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SUMMARY

The interaction of the 9-aminoacridine (9AA) cation
with native DNA in neutral salt to form a complex is
believed to be typical of the interactions of a wide variety
of compounds important in chemotherapy which are said to
intercalate between adjacent bases along the DNA double helix.
The influence of the secondary structure of DNA on this
intercalated complex is important to a full understanding
of the interaction. In this work equilibrium and
perturbation technigues have been used to investigate the -
interaction of 9AA with both native and denatured DNA.

The solution state of both native and denatured DNA in
0.1M NaCl has been examined. Below its melting traﬁsition
the native structure is that of a stable, double helical
conformation. Denatured DNA has a structure which is more
disordered than the native form although interactions between
the bases occur. Denatured DNA in solution can be considered
to be composed of- three coexisting structures:

(i) "folded" or short range helical ordered regions,

(ii) single strand, base-stacked regions and (iii) random
coil regions. The denatured DNA structure is very sensitive
to temperature with progressive formation of the random coil
with increasing temperature. At elevated temperatures
denatured DNA can undergo partial renaturation.

The spectra and binding isotherms of 9AA with each of
native and denatured DNA have been measured at various
temperatures. The product of the interaction of 9AA with
native DNA at low extents of binding (r) produces spectra

which are internally linear. Internal linearity is

e T



associated with the existence of only two species of 9AA

in a single equilibrium: viz. free 9AA and bound 9AA. 1In

contrast to this 9AA and denatured DNA give rise to spectra
which are not internally linear at room temperature but
which become so at elevated temperatures. These observations
have been interpreted in terms of changes with temperature |
in denatured DNA described by the proposed model. The
association constants (equilibrium constants) for the
binding sites on the two forms of DNA have been evaluated
from Scatchard plots determined by spectrophotometry.
Proposed safeguards must be used in the spectrophotometric
determination of these plots to ensure a higﬂ degree of
reproducibility. Curvature of Scatchard plots has been
assigned to anti-cooperativity and evaluation of association
constants for these systems is discussed. The variation of L
the limiting extent of binding (n) with temperature is
discussed with respect to the models of native and denatured DNA
in solution.

Thermodynamic parameters for the interactions have been
obtained from the variation of the association constants
with temperature. These are discussed in terxrms of the
intercalation model. The free energy change for the
interaction is large and favourable ( AG® = -25 to -40 kJ/mole).
The bonding forces are shown to be of importance whereas
entropy changes for the interaction are small and unfavourable
for 9AA and native DNA and large and unfavourable for 9AA and
denatured DNA. This latter observation is interpreted as arising
from constraint of the thermal motion of the DNA bases by the
intercalation of 9AA between them thereby producing a degree of

base-stacking in the denatured DNA complex.



The 9AA and native and denatured DNA systems have also
been investigated by the temperature-jump, rapid
perturbation technique. A single relaxation process with
an inverse relaxation time linearly dependent on the
concentration of reactant at equilibrium is observed for
perturbations of 9AA and native DNA equilibria. The
relaxation has been assigned to a rapid, bimolecular, single
step process for intercalation. This result is at variance
with existing literature on simjlar systems. The thermodynamic
parameters determined by this technique are in good agreement
with the equilibrium measurements.
Perturbations of 9AA and denatured DNA equilibria exhibit
two distinct relaxation times. The concentration dependence
of these has led to the proposition of a mechanism in which
intercalation of 9AA between the bases on one strand of denatured
DNA occurs in a rapid, bimolecular process. However, the
potential binding sites on denatured DNA (single strand,
base-stacked regions of the macromolecule) are themselves in
equilibrium with a non binding form of DNA (random coil regions).
This equilibrium is probably established through an intermediate
in rapid equilibrium with the single strand, base-stacked form

of denatured DNA.
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CHAPTER I

INTRODUCTION R

Nucleic acids have been known since their discovery by Miescher
in 1869!. Their fundamental role in the continuity of life, however,
is a much more recently established fact. Nucleic acids are the data
bank of genetic information and the template for gene duplication by which
genetic information is passed from parent to progeny. They axe also the
template for gene expression which permits the translation of gene
structure into polypeptide structure. They are indeed the molecules of
life. _

Two types of nucleic acid are involved in these processes.
Deoxyribonucleic acid (DNA) is the template for both gene replication and
gene expression, while ribonucleic acid (RNA) is the means by which
information stored in DNA is translated into proteins (see footnote).

The structure and function of nucleic acids have been elucidated,
for the most part, in the last twenty years or so. DNA and RNA both
consist of chains of alternating sugar and phosphate moieties joined

together by C phospho-diester linkages, with heterocyclic purine and

37Cs

pyrimidine bases attached to the C. atom of the sugar group. The combined

1
unit of sugar with attached phosphate and base is called a nucleotide 2.
The principa¢ distinction between RNA and DNA lies in the sugar residue
and the heterocyclic bases. In RNA the sugar is D-ribose and in DNA,
2'-deoxyribose. The bases usually found in RNA are adenine, guanine,
‘cytosine and uracil. In DNA thymine replaces uracil. Careful

analyses now exist of the base composition of the DNA of a large number

of organisms. In some organisms bases other than those mentioned above

Footnote: In some viruses RNA can carry out both functions.



exist, usually comprising only a small percentage of the base complement.
Although elucidation of the primary structure of nucleic acids
provided a significant contribution to the knowledge of nucleic acids
it didZ;Lntribute directly to the understanding of the relationship
between their structure and their biological function, the importance
of which had become recognised by 1950. The important key to this
relationship lies in the secondary structure of DNA first proposed by
Watson and Crick in 195337%. This elegant proposal states that the
DNA molecule is composed of two ribose-phosphate chains coiled around
a common axis. The chains are anti-parallel, right hand helices
on the outside of the structure with the planes of the bases arranged
perpendicular to the major helix axis and directed inwards. In this
manner the bases pair in a specific way by hydrogen bonding so that
adenine (A) on one strand is hydrogen bonded to thymine (T) on the other,
and similarly, guanine (G) is hydrogen bonded to cytosine (C). At once
this proposal explained what had been known as Chargaff's Rules, that in
DNA the ratios of adenine to thymine and guanine to cytosine were always
very nearly unity. More importantly,it provided the clue to the
copying mechanism for genetic material, as the arrangement of bases
on one strand of the double helix uniquely determines the bases on the
other. Thus from the separation of strands of the duplex and synthesis
of -the opposing strand of each, two identical representations of the
parent duplex will be produced with no loss of specificity. The double
helical structure of DNA has since been confirmed®’’ and is now generally
accepted as the basic structure of DNA both in vivo and in vitro.
Some exceptions to this generality exist, for example DNA extracted from
some phages is single stranded (e.g. ¢ x 174).
In view of the fundamental role of DNA in all living matter studies

of its interaction with other chemical compounds have become a major field



of research in a wide range of disciplines, especially in biochemistry
and pharmacology. Clearly, it may be anticipated that a compound

which can interact with DNA to influence in any way the macromolecule's
structure or composition will have a profound effect on cellular activity.

This has been demonstrated many times and the manifestations of such

8r 9 10-1u

interactions have been shown to include mutagenic, carcinogenic,

17 0

antibacterial, ! *~ and antiprotazoalle'2 activity. The study of such
interactions has been valuable in providing further understanding of the
structure of DNA in vivo and in vitro and details of its function in vivo.

Although medical interest in acridines dates from 1888, it was
Browning's disFovery of the antibacterial activity of proflavine and
acriflavine in 19132! that first saw their introduction into medical
practice. Proflavine was widely used during World War I as a topical
bacteriostatic agent. Interest in aminoacridines was further encouraged
by the discovery 22 and widespread use of mepacrine as an anti-malarial
drug. At the present time a large number of aminocacridines are used
in chemotherapy1'7 and as histological stains 2% .

That the origin of the biological activity of aminoacridines arises
from the interaction of these compounds with nucleic acids has been known
for many yearszo. It has also been long known that the antibacterial
activity of aminoacridines is dependent on the strength of these substances
as bases?*. That is, there is a correlation between their biological

activity and their presence in solution at physiological pH as cations.

The interaction of aminoacridines with DNA has been described in terms of

25-27 25726

two binding processes Cavalieri et al proposed that the
two forms of binding were due to the electrostatic interaction between
aminoacridine cations and primary and secondary phosphate groups of the
DNA. This proposal was put forward before the Watson and Crick ? model

of DNA and has been rejected because of the insufficient number of secondary

phosphate groups to account for the extent of binding. Peacocke and



Skerrett?’ assigned the two processes to a 'strong interaction of
aminoacridine monomer predominant up to an extent of binding (bound
aminoacridine per DNA phosphorous = r) of ¥ = 0.2, the observable
limit of the stronger binding, followed by a weaker binding of
aminoacridine aggregates up to electroneutrality, that is r = 1.0.
The Watson and Crick model of DNA, with the bases in close van der
Waals contact appeared to exlude the possibility of aminoacridines
interacting directly with the bases. However, in 1961 Lerman?2 ®
proposed the intercalation model. In this model the DNA molecule
extends to permit the insertion of aminoacridine cations between adjacent
base pairs of the double helix. Evidence of such a change in the
configuration of DNA has been provided by many workers and although

29-31 the basic

modifications to the Lerman model have been proposed,
concept has been accepted as the mode of binding for the stronger
interaction. A more detailed discussion of the extensive experimental
literature on the interaction and proposed models is presented in
Chapter III of this work.

The intercalation hypothesis provides an explanation of the
mutagenic activity which aminoacridines are observed to cause. In the
intercalation model the distance between base pairs is doubled at the

g0l a2an S5 This modification of the

site of the bound aminoacridine
DNA structure permits insertion or deletion of a base pair during
replication and the resultant gene is called a frameshift mutation of the

i SO O By The ability of aminoacridines to induce mutants of

origina
this kind has assisted in the discovery of the triplet nucleotide basis
of the genetic code® ®. The intercalation model has been used
successfully to describe the interaction of many biologically active
compounds with DNAS & .

The second and weaker form of binding observed in the interaction of

aminoacridines with DNA is generally believed to be a principally



electrostatic interaction between the aminoacridine cations and the
negatively charged phosphate groups on the DNA backbone. It may also
involve the binding of aminoacridine aggregates, as for many of these
compounds aggregates readily form in solution?®’.

The binding of aminoacridines to denatured DNA, in which the
specificity of the double helical conformation is absent, has also

ST Rather surprisingly,

been observed by a number of workers
at room temperature, the binding is at least as strong as tﬁe binding
to native DNA. Comparatively few temperature dependent studies of

the comparative binding of aminoacridines to native and denatured

DNA have been carried out"!’*? and only one of these in a quantitative
sense"?. No studies have been made of the kinetics of the binding

of aminoacridines to denatured DNA. Accordingly, in this work, the
influence of DNA structure on the binding of 9—amin6acridine (°AR)

has been investigated. 9-aminoacridine has been chosen as it is one
of the structurally simplest aminoacridines which is known to
intercalate with a high association constant®*!. An ionic strength

of 0.1 p (0.1M NaCl) neutral salt has been used throughout, as at this
jonic strength the weaker binding is suppressed"l. Furthermore

this allows for a ready comparison with much of the existing literature
on the subject.

In Chapter II the solution state of native and denatured DNA
has been examined for the experimental conditions used throughout this
work. Chapter III provides, as mentioned earlier, a detailed review
of relevant research.

In Chapters IV and V the binding of 9-aminoacridine to native
and denatured DNA, respectively, has been investigated as a function of
temperature. The thermodynamic parameters for the interaction are

evaluated and discussed with respect to the intercalation model.

The kinetics of the interaction have been studied by the



temperature-jump technique. The results of this study are presented
in Chapter VI. Mechanisms are proposed for the interaction and these
are shown to be consistent with the equilibrium measurements described
in earlier chapters.

finally,a brief general discussion of the conclusions is presented

and details are provided of the materials and methods used in this work.
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10.

Introduction

The history of the determination of the structure of DNA
is well known and has been widely described | The picture of
DNA proposed by Watson and Ccrick®’" has already been described
briefly in Chapter I of this work.

In vivo DNA may exist in a variety of forms determined

by the nature of its environment. In some virus particles the
nucleic acid may exist as a single stranded polynucleotide chain.
In otherlenvironments DNA may have the familiar double helical form of
complementary strands and in still other situations this form itself
may be constrained in an ordered structure. The interconversion
of some or all of these structures is a necessary requirement
of life. The complexity of the relationships between
environmental factors and the structure of DNA in vivo is very
great. |
Stripped of cellular constituents, particularly nucleoproteins,
DNA in vitro presents a less complex system for study. It is a
system which is, none the less, very dependent on the environment
of the macromolecule. It is therefore very important in all work
on DNA in vitro that the solution environment should be well defined
and the structure of DNA be understood in terms of its environment.
In this Chapter the properties of DNA in aqueous solution
will be examined with particular reference to the neutral salt

solutions used throughout this work.

Native DNA

In general, DNA extracted from bacteria or higher organisms
undergoes moderate degradation during the extraction process.
This degradation is a shearing of the DNA complement of the

organism and results in particles of reduced molecular weight.
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Provided that this reduced molecular weight is not too low then
a solution of the DNA can be expected to behave in an homogeneous
manner with respect to its interaction with small molecules.
That is, end effects are a negligible contribution to observed
phenomena. Throughout the course of this work a sample of
DNA extracted from E.coli K-12 has been used (see Chapter VIII
sections 1(a) and 1 (b) for preparation of samples and solutions).
Analysis by ultracentrifugation has shown that the amount of low
molecular weight material in a solution of the sample is very
small and thus end effects will be insignificant.

In native DNA the principal characteristic of the
macromolecule which is of interest is that'through a wide range
of ionic strengths of neutral salt the macromolecule exists
in aqueous solution as a solvated double helix. In neutral
solutions the polynucleotide chains act as a negatively charged
polyelectrolyte, one negative charge residing on each phosphate
of the ribose-phosphate backbone of the DNA. Clearly the
éffective charge on each phosphate group will depend on the
concentration of the counterion in the solution °. Any small
segment of double helical DNA may be considered as being rod-like .
This is a consequence of the conformation of the DNA with its
planar purine and pyrimidine bases hydrogen bonded together
and stacked with the plane of the bases perpendicular to the helix
axis. A contribution to the rigidity of this rod-like structure
arises from the mutual repulsion of the negative phosphate charges.
Clearly the concentration of counterion in a solution of the
polyelectrolyte will influence the interphosphate interaction and
thereby the adjacent base-base distance and overall end-to-end
distance of the macromolecule. That this is so has been

demonstrated by viscometrys.
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If the concentration of counterion is reduced below a
certain critical level then an abrupt reduction in viscosity

873 is observed.

of DNA solutions ’ and increase in UV absorption
This is due to a loss of ordered double helical (secondary)
structure which is only partially reversible by the subsequent

Sl oS IR0 In this disordered state the DNA

addition of salt
is said to be dilution denatured: there is a degree of strand
separation and in the absence of the conformational constraint
provided by base pairing the structure collapses into a random
coil which provides the minimum free energy state. The

critical counterion concentration at whiéh this occurs depends

on the DNA concentration 11r 12

as the DNA itself, usually
obtained as a salt, will make a contribution to the cationic
counterion concentration in solution. DNA above a certain
concentration will not spontaneously denature in water!’ 12,
In general, loss of long range secondary structure of DNA is
termed denaturation.

Destabilization of the secondary structure of DNA can
also be induced by very high concentrations of some neutral
salts. This lyotropic or Hofmeister effect!?® is not fully
understood and is associated with concentrations of salts well
outside the range used in this work and it will not be discussed
further. In general an increase in neutral salt stabilizes
the secondary structure with respect to denaturation .

Denaturation can be induced in a number of ways in neutral
salt solutions where the double helical structure is normally
the most stable form of the polynucleotide. Two such methods
are by alteration of the solution pH and by an increase in the

solution temperature. In the former of these the hydrogen

bonds between the complementary strands of DNA undergo proton
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exchange, with the base or acid added, as the pH is raised or
lowered. With the loss of hydrogen bonding the polynucleotide
-chains are free to take up the random coil conformation. Not
all hydrogen bonds need be broken for a significant change in
structure 1" . In general,the greater the stabilization of the
secondary structure towards denaturation by an increase in the
neutral salt concentration then the greater the pH change necessary
from neutrality to cause denaturation!?. In the course of this
work, at a neutral salt concentration of 0.1M NaCl, the DNA
double helical structure is stable through a sufficient range
of pH to render buffering unnecessary.

The thermally induced transition from native to denatured
forms can be observed most readily by UV spectrophotometry.
The nucleic acid bases have well defined spectra in the UV 2Bl
The absorption band of native DNA, which has a maximum absorbance
at about 260 nm (the precise maximum is dependent on the source
of the DNA) has an extinction coefficient approximately 40%
less than that which would be expected from the sum of the
contributing constituents. This decrease in extinction coefficient,
called hypochromicity, is a consequence of interactions between
the bases when they are in a stacked conformation!®’ 17, On
denaturation, when the stacked conformation is destroyed, the
resulting decrease in base-base interactions produces an increase
in the UV absorption (hyperchromicity). Thus the change in
absorbance of a DNA solution, observed conveniently at 260 nm, is
a sensitive relative measure of base-base stacking.

In Fig. 2-1 the absorbance of a solution of native DNA in
0.1M NaCl is plotted as a function of temperature. The absorbance

measurements are normalized to_the absorbance at 98°C when the

DNA is fully denatured. The absorbance measurements have been



Fig. 2-1. The melting curve of native DNA
in 0.1M NaCl. Tm = 86.2°C.
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corrected for volume expansion to an equivalent absorbance at 250C,

thus:

T P2s

AA = TAA (observed) —— eqn. 2-1.
pT

T
where AA = volume corrected absorbance at temperature T and wavelength A.

T
AA (observed) = observed absorbance at temperature T and
wavelength A.

P25 = density of pure water at 25°¢.

pT = density of pure water at temperature 7i8,

The ratio of densities of pure water at two temperatures differs
insignificantly for these experiments from the ratio of densities of
0.1M NaCl for the same temperatureslg. The correction described
by equation 2-1.has been applied throughout this work. The

reason for normalizing absorbance measurements to those of DNA

at 98°C is because, as will be shown in the next section of

this Chapter, difficulties arise in defining the solution state

of denatured DNA at low temperatures. However, both native

DNA and DNA which has been previously denatured behave identically
at 98°C, thus a comparison of the UV absorbance of the two states
(native and denatured) is possible at any temperature.

Figure 2-1 is an example of a "melting curve" of a DNA solution.

The sigmoidal shape of the curve is due to a cooperative loss of
double helical secondary structure - called melting - when a
temperature is reached such that the free energy change associated
with a helix to coil transition becomes favourable. The temperature
at which the midpoint of the transition occurs is called

the melting temperature (Tm). The Tm of a given DNA
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is dependent on the base composition of that DN2% ®and on the
ionic strength of the neutral salt solution®. The hyperchromic
change in the sample of DNA used throughout this work has been
monitored with each solution of the DNA prepared in 0.1M NaCl and
has been found to be:

255

260

= 0.67 + 0.0l egn. 2-2.
98 5 5

260

The Tm of the DNA sample is 86.2 + O.2°C.

Both the hyperchromicity and the Tm are independent of the
concentration of the DNA solution throughout the range of
experimental concentrations used in this work. The concentration
of DNA solutions is usually defined as the concentration of DNA
phosphate in solution (POy ) . In this work the range of
concentrations used has been from approx. 10~ % POy to

2 x 10 "M POZ. The concentration determination of DNA solutions
is described in Chapter VIII section 1l{(c).

In carrying out melting curves it has been found that
equilibration of solutions for approximately ten minutes is
necessary before stable absorbance measurements are obtained.

A heating rate of 1°%¢ per minute through the meiting range

shifted the apparent Tm 3.5% higher than the true Tm.

Denatured DNA

Above the thermal transition of DNA the macromolecule exists
as a solvated random coil and is said to be denatured. Reduced
to room temperature, the extent of reversibility of denaturation

is a function of a number of variables, in particular the neutral
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salt concentration and the rate of coolin92]’22. In general,

the higher the neutral salt concentration the greater the hypochromic
change on cooling. A slow rate of cooling also enhances the
hypochromic change. Rapid ("shock") cooling by immersion of a
sample of denatured DNA above its Tm into iced water produces a
small hypochromic change once again dependent on the neutral salt
concentration 22 . Thus denatured DNA taken to room temperature
may have a significant loss of double helical secondary structure.
A variety of structures are available depending on the experimental
method used. All such structures should be considered as
metastable forms of DNA as their true free energy minimum is that
pertaining in the native form. However, the mechanism to obtain
the ordered state may not be available.

In this work DNA which has an extensive loss of secondary,

double helical structure at room temperature has been prepared in

the following way.

( i) DNA has been dissolved in pure water at a concentration
below the critical concentration for dilution denaturation.

The concentration used has been 1 mgm/20 mls.

( ii) After dissolution at 4°c for a minimum period of 24 hours
aliquots are freeze dried. These solid samples are then

stored in a desiccated atmosphere until required.

(iii) Solutions are prepared by dissolution of the solid sample
in pure water to half the required volume. The
neutral salt concentration is then obtained by the addition

of an equal volume of twice the salt concentration required.

( iv) This solution is then heated for 10 minutes at 100°C and

shock cooled in an ice/water mixture.
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( v) The concentration of the final solution is determined as

described before.

The above procedure is followed as it has been found that resulting
solutions have the maximum disruption of the double helical structure,
as measured by hypochromicity, while still providing a high degree

of reproducibility. This is shown by the observation that:

20A
260

= 0.78 + 0.01 eqn. 2-3.
0

98A

260

in Q.lM N;Cl neutral salt, throughout the range of concentrations
used in this work. This ratio is independent of the time of heating
at IOOOC if this is greater than 10 miputes.

The fact that the.ratio above shows significant hypochromic
change from unity indicates that even after shock cooling a
significént amount of base-base interaction must be occurring.
The interaction is strongly ionic strength dependent. This
dependence probably arises from the variation in repulsion between
the negatively charged phosphate moieties on the polynucleotide
backbone with a variation in ionic strength. With an increasé
in neutral salt ionic strength the mutual repulsion between
- phosphates is reduced® and with it the end to end distance of
the molecule thus allowing more base-base interaction. This

effect is shown in the following table:
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TABLE 2-1
u 0.001 0.01 0.10
30A
260
0.917 0.882 0.804
SBA
260
o 0.016 0.012 0.009

The table represents the average absorbance ratio for a number of
solutions of denatured DNA with concentratiéns varying from

5 x 10 °M PO, to 2 x 10 ~3M PO 4 . The value at ionic strength
0.001 is probably low as the ionic strength in the table refers
“only to the introduced neutral salt: the contribution from the
polyelectrolyte cation has not been taken into account. In pure
water at low DNA concentration a negligible hypochromic change
was observed for a DNA sample prepared, as before, by shock
cooling.

@29 23724 4hat three types of structure

It has been suggeste
coexist in denatured DNA at room temperature. Base-base

interactions occurring in these structures give rise to the

hypochromicity observed. The three structures are:

( i) short hair-pin loops or "folding" stabilized by short
range helical order. Presumably of conventional A-T,
21

G-C base pairs

( ii) single strand, base-stacked structures 2 ¥2*

(iii) random coils which will contribute very little to

hypochromicity24 .
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The regions in (i) above would be expected to have a spectrum of
stabilities with respect to temperature. In (ii) above the
stacking would decrease as the kinetic energy imparted to the
bases increases with temperature. The former of these is

2% to contribute predominantly to the

considered by Studier
hypochromicity of denatured DNA.

An attempt to measure the rapidity of the random reformation
of hydrogen bonding and base-stacking in (i) and (ii) above was
made by using a stopped flow apparatus to follow the mixing of a
shock cooled sample of denatured DNA in water with an equal aliquot
of 0.2M NaCl. The mixing was followed at 275 nm where the
percentage change in hypochromicity is greatest. However the
process was too fast to be resolved by the instrument which had
a resolution time of 5 msec. for complete mixing. Thus the
formation of short hair-pin loops and single strand, base-stacking
must be faster than this. These results are in agreement with the
relaxation studies of Walz?®. The rapidity of these processes
makes it unlikely that the folding, which is the principal cause of
hypochromism in denatured DNA, can have any long range helical order.

The buoyant density of denatured DNA was measured by
ultracentrifugation in an isopycnic density gradient of neutral
CsCl. Denatured DNA had a broad distribution about a density of
1.724 skewed, with a greater component at lower densities. Native
DNA had a buoyant density centred at 1.709 with a narrower, even
distribution. The results for denatured DNA are consistent with
a sample of E.coli K-12 DNA, of G-C content 50%, which has been
denatured and in which some degradation has occurred. The reformation
of an extended structure as well as the pure, collapsed, random coil

is indicated by the component at low densities.
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Renaturation

The temperature dependent properties of denatured DNA
in 0.1M NaCl have been studied as this system has been used at
elevated temperatures in experiments described later in this
work. In particular the melting profiles, studied by
UV spectrophotometry, have been investigated.

Figure 2-2 shows a comparison of the melting profiles
of a native DNA solution (for which the melting profile,
measured as absorbance relative to DNA at 980C, is concentration
independent) with three denatured DNA solutions of varying
concentrations. In each instance an equilibration time of twenty
minutes was permitted between temperature increments. As
will be discussed shortly, the period of twenty minutes is an
* arbitrary interval. The denatured DNA absorption curves exhibit

the following characteristics.

( i) An initial sigmoidal shaped hyperchromic change in

absorbance.

( ii) A progressive increase in absorbance plateauing to a
level which is inversely proportional to the DNA

phosphate concentration.

(iii) A final sigmoidal increase in absorbance with temperature
occurring at a temperature which, within experimental error,
is indistinguishable from that associated with the helix

to coil transition of native DNA.

The following explanation is proposed for these observations.
It has already been pointed out in the previous section of this
Chapter that shock cooled denatured DNA prepared as described has an

. o : ) .
absorbance, relative to denatured DNA at 98 C, which is independent



Fig. 2-2, A compariéon of the melting profiles of:
(®) native DNA in 0.1M NaCl,
(O) denatured DNA: 1.95 x 10™°M PO,~, in 0.1M NaCl,
(O) denatured DNA: 3.12 x 10”™*M PO,~, in 0.1M NaCl,
(A) denatured DNA: 6.54 x 10~5M P0,7, in 0.1M NaCl.
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of concentration (vide Fig. 2-2 at 2OOC). This is taken to

indicate the presence of a substantial amount of intramolecular
base~base interaction as described in section 3 of this Chapter.

