes provide
a convenient{means of studying the parameters of the binding process,
according to the analysis described in Chapter 3., The spectral changes
can be explained on the basis of exciton interaction between the transition
dipole correSponding to the visible band of the drug and that associated
with the UV band of a DNA base (Philpott, 1970), According to this
theory, the shifted transition energies will diverge - in particular, that
associated with the visible band of the drug will be red shifted.

Spectral series were taken, as described in Section 2.3.1(b), for
the three drugs complexed with different DNA types. Within each series
there is a progressive shift in the absorbance maximum to longer wave-
lengths with increasing DNA content. For the three drugs considered
__here (with the exception of prothidium at low ionic concentration and‘
jow binding ratios) all the spectra in a series pass through a common
pgint, called an isosbestic point. The most common circumstance under
which this obtains is when there are only two forms of the drug, in
this case "free" and "bound" components. If these have the same
absorptivity at some wavelength, then shifts in the relative proportions
of each will produce no change in absorbance, for.a constant total drug
concentration, at that Qavelength (if the DNA has negligible absorptivity
in this wavelength_region). However, the existence of isosbestism is
not proof that only two forms are present. There could be more than
one form of bound drug (e.g. intercalated and externally bouﬁd) having
‘different spectra, but if these are aiways present in the same ratio an
jsosbestic point will be obser&éd.. Alternatively, two bound species

may be present each producing shifted'spectra so similar that they are
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indistinguishable within experimental error,

The converse behaviour allows a more definite coﬁclusion; If there
is not an isosbestic point;even though the specfra of compléx and free
drug cross, then there must be more than one form of binding., This is
the case for proflaviﬁe (Blake and Peacocke, 1968), where it is interpreted
as demonstrating intercalative binding at low binding ratios and additional

external stacking on the sugar-phosphate backbone when the drug concentration

is high,



4.3 -Theory of the Spectrosconic Analysis

Fig. 4.4 shous schematically a two-component case (i.e. a free and a
single bound species) in which the free drug spectrum is denoted
Wlibrary 1", the bound spectrum (Section 2.3.1(b)) is called “library 2",
and spectra taken at interediate values of r are the "mixture" spectra.

At eny wavelensth A, '

A =ajc, +ayc, - (4.1)

where A is the absorbance of the mixture, 2,y @, are the absorptivities of

2

the free and bound drugs and s C, are the concentrations of free and

1 and 02 can be

found by considering the spectra at any one wavelengti, A (Peacocke and

bound components in the mixture., The concentrations ¢

Skerrett, 1956), since the total drug concentrations, ¢, is constant and

knovm «

By proportions,

the fraction bound (= °2) = '{}.J.:_A.\ (4.2)
. C Idl - Az'

1 A2 and A are the absorbances of library 1, library 2 and the

mixture spectrum respectively, at that wavelength. The best wavelenzth

where A

at which to perform these measurerents would be where A, and A2 differ by

. _ 1
the greatest amount, since this will ninimise the effect of experimental
error. The computation will be most reliable for the mixture that is
located midway between the two library spectria, since in thaf caze the
nunerator and denominator of Equation (4.2) will be of similar magnitude.

An extension of this analysis would be io use the entire spectra,
rather than readings at just one wavelength, to improve the precision of
the values of ¢y and'cz.

. %*
Thus, using m wavelengths,

* [Note that a reading at the isosbestic wavelength gives no information

on €y, Cp since \\
®8 T %
N)= a..
A(A) ah(cl + 02)
= a

11i°



Fig. 4.4 Schematic representation of a mixture spectrum in

" terms of two library spectra

Absorptivity

LIB1("free"drug)
MIX 3 - LIB 2(*bound"drug)
MIX 2 MIX 1

AoOA | Am woveien‘gthv
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O
A = S
A( 1) 819C) *+ 85,0, + 1
(o]
A =
(%) 8126 * 3550, + 4,
AO(A ) = a_ ¢ 8
m T “im7y * a2m02 + m (4.3)

. FR) .
where %} peees . &re tne experimental errors and the superscript "o
denotes “observed" (i.e. experimental) absorbances. The problem becomes

one of selecting the best values for c, and c,, anc the criterion adopted

2’

is to minimise

(4.4)
J=1 =1

where the superscript "c" refers to "calculated! absorbances (using the
formula ch = a0+ a2j02).'

As mentioned previously, values of cl and c2 derived at wavelengths
vhere the ©wo library spectra are different by a larse amount will be more
reliable so that, in this generalised scheme, it is judicious to weight
COQtributiOns to the final solution by a term proportional to the magnitude

of this difference,

- W = ]a - ’ N
3 1j 2 (4.5)
A first-order dependence was considered appropriate i,.e,
WJ. = lalj - aZJ’ (405&)

because of the form of the dependence of the concenfrations on the

absorptivities (Equation 4,2), and because there is an approximately
*

constant randon error associated with each observed absorbance.

A standard least-squares minimisation treatment results in the

following solution

This is a combination of the precisibn of measurement of the Cary 118C
snoctrophotometer and the resolution (0.02mm) of the D-mac pencil
" llower used in digitising the plots,
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) j 33 )
(5;:1\\73/\3.&1 )(J lea 2y o w 215723 )(]lejAjazj)
¢ = A - > (4.6)

(zwjaljz)(zijja2j) - (Zw A ay )(Zu a, av

.)
ij72j3 .
c = L (4.7)
. A
A Iy 2 Iy < b g
vhere = ( 1581 5 ) 2, ) = wjalja2j)

A computer program "SOLVE" was used to find ¢, and Cps with the

1
libraries and the mixture spectra (labelled 1, 2, ...!1) digiticed by a
D-mac pencil follower. The program is an extension of one used by Porumb

(1976),; with added options including weighting of the data and computer

graphic output.

4.3.1 The Program "SOLVE"

ihe input data to the program consists of the digitised spectra,
values for the total drug concentration (a constant for each spectrum
(Section 2.3.1(b)) obtained from the free drug spectrum) and the DNA
concentration appropriate to each spectrum. The program plots the
digitised spectra (esge Figs. 4.6, 4.7 and 4,8), and determines the
concentrations, cq and Css for each mixture., An option is available to
weight the equations comprising Equation (4.3) according to the weighting
scheme of Equation (4.5), where N is an integer. Results can be obtained
by utilising the entire wavelength range; or a selected part of it., The
difference between the total drug concentration, ¢, and the sum of the

computed concentrations, c1 + Cy, will reflect the total experimental

. . . \ o c .
errors. The discrepancies, M( N A 5 A j)’ for each mixture spectrum

are plotted against wavelength. fnspection of these plots can be used to
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detect the presence of a base-line shift (i.e. a systematic error) in the
mixture spectra (Ellis and Duggleby, 1973). The presence of an additional
species in the system (either a second bound mode, or a contribution from
DMA absorption) would be evident from persistent systematic effects in a
spectral series in the wavelength region where this species absorbs.

Several other graphs are produced by the program. A plot of r vs. c®
will typically liare the form of Fig. 3.2, with r increasing to a maximum
(in the case of a single binding mode) approaching ~ (Section 3.4.2), and
the free drug concentration, c¢”, increasing as the mixtures 1 to M are
considered sequentially. The quantity r rises as the bound drug occupies
sites on the DNA (whose concentration is decreasing due to the pipetting
scheme (Section 2.3.1(b)). Eventually this increase slows up and
approaches a limit, as all the available binding sites on the DMA become
filled. The estimation of c™ will tend to be inaccurate when it is small
i.e. for mixture spectra which are difficult to differentiate from library
2 (viz. at small II). Similarly ¢ (and hence r) is more inaccurate for
mixtures that are close to library 1 (viz. at large M).

A Scatchard plot is produced, and this would typically be of the form
depicted in Fig. 4.3. Both r and c” increase progressively through the
mixtures 1 to 15, but r iIncreases at a slower rate than ¢ (due to the
kinetics of binding) so that the quotient C1 fulls as the mixtures 1 to M
are considered. According to the model of McGhee and Von Hippiel (Section
3 .4), the binding ratio r would increase to a saturation value equivalent
to - where n is the binding site size. At low binding, errors in E] inll
be prominent and at high binding errors in r are more important.
Experimentally, a lot of points are required at the extremities of the pilot

iT accurate values of the association constant, k, and the site size, n,

are to lie determined.



Fig. 4.5 Schematic Scatchard plot, showing the typical error
bars (exaggerated in length) arising at the:

extremities of the ranges

9431

Errors mainly in ¢,
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4_.3.2 eTesting the Program

An additional subroutine was used to generate too gaussian library
spectra, and.three mixture spectra by combining the library spectra in
the ratios % : %, :W®and % : \Bsuch that the total drug concentration
was unity. Baseline errors and random noise (using a random number
generating subroutine) were added to the mixtures to simulate experimental
conditions, and their effects were monitored.

Five cases were considered
(.-D) no random or baseline errors.

(ii) a 5% random error (i.e. at each wavelength of each mixture spectrum
an amount of up to 5 of that particular absorbance reading way
either added or subtracted), and no baseline error,,

(i.ii)no random errors, but baseline shifts of +5%, -5% and +10% of the
respective peak absorbances were added to the mi:cture spectra.

(iv) a 5% random error, plus baseline shifts of +5%, -5% and +10%,

(v) a 1% random error, plus baseline shifts of +5%, -5% and +10%.

The graphs generated for examples (i), (ii) and (v), together with a
typical discrepancy plot for each, are shown in Figs. 4.6, 4.7 and 4.3.

In the cases where a large portion of the error was systematic the Aa

plot approximates to the shape of the original spectrum (Fig. 4.8(ii)).

Where the error is largely random, A\ fluctuates randomly about zero

(Figs. 4.6(i1) and 4.7(ii)). Thus, discrepancy plots are useful in

distinguishing base-line errors in an experimental situation.

The values calculated for c® and cQ and their sum (c™ + c2) (which
should equal unity for the test curves), and the root - mean - square
discrepancy (averaged over the mixtures for the complete wavelength range)
in each of the cases (i) to (v) - for both an unweighted scheme, and one
which weights according to k - Ag.] - are shown in Table 4.1. Although
the differences are small toe weighted scheme appears to deal with random

errors slightly better, and baseline (systematic) errors a little worse than



Fig. 4,6 (i) GCeneratedgaussian library and mixture spectra as
' described in Section 4.3,2 (Case (1))
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 Fig. 447

(1) Generated gaussian library and mixture spectra
(Case (ii) in Section 4,3.2)
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Fig. 4.8 (1) Generated gaussian and mlxture spectra (Case (v) in

Section 4,3 2) - : o
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Results Obtained in Testing “SOLVE"

TAZLE 4.1

(see Section 4.3.2)

No Veighting Weighting of Al - A2]
s rms

Cl 02 (C1+C2) discrepancy Cl C2 (Cl+02) discrepancy
Case (i) MIX 0.333 0,667 1.000 | 0.140 x 10732 0.233 | 0.667 1,000 | o0.874 x 107%°
WIX 0.500 0.500 2,000 | 0.117 x 107> 0.500 | 0.500 1,000 0.635 x 10714
MIX 3 0.667 | 0.333 1.000 | 0.013 x 1074 | o0.667 | 0.233 1.000 0,135 x 1072

Case (ii) MIX 1 0.318 0.676 0,904 | 0.125 x 1077 0.317 | 0.661 0.998 | 0.126 x 107°
MIX 2 0.4 0.508 1,000 | 0,117 x 1072 0.494 | 0.510 1.004 | 0.118 x 10~°

- MIX 0.671 0,320 0,991 " 0,977 x 107 0.669 0.322 0.931 979 x 107°
Case (iii) MIX 1 0.378 0.699 1.077 | 0.210 x 107% 0.376 | 0.706 1,082 0.212 x 102
11X 0,455 0.468 0.923 0.210 x 10~ 0.457 | 0.461 0,918 0.212 x 107

MIX 0.757 - | 0.398 1.155 | 0.421 x 1077 0.752 0.411 1.163 0,423 x 1077

Case (iv) MIX 1 0.304 0,69 1.033 0.22 x 1074 0.372 | 0.710 1,082 0.240 % 107
HIX 2 0.452 0.473 0.@5 | 0.245 x 107° 0.460 | 0.441 0.901 0.236 x 10~

MIX 3 0.759 0,403 1.162 | 0.432 x 1072 0.759 | 0.400 1.159 | 0.257 x 107

Case (v) MIX 1 0.376 0.701 1.077 | 0.217 x 107% 0.376 | 0.705 1.081 0.213 x 1077
MIX 2 0.453 0,469 0.722 | 0.212 x 1077 0.457 | 0.461 0,918 0.214 x 1072

MIX 3 0.753 0.395 1.153 | 0.423 x 107% 0.750 | 0.411 1,161 0.431 x 1077




[

the unweighted scheme. Since baseline errors can be recognised fron
the discrepancy plots end compensated for if necessary, the weighted

program vas adopted in all further work,
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Aed . The Spectra for the DHA-Phenanthriﬁine Conmlexes

TrHe absorption spectra of the threc phenanthridine drugs under
considsration were measured vhen bound to three naturally occurring DNA
types of differing G-C céntgnt (Section 2,1.1), and these results were
repeated using low and high ionic concentrations (Section 2.1.25,
Although binding studies of DliA-ethidiunm complexes have been reportad
previously (e.g. Yaring, 1965; Peoletti and le Pecq, 1971; Plumbridge and
Brown,.1977), none of these have investizated the binding in such detail,
The scheme adopted here ensucss a large number of data points on the
Scatchard plot for each spectral series., Analysis using the excluded
site model of licGhee and Von Hippel (1974) is shown to provide a better
fit to the data than the classical anmalysis used in the earlier studies,
and a detailed consideration of the binding specificity has been made
possible by analysing the binding tu several DMA types. Tte binding of
dimidium and prothidium has not been reported previously, and a similarly
detailed analysis has been performed for these drugs.

The mixing scheme employed (Section 2.3.1(b)) ensured that the
reshlts vithin each specﬁral sériés vere sellf-consistent. ~ Several of the
gories were repeated to check on the reproducibility of the results. In
all cases, the values of the binding pafametefs obtained from the Scatchard
plot with the repcated series agreed to within 2% of the values obtained
with the correspoﬁding initial series. |

The spectroscopic results (marked with a '+!') ére displayed as a
Scatchard plot for each spectral series, and they are supplemented by
results obtained from equilibrium dialysis (marked with a 'X'),

-

4.4,1 Ethidium Bromnide

4.4.1(a) The Results
. . ‘
The metachromatic shift of the absorption spectrun of ethidium bronide

in the presence of DHA is shown in Figs. 4.9(i) and 4,13(i), for a series
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of.bindirg ratios r. Minor differences were evident between the shiftg
produced by the different DiA's, but the general effect was the same,

The absorplion spectrum was shifted from 478nm to 519nm with calf thymal
DNA, and to 516-6nn for Cl. perfringens and i, lysodeikticus DNA's; Good
isosbéstic points were obtained for all three DA types - at 510mm for
calf thymal DHA, and at 506nm* for the other two DNA's, suggesting the
existence of only one (spectroscopically distinct) bqund mode., The
effect of binding was visible as a change in colour, from yellow;orange
(free drug) to kright pink (bound drug). The binding abpeared to be
almost iﬁstanﬁaneous, as judged from the change in colour. Nevertheless,
the protécol described in -Section 243.1(b) was adhered t0,50 as to put all
the readings on the same basis,

Similar spectral series were obtained at both low and high ionic
concerntration; good iéosbestism was evident in both instances, and at the
same wavelength, for the same'variety of DNA. At low binding ratios the
‘absorption spectra for the two cases are ideﬁti;al, but at a high degree
of binding (r } 0.2) the spectra at high ienic concentration are shifted
towards the blue and are ﬁOre inténse than those taken at low salt
concentration, This effect will be apparent as giving rise to smaller
values of rax? the saturation binding level, and consequently to larger
values of napp’ the apparent binding site size,

Each spectral sefies was analysed to determine the concentrations of
the free and bound components at each binding ratio, The analysis in
terms of one bound species, iﬁstead of two, was juétified b§ the existence
of a well-cefined isosbestic point in each case, Examples of the bindine
curves (r vs. ¢) are shown in Figs. 4,9(ii) and 4,13(ii). In each caée,

the value of r rises sharply with c, and then assumes a steady value within

The lower wavelensth values for the shifteq library 2 spectra and for
the isosbestic points, for Cl.\ perfringens and I, lysodeikticus, may

reflect the lower wavelensth at which maxdimunm absorbance was found to
“occur for these DNA types (Section 2.1.1).
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experimental error, There is no>indication of a secondary binding mode
which would have been evi@ent from an increase in r at large drug
concentrations, ¢, provided that its n, k values were‘reasonable different
from those of the primary binding mode.,

The Sbatchard plots for the interaction of ethidium with the different
DNA types are shown in Figs, 4,10, 4,11 and 4,12 (low ionic COncegtration)
and Figs. 4.14 and 4.15 (high ionic concentration), The results from the
equilibriﬁm dialysis investigations are marked on .ach graph,  They are
useful in confirming the spectroscopic results in the range where they
overlap, and in verifving the'extrapolation at low values of r and ¢ to
obtain the affinity, o, They were not, however, used in the actusl curve—
fitting because they are subject to larger experimental error than the
spectroscopic data (Section 2f3.2(b)),

It is immediately apparent thal the plots are non-linzar, The
interpretation of such data dependé on the théorctical rnodel used, and the
" author has arsued (Chapter 3) +that the initial. stace should be to try and
fit the data to an excluded'éite modelyusing Equation (3.8). The full
lines superimposed on each plot represent the best-fitiing ofkthe data Ho
this model, and thé dasied lines represent the effect of 5% deviations in
the corresponding values of n and k (as described in Section 3.4.3). All
of the plots, except that for binding to C1, perfringens zt low ioﬁic

Bl

concentration indicate a good fitting of the results to the theoretical

[©]

..

models  The poor fitiing at larze r for the low ionic concantration
Cl. perfringens data (Fig. 4,11(ii)) may indicate an additional anti-
co-operative cnaracter to the binding in this case.

The values obtained from the prOgraﬁ 'SCATFITY (Section 3.4.3) for
the parancters n, ., the apparent site size, 9 the affinity of an is&lated
site (Section 3.5.1) and a goodness~0f-fit parameter .are listed for the
various DUA's used in Table 4.2 (for low ionic concentration) and Table 4.3

\:
(for high lonic concentration), If the actual binding site is determined
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TABIE 4,2
Best-Fit Parameters.for Ethidium Bromide

binding to DNA at low ionic concentration:

f is the fractional G-~C content

DNA type na“Op A¥finity, a ‘ Coodness~of~-Lit
(= P.k) parancter
Cl. perfringens (£=0,30) 3.86 1.33 x 106 0.125
Calf thymus (£=0.42) 2,13 2.20 x 10° 0.010
M. lysoceikticus (£=0.72) | 2.97 7,90 x 10° 0.049
TABLE 4.3
Best-Fit Parameters for Ethidium Bromide
binding to DHA at high ionic concentration
DHA type Moo Affinity, o Goodness—of~-fit
(= P.k) parameter
C1. perfringens (£=0.30) 4.3 4.54 % 10° 0.007
. [ =
Calf thymus (£=0,42) 2.74 4,77 x 10~ 0.170
. lysodeikticus (£=0,72) 4.64 5,10 x 10° 0.001




by a number of specific bases then, in a heteropolymer such as DA, r
: epd
(the apparent size of a binding site) will be larser than n {the actual
site size) since it will also account for the bases to which the drug does

not bind, Tor example, if a drug were To show an outrizsht specificity

for a G~C base-ncir rﬁnp would be much larzer than two for Cl, perfringens

DNA since there is a 40% likelihood that a second G-C base-pair will be
located Turther than two base-pairs avay from the {irst G-C, In fact,
anplication of Equation (3,9) would indicate a value of about four for

n 0 in this exanple.

4.,4,1(b) Discussion of Rasults

The values for %are in agresment vith those of the previous, more
1imited binding studies oi VWaring (1965), Paoletti and lLe Pecq (1957) and
Plunbridgze and Brown (1977). The op values are generally lower than
those obtained previously, but this reflects the method of analysig used
here. If an attempt was made to fit data presented here to ihe classical
a:nalysis, by fi’b‘tihg a straight line to the data at low r, va lower
intercépt (rmax) and hence a larger value for-népp would result. The
values obtained for napp ond ®are mean binding parameters, averaged over
the microscopic binding constanté for all possible sites, since Lqguation
(3.6) considers the DNA as a homogenous one-dipensional lattice of possible
binding sites., The values for ﬁapp and ®may be expectad ?o fcflect, albeit
crudely, the relative abundances of the ten different binding sites available
in an heterogeneous DNA molecule (Saction 3.5).

The values of the affinity a, show a correlation with G-C content.

In particular, the binding appears to be tighter (i.e. the association

L
constant is larger) with species rich in G-C, This specificity is much more
marked at low ionic strength, where there is a factor of nearly 6 between
the values for M. lysodeickticus and thoée for Cl, perfringens. At high

jonic strength, this factor is only l.12, and the association constants are

all lower than those obtained at low ionic strength.,
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At high ionic strength the binding saturates at a lower binding level
cege with calf thymal DNA, binding saturates at r =~ 0,3 at high ionic
concentration, whereas it continues to ra 0.45 at low ionic concentration.
THis reduction in binding with increased ionic strength has been reported
previéusly (Waring, 1965; Le Pecq and Paoletti, 1967; Porumb,‘1976), and
can be explained in terms of the positive charge on ethidium at this pll
due to its cquaternised nitrogen at position 5 (Fig. 1.,8)., If the binding
has an electrostatic character (i.e. there is either a distinct électro_
statically bound species, or there is an electrostatically bound stage en
route to the finally bound species), competition with tﬁe sodium cations
of the bﬁffer will affect the drug binding. In particular, at high ionic
concentration more phosphate aniqns will be screcned by tﬁe sodiun cations
and binding of the charged drﬁg will be‘inhibited. - The lower values of
k at righ ionic concentration indicate a less stable DNA-drug complex at
high salt contént.

The nature of the G-C preference can be investigated by plotting the
affinities for various DNA types as a function of the fractional C-C
content (Fig. 4.15). Al low ionic strength,'the variaction of a with f is
faster than linear and resembles an £2 variation (Fig. 3.18). The ratios
of the experimental affinities oorrélate best with the theoretical ratios
assuning an £2 variation (Table 4.4). A plot of iog ® against log f
(Fig. 4.17) shous that the data could be fitfed to a straight line of
gradient 2,03 z 0.05, which is a strong indication of the f2 dependence.
Thus it appears that ethidium prefers to bind at low ionic strength to a
sequence of two G-C pairs, although the precise nature of this sequence'
specificity cannot bé ascertained (viz, whether GpC, CpG, CpG or CpC).

At high ionic strength, the results are more difficult to interpret.
Fige, 44,16 indicates/that.the Variation of @ with f may be according to
(2f - fz), but Table 4.4 indicates that the variation in @ is nuch less

than renuired for this model. It would appear that the specificity for
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A Comparison of the Ratios of the Theoretical Affinities for Binding to Different DNA

TABLE 4.4

Types with thoge Obtained Experimeﬁtally using Ethidium Bromide

\ Theoretical Experimental
B 5 5 At low salt At high salt
P=f pP=f P=2f-f Concentration Concentration
li.lysodeikticus/Calf thymus 1.71 2.94 1.39 3.59 1.07
‘M.lysodeikticus/Cl. perfringens . 2,40 5.76 1.81 5.94 1.12
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¢-C base-pairs at this ionic concentration ié only slight, and that rinding
probably occurs to both G-C and A-T pairs with only marginally differing
aﬁsociation constants. It could be that at low ionic strengths, when
competifion with_the sodium ions for binding is not so severe, ethidium has
sufficient binding sites available (at least at low binding ratios) for

it to éxercise its sequence specificity for two G-C pairs; but at higher
ionic strengths, so many phosphate groups are screened by sodium cations
that the drug cannot find its preferred binding site (viz. two G-C's) and
binds to those which it finds a 1ittle less favourable.

The variation of the experimentally.determined values of napp vith the
fractional G-C content should reflect this specificity, although the
relationship is more complicated especially when n (the value of napp for
£ = 1.0) is more than two (Sgction 3¢5.1)s The fact that n.app does not
vary monotonically with f at either low or high salt concentration is of
some concérn, although similar variations to those obtained here have been
reported for the binding of the peoptide antibiotic echinomycin (Valkelin and
Varing, 1976). The variation in11app amongst the DNA varieties
considered here is much less than the variation in k within the group, and
values for the intercept £ (from which therlapp values have been obtained)
are notoriously inaccurate even when a ;arge nunber of data points are
taken at high values of r, because of the curvéture of the Scatchard plot in
this reéion- The value for Cl. perfringens at low ionic strength may also
be affected by additional anti-co-operative effects, which could be due to
repulsion betwescn a bound drug molecule and a prospective ?inding molecule.,

Another factor to be taken into accounc is the values taken for the
maximun absorptivities of the three DIA types. A value of asoa_-i“lcm‘l
has been assumed by the author for all ﬁtvee varieties, = Various studies
have reported a difference in abgorptivity amongst DUA's of different type,
bus uafortunately thers is o uianinity in their findings (Table 2,1,1).

\*
miller and Crotiiers (1975) have sugzgested that the value should be higher
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for M, lvsodeikticus and lower for Cl. nerfrincens. If this were the
pa) . .
case, the values of r (and therefore 5—) would be systematically shilted
1

leading to an error in the determination of n (The effect on k is

app"®

. ; r .
not so great, since both r and 31 values on the Scatchard plot are

dat

systematically shifted). lHowever, the changes in the absorptivities

<1t . ' s s
suggested by liuller and Crothers (1975), if implemented, are only about 5%

resulting in a shift of around 5% in naup. This would not account Tor the

strange variation in N, o with [ reported here, I

R

% seems likely that,
because the binding is more complicated than merely an absolute specificity
for G-C, the theory adopted td exnlain the variation.of napp (Qr r.ax) with
f is inadequate. The more straightforward theoretical fluctuntion of the
affinity, @, with f, and the ability to determine © more accurately thon
n, o would point towards the.variation of O yith f being a more rcliable
indicator of the binding specificity. . The observation that napp is
appreciably increased, for all DIA types; at higher ionic concentration
indicates an inéreased exclusion effect, This is probably dus to the
sodiun cations 6ccupying rore of the phesphate sites and precludihg binding
at these sites, although it may also reflec’ conformational changes in the
DNA at hich ionic concentration which male tThe binding sterically less

e &

favourable.

2.4,2 Dimidium Fromide

4.4,2(a) The Rcsulté

The spectra obtained with dimidium bromide (2.g. Figs. 4.18(i) and
4.21(1)) are vory similar to fhose recorded for ethidium bromide, as
expected from their’&efy similar chemical structurcs. Good isosbestic
behaviour was observed, with the isosbestic points occuriﬁg at similar
wavelengths (506 - 512nm) to those for ethidium, 'A'similar trend to that

obtained with ethidium was observed as the ionic concentration was increased.

The spectra for large values of » at high ionic concentration were noticeably
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blue—shifted and more intense than thor> at low ionic concentration,
indicating reduced binding with increased salt content. .

Thé spectral series were analysed in terms of a free and a single
bound drugz species, and examples of the binding éurves are shéwn in Fizs,
4,18(ii) and 4.21(ii). Except for the caﬁe ﬁf binding to calf thymal
DNA at lowﬂéalt concentration, the binding level increased sharply to a
steady walue, broviding no evidence of the existence of a second binding
species. For the low salt binding té caif thymal DNA there was evidence
of some secondary‘(weaker) bihding for free drug concentrations above
about 17u1. The levels of safuration binding vere higher than those
obtained for ethidium (leading to émaller values ofinapp) except for
Mo lysodeikticus at low ionic concentration which displayed a similar
level of binding as wvith ethidium,

The Scatcherd plots are shown in Figs, 4,19(ii), 4.20, 4,22(11) and
4,23, and the paranmeters napp and <lobtaineq‘from cdata-fitting to the
excluded site model cescribed by Equation (3.6) are listed in Tables 4,5
end 4.6, The experimental results were a good fit ta the theoretical
expression, except for binding to calf thymal DNA at lov ionic concentration
(Fig. 4.19(ii)) but even in this case all the data points fell within the 5%

limits on either side of the best-fit line.

4.,4.2(b) Discussion of results

The binding of dimidium to DMNA is not so tight as the binding of
ethidium. The association constants are appreciabiy lover than those
obtained with ethidium, especially at low ionic strength, However, the
affinity of dimidium for calf thymal DNA at high ionic concentration is
larger than that fo; ethidium, and slightly larger even than its affinity
for calf thymal DHA at low ionic strength., This later point is
particularly puzzling especially since the goodness—of-fit parameter at
high ionic strength is very low, indicafing that the results fit the

theoretical excluded site model well, It is probaEle that tﬁe value at
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Fig. 4.22

(i) A surface plot for dimidium binding to calf thymal
DNA at high ionic concentration
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‘.Fig.. 4,23 (1) Scatchard'plot for dimidium bromide binding‘.to DNA
“Fom Cl. perfringens at high ionic concentration
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TABLE 4.5
Best-Fit Parameters for Dimidium Pronide

binding to DNA at low ionic concentration

DNA type napp Affinity, a Coodness—of=-it
(= P.Xk) parameter
Cl. perfringens (£=0.20) | 3.s9 0.86 x 10° 0.038
Calf thymus (£=0.42) .76 | 0.79 x 10° 0.016
Mo lysodeikticus (f=O.72) 3.00 2,65 x iOG 0.001
TADLE 4.6

Best-Fit Parameters for Dimidium Bromide

binding to DA at high ionic concentration

DNA type pp Affinity, a Goodness—of it
(= P.k) paraneter
Cl. perfringens (£=0.30) | 3.99 2.4 x 10°  0.014
Calf thymus (£=0,42) 2,41 5.8 x 10° 0,005
M1, lysodeilkticus (£=0,72) 4,57 4.3 % 10° 0.001
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low ionic strength is a little low, since its goodness-of-fit parameter is
higher, and that there is no statistical difference between the two
association constants for calf thymal DNA. Apart from this one result,
the overall trend for dimidium is for lower association constants than
ethidiun, indicating a less stable complex with DNA.