An increase in temperature progressively destroys short range, helical
ordered, base-pairing in what may be a broad cooperative transition
at low temperatures (ZOOC—SOOC). The steady increase in relative
absorbance over this temperature range is due to this progressive
loss of short range helical order and concurrent decrease in single
strand stacking of bases. Throughout this loss of short range oxrder,
longer range order in the form of renaturation becomes increasingly
important as the temperature increases to about 20°C below the
meiting temperature, (Tm—ZO)OCZG. Furthermore since renaturation
has been shown to be a second order processze_zg over a significant
range of concentration and ionic strength, the extent of renaturation
per unit time increases with increasing concentration of DNA. The
final sigmoidal curve is due to melting of the renatured fraction

of DNA. The renatured material is indistinguishable in its melting
temperature from native DNA. The observation of a plateau in the
middle of the curve does bring into question the effect on
hyperchromiciﬁy of the loss of single strand, base-stacking with
increasing temperature as concurrent with the progressive loss of
single strand, base-stacking is the increasing effect of renaturation
which will tend to‘reduce absorbance. It may be that the
observation by Studier?" that loss of single strand, base-stacking
does not contribute greatly to hyperchromicity is not valid. In
Fig. 2-2 the curves 1, 2 and 3 are not equilibrium curves but do
represent a family of curves, that is their position with respect

to each other is fixed but their position relative to the absorbance
axis is a function of the equilibration time between temperature

increments. For the limiting case at short times, denatured DNA
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which is rapidly heated to above its Tm Qisplays a melting profile
like that shown for curve 1 in Fig. 2-2, irrespective of the DNA
concentration.

Figure 2-3 shows the change in absorbance with time for a
denatured DNA solution heated rapidly to 70°C and maintained at
that temperature. Renaturation proceeds to a point for which the
absorbance is within a few per cent. of that expected for native
DNA at that concentration. The loss of complete renaturation may
be due to base pairing with not strictly complementary partners
producing a significant extent of helix formation but with mismatched
regions within the macromolecule or mismatched ends. These may
be stable at the renaturing temperature (TR). This suggestion is
gualitatively in agreement with the observations of Thrower and
Peacocke?® who observed a decrease in extent of renaturation with
increasing temperature difference between the temperature at which
renaturation was measured and the melting temperature (Tm - TR).
This paper28 also discusses the difficulties in measuring the value
of absorbance at the completion of the reaction ("infinite time").

In Fig. 2-3 the infinite time value of absorbance has been
determined from a plot of absorbance versus (time)—1 extrapolated to
(.time)—l = 0. Figure 2-4 is a second order reaction plot of the
data presented in Fig. 2-3. For a second order reaction the rate

law is:

x
= kt eqn. 2-4.
afa - x)

where the quantities x, a, t, and k are defined below.

In Fig. 2-4 only relative quantities have been used: it being assumed

that the extent of renaturation is proportional to the hypochromic
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change. Thus x, the extent of renaturation at time t and a,

the total extent of reaction are given by:

x = ( t=0 - At=t )
egqns. 2-5.

A A
a = ( t=0 - t=x )

where At is the absorbance at time, t, corrected for volume
expansion. It can be seen from Fig. 2-4 that renaturation obeys
second order kinetics over a significant extent of reaction. From
this plot alone it is not possible to determine a quantitative value
for the rate constant, k. These results verify that renaturation
is a second order process.

These observations have been included to show that denatured
DNA in O.1M NaCl is a system of some complexity. However, as will
be discussed in relevant sections of this work, the renaturation of
DNA in denétured DNA samples does not provide a significant contribution
to observations in the experiments carried out, except where
reference is made in the text. In general, experiments have been

designed to keep the degree of renaturation a minimum.

Concluding remarks

Native DNA used in the experiments to be described'in this
work has been shown to be consistent with the double helical form of
the polynucleotide throughout the range of temperatures used in
studies on the interaction of 9-aminoacridine with native DNA
(20°c-65°C) .

Denatured DNA has been shown to be a more complex material
than native DNA. In O.1M NaCl, at room temperature, there is a
significant degree of base-base interaction in the macramolecule.

These interactions are believed to be A-T and G-C base pairing

with short range helical order. Single strand, base-stacked regions
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and random coil regions also exist. At elevated temperatures
the short range helical order is lost and single strand, base-
stacking is reduced. Elevated temperatures also promote
renaturation of single stranded DNA.

Renaturation has been confirmed as a second order process.
The rate constants are dependent, in a complex manner, on the
temperature difference (Tm - TR)ZB. In general, temperatures,
concentrations of denatured DNA and experimental conditions can
be chosen so that renatured DNA does not contribute to the effects
being assigned to denatured DNA. Where this is not the case, in
experiments described later in this work, specific mention is made

in the text.
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1. Introduction

The interaction of acridine derivatives with nucleic
acids has been the subject of a large amount of research in the last
twenty years. By far the most widely studied acridine derivatives
have been the aminoacridines. The purpose of much of the research
undertaken has been to elucidate the precise nature of the complexes
formed in the interaction; partly in the hope that the knowledge
so gained may be useful in a better understanding of their mode of
action in chemotherapy, and partly in order to more fully understand
the class of interactions which occurs between small ligands and
biological macromolecules. Such interactions have become of
burgeoning importance in recent years throughout the biological
sciences.

It is a salutary comment on the complexity of the
interaction that so much endeavour should have been expended without
a precise definition of the interaction emerging so far. Researchers
are increasingly inclined to define an interaction as specifically
due to the particular constituents, and less likely to attempt to
explain phenomena in a general way. In spite of individual
differences a wide range of phenomena are found to be common to the
interaction between different aminoacridines and nucleic acids.

It is important that these aspects should be stressed as they may
lead to an understanding of the interaction which is almost as complete
if rather less specific.

In this Chapter a review has been made of the current
models of the complexes arising from the interaction of aminoacridines
(and some aminoacridine-like compounds) and their interaction with
DNA. (The chemical structures of the compounds mentioned in the text
are to be found in the Appendixi. The experimental evidence which

has led to the postulation of these models is also reviewed. A
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comprehensive review of the literature would be a large undertaking;
in this review only the principal contributions to the chemistry

of the interaction, as seen at this time, and the most recent
literature are summarized. A more complete survey of the
biological role of the interaction has been given by Albert!

and Peacockez.

2. Binding sites

(a) Calculation of the number of binding sites

In order to understand the interaction, or binding,
of a small molecule onto a large one it is clearly necessary to
obtain a measure of the strength of the binding and to determine
the number of binding sites per identifiable unit on the macro-
molecule (n). In nucleic acids the most convenient unit is the
nucleotide phosphorpus, as this is the unit used to describe the
concentration of DNA in solution. The strength of binding is
obtained from a measure of the eqﬁilibrium constant for the
binding. If the amount of ligand (aminoacridine) bound per
nucleotide phosphor¢us is r and the concentration of unbound
aminoacridine in equilibrium with it is c then the variation of
r with ¢ describes a Langmuir Isotherm?®. The characteristic

equation of the Langmuir Isotherm for a single type of binding

site at which bound ligands do not interact with each other is:

nkc
r = T * ko eqn. 3-1.

where the variables r, n and ¢ are defined as above and k is
called the association constant and is the equilibrium constant

associated with the ligand interacting with a binding site.



30.

That is:

[occupied site.]
k = eqn. 3-2.
[ﬁnoccupied site] [free ligand]

If there are j types of independent, non-interacting sites

then equation 3-1 may be generalized to:

r = L —_— egn. 3-3.

=
]
=

From equation 3-1 the following expression can be obtained:

— = kn - kr egqn. 3~4.

Thus for a single type of binding site a plot of E— versus r will
be linear with an intercept at r = n on the r axis and with a slope
of -k. Such a plot is described as a Scatchard Plot".

Scatchard Plots for the interactions of aminoacridines
with nucleic acids are rarely linear. Curvature can occur for
a number of reasons,l’_6 principally from the presence of one or more

of the following factors:
( i) an electrostatic free energy dependence on r
such that: k = k“exp (AGz/RT).

{ ii) The existence of more than one type of binding site -

as in equation 3-3.

(iii) Interaction, direct or induced, between bound ligands.
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The electrostatic dependence in (i) on page 30 can be suppressed‘
if experimental work is carried out at a sufficiently high neutral
salt concentration7. In case (ii) on page 30, if only two or
three types of binding site are present with association constants
which are well separated in magnitude it is usually possible to
distinguish linear segments in the plot of E—versus r from which
the contributing n, and ki may be calculatedZ. A representation
of the Scatchard Plots for one and two types of binding sites is
given in Fig. 3-1. Care must be exercised in attributing
curvature, as shown in Fig. 3-1 (b), to distinguishable binding
sites as anticooperativity, caused by the direct or indirect
interaction between the ligands bound to one type of site,may give
rise to this effect, as mentioned in (iii) above. Anticooperativity
will be discussed more fully in Chapter IV. Cooperative binding
is rather more easily detected: this phenomenon is manifest as a
curve convex to the ¢ axis in the Langmuir Isotherm of r plotted
against c. In the non-cooperative case the isotherm plateaus to a
constant (limiting) r.

The analysis of cooperative and anticooperative binding
curves is considerably more difficult than for binding curves arising
from non-interacting sites. Some detailed statistical mechanical
treatment of data has been attemptede. More recently,Schellman9
has demonstrated that even with a high degree of experimental accuracy
a definitive interpretation of the type of interactions which may
give rise to anticooperativity may not be unambiguously available.
Nonetheless, these avenues are beginning to provide a better
understanding, at the theoretical level, of empirical binding curves.

Although the detailed analysis of binding curves for
aminoacridines and nucleic acids_requires further attention, the curves

do exhibit a number of characteristics which can be used, notwithstanding
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slope = -k
-— slope = -k,
if k, =Kk,
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‘\1 Ny N,
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Fig. 3-1. Schematic representation of Scatchard plots
(a) one type of binding site

(b) two types of binding site with significantly
different intrinsic associlation constants.
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the opinions given in the previous paragraph, to quantitatively
analyse them.
The methods for determining binding curves of

aminoacridines on nucleic acids are numerous. They include,

7710~-14 7¢12¢13¢15

UV/visible spectrophotometry, equilibrium dialysis,

16 17

sedimentation dialysis, partition analysis and fluorescence

17-22

quenching These methods have been reviewed elsewhere and

their limitations examined??’2*

(b) The number of binding sites and the effect of ionic strength

Throughout the literature on the interaction of
aminoacridines with nucleic acids there appears, frequently,
compelling evidence of two distinct types of binding sites on
the macromolecule. The earliest paper on the binding of proflavine
to native DNA is typical7. As outlined in Chaptexr I these types of
binding site are associated with two complexes: complex I in which
the aminoacridine is strongly bound to the nucleic acid
(AGo for the reaction ~ -25 to -40 kJ/mole bound aminoacridine)
and which binds up to about r = 0.2: complex II is the result
of a weaker binding process (i.e. lower association constant)
which prevails up to electroneutrality, that is r = 1.0.
These observations were made initially on the basis of the shape
of the Scatchard Plot which can be partitioned into two portions
with the above mentioned characteristics. The binding curve r versus
¢ shows a portion at higher r values convex to the c axis and this
suggests that the formation of complex II may be a cooperative process.
At this stage it is necessary to introduce rudimentary
models for the two complexes in order to be able to discuss

refinements proposed in the literature. In 1961 Lerman?’®

proposed,
on the basis of his measurements of the change in contour length of

DNA on its interaction with aminoacridines, that the aminoacridine
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cation intercalates between the bases of the intact double helix.
This occurs in such a way that the plane of the aminoacridine
moiety is parallel to the plane of the purine and pyrimidine
heterocyclic rings in the Watson and Crick double helix. In
this way the adjacent bases on the same strand of the helix are
forced apart giving rise to the observation mentioned?®®.
Subsequent research detailed in publications by Lerman supported

this model of the interaction?®’27,

This intercalation process

is associated with the stronger interaction, the formation of
complex I. The second and weaker complex is then associated with
the electrostatic interaction between the negative polyphosphate
backbone of the nucleic acid and the aminoacridine cation. In this
state the aminoacridine is bound on the "outside" of the helix.

The cooperative nature of the weaker interaction arises from the
aggregation of aminoacridines to those already bound on the

outside of the macromolecule. Aggregation of molecules in solution
is a common feature of aminoacridine solutions.

The effect of the ionic strength of solutions on the
binding of aminoacridines to nucleic acids is as may be expected
from the above models. High ionic strengths markedly reduce the
maximum extent of binding of aminocacridines to form complex II
“EM LIRSSy This is to be expected as the effective negative
charge of the polyphosphate is reduced by the large, shielding,
counterion concentration, thereby suppressing the electrostatic
interaction. Less expected is the observation that an increase
in ionic strength also reduces the extent of binding in complex I
form’ 1lr12s2k, It is not immediately apparent why the intercalated
aminoacridine, in a hydrophobic environment, should be influenced
28

by the ionic strength of solutions. Gilbert and Claverie

explained this phenomenon by demonstrating that purely electrostatic
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interactions between the charges of the_intercalated cation and

the DNA polyphosphate occurringwithin a model of the intercalation
system and electrostatic interactions between the bulk solution
ions with the polyphosphate and aminoacridine cations could explain
both the stability of the complex and its ionic strength dependence.
However, in view of the extensive literature on stacking energies
between heterocyclic systems arising from the interaction of
permanent dipoles, induced dipoles and van der Waals forces -

some of which have been specifically applied to aminoacridine -
nucleic acid systemszg-it seems fallacious to explain intercalation,
or its ionic strength dependence only in terms of, (i) attraction
between the cations and the polyphosphate, (ii) the repulsion
between the cations and (iii) the reaction of the solution to the
electric field of the polyphosphate and the cations. The observed
dependence of the extent of complex I binding on ionic strength can

be qualitatively explained by the following two proposals.

( i) That this dependence, as measured from Scatchard
Plots, is in part due to the contribution of complex II
binding in the region dominated by complex 12.
(At any stage in the equilibrium binding process there
will be a finite contribution to r from complex I1). This
contribution, as mentioned before is very ionic strength

dependent.

(ii) That the base-pair separation distance in nucleic acids
is reduced with increasing ionic strength as repulsion
between nucleotide phosphates is reduced by counterion
shieldingee. This will presumably reduce the probability
of a favourable inteyactionoccurring as well as lowering

the association constant for the interaction when it does
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occur, as has been observed?".

(c) Heterogeneity of binding sites

As well as the marked heterogeneity between the binding
sites marked by the existence of complex I and complex II, there
exists the possibility of heterogeneity arising within the
complexes. Studies on both proflavine and acridine orange binding
to DNA led Armstrong gg_gi}s to suggest that in the strong
binding region these aminoacridines may bind as dimers onto
already intercalated aminoacridines. This requires some of the
intercalated aminoacridine to protrude from the helix to allow
overlap between the heterocyclic ring struétures. This suggestion
is based on the observation of an isosbestic point occurring in
the spectra, due only to the bound dye, as the value of r is
changed. Unfortunately estimates of accuracy are not given for
either the determination of the binding curve (measured by
equilibrium dialysis) or in determining the contribution to the
observed spectra due to free aminoacridine as monomer or dimer
in solution. Hence the reliability of the isosbestic point
cannot be judged. Furthermore the existence of the two bound
species has been inferred from the presence of an isosbestic
point in a series of specfra. These spectra have not been tested
for internal linearity and the existence of only two species is
therefore not unambiguous. The same observation could be obtained
by a small but constant change in binding producing a monotone

change in extinction coefficient for the bound species. The

isosbestic point would then occur when:
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A = O egqn. 3-5.

where EX is the extinction coefficient of the bound species at
wavelength N0 Nonetheless the proposed model of Armstrong
22_21}3 satisfactorily explains the results as presented.

At very low values of r the only bound species of
aminoacridine present in detectable quantities is the intercalated,
complex I, aminoacridine. In this situation the possibility
of base specific heterogeneity arises. At these low values of
r, fluorescence spectrophotometry has been used to determine the
binding curves. Early reports suggested that adenine-thymine (A-T)

19,20 It has alsoc been

bases bind aminoacridines preferentially
maintained that because the quantum yield of bound acridines varies
with r these conclusions, based on fluorescence quenching of the

aminoacridine-nucleic acid interaction, are invalia?!’?2,

However ,
this criticism of the earlier work has itself been questioned31 on
the grounds that, at the low r values used, bound aminoacridines

are too distant from each other for preferential energy transfer,
from higher-quantum-yield sites (A-T) to lower-—quantum-yield sites
(6-C), to be an explanation of the variable guantum yield observed
in references 19 and 22. The matter is clearly not fully resolved.

82 on quinacrine binding to DNAs of

The most recent publication
varying G-C contents has led to the following conclusions which

favour no base-specific heterogeneity.
(1) Quinacrine has one type of binding site on differing
G-C content DNAs.

(2) Each bound molecule occupies a sequence of two pairs

of DNA nucleotides.
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(3) The bound molecules are distributed randomly over all

the binding sites without any G-C dependence.

The association constants quoted in this work3? are the same for the
three different DNAs studied. The quinacrine-DNA complex is

found to fluoresce with a high quantum yield when bound to a site
with a sequence of at least three A-T base pairs, unlike proflavine
and acriflavine which fluoresce with a high quantum yield on only

two or more A-T base pairssa.

3. Structural factors

(a) Effects of nucleic acid structure

For most in vitro work the two extreme structures of DNA
in rieutral salt solutions can be considered as being the ordered
double helix, as found in native DNA at room temperature, and the
disordered, single strand, random coil which is the conformation
taken by DNA above its melting transition. Aminoacridines are
quantitatively released from DNA when it takes up the latter structure
S B Clearly, the structure of DNA plays an important role in
the extent of binding as is to be expected from the basic model
described in section 2 (b) of this Chapter. The first question
to be asked is whether or not the intact double helix is required
for binding to occur? The answer appears to be that this is
not so. DNA which has been heat denatured and shock-cooled
appears, at room temperature, to bind aminoacridines approximately

as strongly as native pNa3* 738,

The temperature dependence of
the binding, however, is much greater in denatured DNA than in
the native structure, resulting in a cooperative loss of
aminoacridines from denatured DNA at elevated temperatures below

127,13/3%

the melting temperature Using equilibrium dialysis,

Ichimura EE_ELFQ' have measured the thermodynamic parameters which
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determine the binding of acridine orange to both native and
denatured DNA. At low r values the strong binding (complex I)
can be associated with a single association constant for both
forms of the DNA. The free energy of reaction (AGO) shows a
marked change with temperature in the case of denatured DNA but
a small change withlnative DNA. This arises from a larger
entropy term associated with the denatured DNA-acridine orange
complex formation. The similar values for the binding constants
at room temperature occur because of the larger favourable value
of the enthalpy of reaction (AHO) for the formation of the
denatured DNA-acridine orange complex as compared with the native
DNA complex. Ichimura gg_gl?" have quoted values for the entropy
of reaction (ASO) which are significantly more accurate than the
experimental results allow since the appropriate relationship that
should be used for results obtained from AGo values only, with
no indepenaent estimate of AHO, is:

-3AG°

AS® = eqn. 3-6,
aT

and not, as has been used,

AH™ - AG .
ASS = —— egn. 3-7,

This is discussed more fully in Chapter IV. Nonetheless, the
differences between the As® values for the binding of acridine
orange to native and denatured DNA is significant and, as will
be discussed in Chapter V, is related to a change in the

conformation of denatured DNA.
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DNA denatured other than by heat has been studied in
its interaction with aminoacridines. Blake EE_EE?S quoted in
reference 2 have observed that proflavine binds to DNA at pH 2.8
with a spectrum like that of proflavine bound to heat denatured
DNA at low ionic strength. At low r the spectrum is
indistinguishable from that due to complex I, however, as r
increases the spectral contribution from complex II is greater
than in the native DNA-proflavine material. This has been
observed also in heat denatured DNA-acridine’orange complexe537.
Similarities between the spectral shifts due to aggregation in
solution free of DNA and in the presence of DNA led these authors®’
to propose that complex II binding is the stacking of aggregates
of the aminoacridine on the outside surface of the macromolecule.

In the strong binding region the number of binding
sites appears to approximately double on denaturation of the

macromolecule?"’ 3%,

Although this effect has been studied as
"a function of ionic Strengthzu, it has not been explicitly studied
as a function of temperature.

The isosbestic points in acridine orange-denatured DNA
complexes disappear with increasing r at low ionic strengthsa;
however with proflavine and denatured DNA a clear isosbestic point
is observed?"*. Clearly the structural requirement of nucleic acids
for the binding of aminoacridines is still somewhat confused.

A similarly confusing picture arises from research into the
interaction of aminoacridines with synthetic polynucleotides,
for which the structures of the macromolecule are often better

characterized than in denatured DNA. These are competently

reviewed elsewherez.
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In summary, it can be said that both complex I and
complex II type interactions occur for aminoacridines and both
native and denatured DNAs. The number of binding sites appears
to increase on denaturation. The effect of temperature is more
marked on complexes with denatured DNA than with native DNA.
Spectrophotometric measurements suggest that attention should
be paid to the possibility of heterogeneity in denatured DNA-
aminoacridine systems. This will be discussed more fully in

Chapter V of this work.

(b) Effect of aminoacridine structure

It has already been pointed out earlier in this
Chapter that different aminoacridines exhibit differing binding
behaviours with DNA. This is to be expected as the nature and
position of groups attached to the acridine nucleus will determine
the electronic distribution within the molecule and will thus
influence the interaction between the aminoacridines and the bases
of the DNA. Steric factors also can be expected to influence the
location of a bound moiety.

As pointed out in Chapter I, in parallel with their
antibacterial activity only those aminoacridines which are in their
cationic form interact strongly with DNA. This indicates that
electrostatic forces play some part in the interaction. Léber
and Achtert?®® have shown that amino-substitution in the 3 or
3 and 6 positions in the acridine nucleus decreases the charge
located on both the C9 and ring nitrogen positions in favour of
the amino substituents. Thus interaction of the amino groups,
as well as the ring nitrogen, with the negatively charged phosphate
groups on the polynucleotide is possible. Substitution with

electron donating groups at the 3 or 3 and 6 positions increases
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the basicity of acridines! with a resulting enhancement in their
ability to bind to pNa3Y. In earlier work Lober™? Has shown that
the association constants for the binding to DNA of a series of
acridine derivatives increases with increasing pKa of the compounds.
Corresponding to this increase inlbasicity there is a decrease in
the net positive charge on the ring nitrogen, thus the enhanced
binding cannot be explained entirely by the electrostatic interaction
between the ring nitrogen and the negative phosphate group.

Alkylation of the ring nitrogen of proflavine and acridine
orange with methyl, ethyl, propyl, butyl and amyl groups results in
a significant increase in their binding to DNA relative to the
parent compound. However this increase is not sensitive to the
length of the alkyl chain®?®. On the other hand, when the xing
nitrogen of acridine is alkylated its interaction with DNA does
decrease as the length of the aliphatic chain increases®®. These
observations suggest that the ring nitrogen is not very important
in the interaction of aminoacridines with DNA but is critical for
the interaction with DNA of the acridine base itself.

The attachment of long bulky side chains to the amino
group of 9-aminoacridine, as in atebrin, does not hinder the

interaction with DNAll/157%1,

This indicates that long chains
attached to the 9-position do not sterically interfere with the
interaction.

The requirements of a planar ring structure for the
interaction of aminoacridines with DNA has been demonstrated by
the significant reductign in binding when one ring of the
9-aminoacridine cation is saturated!?!. Nonetheless, binding

characteristics of complex I do occur and presumably complete

insertion of the 3 aromatic rings is unnecessary for intercalation.
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Muller and Crothers“? have suggested that the preferred
orientation for the intercalation of 3,6-diaminoacridine (proflavine)
derivatives is one in which the planes of the aminoacridine and the
nucleotide bases are parallel and the semi-major axis of the compound
is parallel to the line joining the phosphate groups on complementary
strands of the double helix in the plane of the nucleotide bases.
This conclusion arises from the observation that 2,7-tertiary butyl

proflavine does not intercalate" 2’3,

If the semi-major axis of the
aminoacridine and the interphosphate line, described above, were
perpendicular, intercalation might occur. The same orientation is
favoured for 4- and 9- substituted 9-aminoactidines studied by

S Notwithstanding these observations,the

circular dichroism
proflavine and ethidium cations probably lie in some position
intermediate to the parallel and perpendicular orientations mentioned
above"*. Circular dichroism is potentially very useful in the
examination of DNA-aminoacridine interactions. The complexity of the
systems are such, however, that not a great deal has been achieved
by this technique, so far, in unambiguously assigning orientations.
Recently, dichroic spectra of stretched films of
ethidium bromide-DNA*® and various dye-stuffs with pNA"7 have been
measured. These have given explicit orientations for the dye stuffs
with respect to the helix axis. In particular the work of Kelly47
has demonstrated a similarity existing between proflavine and.
acriflavine, which both have the same substructure {7-aminoquinoline).
In this work it was also demonstrated that proflavine and acriflavine
each differ from 9-aminoacridine in their orientations relative to
the helix axis, although no conclusive comments can be made about the
similarity between proflavine and acriflavine themselves. This

observation is in agreement with a postulate mentioned earlier*".
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Both Houssier"® and Kellyu7 report that the plane of the ligands
bound in complex I is not entirely parallel to the plane of the

nucleotide bases. These results add significantly to the previous

27 27148

observations by polarized fluorescence and flow dichroism
which were unable to estimate the planarity of the aminoacridine-
nucleotide base complex to better than f3o°. It should, however,
be borne in mind that in studies on films the structure of DNA is
very sensitive to humidityl'7 and care must be taken in extrapolating
these observations to the solution state.

It will be readily appreciated from the foregoing comments
that a wide variety of orientations appear available for aminoacridines
intercalating into the DNA structure. At this time the conclusion.

of Lober and Achtert®? that no single intercalation model exists for

all aminoacridine derivatives seems the prudent one.

4. Effects of the interaction

(a) Effects on nucleic acids

Aminoacridines bound to nucleic acids have a marked
effect on the structure of the macromolecule. These very
significant changes, particularly the increase in intrinsic
viscosityla'zs'89 and the decrease in sedimentation coefficient,
16+25/43 pave presented some of the most direct evidence for the
intercalation model for complex I binding. The variation of
intrinsic viscosity and sedimentation coefficient measured as a
function of r has been interpreted in terms of a configurational
change in the DNA. The increase in viscosity, which occurs only
up to an r value of about 0.21378% (that is with the aminoacridine
predominantly in the complex I form) is associated with an

increase in contour length of the macromoleculel?. Drummond

gg_glfg have estimated that the increase in contour length is
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approximately 3.4Ao per bound aminoacridine: that is the

equivalent of the normal van der Waals distance between stacked,
planar heterocyclic rings.' However their work carried out on

DNA of principally large molecular weight fractions can only be
described as tentative. A more recent study has been carried out
on sonicated DNA of less than 2000 nucleotides per macromolecule®®.
These results showed that the extension of the DNA molecule per bound
proflavine was about 84% of the characteristic interbase spacing.

The smaller molecular weight fractions provide an easier
hydrodynamic system to analyse than the large macromolecules as

*9 noted

they behave in a more rod-like fashion. Threse authors
that the increase in contour length was associated with some
increase in flexibility of the macromolecule: an observation which
was simultaneously noted by Armstrong gE_gi}s. The ability to
increase the viscosity of DNA on interaction is by no means a
property solely of aminoacridines. A wide range of compounds have
been shown to have a similar effect including antibiotics,

216! raiaZhadSI0 9 S B The observation

benzacridines and reporter molecules
that the intrinsic viscosity does not match entirely the expected
increase in viscosity on the Lerman model has led some workers to
recently propose a variation in the binding model for proflavine

and DNA®Z. Tn this variation the proflavine, or at least some of
it, is not fully iptercalated. This form may have some equivalence
with the recently proposed "wedge" model of Kapicak and Gabbay53 for
the binding of a series of diamino substituted reporter molecules.
However this model should not be confused with that proposed by
Pritchard gE_gl?s (to be discussed later) which is itself a
modification of the Lerman model.

In contrast to native DNA there is no increase in the

viscosity of heat denatured DNA when proflavine or 9-aminoacridine
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is bound to it at an ionic strength of u = 0.1 in the complex I
binding regioneg. More recently these studies have been confirmed,
again by viscosity and also by the observation that there is no
dependence of the sedimentation coefficient of denatured DNA

on the extent of bindingzq. These results indicate that the
increase in contour-lgngth on strong binding to DNA is specific

for the double helix.

The increase in contour length on the binding of
proflavine to native DNA has been observed by autoradiographysq
and light séatteringss. These latter measurements reveal a
corresponding increase in the radius of gyrationss. The increase
in contour length is accompanied by a decrease in mass per unit
length as determined by low angle x-ray measurements®®. The

2% showing a decrease in the

ultracentrifugation work of Sansom
sedimentation coefficient with increasing r for the binding of
9-aminoacridine with native DNA is in agreement with this observation.
The decrease in mass per unit length is greater than that predicted
by Lerman?® but this can be accounted for by an increase in
flexibility of DNA when intercalation occurstd/ B2t

The extension of the helix is consistent with an
unwinding of the bases relative to each other. X-ray diffraction
patterns were originally shown to be consistent with an unwinding
of between 12° and 45°. This result has been confirmed and refined
for aminoacridines and’other molecules, particularly the ethidium
cation, which are believed to intercalate. On more stereochemical
considerations Fuller and Waring57 calculated an unwinding of 12°.
A later study has confirmed this®®. A suggestion by Paoletti and
Le Pecq59 that intercalation may wind the helix rather than unwind

it has been severely criticised by Pigram gg_gifo who have also

confirmed that unwinding occurs to the extent of about 12O in the
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intercalation of ethidium bromide with DNA.

The binding of aminoacridines to nucleic acids stabilizes
the double helical structure against thermal denaturation. The
enhanced stability is indicated by an increase in the melting
temperature of the complex12’2"'29’61. The increase in Tm is
a linear function of r and reaches a maximum at the limit of complex

29790

I formation Dye bound by complex II does not seem to

increase the Tm and is dissociated at temperatures below the Tng'sl.
The increase in Tm on the binding of aminoacridines

indicates that a large decrease has occurred in the free energy

of the native DNA-aminoacridine system over that of the DNA alone.

This decrease must be greater than the difference in free energy

between denatured DNA-aminoacridine systems and denatured DNAZY .

The free energy calculations of Gersch and Jordan?® support this

postulate.

(b) Effects on aminoacridines

The displacement of the electronic absorption spectrum
of an aminoacridine when bound to DNA is the most characteristic,
experimentally obsexved, feature of the interaction. In general,
when the aminoacridine is bound as the monomer, the absorption
maximum of the aminoacridine shifts to longer wave;engths and there
is a decrease in the extinction coefficient? 11762, When the
aminoacridine is bound-in complex II the spectrum shifts to shorter
wavelengthss3. This shift in the spectrum towards the blue is very
similar to that obtained with solutions of aminoacridines where self
association occurs and has thus been assigned to the formation of
bound aggregates. The red shift in the visible spectrum is attributed
to the interaction between aminoacridine cations and the planar bases

11,64/,65

' -of the DNA The spectral changes associated with the
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interaction of proflavine, at low r, with heat or acid denatured
DNA are similar to those observed with native DNA and have been
attributed to the interaction of the heterocyclic aminocacridine
cations with the bases of the denatured DNA®".

Optical rotatory dispersion (ORD) and circular dichroism
(CD) are potentiallz more useful than absorption spectrophotometry
in the study of aminocacridine-DNA interactions because of their
greater sensitivity to environmental and structural factors.
Aninoacridines bound to DNA exhibit extrinsic or induced Cotton
effects in the regions of the absorption bands®6767768 The
observed rotation in the extrinsic Cotton effect of acridine
orange bound to DNA®® has been attributed to an asymmetric
perturbation of the aminoacridine chromophore by the DNA, as acridine
orange is, itself, optically inactive. Such induced optical
activity implies that a definite spatial relationship exists between

the aminoacridine and its binding site. A number of explanations

have been proposed for this optical anisotropy.

( i) If the amincacridine moieties are orientated in a helical
array then this will produce the required asymmetry in the
electronic transitions necessary foroptical activity.

The arrangement could result from external binding (complex II)

E9 G0 However,

or from intercalation (complex I)
denatured DNA with both proflavine and acridine orange each
produces complexes which are optically active: indicating

that long segments of double helix are not necessary for

optical activity71.
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( ii) An asymmetry may be induced by the aminoacridine chromophore
being bound within an asymmetric environment of the

DNA68'72.

(iii) Nearest neighbour interactions can give rise to optical
activity if the polynucleotide is able to hold two or
more molecules in register so that their electric dipole

69,71

moments may interact However in 1, 2 and

9-aminoacridines acquired optical activity is independent
of the extent of binding, '3, This observation is not
expected from the nearest neighbour model.

Aminoacridines with a 3-amino group and éthidium bromide
do display, as a function of r, a steeply cooperative

induced circular dichroism**.

At the present time no single theory has been proposed which can
relate the CD spectra of aminoacridine-DNA complexes to their
structure and, thus far, any inference based on such observations
is therefore indirect. Future development of these techniques can
be expected to yield a great deal of information on the interaction
of aminoacridines with DNA.

7% that the chemical reactivity of the

Lerman has shown
amino groups of proflavine and other aminoacridines, as measured by
diazotization rates, is markedly decreased when the compounds
are bound to bNA. The reduction in rate is greater than that
observed when these compounds are complexed with synthetic polymers
such as polyphosphates and polystyrene sulphonate. Lexrman concluded
that the reduced reactivity was a consequence of the inaccessibility
of the amino groups to the electrophilic reagent; this in turn

was the result of the aminoacridine cation being completely enclosed

within the DNA double helix.
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5. Models for the complexes

In the previous sections of this Chapter an attempt
has been made to summarize the experimental details of a large
volume of research carried out, for the most part, over the last
tweﬁty years. Throughout this review continuous mention has been
made of two complexes associated with the interaction of
aminoacridines with DNA. The observation of two modes of binding
was one of the first observations of the interaction and has been
one of the most enduring. In this section the work reviewed will
be summarized in terms of the current models for the interaction.

Similar summaries have appeared elsewhere?’2372%,

(a) Strong binding - complex I

The formation of complex I is associated with the

following experimental characteristics.

(1) It is a strong interaction; the free energy change for the
interaction is of the order of AcP= -25 to -40 kJ/mole bound

aminoacridine.

(2) It is more favourable for aminoacridines with three aromatic
rings. This is however, not an exclusive rule. The presence

of one saturated ring does not preclude intercalation.

(3) Only cations bind strongly; this may be a mechanistic
requirement, although the interaction may be in part electrostatic

for the interaction decreases with increasing ionic strength.

(4) The contour length of double helical DNA is increased and its
mass per unit length is decreased on binding of aminoacridines

to form complex I.
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(5) The contour length of denatured DNA is not increased on
binding if the ionic strength is such that the added cation
has a negligible effect on the interphosphate repulsion of

the phosphate groups of the macromclecule.

(6) The plane of the bound aminoacridine cation is approximately
parallel to the plane of the nucleotide bases and hence

perpendicular to the axis of the double helix.

(7) The reactivity of the amino groups on some aminoacridines

is diminished on binding.

(8) At room temperature complex I has a similar stability in both
native and denatured DNAs but the extent of binding is greater

in the latter.

(2) Long side chains attached to the C position of 9-aminoacridine

9
derivatives do not hinder the interaction.

(10) There is an upper limit to the extent of binding in complex I
form of about ¥ = 0.20 - 0.25 in aminoacridine-native DNA

complexes.

(11) The stability of native DNA is enhanced by aminoacridines

bound in complex I form.

On the basis of observations (4), (6) and (7) Lerman®® 27
proposed that the aminoacridine binds in such a way that the DNA molecule
untwists and extends to allow the insertion of the cation between
adjacent base pairs. This interaction is called intercalation.

The aminoacridine is centrally located within the helix so that the
ring nitrogen, which carries a partial positive charge is near the
central axis of the DNA. The double helical structure of DNA is

an essential requirement for this model (see Fig. 3-2). As mentioned

previously, the degree of unwinding of the helix first proposed by



Fig. 3-2. Schematic representation of the
intercalation model of Lerman for
the interaction of aminoacridines
twith native DNA.
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Lerman (450—120) has been refined to the smaller angle of about
120 57:60

Although the Lerman model satisfactorily explains a
number of the observations summarized in this section it cannot

account for observations (2), (5), (8) and (9). In order to

175

explain these Pritchard et proposed a modification of the
intercalation model in which the aminoacridine cation intercalates
between successive bases on the same polynucleotide chain with its
semi-major axis approximately perpendicular to the line joining
the bases of the DNA on opposing strands (see Fig. 3-3). They
further suggested that the phosphate group in the deoxyribose-
phosphate backbone of the nucleic acid could deform in such a way
that the negative charge may take up a position near to the
positive ring nitrogen. This model can satisfactorily explain
observations (2), (3), (8) and (9) as well as the observations
by Lerman. Furthermore, in view of the less rigid conformation
of denatured DNA, an extension of the base-base distance on
interaction might be possible without the need for an increase in
contour length, in accordance with observation (5). Items (1)
and (11) are a direct consequence of the observably favourable
interaction and need no further explanation.

Observation (10) requires some further comment.
There appears to be no immediate reason to limit the complex I
binding to a number between r = 0.20 -~ 0.25. In the Lerman model
it could be postulated that the limit would be r = 0.5; that is
every pair of base pairs can have an aminoacridine cation
sandwiched between them. In the Pritchard et al modification
even this restriction need not apply. It is necessary, therefore,
to seek some explanation for the limiting value or r. Miller and

Crothers have proposed76 for the intercalation of an antibiotic,



Fig . 3_3 .

Schematic representation of the
intercalation model of Pritchard et al
for the interaction of aminoacridines
with native DNA.
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that intercalation causes a distortion of the helix in the
immediate vicinity of the bound antibiotic. The distortion is
such that binding is prevented in a region totalling 5 base
pairs surrounding the occupied site. This has been termed the
site exclusion principle. It should be emphasised that this is
an empirical observation only. Armstrong 93_21}3 invoked a more
rigorous proposal for the binding of aminoacridines to DNA by

suggesting that:

", ..every slot between two successive base pairs of
the DNA helix constitutes a possible binding site

for one intercalated dye (sic:aminoacridine) molecule.
Intercalated dye is randomly distributed over all
possible binding sites with one restriction -
intercalation does not occur at sites immediately

adjacent to one already occupied."

This proposal immediately introduces a limit to complex I binding
at r = 0.25, It may be argued that the anti-cooperative nature of
most binding, as demonstrated by the curvature of Scatchard plots
at low r, makes the assignment of any exclusion principle redundant.
Since direct evidence of neighbour exclusion is not available at the
present time, the limits of r for complex I may be-a consequence of
aggregated distortion of the helix preventing binding to a greater
extent than r =~ 0.25. ' Certainly it may be stated that binding
becomes decreasingly favourable at values of r well below r = 0.25
as may be judged from the change in slope of the Scatchard plot in
this region.

Recently Lober and co-workers’’~’° have added to the
understanding of the forces which stabilize the intercalation

structure by demonstrating that the binding of a variety of



53.

aminoacridines and similar compounds to DNA is reduced to below the
level of detection of the complex when the complex I form is in the
presence of organic solvents. This decrease in binding to DNA is
attributed to increased lyophilic interactions between aminoacridine
and organic solvent molecules. They suggest that the organic solvent
competes with the DNA bases for hydrophobic interactions with the
aminoacridines. In these experiments the DNA was believed to be in
the native form. The importance of hydrophobic forces is certainly
to be expected from either the Lerman or Pritchard model of the
aminoacridine-DNA complex I.

Nonetheless the model of Pritchard EE.EE?S (Fig. 3-3) does
not explain why the 2,7-di-tert-butyl proflavine molecule does not

42r43180 14+ would be expected to

intercalate as described earlier;
bind unless there is some mechanistic barrier influencing the rate.
On the other hand the Lerman model (Fig. 3-2) would exclude binding
on steric grounds. Similarly other work described earlier33"?
concerning alkylation of the ring nitrogen in proflavine and
acridine orange favours the Lerman model. Thus it seems prudent
at this time to consider the Lerman and Pritchard models as two
extreme cases of essentially the same interaction. The actual
configuration taken up by an aminoacridine in its interaction with
native and denatured DNA to form complex I may be a blend of a
number of interactions yielding for each aminoacridine in conjunction

with each form of DNA a unique set of coordinates to define the

interaction.

(b) Weak binding - complex IT

Aminoacridine bound to nucleic acids to form complex II

has the following experimental characteristics.

W
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(1) The binding energy is low; the free energy for the reaction

is at the most a few kJoules per mole of bound aminoacridine.

(2) It is principally electrostatic in nature and is decreased by
an increase in ionic strength more markedly than aminocacridine

bound in complex I form.

(3) It can involve the interaction between bound molecules

(aggregates) .

(4) Since it continues beyond the extent of binding dominated
by complex I, which is an internal process, it is probably

binding to the external, hydrated region of the helix.

(5) Tt can occur up to electroneutrality, r = 1.0.

The most probable model for aminoacridines bound to form complex II
is one in which the cation is bound externally to the helix with

the positive ring nitrogen close to a negative phosphate group.

Since the helix is extended by intercalation before it is possible
to measure accurately the extent of weak binding no effect on the
viscosity of DNA would be expected by increments in r above r = 0.25.
This is found to be the case experimentally. The possibility of
aggregation of aminoacridines on the outside of the helix occurs

for those aminoacridines, like acridine orange, which readily

self-associate.

(c) Conclusions

Other models for the binding of aminoacridines to
DNA have been proposed but the concept of intercalation has now
gained general acceptance. Further refinements are constantly
being proposed and it is difficult to judge, in many instances,
whether these are of general applicability to the interaction or

are specific to the particular aminoacridine involved.

A
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To conclude this section one recent example of
modification is outlined. Armstrong EE.EE}S have proposed that
within the strong binding region two classes of bound dye exist
for proflavine interacting with DNA. The first of these is a
fully intercalated proflavine cation and the second, with a similar
association constant (i.e. still strong binding), is a dimer formed
by a second proflavine partially overlapping the first. LSber®!
also noted, by fluorescence spectrophotometry, the presence of two
forms of complex I for proflavine and DNA but gave no dqualitative
suggestion as to.their form. More recently, Dourlent and Hé18ne®?
have proposed that two forms of intercalated proflavine exist;
one in which the proflavine is totally intercalated in A-T rich
areas and another which is partially intercalated in G-C rich areas.
(Note: Dourlent and péiéne®? have departed from the usual
nomenclature and call complex I, as defined here, complex II and

vice versa.) The questions that may be posed are:

13,81,82

( i) do these three observations refer to the same

states?

( ii) Are the observations common to all aminoacridines

but are not observed in some complexes because of a greater

or lesser degree of self association in the aminoacridine?

(iii) Are the observations particular to some aminoacridines which

bind with a certain orientation with respect to the base

pairs of DNA?

At this time too few results are available for a critical analysis.

6. Kinetics and mechanisms of the interaction

The equilibrium between cationic aminoacridines and DNA

is established very rapidly. In order to measure the rate processes



56.

establishing the equilibrium it is therefore necessary to utilize
perturbation or rapid mixing techniques. The latter of these has

been used without conspicuous success®3’8"

except in so far as
providing general support to mechanisms proposed from perturbation
studies. Mixing techniques will not be discussed further. y:
detailed analysis oﬁ the temperature-jump perturbation technique
appears in a later section of this work and so only the current
results will be summarized here (see Chapter VI). In general,
mechanisms deduced from perturbation techniques are not exclusive
and a critical attention must be paid to equilibrium measurements
and other known parameters of the system before a mechanism can
be proposed.

On the basis of work using the temperature-jump
technique Li and Crothers®® have observed two well defined relaxation
times for the perturbation of equilibria between proflavine and
calf thymué DNA. They have proposed that two forms of the comélex
exist at equilibrium and that the interaction occurs by a two step
mechanism. The first step is a rapid bimolecular process for which
the forward rate constant approaches that for a diffusion limited
process. The reverse rate constant for this bimolecular process is
considerably smaller leading to a large favourable equilibrium constant.
This process is assigned to the electrostatic interaction between the
proflavine cations and the polyphosphate backbone of the DNA to form
complex IT. The dependence of the inverse relaxation time on the
concentration of equilibrium reactant is linear, as expected., The
second step of the interaction becomes concentration independent at
high equilibrium reactant concentrations and is considerably slower
than the first process. Li and Crothers®® have proposed that
the slower process ariées from a conformational change in the DNA

"which allows intercalation to occur following external binding.
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Tt is pointed out that no distinction can be made between this
consecutive mechanism (mech. 3-1., below) and one in which the two

processes are in parallel (mech. 3-2.,) viz:

(fast) (slow)
k12 kz
3 : n
P + DNA (P)OUT i G (P)IN mech. 3-1.
k k
21 32
k k k
12 >> 21 > 23 > 32
(fast)k
b2
P + DNA k21 (P)OUT mech. 3-2.
k
’\ 23
(slow)k (P)IN
32
k k
12 >> 21 > 23 > 32

where P is the free proflavine at equilibrium, DNA is the
concentration of free binding sites at equilibrium (see Chapter vI),
and (P)OUT and (P)IN are, respectively, the concentrations of
complex II and complex I at equilibrium. Li and Crothers,85
favour mechanism 3-1. above. In a later publication Schmechel and

i repeated the experiment with proflavine and polyA. polyU.

Crothers
A similar relaxation response was observed however significant

variations with DNA type in the thermodynamic parameters associated

with the mechanism were not explained in any qualitative sense.
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It would be very fortunate if the mechanism proposed
by Li and Crothers was generally applicable. However more recent
publications have shown that variations may exist. Indeed, even
the two relaxations in temperature perturbations of aminoacridine-
DNA complexes are not always observed. In recent publications
52187 only a single.relaxation was observed for the rapid temperature

Dnn
perturbation of proflavine with M. lysodeikticuskalthough the
authors®2’87 gemonstrated that the same mechanism proposed by
i and Crothers (mech. 3-1.) could be used to explain their results
by adjusting the overall kinetic parameters to agree with
equilibrium measurements. The validity of this is discussed
further in Chapter VI of this work.

Whether the intercalation mechanism (mech. 3-1.) requires
the opening of a base pair to allow the dye to enter is not clear.
However, Li and Ccrothers®® favour a mechanism in which the dye can
be insertea between base pairs without the necessity of base pair
separation. This could be achieved by a longitudinal flexing of
the DNA molecule occurring simultaneously with the insertion of the
dye. In this way the rate constants for the slower reaction step
may be expected to be dependent on ionic strength, as observed,85
and also markedly dependent on temperature. However, there is
little evidence to distinguish between the possibility of this
mechanism and the "breathing model" of pNA®’! in which interstitial
unstacked regions in tﬁe macromolecule are found which would

presumably facilitate intercalation.
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1. Introduction

From the survey (Chapter III) of the interaction of
aminoacridines with nucleic acids it is evident that a
substantial number of different aminoacridines have been used in
studying the interaction. 9-aminoacridine, which is to be
investigated in this work, has also been studied previouslyl'z.
However, these studies!’? have not provided any details of the
thermodynamic parameters which govern the interaction. In this
Chapter the spectral properties of the complex I form of bound
aminoacridine are investigated. The results show that the
spectrophotometric method for determining the binding curves?® can
be used. This method has been somewhat refined and used to
measure the association constant for the interaction at several
temperatures. From these values the thermodynamic parameters have

been calculated and are discussed in terms of the intercalation

model.

2. 9-aminoacridine

9-aminoacridine (9AA) has a number of properties
which makes it particularly suited to studies with DNA. The
hydrochloride salt is relatively soluble in aqueous solutions,
is stable and not light-sensitive, unlike widely studied proflavine“.
As has already been pointed out,the interaction of aminoacridines
with DNA is governed, in part, by their presence in solution as

cations: 9AA, with a pKa = 10.0,"

exists almost entirely as the
cation in neutral salt solutions. 9AA has been found to undergo
a reversible loss of one water of crystallization per molecule.
Tts molar extinction coefficient at 400 nm - the absorption

maximum in the visible region - has been determined in this

+ . . ) :
present work as €00 = 10440 - 40 in 0.1M NaCl. This is a higher
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value than some previously reported values?’?® (euoo = 8970) where
the water of crystallization in the molecular weight has not been
taken into account. Significant deviations from Beer's Law
ideality have been detected at very low concentrations; thus, as
outlined in Chapter VIII section 2 all 9AA concentrations have been

determined by weighed dilutions of a known stock solution.

3. 9-aminoacridine and native DNA : spectra

In the presence of DNA the maxima in the visible spectra
of aminoacridine solutions undergo a red shift. This is shown in
Figs. 4-1. to 4-3., each of which shows a spectrum of 9AA at a
specified temperature and two other spectra of the same
concentration of 9AA in differing concentrations of DNA. The

concentrations are represented as:

TL = (ligand) 9AA molar concentration
TA = DNA concentration (molar phosphate)

The red shift and reduction in Ekmax is common to many
aminoacridine-DNA solutions® as mentioned in Chapter III.

In each of the figures 4-1. to 4-3. a well defined
isosbestic point is present. The isosbestic point is generally
taken to be sufficient evidence for the presence of only two
species of the chromophore (in this case 9AA) at equilibrium in
the solution: viz., free 9AA and bound 9AA. Each of these

species has a separate EA: the isosbestic point arising when:

free - ¢ bound eqn. 4-1.
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Fig. 4-1. Spectra of 9AA and native DNA in 0.1M NaCl
at 25°C: constant 9AA concentration,
7.31 x 1075 M; curve 1: 9AA, curve 2: 9AA

and native DNA: TL/T = 0.263 : r = 0.138,
curve 3 : 9AA and naéive DNA: TL/TA'= 0.080:

r = 0.076.
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Fig. 4-2. Spectra of 9AA and native DNA in 0.1M NaCl at 45°C:
constant 9AA concentration, 7.31 X 10-° M; curve 1:
9AA, curve 2: 9AA and native DNA: TL/TA = 0.263:
r = 0.120, curve 3: 9AA and native DNA:
TL/TA = 0.080: r = 0.071.
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Fig. 4-3. Spectra of 9AA and native DNA in 0.1M NaCl at 65°C:
constant 9AA concentration, 7.31 X 10~ M. Curve 1:

9AA, curve 2: 9AA and native DNA: Ty /T, = 0.263:

r = 0,093, curve 3: 9AA and native DNA: TL/TA = 0.080:
r = 0.065.
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However it has been pointed out that isosbestic points may

occur under circumstances where there is not a single equilibrium
between two species7. In particular, if the absorbance (3)

is a monotonic function at all wavelengths of some non-absorbing
variable, x, (this is conceivable in aminoacridine-DNA systems
where x = DNA) then isosbestic points will occur at wavelengths,

A, where:

A = 0 eqn. 4-2.

It appears, therefore, that a better test for a single chemical
equilibrium is to verify that a set of spectra generated, in this
case by varying the DNA concentration, is internally linear’.

. .th
That is, the 1 member of a set of spectra can be expressed as

a linear combination of any two other members of the set. Thus:

= - + . 4-3.
ei(k) (1 Bi)el(X) Biez(k) egqn. 4-3
where: Ei(k) = apparent extinction coefficient of the
absorbing species at wavelength, A, in the
.th
1 spectrum.

i(k) and ez(k) = apparent extinction coefficient of the
absorbing species at wavelength, A, in any
two nominated spectra of the set.

Bi = a number independent of A.

If the spectra are all measured at the same concentration of

absorbing species then:
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A.(0) = (1 -8.)a () + B.A ) eqn. 4-4.
1 1 1 1l 2

where Ai(X), A (\) and A (\) are the experimental absorbances
1 2

at wavelength A of the spectra defined in equation 4-3. on

page 67. Internal linearity can be shown to hold true for the

spectra in figures 4-1. to 4-3., for the relationship:

A-(\) = (1-B)A (M) + BA M) eqn. 4-5.
2 2" 1 2 3

where Al, A2 and A3 are the absorbances as a function of A for
the spectra labelled 1, 2 and 3 respectively. The absorbances
have been corrected for volume expansion to an equivalent
absorbance at 250C. The value for 82 has been calculated at
six wavelengths throughout the spectrum. The results are shown
in Table 4-1. That the spectra are internally linear is

demonstrated by the constancy of B at each temperature.
2

TABLE 4-1.