The specificity for G-C base-pairs appears less marked, with the
difference in affinities at low salt concentration between CI. perfringens
and M. lysodcikticus DNA indicating a probable preference for a single
G-C pair (i.e. a is proportional to F). At high ionic strength the
difference between the affinities for Cl. perfringens and M. lysodeilrticus
is less significant, indicating that the specificity for G-C is only
slight. It is probable that at higher ionic concentrations, relatively
more binding takes place to A-T pairs since many of the sites will be
screened to some degree by the additional sodium ions present.

The values for napp’ the apparent binding site size, arc lower than
-those obtained with ethidium, indicating that dimidium molecules can be
bound more closely together along a DNA helix. It is unlikely that the
significantly smaller values obtained with dimidiun reflect the slightly
smaller overall dimensions of the drug (which contains a -CH group in
place of a -CgH*. S™up in ethidium). It is probable that dimidium shows
a relatively hifdier affinity for A-T pairs than does ethidium, so that
binding is not limited to the presence of G-C base-pairs to such a degree.
It is possible that the binding of ethidiun and dimidiun distorts the DNA
secondary structure and tils tends to inhibit further binding, but that tue
effect of dimidium is smaller and so binding continues to a higher level.
There was some evidence at low/ ionic concentration that a secondary binding
mode nay operate in the dimidium binding at larger binding ratios. Binding
could continue to high binding levels if it were to bind by a mechanism
wh/ch caused Very little disturbance of the DNA secondary structure, and

this would account for the lower values for n ” obtained with dimidiun.



The variation of trtth G-C content is similar to the variation
observed in ethidium. Since the variation is not nonotonic.it is
difficult to fit tiie findings to one of the specificity models considered
in Section 3.5. In any case, consideration of the affinities for dini.Uum
has indicated that simple specificity for a G-C base-pair is scarcely
adequate to explain those resulte. It is more likely that the binding
scheme is more complicated, v.-ith association constants for binding to both
G-C and A—1i base—pairs wnich fire not far removed from each other in
magnitudo.

The values of n~”~ for calx thymal DMA are significantly lov;er than
for *"Che otner DMA types for both dimidium and ethidium binding, at the two
ionic concentrations considered here. It is likely that this reflects
small conformational differences in the native DIIA™s. Bran and Toward
(1972; have claimed two new conformations, the P and T forms, for CI.
perfringens DMA in the fibre state, based on fibre X-ray diffraction patterns
A later paper (Bran, 1973) has reported a progressive decrease in the
intensity of the second layer line as the fractional G-C content decreases,
with an approximately three fold decrease being observed between diffraction
patterns from Sarcina ldtea DNA (f = 0.72) and those from yeast
mitochondrial DMA (f = 0.18). Whether the same conformational differences
with varying G-C content are present in solution is more difficult to
ascertain, since solutions are more disordered than fibres and this disorder
degrades the difinaction data. Bran (1972) has reported that hteh-an™le
X-ray diffraction data from Cl. perfringens DMA in solution suggests that
tlie structure is not tint of the B form and is different from DMA’s having
a higher G-C content (F ™ 0.4). The change is relatively slight, and at
present has not been fully explained in terms of a modification to the DMA
structure. It appears possible, however, that conformations observed in
solution may vary at least in the turn angle per residue, and that this

variation may be dependent upon baso composition. Calculations by Levitt
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(1978) have suggested that in solution complementary bases in DNA are not
coplanar, eaph being propellor-twisted with respect to the other by about
35° to give a DA structure with an average base twist of 170. Thesé
variations in the DHA conformation with ionic concentration, and
conformational chaigzes induced by drug binding, may account fér the
variation of n

app’

4.4.3 Prothidium (Di)bromide

4.,4,3(a) Results

Prothidium (di) bromide appears to form stacked agnregates in solution,
as evidenced by a red shifting of its spectrum with ingreasing drug
concentrations, at lower concentrations than for ethidium and dimidium,
THere is little doubt that the large hydrophobic ring surfaces are the main
cause of this stacking. Solutionz of around 0,05mi1 concentration have a
mewdmunm absorptivity at 460nm, and at a concentration of 0.25m the
ﬁaximum has shifted to around 4385nm. Increasing ionic strength appecrs ﬁo
cause slight red shifting of the spectrum as well, though this effect is
slight (v1-2nm). By analogy with ethidium bromide, the red shifting
may be explained by the bromine ions acting as auxochromes at specific
gites on the asymmetric dimer when the concentration is raised, The most
probable sites for atlachment would be in the positively charged areas

+

around the N; of the chromophore and the Nl of the pyrimidyi moiety. The

P% nitrogen of the pyrimidyl ring has a lone pair of electrons. It could
either act as a H~-bond acceptor or it could be protonated and electrostatically
attract a bromine enion, The observation that red shifting of the

prothidiun spectrun” becomes evident at lower concentrations than for

ethidiun and dimidium may be related to the fact that there are two

brbmine ions for cvery drug molecule. Increased ionic strencth is
expected.to facilitate dimerisation, resulting in the observed shift of the

spectrum to longer wavelengths at high ionic concentration.
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The spectra for the binding of prothidium to DNA (Figs. 4.24, 4.25
and 4,26) differ from those for ethidium and dimidium providing a direct
indication that the type of binding may be significantly different. At
low ionic strength, for each DNA type, the spectra show a red shift from
the free drug spectrum for all mixtures, but at lewer drug/base-pair
values (é 1.0) a hyperchromic effect is evident accompanied by a slight
blue shifting. In fact each spectral series can besplit into two sub-
.series-one (series E) consisting of the spectra with drug/bas _ﬁair
ratios greater than or about unity, and the other (series A) comprising
the spectra with drug/base-pair values less than or about unity. Each
series shows isosbestic behaviour within itself., Series A has isosbestic
points at about 455nm and around 520nm, and series B ha3 isosbestic points
at 410-415nm and 485-490nm. At high ionic strength, this rather complicated
pehaviour is less apparent and all the spectra appear to belong to a single
series, with isosbestic behaviour at 400-405nm arfd 485nm, It seems likely
that the binding operating at'high salt concentration is similar to the
type predominating at large drug/base-pair ratios (viz, series B) when the
salt concentration is low. There is 1ittle variation in the spectra when
different DNA types are usede. |

Sinée fairly good isosbestism bas obtained at high ionic strength
these results vere analysed in terms of a single binding species using the
excluded site model. | Binding curves and Scatchard plots are shown in
Figs. 4.26 to 4.28. This ahélysis was not carried out on the binding
spectra obtained at low salt concentration, since it is inappropriate to a
case that does not show a single isosbestism throughout the range of

mixing ratios. <

4.4.3(b) Discussion of Results

The library '1' spectra corresponds to a drug concentration of about

L . .
20U1, which is below the concentration at which stacking of the free drug
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occurs. The binding curves at high ionic strength for Cl. perfringens
and calf thymus DMA rise steeply at low values of r and c, indicating
tight binding (mode 1 binding), and then they rise less steeply at
around 0.4 — 0,5 (node 11 binding). Tho transition between the two
regions is gradual, but a change in the slope of the binding curve is
apparent, Xne appscrexnce ox one G0 regions mdxcatss that there nxe
at least two binding species. The observation that they arc not well
separated may be due to the two species having similar association
constants, so that they both occur together in significant proportions
at all binding ratios, or, indeed, there may be moro than two bindin
species. For binding to M. lysodeikticus DMA, the landing curve, approache
asyrapotically the value r = 0.45 at large values and there is no further
increase in r, This shows either that there .is only one binding species
in this instance or, more likely, that the two (or more) binding species
are so similar spectroscopically and have so similar n and k values that
their effects are indistinguishable. It may be tliat these species
correspond to binding to A-T and G-C pairs by a similar mechanism, although
if this is the case it is difficult to explain why binding does not
continue above an r value of 0,45.

The Scatchord plots show that‘the data for binding to M. lysodeikticus
DMA can be fitted fairly well to the single binding species, excluded site
model . For binding to Cl. perfringens and calf thymus DMA the fitting
is inadequate at large values of r, find this is probably uue to the effects
of other modes of binding. The binding constants to M. lysodeikticus DVA,
and the constants fox” the binding at low r values (mode 1 binding) to the
Cl. perfriugens and calf thym-.1 DMA, are listed in Table 4.7. There is no
evidence of G-C specificity in the binding. The values for n are

app

similar for the three types, and there is very little variation amongst the

affinity values.
\.

The binding constants are all significantly higher than those obtained

with ethidiun bromide, indicating that the interaction with the DMA"s is
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Figure 4.27 Scatchard plot for the binding of prothidium
di(bromide) to calf thymal DNA at high ionic.

- concentration,
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fig;'d.za (i) The binding curve, r vs. ¢, for prothidium (ai)
bromide binding to'Cl, perfringens DNA at high
;onic conCeptration

014

(11) Scatchard plot of the data shown above



Fige 4.29 (i) The binding curve r vs. ¢, for prothidium (di)bromide
.o binding to I, lysodeil:iticus DNA at high ionic
concentration " : -
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TABLE 4.7
Best-Fit Parameters for Prothidium (Di)bromide

* binding to DMA at high ionic concentration

DNA type ‘ n o Affinity, a Coodness—of-fit
(= P.k) perameter
Cl. perfringens (f=0,30) 2.03 6.06 x 10° 0.606
Calf thymus (£=0.42) | 2.11 9.72 x 10° 1,508
1. lysodeikticus (£=0.72) 2,01 7.24 x 10° 0.059
/'.

\\




stronger. This cou.U be related to the doubly-charged nature of
prothidium, which renders it strongly attracted to the negative phosphate
ions of the DNA backbone. The charge separation in prothidium is 3.07?
(Oam et al., 1009), which .is the approximate distance separating phosphate
groups along cither strand of the DM double helix. Each prothidium
molecule Ms tnree amno groups and a lone-pair nitrogen, all of which are
likely to form hydrogen bonds - the anino groups as donors, and the it of
the pyrimidyl moiety as an acceptor. The distance between the amino
groups are such that hydrogen bonds could be formed to phosphate oxygens
located either along the same strand, or on opposite strands (across either
a narrow or a wide groove). The hydrogen binding would be expected to bo
less strong than the electrostatic binding, although it may be mediated

by a strong electrostatic character due to charge delocalisation around

the aromatic rings.

Since prothidium possesses so many groups capable of providing strong
interactions, in several different ways, with DNA it is likely that
some or all of these binding types will be present simultaneously. The
spectra of the drugs bound by these different mechanisms may be very similar,
and the binding parameters describing the different species may not be
very different. This would account for the fairly good isosbestism
observed, and the findings that the binding curves each show two rather
poorly separated regions and the Scatchard plots indicate more than one
binding species.

Binding mode | appears to saturate, to some extent at least, at a
binding ratio of atout 0.5 i.e. at one bound drug molecule for every two
base-pairs. This,results in nftpp values of around 2.0, and these are
insensitive to the G-C content. Further binding to CI. perfringens and
calf thymus DNA can occur, approaching r values of unity with calf thymal
DM. The saturation of the initial stronger binding occurs at around the
value for total binding saturation for ethidium and dimidium. Prothidiun

is a significantly larger molecule tlian ethidium and dimidium. J.t seems



likely that binding mode I in prothidiw differs in type from the binding

operating with the other two drugs. if ethidiura and dimidiun bind

primarily by intercalation and this mode were considered for prothidium,
the increased steric hindrance (Chapter 8) due to its larger size would be

expected to result in a lower value for binding saturation and therefore in

a larger value for napp for mode 1 binding. In addition, the fact that

further binding can continue past this level suggests that the initial mode

I binding has not markedly changed the DMA conformation by, for example

unwinding the helix.

High kvalues are a perennial source of problems with the analysis of

DNA-phenanthridine spectra since they mean that data at low free drug

concentrations, arc difficult to obtain. At low ionic strength the

association constants are even larger, because of the reduced competition

v/ith Na 1ions, and the analysis is even more difficult than for the series

at high i1onic concentration. At moderate to high ionic concentrations,

results from equilibrium dialysis may be used to supplement the spectro-

photometrically determined data but at low ionic concentration these too

become suspect (Section 2.3.2(a))- For prothidium at low salt concentration

it is thought that the same binding schemes are operating as at high salt
concentration,although the electrostatic character to the binding will be

enhanced because the phosphates will not be shielded by the sodium cations

to any great extent.

A plausible rationale for the anomalous shifting of the spectra at low

ionic strengths is that, at low binding ratios, initial binding (proposed as

being strongly electrostatic) causes a red shifting relative to the free

drug spectrum. By-analogy with the formation of dimers in a free drug

solution at high concentrations, as more drug is bound some of it may form
antisymmetric dimers with the already bound drug to cause a further shift

towards long wavelengths. At still higher drug/base-pair ratios some drug

will remain unbound in solution causing the spectra to shift towards the
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spectrim of the completely free drug, It is not clear, however, uhy the
formation of bound dimers would be inhibited at high ionic concentration,

The spectra at low ionic concentration have not been ‘analysed
according to a single species, excluded site binding model since it is
obviously inadequate to describe the observed spectral data, fhe author
has decided not to analyse the results according to a different schene
because of the computational difficulties, and because of the uncertainties
in the interpretation of the binding modes in operation. Careful equilibriun
dialysis measurements in the future at moderate ionic strengths may
elucidate the nature of the binding interactions. - For the present, howeven,
only the data at high ionic strength appears amenable to qﬁantifying the

nature of the binding.
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The binding of dimidium is very sinmilar to that of ethidium, as is
expected from their similar chesmical structures, ‘he électron-donating
power.of the methyl group to the triple aromatic ring is greater than thot
of an ethyl group. This difference can be<expected to affect the eloctron
density and hence the dipole moment cf the chroméphore. If thé binding
were primarily intercalative, a strong base-pair specificity in the binding
would require that the dipole moment of the rreferred base-pair should match
that of the bound drug. Charge displacement would result in changes in
the direqtion of the transition dipole momen% in tﬁe drug and may result in
a 1ess‘favourable alignment of the drug and base~pair dipole moients,
resulting in the reduced specificity obéerved for dimidium bromige, lore
information on the precise nature of the specificity could be obtained with
synthetic polynucleotides of known sequence, especially if the small
conformational changes thought to occur with diffeprent base sequences were
known more quantitatively,

The binding of both of these drucs appears to be mainly by a single
mode, althouzh this does not rule out the possibility that the binding may
occur via several stages. Any model proposed for this binding mode must
be able to explain satisfactorily the observed saturation of the binding
at around one bound drug for every two base-pairs (see Chapter 8).

The spectral series for prothicdium binding is very different to those
for ethidium and dimidium, indicating that a diffefent binding mechanism
may be operating. In particular, the binding cannot be successfully
explained in terms of a single bound species. The higher levels of
binding ohserved ié/further evidence that there is a different binding
scheme than for ethidium and dimidium. Prothidium hag been observed to
remove and reverse the supercoiling of closed circular duplex DNA (Wakelin
and Varing, 1974), indicating thdt\séme unvinding of the helix must occur

on binding. llowever the result is not diapnostic fop intercalative binding,
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since knovm non-intercalators, such as the éteroidal diamines, are lrowm
to unwind closedycircular DMA. Bindingz models will be discussed in
detail in Chapter 8 but the differences in the spectroscopic behavious

of prothidium compared to ethidium and dimidiun suggest that more than one
binding mechanisn is involved, and that probably noﬂe of them
correspond to the mechanism Operaﬁing with ethidium and dimidium, The
presence of a double positive charge and the three amino groups in
prothidiwn. sugzest that electrostatic and hydrogen-bonding interactions
are prominent in its binding to DNA, and steric hindrance due to the

pyrimidyl moiety can be expected to be aimportant. factor in any binding

schene.
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CIAPTER 5

X-Ray Diffraction from DNA-Drug Fibres

5.1 Introduction

Tke scattering of X-rays by a molecule is described by its Fourier
transform and this in turn depends on ihe positidns of the constituent
atoms and on their Fourier transforms, known as atomic scattering factors,
If the molecule is pa-t of a regular crystalline lattice then diffraction
will occur only at specific angles which are related to the size and shape
of the un;t cell of the crystal, The Fourier tranéform of the molecule
is 'sampled' by the reciprocal lattice of the crystal and the diffraction
pattern shows discrete spots, or refleétions, instead of a continuous
variation in intensity. The spacings of reflections in a diffraction
patteca bear a reciprocal relation to spacings in the real structure.

In a non=~crystalline DNA fibre, although there is normally some
degree of regular often hexagonal packing, there is no azimuthal correlation
_ between the molecules, Such fibres give diffraction patterns consisting
of continuous intensity streaks along each layer line, which essentially
represent the diffraction from a single molecule. In principle such data
allows more information to be obtain?d from the diffraction pattern along
each layer 1ine since, unlike the case of a crystalline fibre, the intensity
is not merely s@pled at discrete points, waever, because'the diffracted
intensities from each molecule are spread out over a larpe sampling
region, they are less easy to distinguish from the background (due to
diffraction from water and amorphous DNA) and accurate measurements are
more difficult, Aﬁ/intermediate situation occurs for semi-crystalline
fibreé. If the molecules are considered as smooth helices then they are
packed in a cfystalline lattice, but if the atomic detail is considered

then the molecules have a random screw displacement., This gives rise to
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fairly sharp crystalline reflections in the centre of the pattern, but a
non-crystalline pattern at higher angles,
Cochran gﬁ al. (1952) have shown that the Fourier transform of a

right handed, infinitely long, helical molecule is given by -

F(E,,8) = § ] £, 9, (278 )) exp 10n(¥=t 45} + 2mez | (5.1)
vhere
rj’¢j’zj = the real space cylindrical polar co-ordinates of.the
' jth atom, |
= the reciprbcal space cylindrical polar co-ordinates

£V, T
| (Fig. 5.1).

Jn = a Bessel function of the first kind of order n.

the atomic scattering factor of the jth atom,

]

d f,
an J
This describes a three dimensional transform which is observed on a
two aimensional plane. It is zero everywhere except on a series of planes
observed as layer lines, On any particular layer line, 1, the orders of

Bessel functions contributing to the resulting transform are given by

the following selection rule -

l] - mN
n = K : (502)
wvhere n = Bessel function ofder
m = an integer

K 4is the minimum number of complete turns of the helix
necessary to incorporate an integral number of residues,
and N is the number of residues in %this repeat distance,

The first maxima of Bessel functions occur at increasing values of t.e
argument as n increases, and only a zeroth order Bessel function has a
non-zero value when the argument is zero (Fig. 5.2), | If the hellx is
integral (K = 1),Othen n=1vhen m = 0 so that anAlth order Bessel function
occurs on the lth layer line (Figf 5.3). This arrangement, repeated in

the four quadrants of a diffraction pattern, produces the cross-like pattern
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Figure 5.1 The real-space and reciprocal space' co-ordiﬁatcs used
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characteristic of diffraction from a helix (Fig. 5.4).

The DNA molecule has two periodicities along its length - the pitch,
and the translation per residue. The % spacing of the layer lines depends
on the helix pitch and whetber or not the helix is integral. The layer
line with 1 = 0 is known as the equator and the line perpendicular to it
and passing through the centre of the pattern is lmown as the meridian.

The magnitude of the Fourier transform at & = O must be zero except when
zeroth order Bessel finctions occur on a particular layer line, " For
B-DNA (N = 10, X = 1) Equation (5.2) predicts that a zeroth order Bessel
function will occur on the loth layer line when m = 1, Because the base
pairs aré approximately perpendicular to the helix axis, diffraction is
observed as a very strong meridional corresponding to a 3.43 residue
repeat distance. Equatorial reflections (1 = 0, m = 0) correspond to a
projection along the helix axis, and provide information on the packing of
the helices, For a diffraction pattern from A-DNA the resulting
crystalline reflections can be indexed enabling the unit cell dimensions to
be calculated. For semi—crystalliﬁe B~DNA patterns the eqﬁatorial
reflection enables the intermolecular séparatioh, IS, of the helices to
be obtained.

If there is a distribution in the orientation éf tﬁe helix axes
wvithin a fibre, the observed pattern‘isAa convolution ¢of the moleCular‘
intensity transform and the orientation probgbility function p(el, ¢1)
defined in Section 6.3.1. This has the effect of spreading out the
diffracted intensity along an arc Centred on the cenfre of the diffraction
pattern (Fig. 5.5(1)). A simple geométfic explanation of this is
illustrated in Fig.-5.5(ii)). Holmes ana Barrington—teigh (1974) have
shown that for a gaussian disorientation‘function the intensity is gaussian
along the arc, provided the arc is not close to the meridian. Deconvolution
schemes have been proposed by whish the molecular transform itself may be

extracted from such diffraction pafterns (Cella et al., 1970; Holmes and
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Barrington-Leigh, 1974; Stubbs, 1974).

The situation is further complicated in the case of DNA molecules

possessing a non-integral number of residues per turn (e.g., C-DNA N = 28,
K = 3) as this results in splitting of the layer lines (Figz. 5.6). This’
causes an increase in the apparent angular half-width of reflections if the
split layer lines are not resolved (Franklin and Klug, 1955). In DHA-drug
fibres the regularity of the molecule is itself disturbed by the randoﬁ
attachment of drug molecules along the helix, 1‘At low drug content the
complex can be considered as a more-or-less regular backbone structure with
a non-integral number of residues per turn, so long as the drug molecule
resembles a base-pair in its scattering characteristics, The X-ray beam
will impinge on an area corresponding to many repeats of the helical
complex, and the diffraction pattern will show new, average helix paramcters.
As the proportion of drug is raised the increased disorder’results in a

deterioration of the pattern and a consequent loss of readily interpretable

information,
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5.2 Previous X-ray Diffraction Studies

X-ray diffraction experiments on oriented DNA-drug fibres have been
reported for the drugs proflavine (Leman, 1361; Neville and Davies, 1SC6),
ethidium bromide (Fuller and Waring, 1364), daunonycin (Piyram 1960,

Pigram et al., 1972), adriamycin (Porunb, 1976)end sfceffimycin (Al-Jubory,
1978). The results of these studies have varied in their details but, in
general, the binding of the drug to DNA resulted in a disordered pattern
as seen by the diffuseness of the layer lines. The amount of disorder
was seen to depend on the nature of the drug, the drug content within the
fibre and the relative humidity. An increase in the observed pitch with
increasing drug content, together with a retention of the 3,4” meridional,
was interpreted as indicating intercalative binding.

Neville and Davies (1966) reported a systematic examination of the
diffraction patterns observed for DNA-acridine fibres. At high humidity
the patterns revealed a significant increase in the pitch of the fibres
compared to the pitch of B-DNA. This increase could arise from an
unwinding of the helix either by intercalation or by an external binding
mode. However, external binding models could not successfully explain
the length increases found by a number of measurements on solutions of the
complex (Luzzati et al., 1961; Cairns, 1962). Consequently, Neville and
Davies proposed that the acridines bound to DNA primarily by intercalation,
although some of it was in an externally bound state. A variation in the
eaullibrium between these two binding modes would explain the observed
change in layer line spacing as the relative humidity was changed.

A similar X-ray fibre diffraction study was performed on the interaction
between daunomycin and DMA (Pigram, 1968; Pigram et al., 1972). These
authors observed a pitch increase and a reduction in the intermolecular
separation of adjacent DNA molecules. The observed changes in DNA
parameters at 92% and 98% R.H., in combination with computer model building

studies, supported an intercalation model. Experimental data suggested



- agreement with the earlier result for ethidium (Fuller and Varing, 1254), so
that the DNA helix untwists locally by 12° in order to intercalate one
daunomycin molecule. |

Porumb (1976) has reported a significant differeﬁce in the binding
of the anthrécyclines adriamycin and daunomycin to DNA as the humidity
is lowered. This has direct relevance to the understanding of the
difference in their biOIOgiéal activity. Both drugs are charécterised
by a marked antitumour activity, and from the chemotherapeutic point of
view adriamycin appears to be more effective than daunomycin, In living
cells, the presence of nucleoprotein and-enzyme systems complexed with DNA
ié likely to create an environment devoid of water, similar to the
environment existing in fibres at low relative humidity. It appears that
adriamycin is a more effective drug because of its ability to remain
intercalated even under conditions of low humidity.

The.interpretation of DNA-drug diffraction results is difficult
because of the uncertainty of the unwinding caused by intercalation, and
because the fraction of drugs intercalated at a given humidity is generally
unknown., Controversy still surrounds the value for the unwinding angle.
The value of 12O for ethidium (Fuller and VWaring, 1964) has been challenged
' end a value of 26° has been proposed (Wang, 1974), The chemical and
enzymatic studies of Pulleyblank and Morgan (i975) hgve also predicted
that tﬁe untwisting angle is between two and three times as high as the
previously accepted value of 120, and experiments using electron microscopy
(Liu and VWang, 1975) and .gel electrophoresis (Keller, 1975) have supported
the 26° estimate, Tsai gﬁ al. (1977) have co-crystallised ethidium with
both the dinucleoside monophosphates adeﬁosine (5! - 3') 5-iodouridylyl
and guanosine (5' - 3') S5-iodocytidylyl, and have solved the crystal
structures to atomic resolution. The phenyl and ethyl groups of the

intercalated ethidium molecule lie in the narrow groove of the miniature
N\

double-helices, and there is an unwinding of the helices by 28°, It
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should be noted, however, that there is no evidence for the intercalative
binding of ethidium to double-helical RNA. The fact that intercalation
has been visualised in an RNA fragment (A (" - 37) iodoU) may illustrate
the limitation of studying the intercalative binding of drugs to nucleic
acid duplexes by extrapolation from data obtained from binding to
oligonucleotides. In principle, with DNA-drug patterns it should be
possible to identify a peak on the equator, the position of which is
independent of the DNA/drug ratio, from which the degree of untwisting at
the intercalation site could be determined (Goodwin, 3.977). Unfortunately,
such a peak would correspond to a Bessel function of very high order

(n = 30 if the untwisting angle were 12°). Such peaks occur far out in
reciprocal space and are not easily recorded.

Relaxation kinetic measurements (L.i and Crothers, 1959) show that even
in solution, several percent of the bound proflavine is attached externally
to DMA. The balance between intercalation and external binding is a
delicate one, readily influenced by environmental conditions. The
interpretation of X-ray results has been limited due to a lack of knowledge
of the fraction of bound drug actually intercalated in a fibre, under given
ionic and humidity conditions and for a certain drug loading in the fibre.
Measurements of the dichroic ratio, taken in parallel with the X-ray
diffraction measurements, can help to resolve this difficulty and the two
sets of data will be discussed together in Chapter 7 with a view to
clarifying this situation.

The question of the biological significance of intercalation remains
open. The diverse biological activities which have been attributed to
intercalative modes of binding may be due to differences in tlie stereo-
chemistry of intercalation for different drugs, and to differences in the

equilibrium between intercalative and external binding.



5.3 The Program 'FI-XL:I'

The program “FFILM® performs three basics -

(i) It finds the centre of the diffraction pattern and scales the
pattern. Diffraction from the aragonite powder (Section
2.3,3,?7.), with which each fibre had been sprayed, produces a
ring centred on the centre of the pattern. ITf the corresponding
spacing in real space is known, then the ring may be used to
find the centre of the pattern and the specircien-to-film
distance, D. The best; values of these quantities may be

obtained by application of the formula
- = - sin{y2 tan -) (b-3)

where ~ Is 1.541sR, the wavelength of the copper KQ radiation used
in this work, F is the radius of the ring and d is the corresponding
distance in real space.
The program incorporates a subroutine “CENTRE ", written by Dr.
W_.J. Pigram, which obtains the best values of the centre co-
ordinates and specimen-to-filn distance by using a least-squares
minimisation algorithm.

(ii) It obtains the reciprocal space co-ordinates (and the corresponding
real space values) for points in a diffraction pattern. The
measured film co-ordinates (X, Y) of an elongated spot on the

pattern are converted to (cylindrical) reciprocal space co-ordinates,

using the relations

Y
$ A2 V xo + y211 G-H
21 AO £0/2 D
o a- ) 1 (5.5)
(D2+X2) 2
2 r2
C +5 G-6
where the quantitiesp , i and £ are defined in Fig. 5.1. The

reciprocal of S is also given, except for points on the equator,



since this value is usually equal, or proportional, to either
the helix pitch or the translation per residue along the helix

axis.
For B-DNA and complexes of DNA with an intercalated drug the
packing of the helices usually conforms to a hexagonal pattern.
In this case, the intermolccular separation, IMS, is given by

2 1
MS = (G.7

Suo
where ~ is the value calculated for the strong (innermost)
equatorial spot, talcen as the (110) reflection.
(iii)lt calculates a value for the disorientation, of the molecules
within the fibre.
Fox® spots remote from the meridian, Fraser ct al. (1976) have

shown tixat the following formula holds t/ell.

Q = oV + 26" (5.3)
irp™X
h _ (Act)2
where Q = In 2

Aa = the angular« half-width of the spot on the photograph,
taken ns the angular distance between the peak
intensity point and a half-intensity point,

p = the coherent particle length, which determines the
sharpness of the layer linos in the ~-direction.

X = the X co-ordinate of the spot.

and N = the half-angle of the gaussian disorientation
(defined in Section 6.3.1).

i 2
The intercept of a plot of Q against » wil1 "ive 256 .

The half-width of a reflection is measured from a microdensitometer
trace tangential to the ai"c (Fig.- 5.7). The program calculates the
cox"responding angular half-width, Aa, given the pantograph ratio of the

microdensitometer arm and the distance of the reflection from the centre



©O) From an A-DNA pattern

(D) From

Figure 5.7 Typical densitometer traces used to test the program

"FFILM® (see text for details)
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the pattern. The angular half-width in 3-dimensional reciprocal space,
AU, is outbut, along with values for.Q'and %2 from which § may be
obtained., A facility exists to input uncertainties in the microdensito-
meter half-widths and obtain corresponding uncertainties in Q,

The parameter p, determined from the gradient, will not have as much
significance for a DNA-drug fibre as for a pure DNA fibre because the
helices are irregular,'but it should still giveisome idea of the distance
over which a semblanns of regularity persists, Its value would be
expacted to decrease asvthe proportion of drug in a fibre is increased,
The value of 6 obtained will be an overestimate of the gaussian
disorientation since other factors (such as the limited crystallinity of
the fibre, lack of collimation of the X-ray beam aﬁd, in the case of a
non-integral helix, layer line splitting) will have conbtributed to the
arciny of the spots.

The program was tested.on an A-DNA pattern supplied by Dr., C. Nave,
and on a bﬂA-daunomycin (i1 = 2,5) pattern supplied by Dr. W,J. Pigram,

The results are tabulated in Table 5.1.

TABLE 5.1

Disorientétion Parameters from the Program 'WFIILI!

Aa Ao ) p(R)

A=DNA (1) 3.6° 3.6° 3.1° 1000

(2) | 3.6° 3,6° 3.0° 500

DNA-daunomycin (1) 11.7° 11.5° 7.7° 91
(2) 11.,2° 11.0° 8,4° 167

The readings marked (1) were obtained using a 2-dimensional travelling
microscope to measure the reflection co-ordinates; those marked (2)

. \
employed a DMac digitiser. The good agreement for corresponding cases .
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indicates that both methods are equally reliable.

The large vélues obtained for the coherence length of A-DNA indicate
that regularity persists over a considerable distance, The vaiues
themselves, however, are imprecise becaﬁse the gradient of the graph of
Q'vs. %2 is so small that it is almost horizontal., Relatively small
uncertainties in the densitometer half-widths result iﬁ large uncertainties
in the siope of the best-fitted lines, and hence in the value of p, For
the DNA-daunomycin fibre at M = 2,5 regularity seems to persist over 3
to 5 base-pairs which is comparable to of slightly more than the distance
between the drugs if they had been bound.regularly.

The values of § are slightly lower than those for Aa and Ao, although
they correlate well. The disorientation half-angle, S5, is expected to
show this trend since the total arcing, described by the half-angles Ac and
Ao, will be due to other factors in addition to the disorienfatiun of the
helices. ' For the further work in this Chapter, the disorientation § has
either been computed using measurements from a tangentiél microdensitometer

trace, or it has been assigned a value equal to 70% of the value of Aa

estimated geometrically from a déiffraction photograph.
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5.4 Aims of the Diffraction Study

The details of fibre making eire given in Section 2.2. All the fibres
used in this study were made using the low ionic concentration buffer
(Section 2.1). At this ionic, strength, a DNA fibre would normally
undergo a transition from the B form to the A form at about 302 R.H.. For
some of the discussion of the experimental results of this chapter, it
will be more convenient to specify the bound drug content of a fibre by
its base-pair/bound drug ratio, M, This is obtained by measuring both
the UV and visible absorbances of the complex in solution and its
corresponding supernatant after centrifugition. Subtraction of the
values obtained will give the concentrations of bound drug and DNA in the
gel, and hence in the fibre, assuming that all the drug molecules bound
to the DNA in solution remain bound during sedimentation and the subsequent
drying down of the gel to form a fibre. The ratio M is equivalent to the
inverse of the binding ratio, r, which has been used exclusively up until
this chapter as a measure of the proportion of bound drug. For each of
the three drugs considered in this thesis, an extensive set of fibres
(together with control DNA fibres) was prepared with M values in the range
2.0 to 19.

The purpose of this study was to determine accurately the modified
DNA helix parameters from the diffraction patterns of a series of fibres as
a function of the drug content and the hydration of the complexes. These
parameters indicate whether or not intercalatxve binding takes place, and,
if so, to what extent. Since intercalation is a largely hydrophobic
mechanism it was anticipated that the relative humidity would affect the
amount of intercalatively bound drug. An estimate of the gaussian
disorientation can he obtained from the arcing of the diffraction spots.
Apnlication of some of this information is reserved for Chapter 7, where it

.is interpreted in conjunction with the diohroism and W.re fringenee
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measurements. These latter measurements provide information on the
orientation of the clrirj diromophores in the fibres, and may be used to
estimate the proportions of interc .latively and externally bound druij

molecules for a particular set of environmental conditions.
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5.5 Ethldlum Broinide

5.5.1 Experimental Results

Typical X-ray diffraction patterns from the control DNA are shown
in Fig. 5,3. The pattern obtained at 75% R.H. 1is that of file crystalline
A form, and the pattern at 93% R.H. shows the semi-crystalline 3 form.

The quality of the patterns does not match the best of the previously
published DNA patterns (Langridge et al., 1960; Fuller et al,, 1965;

Fuller, 1961), but the previously published patterns were obtained from
fibres which were formed by dissolving DMA in a droplet of water between
two glass rods whereas the fibres used here were made by drying down a
centrifuged gel. The patterns in Fig, 5.8 are sufficient to show that the
control DM 1is neither degraded nor denatured and that it is extensively
free from iImpurities. The quality of trio patterns depends on the
disoi"ientation within the fibre, and this is related to the conditions
under which the fibre was pulled. From the layer line spacings the helix
pitch of the B form is calculated to be 33.82 at 92% R.H. and 34.22 at 98%
R.H,, and the equatorial reflections give intermolecular separations of
25.8% and 26.2% respectively. The layer line spacing of the A pattern
corresponds to a pitch of 28.1A, and the spot positions agree with those of
Fuller (1961) indicating that the DMA crystals are monoclinic with unit
cell dimensions a = 22.24a, b = 40.62%, ¢ (=Pitch) = 23.15% and 3, the
angle between the a and c axes, = 97.00.

Typical X-ray diffraction photographs from DNA-ethidium fibres are
shown in Figs. 5.9 and 5.10. Those taken at 92% R.H, are all of the
semi-crystalline B type, as shown by the strong meridional reflections and
the distinctive intensity distribution on the layer lines. The retention
of the strong 3.4$% meridional at all M values indicates that the bound
drug molecules must be attached such that the 3.4$ repeat distance along

the helix axis is preserved. The layer lines become more diffuse for



(1) A conformation, 75% R.H.

(ii) B conformation, 98% R.H.

Fi re 5,8 X-ray diffraction patterns from a I/ fibre (0.0LM MaCl)
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(iii) M=S.0

Fi lire 5.10

4.0

Gv) M = 19.0

.-.-ray diffraction patterns from DNA-ethidium fibres at

eH.  (0.01 M HaCl)



= 8.0, 92« R.H.

Fipure 5.11

(iv) M= 19.0, 92% R.H.

X-rav diffraction patterns fron DKA-dimidium fibres

(0.01M 1."Ch)
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fibres of larger drug content as expected from the increased disorder
caused by binding, and reflections on tiie layer lines are not resolved as
spots. Only the second layer line is resolvable in Fig. 5,9(i) and (ij)
The first layer line is never as clear as the second layer line in B-DIIA
patterns, but as fibres of increasing drug content are considered the
first layer line becomes more obscured by the equatorial streaks (ripr.
5 0(1), @1) and (@iIX)). Repeated measurements along the second layer lino
produced an estimate of the pitch which agreed with estimates from the
other three quadrants of the pattern to about t 2% for most fibres.

Measurements made on the patterns showed that, at 92% R.H., ethidium
causes an increase in the helix pitch from the 33.a? value obtained with
the control DMA fibres, and this increase is a monotonic function of the
fractional drug content (Fig. 5 .12). The intermolecular separation
appears to decrease slightly when ethidium is bound in moderate proportions,
but at large drug binding ratios it iIncreases again to about the value for
the control DNA (Fig.- 5.13).

At 75% R.H, (Fig- 5.10) fibres of high drug content (e.g- M - 4 and
M — 5.5) show a vaguely 3-type pattern, whereas fibres containing onlv a
small amount of ethidium (e.g- M = 19) exhibit an A-type pattern. Both
Fig. 5.10(i) and (ii) show the very strong 3.4.? meridional, with that of
Fig. 5.10(i) being arced to a large degree indicating poor orientation
within the corresponding fibre. At intermediate values, sometimes an A
and sometimes a B type pattern was obtained with different fibres of the
same M value. In this range of M values, the variability in the conditions
under which the fibre was made seems to be a greater determining factor es
regards the conformation than does the actual drug proportion within the
fibre. The A-type patterns all show a pitch of around 28.1?, the pitch
of the control fibre at this humidity. The measured pitches for the
B-type patterns appearing at 75% R.H. are larger than 28.1? and they

increase over the range of M values as the drug content is increased. For
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large M values (Ml = 4 and M = 5,5) the pitch\has risen t§ around 33.5?,
comparable witﬁ the pitch of B-DNA at 92% R,H, The B-type drug patterns
at 75% R.H. would appear to result from Einding to a low-pitch form of
B-DNA, similar to that obtained by Porumb (1976). The exact mechanism

by which the low-pitch conformation arises is not known. It may be
regarded as a helix containing alternating regions of A and B type DNA
resulting from an indecisive B to A transition in the fibre. Pigram
(1968) obtained a diffraction pattern of mixed A and B character from a
DNA—ethidium fibre (M = 12,5) at 92% R,H, The two phases ocould be clearly

identified from the low angle diffraction spots.

5.5e2 Discussidn of Results

’ Fige. 5.12 shows a progressive increase in the pitch of the fibres at
02% R.H, with increasing proportions of bound ethidium, The increase in
pitch becomes more gradual at high drug contents, and appears to approach
a limit of about 478 at 11 ¥ 2,5 (i.es r = 0.4). This is similar to the
saturation binding level deduced from the spectroscopic measurements in
Section 4.4.1, and could be due to an exclusion site effect.

An increase in helix pitch with increased drug binding is not absolute
proof of intercalative binding, since an extergal binding mechanism cguld
be envisaged which would cause an unvinding of the helix, A larger
unwinding angle per drug would be required to account for a bertain increased
pitch for aﬁ externally bound drug, than if the increase were due to
intercalation, This is because intercalation increases the pitch by
inéertion of a drug molecule into the helix cs well a; by the consequent
unwinding of the helix to relieve the tension in the sugar-phosphate backbone.

External binding of a large amount of drug would probably tend to

increase the intermolecular separation of the helices since the added

the drugs would tend to\keep the helices well separated,

\

volume of
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Intercalation could successfully explain the observed reduction in
intermolecular separation (Fig. 5.13), since intercalative drug molecules
are inserted into the centre of the double helices and so there is less
material to block the close approach of the helices. The unwinding of

the helix by intercalation would result in the molecule becoming thinner,
and hence in a reduced intermolecular spacing. However, the interpretation
of the Cilange in invermolecular separation with M is very difficult For
instance, the externally bound drug molecules would be expected to cause
considerable screening of the electrostatic repulsion between the DMA
helices, thus allowing the helices to pack closer together.

Intercalative binding seems to be the only realistic way to explain all
the observations, and account for the retention of the 3.4%$ repeat alon-
the helix axis. An intercalated chromophore would scatter X-rays in much
the same way as a base-pair and since the ethidium chromophore is about
3 .4$ thick the meridionial would be almost unaltered.

The relationship between the increased pitch, Pinv and the amount of

intercalated drug (of 3,4$ thickness) into a B-type structure is given

(after Fuller, 1966) by -

P(1 + Fr)

5.9
int -9
where P is the original pitch, before intercalation, F is the fraction of
bound drug; which is intercalated, $ is the unwinding anJLe at the inter-
calation site and r is the binding ratio as previously defined (Section
2.3,1 (a))- This relationship is shown iIn Fig. 5,14 with P = 34% for

various unwinding angles in the range 6° and 36°, and F values of 0.5,

0.7 and 1 .0 .

A corresponding formula for the increased pitch due to external

binding P is given by



Figure 5.14

/contd.



Figure 5.14 Variation of pitch with the binding ratio, r, and the
unwinding angle, , for intercalative binding (Equation

5.9). The values of F are harked on each graph.



P = b (5.10)

where F* is the fraction of bound drug which is externally bound, ia
the unending angle at the site of external binding and the other symbols
are defined as for Equation 5.9. This equation is shown plotted in

Fig. 5.15 with P = 34~ for various unwinding angles in the range 6° to 36°
and F values of 0.7 and 1.0. A scheme whereby both binding modes
existed simultaneously would result in an equation for the increased pitch
which v/ould be a combination of Equations 5.9 and 5.10.

We can consider which of these schemes is more likely to result in a
pitch of ~47% at r % 0.4. ITf intercalation is considered, it is unlikely
that all the drug in the fibre is intercalated since if F = 1 no unwinding
would be required in Equation 5.9 to give the experimental pitch value.
Stereochemically this is unreasonable; model building studies (Pigram,

1968) have shown that intercalation must-necessarily be accompanied by an
unwinding of the helix. If an unwinding angle of 12° were assumed (as
proposed by Fuller and Waring, 1964), then 67% of the drug in the fibre
would need to ‘be intercalated. IT a higher unwinding is proposed, say

26° (as suggested by Wang (1974)) then a smaller fraction of the drug is
required to be intercalated - iIn this instance, 49%. Considering an
external binding mode, even if all the drug in the fibre was bound
externally, Equation 5.10 v/ould require an unwinding of 25 +to account for
the observed pitch of the fibres at high drug content. IT all of the

drug is not bound, higher unwinding angles would be required. For example
if 70% of tlie drug in a fibre is externally bound then an unwinding of 36°
would be required at each binding site. This latter value is unacceptably
large since it would cause a very large disruption of the DMA helix, and
even at fairly low drug content the diffraction patterns would lose their
Such a large unwinding angle cannot be accommodated readily

B-type character.

into models of the DNA-drug structure (Pigram, 1968). It is difficult to



Figure 5.15 Variation of pitch with the binding ratio, r, and

unwinding angle, , For external binding (Equation

(6-10)). Values for F* are marked on each graph.



- 106

conceive of an external binding scheme that would result in unwinding
angles as large as, say, 25° and it is unlikely that at 92% R_H. all the
bound drug would attach externally to the DHA. It is much more probable
that the observed unwinding is due to intercalation of a fraction of the
bound drug, and that the remainder is bound externally without altering
tlie DI"IA helix.

The experimental results do not fit closely, over the full ran™e of
binding ratios, any of the theoretical plots of Fig. 5,14 but there are
several other factors that would explain this. The results at low
binding ratios cause only small changes in the pitch from the control value
of 33.1%, and so they are difficult to determine accurately. At larger
drug content exclusion effects will become important and the drug will find
it increasingly difficult to find suitable binding sites. Table 5.2
shows the fraction of intercalutive binding, F, required to explain the
measured pitch values if intercalation is assumed to cause unwindings of
12° and 26° respectively.

The observed pitch measurements can be explained successfully either
in terms of 90h of the drug binding intercalatevely with a 12° unwinding,
or in terms of about 65-70% of the drug binding intercalatively with a 26°
unwinding. For unwinding angles between 12° and 26°, values for F between
90% and 65-70% would account for the results. At large drug loadings,
these figures drop to about 75% and about 55% respectively for unwinding
angles of 12° and 26° due to the exclusion effect. The remainder of the
drug is presumably bound by some external binding mechanism in such a way
that it causes no unwinding of the helix. This mode is not evident in
the spectresconic analysis of the complexes in solution, because presumably
at full hydration only intercalation takes place. With the reduced
h\tlgjtrric drive to intercalation at 92% R.H. in a fibre, some of the drug
slims out from its intercalation site and binds externally,

Vv
As the humidity is lowered the DNA-ethidium Fibres adopt a conformation



TABE 5.2
The Pitch of DNA-sthldiwni Fibres, P, at Various r
Values, and the Fractions of Intercalatlvely Bound
Drug Needed to Explain these Pitch Values

According; to Equation (5.9)

P r F @Gf €= 12°) F (if ©= 25°)
33.8 0 - -
35.4 0.080 0.44 0.34
36.4 0.125 0.45 0.35
37.5 0.160 0.50 0.38
38.%7 0.166 0.63 0.43
39.5 0.182 0.67 0.50
42.5 0.200 0.91 0.67
43.6 0.220 0.92 0.68
45 .0 0.260 0.83 0.65
46.0 0.318 0.78 0.57
46.5 0.356 0.72 0.53

Note; The values of F for r 4, 0.16 are less reliable since the

corresponding pitch values are close to the control DNA

value.
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of lower helix pitch. Intercalation is known to stabilise the B-form

of DMA (Bloomfield et al., 1974 - melting temperature measurements).

For fibres with a low proportion of drug (e.g- M - 19), it appears that
all the intercalated drug slips out at 75" R._H. allowing the helix to
adopt an A-typs conformation. The drug molecules, now either externally
bound or free in the fibre, arc randomly orientated within the fibre and
cause a degradation in the resolution of the pattern. At high drug
content (M = 4 and M = 5.5) sufficient drug remains intercalated to
stabilise a B-type pattern. The pitch of these patterns is around 33.5a
indicating that these complexes do not represent an unwinding of the
control B-DNA appearing at 92%, but rather an unwinding of a lower pitch
conformation of DMA which is similar to the B-conformation (Porumb, 1976;
Goodwin, 1977). At intermediate values of Il the situation is more
complex, and regions of A-type and B-type DNA probably exist together within
a particular fibre. For a particular value of M, the pitch at 92% R.H,
is always greater than that obtained at 75" R.H., so that there is little
doubt tliat intercalatively bound ethidium slips out of the helix as the
humidity is lowered. It is not possible to assess the extent of this
behaviour since patterns from the low-pitch B-type DBA, occurring at 75"
R.H., have not been obtained by the“author.

The patterns are generally very similar to ethidium patterns of the
same drug content that have been reported previously (Digram, 1968; Porumb,
1976). The disorientation half-angle, <, for all the patterns is between
4° and 9°. There may be some correlation between the disorientation and
the drug content, but it was difficult to recognise. Variations within
the range 4° - 9° were observed with different fibres of the same M values,
so it seems that the conditions operating whilst pulling an individual
fibre are of prime iImportance. It is unlikely that variations in the

disorientation within this range‘xmuld have much effect on the results for

the pitch and intermolecular separation, even if intercalation were to
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increase the disorientation to some extent by kinking the helices

(Chanter 0). Although the disorientation measurements have not been used

in this discussion, they will be of value when considering the dichroic

ratio values in Chapter 7.



5.6 Dimidium Bromide

5.6.1 Experimental Results

The diffraction patterns obtained with dimidium arc very similar to
those obtained with ethidium. A selection of them is shown in Fig. 5.11.
The same features are present as with ethidium - in particular, the
retention of the 3.4% meridional and the reduction in layer line spacing*
indicating an increase in pitch with increasing drug content. Generally,
the patterns obtained were not as good as those obtained with ethidium,
though most of the loss in detail may be attributed to a poorer
orientation of the helices within the dimidium fibres (compare Fig.
5.11(i), (iii) wetli Fig. 5.9(i), (i) and (iii)). By analogy with
ethidium, there is no doubt that dimidium binds intercalatively. The
variation of pitch with drug content at 92% R.Il. is shown in Fig. 5.16,
and the values for intermolecular separation are shown in Fig. 5.13
together with the results for ethidium. The values obtained for the
intermolecular separation do not show clearly the drop in BIS at moderate
r values, and the subsequent increase at large r values to the control
value for B-DNA, that was observed with ethidium. Instead they are

more-or-less randomly distributed within the range 24$ to 26$% for M values

between 4 and 19.

5.6.2 Discussion of Results

The variation of helix pitch wdth drug content is identical to that

for ethidium, at r values up to about 0.20. At higher r values, the
pitch is slighter higher than for ethidium. It appears to approach a
constant value of about 49% at r = 0.4. This asymptotic behaviour at

high drug content again probably reflects the exclusion character of the

binding. The higher observed pitch values at large r values suggest

\
that either exclusion effects are less prominent than with ethidium, or that
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Figure 5.16 The pitch of DNA-dimidium fibres at 92% R.H. as a function

of the binding ratio, r.  (0.01M NaCl)
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the hydrophaic drive towards intercalation is greater. This is in
agreement with the findings of Chapter 4, vhere it was noted that the
binding site size was smaller for dimidium than ethidium, A pitch of
428 at r = 0.4 could be due to 76% of the drug in the fibre binding
intercalatively with a 12° unuinding at each intercalation site,
Alternatively, it could be accounted for by 55% binding with an unwinding
of 26°. These values are slightly higher than the values derived forv
ethidium binding at high r bylthe same mechanisms (viz. 67% and 49%
respectively), and are consistent with the smaller apparent binding site
size of dimidiumlcomganyiwith ethidiun (?.41 conpared with 2,74 for
binding in solution at this ionic concentration).

It is very likely that dimidium unwinds the helix by the same angle
as ethidium since they are very similar molecules. This would explain
the close similarity in Figs. 5.16 and 5,12 at low binding raticc, The
sane unwinding angle éan accdunt for the results at large r, énd the
higher pitch values can be explained in terms of higher fractions of
intercalative binding, Vakelin and Varing (1974) estimate the unwinding
angle for dimidium to be i1.5°, if a 12° unwinding is assumed for
ethidium, from unwinding studies of supercoiled DNA in solution. They
assuned that all the drug molecules, detected as bound'by solvent
partition, were actually intercalated. In the fibre state, there appears
to be slightly more intercalatively bound dimidium than ethidium for a
giQen (large) r value and this would result in the pnﬁinding angle for
dimidium appea:ing to be slightly lower still than for ethidium., The
effect is small, however, and using the valucs just calculated che |
unvinding of dimidiun would appear to be about 10.6° if the value for
ethi diun were 120, and 23° if the ethidium value were 26°,

It is possible, however, that fhe gtereochemistry of intercalation
into DNA in solution is somevhat different than in the fibre state and
must be exercised in'comparigg the values of parameters obtained in

care

-
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the two states, Hogan et al., (1979) have proposed a model for the
intercalation of ethidium into a DNA molecule in solution in vhich the
base-pairs are related to each other in a propellor-like fashion as
suzcested by Levitt (1878). In this scheme the complemenfary bases in
DHA are not coplanar. Instead they are twisted with respect to each
other by about 350 to give an average base twist of 1 °. Hogen et al.
(1979) suggest that an intercalated drug molecule unstaecks the 5!
pyrimidines on eilther side of the binding site, arnd that the iﬁtercalated‘
drug is tilted by an angle between 17° and 28° from being éerpendicular
to the helix axis, Consequently the lengtheniné_of the helix would be
2.72 for each intercalated ethidium chromophore rather than 3.43. - This
scheme could not describe the situation in a fibre, since the sitrong
meridional intensity in X-ray fibre diffraction patterns indicates that
the base-pairs are nearly perpendicular to the helix axis,

There appears to be little Systematic variation in the intermolecular
separation of the helices with changing diﬁidium content (Fig. 5.13).
The intermolecular sebaration is difficult to measure precisely on some of
the patterns. The uncertainty due to the width of the equatorial spots
in these patterns results in an error of up to b 12, and there were
jess dimidium patterns meésured than éthidium pattérns. A larze
proportion of the uncertainty in the intermolecular separation may be

ascribed to the variability in the drying-down of complexes involving an

ionic drug (unpublished results of this research group).
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5.7 Prothidium Di(bromide)

S5e701 Experimental Results

The Z-ray patterns from DNA-prothidium fibres (Fig. 5.17)are noticeably
poorer in quality'than those from fibres containing either ethidium or
dimidium at corresponding DiA/drug ratios (e.g. compare Fig, 5,17(ii) with
Fige. 5.S(iv)). A 3.48 meridional was observed in all the ratterns,
indicating that at least some B-type character was retained even at 75%
R.He. TFor fibres of high drug content (i: 5 &), the centres of the correéponding
diffruaction pattefns vere very vague and they were no resolvable layer
lines. This is evidence of a very irregular structure, but the gross
features of the patterns indicate that they are based on the D-conformation.
The patterns display significantly more detail as the proportion of drug
is reduced, A fibre with I{ = 12 is ghown in Fig. 5.,17(1) and (ii), At
75% RMH, it exhibits a mixture of A and B-type conformations, whilst at
92% RH, it showé the B-conformation only, Fibres of very low drug content
(x 4 17} often retained some A~type conformation at humidites of 929 angd
above.

Patterns taken from different prothidium fibres of the same drug content
were often variable in quality. This is thought to be largely due to the
variability in the drying down of the gel, -Some fibres may dry down
quickly on the outside to form a skin containing a less orientated interior,
Prothidium gels are very viscious, and the proportion of fibres vhich
collapsed on dryving down was much larger than with ethidium and dimidium,
On occasions, particular fibres did not display reversible confrrmational
changes as the humid?ty was changed.

-~

5.7.2 Discussion of Results

The generally poor resolution of the DNA-prothidium patterns compared
N
with patterns using the other two drugs 1s an early indication that the



@ M= 12.0, 75% R.H. (U) M « 12.0, 92% R.H.

Fi;ure 5.17 X-ray diffraction patterns from DtiA-prothldium Ffibres

(0.01M Hr,CD)
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DNA is more seriously interfered with by binding prothidium to the helix,
although some of fhe loss in detail is due to the poor orientation of many
of the prothidium fibres. Some loss of regsolution may be expected due to
the greater size of prothidium resu1t£ng in a larger perturbation of the
DNA, but the rathér drastic worsening of the patterns compared with those
fron ethidium and dimidium suggests a much less regular character to the
binding, ~r indeed a different mode of binding, than that operating with
the other fwo druzs, The patterns which showed a significant proportion
of A-type diffraction showed less distinct reflections than obtained in
the control A-DNA patterns at angles corresponding to distances in recal
space of 152 and above, This indicates a limited crystallinity within the
DiA-drug structure, probably due to an increase in.screw disorder as more
drug is bound, There is very little detail remaining in these patterns
at 3 - 102 resolution, indiéating a severe loss of regularit& in *the
molecules at the nucleotide level.

The B-type patterns all give rise to pitch values less than or about
348 at 75% R.H, and about 348 at 92% R.H,, which indicates no unwinding of
the helix compared with the control B-DNA pattern, Porumb (1976) has
obtained B-type patterns with a pitch less than 348 using daunomycin and
adriamycin at hunidities around 8% RH. This is consistent with the belief
that low-pitch B-type DHA conformations may be stabilised at low humidities,
The author has not obtained any low-pitch B-type DNA patterns using the
control DNA fibres, with which to compare the DNA-prothidium patterns.,
However, the appearance of low-pitch DNA seems to require a rather delicate
balance of ionic and humidity conditions (Porumb, 1976).

The intermolecg}ar separation measured from the B-type patterns
y 2-3R as prothidium is bound up to M = 12, after which it is

increases b

difficult to resolve the B equatorial spot. The increase indicates that

binding by prothidium may result in a bulkier structure, and this could be

\ e o .
accounted for by an external mode of binding - either along a strand of the
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double helix, or across from one strand to the next. Both of these
binding schemes could occur to binding levels greater than one drug for
every two base-pairs (c.f. the spectroscopic results of Section 4.4.3).

If both of theée binding mechanisms were operating simultaneously a
substantial degradation in the regularity of the structure, as revealed by
X-ray diffraction, would result even at much lower binding levels. This
is because the electron density of the drug, in an external binding wode,
is at a radius equal to or greater than that of the sugar-phosphate backbone.
The most reasonable interpretation of the B-type drug patterns is that
prothidium binds to DHA by a mechanism that does not‘involve a substantial
pitch increase, and this precludes intercalation as the major binding mode.
The increased intermolecular separation at high levels of binding sugpests
that the mode of binding is an external attachment to the sugar-phosphate
backhone.