*
The values of B for a set of spectra of 9AA and native DNA.
Z

Temp. (°C)
A 25 45 65
380 0.558 0.531 0.504
390 0.579 0.536 0.508
400 0.571 0.534 0.496
410 0.573 0.539 0.505
420 0.576 0.543 0.506
432 0.561 0.523 0.505
average 0.570 0.534 0.504
s.D. (o) 0.007 0.006 0.004

as defined in the text
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The presence of 9AA dimer in spectrum 1 of Figs. 4-1. to 4-3.,
which yields an observed absorbance Al(k) lower than the true
absorbance, (A1 + §) (M), has been ignored as this term appears
in both the numerator and denominator for the calculation of

B . That is, from equation 4-5.
2

B

(a + &) (A\)-a (N) a (M)-a ()
! Z ! 2 B eqn. 4-6.

s T GBFOMA M B M-A M P
true 2 1 2

if § << Al' which is experimentally the case.
There will be virtually no detectable 9AA dimer concentration in
the 9AA-DNA solutions as the free 9AA concentrations in these
solutions are very low.

The constant values of 82 as a function of wavelength
at each temperature satisfy the condition for the spectra to be
internall& linear.

To reiterate, isosbestic points are not unequivocal
evidence for a single equilibrium between two species of a
chromophore since although internal linearity is a sufficient
condition for an isosbestic point it is by no means a necessary
condition. It must be said, however, that while internal
linearity is a necessary condition for a single eguilibrium it may
not be a sufficient condition. Nonetheless it appears that internal
linearity of spectra is a better test for a single equilibrium
than is an isosbestic point.

It is therefore concluded that native DNA and 9AA
interact in a way which may be defined in equilibrium measurements

by a single equilibrium:
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DNA + 9AA S COMPLEX egn. 4-7.

The above equilibrium holds at least for the range of temperatures
25°%¢c - 65°C and for a range of r values consistent with the

spectra in Figs. 4-1. to 4-3.

4. 9-aminoacridine and native DNA : melting the complex

In common with other aminoacridines 9AA stabilizes the
double helical structure of DNA with respect to denaturation.
The stabiliz ation is manifested as a shift in the melting
temperature (Tm) of the complex to temperatures higher than the
Tm of native DNA alone. It has been observed in common with
others® that this shift in Tm is a function of r and reaches
its maximum when primary binding is complete. Fig. 4-4. shows
a melting curve of native DNA in the presence and absence of 9AA.
When observed at 260 nm. in a dilute solution of 92A (which
absorbs strongly in the U.V.), the Tm is found to coincide in
temperature with the change at 400 nm. Thus 9AA is released
from the complex when the secondary structure of the macromolecule
is lost. Moreover there is a quantitative release of 9AA from
the native DNA-9AA complex above its denaturation temperature, the

9AA chromophore then behaving as an unbound molecule.

5. Determination of the extent of binding, r

Spectra of 9AA and native DNA solutions described in
section 3 of this Chapter are internally linear. This is
interpreted as indicating, as has already been shown, that the
interaction between the 9AA and DNA can be described by a single

equilibrium in which only two forms of the chromophore exist

viz. the bound 9AA with extinction coefficient Eb and the free

S
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Fig. 4-4. Typical melting profiles of DNA in
the presence and absence of 9AA,
peutral salt concentration 0.1M NaCl.

(®) native DNA: A = 260 nm,
(©0) native DNA and 9AA: A = 400 nm.
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9AA with extinction coefficient eb. (See footnote).

With only two forms of the chromophore in solution it is possible
to determine, by spectrophotometry, the extent of binding for

the interaction. The extent of binding (r) is the number of
9AA cations bound per DNA phosphate residue. This has usually

been calculated from the expression:3

Ai - A TL
r = ——tm g eqn. 4-8

Al - Aex A

where: Ai = absorbance of the 9AA solution in the absence of DNA.

A = absorbance at some point during the experiment.
r = extent of binding at that point.
TL = total concentration of 9AA in solution at that point.
TA = total concentration of DNA in solution at that point.
Aex = the absorbance of the solution in the presence of

excess DNA,

and where all the absorbance measurements are adjusted to the same
TL. Absorbance measurements are usually made at the wavelength of

maximum absorbance (400 nm for 9AR). Experimental details are

described in Chapter VIII, section 4. It has been pointed out that

Footnote:

Internal linearity can also occur if more than one species of
bound 9AA exist and each bound species:

( 1) has the same eb at all A (trivial case).

(ii) exists such that the ratios of the two or more
bound species remain the same irrespective of
the extent of binding or of the free 9AA
concentration. This situation could arise
with spectrally distinct tautomeric forms of
9AA. However, these are not known to exist.
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in measurements at temperatures other than at room temperature
all absorbance measurements should be corrected for volume
expansion; furthermore,(Ai - Aex) should be determined at the
appropriate temperaturez. Some workers appear to have assumed
that (Ai - Aex) is independent of temperature and have used

9,19

(A, - A ) in equation 4-8 Once r has been

i ex'T = 25°C.
determined at some point then the free aminoacridine concentration

(c) at that point is determined by the relationship:

¢ = T - T egn. 4-9.

A computer program, program BINDING, has been written to calculate
r and ¢ for the experimental method used (see Appendix) .

Early in this work problems arose in obtaining a high
degree of reproducibility necessary for determining the association
constanté from Scatchard plots of binding experiments. This
lack of reproducibility arises from the difficulty in establishing
accurately the small changes in absorbance which occur at very low
values of TL/TA' In this region, at low r, a small error in
absorbance produces a large percentage change in c with a very
small change in r since most of the aminoacridine is already
bound. Thus small errors in A (equation 4-8.) at low r are
manifest as large changes in the associated value of r/c. It is
thus important that fhe value of absorbance in "excess" DNA,

Aex (equation 4-8.), is accurately determined and not just taken
to be the absorbance of the aminoacridine chromophore in an
arbitrary excess DNA concentration. As an illustration of this,
Fig. 4-5. shows typical Scatchard plots for 9AA and native DNA
calculated from equation 4-8. with Aex determined at the TA/TL

value shown in the diagram. Clearly, an attempt to determine
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Fig. 4-5. Scatchard plots for 9AA and native DNA in 0.1 M
NaCl at 45°C calculated from equation 4-8. using
as Aex the absorbance in varying excess DNA.

Final TA/TL values are (O) :20.3, (&) :26.3,
(0) : 44,1, ’
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the association constant of the strong binding, the formation of
complex I, will yield widely differing results for whatlmust be

a single value parameter. In order to obviate the problem
associated with an arbitrary assignment of excess DNA concentration
a plot of A/Ai versus TL/TA has been made for each set of
experimental data.  Fig. 4-6. shows this plot for the experimental
curves in Fig. 4-5. The extrapolation of these curves to

TL/TA = O will yield points on the A/Ai axis associated with the
hypothetical state where all the aminoacridine is bound since the
DNA excess is infinite. Let the intercept on the A/Ai axis

be Q then:

A = A.Q egn. 4-10.

where: Aéx is the "true" absorbance in infinite excess DNA.
If the new values, A;x are substituted in equation 4-8. then
the curves in Fig. 4-5. are found to change markedly and to
coalesce giving a straight line. This is demonstrated in Fig.
4-7.

The plot of A/Ai versus TL/TA has two further

advantages.

( i) All the values used are experimentally accessible
and make no assumption about the completeness of
binding, unlike the widely used Benesi-Hildebrand

equationlz.

(ii) The curve extrapolated to TL/TA = O yields, directly,
the ratio of the extinction coefficients of the bound

and free aminoacridine, i.e.,
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Fig. 4-6.  The variation of A/A, with Ty/Tj for 9AA and
native DNA at 45°C. "This plot enables the
determination of the ratio of the extinction
coefficients of 9AA bound to native DNA (eb)
and free 9AA (&:f) viz. '
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Fig. 4-7.

Scatchard plots for 9AA and native DNA in 0.1M NaCl

at 45°C. The results in Fig. 4-5. are replotted

(O, A, O) and these results recalculated using

A:ax (obtained from Fig. 4-6.) are also given (H, &4 , ® ).
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0 = — eqn. 4-11.

It will be shown later that this value can be a

diagnostic for changes in the binding site.

The plot of A/Ai varsus TL/TA does have the disadvantage of
being a non linear function and thus the extrapolation requires a
small measure of subjectivity; however if measurements at
sufficiently low values of TL/TA are obtained this extrapolation
can be made with more certainty.

The fact that Q is observed to vary slightly with the
initial dye concentration (Fig. 4-6.) is a consequence of the
presence of 9AA dimers in the initial dye solution. The dimers
do not present a problem in determining values of r in the region

of interest, at low r, where complex I binding dominates as:

A.-A T A.+ 6-A T
1 L i

« — = eqn. 4-12.

Y = r
measured - true

o e ]
A.-A T A+ 68-A" T
i ex A 1 ex A

where § is the decrease in Ai due to 9AA dimer in solution.

Equation 4-12 holds providing that § << AA = B, - A;x' At high
r values there will be a slight error resulting from this
approximation. This is not of significance in any of the

experiments described in this work where association constants

have been evaluated from values of r below r = O.1.

6. Extinction coefficient of bound 9AA (Ebl’

Figures 4-6, 4-8, 4-9 and 4-10 are plots of A/Ai versus
TL/TA for four different temperatures. Each figure shows the

results for three binding curves each distinguished by a different
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initial concentration of 9AA. The curves have been extrapolated
to the A/Ai axis at TL/TA = 0. (The curve will be asymptotic
to the axis at A/Ai = Q). Table 4-2 below shows that values

of Q change only slightly with temperature.

TABLE 4-2.

*
Variation of Q with temperature for 9AA and native DNA

remp. (°C) 9% 45 55 65
b + + + +
E—' = 0 0.37 - 0.001 | 0.39 - 0.01 | 0.40 - 0.01 0.425 - 0.01
£

*
as defined in the text

The slight increase in Q with temperature may be explained by a
reduction in Eb with increasing temperature. This may be due
to a slight weakening of the interaction between the planar
9AA cation and the planar bases of the DNA. These electronic
interactions give rise to the depression of the aminoacridine

extinction coefficient on binding!®. This weakening

interaction will be a consequence of thermal energy increasing
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the relative motion of the interacting species (see footnote).

In summary it may be said that the ratio of extinction
coefficients of the bound and free species of 9AA is only
slightly dependent on temperature through the range 22°¢C to 650C.
This is taken as further evidence that the complex is relatively
unchanged by temperature and hence the binding site, also, is

relatively unchanged by temperature.

7. Determination of the intrinsic association constant (k).

(a) Introduction

Scatchard plots for the interaction of 9AA with native
DNA determined from equations 4-8., 4-9., and 4-10. are shown
in Figs. 4-7., 4-11., 4-12. and 4-13, The curves are shown
using the absorbance in experimental excess DNA, Aex' and
corrected for A;x as TL/TA — O, In the latter case the
experimental curves at each temperature coalesce and the straight
line drawn in the figures is the line of best fit determined by
the Method of Least Squares through data points in the range
0 <r <O0.1. The coalesced curves show some departure from

linearity at r values greater than about r = O.1. As discussed

Footnote:

It is possible that the observed increase in Q with
temperature may be due to a decrease in €_, which is observed,
with increasing temperature. This change, after correction for
thermal expansion, is in the opposite direction to that expected
for a change in £€_ due to a shift in the monomer-dimer equilibrium
which will favour the monomer with increasing temperature.

The observed decrease in €_ with increasing temperature
is presumably due to a change with “temperature in the
distribution of 9AA molecules amongst the vibrational energy
levels available to them'}. Such a change will not necessarily
alter the ability of 9AA to bind to DNA. However the effect of
this change on €b is not known and so a conclusive argument is not
possible.
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Fig. 4-11. Scatchard plots for the interaction of 9AA with native DNA in 0.1M NaCl at 22°C.
Experimental values of TA/T at which Aex is determined are (O) 48.6, (A) 38.1,
(o) 27.1. Values correcte%{ for Aéx from Fig. 4~8. are shown (@, A , B ),
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Fig. 4-12. Scatchard plots for the interaction of 9AA with native DNA in 0.1M NaCl at 55°C.
Experimental values of Tp/T; at which A,, is determined are, (O) 38.7, (A) 27.0,
(O) 19.7. Values corrected for Aéx from Fig. 4-9. are shown (@, 4 , B ),
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Fig. 4-13. Scatchard plots for the interaction of 9AA with native DNA in 0.1M NaCl at 65°C.
Experimental values of TA/TL at which A, 1s determined are (O) 44.8, (&) 27.7,
(3) 19.4. Values corrected for Ac'ax from Fig. 4-10. are shown (&, & , ® ).
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in Chapter III, such departures from linearity in Scatchard plots
can arise from a number of causes. In this instance the presence
of the weaker complex II is not the cause as at these low r values
compleéx II has been shown to make an immeasurably small
¢ontribution to the binding of 9AA to native DNAZ. Nor is it
likely in ionic ;trength Y = 0.1 that the curvature is due to

an r value which has an electrostatically dependent free enexrgy

term®. The most likely cause is anti-cooperative binding.

(b) Anti-cooperative binding

Anticooperativity is manifested as a reduction in the
favourable free energy change associated with binding at a binding
site when a nearby site is occupied. This reduction in free
energy may be due to a number of quite long range interactions

between bound moieties!?®

and not just nearest neighbour
interactions. As such,it is important to distinguish between
anti-cooperative behaviour and neighbour exclusion phenomena.

This distinction is not drawn in some recent texts!?. As defined
by Armstrong EE.EE}S (reviewed in Chapter III), binding of
aminoacridines to DNA is such that neighbour exclusion places a
1imit on the extent of binding to form complex I at r = 0.25.

In a similar way Muller and Crothers!" have proposed a limiting

r value for the binding of an antibiotic to DNA. However,
anti-cooperative behaviour implies that while the maximum extent
of binding may be r'= 0.25 for complex I in the binding of
aminoacridines to DNA, the favourable free energy change associated
with the interaction is a monotonically decreasing function with
the extent of binding. This is manifest as a decreasingly

(modulus) negative slope in the associated Scatchard plot

(see Fig. 4-14).
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Fig. 4-14. Schematic Scatchard plots for:

(a) one type of non-interacting binding
site with neighbour exclusion limit.
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(b) one type of binding site, neighbour
exclusion limit, anti-cooperative
binding.

Slope -k(r) intercept n.-

(c) isolated binding site for curve B at
low r values.

Slope -~k intercept n.
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In Fig. 4-14. the Scatchard plot for ideal, non-
interacting sites with a neighbour exclusion limit is shown in
curve {a). Curve (a) has characteristics of slope - k” and
intercept on the r axis of N Curve (b) is a typical
experimental curve of anti-cooperative binding. The limit of
the extent of binding is still the same (nex) however the modulus
of the favourable free energy change associated with the binding
is a monotonically decreasing function of r. This is reflected
in the slope, -k(r), a function of r. As drawn in Fig. 4-14.,
with the int%%ept on the r/c axis the same, the relationship

between the linear Scatchard plot and the anti-cooperative plot

is:
lim r for the Scatchard plot:
- = k'nex
r~0 c¢ non-interacting sites.
and - egns. 4-13.
lim r for the Scatchard plot
—_ = kn
r-0 c anti-cooperative behaviour.

where k and n are the slope and intercept on the r axis of the

straight line in Fig. 4-14., namely curve (c). At these low

or/c
or

constant k associated with an isolated site since at low r

values of r, will be the value of the intrinsic association
interactions between neighbouring aminoacridines will be a
minimum. Thus the values of k and n may be estimated from the
linear initial portion of the Scatchard plot at low r; though,
inevitably, a degree of subjectivity is associated with estimating
at what extent of binding significant curvature in the Scatchard

plot occurs. In this work only experimental points below
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r = 0.1 have been used in estimating the initial slopes of
Scatchard plots for the interaction of 9AA with native DNA.

Crothers!'? has suggested that the value of n obtained
from curve (c) must be associated with a potential number of
binding sites thus requiring an intimate knowledge of the nature
of the complex. . However this has not been thought necessary in
the work described here since the degree of curvature in an

anti-cooperative Scatchard plot will be a very complex function of

a number of intermolecular interactions!® which cannot, at this

time, be unambiguously determined. Rather, the value of n obtained
from curve (c) in Fig. 4-14. is an empirical number of binding

sites which have no a priori association with a binding model

except in so far as, at low r values, the slope of the Scatchard
plot which yields the intrinsic association constant for an isolated
site is applicable for n binding sites per nucleotide phosphor¢us.

That is k and n satisfy the following experimentally observed

equilibrium relationship at low r:

[ bound sites_] ‘r.TA

k =
[}solated unbound site%] [free aminoacridine] (n-r)TA.C

While the value of n so obtained cannot be associated with a model
for the interaction, variations of n with temperature can be
related to associated changes in the complex. This will be

discussed further in Chapter V.

(c) (i) Results

As described in the previous section, equation 4-7. can

be redefined as follows:

free 9AA + isolated unbound sites = bound sites . edqn.

= eqn. 4-14.

4-15.

R

i
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The equilibrium constant for the equation 4-15. on page 79 is
then k as defined in equation 4-14. This value of k is the
negative value of the slope of the initial portion of the
Scatchard plot at low r, for which the intercept on the r axis
is n which appears explicitly in equation 4-14. Intrinsic
association constants, which are equilibrium constants, often
appéar in the literature as the lower case letter, k, rather than
the upper case letter, K, usually associated with equilibrium
constants. Both are used at various times in this work. Whenever
a lower case letter k appears with a subscript or subscripts,
however, it refers to a rate process. )

The values of the intrinsic association constants obtained
from the data presented in Figs. 4-7., 4-11., 4-12. and 4-13. are
given in Table 4-3. The Standard Errors are also provided.

Table 4-3 also gives the values for n associated with the Scatchard

plots.

TABLE 4-3

The intrinsic association constant (k) for the interaction of 9AA
with native DNA in 0.1M NaCl.

Temp. (°C) T 45 55 65

k (moles')x 10°| 5.02 1.95 1.25 0.79
(S.E.0.46) (S.E.0.11) (S.E.0.08) (S.E.0.05)

n 0.115 0.116 | o.121 0.125
(S.E.0.007) (S.E.0.004) (S.E.0.004) (S.E.0.004)
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(¢) (ii) Thermodynamic parameters

A study of the variation of equilibrium constant

(intrinsic association constant) with temperature allows the
evaluation of the thermodynamic parameters which govern the

. . o o o
reaction. The thermodynamic parameters AG , AH and As™,
respectively, the total free energy change, the enthalpy change
and the entropy change of reaction have previously been reported
for proflavine with native DNA!® and acridine orange with native

and denatured DNA517.

The free energy change for the reaction eqn. 4-15.
is evaluated from the expression:

AG" = =RT 1n k egn. 4-16.

Table 4-4 shows the values of AGO as a function of temperature

obtained for the interaction of 9AA with native DNA in 0.1M NacCl.

Table 4-4 is shown on page 82. There is a small but finite
increase in AGO (i.e. becoming less negative) with increasing

temperature indicating a slight reduction in the tendency of 9AA

to bind to native DNA at higher temperatures still well below the

Tm (Tm for native DNA in the presence of 9aA > 86.20C).
The Van't Hoff plot, that is the plot of 1ln k versus

inverse temperature, Yy, (OK—I) yields the enthalpy of the

reaction:

9 In k _ -As°
57775; R egn. 4-17.
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TABLE 4-4

Thermodynamic parameters for the interaction of 9AA with native
DNA in O.1M NaCl.

Temp. (°C) 22 45 55 65

-32.0 (SE 0.2)|-31.7(SE 0.25)

AGE (kJ/mole) -32.2(SE 0.2)|-32.2(SE 0.2)

AR® (kT /mole) -35.2 (SE 0.8)

ASOJ/deg /mole ~9,.6 (SE 5.0)

Thermodynamic parameters refer to equation 4-15. and hence refer to

per mole of bound 9AA or per mole of binding site.

The Van't Hoff plot is shown in Fig. 4-15 and is linear within

experimental error. The value of the enthalpy of reaction so

obtained and the standard error arising from the experimental values

is given in Table 4-4.

The entropy change associated with the reaction has

generally been derivedls’17 from the expression:

AR® - AG
egqn. 4-18.

where AHO has been itself determined from equation 4-17.
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Fig. 4-15. Van't Hoff plot for the interaction of 9AA with
native DNA in 0.1M NaCl. Equilibrium constants
(k) determined from Scatchard plots.
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However there is a tendency in doing this to quote a greater
accuracy for AS® than is appropriate from the experimental results!’.
Without an independent measurement of AHO, and with an enthalpy

of reaction which is observably independent of temperature within
experiment error, the appropriate expression for the evaluation

of ASO is not equation 4-18. but rather;

oAG
e aa =AS° eqn. 4-19.
oT

The value of ASO calculated by equation 4-19., for data obtained

in this work is given in Table 4-4.

8. Discussion

On the basis of the results obtained in this work it does
not appear necessary to invoke a model for the interaction of 9AA
with native DNA which requires a reversible change of state of the
macromolecule at a temperature well below the melting temperature,
as proposed by Chambron gg_gl}s for the interaction of proflavine
with DNA. This is a consequence of the temperature dependence
of AGO, as observed in this work, being a monotonic function of
temperature, as has also been observed by Ichimura 93_51}7 for the
interaction of acridine orange with DNA. The reason for this
disparity is not clear. The other parameter in the work of
Chambron EE.EE}G which shows a variation markedly different from
that obtained by Ichimura 32_21}7, and also observed in this work
is the variation of n with temperature. Chambron gg_gl}s observed

a marked change in n with temperature at all ionic strengths whereas
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Ichimura and co—workers17

observed no change. In this work

(Table 4-3) the variation in n is very slight and in the opposite
direction to that observed by Chambron SE__E}G- It may be that

the latter group carried out experiments with complexes which were
not entirely in the region dominated by complex I. This would
explain the variation in binding site number, n,but still leaves the
variation in AGo an open guestion. Certainly the observations

in the work described here of the internal linearity of the several
spectra obtained for 9AA and native DNA each at various temperatures
and the relatively temperature independent value of n does not
require the proposition of heterogeneity amongst the binding sites
as proposed by Chambron gE_ngs.

The thermodynamic parameters given in Table 4-4. are in

general agreement with the parameters obtained for other compounds

in the papers previously mentioned!®’17, (A comparison of these
results is given in the Appendix). In particular, the following
characteristics are observed. The total free energy change for

the reaction is large and negative, characteristic of the strong
binding process associated with the formation of complex 13,
Theoretical calculations have shown that complex I binding,
assuming the fully intercalated model,will yield large negative
values for the free energy change associated with the interaction
whereas purely electrostatic, external binding is associated with
significantly lower free energy changesla.

The large negative value of AE® (AHO =-35 kJ /mole)
is indicative of the formation of strong bonding interactions.

These presumably arise from intermolecular interactions between the

planar bases of the DNA and the planar aminoacridine cation. These
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interactions will be the sum of electrostatic, dipole-dipole
(or monopole-monopole), dipole-induced dipole interactions and
London forces'®.

The entropy change (ASO) is found to be small and
negative for the overall reaction. This is an important

observation as it indicates that the reaction cannot be considered

to be “"entropy driven" but rather "enthalpy driven".

9. Concluding remarks

Spectra of the complex formed between 9AA and native DNA
at low r values have been shown to be internally linear over a range
of temperafures 22°% - 65°C. The interpretation placed on this
observation is that at low r values the 9AA exists in only two
forms, namely, free 9AA and bound 9AA, which coexist in a single
equilibrium.defined by equation 4-7.

Scatchard plots of the binding show marked curvature
well below the limiting level of binding associated with the
formation of complex I. This curvature has been interpreted as
being due to anti-cooperative effects arising from interactions
between bound 9AA cations. These interactions most probably extend
beyond nearest neighbour interactions. It has been shown,
nonetheless, that the association constants for isolated binding
sites can be obtained from the limiting slope, at low r, of the
Scatchard plot. This intrinsic association constant, k, and the
binding site number, n, are applicable to equations 4-14. and 4-15.

The binding site number, n, does not change significantly
with temperature which may be indicative of little associated
change in the binding site itself. This is entirely consistent with
the extinction coefficient of the bound species Eb which has also

been shown to change only slightly with temperature.
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The thermodynamic parameters determined for the reaction
are consistent with an intercalation model in which the stability
arises primarily from strong (bonding) intermolecular forces between
the planar cationic dye and the planar bases of the DNA rather than

from a favourable entropy of reaction.
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1. Introduction

It has been shown that denatured DNA interacts with
aminoacridines in a manner which has some of the characteristics of
the interactions of aminoacridines with native pDNalTS, In
particular, at room temperature, the interaction appears to be of a
similar strengthl'g'l+ although the number of potential binding sites
for strong binding is increased for some aminoacridines"®’®.. The
strong binding is, however, much more strongly temperature dependent
below the Tm of the complex, than complex I for the interaction of
aminoacridines with native DNAS .

In this Chapter the same techniques used in Chapter IV
to study the interaction of 9AA with native DNA are used to study
the interaction of 9AA with denatured DNA. In particular, the
spectra of the complexes are studied with reference to the solution
state of denatured DNA discussed in Chaptexr II. It is found that
the system can be studied in a manner entirely analogous to that used
for native DNA (Chapter IV) to obtain an intrinsic association
constant for the interaction. The intrinsic association constant
is found to vary markedly with temperature, as is also the number
of potential binding sites. The thermodynamic parameters for the
interaction are evaluated and these together with measurements are

discussed in terms of an intercalation model which is applicable for

9AA bound to denatured DNA.

2. 9-aminoacridine and denatured DNA : spectra

The spectra of aminoacridines bound to denatured DNA
have a number of features of the spectra of aminoacridines bound to
native DNA. In particular, at low r, the interaction produces a red

shift in the visible absorption maxima of the aminoacridine and a
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reduction in its associated extinction coefficient. Also,a blue
shift analogous to the same observation in native DNA -

aminoacridine solutions is observed at high values of r. Indeed,
this formation of the aggregated aminoacridine complex appears to be
more favourable in denatured DNA than in native DNAZ’ S, The
similarities are éq great that two binding sites for the interaction
have been proposed similar to those of the native DNA system. The
stronger binding is associated with interactions between the
aminoacridine cation and the nucleotide bases; the weaker
interaction is associated with electrostatic interactions between the
cation and the negative phosphate groups of the DNA, and is restricted
to solutions at low ionic strengths. These two types of binding
sites are entirely analogous to the binding sites in native DNA.

Two questions are immediately raised.

( i). Since the structure of denatured DNA is disordered
with respect to native DNA, of what importance is the
the secondary structure (i.e. the double helix) in the

.

interaction with aminoacridines?

(ii) As denatured DNA in neutral salt solutions has a
conformation not only of some variety and complexity, but
also with significant temperature depepdence (as
demonstrated in Chapter II), how valid is it to explain
the interaction in terms of a simple equilibrium as was the
case for native DNA - aminoacridine interactions

(equations 4-7. and 4-15)?

In seeking an answer to the second question a study of the internal

linearity of spectra can be expected to yield valuable information.
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The spectra of the 9AA solutions in the presence of
various concentrations of denatured DNA (prepared as described in
Chapter II) at three temperatures, 250C, 45°C and 65°C are shown
in Figures 5-1., 5-2. and 5-3.

The spectra have been corrected for a small
absorbance contribution from the denatured DNA. The extinction
coefficient of this contribution is a linear function of wavelength,
decreasing with increasing wavelength. The value of the extinction
coefficient is found to be dependent on the instrument used during
experimental work and it is assumed that this absorbance is a
scattering phenomenon. The extinction coefficient of the denatured
DNA does not appear to change in the presence of 9AA when measured
at wavelengths at which 9AA is non absorbing and so it has been
assumed that the contribution to observed absorbance due to
denatured DNA is dependent on its concentration and the experimental
configuration: coxrections have been made accordingly.

It is immediately apparent in Fig. 5-1. that an
isosbestic point does not occur within experimental error at 25°%¢.
However at 45°C and 65°C apparent isosbestic points do occur
(see Fig. 5-4. for enlargements of the region around the isosbestic
points in Figs. 5-1. to 5-3.). If these spectra are tested
for internal linearity by using equation 4-5., for the spectra
appropriately numbered, the following values of 82 are observed.
(See Table 5-1.). . Clearly, a comparison of the values of 82
for native DNA (Table 4-1.) and denatured DNA (Table 5-1.) at any
particular temperature shows a substantially greater degree of
scatter in the latter case for what should be a single valued
parameter for a single equilibrium. This is manifest as a marked
increase in standard deviation for the values of 82 at any particular

temperature. The difference is most pronounced at 250C, where there
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Spectra of 9AA and denatured DNA in 0.1M NaCl at 25°C:

constant 9AA concentration, 7.31 X 107° M; curve 1: 9AA,
curve 2: 9AA and denatured DNA: T;/T, = 0.252: r = 0.170,
curve 3: 9AA and denatured DNA: TL/TA = 0.085: r = 0.082.
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Spectra of 9AA and denatured DNA in O. 1}1 NaCl at 45°C:

constant 9AA concentration, 7.31 X 10-% M; curve 1: 9AA,
curve 2: 9AA and denatured DNA: T /PA = 0.252: r = 0.143,
curve 3: 9AA and denatured DNA: T /T = 0.085: r = 0.075,
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Fig. 5-3. Spectra of 9AA and denatured DNA in 0.1M NaCl at 65°C:

constant 9AA concentration, 7.31 X 10~3 M; curve 1l: 9AA,
curve 2: 9AA and denatured DNA: TL/TA = 0.252: r = 0.057,
= 0.085: r = 0.044.

curve 3: 9AA and denatured DNA: TL/TA
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Fig. 5-4. Enlargements of the spectra shown in Figs. 5-1. to 5-3. showing
the presence of isosbestic points at elevated temperatures in
solutions of 9AA and denatured DNA.
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TABLE 5-1.

*
The values of B for a set of spectra of 9AA and denatured DNA.
2

Temp.{oc)
25 45 65
Y
380 0.715 0.661 0.470
390 0.714 0.658 ' 0.457
400 0.721 0.659 0.459
410 0.769 0.674 0.429
420 0.728 0.660 0.453
432 0.662 0.632 0.484
average 0.718 0.657 0.459
s.D. (o) 0.031 “0.013 0.017

*
as defined in the text

is an absence of an isosbestic point in the spectra, but is still
significant at 45°C and 650C where there is an apparent isosbestic
point. Internal linearity is thus a more sensitive test for
homogeneity of binding species than is the presence of an isosbestic
point.

These observations are consistent with the structure
of denatured DNA proposed in Chapter II. Shock cooled denatured
DNA at room temperature may be considered to have three broad types

of conformation:

( i) short-range helical order,
( ii) single strand, base-stacked regions,

( iii) random coils.
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As the temperature is increased the first of these "melts" out

in what is observed as a broad cooperative transition at relatively
low temperatures. All through this temperature range and at
higher temperatures the single strand, base-stacked regions become
progressively more disordered and finally the truly random coil
structure becomes the only structure above the Tm of the native
material. Tt can be expected (and will be demonstrated later) that
aminoacridines bound to (i) and (ii) above have different extinction
coefficients. The third conformation, that of the random coil,may
not bind aminoacridines at all. Thus at 250C, 9AA is distributed
amongst two differing types of binding site (viz. short range,
helical ordered DNA and single strand, base-stacked DNA). This
heterogeneity gives rise to the lack of internal linearity observed
for the spectra. As the temperature ié increased, the short range
helical order is lost and the heterogeneity is reduced as the
principal binding site becomes the temperature dependent, single
strand, base-stacked regions of the DNA, There is a consequent
return to a virtual internal linearity of spectra at higher
temperatures (450C to 650C). The foregoing argument suggests that
at elevated temperatures, 450C and above, the system of 9AA and
denatured DNA at low r can be considered to be a single equilibrium

of the form:
9AA + denatured DNA == complex egqn. 5-1.

where the denatured DNA is principally the single strand, base-stacked
structure. At lower temperatures equation 5-1. must be used with
caution for it must be remembered that at these temperatures the

denatured DNA is more heterogeneous.

s
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3. 9-aminoacridine and denatured DNA : melting the complex. P

The release of aminoacridines from complexes with DNA
at elevated temperatures has been observed by Sansom” . The
characteristic shape of the absorbance versus temperature curve is
of a steady (quasi-cooperative) increase in absorbance with
temperature which is complete at 70°¢C irrespective of the neutral
salt concentration in the range: 107%M to 10™!M NaCl. These ,
results present a marked contrast to the release of aminoacridines
from native DNA which has been observed to occur almost entirely
coincident with the destruction of the double helical conformation
of native DNA at the melting temperature of the complex*’ 77879,
A careful study of the results obtained by Sansom” shows that the
limiting value of absorbance obtained at 70°C does not coincide
with complete release of the aminoacridine from the complex. This il
is particularly noticeable in 0.1M NaCl neutral salt. The reason >
for this is apparent in Fig. 5-5, where the melting profiles of
denatured DNA alone (observed at 260 nm - curve B) and denatured
DNA in the presence of 9AA at low TL/TA are shown (observed at
260 nm and 400 nm - curves A and C, respectively). Despite
the complexity of interpreting curve A, as even at this low ratio

of TL/TA the contribution of 9AA to the absorbance in curve A is

about 40%, several observations' can be made.

(1) The release of 9AA from denatured DNA is associated with a
loss of structure in the denatured DNA (marked hyperchromicity
between 3OOC and 550C in curve B). This hyperchromicity has
already been interpreted as being principally due to loss of
short range helical order. The loss of structure will also

include a reduction in single strand, base-stacking.

AT < Ue
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Fig. 5-5. Melting curves of 9AA and denatured DNA in 0.1 M NaCl.

curve A: 9AA and denatured DNA observed at 260 nm.

curve B: denatured DNA equimolar to that in curves A
and C observed at 260 nm.

curve C: 9AA and denatured DNA observed at 400 nm.
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(2)

(3)
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A further loss of aminoacridine (curves A and C) which
occurs in the absence of a marked change in hyperchromicity
of the denatured DNA (curve B, 550C - 750C). This is
attributed to a reduction in the binding of 9AA to denatured
DNA as the single strand, base-stacked regions of the
macromolecule become progressively less energetically
favourable as binding sites with increasing temperature.
(Chapter II and reference By It has been suggested that
this progressive loss of single strand base-stacking is not
associated with a major change in hyperchromicitylo.
Certainly the plateau in curve B, Fig. 5-5., could be
interpreted in this manner, however concurrent with this
loss of single strand base-stacking is renaturation which
is expected to decrease the absorbance significantly. The
hypochromism associated with single strand, base-stacking
is therefore still an open gquestion in this system.

The reason for incomplete release of aminoacridine from

* is due to the formation

complexes observed in reference
of some renatured DNA during the course of the melting curve
determination. This is released at the Tm of the complex
which is observed to occur at the same temperature when
observed both at 400 nm where 9AA only is being monitored,
curve C: and at 260 nm, where both the secondary structure
of the macromolecule and the absorbance of the aminoacridine
are being monitored, curve A. This supports earlier work,

417r8+3 5nd has been discussed in Chapter IV.

Renaturation of denatured DNA in the presence of 9-aminoacridine

Inhib ition of extent of renaturation of denatured DNA

by acridine orange has been reporteds. In this work renaturation
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in the presence of 9AA has been observed as a decrease in
absorbance with time at 400 nm in solutions of denatured DNA and
9AA at elevated temperatures. The decrease in absorbance is due
to the formation of double helical (renatured) DNA which binds

9AA with a lower extinction coefficient and higher association
constant (see sect?ons 5. and 6. - this Chapter) than denatured
DNA at the same temperature. An extensive study is required to
explore this phenomenon, however some gualitative observations have

been made.

(1) Renaturation of denatured DNA in the presence of 9AA in
0.1M NaCl is a principally second order process. Figure
5-6.1is an experimental plot of absorbance (at 400 nm) versus
time for a solution of 9AA and denatured DNA which has been
heated rapidly to 70°C and maintained at that temperature.
The infinite time value of the absorbance has been evaluated
from a plot of absorbance versus (time) "} at (time)~! = O.
The second order plot, also shown in Fig. 5-6., is seen to
be linear for a substantial part of the reaction. This

indicates that the rate limiting step is the migration of

complementary strands of the denatured DNA.

(2) High concentrations of 9AA appear to inhibit the rate of
renaturation of denatured DNA with respect to low
concentrations of 9AA. Fig. 5-7. shows the melting profiles
of 3 solutions of identical concentrations of denatured DNA
in the presence of differing concentrations of 9AA. The
melting was carried out simultaneously for all solutions.

The absorbance has been normalized to that pertaining at 98°c
when the 9AA behaves as unbound aminoacridine. Clearly there

appears to be, successively, less renaturation with increased
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Fig. 5-6. Renaturation of denatured DNA in the presence
of 9AA. Solution heated rapidly to 70°C and
absorbance monitored with time at 400 nm (@).
The straight line plot (@) indicates that for
the first 77% of reaction, at least, renaturation
follows second order kinetics (equation 2-4.).
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Effect of 9AA on the extent of renaturation during
melting. Simultaneously determined curves

(O) 9AA and denatured DNA, %8AuL00 = 2.000
(O) 9AA and denatured DNA, °®Ayoo = 0.802
(&) 9AA and denatured DNA, 988,00 = 0.673

the above curves are at constant denatured DNA

concentration. .
For comparison a melting curve of 9AA and native

DNA is shown (@).
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9AA concentration. However these results are of a
preliminary nature only as they do not take into account

the possibility of any preferential distribution of the dye
amongst available binding sites. Also these results do not
give any indication of whether or not inhibition occurs with

respect to  the renaturation of denatured DNA alone.

These results and those of Ichimura gE_glF, are consistent with the
latter's proposition that the inhibition of extent of renaturation,
and possibly the rate of renaturation, is brought about by the
stabilization, by aminoacridines, of mismatched pairs during
renaturation and a reduction in the rapidity of subsequent
intramolecular rearrangements necessary for further renaturations.
The observations outlined in this work make a reduction
in absorbance at 400 nm a good criterion for the presence of
renaturation in solutions of denatured DNA and 9AA, particularly
at low TL/TA' where absorbance at 400 nm is observably sensitive to
the DNA structure (Fig. 5-7.).

5. Determination of the extent of binding (r) and the extinction
coefficient of the bound species (Eb).

Tn view of the analysis of spectra given in section 2
of this Chapter it seems appropriate to evaluate Fhe extent of binding
and the strength of binding of 9AA to denatured DNA in a manner
entirely analogous to’that used in Chapter IV for the interaction of
9AA with native DNA. This is so because the interaction appears,
substantially, to obey a single equilibrium. The system of
denatured DNA, as has been pointed out, is not as ideal as that of
native DNA: at 25°C it does deviate from a single equilibrium in
its interaction with 9AA. However, it is reasonable to carry out

the analysis even at this temperature provided that the approximation

of internal linearity is recognised and emphasis is placed on
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qualitative arguments rather than quantitative ones.

Accordingly, binding curves have been measured for
92A and denatured DNA at 220C, 450C, 550C and 650C. Plots of
A/Ai versus TL/TA (where the variables have been defined in equation
4-8.) have been obtained from experimental data and the results
of three separate binding curves, each with different initial
concentrations of 9AA, at each temperature are shown in Figure 5-8.
As discussed in the previous Chapter (section 5.) the value cobtained
by extrapolation of these curves to TL/TA —» O provides the ratio
(Q) of the extinction coefficients of the bound and free
aminoacridine species; it also provides the value of A;x which
is required to calculate the value of r, the extent of binding
(equations 4-10. and 4-11.).

Tn some of these plots considerable extrapolation to
the A/Ai axis is required. The extrapolation is less ambiguous
than it might appear as each set of 3 curves at a particular
temperature must extrapolate- to the same point (within the
variation of Ai caused by dimerization - see Chapter IV section 5.).
Furthermore, a measure of the accuracy of extrapolation can be

gauged a posteriori by the observation of coalesced Scatchard plots

(see the next section of this Chapter) . Nonetheless, it is
immediately apparent that the value of Q@ is far more temperature
dependent than the same parameter in the case of 9AA and native DNA
(Table 4-2). The values of Q for 9AA and denatured DNA are given
in Table 5-2. on page 100. The observed variation in Q, which
implies a significant variation in Eb' with temperature is
indicative of a binding site which changes with temperature, as the
extinction coefficient of the bound aminoacridine arises from the
electronic interactions between the planar aminoacridine and the

planar bases of the DNA. As Eb approaches unity, at higher
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Fig. 5-8. Plots to determine the ratio of extinction
coefficients of 9AA bound to denatured DNA (€ )
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TABLE 5-2.

*
Variation of Q@ with temperature for 9AA and denatured DNA

Temnp. (°C) 22 45 55 65
“p + + + +

g == 0.37 £ 0.01]/0.45  0.01 | 0.56 = 0.01 |0.63 - 0.02
£ 5

* as defined in the text
temperatures, so it may be concluded that the bound 9AA is less
influenced by the binding site. This proposition is in accord
with the structure proposed for denatured DNA. At elevated
temperatures the 9AA is bound only to single strand base-stacked
regions of the macromolecule. The strength of this base-stacking
is very temperature dependent and becomes weaker at higher
temperatureslo. It may be pictorially demonstrated as adjacent
bases which are parallel to each other and which oscillate with
respect to egch other. The strength of the stacking is then
proportional to the amount of overlap of planar surfaces that
occurs per unit time. As the temperature is increased so the
amplitude of the oscillation increases producing a reduction in
the degree of overlap of planar surfaces. A 9AA molecule
intercalated between two such bases will experience a less
favourable environment as the temperature increases. This model
explains why such a variation in Q does not occur in native DNA-9AA
solutions. Clearly, below the Tm of the complex the bases of

native DNA are constrained by the double helix and are not free to
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oscillate. These proposals will be summarized with further \4\ -/§€$

evidence later in the Chapter.

6. Determination of the intrinsic association constant (k) and
the number of binding sites (n)

With the spectrophotometric evaluation of the extent
of binding, r and the consequent evaluation of the free 9AA
concentration, ¢ from equation 4-9., it is possible to produce
Scatchard plots of r/c versus r for the interaction. Scatchard
plots obtained in this manner for the interaction of 9AA with
denatured DNA are shown in Figures 5-9 (a)., 5-10 (a).,

5-11 (a). and 5-12 (a). at temperatures 22GC, 450C, 55°C and

650C, respectively. In these figures only the points using

the value of Aéx in equation 4-8. are shown. The points
determined using the value of Aex calculated from the experimental
excess DNA concentration show the same type of variation as that
observed in Figures 4-7., 4-11., 4~12. and 4-13., but are not shown
here for greater clarity in the diagrams.

Renaturation of DNA during the course of the experiment
is minimal because, as described in Chapter VIII section 4.,

denatured DNA is added to 9AA solutions. This means that:

(a) denatured DNA is in low concentration until the final few
additions of denatured DNA which are made over a relatively

short period of time.

(b)Y 9AA is in excess until the final few additions of

denatured DNA.

Both (a) and (b) minimize renaturation. There is no measurable
decrease in absorbance of the final solution, observed at 400 nmn,

during equilibrium time at all the temperatures studied indicating

that renaturation is slight.
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Fig. 5-9. (a) Scatchard plot for the interaction of 9AA with denatured DNA
at 22°C in 0.1M NaCl.

(b) Langmuir isotherm for the interaction.
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Fig. 5-10. (a) Scatchard plot for the interaction of 9AA with denatured DNA at 45°C in 0.1M NaCl.

(b) Langmuir isotherm for the interaction.
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Fig. 5-11. (a) Scatchard plot for the interaction of 9AA with denatured DNA at 55°C in 0.1M NaCl.

(b) Langmuir isotherm for the interaction.
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Fig. 5-12. (a) Scatchard plot for the interaction of 9AA with denatured DNA at 65°C in 0.1M NaCl.

(b) Langmuir isotherm for the interaction.
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As can be seen from the variation in n a cut-off point in

r cannot sensibly be chosen for the evaluation of the intrinsic

association constant, k, as it was for the case of 9AA with native

DNA (all r values

< 0.10).

In Figures 5-9 (a)., to 5-12 (a).

the cut-off point for the calculation of k has been chosen

subjectively from the curvature of the plot.

marked in the figures by a short vertical line.

The cut-off point is

Only points at

r values less than this value have been used in the evaluation

of k and hence of n, which is the limiting number of binding sites

associated with the euilibrium of the form given by equation 4-14.

The values of k and n for the interaction of 9AA with denatured DNA

are given in Table 5-3.

TABLE 5-3

Intrinsic association constant (k) for the interaction of

9AA with denatured DNA in O.1M NaCl

Temp. (°C) 22 45 55 65
k (moles™1)x 107%(2.80 0.54 0.36 0.136
(S.E.0.16) | (S.E.0.016)| (S.E.0.063)| (S.E.0.031)
n 0.190 0.231 0.191 0.133
(S.E.0.009)| (S.E.0.004)| (S.E.0.013)| (S.E.0.010)

In spite of the subjectivity involved in assessing the

curvature of the Scatchard plots in Figs. 5-9 (a). to 5-12 (a).

it is clearly apparent from the figures and from Table 5-3. that

the value of n changes significantly with temperature;

increasing

between 22°c and 450C and decreasing above this latter temperature.
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This variation in n is far greater than that observed for 9AA and
native DNA over the same temperature range (Table 4-3.).
Furthermore, as can be seen from a comparison between Tables 4-3.
and 5-3. the association constant for the interaction of 9AA with
denatured DNA also varies more markedly with temperature than the
same parameter for 9AA and native DNA.

The model outlined in the previous section of this Chapter
(section 5.) to explain the variation in Eb, combined with the model
of the structure of denatured DNA in solution can be used to explain
these observations. As a corollary to the variation of €b with
temperature, associated with a decrease in the interactions between
the 9AA chromophore and the nuc¢leotide (stacked) bases, it can be
expected that there will be a decrease in k with temperature since
both are a measure of the favourability of interaction. This change
in k can be expected to be greater than that observed, over the same
temperature range, for the 9AA and native DNA system for which there
was only a slight variation in Eb of the bound species with
temperature. The change in n with temperature, however, must arise
from a different cause. It is proposed that the variation in n is
due to a change in proportion of denatured DNA which exists in the
single strand, base-stacked form and in the random coil form. Since
the random coil is favoured at higher temperatures then the
observation of a reduction in n with increasing temperatures implies
igzgg_glig_that the truly random coil form of denatured DNA either
does not bind 9AA at all or only to a markedly lesse£ dggree.

The apparently anomalous observation of n at 22°%¢ being
lower than n at 45°C (Table 5-3.) is also satisfactorily explained
by the proposed structure of denatured DNA. It has already been
observed (in Chapter II and this_Chapter sections 2. and 3.) that

at low temperatures a significant amount of short range helical
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order exists in denatured DNA. In these ordered regions, which are
analogous to native DNA, the presence of a bound 9AA cation in the
Pritchard gE_gl}l model restricts the binding of further
aminoacridines both at bases immediately adjacent to the bound site
on the same strand and between the bases of the strand opposite to the
bound site. This is true not only of the Pritchard gg_él}l model
but also of the Lerman model’?. This has been used to explain the
1imit of intercalation binding (complex I) at r = 0.253,
Anti-cooperativity produces a lower apparent binding limit as
described in Chapter IV. However, as proposed by Ichimura EE.ElF
and Sansom“, denatured DNA can effectively bind more aminoacridines
per nucleotide phosphorous than native DNA since with strand
separation the restriction of a potential binding site on the
complementary strand is removed. Thus the loss of short range helical
order between 22°C and 450C introduces an increase in the number of
potential binding sites in denatured DNA as the short range helical
ordered structure gives way to single strand base-stacking. At
higher temperatures this increase is eroded as single strand base-
stacking is weakened and replaced by the random coil structure. In
denatured DNA at 22°c the value of n is still greater than for native
DNA at the same temperature as some of the macromolecule is certainly
single stranded and is hence able to bind more aminoacridine per
nucleotide phosphorous than purely native DNA. The above comments
on the restriction of binding sites are schematically represented in

Figure 5-13.

7. Thermodynamic parameters

The values of the thermodynamic parameters evaluated by
equations 4-16., 4-17. and 4-19., from the change in the intrinsic

association constant with temperature for the interaction of 9AA with
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Schematic representation of the increase
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native DNA or folded sections of denatured
DNA melt to form single strand, base-stacked
regions of the macromolecule.
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denatured DNA are given in Table 5-4.

TABLE 5-4

Thermodynamic parameters for the interaction of 9AA with
denatured DNA in O.1M NaCl

Temp. (°C) 22 45 55 65
AGP (kJ/mole) -30.8 -28.8 -28.6 -26.7
(S.E.0.2) | (8.E.0.1) (S.E.0.4) (S.E.0.6)
AE® (k3/mole) -56.0 (S.E.5.0)
As® (3.deg- 'mo1&?) -88 (S.E.17)

While it is valid to evaluate the free energy of the
interaction (AGO) from the intrinsic association constant as measured
from the Scatchard plot, some care must be taken in discussing the
values of the other thermodynamic parameters, namely the enthalpy
of reaction (AHO) and the entropy of reaction (AS?). These last
two quantities are calculated from the change in association constant
with temperature. However, it has been inferred in previous
sections of this Chapter that the binding site in denatured DNA
changes with temperature, as exemplified by the significant change
in the extinction coefficient of the bound 9AA (Eb) with temperature.
Thus AH® and As® are derived from product and reactant states which

themselves are changing with temperature. This is unlike the native
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DNA-9BA system in which any change to the binding site is small,

the macromolecule being constrained by its secondary structure and
hence the product and reactant states not varying greatly with
temperature in this latter case. Nonetheless, it seems reasonable to
treat the results in a semi-quantitative manner, more particularly
as the Van't Hoff plot for the interaction of 9AA with denatured
DNA is substantially linear (see Figure 5-14.). This plot has been
used to evaluate the AE® value given in Table 5-4. The obsgervation
of linearity in the Van't Hoff plot and equation 4-19. have been
used to evaluate As®. That the Van't Hoff plot is linear within
experimental error, in view of the changing nature of the binding
site and complex with temperature, is fortuitous, but does allow
single valued parameters to be considered as valid descriptions of
AP and As® of reaction over the temperature range studied.

The enthalpy of reaction is large and negative, even more
so than for the interaction of 9AA with native DNA (Table 4-4.).

This is indicative of the formation of strong bonding interactions,
presumably composed of electrostatic, dipole-dipole, dipole-induced
dipole and London forces interactions between the planar heterocyclic
aminoacridine structure and the heterocyclic bases of the DNA.

The most important thermodynamic distinction between the
native and denatured DNA complexes formed with 9AA lies in the
significantly larger negative value of the entropy of reaction (ASO)
for the formation of ‘the 9AA-denatured DNA complex. This term
indicates that the reaction has a component which becomes unfavourable
with increased temperature, as observed. It is suggested that this
arises from an ordering of the single strand, base-stacked regions of
denatured DNA when 9AA is bound. . That is, the binding of the 9AA

cation constrains the oscillatory motion of the single strand
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base-stacked regions of the denatured DNA as the bonding occurs. 2
The results are in good agreement with those observed by Ichimura
EE.ELF for acridine orange and denatured DNA (for a comparison see

Appendix). Changes in solvation contributing to AS® are not

T aTEERe- - e

considered for 9AA and denatured DNA complex formation to be very
different from those for 9AA and native DNA complex formation, i
as both interactions require the inclusion of an aromatic moiety )
(92n) into a similar hydrophobic environment {intercalation between

nucleotide bases). Although the bases of denatured DNA will be

more solvated than native DNA they will, similarly, be more solvated

in the product state also. It is,therefore,reasonable to assign

most of the entropy change difference between the interactions for

native and denatured DNA with 9AA to effects at the binding site.

Concluding remarks

=

The techniques for determining the characteristics of the
binding of 9AA to denatured DNA are the same as those described in
Chapter IV of this work. Denatured DNA in 0.1M NaCl exists in a
variety of conformations which are temperature dependent and which
manifest themselves in heterogeneity of binding sites at room
temperature. This heterogeneity has been observed as a lack of
internal linearity in a set of spectra of the bound 9AA. The
heterogeneity is reduced at higher temperatures and internal linearity
is substantially festored. This has been interpreted as a change in
the structure of denatured DNA caused by a loss of short range helical
order which is present at low temperatures and its replacement by
temperature dependent, single strand, base-stacking which is present
throughout the temperature range studied. In the region of
temperature where internal linearity of spectra is obtained the

interaction of 9AA with denatured DNA can be considered as a single
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equilibrium and the parameters defining the system can be measured
accordingly.