A1l the vaguely A-type patterns exhibit a pitch close to 28,18, the
pitch of the control A-DHA fibre, irrespective of the humidity at which‘the
patterns were taken. Some patterns in which there was a substantial
proportion of B-type conformation gave a slightly higher pitch value than
this, but this was probably due to the interference between the two
simultaneously present patterns making it difficult to measure the layer
lines of the A conformation accurately. It is improbable that intercalation
would occur with the A-like conformation since it was not found to occur in
the B-like patterns, in which the DNA offers a stereochemically more
favourable conformation., The positions of the equatoriai spots on an
A-DNA pattern provide information on the size of the lattice parameters a
and b, and may be used to describe the separation of the helices analogcus
to the intermolecular separation used in discussing B-type patterns. Only
one equatorial spot could be identified on the DiA-prothidium mixed A/B
patterns as arising from the A-like conformation, Measurement of it

\-
indicated that there was no significant change in its position compared with



- 115 -

the corresponding reflection in A-DNA, Thé observation that an A-tyne
character may persist even when the humidity is raised to 92% R.H., may be
dug to drug binding across the strands ﬁolding them rigidly in their
A-conformation and resisting a conformational chahge to the B-type structure,
Wakelih and Varing (1974) have reported that prothidium uncoils closed
circular DNA, indicating that its binding unwinds the helix. However,
their results have not been quoted in detail so it is not possible to assess
the magnitude of this effect. The X-ray diffraction results quoted here
rule out the possibility of substantial intercalation in the fibre state,
Differences in the DNA strﬁcture,in solution compared with its structure
in the fibre state would undoubtedly modify the binding schemes present in
the two forms, and may account for the apparent change in the bindiné
prioriéies. Neville and quies (1966) have reported that in order to
investipate the diffraction patterns of DNA-acridine fibres at high
. hydratioﬁs, it was insufficient simply to raise the humidity in the X-ray
camera to 100% R.H.; the fibres bad to be actually wetted, (This was in
contrast to NaDNA fibres at 100% R.H., which gwelled continuously without
coming into direct contact with liquid water), They found that the
wetting could be accompanied by exposing the fibres to a mist of water,
end that the degree of hydration obtained depended on the time for which
the fibre was exposed. If these consideratiéns apply to prothidium, it
is 1ikeiy that the conformation of the DNA before binding is substantially
different in the fibre state at 92% R.H. than it would be in solution, so
that différent “inding mechanisms may operate in the two cases., It is
possible that prothidium might intercalate in a fibre of very high humidity,
but will not intercalate at 2% Relle = a.similar behaviour to the acridines,
The study of the interaction-of prothidium with DNA is generally
rendered very diffiCult because of its high binding affinity (Section 4.4.3)
and the multiplity of possible b{Fding modes (Chapter 8)e The binding

constant of doubly charged drugs binding electrostatically is strongly
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dependent on the ionic concentration, Duane (1972) and Record et al.
(1976) have shown that a straight line is obtained when the logarithm of
the binding constant is plotted against the logarithm of the ionic
con;entratiOn. According to Record et al. (1976) the slope of this line i
is m'y, vhere m' is the number of ion pairs formed in'the interaction and

¢ is a parameter equal to 0,88 for double-stranded DNA. Local variations

in the ionic concentration within a DNA-prothidium fibre will greatly

affect the association constants of the drug for elactrostatic attachment

to DNA, and would therefore affect the delicate balance between the binding

modes in operation. vThis may be part of the reason'for the arcater

variability in the prothidium patterns, for a particular drug content and

humidity, than was observed with the singly-charged dimidium and ethidiun,
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The results of this chapter are best explained by intercalative
mechanisms being the major binding mode to DNA for beth dimidium and
ethidium, It is not possible to specify the unwinding angle caused by
intercalation because the fraction of bound drug actually intercalated is
not knovm. The results are consistent with unwinding angles in the
range 12° to 26°, if the corresponding fractions of intercalated drug are
between about 90% and 70% respectively. No evidence of prothidium
intercalating into DNA‘has been obtained,  Some unwinding of the helix
at 75% R.He by an éxternal binding mode cannot be precluded but since
there is usually some B-type structure present as well it is more likely
that the small measured pitch increase above 28R is due to interference
with the B-pattern. The doubly charged prothidium appears to biﬁd 50
strongly eifher along the phosphate chain or betweén the two chains, that
it is reluctant to leave this site and slip into an intercalation position
even at high humidity. Tﬁe optical data presented in Chapter 7 will be
analysed with a view to elucidating the orientation of the béund drug
molecules at their binding sites, and model-building studies in Chapter 8
will atte%pt to explain the differences in the binding mechanisms amongst

these phenanthridines in terms of their structural features.,

3



CHAPTER 6

Linear Dichroism ang Birefringence -

A Theoretical Treatment

6.1 . Linear Diéhroism

The absorption of visible light Ly a DN@—dfug fibre depends on the
nature of the visible absorption bands of the drug, and on the changes 15
. these induced by birding to DNA, The DNA base-pairs do not absorb in the
visible region of the spectrum. The visible absorption bands of the
drug chromophores are due to m - n* transitions (Ihgraham and Johansen,
1969; Giacomcni and Le Bret, 1973) which take place within the plane of

the drug. .>
' The phenomenon of linear dichroism is the result of the preferential
absorption of light plane-polarised in a particular direction, As .

mentioned in Chapter 2, the dichroic ratio, D, can be defined as

A .
= =4 °
DA... \ (6 1)

where AL, Au are the absorbances for light polarised rerpendicular ang
parallel (respectively) to the fibre axis, The absorption of polarised
light depends on the square of the scalar product of‘the transition
moment vector of the chromophore and the electric field vector of the
propagating light, Therefore by making.absprbange measurements with
'1ight polarised perpendicular and then parallel to the fibre axis some
information will be obtained regarding’the orientation of the drug
chromophores.  For a fibre in which the drugs are bound sucﬁ that the
'pléne ;f the drug chromophore is perpendicular to the DNA helix axis and
in which the DNA molecules are aligned along the fibre axis, Ai_will be
larger than An and the dichroic ratio will be greater than unity,

The measured dichroic ratio w1ll reflect the anisotropy of the drug

and all the factors which affect the inclination of the drug chromophore
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to the fibre axis, These will include theAémount of free (randomly
oriented) drug in the fibre, the amounts of intercalated and externall
Yy
bound drug and their respective inclinations to the helix axis, and the
) ’

distribution of the helix orientations about the fibre axis

\\



6.2  Dichroism of Perfectly Orientated Fibres

Expressions for the dichroic ratio can be obtained eitﬁer in terms orf
@, the angle between the transition dipole moment and the plane
perpendicular to the helix axis or 6, the angle between the piane of the
drug end the plane perpendicular to the helix axis. Fop an arbitary
orientation of the transition dipole within the EhromOphore, o will be
smaller than 6 (Fig., 6.1),

Using the notation of Fig. 6.2 énd considering light incident along

the x-direction,

<(E, cos w)zvy’

'<E, cos (9o_a)2>
where gL, E“ are the magnitudes of the electric field vector for the
appropriate directions, and "< >" denotes an average taken over the
azimuthal angle, ¢. For light polarised at 45° to the fibre axis (assumed

coincident with the helix axes), E, = E, and therefore

b

n
A
0 -
o .
1]
[AS] SN
v

sin2 a d¢

= %cotta - (6.2)
This relationship, for a perfectly orientated fibre, is illustrated
in Figz. 6.3. D varies from zero to infinity, and has a value of uhity
when ¢ = 35°16'. This resulﬁ is in agreement with that of Frasep (1953),

although'he worked in terms of thg complement of the angle &,
A



-Fige. 6,1 The relationship between 6 andld.
" The arrowed line indicates the direction of the
transition dipole moment
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'Fig. Ge 3 The varlatlon of the dlchroic ratio, D, with the tllt of

the transztlon dlpole moment a (Equation 6.2)
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The disadvantage of this treatment is that information regarding the
directions of transition dipole moments in drug molecules is very limited,
In the absence of information regarding its precise orientation, the
transi’cion dipdle moment may be considered as pointing isotropically
within the drug chromophore., It will be seen below that for small angles
of tilt of the chromophore this is a reasonable approximation,

Using the notation of Fig. 6.4,

D

u
I

I}

<(E, cos (90 = 2,))%

5
_ <sin” Q,> : _
= e e ‘ since E_L.. E“

. 2
<sin Q“>
For a perfectly orientated fibre, R, =6, and since cos Q = sin Osin ¢
then
-
2 .
-]-'2;[-'[ (1 - sin” 0 sin ¢) o
o
o an

1l . 2
ZTI sin™® d

o}

- eo?O 4y | (6.3)

This is equivalent to both the expression produced by Seeds (1951),
who considered the dipole as being .equivalent to two mutually perpendicular
dipoles at any arbitrary orientation within the plane of thé drug, and to
the computer—simuléted studies of Porumb (1976).

The varialion of D with @ is shown in Fig. 6.5, The dichroic ratio
varies from 0.5 to infinity, and takes the value unity when 8 = 54%44!,
The dichroic ratio does not fall to zero when 6 = 900, because (unlike the
situafion when @ = 90°) this does not COrreSbond to zere absorbance in a

plane perpendicular to the helix axis. °"The transition dipole is

considered as isotropic in the plg\zne of the chromophore in this case, 80

that even when the chromophore is aligned parallel to the helix axis a



Fige. 6.4 A trigonometric system attached to a DNA fibre
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" Fig. 6.5 The variation of the dichroic ratio, D, with the

chromophore tilt, 6 (Ecuation (6.3))
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component of the isotropic dipole will contribute to absorption
perpendicular to this direction. The values for D predicted on the basis
of these two models are similar.for small angles. In practice Equation
(6;2) is less useful than Equation (6.3) since there is normally little
information on the direction of the-transition dipole. The angle 8, as
used in Equation (6.3), can be taken’as‘equal to the base tilt for
intercalative binding and is readily obtained from X-ray diffraction
patterns with feasonablé accuracy« Equations (6,2) and (6.3) are
identical if ¢ = 45° (Fig. 6.2), This refiects the situation that

the isotropic dipole moment can be considere& as two mutually perpendicular

dipoles, or as their resultant (viz. one dipole at 45° to them),
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6.3  Disorientated Fibres

A fibre can be consideréd as being comprised of a fraction of the
DNA helices completely aligned to the fibre axis, with the remainder
being randomly orientated (Fraser, 1953 and 1955; Pilet and Brahms, 1972
and 1973). A more realistic model is that adopted by Porumb (1976), in
which tho disorientation within the fibre is assumed to take the form of
a gaussian spread of the heiix axes about the fibre axis, Thé probability
of a DNA helix lying along thé surface of a ccne of semi-angle B is
proportional to exp (-gsﬁ), where § is the half-width 6f the distribution.

A computer program (Porumb and Sladé , 1976a, 1976b and 1976¢) was
used to simulaté this situatiou and gave a series of plots (Fig. 6.6 and
6.7) of the dichroic ratio against either 6 or a fqr different
disorientation half-widths, 6.

It is possible, however; to adopt the same model for the dicorientation
ana obtain analytical expressions for the dichroic ratio, rather than
resorting to the computer simulation techniques of Porumb and Slade (1976a)

’

or the numerical integration methods of Libertini et al, (1974)., These

expressions, and the methods used to obtain them, are described in the

following sections.

6.3.1 . The Dichroic Ratio in Terms of the Chromophore Tilt

It is convenient to use the formalism of Van et al, (1974) and
introduce three Cartesian frames of reference -~ the fibre axes (xl'. ’ 21)1

the DNA molecular helix axes (%55 ¥5» 2,) and axes attached to the bound

drug (x, ¥y 2)e

The transforﬁgtion from a given Cartesian system to another can be
effected by means of three successive rotations performed in a specific
sequence. These angles of rotatioh are called the Eulerian angles, 9,

$ and ¥, and are defined in Fig. 6.8 using the notation* of Goldstein (1964),

# Unfortunately there is no unanimity in the literature regarding the
definition of Eulerian angles; the definition adopted here is one of
several. :



The dichroic ratio, D, as a function of 9 for various

disorientation half-widths S, (The computer simulation
results of Porumb, 197G)



Fig. 6.7 Tho dichroic ratio, D, as*a function of a for various

disorientation half-widths, & (The computer simulation



Figo 6.8

Eulerian angles: a transformation from a pgiven co-ordinate
systeﬁ to another is carriei out by means of three successive
rotations, performed in the sequence (i), (ii), (iii). A
position expressed in the x, Yy Z frame is ultimately

expressed in the x', y', 2' frame,

: X

n = L($) |y _
r z
where L(¢) = [ cos¢ sint ©

—sin$ cost ©
.0 o 1

describes a 1otation about the Z axis

g 3

nt} = L(6)|n
T z
where_?‘e) = 1 | o o
0 cosd  sinb

dezcribes a rotation about the § axis

Cdn‘bd......

\\



Fig, 6.8 (contd.)

x' ' . El
y'| = L(y) | n®
z' !

cos vV sin¥ 0

where L(\)

~sin¢ cos ¥ O

0 0o 1

describes a rotation about the §' axis

Hence the complete transfornaticy is given by " [x' [x
| | | y'y=Lly
z! z

vhere L = L(y) Lis) ‘L(p) |

cosy cosp -cosB sing sin¢’cos¢ sing + cos® cosg sinw’sinw sing
~siny cosd —cosb sing cos@—sinw sing + cos cos¢ cosw’cosw sing

sirf sing . -sir@ cosy - cosd
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Matrix transformations exist between these éystems such that

X . x2 Xl
y| = Lyly,| = Ll Yl (6.5)
Z 22 Zl
and | X1 ;
v | = gt it [y (6.6)
) : Zi Z |

x\ x2
y = L2 y2
Z 2-2

where L2 is given by

L, = Ll,) L) LEey) BN CR)

and the full form of the matrix can be seen from inspection of Equation
(6.,4), attached to Fig. 6.8, The tilt of the drug relative to the plane
perpendicular to the DNA helix axis is given by 62, the rotation of the
drug about the DNA helix axis is given by ¢2 and the twist of the drug
abéut its own axis is specified by wz (Fige 649)e

similarly, the transformation from the DNA helix to the fibre co-
ordinate system is accounted for by a matrix Ll’ which takes the same form
as L2 with fhe appropridte changes in subscripts. The appropriate
Eulerian angles are shown in Fig. 6.10 where 61 ig the tilt of the DNA
helix axis relative to the fibre axis (and will later be referred to in
terms of the disorientation of the fibre), ¢y describes the rotation of
the DNA axis about the fibre axis and ¥, specifies the twist or rotation
about the DNA helix axis. The rotation ¥, can be set to zero since it

has already been accounted for by ¢2 from the previous transformation; thus

W\

\ '



Fipge. 6.9 Angles invohz-_:d in the drug to DNA' transformation
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cos ¢l -cos'el sin ¢l sin el sin ¢l
L = sin ¢1. cos 8, cos ¢  -sin 6, cos ¢ (6.8)
0 . sin el- S cos ¢l

If the transition dipole moment in the co-ordinate system of the drug
: 1
molecule is assigned an arbitrary direction (8), then in the fibre co-

ordinate system it will be given by

~

. 1 :
=1 -1
Tos o)  (6.9)

For parallel* light incident along the Xl direction (Fig. 6.10) and

. (o] : .
polarised at 45~ to the Y, and Z, axes (so that I, = E,), the cosines of

the angles between T and the Y, and Z, directions will be given by T, Ql

A

end Te Z, and the dichroic ratio will be given by

<z 0% (6.10)

’I<(T. 21)2>

‘where n< >0 denotes that the expressions are integrated over ¢2 (from 0
to 2m) and.¢2 (from O to T) to prévide averaging at the molecular level,
and over ¢l (from O to 21) to give averaging at the fibre level,

The resulting expression (Appendix AI) for a fibre is

2 cosze - SP
2 sin“® + SP

‘D = %+ (6.11)

where P 3 cos® -1 (8 is the drug tilt relative to the DNA

moiecule, previbusly subscripted as 92)
and s -is a disorientation parameter given by
s(0)) = <%in® o, >, where 6, 15 the tilt of the DNA helix
axis relative to the fibre axis.

# In practice the light will not be exactly parallel, but the effect of
divergence is small even at quite large numerical apertures. Seeds
(1951) has shown that there would be an increase in absorbance of about

'0.01 OD unit when a specimen of unit optical density is measured
through an objective of 0,3 numerical aperture,
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T sw%nC, 4) sin el\d& ag
stey) = 1;_ ; _ ‘ (6.12)
] o, ,6,) sin ¢ a ¢ ag
o o

where rﬂé]} %) is éhe density of states fun#tion describing the
distribution of DNA helices about the fibre axis (Fig. 6.11), sin gl
results from the area element in spherical polar co-ordinates and the
denominator normalises the expression.

A physicall reasonable model for the distribution of the DNA helices
about thé fibre axis is to assume that a gaussian distribution of
orieptations exists in any cross-section of the sample (Libertini g& al.,

1974 ), thus
Y 4 :
NGy, §) e"p{ é% } (6.13)

where § is the half-width of the distribution. This density of

gtates function leads to a probability function |

.- 2n
P(6.) = % [ N(8,, ¢.) sin 6, d
2l 21 1? 1) t Y ¢1
[o]

vhich is shown in Fig. 6.12. )

vhen 61

' 2
S reduces simply to 26%; but for the general case, integration of Equation

is small, so that sin 91 =0y the disorientation parameter

(6012) giVés

38
F(75) .
5 = %(3 - 75— ) | (6.14)
F(73) ;
where 5
2



Fig. 6.11 Illustrating the density of SbatCa 1unctlon N(e ¢ ) and

the probablllty functlon P(e)
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N(6,,4,), the demsity of states function, is proportional to the

1+ 98,

number of DNA helices pointing into an area bounded by 0, and 8
' and ¢l and ¢l + d¢l. It is assumed to have a gaussian form,
(1’ $;) o exp 92
o 26
‘where 6 1s the half-width of the functlon, and rotatlonal symmetry is

assuned to exzst so that the functlon is independent of the azimuthal .

. angle ¢

As e increases the area bounded by N and 8, + del increases,

, 1
and the fractlon of DNA helices within this area is given by the

probablllty function P(el) where
o ew
p(e)) = ==/ nle
: 1 2r 7 -
' o

1741

) gin'e,.del

/_

The probability function is shown plotted against el in Fig, 6,12,

A\
E \



Fige 6.12 (i) The probability functiOnlaé a function of 01 for

. gifferent dlvorlentatlon half-mdtm, G(af ter Libertini ct ol,

1974)
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' - . . 1 The areas under each curve are
B N DRI ‘equal, At small values of §
the distribution becomes
- gaussian, but asd increases the
sin 6 term begins to dominate
until at 8 * « the distribution
becomes purely sinusoidal,

. A
The maxdmunm of the curve shifts
from 6. = 0° to @, = 90° as 6
'is increcased from near zero
(complete orientation) to infinity
{ complete disorientation), This
coes not mean that there is
preferential alignment at 20°,

but rather that the area elecuent
is inc¥easing from the pole o

the equator. . At 6, = 0° the
probability goes to zero (because
¢f the sine term) since the area -
- element at the pole approaches

.. zero, ‘This does not cauge any
» : o 7 'difficulties since contributions
:are always sumned over a f:.m.te anc,le e durmg the :.ntegratlon.

(1) Percentage of DNA helices lying within a cone of half-angle
Viﬂas a functlon of 5 (after Libertini et al., 1974) i
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and is known as Dawson's integral (Appendix ATI). This integral

can be reduced to a simple series (Appendix AIII),

~1 8

o) - . (L1)T+L 42r-1
; ) (e + %)
r=1

where ¢ is the Gamma function. This gummation converges rapidly and can
be calculated easily using a simple subroutine in a computer progr%m.
Summation to one hundred terms was found to give a vesult indistinguishable
from summing to five hundréd terms,
It is instructive to consider the expressions for the dichroic ratio,.
D, for several special cases =~
(i) For a fibre which is perfectly orientated, s‘= 0 and
Equation (6.11) reduces to Equation (6.3) derived fop
a completely orientéted sregimen,
(ii) For a completely disorientated Fibre N(el, ¢l) =1, i.e, all
~all orientations of the DNA heliceé within the specimen |
are equally probable. Integrating Equation (6.12)
(Appendix AIV) gives a value for the disorientation
parameter S of g o Substituting this value into
Equation (6.11) gives a value for the dichroic ratio
of unity i.e. a completely disoriéntated fibre shows
‘no preference for absorption in a particular direction,
as is expected,
(iii)There is a unique value of the drug tilt for which the
dichroic ratio'is alvays equal to wnity, irrespective
of the valegiof the disorientation parameter S. Thig
value is 54°44' (i.e. cos'l/% = tan™l /3). This is
in agreement.with the computer simulated results
,obtained for a fibre by Pofumb.(1976).
(iv) The dichroic ;atio for zéfo base tilt has the simple

1 .
form D = F -4 (6.15)



Corresponding results for orientated £ilns are given in Appendi:: B.
In general, for the same S value, the dichroic ratios of films will always
be smaller than those for fibres, thougﬁ for a given half-width 6 the values
for a film will be larger than those for a fibre (Figs., B.5, 6,13)., This

results from the different relationships between S and ¢ in the two cases.

6.3.2 The Dichroic Ratio in Terms of the Transition Dirole Tilt

The dichroic ratio may be expressed in terms of the transition dipole
tilt, o , instead of the drug tilt, 6., A similar treatment to that
described in Section 6.3.1 leads to the expression |
0032 o v_z_sp"
D = . (6.16)
2sin%g + SP!

vhere P! = 3 0052 6=2
and_S has the same significance as before, This expressicn has a
similar form to Equation (6.11) which gives D in terms of 6, and it agrees
with a less explicitly defined expression produced by Zbinden (1964) if
appropriate notational changes are made. | |
Again, it is instructive to consider several special cases -
(i) For é pérfectly orientated fibre, S=0 and Equation (6,16)
reduces to Equatidn (6.2) derived less generally.
(ii) for a completely disorientated fibre, S takes the value
_% and the expreséioﬁ reduces to give a value for'the
dichroic ratio of unity, as expected,
(1ii) Thece is a wique value of the transition dipole tilt
‘angle for which D=1 for any disocientation. This
"vaiue is 38%16¢ (:i..e..cos-1 V3 = sin°1|/2), in
agreement with the computer sinulated results of
- Porumb (1976).

(iv) The values of D for zero tilt (o = 0) are given by
\ .



Fig. G6.13 . The variation of the dichroic ratio, D, of a fibre with

the tilt of the drug chromophore 8, fof various values

, of 8§ (Equation (6.11)) .
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D = -;- - %. This is identical to Equation (6.15),
vhich is as it should be. VWhen the drug tilt, 6,
is non-zero the value of ¢ falls between zero and
g; but when 6 takes the value zero, a must also drop
to zero. Thus the cases when €6 = 0 and & = 0O are
‘physically the same.
It should be stressed that the cases when @ = 90°
and 8 = 90° are not equivalent. In the former case,
all the transition dipoles are constrained to point
along the helix case and none point perpendicular to
ite In this case, for a perfectly orientated fibre,
the dichroic ratio must fall to zero, In the latter
situation, the transition dipoles are not constrained
to point in a certain direction within the plane of

i the drug, and although the drug is alicned parallel
to the heiix axis the dipoles may contribute to
absorption in a direction perpendicular to it, For
a perfectly orientated fibre, this results in the
dichroic ratio dropping to 0.5, and not to zero,
In most cases of interest in this study, the drug is
expected to be constrained roughly perpendicular to
the helix axis so that 6and o will be small, and
the values fof D using either Equation (6,11) or

(6.16) will be similar,

6.3.3 Cbmﬁarison of the Previous Treatmerts

‘The fact that both equations (6.11) and (6.,16) reduce to give the
expected values of D under a number of simplified circumstances (Table 6.2),
and that they are both identical\if ¢ = 45° (the situation previously

discussed in Section 6.2) is a strong indication that they are correct.
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The expressions for D are shown plotfed as a function of § and @ for
various disorientation half-widths 6, in Fig. 6;13 and Fig. 6,14
'respectively- Cémparison with the computer simulated \plots of Porumb
(1976); reproduced in Figs. 6.6 and 6,7, shows that both sets of curves
are similar but that the values of D currently proposed are generally less
thah those predicted by Porumb at the same angles of tilt (9 or d). The
differences are only very slight for small gaussian half-widths (8 & 10°)
and for large half-widths (8 3 35°), but are appreciable (i.e. t‘he
differences in D approach 10%) for intermediate values of the half-width.
This probably reflects the method by which Porumb performed his Cylindrical
averaging. Since he did not have an analytic solution to the problem,
the absorbances were'summed for values of ¢2 (in the range 0 to 2m), ¢,

(0 to 27) and 91(0 to T) sampled at finite intervals., The final values

for N are sensitive to the size of these intervals.

e

\\
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6.4 Birefrincence

Birefringent (or doubly refracfing} materials behave anisotropically
to the passage of light through them, Light entering a birefringent
material can be regarded as being comprised of two ccinponents, each
polarised at right angles to the other, The two components travel through
the matcrial with different velocities (i.e. they have different refractive
indices), and usually in different directions. In tetragonal, trigonal
and hexagonal crystals there is one direction of pfOpagatiOn in which
double refraction does hot occur, This direction, wﬁicn is the same as
that of the ¢ crystallographic ads, is'called the optic axis, and such
crystals are termed uniaxial, Crystals of the orthorhombic, monoclinic
and triclinic systems po=sess two optic axes and are called biéxial. In
a DNA fibre, the crystallites comprising it are orientated about the fibre
axis, Only one optic axis (corresponding to the fibre axis) e..ists

“because the azimuthal orientation of the crystallites is random and, even
if the crystallites themselves were biaxial, the effect would be averaged
out in all directions except the fibre akis.

Uniaxiél materials have two sets of wave surfaces (Fig. 6.15), One
set is a series of spheres representing the behaviour of the component;
(called the ordinary ray) which always travels with the same speed in all
directions, and the other set (for the extreordinary ray) is comprised of
ellipsoids of rotation indicating that the speed varies wifh direction,
The axis of rotation of the ellipsoid is the optic axis, and in this
direction light travels with a single velocity, The ellipsoid may lie
inside or outside the sphere’.

For a given dféection of propagation the difference in speed of the
two éomponents is given by the difference in radius of the sphere and
ellipsoid, The refractive indices are inversely proportional to thesé

radii, and their difference also\inCreases with the separation of the two

AN
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Figure 6,15, Wave surfaces of (i)' a positive and (ii) a negative

uni&axial material,
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surfaces. The Pointing vectors k for rays of light travelling along and
perpendicular to the optic axis are shown in Fig. 6.15 for a negative
unia;dal crystal. The associated electric Ffield oscillate in planes:
perpendicular to these vectors and are shown marked Er and E . The
"fast'" direction is associated with the condition where the ray is
travelling fastest (i.e. it is experiencing the smallest refractive index);
but it lofers to the direction of the associated electric field and not to
the direction in which the ray is travelling. The "slow'"™ direction is
perpendicular to the "fast” direction.

Thus in Fig. 6.16, k~is larger than k# so that the direction of
its associated electric field E# (vis. along the optic axis) is called the
"fast” axis, and the refractive index in that direction, n , is smaller
than that for the perpendicular direction, n

The retardation, v, of the two rays relative to each other is

r = (ny - nA)t (6.17)

where t is the thickness of the fibre. The difference, §-» n ji»

is known as the birefringence,A n, and so
= (6.18)°

For a negative uniaxial crystal, such as calcite, the birefringence

is less than zero; and for a positive uniaxial crystal, such as quartz,

it is greater than zero.

6.4.1 The Physical Basis of Birefringence

During the passage of light through a medium, the oscillating electric
field distorts the electron clouds within the constituent atoms or
molecules. This distortion is known as polarisation. The (electron)
polarisability relates the induced dipole moment, which is a measure of
the charge separation, to the electric field causing it. At a given

frequency

p = CXE' \\ (6.19)
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shere p is an induced dipole momenﬁ,cx is the polarisability and EL
is the local elecfric field.

The continual reversal of the direction of polarisation in a medium
through vhich 1ight is passing results in the atoms themselves acting as
radiators and emitting secondary vaves. These waves are slightly retarded
with respect to those of the incident light, and it is the interference
between iliese two sets of waves that brings about the reduction in the
velocity of light in the medium, The greater the polarisability, the
greater is the amplitude of the secondary waves and the more the velocity
is reduced (i.e. a larger refractive index).

Electronic polarisability and refractive index are related by means

of the Lorentz-Lorentz equation*

nzl; 1> E _ pr .
m .ﬁ = 30 o (6.20)

~where n is the refractive index, M is the molecular weight, p is the
deﬁsi‘ty, NO is Avogadro's number and @ is the electronic polarisability.,
This equation can be applied‘to the component polarisabilities and

refractive indices (Hartshorne and Stuart, 1970).

Thus
. 2 BN 2 N . .
ny — 1 n, -1 _M anN | -
[HZ: 2 ;12;“‘2],; = 3 o % Q-L) (6.21)

where the subscripts || and.l,refér to the directions parallel and
perpendicular tozthe optic axis (or fibre axis) respectively.

For the case of a polynucleotide, the molecular weight, M, and the
poiarisabilitigs, o, can be taken as being equal to those for the monomer
unit. If the entire molecule were considerod,'both sides of;equation
(6.21)_wou1d simply’be multiplied by N, the number of monomers in the

molecule, as long as electronic interactions between the units were

* Tt should be noted, however, that this equation only takes into account
the mutual induction effects of atoms linked by primary bonds, and
ignores molecular interaction: it should therefore be applied cautiously
with crystals of very low birefringence.
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negligible,

In nucleic acids, it has Been shown (Tsvetkov, 1963) that it is the
bases which are anisotropic and result in the birefringence, the sumr-
phosphate backbone .being practically isétrOpic and contributing little to
the birefringeﬁce. If electronic interactions between the bases were
significant, then one side of Equation (6.21) would have to be multiplied
by an interaction function, £(N), We will assume that these interactions
are negligible (i.e. £(N) = 1), and that therefore the birefringence is
_ independent of the number‘of nucleotides in a molecule,

Differentiating the Lorentz-Lorentz relationship giveé

6n , dn

= K.,dK
, (n? + 2)2
.where K = %ﬁ Eﬁ“ﬂ

If the birefringence is small (0.3 , to maintain an accuracy of

0.1%), the differential equation may be applied to the finite differences -

6;'-1 ¢ An - .
wvhere
and An = n,-n.

Using values of Ao = _1533 (Frisman et gl., 1962), M =‘§30, n=1.6
(Tsvetkov, 1963) and p = 1.63g om™ (Seeds, 1951) results in a value for
the birefringence of -0.4. This is at least four times larger than any
experimental measurements on B-DNA (Porumb, 1976), though the disparity

arises mainly through the value used for the density. A value of

1.63g cn~° corresponds to the density of <ry DNA, but in a fibre it will
be considerably diluted by water and the dilution will result in smaller
values for both the refractive indices and hence the birefringence. The
actual water content will be a function of relative humidity, but the

dilution factor would appear to be of the order of 4 - 6,
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Transforming the Lorentz-Lorentz equation gives

3
n o= f -2 (6.23)
1 - Ky :

where the constant K contains the density term as before, The form
of this relationship is shown in Fig. 6,17 for different values of the
density., If the density is less than or about O.4g em™3, and n, and n,
are just below and just abdve 1.6 (their mean value), this would indicate
that the polarisabilities ®and @, are both greater than 10033, and are
critically dependent on the density. This is in agreement with
calculatiéns for an adenine~uracil base-pair, using a simple Huckel scheme,
which indicate that the T-electron polarisability in the plane of the base-

pair (i.ee perpendicular to the helix axis) is around 17SX3 (Takashima,

1968).

Gede2 Intrinsic and Form Birefringence

The birefringénce of a fibre can be thought of as being composed of

two parts: a term arising from the optical anistropy of the polynucleotide
helices themselves (called the intrinsic birefringence), and a term resulting
from a preferential orientation of the elongated helices (called the form
birefringence). Even optically isotropic molecules embedded in an
jsotropic medium can possess a form birefrinéence which arises from the
deformation of the electric field at anisotropically-shaped phase
poundaries (Steinér»and Beers, 1961).

| By cqnsiﬁering an arrangement of thin isotropic rods, of diameter
smaller than the wavelength of light, orientated parallel to the fibre

axis as a system of parallel capacitors it has been shovn (Weiner, 1912)

that
n, =n; = (6.24)
i 1 2
, ..(v + 1) o * Vi

vhere v, Vg are the volume fractions of the rods and the material in which

they are immersed: and n, n, and the refractive indices of the rod and
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medium respectively. It can be seen that the form birefringence,'

Anf (= n, - ni)’ is always positive in this case. Flow birefringence,
lipght scattering and Kerr effect studies indicate that a rigid rod model can
be invoked to explain the optical properties of DNA (Weill et al., 1968),
Previous investigators (Hoshino et al., 1962, Tsvetkov, 1963; Porumb,

1976; lMaeda, 1978) have treated the total birefringence of a fibre as being
the sum of two terms -~ the intrinsic and the form.birefringence,

Angoiay = An +Ang (6.25) -

where An is related to bond polarisabilities, andlknf is related to
Equation (6.24) in which the assumption had been made that the rods (viz.
. the DNA helices) were isotropic. |

A more realistic approach would be to COnsidef the rods as being
énistrOpic from the beginning, and to compute the &otal birefringence
when these rods are imbedded in an isotropic medium. In this treatment,
the intrinsic and form effects would not be separable, It has been
chown (Ninham and Sammut, 1976) for the case of infinitely long parallel
cylinders of radius, a, and'centre-to-centre spacing, ™, immersed in an

isotropic medium that the composite dielectric constants are given by
! oe ar(eloe) | (6.26)
(] - m r _ml. .

for the direction parallel to the cylinder axis, and

L Arnm )

ec = em (1 +2f 1-f4rm (6.27)

for the perpendicular direction. In these equations, € is the dielectric

| 1
constant of the medium, € Er are the dielectric constants of the rods,

r’
' fraction of the rods (and 2Ta?
f is the vqlume racl?on o] e rods (and equals B2 for hexagonal
. A _ E:I‘ Em ’
packing) and frm = m .