Binding curves for the interaction have been obtained at
a number of temperatures. The extinction coefficient of the bound

species, € has been shown to vary greatly with temperature: a

b’
result consistent with the changing binding site associated with the
temperature dependent conformation of denatured DNA. The intrinsic
association constant, as expected from the above comments, is also
substantially more temperature dependent than for 9AA and native DNA.

The number of binding sites varies with temperature, unlike
in the interaction between 9AA and native DNA. This has been
interpreted as a progressive shift with increasing temperature from
single strand, base-stacked regions of the macromolecule to random
coil regions. The random coil regions do not bind 9AA significantly.
An apparently anomalous value of n at room temperature has been
satisfactorily explained in terms of the denatured DNA structure at
that temperature.

Finally, the thermodynamic parameters measured for the

interaction are in agreement with the above model for the interaction.

The enthalpy of reaction (AHO) is large and negative which demonstrates,

as with native DNA, the importance of bonding interactions. The
entropy term (ASO) is large and negative and is consistent with a
model in which intercalation of the 9AA cation between adjacent bases
which are in a sinéle strand, base-stacked conformation serves to
constrain the relative motion of the bases as the free energy of the

system is reduced on interaction.

T
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PART A -~ THE TEMPERATURE-JUMP TECHNIQUE

1. Introduction

In Chapters IV and V equilibrium measurements of the
interaction of 9AA with native and denatured DNA were made. These
results, however, give no insight into the rate processes which
establish the equilibria studied. The reaction between
aminoacridines and DNA goes to completion very rapidly. Any study
of the kinetics of the interaction, which can be expected to give
valuable insight into the mechanisms involved, must therefore
utilize techniques which have resolution times shorter than the
processes establishing equilibrium. Over the last twenty years a
number of techniques have been developed which enable studies of
rapid reactions to be carried out. Two such methods, each
representative of a different class of technique, have been used to
study the interaction of various aminoacridines with DNA. These
are the stopped flow methodl, typical of a rapid mixing technique
and the temperature-jump methodz, typical of a perturbation
technique. This latter method has been used to study the interaction
of 9BAA with native and denatured DNA.

Perturbation techniques are more suited to studies
of the interaction of aminoacridines with DNA than are mixing
techniques because it is usually possible to choose an experimental
situation in which the resolution time of the apparatus is
substantially shorter than the processes being observed.

There are many extensive treatments of the theoretical
and practical aspects of perturbation techniques in the literature®~®.
In this Chapter, therefore, only a brief résumé of the technique
has been given. However, full details particular to the apparatus

and systems used in the work described are provided.
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2. The temperature-jump method

(a) Theoretical aspects

As the name of this perturbation method implies the
technique uses a heating pulse to perturb a chemical reaction at
equilibrium. A reaction at equilibrium at an initial temperature
heated to a different temperature is in a metastable state and
will undergo a chemical relaxation to the new equilibrium at the
new temperature. If the chemicai relaxation is slower than the
heating pulse which caused it then the relaxation process may be
followed and information gained on the rate processes which
establish equilibrium. Chemical relaxatfons arising from small
perturbations from equilibrium obey linear first order differential
equations, the solutions of which are linear combinations of
exponential functions. Each exponential function has an
associated relaxation time, the inverse of which is related
directly to the rate constants of the processes establishing the
equilibrium. \

The technique has wide applicability as all reactions
with a non zero enthalpy of reaction will have a temperature
dependent equilibrium constant. Even those reactions which do
have a zero enthalpy term can usually be coupled to another
temperature dependent equilibrium.

Temperature perturbations in solution can be readily
achieved by Joule heating caused by the discharge of energy stored
in a high voltage capacitor to earth through a small element of
solution. Clearly, the solution must be electrically conducting.
The temperature change of the solution, at constant pressure,
can be calculated in the following way7. The voltage at time t
across the circuit resistance,ﬁ (assuming negligible inductance)

upon discharge of a capacitor of capacitance C, charged to an
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initial voltage VO is:
\Y = V_ e eqn. 6-1.

The energy E dissipated through resistive heating in time dt is:

dE = ——dt ' eqn. 6-2.

t
AT(E) = == eqn. 6-3.

for unit mass, where cP is the heat capacity of the solution

at constant pressure.

If the volume of solution heated is V and the density

of solution is p then equation 6-3. becomes:

-2
t V 2 e ’;ﬁé
ATty = S

o Vpc R
R P

eqrn. 6-4.

. . . R :
thus the "time constant" for the temperature rise 1s Tf-and the

total temperature rise, at sufficiently long times is:

CV2

AT () = %-‘7gc egn. 6-5.
b
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where variations in R and cP with temperature have been neglected.
Tt is useful in designing experiments to know the "rise time" of
the heating pulse, that is the time for the heating pulse to be
virtually complete. If an arbitrary level of 90% of total
temperature rise is called the rise time then it can be readily
shown that this is approximately equal to 1.3 RC for an aperiodic
discharge. Alternatively, this may be verified experimentally by
using an indicator equilibrium with a very short relaxation time
compared to that of the discharge.

At almost all temperatures for aqueous solutions an
increase in temperature will be associated with a change in
volume. Changes in volume are propagated at approximately the
speed of sound and in a small volume sample there can be large
increases in pressure associated with a shock wave if the
temperature rise is more rapid than the inertial response of the
golution. Reflection of such a shock wave at the walls of a cell
containing a solution causes cavitation in the solution which
disrupts measurement of chemical relaxations. There is thus a
lower limit to the rise time of the system that can be practically
used which is set by the experimental conditions as well as the RC
time of the apparatus. In general, cavitation is minimized by
small temperature changes, adequate RC times of the circuitry, and by
working at maximgm density of solution.

Finally, it is clearly necessary in order to measure
chemical relaxations to have a guantity which is accessible for
measurement and which is either directly or indirectly coupled to
the equilibrium of interest. In the work described in this
Chapter the 9AA chromophore may be conveniently studied by
spectrophotometry as the extinction coefficients of the forms

of 9AA at equilibrium differ. Thus a change in absorbance of the
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9AA with time is a direct measure of a concurrent shift in the

equilibrium.

(b) Apparatus

The temperature-jump apparatus is described briefly
here rather than in Chapter VIII (Materials and Methods) because
the theory and practice of the temperature-jump technique are
closely interwoven.

The temperature-jump apparatus used is similar to that
described by Eigen and De Maeyera. A block diagram of the
apparatus is shown in Figure 6-1. The apparatus may be
conveniently described by dividing it into three sections; the

heating circuit, the detection circuit, and the sample cell.

The heating circuit

Rapid heating is achieved by the manual discharge of a
high voltage, low inductance capacitance (0.1 UF) charged by a
Brandenburg M50/R High Voltage Generator through a 500 MQ
resistor. The discharge occurs when a spark gap is manually
closed. The current is carried by a short coaxial cable to the
cell and thence through the solution to earth. The sample
solution serves as the discharge resistance. Aluminium and iron
shielding are used to minimize electric and magnetic interference

of the spark with other electronic equipment.

The detection circuit

Changes in the absorbance of a solution are detected
by an optical bench assembly consisting of a lamp, monochromator,
sample cell and photomultiplier. The lamp used is a Phillips

type 7023, lOOW., quartz-iodide lamp securely mounted to the optical



Delay Trigger

g Differential. Amp.
— External Trigger

Moveable spark gap-

35kV - 0.1}UF Capacitor

Fig. 6-1. Schematic representation of the temperature-jump apparatus.
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bench with free floating leads to the power supply. Light

from the lamp passes through a Bausch and Lomb High Intensity
Grating Monochromator, (1350 grooves/mm) with entrance and

exit slits to minimize the passage of stray light, to the sample
cell. The transmitted light is detected by a photomultiplier,
type EMI 6256/B, powered from a Nuclear Enterprises Ltd. type

NE 5307 E.H.T. supply. Photomultiplier dynode accelerating
voltages have been kept low and some photomultiplier stages

have been shorted to the anode to reduce the gain while
maintaining a high light intensity without saturating the
photomultiplier. In this configuration the signal to noise ratio
is optimizeda. The output potential of the photomultiplier

(the signal) is fed into a cathode follower used to improve the
rise time of the connecting circuitry. The signal is then fed
into a delay switching device which is capable of grounding out

an initial portion of the signal to enable amplification of the
final portion. This device is similar to one described elsewhere®.
The modified or unmodified signal is then fed by coaxial cable into
the high gain differential amplifier of a Tektronix Storage
Oscilloscope, type 549 with a type 1AT7A time base. The
oscilloscope is triggered to record the signal (if necessary after
a delay prescribed) by an unshielded wire antenna connecting the
oscilloscope external trigger to the inside of the capacitor
discharge box. ?he resulting oscilloscope trace is recorded

on Polaroid P/N55 film mounted in a Tektronix Oscilloscope Camera

type C-12.

Sample cell
A cell for holding the sample solution has been designed
for use at elevated temperatures. The cell is similar in design

to those described by Blagrove9 with some modifications. A
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schematic diagram of the cell is shown in Fig. 6-2. The body

of the cell is made of polycarbonate (machining characteristics
of this polymer are given in Chapter VIII section 5.) which has

a higher resistance to temperature than the more commonly used
perspex which has been found to craze with prolonged exposure to
heat at 65°C. Polycarbonate also has a much higher heat distortion
temperature (1350C) than perspex (660C). The cell is filled
through injection ports in the top of the cell. A steady flow
of solution through the cell will remove small bubbles which
tend to collect in the corners of the sample space and disrupt
spectrophotometric measurements. The total volume of solution
needed is only slightly more than 0.5 cm®. If sufficient
solution is left in the injection ports no air leaks into the
cell after temperature perturbations. Some previously designed
cells have suffered from this disadvantage. The cell and
solutioﬁ are thermostated in a housing in the apparatus. It has
been possible to maintain the temperature of solutions to within
0.04°C of the desired temperature by pumping water at a fast rate
through the thermostating jacket from a large thermostated
reservoir. As the volume of the solution in the cell is quite
small, re-equilibration following a temperature perturbation is
essentially complete within five minutes: the thermal sink of

the cell electrodes assisting in the re-equilibration.

(¢) Calibration of the temperature rise

As indicated by equation 6-5. the temperature rise of a
perturbed solution is proportional to Voz. This fact may be
exploited to calibrate the temperature rise associated with a given

perturbation for a particular cell and ionic strength of solution

without explicitly determining the volume heated ( V ) or either



Fig. 6-2. Schematic representation of the small volume,
polycarbonate, temperature-jump cell.
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the density (p) or the specific heat of solution (cp).

A solution of phenol red in tris buffer at pH 7.4 is
preparedlo. The variation of absorbance (AA) of this solution
with temperature is then obtained in a spectrophotometer with a
thermostated cell housing. This variation may then be directly
compared with the variation in voltage output of the photomultiplier
when a sample of solution is perturbed by temperature Jjumps obtained
at differing discharge voltages. This is so because for small

changes (8V) in photomultiplier output (V):

I

) Io Io T -
AA = log — - log — = log-—L egn. 6-6.
I I I
T : T T
2 1 2
now, as I « V,
I
T T + OV v v
log L Jﬁi;; = log (1 + ) = egqn. 6-7
v - g .
IT VT T 2.303 VT
2 2 2 2

where Io, IT' and IT refer to, respectively, incident light on

the solution sample,2 the transmitted light at initial temperature
(Tl) and the transmitted light at the final temperature (Tz)' If
the initial temperature is known and all temperatures reached are
within the range covered by spectrophotometry, then it is possible
to produce a plot of temperature rise versus VOZ. The capacitor
is reproducibly charged for 250 seconds (that is, 5RC times of the

charging circuit). For the cell shown in Fig. 6-2. the temperature

rise for applied E.H.T. is shown in Fig. 6-3.



12+

10
84
=
4-
2

V. %10 (volt)

Fig. 6-3. The variation in temperature rise of solutions
contained in the cell depicted in Fig. 6-2.
with the second power of applied EHT.
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3. Preparation of solutions

As it is necessary to study the variation of relaxation
times with the concentrations of reactants at equilibrium it has
been found convenient to prepare solutions of 9AA and DNA and store
them frozen until required. Frozen storage of solutions has been
found to have no effect on their absorbance or on their melting
profiles when thawed. All solutions have been prepared by the
addition, by weight, of gquantities of 9AA solution, DNA solution
and neutral salt as required. This is mentioned in more detail
in the relevant sections for native and denatured DNA. Prior to
introduction into the temperature—jump cell the solutions are
thawed in an evacuated container which is also the container in
which they have been stored frozen. This "freeze-pump-thawing”
techgique effectively degasses the solution. Solutiong in the
temperature-jump apparatus must be degassed otherwise perturbation
induces the formation of microfine bubbles in the solution which
interfere with optical measurements and can disrupt even heating of
the solution by residing on electrode surfaces. Solutions are then
introduced into the sample cell by syringe. The cell is mounted
in the apparatus and thermostated as described in the previous
section.

Repeated temperature-jump perturbations are not observed
to have any measurable effect on the melting profile of SAA-DNA
solutions when compared with identical solutions which have not been

perturbed.

4. Bnalysis of relaxations times

In the course of experiments described in this Chapter
two types of chemical relaxation have been observed. There is

a chemical relaxation involving only a single relaxation time and
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a relaxation which can be fully described in terms of two, discrete

relaxation times.

(a) Single relaxation

It has already been demonstrated in equations 6-6. and
6;7. that there is a simple relationship between the change in
photomultiplier voltage and the change in absorbance of the
solution which caused it. Thus the change in photomultiplier
voltage may be taken as a direct measure of the change in absorbance
of solution which is, in turn, a measure of the shift in
equilibrium caused by the heating pulse (perturbation) .

In experiments yielding a single relaxation the relaxation

time (T) may be described by the expression:

-t
M, = AV e s

. egn. 6-8.

where AVt is the change in photomultiplier voltage from its rest
position (Vt_o) at time t after the initiation of

perturbation,

and AVO is the total change in photomultiplier voltage, that is,
(Vt=o - Vt= o) - Vt= o Must be assessed during the
period of stable elevated temperature, up to
approximately one second after the initiation of
perturbation. This instability of temperature after

about one second does limit the apparatus to the study

of reactions which go to completion within this time.

It is usual to assess AVO directly from the photographic record
and this is readily achieved if the signal is measured over a

period of at least 5T. Thus a plot of 1n AVt versus t will give

a straight line of slope —-(T) ! and-intercept Ay when t = o.
o
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An example of this plot is shown in Figure 6-4.
The slopes of plots produced in this way have been determined by
a Least Squares analysis of the most linear portion of the
graph. In very rapid relaxations some initial points have
been discarded where the heating time of the cell, being incomplete,
has reduced the observed response. Also points beyond 90%
completion of the relaxation have been discarded as these are
associated with an increasingly large percentage error as AVt

approaches the level of noise in the experimental record.

(b) Two discrete relaxations

In experiments where two discrete relaxations have
been observed and the relaxation times are separated by at
least an order of magnitude, a different method for evaluating
the T values has been used.

For two relaxations, the output of the photomultiplier

will vary in the following way, analogous to equation 6-8.

£ —E/%f s —E/%s

AV£ = AVOe + AVoe eqn. 6-9.
Where the parameters have the same meaning as before and where
the superscripts and subscripts f and s refer, respectively, to
the faster and slower relaxations observed.

The principal difficulty arises in attempting to
determine (AVE + sz) while still retaining a suitable scale
for measuring the faster relaxation. A plot of 1n Vt versus time
can be made if the observation is continued for about SIS and
from this plot it is possible to evaluate—('l’s)_1 from the limiting
slope of the plot at long times, where the faster relaxation is

complete. By subtraction of sze /Ars from AVy and replotting
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it is possible to evaluate the parameters Avi and-{Tf)“l.
Howevey this method is laborious, requires some degree of
subjectivity in estimating the region dominated by the slow
relaxation and in general leads to large errors in the
determinations of (Tf)—l.z'11

For this reason, in this work, a different method
has been used. The parameters in equation 6-9. have been
fitted to the experimental results by means of a non-linear
fitting program (NONLIN)IZ. A large number of experimental
points is measured from each photographic record of a chemical
relaxation: typically between 60 and 100. Measurement has been
facilitated by using a projected image of the photograph in an
OSCAR F/DCF Strip Chart and Film Digitizing System. This System
is a manually operated X-Y plotter which furnishes a resistance
output proportional to calibrated amplitudes. The analog
information is converted to digital values and given as an
automatic readout to an IBM Card Punch.

By uéing program NONLIN on data collected it has been
possible to fit the four parameters, sz, Tf, sz and Ig,
concurrently to the data presented from each photograph.
Furthermore, by a suitable choice of time scale in the photographs
of the signal arising from a perturbation, each of the relaxations
can be measured in isolation if only those regions where each
of the relaxations predominates is measured. In measuring the
slow relaxation in isolation the grounding switch described in
section 2 (b). of this Chapter has been used to "short out" the

large initial relaxation and permit amplification of the slower

and smaller amplitude relaxation.
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The results obtained from program NONLIN provide
good correlations between the T values derived from the fitting
of both relaxations simultaneously and independently to
appropriate photographs.

The experimental accuracy of the fitted parameters is
difficult to assess. Program NONLIN does provide a measure of
the reliability of fit; but this refers only to the record of a
single event (the signal) which does, itself, have errors associated
with experimental variables. In these éircumstances the best
measure of accuracy is the reproducibility of results. For this
reason in the work described measurements have usually been
taken for a number of photographic records of perturbations at

each experimental concentration and temperature.
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PART B - 9-AMINOACRIDINE AND NATIVE DNA

5. A temperature-jump study of 9AA and native DNA solutions

(a) Preparation of solutions

All solutions have been made up in O.1M NaCl. A stock
solution of 9AA/native DNA has been prepared by the slow addition,
with gentle stirring, of a 9AA solution of accurately known
concentration to a native DNA solution of a known concentration.
Rapid addition of 9AA to DNA solutions sometimes causes
precipitation of a complex. All solutions have been weighed and
it is therefore possible to determine the concentration of SAA
(TL) and DNA (TA) in the stock solution.

As discussed in Chapter IV some of the 9AA will exist
in solution at equilibrium as the free cation (59AA)' With
an experimentally determined Langmuir Isotherm at the appropriate
temperatufe and a knowledge of Eg_and either TL or TA’ it is

Ta
possible to calculate the extent of binding, r,in the stock

solution. The extent of binding, r, is the number of 9AA cations

bound per nucleotide phosphorous. Once r is known it is possible
_to obtain the value of C9AA’ as:
Conn = TL - rTA eqn. 6=10. (= egn. 4-9.).
or T c
EE- = 3AA + egqn. 6-11.
A A

Thus there will be a unique value of E9AA and r on the Langmuir

Isotherm at which eqn. 6-11. is satisfied for the stock solution.
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If the stock solution is now diluted by a solution of 9AA at

concentration c esent in the stock solution then r will

oan P¥
remain constant in the diluted fraction. Langmuir Isotherms
generated from the experiments described in Chapter IV have been
obtained at 45°C, 55°C and 65°C and together with the known
concentrations of 9AA and DNA in the stock solutions have been
used to prepare, in the manner described above, a series of
solutions of known concentration of DNA and 9AA which have a
constant r when at the required temperature. Dilution of the
stock solution of 92A and native DNA by neutral salt alone would
have produced a series of solutions of deéreasing r with
increasing dilution. This may have presented problems in the
interpretation of results obtained from the temperature-jump
experiments if the values of r for the solutions perturbed were

to have fallen outside the observably linear portion of the

experimentally obtained Scatchard plots.

(b) Experimental

The solutions prepared as in sectiocn 5 (a). have been
degassed, introduced into the temperature-jump cell and
thermostated at the required temperature, as outlined in section 3.
of this Chapter. Solutions have been perturbed by a discharge
which produces a 10%¢ temperature-jump, with final equilibrium
temperatures of 45°C, 55°C and 65°C. Photographs of oscilloscope
traces which record the signals of the photomultiplier responses
resulting from absorbance changes on heating have been measured

as described in section 4. of this Chapter.

(c) Results
The measurement of the concentration dependence of discrete

relaxations may give, for simple systems, unambiguous information
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on rate constants and reaction mechanisms®. The concentrations

which must be known are the concentrations of reactants at
equilibrium. For 9AA and native DNA these are, respectively,
the free 9AA concentration (E9AA) and the number of free binding
sites (EDNA)' While the former of these is readily determined,

as discussed in section 5 (a)., the latter needs to be discussed

further.

It has been shown in Chapter IV that the binding of 9AA

to native DNA is of an anti-cooperative nature. Thus,while the
limit of complex I binding is not reached until an r value of

r = 0.25, the free energy change associated with the binding is
substantially reduced at r values well below r = 0.25. Those
binding sites which behave as isolated sites with a free energy
of binding (or intrinsic association constant) independent of r
are restricted to the initial linear fraction of the Scatchard
plot (see Figure 4-14.). The extrapolation of this linear
portion of the Scatchard plot to the r axis gives a value of n

associated with the form of binding described by the equilibrium:

k
free 9AA + free isolated binding site E%%écomplex I egn. 6-12.
21 (Z eqn. 4-15.)

where the concentrations of reactants are:

free 9AA = c9AA

free isolated binding site = (n - r) T egns. 6-13.

A

complex I = r TA

Hence the equilibrium concentration of binding sites, EDNA’ is:
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EDNA = (n - r)TA eqn. 6-14.
for a solution, with extent of binding r, within the initial
linear portion of the Scatchard plot, and of total DNA concentration
TA; and where n is the limiting value of the linear portion of
the Scatchard plot at the appropriate temperature (Table 4-3.).

In previous papersz'la’l'+ Crothers and co-workers have
avoided defining n by nominating the nuwmber of potential binding
sites per nucleotide phosphorous residue as unity. This requires

that a new equilibrium constant be defined which is some

(unknown) fraction of the true value. In a similar way
equilibrium measurements may be redefined. This method has
been adopted elsewherell'ls. While this method does allow for

a comparison of equilibrium and kinetic measurements it gives
neither a true measure of second order rate constants!* nor,
therefore, the absolute magnitude of equilibrium constants

as the standard state of DNA reactant is undefined. Furthermore,
thermodynamic measurements determined from the variation of
equilibrium constants with temperature become open to doubt if

n is a function of temperature; for it must be assumed in oxder
to obtain thermodynamic values by this method that n is invariant
with temperature.

Typical oscilloscope records of chemical relaxations
following rapid temperature perturbations of 9AA/native DNA
equilibria are shown in Fig. 6-5 (a)., (). and (c). On first
inspection these appear to indicate a single relaxation response
and this has been borne out by an analysis of the variation of the
logarithm of the amplitude of tﬁe response with time as described

in section 4 (a). of this Chapter. This variation is linear



Fig. 6-5.

Chemical relaxations of a solution of 9AA and
native DNA perturbed by a 10°C temperature
rise to a final temperature of 65°C. r = 0.066

(a) 20 usec/cm (major division, horizontal axis)
100 mV/cm  (major division, vertical axis)
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T e—

throughout the range of concentrations and temperatures studied. ﬁ“
This implies that the relaxation process can be assigned to a
single relaxation. The single relaxation has an associated
relaxation time (7). The concentration dependences of the inverse
rélaxation times (15'1 with equilibrium reactant concentration

(

®5an + EDNA) are .given in Fig. 6-6. for the three temperatures
studied. The extent of binding,r,is also given for each
temperature; the solutions studied in any particular series

of experiments being at constant r as described earlier. Scatchard
plots of 9AA and native DNA at these temperatures have been

given in Chaéter IV and indicate that at the r values used in

these temperature-jump experiments the complex is that existing

in the simple equilibrium described by equation 6-12.

3

Tt has been shown® that for a single bimolecular

process at eguilibrium of the type shown in equation 6-12, the

relationship between the forward (k 2) and backward (k )
1 21

rate constants and the inverse relaxation time arising from

perturbations of the equilibrium may be described thus:

%—= k + k (equilibrium reactant concentration) egqn. 6-15.
21 12

1] 1} — . L] _ + - E = .
Thus in Figure 6-6. the intercept at (cDNA C9AA) o yields

a value of k and the slope is egual to k for the reaction.
21 12

k
12

free 9AA + free isolated binding site izt complex I egn. 6-12.
21

The values. of the kinetic parameters evaluated from data presented

in Fig. 6-6. are given in Table 6-1.



Filg. 6-6. Variation of the inverse relaxation time (t~hH

with the concentration of equilibrium reactant
for 9AA and native DNA in 0.1 M NaCl.

(@) 45°C : r
(m) 65°C :r
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TABLE 6-1

Rate constants for the bimolecular reaction between
9AA and native DNA in O.1M NaCl.

Temp. °c) klz(M'lsec'l) k21(sec'1) kM)

45 4.13(S.E.0.14)x 10°%[7.13(S.E.0.9 )x 10°|5.79 x 10"

55 4.49(S.E.0.24)x 10°%|1.34(S.E.0.17)x 10%|3.35 x 10%

65 5.54(S.E.0.29)x 10%|2.34(S.E.0.28)x 10% |2.37 x 10*

The value of the equilibrium constant k M"Yy which is equal

to:
k
k = 12 egn. 6-16.
k
21
is also given in Table 6-1. The Standard Errors given in the

table refer to a Least Squares analysis of the data points only:

as described in section 4 (b). There will be a further
contribution to errors involved arising from experimental variations.
However,additional errors are not very large, at their greatest

they are of the same order as those already quoted and do not
significantly influence the discussion of results. Therefore,

only Standard Errors arising from scatter in results will be

considered.
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From the variation of equilibrium constants with
temperature it is possible to calculate the thermodynamic
parameters which define the equilibrium, as described in Chapter IV.
The Van't Hoff plot for the determination of the enthalpy of
reaction (AHO) is shown in Fig. 6-7. The values of AHO, together
with that of the entropy of reaction (ASO) calculated by using
equation 4-19. are given in Table 6-2. Table 6~2. also includes
the values of the same parameters for the reaction measured by

equilibrium techniques (spectrophotometry) described in Chapter IV.

TABLE 6-2

Enthalpy and entropy changes for the reaction of 9AA
with native DNA in O.1M NaCl

Temperature—-jump Equilibrium
method spectrophotometry
AR® (kJ/mole) -39.7 (S.E.4.2) -35.2 (S.E.0.8)
As® (3.deg. 'mole ) -33.5 (S.E.17) - 9.6 (S.E.5.0)

A plot of the natural logarithm of a rate constant for
a process as a function of inverse temperature (OK_l) yields a
straight line with a slope which is equal to ETZ = 12.6 kJ/mole
#

and E = 52.3 kJ/mole. These results are consistent, as is
21

expected, with the enthalpy values given in Table 6-2. as :

E - E = AU = AH eqn. 6-17.