In using these expressions, the fibre is considered as being composed
of DNA mblecules, behaving like rigid rods, inbedded in a matrix of water
molecules. This treatment does not take into account the symmetry

connections between the individual DNA molecules (viz. the crystallinity
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of A-DNA and semi-crystallinity of B-DNA), but since the pblarisability

of the base-pairs is almost isotropic in the plane of the bases (Talashima
- a4 ’

1968) these equations should apply to DNA systems.

The refractive indices of the composite fibre would be given by

ny = nfLe ?%m§1ﬁ§;;] |2 (6.28)
and |
nd & n,(1+ %) -  (6.29)
wher; § = e; - &
7

The total birefringence is then

Mya1 © T TR

= n f1(A - 'B) (6,30)

. )
where A = &~ A}m and B = Arm’ The relationship between the total

birefringence &n, . o and the volume fraction f is parabolic, and is

schematically displayed in Fig. 6.18. The parameters A and B are
} L
functions of @m, e and er e A value of (1.33)2 can be taken for e€m,
L ; _—
bt eu and ﬁr are unknown. The intrinsic birefringence of DINA,

L .
Q} -n_,is howev§r considered to‘have a value of around -0.1 (Tsvetkov,

1963; Porumb, 1976) and values of the individual refractive indices have

been assumed by various sources (Seeds, 1951; Tsvetkov, 1963) to lie in

.4 to 1,7, A plot of %the birefringence, &n

he approximate range 1
e total’

t the volume fractioh, ', for various combinations of n, and n

ins
agal 0 N

is shown in Fig. 6.19.

In a DNA fibre, as the relative humidity rises the fibre takes up
water. This may résult in a change in the diameter of the DNA helices,

considered as rods, and/or in a change in the intermolecular separation.

The values of both of these parameters can be measured from an X-ray

diffréction photograph of the fibre at a particular humidity, and used to
‘ .
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Figure 6,18, Schematicvdrawing of the relationship between the
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pive the volume fraction f.  The measured (total) birefringence can then
be plotted against f, by taking the birefringence and diffraction
measurements in parallel over a range of humidities. This is considered
+o be better than considering the birefringence directly as a function of
the humidity because humidity values from hygrometers are notoriously
inaccurate and, inlany case, they sample the environment around the fibre
rather than that within the fibre. Porumb (1976) adopted this latter
scheme and attempted to normalise the birefringence results obtained at
different humidities by using measurements of the volume swell of the
fibres at each humidity.

In addition to the variation of An with £, other factors will

total
need to be considered. The disorientation half-width, 8, may be expected
to change with changing humidity and affect the birefringence; and the

pbase tilt, ©, will change abruptly if the fibre undergoes a conformational

change from A to B DNA resulting in a major dhange in the birefringence,

The effect of base tilt is considered explicitly in the following section.

644.3 The Effect of Base Tilt (on the Intrinsic Birefringence)

Consider a fibre in which the bases are tilted by an angle 8 to the
planc perpendicular to the helix axis (Fig. 6.20). The polarisability
perpendicular to the plane of the base-pair, A 15 Very small, and the
polarisability in the plane of the base-pair, oy, can be faken as
isotropic (Takashima, 1968). )

For a perfectly orientated fibre (8 = 0), the normals ON to the plane
of the base describe a cone of semi-angle © about the fibre axis, OZ.

The polarisabilitiéé'parallel and perpendicular to the fibre axis, oy and

a.. are given by (Hartshorne and Stuart, 1970).

1! .

' @, = @ coszﬂl_f oty sin?ﬂl (6.31)
. . 2 N 24

and ay = @ cos® + a, sin 8 (6.32)
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Fi.gure 6,20, The systemvdescribed in Section 6.4.3.
c(L is small;C(T is isotropic in the

" plane of the'base-pair.
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lsince 0 =Qp» when B = O The angle Q:Adepends on the angular orientation,
¢, of the base about the helix axis. Using vector geometfy it can be
shown that
cos Q1= sin Osin ¢
Substituting this into Equation (6.31) gives
a = osin® 0 sin ¢+ o (1- sin26 sine )  (6.33)
Subtracting Equation (6.33) from (6.32) and cylindrically averaging (i.e.

integrating over ¢) gives

- . 2 )
Ao = a“ - OL_L = (aL - aT)(l-I.S sin 9) (6034)

Using equation (6.22),
bn = K (1 = 1.5 sin” 0) _ (6.35)

vhere the constant K absorbs both the anisotropy in the polarisability
and the concentration dependent terms. This relationship has been quoted
py Porumb (1976) and is shown as the curve § = 0% in Fig, 6.21. Vhen
the tilt is zero the intrinsic componeht of the birefringence assumes its
maximum negative value. It becomes zero for § = 54°44! (viz, sin"l /Z)'
and for larger tilts it becomes positive, It is practically constant in
the range 0 = 0° - 5%, and for a change of tilt from 0° to 20° (as
encowntered during the B to A transition in DNA) it drops in magnitude by
21%. Since the total birefringence inéludes a contribution from the form
birefringence (which is always pbsitive) the total birefringence would
peduce to zero at an angle smaller than 54° 44', Torn biréfringence and
intrinsic birefringence are inter-linked, but Porumb (1976) has considered
the case where the form term is arbitrarily given a value of 58% of the
magnitude of tue intrinsic terms For this case, the.total birefringence
would éo to zero aﬁ'é = 320, and its variation would be faster with 6 than
showvn in Fige 6.21 for the intrinsic component, but stillvslower than the
variation in dichroié ratio with 8(Fig. 6413),

Eqﬁation (6.35) holds for the case of a thin film as well. The

gipole moments of the bases are not constrained to talke up an orientation



Fig. 6.21 The intrinsic component of the birefringence of a fibre
as a function of base tilt, 0, for various disorientation

half—v/idths, 6.

The vertical plotting is on a relative scale, since the
constant I lias been set to unity (Equation 6.39)



in the plane of the film surface. In fact, even if the dipole of one
base were so positioned the dipole ﬁoment of fhe next one along the helix
would have its polarisability at an angle to the surface of the film due
to the continuous rotation of the base-pairs relative to each along a
DNA double helix. An earlier treatment (Sceds, 1951) constrained all

the dipole moments to lie in the plane of the film surface and gave

h = K(1 -2 sin® 6)
This gives zero birefringence at 45°v(intuitive1y obvious for this
restricted model), but for the reason just outlined this is a poor model

by which to describe a real £ilm,

Inbpractice, a fibre will be subject to disorientationéof the DNA
helices ébOut the fibre axié, and the disorientation may be described by
a gaussian function of half-width § (Section 6.3.1). The effect of
disorientation has been treated numerically by Porumb (1976), but an
analytic expression may aléo be obtained,

For a disorientated fibre,

b = K' (op-0y) , | (6.36)
vhere K' contains the concentration terms and the dependence on the
base tilt.

Substituting for o, and al_gives

2 2 2 L2
bn = K{aL<cos & >+a <sin >~ (aL<cos R, >+a<sin’Q>) (6.37)

where "< >" irndicates averaging at both helix and fibre levels., From

. . 2q . 20
Appendix C, sin %y, and sin §1; can be expressed as functions of the hase
£ilt,® , and the disorientation parameter, S (defined in Section 6.3.1),
and these functions will be referred to as £,(9, 8) and fB(e’ S)

respectivelye.

A\
o 2
Since <cos” (angle)> = 1- <sin” (angle ) >, Equation (6.37) becomes
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n .

An = K! {aL(l-fa(6,¢)) +ana(9) - (aL(l-fe(e,s)+foB(e,s))}

il

K! (aL-aT)(fB(e,S) - fa(e,S)) (6.338)

The relevant expressions for fa(e,s) and fB(e,S) can then be substitubed.

(i) The fibre case

Using the expressions for fa(e,S) and fB(e,S), from Equations (C,3)

end (C.4) respectively, in Equation (6.38) gives

bn = K {1 ~1,5 sin® © - 0,755P) (6.39)
where P = 3 cosze -1, This relationship is shown in Fig. 6.,21 for
various gaussian half-widths, &,

For a perfectly orientated fibre § = 0, and Equation (6.39) reduces
+o Equation (6.35)s For a completely disorientatéd fibré S =%
(Appendix AIV) and the intrinsic birefringence goes to zero, as indeed
it rust., The expression prediéts that there is a unique angle (viz.
54044') at which the iﬁtrinsic component of the birefringence becones
zero, for all values of the disorientation parameter. The intrinsic
pirefringence of a fibre at zero tilt angle is proportional to (1 - 1.55).

Fig. 6;21 should be compared with the computer simulated results of
porumb, reproduced in Fig. 6.22. The results are identical for 6=0°
(viz. a perfectly orientated fibre), and are very similar for small
5(’£10°) and large 6(309— 400). They differ by up to 4% for intermediate
values of &, and this is thought to be due to the summation method usedﬂ
‘by Porumb to perform Qis averaging., |

The contribution of the drug chromophores has not been considered
explicitly in this treatment, The chromophores will have a large
polarisability in their plane, probablyilarger than that of é base~-pair,
If they ére orients.ted similarly to the base-pairs, as they would be if

bound intercalatively, they will enhance the negative birefringence of

the polynucleotide fibre.
B : \“\

\
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(i1) zég_film case

Substituting the expressions for f,(8,8) and fh(e,S) relevant to
the film from Equations ( C.5) and ( Ce6) respectively, into Equation
(6.38) gives

an = K(1 - 1,5 sin” 6 - SP) (6.40)

and this relationship is shown in Fig. 6.23,

For a completely orientated film'S = O and this reduces to Equation
(6.35), whilé for a completely disorientated film S = % (Appendix AIV)
and the birefringence reduces to zero. Again, there is a unique angle,
54? 44', for which the birefringence is zero for any disorientation.
The intrinsic birefringence for zero base tilt is proportional to (1 - 25),
which results in a greater magnitude of the bireffingonce for a film than
for a fibre with the same disorienfation parameter, S. lowever, the
mag.itude of the intrinsic birefringence of a film is smaller than that of
a fibre for a given disorientation half—width, 8, because of the different

» pelations between S and § for the two cases.,

\\



Fié. 6.23 The intrinsic componnnt of the blrefrln zence of a fllm as
a functlon of basc-tllt, 8, for various disorientation
half-widths, &,

. K (Equation 6.40) has been set to unity.
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6.5 Summérf

The more important equations that have been derived relating to the
birefringence of a fibre are given in Table 6.,1. In Chapter 7 the
birefringence of DNA-drug fibres, of different DNA/dwug contents, are
measured at different humidities. Using the X-ray results of Chapter 5,
in particular the relevant_values of the intermblecular separation and
the DNA helix diameter, the change in the birefringence with £ (the volume
fraction of the rods) may be followed to investigate the effect of water

uptake on the fibres and to test the applicability of Equation (6.30),

TABLE 6.1

Summary of Some Pirefringence Formulae

ang gy oo = 1 f' (A ~fB) (6.30)
vhere A=08 - A
_ rm
) 2
B = Arm
Completely 2
orientated *. An = K (1 - 1,5 sin” ¢) (6.35)
fibre A
Disorientated 5
fibre An = K (1 - 1,5 8in"0 - 0,75 SP) (6.39)

By comparing the values of the birefringence observed fqr DNA-drug fibres
with those for DINA fibres, information on the orientation of the drug
‘molecules and their anisotropy may be igferred (Equation (6.39)), The
values for different drug contents at different humidities can be used to
indicate the extent of binding at each humidity, and can be compared with
the indications obtained from X-ray diffraction,

A summary of the expressiogﬁ derived for the dichroic ratio of fibres
is given in Table 6.2, The expegimental results on DNA-drug fibres

-
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presénted in the next chapter will be analysed in terms of the relationship
between the dichroic ratio, D, and the tilt of the drug (Equation (6.11))
since the direction of the transition dipole moment is not known for the
three drugs used in this study. The values of dichroic ratio, obtained
at different humiéities can beb used to indicate the orientation of one or
more bound species using the predictions from the X-ray diffraction and

birefringence results for the fractions bound at each hunidity.

TADLE _6.2

Summary of Dichroic Ratio Formulae for Fibres

.

D in terms of 6 D in terms of a
. » - ;
. . % 4 2 oosze - SP 00520( - §_[:__
Disorientated ¢+ 5 5in? g + SP ST -2
Fibres (Eqn. (6.11) & Fig. 6,13) (Eqn. (6.16) & Fig. 6,.14)
~. ) t?' | 2
Completely ¥+ cot™ 0 cot™ o
Orientated &
Fibres (Eqne (6.3) & Fige- 645) (Egne (6.2) & Fig. 6.3)

2

' 2
Where P = 3 cos g -1

. pPt=3 COSz(x -2

-\
\\
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APPENDICES FOR CHAPTER 6

"APPENDIX A

AT  Expression for the NDichroic Ratio, D

From Section 6.3.1, a transition dipole moment T can be represented
in the co-ordinate frame of the fibre as

X 1

1

-1 -1
T o= | ¥ = L Ly |0
Zl . 0

Using Equations (6.4) and (6.8 ), which refer to Figs. 6.9 and 6,10,

this gives
» c?sfl (cos ¥, C?Sdé - cosb, sing, siny,)
-cos sxn¢l (00s¢2 sing, - cosg, cosy,, siny,)
+sinby singy (sing, siny,) e
X

vl sing, (cosyp, Cos, -~ €os6, sing, siny,)
T ={ y, |={+cosb, cosp, (cos¥, siny,. - cosh cos¢2 sinwz)
, 1 -sinel cosqal (sinB2 si 2) 2 2 2

. 1 1 2 S,

0

+sind (cosgb2 singp2 - 050

cosy,, siny,)
+cos] (simd5 sinp,) 2 % SV,

(A.1)

vhere ¢1 has been set to zero as explained in the text (Section 6.3.1).
The terms containing 62,‘the drug tilt, are of particular importance since
they will remain in the final expression for the dichroic ratio when
integration over the other angles has taken place.

T.?l and T.ﬁl, used to find D, are respectively the éecond and third
terms in this column vector,

" For the integrations, the following expressions are used
-~

T or 2T
f sinxcos xdx = O
o )
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T or 27

[ sinz. x dx = 3 or m, respectively

T or 27

]
n) =

f 0082 X ax
o

or m, respectively

(i) For a fibre
For a perfectly orientated fibre (61 = 0), averaging over 4;2 (from 0

to 27), ¥, (from 0 to ™), and ¢1 (from O to 21) gives

2 2
<(T.3)5 % + cos 55)
D = mﬁz = T,

cot262 + %

1

vhich is the same as Equation (6.3), derived in Section 6.2 by a less

general method.
For a disorientated fibre, 61 # 0 (i.e. the helix axes are 1ot aligned

with the fibre axis) and the situation is more complicated.

a2 1 2 2 2 2
<5T. \i) > =3 (1 + cos 92 + <cos 91> + <cos el> cosg, + 2<sinzel>sinzez)
., 2
putting S = <sin 91>,
A2 1l 2 2 . 2
<(T’Yl) ¥ =3 (1 + cos 0, + (1-8) + cos b, (1-8) + 28 sin e2) |
=2 2% 2
=3 (2(1 + cos 2) + S(1 - 3 cos 8,))
1 2 |
=3 (2(1 + cos 62) ~ Sp)
(A.2)
' 2
- where P = 3 cos %—l
Similarly,
8 42 . 2 / ’ 2 ’ 2 . 2
<(T,zl) > = <31'n 8> s+ Y% cos 92) + 15 <Cos 83> sin'g,
2
= % (1 + cos 62) + % (1 - 8) sin262
= 1 s Sp
(A.3)

A\

Y
\
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Thus, dropping the subscript on 62,

2
é (2 (1 + cos 8,) - sP)

D =
, 2 sp
X o
% (sin 62 + 35 )
\ 2(sin26 + 2 cosze) - SP
= X% > )
2 s8in"6 + S8p
2
6 .
= % + 2 cos SP

2 sin<8 + SPp
" (A24)

which is Equation (6,11) in the text,

(ii) For a film

In the case of a film, ¢, is set to zero i.e, the film ig considered
so thin that there is no disorientation of the helices across any section
perpendicular to the film surface. The density of states function,
N(el’ ¢l), and the probability function, P(Bl) del, are defined for
essentially a two-dimensional situation, as explained in detail in Fig. P.3.

Integrating over ¢, (from 0 to 27) and wz(from 0 to 2n) gives

A 2 - i 2 ! 2 2 . 2 o 2
<(T.'%) > = Y{<cos el> + <cos el> cos 92 + 2<sin el> sin 62}

i}

Z{(l-S)(i + coszez) + 2 s'sinzez}

%{(l+a33292) + S(2 sin262 - cosae2 -1}

= %{(l+cos262) - SP}

(A.5)
The denominator <(T.§1)25, is the same aé for the fibre case. Thus
. - 2 N ‘
. % {(1 + cos“8) - sp}
D = = 2 SP
% {sin“e + é—-}
2 3
6 .=
= % + 2 cos 5 SP
2 singe +\§P
(A.6)

which is Equation (B.2) in Appendix B.
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AII The Disorientation Parameter, S

The disorientation, § is defined as

. 2
<ci
s(el) sin el>

[pte.) sinzel a8,
/ P(e,) do,

where P(el) is the probability function describing the distribuﬁiOn

of DNA molecules about the fibre axis.

(i) For a fibre
As explained in the text

27

6 in 6. g
] 1’¢l) sin 8, o¢l
o

Il—‘

P(el) = e~

N

2

. . s s . 6
Assuming a gaussian distribution (viz, N(91,¢1)33exp (-—%E )) then
2

:
5 -
f e 532 sin3 6. de
: 171
o
S =
a1 -6
7 28
in 6, d6
: e s 1 99,

The upper integration limit for 91'may be increased to *; since they
are both exponentially decaying odd functions this would result in the same
scaling for both the numerator and the denominator. The denominator is

similar to the standard integral (Abramowitz and Segun, 1968),

o K X
2 == Va
[ e sin(axt) at = -17&- e® [ et2 at

¢} (o]
ra .

‘and the right-hand side of this can be expressed in terms of the Dawsdn

intefiral
4
2 2
VA
F(z) = e / et\\dt
\

o
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7 .

2
26 .. ; f.2
f e sia 61 uel = y2§ {F( ,..g_)}

and an extension of thisg, usi ain® =1 : .
» using sin- §Q = %(3 sin6, - sin 38,) is

. 3. 6
sin 61 ael = v{? SLBF(V:Z—) -F(%f)%

Using these standard integrations, the orientat.ion parameters, 8, is
» ] [

given by
36
F(5~)
s = %(3 - 2
F(7d)

which is Equation (6.14) in the %ext.
(ii) For a Film
For the film case
P(8)) = N(o,,¢,) de,
so that - ei

2
i 6
e . sin 1 del

Both of these integrals are of a standard form (Abramovitz and Segun
< H)

1968) and give
- :
§2
s = % (1~ e~2 )

quoted as Equa'bion (B.3) in Appendix B,

\4
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AIIX Thé Dawson Interral asba Series

2

Fz) = 20 (uz) - ™)
where - .
(:Lz)n . .
wiz) = e (Abramowitz #nd Segun, 1963)
n H
n=0 r(-é + 1)

The even terms in the expansion of w(z) are equal to the terms in the
2
expansion of ¢ > so.these cancel (N.B. T(1) =1 aui In + 1) = nl(n)).

The odd terms give

fodz | (2)° . 12)°

F(Z) = e - otoooo)
21 "pe3y (2 Tz
S QTP
Now (%) = A so that
® 1 2ral
) / nt =
Yo {~1) K
Fz2) =% 1 ST
r=1
3
4 zZ :
= (¢. —*_3:— + _§ -3— ooooo-)
2 2°2

\\\



-.-151_

AIV Values of S for a (ompletely Disorientated S-secimen

(i) For a Fibre

'3

/o (w (8) =™ )

F(§6) 5T

L]

For large (i.e. large disorientation)

v
F(§) = z= w(é)
= }3 + 0(7‘21-)
Therefore,
T
Thus,
. F(3)
F(54)

{ii) For a Film
28
The expression 8§ = Y% (1 - e~ ) takes the value 0.5 as § goes to

infinity (i.o. complete disorientation).

\



APPENDIX B

The linecar Dichroism of a DNA-Drus Film

Several experimental studies.(Rupprecht et al., 1969; Kurucsev and
Zdysiewlcz, 1971; Kelly and Kurucsev, 1976) of linear dichroism have been
carried out.using DlA~drug films rather than fibres,

A previous analysis (Seeds, 1953) of a perfectl& orientated filmlhas
considered the film to be so thin that the normal to the drug chromophore
.is constrained to be in the plane (YZ) of the film (Fig, B.1), Uith thig
assumption the angles previously referred to as ® and o are equivalent,

Using Seed's notation,

5
p = By cos ¢ = cot® @
E“ sin2a
(B.1)
since E, = E,  as before,

This relationship is shown in Fig, B.2.. The dichroic ratio varies
from zero to infinity, and takes the value of unity vhen & = 45°,

If disorientation within the film is considered, analytic expressions
analogous to Equations (6.11) and (6.16) may be obtaineds The transformation
matrices given in Equations (6.6) and (6 3) stlll hold, but ¢ can be
considered equal to zero (i.e. the film is considered thin enough such
that all the disorientation occurs in the plane of the film).  The density
of states function, N(el, ¢l) is defined somewhat differentiy (Fig. B,3)
than'in‘the case of a fibre and the gaussian probaﬁility function, P(el) a i,
is shown graphically in Fig. B.4.,

. The dichroic ratio for a film can be shown to be given by
_-

D = %

2 cos® 8 - 2 sp

2 sin? 8 + sp
(B.2)

where P has its previous signifiéapce, and S is still <Sin2el> but the
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Figure B,1. The co—ordinate system for an infinitely thin,

perfectly orientated film (after Seeds, 1963),

8,
1D
6]
4
21
o o 0{.
0. S0

figﬁre B.2., A plot of the dichroic ratio, D, as a function of tilt

angle, o((;e) (s\ee Equation B,1l).
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Fil'm ox?s
- Z |
DNA helix axis

_ Figure B.3
The thin film is regarded essentially as a 2D case, there being
"o misalignment of the helices in the X! dlrection (viz #, = o).
N(el,yfl) is the density of states function, again assumed .
gaussian in © 1} lt is proportional to the ‘number of DNA helices
pointing in a direction® ) from the £1ln axis.

.P(al)del is propor‘tibnal to the probauility ’of a.DNA heiix
pointing within the limits 61 and 61 + del.

‘P(ey)de; = N(6y, ¢,) 46,

\N
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Figure B.4 The probability function P(e.’..)del for a film., The °
probability function is a standard gaussian with half-
width8. In the limit of complete disorientation -

(§ =) it becomes a'horizontal liné » indicating that

all values of © p are equally probable,
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integration is performed over 31 values from zero to T and no geometric
sin 91 term appears in the expression i.e.

" 2

in< ©

fsnl 1p@1)“1
e)

L
[ Pley) a8,

o

= %1~ e-ZG%
(B.3)
The relatiohship given by Equation (B.2) is plotted in Fig, B.5;
comparison should be made with Equation (6.6) and Fig. 6.13 pertaining to
the fibre case. For the same value 6f S the dichroic ratio for a film is
always smaller than that ror a fibre, although for a given gaussian half-
width, §, the film values for D are larger than the fibre values. This
results from the different relationship betveen S and 8 in the two cases
(compare Equations (6.14) and (B.3)).
Considering th¢ special cases =
(i) For a perfectly orientated film S = O and Equation (B.2)
| reducesbto Equafion (6.3).
(ii) For a completely disorientated film

n(eﬂl, ¢l) = 1

and the probability function can be represented by a straight
horizontal line (Fig. B4). S becomes equal to 0,5 (Appendix
A Iv), and thus the dichroic ratio is equal to unity.
(1ii) The dichroic ratio is always equal to unity vhen § = 54°441,
irrespective of the value of the disorientation parameter, S,
‘(iv) For 6 = 0, the dichroic ratio is given by D = % - 1 vhich
is the same as with a fibre.

gimilarly, an expression for D in terms of & may be derived.
B \ ‘\\
\



Flfure b.5

"The dicliroic ratio, D, of a film as a function of 0 , for

various values of S (Equation (B.2))



- 154 w

COSZa‘—VSP’

2 sin? a + SP!

o (B.4)
vhere P! has its previous significance. This expression should be
compared with (6.16) for a fibre. Equation (B.4) is shown graphically in
Fig. B.6, whigh should be compared with Fig. 6.14, It should be nofed
that, as in the fibre case, the angles 6 ana o are different; & lics

between zero and 6, Equations (B.2) and (D.4) are identical if ¢! = 45°

(Fig. 6.2). |
The earlier anaiysis of Seeds (1953) did not recornise a difference
between ¢ and ¢, because it considered the film as & 2-dimensional
structure.
For the limiting cases -
(1) S = 0 for a perfectly orientated film, and Equation (B.4)
reduces to Equation (6.2) just as it did in the fibre casé.
(Note thal it does not reduce to Seed's expression (Equation
B.l), which describes a less reaiistic nodel). |
(ii) For a gompletely disorientated film, S = )% and D takes the
value unity. -
(iii) The dichrbicrratio is always equal fo unity when o = 35016',
for any value of S. |
) ,The vglues of D for zero tilt (o = 0) are given by D = % -1,
Thisvis the same expression as obtained with € =.0°, which

is the same physical situation.



FicUre B> _ ] ]
The dichroic ratio, _
D, of a film as a }
) function of TGr
various values of 8 )
(Equation (R.4))



APPENDIX C

Exvpressions Relevant to the Birefrinrence Calculations

Using the notation of Fig. 6.4, if the vector T represents the

direction normal to the base-pair then

T.%i = cos(90 - Q) = sin Qy

(c.1)
T.Qi = cos(Q; - 90) = sin Q1

(c.2)

Averaged values‘for thersquares of these expressions have been
.obtained in Appendix A (Equations (A,3) and (A.2) for a fibre, anﬁ
Equations (A.3) and (A.5) for a film). The averaging has taken place at
poth helix and fibre (or film) levels. These averaged quantities are
functions of the base tilt, e, and the disorientation parameter, S, and
they will be referred to as £,(6,c) aﬁd'fs(e,s) |

(i) For a fibre

. 2 . 2 sp
fo (8,5) = <sin' Q> =% {sine + 5 }
‘ (c.3)
£g (g,S) = <Sin2QL> = % {2(1 + cos® 8) ~ SP}
(C.4)
(ii) For & Filn
. 2 : . 2 Sp
fd (e,S) = <sin QI> = 1/2 {51n 0 + .2..._}
(C.s8)
. 2 \ 2
fB (6,5) = <sinQ,> =% {(1 + cos” o) - SP}

(c.6)

\
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CHAPTER 7

Lihear Dichroism and Birefrinpence §

Experimental Results

7.1  Technical Limitatiorson the Measurements

The absorbance of monochromatic radiation of wavelength, A, by a
specimen may be expressed as

A(}) = logI -1logl | (7.1)

where I and I are the intensities of the radiation incident on the
specimen and traﬁsmitted by it respectively. In a single-beam micro~
spectrOphotometer successive measurements are takenvon a microscopic area
with the specimen in place and then absent, using the same optical path,
The measured values of Io and I depend on the emissivity of the lamp
(which is greater towards the red end of the spectrum),.the spectral
transmission of the optical system (which is greatest around 500nm, the
wavelength at which the monochromator grating is blazed), and the frequercy
response of the photodetector (which is greatef in the blue region of the
spectrum), If the optical and electronic properties of the microspectro-
photometer are unaltered‘during the time required to take these measurements,
systematic errors will be reduced. A double-beam microspectrophotometer
employs a beam-splitter to direct the incident light either alternatively or‘
simulaténeously to the specimen and the reference, but for microscopic use
the attendant requirement for identical light paths is more difficult to
gatisfy than tla time stability requirement in single-beam instruments
(Clarke, 1972; Mielenz, 1972; Mielenz and Eclerle, 1972),

In order to measure the dichroic ratio, D, of a specimen in a single-
peam system, four spectral runs are required (viz. the background and
specimen-transmitted spectra for light polarised parallel and perpendicular

to the optic axis of the specimen). This imposes a further restriction on

\ .
the time stability of the system, because the optical and electronic
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properties must remain coﬁstant over the increased length of time required
to take these measurements. The birefringence of a specimen is measured
in white light by rotating a compensator to find the dark compensation
fringe (Section 7.3). There is no time stability restriction on this
measurement since the efrect of the different polarisations (giving rise
to different refractive indices, n, and n,) is observed simultaneously and

not sequentiallye.

The four log (transmission) curves can be collected in two spectral
runs by using an adaptation of the method of Jaffe et gl. (19§7), A
multiple waveplate of quartz, placed between the polariser and the specimen
stage and.oriented such that its optic axis is at 45° to the polarisation
direction of the polariser, acts as a wavelength dependent polarisation
modulator. The originally plane—polariéedvlight will emerge from the

waveplate elliptically polarised, due to the relative retardation,¢(}),

introduced.

o = Z s (7.2)

where t is the waveplate thickness and An(}) is the birefringence of quartz
at the wavelength A. Vhen ¢(}) equals an even multiple of m, the plane
polarised light emerges vith its polarisation unaltered; and when it
equals an odd multiple of m,the light will emerge plane polarised in a
direction at right angles to its polarisation direction on entry. The
observed transmission will be that corresponding to the resultént

polarisation, The frequency of these changes depends on the thickness of

-~

the waveplate.

with reference to Fig. 7.1,

nt+1

oAy A | ,
ME) - A.n(x ) ’% (7.3)
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The repeat,Ak(=xn+l - An),should be chosen 0 that it is small enough to
allow eésy.interpolation of the cnvelopes by eye, but large enough so that
the spectral bandwidth passed by the monochromator does not diminish the
magnitude of the oscillations because of averaging, For a repeat interval
of around 5nm, An(An) and An(ln+i) can be taken as equal for quartz,  This
ig becauge the dispersion of the birefringence of quartz is small,
Ay = a0g)

X _ -
An(AD) = 3 x10

" where A, is 486.1nm, A, is 65643nm and AD is 546.,1nm, Thus

% | (7.4)

For’examble, with 3 = 500nm and An+l = 505nm, and An (500nm) = 0,00911
the required waveplate thickness is S.5mme. A crystalline quartz optical
flat, with its optic axis in the plane of the polished faces, 6mm, thick,
flat to~% end with faces parallel to 15 seconds of arc, was constructed to
order by Gooch and Housego Ltd,, Ilminster, Somerset. The expected '
repeaﬁ interval A\, according to Equation (7.4), is 4.6nm,

© Spectra are taken with and without the specimen in position (viz, the
sspecimen' and 'background' runs), the envelope of the oscillating traces
providing the four data sets required. These arc input via a D-Mac
pencil follower to the‘prbgram 'MICRO', vhich computes the dichréic ratio
as a function of wavelength., This methed is time—saving, and it reduces
the time stability requirements of the system. Any differepce in the
envelopes for the !background! case is due to non-uniformity of the
polariser and/or variafions iﬁ the polarisation sensitivity of the

photomultiplier. In practice, these differences were so small that they

were not resolved.
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7.2 The Miecrospectrophotometer

A single-beam microspectrophotometer, with polarised light facilities,
was used to investigate the birefringence of DNA and DNA-drug fibres and
the linear dichroism of NNA-drug fibres. The system was described by
Porumb (1976), and was operated over wavelengths from 400 to 650nm, The
microspectrophotometer (Fige 7.2) consists basically of two parts -

(i) The Optical System

The central part of this.is a Zelss polarising microscope,
A fibre is placed in a humidity cell (Section 2.3) which is
positioned on the rotating stage of the microscope. The
specimen is illuminated by pulsed monochromatic light
originating from a 12V, 10CW quartz lodine lamp. The mono-
chromator is of a symmetric Czerny-Turner design, equipped with
a plane diffraction grating bluzed gt 500nm, The entrance
sliéhdetermines the spectral bandwidth,and the exit slit
determines the intenéity of the light reaching the specimen.
The settings normally used were 2nm'for the bandpass and 0.5mm
for the exit slit.

The ehergent beam is periodically interrupted by a
vibrating~vane chopper operating af 110Hz, The beam illuminafes
an adjustable field aperture, whose setting determines the area
in the object plane to be illuminated, A 45° mirror joins up
the optical axis of the monochromator section with the optical
axis of the microscope. The optical bench supporting the lamp
and monociwomator were permanently decoupled from the support
carrying the field apérture and 45° mirror, in order to
facilitate alignment of the optical axes. The 1mage of the
qondenser diaphragm.and tpe field aperture were Both in the

centre of the field of view of the microscope when alignment

\
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was completed. Before using the'equiément each session the
condenser lens was centred using the internal light source of
the microsc0pe,iand minor adjustments were made, if necessary,
to centre the field and measuring apertures accurately,

The light, baving passed through the specimen, isldetected
and measured by an RCA 931 A photomultiplier tube operated at
1kV from its own stabilised power supply. A part of the beam
is also directed to the inclined binocular head for viewing the
fibre and the field aperture. The measuring aperture is
located close to the photomultiplier window and can be viewed
with the aid of a pilot lamp. It determines the fracticn of
the illuminated area that is sampied by the photomultipliler.
The field aperture was set to illuminate a portion about %rds‘
of the width of a fibre to minimise the cylindrical lens effect
of the fibtre and yet allow sufficient light to pass through it
(Porumb, 1976), and the measuring aperture was adjusted to
give a slightly smaller area within the illuminated area,

For the fibres used in this study the illuminated area is
around 65um x iOOum. s

The Electronic System

" This amplifies the output of the'photomultiplier system,
separating out the signal from the noise by phase sensitive

detection i.e. it considers only that part of the photo~

"multiplier output that is in phase with a signal from the beam

chopper (Abernethy, 1973). A d.c. signal proportional to the

light iutensity is directed to a log amplifier, which has been

‘calibrated so as to deliver an increase in voltage output of

1V for every ten-fold increase in input. This output signal

drives the Y deflection of a Bryans XY plbtter. The Y

\ .
deflection can be calibrated in abgorbance wnits using voltages
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measured on a digital voltmeter, since the deflection produced
by a voltage of 1V is equivalent to 1 OD unit, The X
deflection is linear with wavelength and is produced by a
ramp voltage from a potentiometer which is turned by the
monochromator shaft. A range control unit allows the spectra
to be scanned between pr¢~selected vavelengths.

A DNA~drug fibre reduces the intensity of the transmitted
light by such a large factor (v 10° - 10%) tha* the logarithm
of the photomultiplier output rather than the signal itself is
recorded, in order to obtain the plots for the packground and
specimen over the full wavelength range on the scale of the
plotter, There is an absolute 1limit to the absorbance whigh
can be measured of about 3.8 OD units for a 2nm bandpass.

This is due to stray light in the system, Stray light is
defined as the radiation reaching the detector whose wavee
lengths are outside the region isolatea by the monochromator
(Slavin, 1963). It arises as scatter from the optics or from
the walls in the monochromator, and from ambient light which
has not passed through the chopper, reaching the detector.
Electronic noise would start to be -troublesome for optical
densities greater than 4,0 (Porumb, 1976). Heterochromatic
stray light may be reduced to some extent by reducing thé
exit slit to lnm, but then the intensity of light transmitted
through the fibre would be even lower, The optimum
arrangement was when the background intensity was so high as
to just avoid overloading the phase;sensitive detector (PSD)
vhen it was set at its lowest sensitivity, Wwith a fibre in
position the PSD sensitivity could then be increased to

record a measurable signal, which was still above the stray
Ny
light level. \
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A spectrophotometer cannot meusure absorbances higher than

the stray light level, and even at levels below this limit

the absorbance peaks will show some flattening (Technical

Memo UV-71-2, Varian Instruments, 197i). The level at which

this flattening becomes noticeable is around 3,5 OD units judged

from the absorption spectra of fibres of differing M values.

It was necessary to use thin fibres of fairly low drug/DNA

ratios in order to minimise this effect. I% was the intention

of this thesis to make optical measurements on the same fibres

as were used for the X-ray diffraction analysis. In order to

obtain X-ray diffraction patterns within a reasonable exposure

time, the fibres could be no thinner than about 80vm, The

phenanthridines studied here have large absorptivities, and if

the measured absorbance was to bé less than about 3.5 OD units

M could not be less than about 20 fbrvfibres of this size,

The fluorescence emission spectrum of ethidium bromide has

its maximum intensity at around 595nm and its fluorescence

quantumtefficienCy is known to increase 21-fold on binding to

double-stranded DNA (Le Pecq and Paoletti, 1967). Despite

this, fluorescence will have no significant effect on the

absorption spectrum, since it occurs in all directions and

only a negligibly small proportion is collected at the very

small solid angle sampled by the measuring aperfure and

‘photomultiplier.

it would be possible to automate the collection of the absorbance
data by using a system such as that schematically illustrated in Fig. 7.3,
The binary-coded decimal output of the auto-ranging digital voltmeter
would be conmnected to a micro-computer, which would store the digital log
intenéity readings in memory.\ The micro-computer would also take the

place of the range control unit in Fige 7.2, and the user would input the
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wavelength range over which each scan should be recorded, and the
wavelength resolﬁtion required. Instead of using the ramp voltage from
a_potentiometer to calibrate the wavelength, the micro-computer would
control the stepping motor directly by sending it appropriate current
pulses. 7This would aveid the analogue-to-digital conversion that would
be required if the ramp voltage scheme were retaineds An initialising
arrangement would need to be incorporated into the proposed scheme, for
use at switch on, vwhereby a certain position of the monochromator drive
shaft would be recognised by the stepping motor. Data could be routinely
stored on a magnetic "audio" tape cassetfe, and nominated spectra could be
translated on to paper tape for input to the program 'MICRO', The user
could communicate with the system via a video display unit, VﬁU, and the
data could be displayed as it is being recorded on an XY plotter and/or
on a cathode ray tube display.

The proposed scheme would eliminate the tedious and time-absorbing
digitisation of the spectra by the D-lac pzncil follower which is currently
employed. The user could communicate conveniently with the system and
nominate the wavelength range and resolution through the VDU keyboard,

He wouldAobtain an instant graphical display of the data, and could choose
either to abort the specﬁral run, change the resolution vithin it or

accept the spectrun., Some minor adjustment of the optics is required
before é series of spectral runs, A standard spectrum (of a filter, say)
could be stored in the micro-computer and compared with a trial spectrum

of the same filter at the beginning of a session. If they apgres to within
an acceptable tolerance the user would be iustructed to proceea; if they

aid not, he nould be requested to re-adjust the optical system,
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7.3 Blrefrlnnence

In order to measure its blrefrlngence a fibre is placed in a
humnidity cell on the specimen stage of the rolarising microscope such that
the fibre axis is at 45° to the crossed polariser and analyser (Section
2.3.4,2). When reaching the fibre, the electric vector of the light is
resolved into E, and E (Sgction 6.4). These two components travel
through the fibre at different velocities, because of the different
refractive indices n; and n . They will travel different optical paths
and wvill emerge generally out of phase, Along the axis of the analyser
they will project as E{ and E! (Fig, 7.4). If their path difference is
zero or an integral number of wavelengths, they will cancel and extinction
will result. For white light all the wavelengths will cancel only for
zero path difference,while for higher path differenées only one wavelength
at a time will be cancelled exactly. The others will be transmitted to
varying extents to give‘what'are known as Newton's colours, For large
path differences the fringes overlap to such an extent that only white light
is seen, In theory,if the central fringe can be identified uniquely then
the white light fringes permit very accurate measurements to be made of
optical path differences and hence birefringence,

The birefringence was measured using the internal white light source
of the polarising microscope and an Ehringhaus rotary compensator. The
fast direction of fhe compensator was superposed on the sloﬁ direction of
the fibre., Rotation of the compensator changes its thickness in the light
path and thus varies the‘betardation which it produces, The resultant
path difference acrbss the fibre plus compensator is reduced until the
interference colouré’viewed in the microscope fail in Newton's scale,
Continued rotation of the compensator produces abdark éompensation band
(the zeroth order band) inrthé‘middle of the fibre. The retardation

produced by the calibrated compensator at this angle is equal and opposite
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to that of the fibre, The birefringence An is calculated from

_ bath-difference
AR = Fibre thickness . (7.5)

Exact compensation in vhite light can only be achieved if the
relative disbersion of the birefringence of the compersator matches that
of the fibre. Any marked difference between them will result in the

compensation band being broadened and coloured, which leads to a
phenomenon known as "fringe-jumping" i.e. fhe zeroth order band becomes
o loured while an adjacent (formerly coloured band) appears black (Faust
and Marrinan, 1955; Hartshorne and Stuart, 1970). This problem was
encountered only for those fibres whose birefringence was so large that
tilt angles of 20° and above were required. For these fibres fhe
problem was overcome as suggested by Hartshorne and Stuart (1970). The
band that was dark at 95% Re.He, when the birefringence was lowest, was
assumed to be of genuine zeroth order, This band was followed as the
specimen was dried down, as wellras recording readings for the apparently
dark band. At 55% R.H. the angles corresponding to the original band
(now coloured) and4thé false dark band were deterﬁined. The feadings at
intermediate humidities were then corrected in proportion to this
difference, and the corrected angles were converted into path differences
by interpolation in the calibration table for the compensator,

...............

'7.3,1 Discussion of Results

The birefringence for a DNA fibré and for several DNA-phenanthridine
fibres is shown as a function of relative hnddity in Fig., 7.5. In each
case the broren lines indicate the result of "normalising" the measured
birefringence according to the method of Porumb (1976), to allow for the
swelling of the fibres with increasing humidity. As the relative
humidity of the fibres is increased, they swell and the substantial
increase in volume (which can be ;f the order of 60-~100% between 80% R.H,

and 95% R.H.) causes a dilution in the polarisable material and a
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censéqueht reduction in the measured birefringence., Unless this effect
is considered explicitly it will obscure all other trends. In gny case,
it makes the birefringence results rather difficult to interpret

" quantitatively.

In general, the swelling of a fibre is a macroscupic consequence of
en increased separation of the oriented DNA helices and a swelling of the
amorphous regions in the fibre due to uptake of water. Falk et al. (1963)
have shovm that water is adsorﬁed initially by the strongly hydrophilic
P02 groups and then by the P-0~C and C-~0-C oxygens as the humidity is
increased to arognd 65% R,H, At this bumidity, about six water molecules
are adsorbed per nucleotide, The carbonyl groups and ring nitrogen atoms
of the bases become hydrated above 65% R.He At these humidities the
helices are generally in thg A-conformation, X-ray measurements show
that the crystal packing parameters of the A-form do nof change with
relative humidity. The very small observed swelling of a fibre in this
humidity range confirms this, and is probably a result of the expansion of
the amorphous regions between the crystallites, At around 75%-80% R,H,
the molecules hydrating the carbonyl groups and ring nitrogens fill the
grooves of the DNA helix, which has by now completed the transition to the
B-conformation. At about 80% R.H., all exposed hydration sites are
probably filled and a further increase in the humidity causes the helices
to move apart, resulting in the large observed increase in the dimensions
of the fibre, X-ray diffraction measurements (SectiOn 5,5,1) confirm the
increase in irt=rmolecular separation at these humidities,

In order to interpret the changes in the observed birefrirzence with
humidity, due allowance would need to be made for these complicated changes,
The birefringence itself depends in a complex mamner on the amount of water
in the system, even if changes in the DNA conformation and disorientation
were not considered at this stage. Even in the simplified notion of the

\"
birefringence béing the sum of two terms, the intrinsic and the form
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birefringence, it should be noted that the form term does not vary

linearly with the fraction of water in a filre (équation (6.24)), so that
‘Inormalising' the observed birefringence according to the dimensions of &he
fibre at each humidity is inadequate. In the more realistic treatment
(Section 6.4.2) in vhich the two lerms are not separable, 'normalisation'
is unnecessary. Nevertheless, the author has normalised his results in
order to compare them with previous studies (e.g. Porumb, 1976),

The basic feature of the normalised‘birefringcnce is the increased
magnitude with increasing humidity. Fig. 7.5 shows that all the fibres
exhibit a normaiised birefringence vhich is fairly ;Qnstant at low
humidities, and rises steeply at around 80% R, This is a similar trend
to that observed with DNA-caunomycin and DNA-adriamycin fibres (Porumb,
1976}, The sizé of the change is much too large to be explained in terms
of a reduction in the disorientation of the DNA helices within the fihre.
In any case, the results of Chapter 5 indicate a slight increase in
disorientation as the humidity increases; wﬁich would cause a decrease in
the magnitude of the birefringence and not the observed increase. Vith
the proviso that the normalisation is reasonably adequate to describe the
hydration effects, the observed (normalised) results are consistent with
an A to B transition 6f the DNA conformation in the fibres at around 80%
R.H.,. The change in tilt angle from 20° to about &° (Table 1.1) would
“result in a significant increase in the birefringence. Porumb (1976) has
reported that if the form birefringence were taken as 58% of the intrinsic
term, the total birefringence would increase by about 50% as the tilt
angle changed irom ¢® to 20°. |

The magnitude of the birefringence is larger for all the DNA-drug
fibres than for the control DNA fibres, and it increases with increasiﬁg
drug content within a fibre (Fig. 7.5). This indicates that a significant
proportion of the total birefringence of the DNA-drug fibres is due to the

\ «
anisotropy of the drugms, bound at a specific angle, adding to the anisotropy
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of the base-pairs. If the drugs had been bound at a random orientation
they would not contribute to the total birefringence. The birefringence
values are lower for prothidium fibres than ethidium and dimidium fibres
of the same M value, suggesting either that the prothidium chromophores
are less anisotropic or that they bind at a larger angle to the plane
perpendicular to the helix axis, Although prothidium contains an
additional pyrimidyl moiety, this is unlikely to substantially affect the
polarisibilities of the chromophore, Hence it is more likely that the
lower observed values of birefringence with prothidium reflect binding
at a larger tilt angle than is the case for ethidium and dimidium,

As the relative humidity is raised, the normaliéed birefringence of
all the fibres increases. In the DNA control fibre, this is accounted
for by the conformational change from A to B-DNA, which results in a
peduction in the tilt of thg base-pairs from 20° to 6°. For dimigdium
and ethidium fibres, the increase in the normalised birefringence over the
same humidity range is at least as large as.in the control DNA fibre, |
This suggests that as well as the base-pair tilt being reduced the tilt
of the drugs also decreases at high humidity. It is consistent with a
proportion of the drug leaving external binding sites and moving into
intercalation sites as the humidity is increased. With the prothidium
fibres the situation is more difficult to interpret. The bound drugs
contribute less to the total birefringence, and the observed increase in
birefringence at higher humidities may reflect the change in the tilt of
the base-pairs with little, if any, rearrangement of the bound drug
molecules.

The problem of/normalisation is circumvented if the birefringence is
coﬁsidered as a function of f', the volume fraction defined in Section
6.4.2. Using this approach, the birefringence can be considered as a
complete term, not as one comprisiﬁg intrinsic and form components. In

\ .
theory, the measured birefringence could be plotted against the volume
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‘fraction and the trends interpreted directly. 1In practice, with DNA
systems the situation is more complicated.
The parameter f' depends on the radius of the DNA helix, considered
as a rod, and its intermolecular separation. The latter quantity is
fairly readily deduced from X-ray diffraction patterns, but the radius
of tﬁe helix is more difficult to measure especially from diffuse DNA-
.drug patterns. The radius of the helices dées not change with humidity
(although there may be a slight increase at humidities above about 85%

R, if the hydration shell is included), and can probably be taken equal
to the value for the control DNA at the same humidity for moderate drug
loadings. The radius was taken as 9.96% at low humidities (5 80% R.H.)
end 10.20% at high humidities. These are the optimised distances of the
02 oxygen of the phosphate group from the ﬁelix axis in A-DNA and B-DNA
respectively (Arnott and Hukins, 1972), The size of the crystal

iattice of A-DNA does not vary with humidity, so that the intermoleculer
separation, o (and hence f'), will be constant over all the humidities over

which the fibres are in a predominantly A-type configuration. In line

with this, the measured values of the birefringence are essentially constant

for all fibres which give A~type X-ray patterns. Consequently, all the
birefringence measurements over a humidity range of 50% to 75% R.H. map

on to a single value of f'. The parameter, a, was taken as 23.152 for
A-DNA (i.e. % a2 + b° where the lattice parameters are a = 22,248 and

b = 40,628 (Fuller et al., 1965)), For B-like patterns, o is the
intermolecular separation. For the control B-DNA, the values were 25.82
and 26.43 at 92% R.H, and 98% R.H, respectively, as measured in Section -
5,5.;. For the DN@rdrug fibres the intermolecular separation varied with
the drug used and the M value of the fibre (Chapter 5). However, the
veriation was not great and all the DNA and DNA-drug birefringence

measurements at high humidity map on to a small range of ft in the Antotal
: \-

\
A

vs. £! plot.
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Fig, 7.6 shows the results of plotting the data for a control DnaA
fibre and a DNA-ethidium fibre (M = 12), The results appear to be
consistent with the theoretical plots., The experimental data is confined
to small regions in f'~space oorresponding to the A and B conformations,
and this makes interpretation of the results difficult, In particular,

the expected discontinuity due to the A-B transition cannot be identified,
It is possible to extend the range if a series of results were tagen at
100% R.H,, and the fibres were allowed to swell ovcr a period of time,
However, this would result in a loss of orientation within the fibre and
it would be difficult to arrange for the X-ray diffraction patterns (from
which o is measured) to be taken at exactly the same conditions of éwelling
as the birefringence measurements were taken. In any case, results at
100% R.H., will not help to characterise the discontinuity corresponding to
the A-B transition, |

The two schemes outlined are both rather unsatisfactory for the
treatment of the birefringence data. In tﬁe first case, the theoretical
simplifications and implicit assumptions are too far-reaching, and in thé
second case the experimental results are mapped on to two very small
portions of the possible data area rendering the trends in the data
virtually unrecognisable. However, it .has been ascertained that the
drugs bind to the DNA in a largely preferential orientation relative to
the helix axis., .= With B-like patterns this orientation is probably close
tovperpendicular to the helix axis for ethidium and dimidium, because of
the large increase in the observed birefringence of these fibres relative
to the values Jor DNA fibres,and because the birefringence continues to
increase with incrg?sed drug content., There are problems in separating
out the relative contributions of the drugs and U1e base-pairs to the.
observed birefringence. Nevertheless, the smaller birefringence of the
DNA-drug fibres at low humidity, compared with the values at high humidity,

\
suggests that the chromophores are tilted at a considerable angle from the
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Figure 7.6 Observed birefringence as a function of the volume fraction
T. (See Fig. 6.19 for an explanation of the full lines)

Figure
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perpendicular plane to the helix axis at low humidities, With the
prothidium fibres there appears to be no major re-orientation of the
chromophores as the humidity is varied,’and the birefringence measurements
suggest that the prothidium chromophores bind at a considerable tilt

angle at ali hunidities. The complicated nature of the lwdration

chanﬁes and the lack of knowledge of the polarisabilities of the drug

chromophores make a morec quantltatlve interpretation of the ddua very

difficult,
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7.4 _ Linear Dichroism

7.4.1 Theory of Analysis in Terms of Two Bound Drug Species

The theoretical dependence of the linear dichroism on the tilt angle
of th? drug chromophores has been dealt with éxtensively‘in Chapter 6,
For the visible absorption bands, light is assumed to be absorbed
isotropically in the plane-of the chromophore, Equation 6,11 and Fig.
6.13 represent this situation, for a single mode of bindingvin which the
chromophores assune a preferential orientation with respect to the helix
axis. The situation in which a fraction of the drug mwlecules is bound
by a different mode, with either a different prefefred orientation or a
random orientation, is more difficult,

If the drug chromophores in a fibre are oriented, and if A“ and Ay
are the absorbances neasured with light polarised parallel and

perpendicular to the fibre axis, then the expression

A = % +2a) (7.6)
‘gives the isotropic value of the abscrbance, vhich would be recorded
using unpolarised light, This‘is also the value that would be recorced,
for any direction of polarisation of the light, if the chromophores were
randomly disorientated, If there are two bound species, one with the
chromophores characterised by a distinct orientation and the other with
the cﬁromOphores randomly disordered, then tpe measured dichroic ratio, D,

‘can be expressed as

F'(DA -1) + (21)A + 1)

P T (@, + D -2Fy, - 1) (7.7)

where F' is the fraction of drug molecule= bound according to the first
scheme, and DA is the dichroic ratio that would be measured if all the
drug molecules bound by this method. This expression may be rearranged

so ag to give an equation for F' in terms of D and QA
o N
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(2DA +1) (1 -D)
F =
(2D + 1) (1 - DA)

(7.8)

If the chromophore orientation, 6, and the disorientation half-angle
of the fibre, § , are knowm then DA Qan be found from Fig., 6,13,
Measurement of the dichroic ratio, D, will then permit the solution of
Equation (7.é) to find the fraction of drug bound with a specific
orientation,

The situation may arise in which the drugs arc distributéd between
two binding species, each of vhich is characterised by a distinct orientation
to the helix axes. In this case the experimentally observed dichroic |
ratio, D, is given by 4

F(DA - DB) + DB(ZDA + 1)

D = (@b, + 1) - 2F(D, - D) (7.9)

where F is the fraction bound in tiie first species, and QA’ DB are the

dichroic ratios if all the drug belonged to the first and second species
respectively., This can be rearranged to give

(2DA +1) (D~ DB)

(2D + 1) (D, - DB) (7.10)

Equations (7.9) and (7.10) reduce to Equations (7.7) and (7.8)
respectively, if the second species is randomly orientated, by setting
Dext =1l. In principle, one may write a relation of the type (7.10) for
the fraction bound by scheme A at any relative humidity. In particular
it can be applied at the lowest and highest relative humidities measured,
viz. 55% and 92% respectively in this ;tudy. In general, there would be
too many unknowns to solve for F' uniquely at both humidities, However,
in a particular case, the results from uéing other techniques (such as

X-ray diffraction) may provide sufficient data te solve the equations,

especially if the data indicates simplifications that can be applied to

the binding model.
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7;4.2 Experimental Results

The spectra recorded from a control DNA fibre are shown in Fig,
7.7 DNA has no absorption band in this‘wavelength range and the
recorded absorbance of about 0.4 OD units is the combired result of the
cylindrical lens effect of the fibre (Secfion 7.2) and of light scattering
by the Specimeﬁ, particularly by salt crystallites and impurities |
present in the fibre. The measured absorbance depegded on the thickness
of the fibre but was always between 0.3 and 0,4 O) units at 650nm for the
size of fibres normally used. These effécts are also present presumably
in the absorption spectra of the DNA-drug fibres, and allowance should
be made for them in order to obtain absorbance values épecific to the
DNA-drug interaction. A correction for the vertical tranélation of the
baseline was performed by subtractiné the measured value of the absorbance
at a wavelength where the drugs do not absorb (viz, 650nm) as suggested
by Fraser (1953). The dichfoic ratio ;hould be constant over those
wavelengths where absorbanée arises from a single transition (Ding ég él.,
1972), - The measured dichroic raticswere always constant to within
* 5% over the spectral range if a horizontal rather than an inclined base-
line correction was used, so that the error introduced by using this method
was not serious. In any case, a correction scheme which was a function
of wavelength (to allow for differential scattering) could only be
estimated and probably would be different for each fibre.,

7.4.2.1. Ethidium and Dimidium

Typical absorbance spectra for a DNA-éthidium fibre at low and high
ﬁumidities are shown in Fige 7.8 In egch case the spectra are similanr
to those obtained from the complex in solution (Chapter 4). From the
positions and relative intensities of the peaks it can be deduced that
most of the drug is bound to the DNA in the fibre,

Plots of the 16g of the intgpsity apgainst wavelength using the

multiwave quartz plate attachment were compared with. the values obtained
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Figure >7.8 (i) The abséfption spectra of a DNA-ethidium fibre (M=19)

at 92% R.H.
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(ii) The absorption spectra of the same fibre at 55% R.H,
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using-separate spectral runs. The results taken with the quartz plate
did not traverse the full intensity range between the separate traces,
This may have béen due to the time constanﬁ of the lock-in amplifier
being set at too high a level., Reduction in.the time constant results in
additional noise being superimposed on the signal at these small signal
strengths, Also the spectral band-pass of 2nm, required to obtain
sufficient light'through the DNA-drug fibres, is probably too large relative
to the 5nm vavelenglu intervgl over which a complete oscillatioh occur.
The method is 1ike1y.to’be more su§0essfu1 for thinner fibres, though
these would not be amenable to X—ray study. For the present study, however,
it was decided to take the spectral traces separately, without using the
quartz plate. 7 |

As the relative humidity is increased the general tendency ié that
the absorbances decrease, dﬁe to the dilution effect caused by the swelling
of the fibre. However, the absorbances, A“ and AL’ do not vary in the
same proportion, presumably because simultaneous with the swelling there is
a redistribution of the drug within the fibre. As a result of this, the
dichroic ratio for ethidiuﬁ and dimidium fibres changes with hunidity as
illustrated in Fig, 7.9 and Table 7.1,

In general, it is estimated that the dlcnrOlc ratios were obtained
to an accurﬂcy of around - 8N. The varlab111ty of the results for a
particular orug,at a given humidity and M valus, can be accounted for by
.this uncertainty and by the differences in the disorientation half-angle
8, amongst the"fibres. Over the limited K value rangelth at could be
measured the dichroic ratio appears to be independent of the proportion of
the drug in the filre. There is no staflstical significance to the small
difference in the dichroic ratios of the two ethid;um fibres (M = 19 and

= 24) presented in Fig, 7,9. An ethidium fibre with I = 24 vas

measured with a’dichroic ratio ai\high as this M = 19 fibre (Table 7.1).

Similarly, the dimidium fibres show no significant change in dichroic
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TABLE 7.1

The Dichroic Ratios of some DNA-Drug Fitres as a Function of the Relative Hﬁmidity

Relative Ethidium Dimidium Prothidium
. Humidity . ‘

(% M=19 M=24 M=19 M=23 M=23
55 1.55  1.40 1.30 1.50 1.40 1.40 1.35 1.10 1.00 1,04
65 1.55 1.50 1,02
75 1.65 1.65 1.60 1.45 1.55 1.09 1,04
85 2,00 1.93
92 3.08 2.80 3.10 3.00 2.65 2,95 1.00 1.00 1.2
95 3.10 2.90 2,70 3.05 3.05 2,60
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ratio with drug content. Indeed, the values for all the measured
éimidiuh and ethidium fibres are the same for a particular humidity,
within the estimated accuracy of the experimental method.,

The problens of normalisation encountered with the birefringence
meagurements are avoided in this study, because the dichroic ratio, D,
is a ratio rather than a difference of two quantities. Swelling
corrections affect both the numerator and denominator equally, and
therefore the ratio is independent of thenm, The consequent simplification
in the analysis pf the results is considerable, and the dichroic ratio
measurements are much more amenable to quantitative interpretation than
the birefringence measurements,
7.4.2.2 Prothidium

The results from DNA~prothidium fibres are very different (Fig. 7.9
and Table 7.,1). The dichroic ratio of several fibres, at the rinimum M
valué that could be measured (M = 23), were taken over the humidity range
from 55% to 95% R.H, Fibres with M values less than 23 could not be
measured successfully, because the high absorptivity of prothidium resulted
in a flattening of the absorbance peaks at low humidities for fibres of
80—10dﬁm in diameter. Fér all of the measured fibres the dichroic ratio
stayed véry close to unity, and maintained this value over the complete
range, The absorbance spectra are similar to the solution spectra
recordéd at high M values (Section 4.4.3), suggesting that most of the

drug in the fibre is located close to the DNA,

7e4.3 Discussioh of the Results

7.4.3.1 Ethidium and Dimiciun

The experimental values of the dichroic ratio for DNA-ethidium and

DNA-dimidium fibres are greater than unity, indicating that the arug
molecules have a preferential orientation in the fibre, In particular,
\ B

they are consistent with the drugnbeing orientated essentially perpendicular
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to the fibre axis as would be the case for intercalation, The dichroic
ratios reported here for these drﬁgs are larger than those previously
obtained using oriented DNA-acridine films (Neville and Davies, 1966;
Kurucsev and Zdysiewicz, 1971), but are generally smaller than those
obtained with DNA—anthraCycliﬁe fibres (Porumb, 1976). Films are generally
less well orientated than fibres, and the anthracyclines may bind
préferentially perpendicular to the fiﬁre axis at a higher binding fractioﬁ,
F, than do the phenanthridines.

As previously mentioned, the measurements were limited to fibres with
a low proportion of drug (M2 20), | The solution spectroscopy (Chapter 4)
and X~-ray diffraction results (Chapter 5) indicate that at these M values
a high proportion of the bound ethidium or dimidium would be tigﬁtly bound
to the DNA, and that at high humidities (X 80% R.H.) this is likely to be
by intercalation. The intercalatively bound drug would assume an
orientation similar to that of the base-pairs (viz. about 6° from the planér
perbendicular to the helix axis).