Ink

11-0-

10-81

10-6+

10-4+

10-24

10-0 ; . ; 1 . -
2:9 3-0 31 3-2

_.}.— x10° (’K")
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native DNA in 0.1 M NaCl. Equilibrium constants
evaluated from rate constants determined by the
temperature-jump method.
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Plots of the logarithm of the rate constants
for the forward rate, ko (Fig. 6-8.(a)) and
for the backward rate ko, (Fig. 6-8.(b))
against the inverse absolute temperature to
evaluate the activation energies for each of

the processes: 9AA and native DNA in 0.1 M
NaCl.
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for reactions in solution.

(d) Discussion

The observation that the chemical relaxations arising
from perturbations of equilibria between OAA and native DNA can
be described by a single relaxation process is in marked contrast
to previously published reports on the interaction of proflavine
with calf thymus DNA? and polyA—polyU13 (reviewed in Chapter III).
In these papersz'13 two discrete relaxations have been observed
and an appropriate two step mechanism proposed (mech. 3-1. -

reproduced below).

k k
P + DNA = —
— (P)OUT o— (P)IN mech. 3-1.
k k
21 32

Mechanism 3-1. has been widely adopted as the general mechanism
for intercalation.

More recently,Ramstein gg_gl}l, in temperature-jump

INR

studies on the interaction of proflavine with M. 1ysodeikticusk
have observed only a single rapid relaxation. Ramstein EE_EE}I
have chosen to explain their observations of a single relaxation
by suggesting that observed differences between equilibrium
constants determined by equilibrium spectrophotometry and the
temperature~jump technique are due to the presence of another,
unresolvably small, relaxation corresponding to the slow step
in mechanism 3-1. In this way it is possible to generate an
equilibrium constant for the unresolvable slower step as Li

and Crothers’? have shown that the relationship between the

equilibrium constants is:
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K (spectrophotometry) = K (L+K ) egn. 6-18.
12 23

where the Ks are equilibrium constants such that:

K = % (intrinsic association constant)
k
12
K = —= egqns. 6-19.
12 k e
21
k
23
K = =
23 k
32

where the rate constants refer to those in mechanism 3-1.
However:the eéuilibrium constant, Kza' generated in this way
is very small, K23 =~ 0.25 in reference 1l1. This implies that the
majority of the bound proflavine exists in what Ramstein gg_gl}l
have called the "outside" bound species. At the r values
used in these experiments11 this outside bound species cannot
be the electrostatically bound complex II of mechanism 3-1l., as
it has been well characterized that almost all the proflavine
pound at low r is intercalated. Ramstein gg_gl}l have indicated
that the "outside" bound form may be another intercalated form
of the proflaVine. They have further suggested that this
quasi-intercalated form of proflavine may be base specific as
da
it is apparent in M. 1ysodeikticusA(GC content : 72%) but not,
DA

or to a much lesser degree, apparent in calf thymusL(GC content 42%).

In the temperature-jump work described in this Chapter
a single relaxation has been observed for perturbations of 9AA and
E.coli DNA (GC content 50%); thus, although no comparative study

on DNAs of lower GC content has been carried out, it seems unlikely

that the interaction of 9AA with DNAs of lower GC content would
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yield two detectable discrete chemical relaxations. This
throws inté doubt the necessity of introducing for 9AA the base
specificity suggested for proflavinell.

It is true that, as with the results of Ramstein gﬁ_illl,
there is a discrepancy in the values of the equilibrium constants
determined by spegtrophotometry (Table 4--3.) and the temperature-
jump technique (Table 6-1.) for the interaction of 9AA with
native DNA. The former method yields a value greater by a
factor of 3 at each temperature than the latter method. If the
proposition of Ramstein gz_gi}l is invoked, that an immeasurably
small amplitude relaxation occurs then the value of K obtained

23

from equation 6-18. is, K23 = 2. This would imply that
approximately 33% of the bound 9AA exists as an outside bound
form described by mechanism 3-1. While at this time it has
not been possible to definitively account for the discrepancy
between-equilibrium constants measured by spectrophotometry and
the temperature-jump method the model of Ramstein gE_gl}l of

another quasi-intercalated complex is unacceptable for 9AA for

two reasons.

(1) Evidence of internal linearity of spectra (Chapter Iv)

at the r values studied in the temperature-jump experiments

indicates that there are only two speétroscopically distinct

forms of 92A in equilibria between 9AA and native DNA.

These are free 9AA and bound 9AA. Furthermore, viscosity

16 pave shown that this bound

and sedimentation studies
form of 9AA is unquestionably intercalated. The
presence of another bound form of 9AA constituting 33%

of the total 9AA bound would be expected to remove

internal linearity in the spectra.
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(2) The value of the thermodynamic parameters of the
equilibrium derived from the single relaxation are in
good agreement with values of the same parameters obtained
from equilibrium studies (Table 6-2.). In a sequential
reaction it would be expected that the enthalpy and
entropy of reaction for the overall reaction (as
measured by equilibrium spectrophotometry) would differ
from the same parameters for the first step only, unhless the
values for the second step are zero within experimental

error. Which, in the limit, becomes a trivial case.

There is a superficial resemblance between the first
step of the Li and Crothers2 two step mechanism (mech. 3-1.) -
the formation of complex II - and the equilibrium proposed for
the interaction between 9AA and native DNA based on the observed
single relaxation. This is so especially as the rate constants
for the forward reaction are approximately the same for proflavine
and DNA, and 9AA and DNA (see footnote). The activation energies
are also similar. However, the feature which unambiguously
distinguishes the two processes is the entropy of reaction, which

in the bimolecular process of mechanism 3-1. is large and negative

Footnote:

Although the values of k quoted by Li and Crothers?
are approximately a factor of 30 12 jower than those recorded
in this work (Table 6-1.), the values of the rate constants are
nearly the same. This is so because in the paper of Li and
Crothers k is actually an apparent rate constant (k
related 12 {6 the true rate constant, k , by the
relationship: 12

)
12 ,8PP

k - k =
12 ,app [(1—r)TA + C9AA] = 32 [(n—r)TA + C9AA]

where n = 0.12 and r is very small. Also,othe results quoted in
reference 2 are at temperatures at least 20 C below those given
in Table 6-1.
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(AST2 ~-77 J.deg.“lmole'l)z, a result to be expected from a
purely ion pairing process; whereas the bimolecular process of
equation 6-12. has an entropy of reaction which is small and
negative, As® = -33.5 J.deg.'dmole‘l:“ a result which is
consistent, as mentioned egrlier, with the overall equilibrium
measurement and, incidentally, in good agreement with the overall
entropy change for the two step process for proflavine and DNAZ
leading to intercalation (AST2 + ASZ3 = -28.4 J.deg.”lmole‘l).

Tn conclusion, therefore, it appears the intercalation
of 9AA into native DNA can be explained by a single step mechanism
without the necessity of postulating the presence of an intermediate.
This is in contrast to the results of Li and Crothers? on
interaction of proflavine with DNA which has been described in
terms of a two step mechanism. The first rapid step being the
formation of an outside bound, ion-pair (complex I1), followed by
a conformational change of the DNA concurrent with intercalation.
There may be intermediates required in the interaction of 9AA with
native DNA, however, these are not present in detectable quantities.
The important observation is that, at the elevated temperatures
studied, the intercalation process is apparently achieved by a single
step bimolecular reaction which is at least as fast as that observed
for the formation of the intermediate (complex II) in the two
step mechanism 3f1. The thermodynamic parameters, AEC and As®
for the single step reaction measured by perturbation techniques
are consistent with the same parameters determined by equilibrium
spectrophotometry (Table 4-4.). These are, in turn, in agreement
with previously published results‘for similar reactions measured

by equilibrium methods!?’1® and for the overall reaction measured

by the temperature-jump techniquez. Thus it can be stated that
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at elevated temperatures the structure of native DNA is such that
a conformational change of the DNA is not a pre-requisite orx
concomitant requirement for the intercalation of 9AA to occur.
Presumably, flexion®? in the structure of DNA is sufficiently
great to allow the rapid intercalation of 9AA with its well
characterized spectral, thermodynamic, and structural effects,

without a detectable intermediate.
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PART C - 9-BMINOACRIDINE AND DENATURED DNA

6. B temperature-jump study of the interaction of 9AA with
denatured DNA

(a) g;gparation of solutions

All solutions have been made up in 0.1M NaCl. A stock
solution of 9AA and denatured DNA has been prepared by the slow
addition, with gentle stirring, of a 9AA solution of accurately
known concentration to a solution of denatured DNA of known
concentration. The denatured DNA has been prepared by the method
described in Chapter II. Both solution aliquots have been
weighed and it is therefore possible to détermine the concentrations
of both 9AA (TL) and DNA (TA) in solution.

In this series of experiments dilution of the stock
solution has been carried out by the addition of 0.1M NaCl in
weighed aliquots to weighed quantities of the stock solution.

Tn a manner analogous to that described in section 5 (a). of

this Chapter it is thus possible to calculate T and E9AA
unambiguously from a knowledge of TL/TA’ TL or TA and the Langmuir
Isotherm for 9AA and denatured DNA at the appropriate temperature
(Figs. 5-10 (b)., 5-11 (b)., 5-12 (b).). Dilution with 0.1M NaCl
means that the value of r differs in the various diluted fractions
of the stock solution. The value of r becomes smaller with
increasing dilution. The way in which r changes with dilution
of the stock solution is shown in Fig. 6-9 (a).(b). and (c).
~Figure 6-9 (a). (). and (c). gives the value of r as a function

of the extent of dilution of the stock solutions prepared for the
temperature—jump analysis of 9AA and denatured DNA solutions at
temperatures 450C, 55°C and 65°C. A comparison with the
Scatchard plots at the appropfiate temperature (Figs. 5-10 (a) .,

5-11 (a). and 5-12 (a).) shows that all dilutions of the stock
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solutions have resultant r values in the region of the Scatchard
plots which are substantially linear and which have been used to
determine both the intrinsic association constant and the number
of binding sites pertaining at that temperature. It is therefore
assumed that for these solutions the kinetic parameters will be
independent of the r value as it is implicit in the linearity

of the Scatchard plot that there are no significant interactions
between the bound 9AA molecules. All the binding sites are
therefore considered to behave as isolated binding sites (vide:

the discussion in Chapter IV on anti-cooperativity).

(b) Experimental

The experimental work was carried out as outlined
in section 5 (b). of this Chapter and described earlier in this

Chapter.

(c) Results

In a manner analogous to that described in section 5 ().
of this Chapter, the concentration of reactants at equilibrium has
been determined in the following way. Knowledge of the extent
of binding, r, calculated in section 6 (a). yields the
concentration of free 9AA in solution at equilibrium from equation
4-9.

As before, the concentration of free pinding sites is

calculated from equation 6-14., restated below.

DNA (n -~ ) 9 egn. 6-14.

Qi

where n is considered to be the number of binding sites per DNA
phosphate residue which is consistent with the equilibrium defined

by equation 6-12., where the "free isolated binding site" is now the
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binding site on denatured DNA, and for which the equilibrium
constant is the intrinsic association constant given by the
straight line portion of the Scatchard plot. The values of n
are those which appear in Table 5-3.

Typical oscilloscope records of chemical relaxations
following rapid temperature perturbations of 9AA/denatured DNA
equilibria are shown in Fig. 6-~10 (a).{b). and (c). It is
immediately apparent that in contrast to chemical relaxations
of 92A with native DNA where only a single relaxation is
observed, chemical relaxations of 9AA and denatured DNA involve
more than one relaxation. -

Program NONLIN has been used, as described in section
4 (b). of this Chapter to determine the relaxation times associated
with the chemical relaxations. It has been found that the
chemical relaxation can be expressed as the sum of two discrete
relaxations; the more rapid of which has a relaxation time (Tf)
of the order of 50 usec. and the slower relaxation time (TS) of
about 1 msec. There is no significant improvement of the fitted
curve to the observed signal if a larger number of exponential
terms is tried. The concentration dependences of these
relaxation times are shown in Figs. 6-11. and 6-12. which show,
respectively, the dependence of If on the concentration of
equilibrium reac#ant, (EDNA + E9AA) and the dependence of T, on
the same concentration. It is apparent that the two relaxations
observed for the interaction of 9AA with denatured DNA do not arise
from a sequential reaction of the form described by mechanism 3-1.
and which has been shown to be valid for the interaction of éroflavine
with native DNAZ. For, although the inverse of the rapid
relaxation time (Tf)_1 is linearly dependent on the concentration

of equilibrium reactant, the slower relaxation is independent of



Fig. 6-10.

Chemical relaxations of a solution of 9AA and
denatured DNA perturbed to a final temperature
of 65°C, r = 0.046

(a) 20 psec/cm (major division, horizontal axis)
100 mV/cm (major division, vertical axis)

(b) 200 usec/cm
100 mV/cm

(c) Delayed trigger record; the first 200 ysec
have been shorted out enabling amplification
of the slower relaxation.

1.0 m sec/cm
.20 mV/cm

(A typical photographic record showing optical
interference from a bubble in the sample

space)
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The variation of the inverse relaxation time

for the more rapid relaxation observed in
perturbations of equilibria between 9AA and
denatured DNA in 0.1 M NaCl on the concentration
of reactant at equilibrium.
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Fig. 6~12. Variation of the inverse relaxation time for
the slower relaxation observed for perturbations
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reactant at equilibrium.

(®):45°C, (a):55°C, (m):65°C.
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equilibrium reactant concentration. In a two step mechanism

composed of a rapid bimolecular interaction followed by a slower

molecular rearrangement, as in mechanism 3-1. the slower relaxation

has an inverse relaxation time of the form:

-1 ( ]
-k23 ﬁequlllbrlum reactant) eqn. 6-20.

T
= + = T
s kaz ]_/K12 + Uequilibrium reactant)]

where the rate constants and the equilibrium constant refer to
those in mechanism 3-1. and have been defined previously. It is

true that at high concentrations of equilibrium reactant the

inverse relaxation time becomes independent of concentration, thus:

®i=

T -1 o x + k as [}equilibrium reactant)] >>

s 32 23 12

However, it can be readily shown that for appropriate values

of K which may be extracted from Fig. 6-11. significant

12
concentration dependence of the inverse slower relaxation time

(Ts_l) should be observed in Fig. 6-12. This is not so and

therefore mechanism 3-1 is not an appropriate reaction scheme for

the equilibrium (see footnote).

Footnote:

The slow relaxation could be virtually concentration

independent in mechanism 3-1. if k >> k ; i.e. (T )"tk .
32 23 s 32

However this would require the equilibrium concentraéion of
complex I (in mechanism 3~1.) to be very small. Temperature

perturbations would then yield no measurable shift in concentration.

This is certainly not the case experimentally where the slow
relaxation is clearly associated with a significant change in

absorbance.

%h

iR - e
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(c¢) (i) Proposed mechanism e

The following mechanism is proposed for the interaction

of 92A with denatured DNA at low r values.

k k
3 1 "
DNA (non binding site) == DNA (binding site)+ free 9AA — Complex I 1
k k ;
L 2
c c c c I
L 2 1 3 )

(mech. 6-1.}

For the purpose of simplifying the notation for the derivation of
relaxation times to be expected from this mechanism the equilibrium

species are numbered thus:

(] free 9AA concentration in solution

c the concentration of isolated denatured DNA binding -;
site - entirely equivalent to that proposed for the
equilibrium process defined by equation 6-12. for

denatured DNA
c the concentration of the complex existing at low x
c the concentration of DNA unavailable for binding:

the nature of this species will be discussed later.

Equations describing chemical relaxations due to
perturbations of'equilibria described by mechanism 6-1. can be

derived as follows. The rate laws for mechanism 6-1. are:

dc

—L = k¢ - kcec eqn. 6-21.

at 2 3 1 2 2

dc

—*% = xc¢ = kec egn. 6-22.
L 2 3 4

dt
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where the derivative is with respect to time and c,; refers to the
] . .th . . .
instantaneous concentration of the 1 species defined earlier.

The following conservation relations apply:

Ae. = =Ac
1 3
egns. 6-23.
-Ac = Ac + Ac
2 3 "
Now, if ¢, = ¢’ + Ac, vwhere:
i i i
. . .th 3
ci = instantaneous concentration of the 1i speciles
o . . s . . .th .
c, = final equilibrium concentration of the 1 species
Aci = time dependent instantaneous concentration change

then for small perturbations the differential equation 6-21.

may be written:

d (G +A )=k (¢ +Ac) -k (¢ + Ac ) (c? + Ac)) eqn. 6-24.
—'"1 1 2 3 3 1 2 2" 1 1

dt

As E: is constant and the principle of microscopic reversibility
requires that kZE; B kIE'E' :

1 2

dAc; = kAe -k c’Ac -k c’Ac egqn. 6-25.
ac 2 3 12 1 11 2

where, for small perturbations, the product k Ac Aczrhas been
1 1

neglected. Similarly equation 6-22. may be expressed:

dAc
dt

y = kuAc2 - kaAcu egn. 6-26.
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Substitution of the conservation relations, equations 6-23,

into equations 6-25. and 6-26. gives:

~-dAc [k (e +¢7) +k ] Ac - [k E'] Ac eqn. 6-27.
y = 11 2 2 1 11 4
T dt
and
—dAcu = -k Ac + [k + k ] Ac eqn. 6-28.
3t y 1 3 4 N

The coefficients of the time dependent concentration changes

may be abbreviated and the equations 6-27. and 6-28. rewritten:

-dAc

1 = a Ac + a Ac egn. 6-29.
v 11 1 12 &
-dﬁch = a Ac + a Ac egn. 6-30.
ac 21 1 22 4

These equations form a set of coupled, first order, linear
homogeneous differential equations, the solutions to which are
the sums of exponential terms, the number of terms being equal
to the nunber of independent rate equations. ?hus the solutions

can be written:

Ac = A e + A e eqn. 6-31.

Ac = A e +° A22e egn. 6-32.
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The condition for a non trivial solution can be shown to be:

] h
a “ = a
11 T 12
=0 eqn. 6-33.
a a -1
21 22 T
Equation 6-33. may be expressed as:
1)2 1
= - (a +a )=+ (a a -=a a )=0 eqn. 6-34.
T 11 22" T 11 22 12 21

this is a quadratic eguation, the solutions of which are:

%..
(a +a ) 1+ f1-4(a a - a a ;\
22 11 22 12 21

]

edn. 6-35.

A |-

2
1r2 (a +a )

It is reasonable to assume by analogy with the results obtained
for the system of 9AA and native DNA that the faster relaxation
is associated with the bimolecular step resulting in the
formation of complex I. Then the slower relaxation may be
associated with the pre-equilibrium between thé binding and
non binding sites. In this situation the presence of discrete
relaxations indicates that kl, k2 >> k3, kl+ by a factor of at
least 20. Hence a11 >> a and thus the roots of equation

22

6-35. simplify to:
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1
I a11 egn. 6-36.
1
and:
)
1 a 1 -/1~-4(a a -a a
= i 211 11 22 12 21 eqn. 6-37.
2 (a )2
11
now for a quantity x << 1,
% . ‘
(1 - x) = (1 - 50 eqn. 6-38.

and using this approximation in equation 6-37. the expression

simplifies to:

1
- o=a - & N en eqgn. 6-39.

2 22 a
11

Thus the two roots of the gquadratic equation,namely, equations
6-36. and 6-39.,can be expressed by resubstituting the coefficients

of equations 6-27. and 6-28. as:

~ k (c© +c) +k egqn. 6-40.
1.1 2

and:

y ~ k +k 1l - cl eaqn. 6-41.
T 3 L
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or:
1 c” + K
T %k tk 2 21 eqn. 6
S 'c':p+ EJ+K
1 2 21
where:
K =k eqn. 6
21 _2
k
1

Hence, for mechanism 6-1. two relaxations are observed, one of
which is linearly dependent on the reactaét cpncentration at
equilibrium of the bimolecular step, and the second of which
is described by equation 6-42. This mechanism can now be

discussed as it pertains to the reaction between 9AA and

denatured DNA.

(c) (ii) Rapid relaxation - results

-42.

-43.

In mechanism 6-1. the free 9AA, DNA binding site and

complex I are entirely equivalent to the same species in
equation 6-12. as it applies to 9AA and denatured DNA.

That is:

1 9AA
¢ = ¢ =(n-1T .
c2 - (n = r) . eqns
c’ = rT

k

L

k
2

Thus the equilibrium constant K = in mechanism 6-1. is
12

‘'

equal to the overall equilibrium constant determined by

6-44.
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spectrophotometry, k (the intrinsic association constant).

The rapid chemical relaxation observed is associated with this
rapid bimolecular association reaction step. From Fig. 6-11.
the rate constants k1 and k2 at the temperatures studied can be
determined from the slope and intercept of the straight lines
through the experimental points at each temperature. These
rate constants, the equilibrium constant K12 and the same

equilibrium constant (k) determined by equilibrium spectrophotometry

(Table 5-3.) are shown in Table 6-3.

TABLE 6-3.

Rate constants and equilibrium constants determined by
the temperature-jump method for the rapid relaxation
(922 and denatured DNA in O.1M NaCl)

Temp.(OC) k Mlsec™) kz(sec'l) K12(M°1) k (M7
1
(perturbation) | (equilibrium)

45 [2.52 x 10° 6.31 x 10° 4.0 x 10" 5.40 x 10"
(S.E.0.18) (8.E.1.8) (s.E.2.0)

55 [2.85 x 10° 1.30 x 10" 2.2 x 10" 3.61 x 10"

- (S.E.0.29) (S.E.0.15) (S.E.0.5)

65 [2.72 x 10° 2.52 x 10" 1.10 x 10% 1.36 x 10"
(S.E.0.25) (S.E.0.28) (S.E.0.2)

The data in Table 6-3. show reasonable agreement between the

results obtained by perturbation and equilibrium methods.

The Van't Hoff plot for the variation of 1nK with inverse
12

temperature is shown in Figure 6-13.

The slope of the straight

line gives the enthalpy of reaction for this reaction step,

(o]
AH™ .
12

In a manner described earlier, the entropy for the
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from rate constants for the rapid bi-
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reaction step (ASOZ) can also be calculated. A comparison
1

of the results obtained by the temperature-jump method and

those obtained by equilibrium spectrophotometry is given in

Table 6-4.

TABLE 6-4.

A comparison of the enthalpy and entropy of reaction
for 92A and denatured DNA in O.1M NaCl determined by
equilibrium spectrophotometry and the temperature=-jump

technique.

temperature-| equilibrium
Jump method spectrophotometry
AHOZ(kJ/mole) -58 (S.E. 4)] AH? (kJ/mole) -56 (S.E. 6)
1
ASSZ(J.deg.-lmole -1y1-94 (s.E.13)| As® (J.deg mole "!)| -88 (8.E.17)

The energies of activation for the forward (kl) and reverse

(k2) rate processes can be obtained from the plot of the
logarithm of the rate constant versus the inverse temperature.
These plots are shown in Fig. 6-14. The value of the activation

#

energy for the forward process is low (E12 = 4 kJ/mole), but is
large for the reverse process (Ej = 61 kJ/mole). These are in
1

agreement with enthalpy data as required by equation 6-17.

(c) (iii) Rapid relaxation - discussion

The interaction of 9AA with denatured DNA has been
shown to yield characteristics of an intercalation process (Chapter
V). The free energy of the reaction is large and negative, the

spectral shifts are characteristic of the interaction and the



Fig. 6-14. Arrhenius plots for the forward (k;») and
backward (ky;) rate processes in the
bimolecular association of 9AA with denatured
DNA in 0.1M NaCl. Evaluation of activation
energies for the processes,
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thermodynamic parameters are consistent with the proposed model.

The temperature-jump results just described (section
6 (c) (ii).) are in agreement with these observations for the
mechanism of the interaction which has been proposed (mech. 6-1.).
In particular, the rate constants are very similar to those
observed for the interaction of 9AA with native DNA. They
are characterized by a very rapid forward rate (kl) with a
slower back reaction (kz) producing a large equilibrium constant
for the reaction which is in good agreement with equilibrium
measurements.

Tt is therefore proposed, in common with the
proposition for native DNA, that the interaction between 9AA
and denatured DNA produces an intercalated 9AA complex without
a detectable intermediate. This intercalated 9AA moiety is
presumably located between single strand, base-stacked
nucleotide bases (see Chapter V).

The thermodynamic parameters for the interaction are
in good agreement with the model described in Chapter V.
The reaction is "enthalpy driven", that is, the formation of
bonding interactions is the driving force in the reaction.
These are sufficiently large to overcome the significant
decrease in entropy due to the additional ordering effect of the
intercalation process on the single strand, base-stacked
structure of denatured DNA, and still produce a favourable free
energy change for the reaction.

The energy of activation for the forward rate process
(Efz)_is significantly lower than that observed for the formation
of the complex from the analogous bimolecular association of 9AA

with native DNA. This may be a consequence of the relatively more
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open structure of denatured DNA, unconstrained by base pairing
compared with native DNA, facilitating insertion of the 9AA cation

between the nucleotide bases.

(¢) (iv) Slow relaxation -~ results

The slower relaxation arising from perturbations
of equilibria defined by mechanism 6-1. has an inverse relaxation

time described thus:

~ k +k 2 21 egn. 6-42.
3 L

It is generally true at low r that the value of EI = EQAA

is very small, as most of the 9AA exists in the bound form in view
of the favourable equilibrium constant. It is certainly true
that in all the solutions perturbed for which the results

are shown in Figs. 6-11. and 6-12. that E; < E; by a factor of

at least 5. Thus, for these solutions, equation 6-42. reduces to:

Al

~ k +k eqn. 6-45.
3 L

It is now necessary to try and separate these rate constants.
The principle of microscopic reversibility requires that for

mechanism 6-1.

ke = ke eqn. 6-46.

Thus equations 6-45. and 6-46. may be expressed:

-

E - x)e© = ke eqn. 6-47.
Ts TP L 2
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In equation 6-47. both k and ¢” are unknown and so there is no
L L
unique solution to the equation. This means in physical terms
that the values of k (and hence k ) will depend on the units
b 3

of concentration used for DNA in the equilibrium:

k
3

DNA (non binding site) iﬁ DNA (binding site) eqn. 6-48.
i .