The observation that the dichroic ratio, at a particular relative
humidity, does not vary with M for large M values suggests that, in these
fibres, both ethidium and dimidium distribute themselves betwecen the
different binding modes in a constant proportion, The dichroic ratio does
not reflect the absolute amount of drug in a fibre at a specific
orientation, but rather the fraction of the bound drug assﬁming thig
particular orientation. At low M values the proportion of drug inter-
calated would drop, due to the excluded site effect, and more drug would
be free or bound externally, so that the dichroic ratio would be expected
to fall.

The fact that the dichroic ratio does not continue fo rise at
humidities greater than RY¥ R.H. confirms the conviction that no further
intercalation takes place after 92% R.H. is reacheds All of the drug

cannot bz intercalated at these humidities since the theory would predict
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a dichroic ratiovof about 11.6 in this case: for a drug tilt of\6° &nd

a disorientation half-angle of about 7° to 9°, The small drop in the
dichroic ratio above 92% R.,H., recorded Qith some of the fibres correlates
well with the increase in disorientation measured from the X-ray
diffraction patterns at these high humidities. It is unlikely that the
drop reflects any of the drug slipping out of the intercalation sites
since the hydrophobic drive towards intercalation is expected fo be even
stronger at these high humidities.

The drop in the value of the dichroic ratio, for both ethidium and
dimidium, as the relative humidity is reduced below 92% indicates a change
in the distribution of the bound drug Between the intercalated and
externally-bound sites. The reduction implies that a proportion of the
intercalated drug slips out of its site and becomes free or externally
pound. The retention of the absorbance maximum at around 520nm indicates
that alllof the drug is maintained close to the DNA, and probably remains
.bound to it, Some care needs to be taken vhen comparing these spectra
with the solution spectra of Chapter 4. In the latter case a maximum
absorbance of 520nm was considered as proof that no free drug was present
in a complex. In the case of a fibre it cannot be regarded as presumptive
evidence since, in a fibre, all the drug molecules are likely to be
constrained close to the DNA, and hence absorg at 520nm, whether they are
bound to the DNA or not, |

By the time 55% R.H, is reached all the DNA~drug fibres exhibit an
A-type diffraction pattern and this would preclﬁde any appreciable
intercalation. The observation that the dichroic ratio remains greater
than unity at this-humidity indicates that all the externally bound
molecules cannot be bound in a random orientation., If all the externally
pound drug is considered to be bound according to a particular scheme,

then the value of 1.4 ¥ 0.2 for Fhe dichroic ratio at this humidity can

" pe interpreted in a number of ways.
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The molecules may be assumed to be loosely attached to the exterior
of the DNA helices, with a mean orientation approximately perpendicular to
the helix axes. The disorientation parameter corresponding to the measured
dichroic ratio would then reflect both the disofientation of the helices
in the fibre and the additional orientgtional freedom enjoyed by the
externally bound drug. For this situation, Fig, 6,13 indicates a
disorientation half-angle of around 45° % 50. This includes a value of
about 5° - ¢° for the disorientation of the helice., so that the drug
molecules would be envisaged as "wobbling" over a half-angle of about
36° - 40°. Although the external binding mode is largely ionic (Chapters
4 and 5), the charge on the dimidium and ethidium chromophores is
deloéalised. Therefore, binding is not directional and a "wobble" of
this magnitude may be reasonable,

An alternative explanation of the measured values of the dichroic
ratio is thét the drugs are bound rigidl& to the helix, such that their
disorientation is the same as that of the ﬁelices, and their chromOphofes
are oriented at a considerable angle to the plane perpendicular to the
helix axes. Fig. 6.13 indicates that for a dichroic ratio of 1.4 Yo
this angle would be 482% 3° for an isotropic transition dipole moment.
(Fig. 6.14 indicates that,rfor the case where the transition dipole moment
direction is known, the dipole would be tilted at 31° ¥ 2° from
perpendicularity). This angle is somewhat larger than the angle of
ascent of the DNA helices (approximately 27° for A-DNA, and 32° for B-DNA),
but even if the externally bound dimidium and ethidium were envisaged as
being attached to a sugar-phosphate chain, this does not preclude
orientations of the chromophore larger than the angle of the chain, 1The
experimental values could also be accounted for ry an intermediate

situation in which there is some "wobble' of the drug molecules, and they

are bound at a tilt angle, 9,'1ess than 480.
\

\

As the humidity is increased to 92% R.H. the measured dichroic ratio

rises to around 2,9 ¥ 0.25 indicating a substantial re-orientation of the

H
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drug chromophores. A fraction, F, of the bound drugs can be considered
as leaving the external binding site, and moving to an intercalation site,
In this position themolecules are bound rigidly with a tilt, 6 s Of about
6 and a disorientation half-angle, §, equal to that of the helices
themselves, viz. 5° - 9%, If all the drug was bound intercalatively the
dichroic ratio would be 11.6 (from Fig. 6.13), and if it is all bound
externally (as is proposed to be the situation at 55% R,He) the dichroic
ratio is 1.4 L 0.2, Equation (7.10) may be applicd to a DNA-ethidium
fibre at 92% R.H., Vith the experimentally determined dichroic ratio;

D, equal to 2.9 X 0.25, and values of 11.6 and 1.4 % 0.2 for D, and Dy,
respectively, the expression predicts that the fraction of ethidium
intercalated at this humidity is 0,52 % 0,07, The value of F is fairly
independent of the value of QA, so long as it is large in comparison with
DB' It is almost proportional to the difference in the measured dichrcic
ratios at high (92% R,H,) and low (55% R.H,) humidities, (D - DB). |

The values for DNA-dimidium fibres are very similar to those for DNA-
ethidium, and considering the variability within fibres containing the
same drug and the uncertainty in determining the dichroic ratios, the
value of F, the proportion of dimidium drugs intercalated at 92% R.M,,
can be ‘taken és being essentially the same as for ethidium i.e, 0,52 ¥ 0.07,
As mentioned earlier this proportion appears to be independent of the
drug-content for large M values (M = 19-24),

This interpretation of the linear dichroism results can be compared
with that for the X-ray diffraction results, Values for the fractions of
ethidium and aimidium intercalated at 92% R.H, were calculated from the
observed pitch values of the diffraction‘patterns in Sections 5.5 and
5,6, using Equation (5.9). The values for F depend on the unwinding’
angle assumed. The minimum unwinding angle consistent with intercalation

is l2° (Pigram, 1968). If this figure is taken, a value for F of 0,90 is
_ N (

obtained for both ethidium and dimidium at moderate binding levels (i.e,
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Me5), Ifa larger vAlue for the unwinding is considered, then the
value of F will be correspondingly lower, For instance, an unwinding
of 260, rroposed in several publications (e,g. VWang, 1974; Pﬁlleyblank
and lorgan, 1975; Tsal gt él" 1977), results. in a value for F of
0,65 ‘= 0,70,

The value of 0,52 ¥ 0.07 suggested py the linear dichroism studies
is in fair agreement with the X-ray diffraction results that have assumed
an unwinding of 26° ot the intercalation site, This value of F can be
used in conjunction with the X.ray results tovsuggest a value for the
unwinding angle. However, the unwinding angle found in this way becomss
very seﬁsitive to the value of F, for F values considerably less than
unity., For F = 0,52 % 0,7 the predicted unwindir{g arole, on the basis
of the diffraction results, would be 34° ¥ 80. This iz similar to the
revised estimate by Lerman (1964) of the unwinding angle, viz, 360, though
it is higher than the total unwinding of 29° (Tsai et al., 1975) and the
unwinding at the intercalation site of 26° (8.g. Wang, 1974; Pulleyblank
and Morgan, 1975; Tsai EE.EE" 1377) proposed for ethidium bromide.

The value of F determined from the dichroism studies, and hence the
predicted unwinding angle, depends on the accuracy of the dichroic ratio
measurements and on the applicability of the theory used to analyse the
results., The inaccuracy of the measuremen®s is a consequence of the
variability of the fibres, and the assumption of a horizontal base-line
| (section 7.4.2), but both factors are considered to be included in the
uncertainty estimates of D and DB. The evr~lutation of F using the scheme
adopted by the author does not depend on an interpretation of the binding
at low humidities,.although possible biﬁding schemes have been proposed,
The only assumpticn is that the drugs remain positioned in the same way
at high humidities, except for a fraction F which slips into intercalation
If the drugs which are not intercalated at 92% R.H. substantially

\
change their orientations then this would affect the analysis, In

sites,



particular, if these drugs change their positicns such as to contribdté
a smaller amount to the total observed dichroic ratio, D, then the value
of F obtained will be systematically léwer than the actual fraction of
intercalating drugs. If this were the case it would help to account for
the difference in the value of F obtained in this chapter and that
obtained in Chapter 5, assuming an'unwiﬁding angle of 26°,
7.4.3.2 Prothidium

The dichroic ratio of the DNA-prothidium fibres is close to unity
over the complete range of relative humidities wmeasured (Fig. 7.9). A
value of unity can be interpreted in a number of ways. There could be
complete disorder in the orientations of the molecules; or they could all
be orientated at an angls of about 55° to the plane perpendicular to the
helix axis (Fig. 6.13); or there could be a mixture of these two schemes,
Since prothidium is doubly charged a substantial proportion of it is
expected.to bind strongly to two adjacent phosphate groups of the
sugr-phosphate chain and these molecules would not be able to "wobble"
appreciably (Chapter 8). An alternative method of binding would be .
between the two sugar-phosphate chains, but again this would appear to
bind the drug rigidly (Chapter 8). |

The observed dichroic ratio can best be explained in terms of some
of the molecules being randomly oriented, ané the remainder being tightly
bOund.b These rigidly bound drugs may be distributed between a nﬁmber of
specific binding schemes, but the overall effect would be that they were
equivalent to heing all bound at = 55°.  Some of the arug could be
bound along the sugar-phosphate chain, with a range of tilts probably
arOﬁnd 20° (the angie of ascent of the ﬁelices), and some could be bound
across two adjacent sugar phosphate chains, at a tilt angle close to 90°,

The small observed values of the dichroic ratio exclude the possibility

of any appreciable'intercalativq binding, in agreement with the X-ray

N
\

diffraction results of Chapter 5.
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There is no evidence of any significanf re—orientation of the bsund
prothidium molecﬁles as the humidity is changed. The dichroic ratio
remains essentially constant., The assbciation constant for prothidium
binding to DNA is so large (Section 4.4,3) that, once bound, it is
probably reluctant to leave its binding site. This can be interpreted
in conjunction with the DNA-prothidium diffraction patterns, in which a
significant proportion of A-type diffraction was observed for most fibfes
even at 92% R.H, This suggesfs that a considérable proportion of the
drug may be boupd across the two strands in DNA, and these mayvtend to

resist the A to B conformational transition of the DNA as the humidity is

increased.
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The birefringence results are difficult to interpret uniquely. For
ethidium and dimidium, they are consistent with a suBstantial proportion
of the drug being bound perpendicular to the helix axis at 92% R.H., and
most of it leaving this site to bind at larger tilt angles when the
hunidity is lowered to 55-75% R.H., For DNA-préthidium fibres of similar
M values thé birefringénce isylower, and is only slightly higher than the
DNA values, indicating that the prothidium molecules are oriented in such
a way that they contribute little to the birefringence resulting from the
anisotropy of the base-pairs. The protgidium moiecules ocould be binding
at sites with fairly large tilt angles, '

The dichroic ratio measurements have been interpreted assuming that
no intercalation is possible at low humidities. For all thrée drugs,
the binding at low humidities is enviéaged as being largely electrostatic
in character. For ethidium and dimidium, the results can be interpreted
as a mixture of fairly rigid binding to the sugar-phosphate backbones
(withe Q$48°) and loose binding perpendicular to the helix axis, with
the drug "wobbling" th£OUgh a half angle'of about 380. The "wobble"
would be less if chromophores were bound at an angle intermediate’ between
6° and 480. For prothidium, the attéchment'to the DNA helices would be
more rigid.- A proportion of the drug may pe bound along a sugar-phosphate
chain, and some is probably bound between two adjacent chains., 1In
addition, there are probably drugs bound in a randém orientation,

| A3 the hunidity is faised to around 92% R.H,, the dichroir ratio of
the ethidium and dimidium fibres increases, The measuwred values indicste

-~

that about 52 L 7 of the drug becomes intercalated at 92% RH, Together with
the‘Xéray diffraction results, this suggests an unwinding angle of 34o t 3°
at each intercalation site., This would be an overestimate of the unwinding

if the externally bound drucs wvere to change their orientation as the

.
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humidity was raised from 55% to 929 R,H., sﬁéh as to contribute less to
the dichroism at.high humidity. The prothidium fibres maintain a low
dichroic ratio as the humidity is raised to 92% R.H., implyinz no
significant change in the orientation of the bound molecules.,

The qpservation that the dichroic raties of the DNA-ethidium and
DNA~dimidium fibres at 92% R.H. is fairly independent of !, at the large
M values used in this study, is an indication that kinking of the DNA
is not an important feature of intercalation at these levels of binding,
Bending orlkinking of DNA alters the syﬁmetry of the helix, thereby
changing the spatial averaging of the transition dipole moments. Random
distortions of the helix make DNA more igotropic, and would cause the value
of the dichroic ratio to fall (Ding et al., 1972). If the dichroic ratios
of fihres at a moderate drug loading (I v 5-15) were mcasured, the
situation could be further resolved. If the drugs remained discributed
between fhe binding schemes in thé same proportions for this range of M
values, a constant dichroic ratio would be evidence that the helix remains
linear and is not kinked at an intercalation site.

Porumb (1976), in a preliminary study, has reported a value (viz, 3,2)
for the dichroic ratio of a DNA—ethidiuﬁ fibre at 92% R.H. similar to
the values quoted heré. However at low humidities he reported a much
larger value (viz, 2.4) shan those measured iﬁ this worik, Since the
measuréments are taken at high hunidities first, and then recorded as
the humidity is lowered, i% is possible that the fibre had not equilibrated
prépariy to the low humidity copditions in his study, The ionic
conditions and/or the degree of orientation in his fibre may have been
somewhat different, - The difference in fhe dichroic ratios at low and
high hunidities is critical in determining the fraction intercalated at
The much smaller differehce suggested by Porumb (1976)

high humidity.

results in a much smaller fraction of intercalative binding (F g 0.20)
\ .
at 92% RJ,, which would imply an unreasonably large value for the



unwindiﬂg anzle.

Theoretically, it is possible to combine the linecar dichroism and
X-ray diffraction results to predict the unwinding caused by the
intercalation of ethidium or dimidium, taking into account the
disorienfation within the fibres., In practice, however, the results are
1imited by.the difficulty in comparing fibres of the same M value using
the two techniques. The dichroic ratio coﬁld only be measured at I
values greater than or about 20 for fibres that arc sufficiently thick
for Y-ray diffraction, because of the large absorptivities of these drugs
and the stray light limit of the microspectrophotometer, However, the
pitch of these fibres is close to the pitch of the DNA control fibres, so
that the ratio of the pitch of the drug fibres to that of the control
cannot be estimated accurately. T¥is would result in a very large
uncertainty in the unwinding angle. Pitch values corresponding to M
values of say, 5 to 15 can be distinguiéhed much more feadily from the
pitch of the control.DNA, but these fibres.are different from those |
investigated by linear dichroism.-

This work has considered the trend in the pitch values obtained by
¥-ray diffraction over a wide range of M, At low M (U L 5) the values
of the pitch appear to saturate, probably dus to excluded site effects.,
At high M(} § 20) the values are difficult to distinguish from the control
values, but the probortion of drug intercalated has been assuméd to be
simiiar to the proportion intercalated in fibres of moderate M value.’

(1 = 5-15). The F value from the dichroism measurementé can then be used
in parallel with fairly precise pitch measurements to obtain a reasonably
precise estimate of the wnwinding angle.' The accuracy of this estimatsy

depends on the validity of assuming that F is the same for a fibre at

M= 20 as it is for a fibre of M = 5-15,

\\'\\
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CHAPTER 8

.. CONCLUSIONS AND MODEL-BUILDING STUDIES

8.1 Conclu51ons from the Experimental Studies

The biological activity of a number of drugs, with a variety of
anti-tumour, anti-leukaemia and antimicrobial action, has been shown to be
due to their interaction with nucleic acids (e.g. Waring, 1964; Bolron et
al., 1969). The main aim of this thesis was to characterise the
interaction of three phenanthridine drugs with DNA, by combining information
obtained from spectroscopy and equilibrium dialysis of the complexes in
solution with results obtained from X-ray diffraction, birefringence and
Spectroscopic (including lineer dichroism) studies of c.iented fibre
specimens of the same complexes., Some techniques such as visible spectro-
scopy are particularly convenient to apply to DNA-drug solutions, although
this is hardly comparable with the physiological state; other valuable
techniques such as high engle X-ray diffraction must be applied to semi- |
solid snecimens such as fibres, in which the concentrations of DNA, ions
and water are probably comparable to those in the chromosomal material of
living cells. A major element of this study proved to be the development
and/or detailed evaluation of a number of analytical techniques which can be .
applied to many DNA-ligand systems., | o

| Ethidium bromide has been studied previously by a number ofbinreetigators

(e.g. Waring, 1965; Le Pecq and Paoletti, 1967; Plunbridge_and Brown, i977),
but this work has extended these studies in several areas. A detailed
comparison of the bindinv to DNA of ethidi-m and the two related drucs,
dimidium and prothidium, allows their properties to be related in some

detail to the general features and specifie differences in their structures,
The results of this work have been related to detailed models of the binding
of the individual drugs (Section'8.2.2), and it is hoped that this approach

may contribute to the development of new, more specific chemotherapeutic
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agents with reduced toxic side effects,

A detailed study of the binding parameters in solution was carried
out for the three drugs, binding to various natural DNA samples of varying
G=C content. The sdlution spectra of the complexes were taken for a large
number of binding ratios using a novel mixing scheme developed by the
author, The current work has obtained good isosbestism in the spectra of
DNA-ethidium and DNA-dimidium complexes at low and high ionic concentrations,
and fairly good isosbestism for DMA-prothidium complexes at high ionic
concentrations. This indicates the existeﬁce éf only one spectroséopically
distinct binding mode in these instances. If more than one binding species
exist, they must all involve binding close to the DNA base-pairs so that
the effects on the drug spectra are similar, |

The binding has been analysed according to the theory for the excluded-‘
site model proposed by McGhee and Von Hippel (1974), using a computer
progrem written by the author. In general, this theory provided a good
fit to the experimental data, which lends credence to the applicability of
this treatment. The data, presented in the form of Scatchard plots, is
non-linear and cannot be treated realistically by the previously employed
analysis (used by Waring (1965), Paoletti and Le Pecq (1967); and Plumbridge
" and Brown (1977)), which assumed no occlusion of neighbouring sites by a
bound drug. Supplementary data from equilibrium dialysis measu:ements
confirﬁed'the results from the solution spectroscopy studies, although the
dialysis data was not so preciée and was not used in the curve-fitting
' program to fird the binding parameters. |

Values for the association ooﬁstants and the binding site sizes have
been obtained for each drug. For both efhidium and dimidium, the
association constants are lower at high ionic concentration gnd the binding
gite size is increased at high ionic strength, This is éccounted for by
an ionic character to thé binding< At higher ionic concentration the
charged drug chromophores are inlégmpetition with a larger proportion of

sodium cations, from the buffer, for attachment to the negatively charged
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phosphate sites on the helix, The phusphate anions will be screened to a -
larger extent and this will inhibit drug binding, Fewer sites will be
available for binding the drug;resultingAin'§ large value for the apparent
binding site size., Dimidium is bound less tightly than ethidium, and
er}bits a slightly smaller binding site size, For prothidium, the
association constant is much higher, rendering its determination more
difficult, The value probably reflects the dgubly—charged nature of the
drug, and the multiplicity of possible binding sites (Section 2.,2.3).
Indeed, the/binding curves suggest that at least two binding modes (with
gimilar spectra but different binding parameters) are Operating.. These
effects have contributed to an absence of isosbestism in the DNA-prothidium
spectra at low ionic concentration, and these spectra were not analysed
quantitatively, For‘clinical applications, drugs vwith very large
affinities for DNA may prove to be very useful, provided that they also
have some specificity. To this end, an ethidium bromide dimer has been
synthesised and it exhibits a binding affinity for DNA about three orders
of mégnitude larger than that for the monomer (Gaugain EE al., 1978).
Previous spectroscopic studies (Waring, 1965; Paoletti and Le Pecq,
1967) were unable to detect any specificity in the binding of ethidium
promide to natural DNA;s, but more recent studies (Krugh et al., 1975;
Krugh and Reinhardt, 1975; Patel and Canuel, 1976) using dinucleotide and
tetranucléotide solutions have reported a binding preference for purine
(5' - 3') pyrimidine sequences. The current work has‘been able to detect
a strong G-C specificity in the binding of ethidium bromide to nafﬁral DNA
polynucleotides. At low ionic concentration, the specificity is more |
marked and the drug-prefers to bind to a éequence of two G-C pairs, although
the precise nature of this sequence specificity (viz. whether GpC, CpG, GpG
or CpC) could not be ascertained. ' Further studies of this type using
synthetic polynucleotides may proxs useful in clarifying the specificities

\
operating, but difficulties are anticipated in differentiating between
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i
consequences arising from the presence of different base-paifs and thosé
arising from the conformational differences believed to occur with synthetic
polynucleotides (Bram, 1972; Bram and Tougard, 1972; Bram, 1973),
Nevertheless, detection of a épecificity for ethidium binding to natural
DNA's represents a significant advénce:on previous studies,

The binding of dimidium to DNA is less specific. At low ionic
concentrations, it shows a preference for G-C pairs but at high concentration
the specificity is only very slight. The specificity shown by both these
drugs is not considered an absolute preference, but rather a relative
preference, for G-C base-pairs. The level of binding at saturation is too
high to be accounted for by binding to G-C base—péirs‘alone. It seems
likely that dimidium binds more readily to A-T base-pairs than does ethidium,
and this would explain the smaller binding site sizes obtained for dimidium,
Its binding is able to continue to a higher level because it is not limited
to such an extent by the absence of G-C pairs. For both drugs, the
binding site size reflects a situation close to nearest-neighbour exclusion,

The results for prothidium binding to different DNA types are very
different. Both the association constant and the binding site size are
constant with varying G-C content, indicating that there is no specificity
in the binding for a particular base-pair. The initial binding saturates
at about r = 0.5 (viz, one bound drug for every two base-pairs) but then
continueé, presumably by a different mode, to larger levels. Since
prothidium is a larger molecule than either ethidium or dimidium, this
‘suggests that the binding modes oberating with prothidiuﬁ are different to
the primary binding mode for ethidium and dimidium. In particular, if -
these latter two drugs are binding primafily by intercalation it suggests
that prothidium may not bind intercalatively. In any case, the pyrimidyl
moiefy of prothidium would be expected to discourage the intercalation of
prothidium because of possible steric hindrance (Section 8.2.2.3).

AR .
Previous X-ray investigations of the intercalation process (Neville
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and Davies, 1966; Pigram, 1968; Porumb, 1976) have been extended or
supplemented by considering the helix parameters of thé complexes ét a
number of DNA/drug ratios and at differept.relative humidities, The DNA
pitch rises mérkedly with increasing drug content to an asymptotic value

of around 472 for ethidium fibres, and 498 for dimidiwa fibres. These
asymptotes can be accounted for by a saturation of the binding due to
neighbour exclusion effects, and the larger vélue for dimidium correlates
well with the lower values for the binding sité size of this drug obtained
in the solution studies. The pitch increases can be more readily explained
in terms of intercalative rather than external binding, At hunidities less
than about 80% R.H., the diffraction patterns revert to an A-type intensity
distribution suggesting that all of the intercalated drug molecules have
moved out of these binding sites, to become either E}ee or externally bound.
For prothidium, ﬁhere is no measurable change in pitch relative %o tﬁe
control DNA fibres, at any humidity or drug COncentfation. This excludes
intercalation as a major binding scheme, in agreement with the indications
of the solﬁtion spectroscopy study.

It has been recognised (Neville and Davies, 1966; Pigram, 1968; Porumb,
1976) that the relative humidity of the fibre environment greatly affects
the balance between intercalated and non-intercalated drug in the fibre,

In particular, it has been suggested that at, say, 92% R.H, all the bound
drug may not be intercalated. Due to a lack of knowledge of the fraction
of drug intercalated, it is not possible to determine absolutely the
unwinding angle of the DNA helix at the intercalation site by X-ray
diffraction methods alone. However, if a value for the unwinding angle is
assumed,.the fractign of drug interca;ated may be calcuiatéa. For an
unwinding of 12° (Fuller and Varing, 1964), the pitch measurements obtained
in this study at high humidity suggest that for ethidium 90% of the drug is
intercalated at moderate binding levels (M = 5-15), and this proportion

AN

\\
falls to about 67% when saturation is approached. For dimidium, with this
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unvinding angle, the proportions are 907 and 76% respectively, If an
unwinding angle of 26° is assumed (Wang, 1974; Pulleyblank and lorgan,
1975; Tsal et al., 1977), then about 68% of the ethidium would need to be
intercalated at moderate binding levels, and 49% close to saturation.

For dimidium the values would be 68% and 55% respectively,

The spectra of DNA-drug complexes can be recorded easily in solution
to yleld the fractionsof free and bound drug, the very evidence vhich is
required for the interpretation of the X-ray diffraction results on the
fibre. Therefore, in parallel with the X-ray diffracticn studies, the
birefringence and lirear dichroism of fibres were measured using a single-
beam microspectrophotometer. Unfortunately, only the spectra and dichroic
ratios of fibres of relatively low drug content (II : 20) could be measured
directly, for fibres‘of sufficient thickness (: 80um) to be suitable for
X-ray diffraction. At smaller M values, the large absorptivities of the
phenanthridines gave rise to absorbances greater than the stray light limit
of the equipment. Scattering of light by the fibres resulted in a shifting
of the baseline absorbance levels, but consistent pesults were obtained if
corrections were applied by referring the baseline to a region where the
drugs do.not absorb viz, 650nm, The absorption spectra of the fibres were
similar to the spectra of the corresponding DNA-drug complexes in solution
where all the drug is bound, Thus, it appears that in the fibre state all
of the drug is located close to DNA, and most of it is probably bound to DNA
at all humidities between 55% and 95% R.H, .

The theor; of the birefringence and linear dichroism of fibres (such
as those of DNA-drug complexes) has been developed in depth. The
disorientation of the DNA heiices has been considered explicitly in the
analysis, by adopting a model in which the helices are cohsidered to be
oriented about the fibre axis according to a gaussian diétribution function,

Numerical solutions to the analyies have been presented.

" There are difficulties in the interpretation of the birefringence



- 193 =

results because of a lack of knowledge on the polarisabilities of th. arug
chromophores, and because of the swelling of the fibres with increased
hydration, Nevertheless, the results are cénsistent with a large
proportion of the ethidium and dimidium chromophores being roughly
perpendicular to the helix axis af high humidities, and this proportion
being much less at low humidities. For prothidium, the chromophores would
appear to be attached at a considerable angle to the plane perpendicular

to the helix axis, and there is probably little reorganisation of the
binding as the humidity is changed. .

The dichroic ratio monitors the effect of all the drug molecules,
whereas X-ray diffraction primarily reflects only the‘effect of specifically
oriented molecules such ac intercalated drugs. ' The linear dichroism
results are easier to interpret than those for birefringence, since the DNA
contributes no appreciable absorption to the fibre in the visible region of
the spectrum., Values of the disorientation of the helices within a fibre
are obtained from the arcing of the diffraction spots and are used in this -
.analysis., |

For ethidium and dimidium the dichroic ratio is low (1.4 t 0.2) at
Jow humidities (55 — 75% R.H.). The diffraction results have indicated
no intercalation at these humidities, and the fibre absorption spectra
indicate that probably all of the drug is bouna. Some of the drug must
be bound.at specific orientations in order to give an observed dichfoic
ratio greater than unity, but the general ionic association of the drug to
the DNA is unlikely to result in well-defined orientationg. The binding
is probably a combination of binding at random orientations with binding at
preferred orisntatigns. This latter groﬁp could include drug molecules
almost perpendicular to the helix axis with a "wobble" of about 38° and
molecules rigidly bound to the helix with a tilt angle of about 48°, but it

is more likely to comprise molecules bound with parameters intermediate

\\

between these two extremes,



At 92% R,H, the dichroic ratio of the ethidium and dimidium fibres is
larger (2,90 * o.2$), and this can be identified with a substantial
fraction of the drug becoming intercalated at this humidity with a tilt
angle of about 66. If it is assumed that the externally bound drugs
retain the same distribution of orientations as they had at 55% R.,H,, then
the results indicate that 52 ¥ 7% of the drugs are intercalated at 92%
R.Hes The fraction intercalated appears to be constant with M, for large
M values (M = 19-24) well away from nearest-neighbour exclusion effects,
Tonic conditions within the fibre ave expected to be an important factor in
determining the balance between intercalated and externally bound drugs,
since they will affect the association constants for the binding,

For prothidium fibrez, the dichroic ratio is close to unity over the
relative humidity range measured, This indicates that there is probably no
substantial reorganisation of the bound drug moiecules as the humidity is
varied, A value close to unity suggests that a large proportion of the
drug is probably bound with random orientations. Any molecules bound with
a specific orientation musf have an average tilt, 6, close to 55°, to
maintain a dichroic ratio close to unity., This could result from some of
these molecules being bound along a sugar—phOSehate chain (8 n 40°) and
some being bound between two adjacent chaing (8 ~ 90°).  In both instances
the binding is likely to be fairly rigid, and ho appreciable "wobble" is

envisaged. The possible binding schemes consistent with the experimental

results are discussed in detail in Section 8.2.2,

Unfortunately, the results from the linear dichroisﬁ and the X-ray
diffraction studies cannot be strictly compared. The fibreé used in the
dichroism studies must have a small drug.c0ncentration, and the measured
values of the pitch of these fibres are almost indistinguishable from the

value for fhe control DNA fibres. This'would be expected at these M

levels, e#en for complete intercalation, However, if it is assumed that

\
the same proportion of drugs is intercalated in fibres of moderate drug
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content (M ~ 5-15) as in those of low drug content (M % 20), and that the
externally bound drugs maintain a similar Qistribution of orientationsg gt
low and high humidities, then the results of the two studies may be combined
to give some estimate of the unwinding-angle. Vith these assumptions, the
estimated unwinding at an intercalatiog.site by eifher ethidium or dimidium
ig 34 ¥ 3°, This cannot be regarded as an-empirical determination of the
unwinding angle, because of the simplifications assumed, but merely an
estimate consistent with the results from both the X-ray and linear dichroism
stﬁdies. The substantial uncertainty in this estimated vaiue is mainly due
to variability in the fibres leading to a range in the measured dichroic
ratios, It is not accounted for by the different disorientations of the
individual fitres. The estimated value is somewhat higher than the 26°
unwinding proposed by Wang (1974) and others, bué it is closer to this

finding than to the earlier estimale of 12° suggested by Fuller and Varing
ng g

(1964).



8.2 Model Buildine Studies

8.2,1 A Review of Previously Proposed Models

For a variety of drugs, their method of binding to DNA has long been
envisaged as intercalation, Such an interaction was first proposed on.
the hasis of X-ray diffraction, flow birefringence and low-angle X~-ray
scattering of DNA-proflavine complexes (Lerman, 1961)., Lerman showed that
the DNA would have to unwind at an intercalation site, and built a model witﬁ
an unwinding of 45°. Later he revised this value to 36° (Lerman, 1964),
but it shouid be emphasised that these were examples of possible models,
not the best possible models resulting from extensive model-building studies.
Since that time an accumulation of evidence, using many.different physical
techniques, has supported this binding scheme (see Section 1,2 for
references), and intercalation is now accepted as the primary binding mode
in the interaction with DMNA of many drugs containing fused aromatic rinéé.

Fuller and Waring (1964) suggested that intercalatedvethidium lies
écross and between successive base-pairs, with the phenyl and ethyl groups
lying in the large groove of the DNA, Such a position allows the formation
of hydrOggn bonds between the 3- and 8-amino groups of the ethidium cation
(rig. 1.85 and phosphzate groups on the two strands of DMA, The steric
hindrance between,the DA and the phenyl and ethyl groups determinés to a
large extent the precise position of the inbtercalated chromophore.,  The
complex is stabilised by the two hydrogen bonds, and hy stacking interactiong
with the base-pairs with which there is good overlap, The aromatic triple
ring is hydrophobic and the phenyl substituent is hydrophilic. The drug
will be strongly driven towards intercalative binding on energetic grouads,
gecause in this position the triple ring will be in.avnon-polar cnvironnent
and the phenyl group will be projecting intoc an aqueous environment, The
amino proups will also form favowrable bondse.

On the basis of skeletal model building, Fuller and Varing (1264)
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proposed that an unwinding angle of only 12° for each ethidium molecule vas
sufficient tq allow intercalation, and that this small unwinding might be
significant kinetically. From a detailgd considefation of the DNA
stereochemistry, Pigram (1968) concluded that 12° would be the minimum
unwinding required for eutry of any drug into an intercalation site and
that models could be built for unwinding angles larger than this, up to at
least 36° and possibly even 450. Hore recently there have been a number
of papers suggesting that the unwinding angle is significantly larger than
this minimum value, and a value of 26° has been prorosed for ethidiﬁm
bromide (e.g. VWang, 1974).

Intercalation of ethidium bromide into the miniature double helix
Gp iodoC has been observed at atomic resolution by X-ray crystallography
(Jain et al., 1977) and a detailed molecular model has been proposed.
These authors have postulated that drug intercalation gives rise to a
helical screw axis dislocation in DNA, a variable whose magnitude determines
the relative ring overlap between the intercalated drug chromophore and the
adjacent basé—pairs. For ethidium, the helical axes of B-DNA are estimated
to be displaced by approximately 1R (Sobell et al., 1977)., Base-pairs on
either side of the intercalation site are twisted by 10°, giving rise to an
unwinding of 26° by the intercalated ethidium, The base-pairs are tilted
relative to one another by about 80, resulting in a "kink" at the
intercalation site (Tsai et al., 1977; Jain et al., 1977). - The large
unwinding angle reflécts the conformational changes in the sugar-phosphate
chains accompanying intercalation. These primarily refléct the differerce
in sugr puckering about the intercalation site, C2' endo (5' - 3') C3' endo,
rather than the C2' endo puckering assumed by Fuller and Waring (1964) for
all the nucieotides, and alteratipns in the glycosidic torsional angles
that describe the base-sugar conformation. Berman et al. (1978) have
sugpested that the unwinding angle can be directly related to the size of the
intercalating drug, and they have\;eported that proflavine, which lacks the

bulky ethyl and phenyl substituents, may intercalate into a dinucleoside

N .
LY
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monophosrhate with an unwinding angle as low as 3°.

Jain éﬁ §1° (1977) report that the phenyl and ethyl groups of ethidium
are found to lie in the narrow groove of the miniature double helix,
exactly opposite to their orientation in the Fuller-VWaring model., This
difference could reflect the presence of the iodine atoms on the cytosine
residues of the miniature\aouble helix which, because of their bulk, may
interfere with intercalation from the wide groove, The mixed sugar
puckering necessarily predicts that intercalation be limited to every other
base-pair at maximal binding ratios (i.e. a neighbour exclusion model),
providing an attractive rationale for the observed limits to the binding in
solution (Chaptgr 4) and the limits to the pitch increase in the fibre
state (Chapter 5).

However, the detrils of drug binding to dinucleosides may not be a
completely accurate model for drug-nucleic acid polymer associations, since
the chemical structures and the environments are somewhat different in the
two cases. For example, in the esthidium-dinucleoside complex there is
only one phosphodiester link to each suggr, so0 there need be no consideration
of the4continuity of the sugar-phosphate chain., The structure of the
g-aminoaéridine-dinucleoside complex (Seeman et al., 1975), showing successive
bases parallel, but unstacked, and pointing away from each other and
hydrogen bonded in a non-\Watson-Crick fashion, clearly demonstrates that not
every drﬁg—dinucleoside structure may be appropriate for extrapolation to
interaétionsinvolving polynucleotides., More detailed work cﬁ the linear
dichroism of the ﬁNA-drug fibres.at a variety of M valﬁeé may be able to
indicate whether or not a kinking of the helix occurs at intercalation -

gites in the DNA polymer (Section 7.5).
Computerised model-building studies of drug-nucleic acid systems

(Section 8.2.2) have been used to elucidate the details of the binding to
‘These techniques allow best use to be made of the

. AN
1imited experimental data available by incorporating known stereochemical

a polynucleotide.

features of the structure into the analysis. Although they may produce



interesting and precise models, they are usually unable to consider =11

of the energetic aspects of the interactions satisfactorily,

8.2.1.1 Tﬁé Kinefics of Intércalation

Kinetic studies of the’mechanism of drug binding have proposed that
intercalation occurs via a hulti—step reaction (Li and Crothers, 1969;
Sakoda Eé:él" 1971; Schmechel and Crothers, 1571). The drug first
attaches externally to the‘double helix in a fast-order process involving
long range electrostatic forces, which is followéd by the insertion of the
drug between two adjecent base-pairs in a time roughly of the order of one
millisecond. This phase will probably involve the effects of the drug
perturbing the local dielectric and various more short range dipole
interactions (which may account for a base-pair specificity).

The externally bound drug may partly overlap the base-pairs in some
instances (Li and Crothers, 1969),'which would explain why the two bound
forms would have similar absorption spectra and be iﬁdistinguishable in
equilibrium binding studies (Chapter 4)., Even at low binding ratios, an’
appreciable amount of the drug may be externally bound in solution. Values
range from 5% to 30% of the total drug bound for proflavine, and they are
possibly even larger at very low salt concentrafions not accessible in
conventional temperature-jump experiﬁents. Similar values have been
suggested for ethicdium (Bresloff, 1974). Larger amounts of externally
bound drug are presumably present in the fibre state, due to the hydrophobic
drive towards intefcalation being smaller at lower humidities, and this is
consistent with the values predicted in Chapters 5 and 7.

The conformational change in the DNA required if intercalation is to
take place may-be ﬁ;aerstood in terms of the natural flexibility of DNA
along its helix axis. This allows an éccordian—like longitudinal flexing
of the DNA molecule. The resulting strain energy in the sugac-phosphate

chains can be relieved by a simurtanéous altering of the sugar pucker to the
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mixed pattern across the dyad axis (Sobell et al., 1977), This resulfs

in a kinking of the helix with a consequent partial unstacking of the base-
pairs. A conformational change such as this would require minimum R
stereochemical rearrangement and would also involve small energies, The
change could result from normal modes in the DNA that are excited at thermal
energies, Once formed, the kink could straighten and base-pairs separate

to create the space for drug intercalation. Thé presence of externally
bound drug molecules>might further induce this change. The process would

be continuous so that the DNA bases would soon overlap with the intercalated
drug, and this would provide additional stacking interactions which would
stabilise the interaction. The number of kinks present at any given time

in a given region of DNA Is likely to be a function of the base sequence

(and to a lessér extent the base-pair composition), since the unstacking
energy of the bases depends on the nature of the bases themselv:s. This
dependence of the number of kinks on the base sequence could provide a
rationale for the reported sequence specificity of ethidium (Krugh éE gl.,
1975; Krugh and Reinhardt, 1975),

Kallenbach (1979) has examined the equilibrium and dynamics of
transient base-pair breakage by following proton exchange rates using MR
techniques, and hasconcluded that there are transient open states analogous
‘to Sobell's model of DNA ‘breathing', Howevér, the basis for kinking,
alternatiﬁg sugar puckering about thg intercalation site, has been challenged
by the results of Berman gg al. (1979), who find that for dinucleoside
complexes the nature of the sugar pucker is unimportant.- Rich (1979) has
also examined the crystal structures of several of these model intercalation
complexes, and concludes that the sugar éuckering in them depends on whether

or not the particular drug involved interacts with the phosphate group in the

backbone .

N\
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84242 Models for DNA-Phenanthridine Complexes

8e2.241 Ethidlun Bronlde

Alden and Arnott (1975) examined models for the intercalation‘of

simple planar chromophors into DMA in search of a general intercalation
mechanism compatible with an extended;vbut unstrained, DNA duplex in

which base stacking is considered the principal binding force,and therdé

are no drug-DNA interactions., They found that the most favourable
conformation involved the changing‘of two torsion angles and a mixed sugar
puckering (€3t exo (5! - 3') C3' endo) on either side of the intercalation
site. The model had a rotation of 90° over three residues about the
binding site, so that the total unwinding caused by intercalation was 18° -
though this was not localised just to the two bass-pairs adjacent to the
intercalated drug. | |

Goodwin (1977) has extended these studies using a linked-atom model

building computer program. Fig. 8.1 shows a computer dfawn representation
of the co-ordinates obtained by him for a general intercalation unit of

four base-pairs (without en intercalated chromOphore); in which all the

suger puckers are C2' endo and the untwist is 19°.  The drawing was
produced by a progran 'DRAV! written by the author, 'vIt wes displayed on
an Imlac refresh tube, and photographed off the secreen for inclusion in

this theszs (Sectlon 2.3.5)s The hydro&en atoms have not been included
"in the drawing, although they were considered in the original nodel-building
program, The drawing shows some unacceptably large geometric constraints.
In particular, an oxygen atom of the lower phosphate zroup tends to
interfere with the lower sugar ring givinb rise to very short Van der Vaal's
contacts., Goodwir found that untwisting angles of 12° and 28° gave
intexcalatlon structures with the least Van der Vaal's contact energy, and
these were considered superior ‘o structures with intermediatelnwnding angles.
If a mixed puckering seheme was eéopted (either the C3' exo (5! - 3') C3' endo

\

of Alden and Arnott (1975) or the similar C2' endo (5" - 3') C3' endo of



Computer-drav.n general intercalation unit with an unwinding
o]

angle of 19 . Only one sugar-phosphate chain is shown;

the other is dyad related. The drug would be intercalated

between base-pairs 2 and 3
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1

Sobell e* gl. (1975)) then the stereochenically most reasonable conformation
was found to be one with an overall unwinding of 280, incorporating a 26°
unwinding at the intercalation site, and this was superior to the
intergalation scheme where all the sugar puckers were C2!' endo.

Goodwin (1977) also built a number of models incorporating an ethidium
bromide molecule in the intercalation site. The previous general
intercalation units were used as the starting points. The starting
co;ordiqates for thz ethidium molecule were taken from Subramanian 23 31,
(1971), and the DNA and ethidium conformations were co-refined, If the
sugar puckers are all taken as C2' endo the best model energetically was
found to be that in which the ethidium unwound the helix by 12°, and the
ethyl and phenyl groups projected into the narrow grocve of the DNA,
However, the relativély close proximity of the two sugar-phosphate chains
in this model seems likely to lead to short non-bonded atomic contacts,

The difficulty in building a model in which these groups project into the
large groove is due to the fact that the two outer rings of the ethidium

chromophore approach too closely the atoms of the sugar-phosphate chain,

when the ethidium molecule is in a position to achieve good overlap with

the base-pairs, It is not possible on the basis of these studies alone

to conclude which of tﬂese possibilities is the more likely to occur,

.In models with all the sugars adopting a Cé' endo pucker and with an
untwist.of 26° at the intercalation site, it is not possible to have
hydrogen bonds between the amino groups of ethidium and the phosphate
oxygens because these oxygens prbtrude out from the helig and not into
the intercalation gap. A more superior model, stereochemically, can be
built 5ased on a mixed sugar pucker intefcalation unit with an untwisting
angle of 26°. The ethyl and phenyl groups project into the narrow groove
of the DNA and the base overlap is good (Fig, 8.2). There are five rather
poor non-bonded contacts with th§§ model, but they all involve hydrogen

atoms and hence are not apparent in the drawing. There is no kinking of



Figure 8.2 (i) Cthidiun hronicie built into a mixeu pucker
(C3 exo/C3 exio) intercalation unit, with an

unwindin anr.le of 20°.

(ii) The view shown in (i), rotated anti-

clockwise around the vertical axis by 75°.
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the heli:r in this structure as proposed oy Jain éE al, (1977). Work is
continuing within this research group tq incorporate baée—unstaéking into
the model-building program, The computer_drawings produced using this
model could then be compared with the computer sketches presented by
sobell‘éﬁ él. (1977) for ethidium-dinucleoside complexes.,

Several ideas have been proposed by various authors (e.ge Krugh and
Reinhardt, 1975; Kastrup et al., 1978) to explain the strong G-C |
spécifiéity in the binding of ethidium to natural DNA's, Strong electro-
static binding to the exterior of the helix cannot be expected to exhibit
any considerable specificity, since the drug interacts primarily with the
phosphates which are uniformly placed along the sugar-phosphate chain
irresp;ctive of the base-pair composition. Any specilicity is more likely
to occur in the unwihding of the heli# and unstacking of the base-pairs,
and in thé subsequent interactions between the intercalated drug
chromophore énd the base-pairs at the intercalation site. | The energetics
of both of these stages are likely to be sequence-~dependent., The
intercalation process involves a delicate interplay of hydrophobic,
electrostatic, Van der Vaals, hydrogen bonding and other forces sd that it
will be some time before a unified theory is developed that adequately
incorporates all of the effects operating.

A theoretical analysis (Pack and Loew, 1978)>has shown that the stacking
energieé between the ethidium cation and the base-pairs are fairly constant
for all combinations of bases at the infercalation site. In contrast,
the energy involved in unwinding the double helix,to assﬁme the geometry
of the intercalation complex,shows substantial sequence differences., The
resuits imply that.there maj be a large.class of intefcalating drugs which
exhibit a purine (5' - 3') pyrimidine sequence Specifiéity.

There may be other factors operating for a particulér drug. In the
minor groove of DNA, the hydrOggs-bohding groups on both G-C and A-T base-

. .
pairs are identical, except for the 2-amino group of guanine. - Binding to
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G-C base-pairs would be preferred if the geometry of intercalation were such
as to allow an additional stabilising hydrogen bound to be formed between
the drug and this grbup on guanine, On the other hand, the amino group
could interfere with intercalation of a drug if it were to provide steric
hindrance. This latter possibility has been suggested to explain the A-T
specificity of the intercalation of a chemically synthesised derivative of
the quinoxaline antibiotic, triostin A (Lee and Varing, 1978).

Muller and Crothers (1975) have reported that, for a series of
proflavine and acridine orange analogues, the G-C specificity of the binding
increases as the visible absorption band of the free drug chromophore
moves to longer wavelength, Thié implies a relationship between specificity
and poiarisability of the chromophore. The G-C basepair is more polar than
A-T, and should therefore be able to interact more favourably with an easily
polar{sed'ring system, which is inferred from a long-wavelengii absorbance
spectrum, Since the dipole moment of a G-C pair is in a fixed direction,
optimum specificity of binding should require that the local polarisation
of the base-pair match the preferred polarisability axes of the chromophore.
steric effects can contribute to this specificity, since they will limit
the possible binding geometries., A further possibility is that thé base-
pair sequence affects the formation of kinks in the DNA, which then become
intercalation sites (Sobell et al., 1977).

If simple molecules such as ethidium can exhibit sequence preferences,
then aromatic amino acids strategically located on enzymes may piay an
important role in the very selective recognition procassAinvolved in protein-
nucleic acid interactions, Thus the "bookmark" hypothesis proposed by Fiown
(1970) is plausible, especially if the "boolmarks" (the aromatic residues of
the protein) could olso recognise the "pages of the book" (the inte;calating

si tes ) .

8.2+2.2 Dimidiunm Bromide

V\
The structure of dimidium is very similar to that of ethidium, the only

-
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bdifference being the substitution of a methyl in place of the ethyl group
on the quaternary ring nitrogen. VWakelin and Varing (1974) have found
little difference between the two drugs in their unwinding of closed
circular DNA, The equivalence binding ratio, at which closed and nicked
circles cosediment, is centred.around.o.oso for ethidium and 0,052 for
dimidiun, This current study has found small differences in the paraméters
of binding. However; at a molecular level, the bindinz would seem to be
very similar to that of ethidium, so that the computer-refined modeis
presented in Section 8,2.2,1 would hold just as well for dimidium,
Sterically, there is little difference between the methyl group of dimidium
and the ethyi group on ethidiunm, ,

" It is interesting that Vatkins (1952) reported that quaternisation of
the ripg nitrogeﬁ atom markedly increases its basicity, and ééuses significant

ges iﬁrthe curative powers of the drug." Ethidium was shown to be many
times more active (and less toxic) than dimidium against Trypanosoma
congolense in mice, Physical measurements on Qaqueoug solutions of drugs
at physiological pl's indicated that there were significant differences in
the small concentration of drug present in the pseudo-basé form, although
these differences cannbt be detected spectrosc6pically. The'increésed'
concentration of neutral component (either of the pseudo-base or ion-pair)
was suggested as the explanation for the increased rate of diffﬁsion of’
etiidium across the cell membfane and into the trypanosome cytoplasm, It
is possible that this difference in the pseudd—gése concentration may
account for tﬁe observed differences in the binding parameters, and in
particular the enhanced G-C specificity of ethidium,

It is unlikely that the small difference in the glectron—withdrawing
character of the ethyl and methyl groups could account for a chenge in the
direction of the dipole moments in the chromophore, sufficiently large to
explain the difference in the specificities on polarisability grounds,

since ethidium and dimidium were obtained from different sources (Section
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2.1.2), it i1s possible that there was £ome difference in the purity of the
samples, However, various previous studies have produced similar results
for ethidium using samples from different suppliers, so that it is thought

that this may not be a significant problem,

8.2.2.3 Prothidium |

Prothidium binds very tightly to DNA, as eéidenced by its large
association constant. The attachMent is considered to be strongly
electrostatic, since the binding is strongly affecied by the ionic
concentration of the environment. Strong electrostatic binding would be
expected to show no base-pair specificity, since the environment of all the
-DNA phosphates is similar. The results presented in Section 4.4.3 confirm
this expected lack of specificity.

The birefringence and linear dichroism results suggest thét the drué
is bound at a considerable angle from perpendicular to the helix axis, and
the X-ray diffraction patterns show that prothidium causes little if any
change in the secondary structure of the DNA., Wakelin and Waring (1974)
have reported that prothidium unwinds closed circular DHA, but they have
not given any details, In any case, this is not evidence of intércalativg
binding. Steroidal diémines such as irehdiamihe A and malouetine unwind
the DNA helix (Varing, 1970; Varing and Chisholm, 1972), but irehdiamine A
has a thickness of 5.QX so that a conventional type of intercalation is not
possible, and Gabbay and Glaser (1971) have suggested that the steroidal
diamines bind in the minor groove of DNA, '

In the prothidium molecule, both ring nitrogens are quaternised so that
there is a strong charge localisation. The pyrimidyl moiety is fairly free
to rotate about the amide bond to the phenanthridine triple ring.
Nevertheless, the preferred confornatlon of the drug is likely to be when
it is fully extended such that tiie pyrimidyl moiety nakes an angle of about
120 Awith the triple aromatic riﬁg,‘and lies on the same side of the triple

ring as the main part of the aminated phenyl substituent. The separation
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of the two positive charges is about ef (Cain et al., 1969), which
corresponds to the distance between adjacent phosphate groups along a
strand of the double helix. Electrostatic forces are much stronger
than hydrogen bonds or hydrophobic effects, so that it is envisaged that
electrostatic binding to neighbouring phosphates is the prime mode of
attaclment,  certainly at low and moderate ionic concentrations. Fig,
8.3 shows a possible model for this situation, although the precise
oriéntation of the drug is not known.

The prothidium molecule presents more groups for possible hydrogen
bonding than does ethidiunm or dimidium. The amide group between the
aromatic ring is likely to form only a weak hydrogen bond. ‘On the
pyrimidAmoiety, the lone pair is available for protonation and would'
normally participate in strong hydrogen bonds. However, the presence of
the cﬁargéd quaterndy nitrogen is thought to shift this ability towards
the attached amino group, which is then likely to become the stronger
hydrogen bonding centre in this ring. The 3-amino group‘cf the
phenanthridine ring and the amino group in the 4-position of the phenyl
ring are both likely to be even stronger hydrogén bonding centres, The
inter-strand distance betweenAphosphates across the minor groove in B-D!
is about”lz.sg, and across the major groove it is about 16,88, In A-DNA
the interstrand separation of the phosphatés is around 14.4 - 16.88. All
of these distances are comparable'with the separation of the various |
hydrogen bonding groups of prothidium. Thus, there is a multiplicity of
possibiiities for hydrogen bonding across the strands in‘DNA. A possible
inter-strand binding scheme is shovn in Fig., 8.4 for binding across the wide
gréove of é-DNA. Jt is possible that binding across the strands would
resist the conformational change of DNA that occurs as the humidity-is
varied, This would account for the significant amount of A~type diffraction |
occurring at 92¢% R,H., and is consistent with the dichroism results. The

\\
models proposed are largely speculative and must remain so until more



Figure 8.3. CPK model of B-DNA with a prothidium molecule
externally bound by electrostatic attachment to

two phosphate groups of the backbone.



Figure 8.4_. CPK model of B-DNA with a prothidium molecule

bound across the major groove.
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definite data on the position and orientation of the bound drugs is
obtained. '

Intercalation could be considered as a possible mode of binding for
prothidium, although it would be less favourable than with ethidium and
dimidium, The bulky pyrimidyl group can provide steric hindrance to
intercalation depending on its orientation, and it would éontrol the depth
of insertion of the chromophore if intercalation wére to tgke place. Its
orientation may alse affect the direction of the dipole moment of the
chromophore, which would change the strength of the drug/base-pair
interaction.

It would be sterically possible for the prothidium to intercalate
"sideways" by insertion of part of the triple ring bet.men adjacent base-
pairs approximaﬁely perpendicular to the helix axis, This is more likely
‘to cccurlfrom the ﬁarrow groove of the DNA, since there is then the
possibility of some additional étabilisation by the formation of a
hydrogen bond to an amino group of a base-pair, This possibility is shown
in Fig, 8.5. The poor overlap with the base-pairs makes it a less . .
favourable position than the position adopted by eﬁhidium and .dimidium,

The much lower unwinding angle which would result from this binding would
lead to much smaller pitch increases in the DNA, and the fact that no
increase in pitéh was measured does not preclude a small fraction of the
drug binaing in this way. 1Indeed, "sideways" intercaiation has been
proposed for another bulky phenanthridine, RD 16101, to explain its binding
parameters (Vakelin and VWaring, 1974). Stereochemicall& it seems likely
that this mode of binding could continue to fairly high binding levels, and
it would not be so _restricted by neighboﬁr exclusion as the more established
intercalation poéitions. Indeed, it may be that neighbour exclusion may

be due, in part, to a thermodynamic limitation, which may be less restrictive
for a drug of high DNA affinity. |

It would be possible for pr:fhidium ‘o bind from the large groove into

an intercalation position similar to that adopted by ethidium, but the



intercalated sideways from the minor groove.
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pyrimidyl moiety would need to be rotated close to the phenyl substituént
(Fig. 8.6)., This is pot the preferred conformation of the prothidium
molecule, but it could be constrained to adopt this conformation if the
drive towvards intercalation was large enough. A difficulty with this
scheme is that it would probably result in the close approach of the
amino~-groups on the pyrimidyl and phenyl moieties,

In conclusion, intercalative binéing seems to be less likely for
prothidium, Strong electrostatic binding along a sugar-phosphate chain
is proposed as the most likely binding scheme, and there may also be a
~considerable amount of binding across the grooves to an adjaceﬁt chain,
These schemes involve such strong forces that it is unlikely that much of
the drug would leave thete sités and move into an intercalative position,
although sterically intercalation cannot be excluded. The low solubility
of prothidium suggests that the hydrophobic drive towards intercalation
may not be large.
| The large association constant for prothidium binding to DNA makes it
an attractive chemotherapeutic agent, The fact that it does mot |
intercalate to any great extent may not render it ineffectual provided thaﬁ
it could be given some specificity. The oligopeptide antibiotic netropsin
is a non-intercalator, but it is thought to inhibit enzymes such as DNA
polymerase by blocking access to the minor grﬁove of DNA or by stabilising
the douSle helix (Sutherland et al., 1978). Prothidium does have the
disadvantage, however, of being doubly-ionised which would inhibit its

passage throush cellular membranes.,

\\



Figure 8.6. CPK model of B-DNA with a prothidium molecule

intercalated from the major groove.
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8.3 Sﬁmmary'and PfOposals for Furthe- Work

The theory of the analys;s of solution spectra has been thoroughly
appraised, and a program written to analyse the experimental data in terms
of an excluded site modc:l for the binding, The author has developed and
tested a novel mixing scheme to facilitate the collection of accurate
binding data, and this has been used to investigéte the specificities of
three phenanthridine.drugs for particular base-pairs using three different
natural DNA's,

The absorption spectra of DliA=-drug fibres have been recorded on a
microspectrophotoneter, and the birefringence and linear diéhroism of the
fibreé have been measured over a range of humidities. Unfortunately,
these investigations have been limited to fibres of low drug contentv(n z 20)
because of the stray light limit of the microspectrophotometer., The fibres
have been somewhat variable in quality, but it has been the experience of
this research group that iﬁnic considerations, and the viscosity of the gel
from which the fibre had been pulled, are important factoré in determining
the quality of a fibre., Other drugs may result in better fibres than those
obtained with thé phenanthridines,
| The X-ray diffraction studies have been soﬁewhat supplementary to the
spectral investigations, althouzh they have confirmed earlier resulté on
DliA-ethidium systens énd showvm that the binding of dimidium causes a similar
unwinding of the DNA-helix, 1In contrast, the binding of p#othidium does
not increase the pitch of DNA, The methods described Qould be appiied to
an extensive X-ray diffraction investigation of new drugs. Some model-
building studies have been undertaken, especially for the binding of
prothidium (di)broﬁ;ée. The results for prothidium must remain father
specﬁlative until more precise data on £he orientation of the drug is
obtainéd from other techniques. |

The solution spectra of DNAip?othidium complexes were particularly

difficult to analyse. It may prove useful if spectra were obtained at
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intermediate salt concentrations, ané the resulls extrapolated to low malt
concentration using the scheme of Record et al. (1976). The investigatién
of the binding could be supplemented by an extended equilibrium dialysis
study. It would be particularly interesting to investigate the binding of
the dimethylated form of prothidium, although difficulty in dissolving it in
aqueous solution is envisaged. Removal of the positive charges should
result in a compdund which would find intercalation a more attractive
proposition.

The approach developed in this thesis could be extended to the
inveétigation of other drugzs interacting with nucleic acids. It should be
possible to find the fraction of these drugs intercalated at particular
relative humidities, and obtain an estimate of their unwinding angles. The
estimates would be more certain %f The variability in the .quality: of
fibres could be redﬁced, and if the diéhroic ratio could be measured for
moderate M values (M~ 5-15), This may be possible using films or fibre
sections, if sufficiently good orientation can be achiéved. The theory of
the birefringence and dichroism of films has been presented in this thesis
along with that for fibres. It would seem that a polymer such as cis-
poiybutadiene would be a very suitable substrafe for making films, since it
will stretch bpt.will not allow the drug to penetrate it. A solution of
a DlNA~drug complex could be gently poured on to the substrate, as-it floated
on a mercury bath to maintain a hprizontal digposition, vhen the complex
had dried, it could be oriéntated by stretching the polymer substrate and
its optical properties measured. If a DNA-drug film of about 5 - 1Qun were
prepared, then films with small M values (M~ 2) could be measured, These
films could then be folded to pr&duce a thickness sdi?able for X-ray
diffraction, In this way specimens over a range of M values could be
compared directly by the two techniques, and a better estimate of the
unwinding angle of an intercalating drug could be obtained.

It would be interesting to extend these studies to the'cytotoxic

antibiotic nogalamycin, This drug has two bulky sﬁgar residues, yet it
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still aprzars to intercalate (Al-Jubory, 1978). The antibacterial agents,
steffimycin and steffimycin B, have been shown to intercalate and m%cro-
crystals of the DNA—steffimycin‘complex appear to ;rystallise out at low
hmidity, It would be useful to apply the dichroism techniques to fibres
containing these drugs, in order to characterise the orientation of the
drugs. The formation of drug micro-crystals is of special interest in
relation to cancer therépy, where the drug crystals could be implanted near
to a tumour, This could provide a steady, prolonged release of the drug
to a localised region. A further area for fruitful study would be the
drugs such as echinomycin, which are believed‘to be bisintercalators
(vakelin and Waring, 1976), ‘Investigations by the methods proposed iﬁ
this thesis would shed light on the conformation adopt:l by these drugs on

binding and the extent to which they intercalate,

\\
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