If the following conservation relation is used:
¢’ + ¢ + ¢ = concentration of DNA phosphate egqn. 6-49.

then it is possible to extract values for X and k in the
3 L

following mannexr. From equations 6-44. it follows that:
c” = (1 -n)T eqn. 6-50.
y A

whence, substitution of egquation 6-50. and equations 6-44.
into equation 6-47. gives:

1

(= -k)@-n) = k (n-rx) egqn. 6-51.
T 4 L

S

The experiments with 9AA and denatured DNA were not carried out
at constant r. However, as (n - r) is significantly less than
(1L - n), the use of a median value of ¥ for the solutions used
(from Fig. 6-9 (a). (b). and (c).) and the appropriate value of
n for the temperature, does enable a good estimate of ku and
hence k3 to be made from equation 6-51. Table 6-5. gives the
values of the rate constants calculated in this manner. The

equilibrium constants and the thermodynamic parameters calculated

from them, for the eguilibrium described by equation 6-48.,are
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also given in Table 6-5.

TABLE 6-5.

Rate, equilibrium and thermodynamic data for the
slow pre-equilibrium between binding and non binding
sites of denatured DNA. (egn. 6-48.)

temp (°C) 45 55 65
kq (sec 1) 3.7 x 10°? 6.7 x 102 9.6 x 10?
k (sec™}) 0.8 x 107 1.0 x 102 1.1 x 102
3
k
K =2 0.22 0.15 0.11
sk
L
AHZH (kJ/mole) -31.4 (S.E. 2)
As°u (J.deg.” 'mole™?) -170 (S.E.65)
3

(c) (v). Slow relaxation - discussion

As described by mechanism 6-1. the slower relaxation is
due to a slow pre-equilibrium step iqfluencing the concentration
of potential binding sites of the denatured DNA -at equilibrium.

T+ has already been proposed that, at elevated temperatures, the
binding sites on denétured DNA are considefed to be in regions of
the denatured DNA which exist in a single strand, base-stacked
conformation. Thus the equilibrium between binding sites and non
binding sites (egn. 6-48.) may be pictorially described as the
equilibrium between single strand, base-stacked regions of the
macromolecule (binding sites) and unstacked regions (non binding

sites). The results in Table 6-5. are as expected for this model.
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The tendency to go from the unstackedlconformation to the stacked
conformation would be expected to decrease with increasing
temperature, would be associated with the formation of bonding
interactions (stacking energy; implies a negative AH:u)' and
would be associated with a significant decrease in entropy of
reaction as a result of the ordering process. All these factors
are observed in Table 6-5.

Some further comments need to be made about the
rapidity of the relaxation. Wwalz!? has investigated the chemical
relaxation response of single strand DNA using the temperature-jump
technique, by observing absorbance changes in the UV on
perturbation. A spectrum of relaxations has been observed!?.

One very rapid relaxation has been associated with single strand
unstacking. This relaxation is at least as fast as the heating
time of the cell, a few microsecondslg. Thus it is necessary
to modify equation 6-48. to explain why the pre-equilibrium step
is so much slower when observed at 400 nm. The following

modification is suggested:

very
slow fast eqn.
DNA (random coil) = DNA(single strand <= DNA(single 6-52.
unstacked) strand

base-stacked)

Equation 6-52 would appear to satisfy all the experimental
observations. The rapid UV change observed by walz!? is due

to unstacking of the bases by thermal motion in a very fast
equilibrium, The slow equilibrium which becomes the rate
determining step when observed at 400 nm by the release of 9AA
to preserve the coupled equilibria is due to the collapse of the
unstacked conformation into the random coil structure: a

conformational change for which relaxation times are typically
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of the order of one millisecond, as observed here, As discussed B
previously in Chapters II and V, changes in the slow equilibrium
step in equation 6-52. are not associated with any significant
change in UV absorbance, however,its influence by coupling to |
the very fast equilibrium may be one contributing factor to the
spectrum of slower relaxations observed in the uvie.
The thermodynamic parameters in Table 6-5. refer to
the overall reaction, and no further breakdown of results is
possible into components attributable to the coupled reactions
in equations 6-52.
These results are consistent with those expected for
the interaction of 9AA with denatured DNA for which the structure
is such that there is a decreasing number of binding sites with
increasing temperature. This change in the number of binding sites
has previously been attributed to a shift in distribution of
conformations of single strand, base-stacked regions of the
macromolecule to random coil regions as the temperature is increased
(Chapter V). The temperature-jump study provides further evidence o
for this change in structure and indicates, as proposed earlier,

that random coil regions below the Tm do not bind 9AA significantly.
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PART D - CONCLUSIONS

7. Concluding remarks

The interaction of 9AA with both native and denatured
DNA in O.1M NaCl has been studied by the temperature-jump method
at 45°c, 55°C and 65°C.

Chemical relaxations arising from temperature
perturbations of 9AA and native DNA equilibria can be explained
in terms of a single rapid relaxation process. There is a
linear concentration dependence of the inverse relaxation time
of this relaxation on the concentration of reactant at equilibrium.

A bimolecular interaction of the form:
free 9AA + binding site = complex I

is propcsed to explain the observations which have been made
at low r where complex I binding (intercalation) is known to
predominate.

These results are in marked contrast to previous reports
on temperature-jump experiments with proflavine and native DNA
for which two discrete relaxations have been observed and equated
with a two-step mechanism. Although there is a slight discrepancy
between the equilibrium constants measured by temperature-jump
methods and equilibrium spectrophotometry there is reasonable
agreement with the thermodynamic parameters obtained by the two
techniques. The thermodynamic parameters are also in good
agreement with previously published equilibrium data on the
intercalation of other aminoacridines into DNA. It is thus
suggested that intercalation of 9AA between the bases of native

DNA can occur, at the elevated temperatures studied, without the
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formation of a detectable intermediate at rates which approach
that of diffusion controlled reactioné. This may indicate that
DNA at these temperatures is an expanded structure with
pronounced flexibility such that local distortion of the helix
allows insertion of 9AA without a detectable intermediate.

Chemical relaxations of 9AA and denatured DNA are
characterized by the presence of two relaxation processes. The
following mechanism has been proposed:

slow fast

. . . —_— o » . _
DNA (non binding site) =— DNA (binding site) + free DNA «~— complex I

where the binding sites are regions of thé macromolecule which exist
as single strand,'base—stacked regions. The fast reaction step
has characteristic features of an intercalation type reaction

and the results are consistent with those obtained by equilibrium
spectrophotometry (Chapter V). The slow reaction is probably

due to a two step process:

very
slow fast
DNA (random coil) & DNA(single strand == DNA(single strand
unstacked) base-stacked)

where the DNA (non binding site) is the random coil form of the
DNA and the slow process above is a conformational change of the
DNA collapsing from an unstacked conformation into the random coil.
The very rapid process must be invoked to explain results in the
literature for an observed UV change associated with single strand
unstacking. This mechanism has the advantage of explaining the
strong dependence of the number of non interacting binding sites
(n) on temperature, an observation made in Chapter V. The
thermodynamic parameters of thé overall slow reaction have been

measured and are as expected for the conformational change proposed.

S

- - e
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CHAPTER VII

Ceneral discussion and conclusions.

At the beginning of the work described in this thesis
it was intended that the major portion of the work would entail
temperature-jump studies of 9AA with native and denatured DNA.

As the temperature-jump method requires recording of chemical
relaxations by spectrophotometric techniques it has been
necessary to obtain accurate equilibrium spectrophotometric data
on the interactions to prove the validity of the method and provide
for a comparison of results. In carrying out these equilibrium
measurements by spectrophotometry it became apparent that some
safeguards are necessary to ensure that reproducible results are
achieved (Chapter IV, section 5). It also became.apparent that
denatured DNA in the solution state is a more complex system than
has been generally appreciated. Accordingly, an investigation
by equilibrium spectrophotometry of the complexes formed between
oAA and both native and denatured DNA has been made.

The models for native and denatured DNA which have
been formulated on the basis of observations described in this
thesis and the published observations of other authors will now

be discussed.

Native DNA

Native DNA in O.1M NaCl at neutral pH and at room
temperature is considered to exist in solution as a solvated double
helix of the Watson-Crick type. Thig structure is maintained
without significant modification with increasing temperature until

the cooperative thermal transition occurs (at temperature TM)



lel.

when the double helical structure is destroyed and the macro-

molecule collapses to the random coil.

Denatured DNA

Denatured DNA in solution may be considered to be
composed of three coexisting structures within the macromolecule.

These are:

( i) "folded" or short range helical ordered regions of
the macromolecule which are progressively lost in a

cooperative type transition at low temperatures.

( ii) Single strand, base-stacked regions which exist throughout
the temperature range but are themselves temperature
dependent as increasing temperature will increase the
thermal motion (oscillation) of the bases with respect

to each other.

(iii) Random coil conformations which become the dominant
structure as the TM of native DNA in equivalent

neutral salt is approached.

It has been found that the results described in
this thesis on the binding of 9AA to native and denatured DNA
can be explained in terms of these models of native and denatured
DNA.

General characteristics of the interaction of aminoacridines with
DNA

Many aminoacridine cations are found to interact with
native DNA and yield two distinct types of complexes as products

of the interaction. Complex I has been widely studied. It is
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found to be associated with marked changes in the structure of
DNA, changes which are consistent with intercalation of the
aminoacridine between the nucleotide bases of the double helix,
with a consequent increase in base-pair separation. The
formation of complex I also has a pronounced effect on the
spectrum of the aminoacridine, producing both a decrease in
extinction coefficient and a red shift in the spectrum. The
formation of complex I is a favourable process with a free energy
of reaction of the order of 25-40 kJ/mole. The formation of

the complex stabilizes the double helix towards thermal
denaturation and the thermal destruction of the complex is
coincident with the loss of secondary structure of native DNA.
Complex II, although it has been less widely studied, is generally
considered to arise from the interaction of the aminoacridine
cations with the polynucleotide phosphates. Spectral evidence
suggests that it may also involve the aggregation of
aminoacridines onto the "outside" of the helix. It is a
significantly weaker interaction.

A number of aminoacridines that have been studied have
been found to interact with denatured DNA in a manner which, at
room temperature, is very similar to that of native DNA. Thus it
is evident that while the cooperative loss of secondary structure
of native DNA going to the random coil is associated with the loss
of aminoacridines bound in complex I, the intact double helix
is not a prerequisite for a strong binding interaction at room
temperature. However the observation of strong binding to
denatured DNA cannot be taken to indicate that the mode of binding

to both native and denatured DNA is identical.
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The current intercalation models for aminocacridine-
native DNA complexes still leave open to question the exact location
of the aminoacridine nucleus with respect to the nucleic acid
bases. (Chapter III, sections 3 (b)., 5 (a).). It seems
reasonable to suggest that the precise location of an intercalated
aminoacridine cation will be that in which the lowest free enexrgy
state can be achiéved for the bound complex as a result of molecular
interactions and steric factors, assuming always that a mechanism
to achieve this energy state is possible. As the nature of
substituents on the acridine nucleus can vary the electron
distribution significantly, then, quite apart from any steric
considerations, it seems reasonable to suggest that the exact
location of an intercalated aminoacridine cation will be different
for  each individual aminocacridine (Chapter III, section 3 (b).).

The interaction of 9AA with both native and denatured
DNAs has been studied in this work at a neutral salt concentration
of 0.1M NaCl. It has been shown previously1 that the interaction
of 9AA with native DNA yields a complex with all the properties
of complex I described previously (intercalated S9AA) . In the
work which has been described here,only solutions in which the
bound 9AA is believed to exist in the complex I form have been
studied. Similarly, investigations have been restricted to those
solutions of 9AA and denatured DNA in which the gound 9AA also

exists in the strongly bound form.

The interaction of 9AA with native DNA

It has been demonstrated that spectra of solutions of
OAA and native DNA are internally linear for a set of spectra of
solutions for which the extent of binding (r) is within the region

dominated by complex I binding. This relationship provides
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additional information to the observation of an isosbestic
point in these spectra. The conclusion drawn is that the
interaction is adequately described by a single, bimolecular
reaction with only two species of 9AA present in solution, viz
free 9AA and bound 9AA (Chapter IV, section 3).

The spectrophotometric determination of the extent of
binding2 has been used to determine Scatchard plots of the
interaction. Some safeguards have to be used to ensure that the
absorbance due only to the bound species can be determined. The
relative invariance with temperature of the extinction coefficient
of 9AA bound in complex I form to native DNA is taken as evidence
of little change in the nature of the binding site with temperature
(Chapter IV, section 6).

Scatchard plots of the interaction of 9AA with native
DNA show marked curvature at r values below'r = 0.25, the value
considered to be the limit for complex T binding?. This
curvature is not due to the presence of different types of bound
OAA but is considered to arise from interactions between bound
9AA cations. These interactions progressively reduce the
favourable free energy associated with binding as the extent of
binding increases. The interactions may be collectively termed
anti-cooperative interactions; Schellman® has pointed out that
these may occur between other than only nearest neighbour bound
OAA cations (see also Chapter IV, section 7 b).).

Although it is not possible to analyse the results obtained in
terms of discrete interactions giving rise to anti-cooperative
binding it seems reasonable to associate the binding at low r
with the binding associated with isolated sites®. Thus the

initial (linear) portion of the Scatchard plot gives values of

the intrinsic association constant (k), an equilibrium constant
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(the slope of the line is -k) and the extrapolation of this
linear portion to the r axis gives n, a number of binding sites

which is associated with the following equilibrium:

free 9AA + isolated native DNA —= complex I egn. 7-1.
binding site

where the corresponding concentrations at equilibrium are:

fr 9AA = ¢ = c
ee “onn
isolated native DNA = (n-1)T egns. 7-2.
! . . A
binding site
complex I = r TA

for values of r within the linear portion of the Scatchard plot.
(Chapter IV, section 7 b).).

The values of k and n have been determined at 220C,
450C, 550C and 650C for the interaction of 9AA with native DNA.
The value of n is almost invariant with temperature indicating
that the structure of native DNA is not changing greatly with
temperature. This result complements the observation of a relatively
temperature independent extinction coefficient of bound 9AA.
The temperature dependence of the intrinsic association constant
(k) has been used to evaluate the thermodynamic parameters which
describe the reaction, egns. 7-1. (Chapter IV, section 7 (¢) (ii).).
These results indicate that the reaction is "enthalpy driven"
rather than "entropy driven". Thus bonding interactions are of
primary importance in the formation of complex I in native DNA.
The bonding interactions will arise from interactions between the
planar aminoacridine heterocyclic rings and the nucleotide bases

when the aminoacridine is in the intercalated form. The results
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are in general agreement with theoretical calculations which
indicate that these bonding interactions which give rise to what
are usually called, collectively, "stacking energies" are of major
importance in intercalation type interactions®. (Chapter IV,
section 8). The thermodynamic parameters are also in agreement

with previously published data on systems of intercalated

aminoacridines with pNa’' 8.

The interaction of 9AA with denatured DNA

In contrast to complex I formed between 9AA and native
DNA, the complex formed at low r between 9AA and denatured DNA
is very temperature dependent. This dependence on temperature
results from the sensitivity to temperature of the denatured DNA
structure described earlier in this Chapterx.

Equilibrium spectrophotometric measurements of the
interaction of 9AA with denatured DNA have been carried out as
described for native DNA. The values of n and k obtained are
both markedly temperature dependent. The value of n is found
initially to increase with temperature and then to decrease.

This is consistent with a model in which 9AA may bind to both
folded regions and single strand, base-stacked regions of
denatured DNA, but not to random coils. The initial increase in
n arises from the increase in single strand, base-stacked regions
of the macromolecule as the folded regions melt and give way to
two single strands each of which contains potential binding sites
(Fig. 5-13.). This suggestion explains the generally higher
values of n for denatured DNA than for native DNA at room
temperaturel’a. The decrease in n at still higher temperatures
is consistent with the preferred formation of random coils which

are presumably non bonding structures at temperatures below the
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TM (the melting temperature of native DNA complexes in the same
neutral salt) as well as above the TM' as observed for native DNA
complexes with aminocacridines.

The extinction coefficient of the bound 9AA is markedly
temperature dependent as may be expected from binding to single
strand, base-stacked regions which themselves are temperature
dependent: the extinction coefficient of bound 9AA reflecting the
extent of interaction between the 9AA ring structure and the
nucleotide bases (Chapter V, section 5).

Thermodynamic parameters have been obtained for the
interaction of 9AA with denatured DNA. The fact that the binding
site (reactant) and the bound complex (product) are themselves
changing with temperature requires that care must be taken not to
attribute too much to the thermodynamic parameters which refer to
the equilibrium:

k

free 9AA + isolated denatured DNA —= complex I egn. 7-3.
binding site

However the magnitude of the values for the enthalpy and entropy
of reaction are unambiguous as the Van't Hoff plot is virtually
linear over the temperature range studied. In view of the
changing structure of reactant and product states with temperature
in the equilibrium defined by equation 7-3. the linearity of the
Van't Hoff plot is fortuitous. The thermodynamic parameters
indicate that the bonding interactions are of great importance, as
with native DNA, and the reaction can be considered as "enthalpy
driven". In 9AA-denatured DNA complex formation the entropy
change is large and negative. This is taken to indicate that

the binding of 9AA induces a higher degree of order in the single

strand, base-stacked regions of the macromolecule. This may be
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pictorially expressed as a reduction in the thermal motion
(oscillation) of nucleotide bases with respect to each other when
a lower free energy state is reached in the presence of an
intercalated, bound 9AA cation (Chapter V, section 7).

In summary,the greater temperature dependence of the
binding of 92A to denatured DNA than native DNA is due not only
to a decrease in the number of available binding sites (decreasing
n) with temperature at elevated temperatures, which does not occur
in native DNA, but also to a progressive change in the nature of
the binding site which becomes a markedly less favourable site
with increasing temperature. This latter observation also contrasts
with the situation in native DNA-9AA complexes in which the binding
site, constrained by the double helical structure, remains
comparatively unaltered until the secondary structure of the

macromolecule is lost at the TM of the complex.

Kinetics and mechanisms of the interactions

The temperature~jump technique has been used to study
the kinetics and mechanisms of the interaction of 9AA with both
native and denatured DNA (Chapter VI). At temperatures 45°C,
55°C and 65OC,9AA and native DNA equilibria exhibit a single,
rapid chemical relaxation on perturbation. The concentration
dependence of the relaxation time (T) associated with this
relaxation has béen studied. The linear dependence of 7} on
the concentration of reactant at equilibrium has led to the
proposal that the interaction occurs in a single bimolecular
reaction step. The rate constants for the forward and reverse
processes have been measured. The forward rate process is

fast, approaching a diffusion controlled rate. This suggests

that intercalation of 9AA into native DNA occurs without the
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necessity of an intermediate. This proposal is in marked
contrast to that of ILi and Crothers!® based on their

observations of temperature-jump perturbations of the interaction
of proflavine with calf thymus DNA. In this work!! two
relaxations were observed and a sequential reaction was proposed.

A single relaxation has also been observed by Ramstein et 112

DNA
for the interaction of proflavine with M. lysodeikticu%é However,

these authors!? have chosen to explain this observation in a way
which is not applicable for the interaction of 9AA with native
DNA (Chapter VI, section 5 (c).). The thermodynamic parameters
determined from the temperature-jump data are in agreement with
equilibrium measurements.

Perturbations of equilibria formed between 9AA and
denatured DNA exhibit two chemical relaxations. The more rapid
of the relaxations has been associated with intercalation of the
9AA between single strand, base-stacked regions of the
macromolecule. The rate constants are of the same order of
magnitude as those for the intercalation process observed for
9AA and native DNA. Again, there is no observable intermediate
for the reaction (Chapter VI, section 6 (c) (1i).).

The slower relaxation has been attributed to an
equilibrium between binding and non binding sites on denatured
DNA. These may be associated with the foreshadowed single strand,
base-stacked regions and random coil regions of the macromolecule,
respectively (Chapter VI, section 6 (c) (iv).). The observation
of a very rapid relaxation in the UV study of temperature—jump
perturbations of single strand DNA!? requires the postulation of
an intermediate in the slow relaxation so that the overall reaction

mechanism for 9AA and denatured DNA becomes:
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very
slow 3
fast fast
DNA random =—= DNA single — single + free 9AA+— complex I
coil strand stand
regions base base-
unstacked stacked
regions regions
| | L |
non binding binding
sites | sites

(egn. 7-4).

The very fast reaction step will not be observed at 400 nm as
it produces an absorbance change only in the UV. It is observed
at 400 nm only through the coupled, slow reaction step.

In conclusion it may bé said that the intercalation
products of the interaction of 9AA with native and denatured DNAs
must be different. Whereas it may be possible to locate the
position of 9AA within the double helical site with some precision
using dichroic spectral techniques such as those used by Kellyls,
or by consideration of steric factors and the observed binding
properties of substituted 9-aminoacridines as has been cogently
discussed by Sansoml, to suggest that 9RA intercalates in a
position intermediate to those prescribed by the models of Lerman'"
and Pritchard 93_51}5, no such definitive definition is possible
for denatured DNA-9AA complexes which is applicable throughout the
temperature range. The changing binding site and bound product,
reflected in the variation in the extinction coefficient of bound
9AA with temperature,is indicative of a continuously changing
structure. It seems likely that the structure of the 927 and
denatured DNA complex existing at any particular temperature is a
function of that temperature and will be the structure which

provides the lowest accessible free energy state for the complex.
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1. DNA

(a) Preparation of DNA sample

The DNA sample used throughout this work has been

1 with

extracted from E.coli K-12 bacteria by the method of Marmur
an additional phenol extraction as recommended by Hirschman and

Felsenfeld?.

(b) Preparation of DNA solutions

Native DNA solutions have been prepared by the
dissolution of a solid sample of DNA in 0.001M NaCl with gentle
shaking at 4°c for a period of at least 48 hours. The
concentration of DNA solutions prepared is usually 2 mgm/ml,
however, less concentrated solutions have been prepared. After
a minimum of 48 hours the neutral salt concentration is increased
to 0.1M NaCl by the addition of the appropriate volume of 0.2M NaCl.
After a further period of gentle shaking at 4°c (4 hours) the
solution is centrifuged at 16,000 g for 30 mins at 4%c. The DNA
solution is then carefully decanted.

Denaturéd DNA solutions have been prepared as described

in Chapter II, section 3.

(c) Determination of DNA concentration

The concentration of native and denatured DNA solutions
has been determined from parameters given by Hirschman and
Felsenfeld? for spectra of DNA solutions. Spectra of DNA
solutions have been measured at 98°C where both native and
denatured DNA exist in the same random coil conformation. Where
necessary DNA solutions have been diluted by weight.to give
absorbance readings of convenient magnitude. The absorbance

values at a number of prescribed wavelengths of the DNA solution at
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98°C are presented as input to program DNANAL (see Appendix).
Program DNANAL computes the concentration of the DNA solution and
gives an estimate of the GC content. The use of DNA spectra at
980C in the analysis provides for consistency between the
evaluation of concentrations for both native and denatured DNA
solutions. While the absolute concentration of DNA may differ
slightly from the value returned by program DNANAL, this
difference would appear consistently and would in any case be the
same for both native and denatured DNA. The parameters used in
program DNANAL are the widely accepted values of Hirschman and
Felsenfeld?®. Program DNANAL also provides for evaluation of
concentrations from both spectra of native DNA alone and from
hyperchromic spectra.

The concentration of stock solutions of native DNA

have been periodically checked by this method.

2. 9AA solutions

9-aminoacridine (9AAf hydrochloride (A.G. Fluka puris)
has been recrystallized twice from ethanol and dried under vacuum.
The hydrochloride salt has been found, by weighing of a repeatedly
vacuum dried and rehydrated sample, to contain one water of
crystallization. The spectral characteristics of dilute solutions

of 9AA in 0.1M NaCl are:

A = 400 nm and € = 10440 + 40 (molar extinction},
max 400

9AA forms aggregates in solution at guite low concentrations as

has been observed by significant deviations from linearity of the
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Beer's Law plot of absorbance versus concentration of 9aA%.

Thus all 9AA solutions have been prepared by weighed dilution with
neutral salt of a stock solution prepared by the dissolution of

an accurately known weight of 9AA.HCl in an A-grade volumetric

flask.

3. Spectrophotometric apparatus

(a) Melting curves

A Gilford Model 2000 Spectrophotometer has been used

to measure the changes in absorbance of solutions with temperature.

Solutions contained in silica spectrophotometer cuvettes (path
lengths of 1,2,5 and 10 mm) are heated in an electrically heated
cuvette block constructed for the purpose. Thermostating is
achieved by two Solon 25W heaters mounted in the block to which
the current supplied is controlled by thermistors mounted in the
block. Each thermistor (10 k § and 100 k Q) acts as one arm of
a bridge system which alters the phase angle of voltage applied to
an S.C.R. thereby providing proportional heating control®.
Temperature control is possible to better than O.loC and
calibration of the heating circuit has been checked periodically
against calibrated thermistors.

Toss of solution by evaporation has been preven%ed by
using spectropho?ometer cuvettes into which are fitted grooved
teflon stoppers (Fig. 8-1 (a).). The stoppers press seal and
with heating the teflon.expands and deforms to the silica surface
thereby presenting an effective seal against vapour loss without
undue pressure on the cuvette walls. Stoppers have been made to

fit cuvettes of all path lengths used. Solutions are weighed at
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the beginning and end of an experiment. If solution loss is in
excess of 0.4% during the course of heating and cooling the

results have been rejected. The monochromator and photomultiplier
are isolated from conductive heating by thermospacers through

which water at 22°C has been circulated. Absorbance measurements
have been corrected for volume expansion as described in Chapter II,
section 2. Solutions of O.1M NaCl concentration have been used

as references.

(b) Scatchard plots and spectra

A Gilford 220 Spectrophotometer with a Beckman DU
monochromator has been used to measure absorbance changes during
experiments to determine Scatchard plots and spectra of 9AA in
the presence and absence of native and denatured DNA at various
temperatures. As the temperatures required have never exceeded
650C, heating the cuvettes and cuvette housing has been achieved
by circulating water at the required temperature through
thermospacers which abutt the cuvette housing. Only 10 mm silica
cuvettes have been used in these experiments. The temperature
is monitored by a platinum resistance thermometer immersed in a
blank cell in the cuvette housing. The resistance thermometer
produces a resistance which is displayed on a digital volt meter
calibrated to read the temperature directly“. The absorbance

is also displayed directly on the digital volt meter.

4. Scatchard plot measurement technigue

The measurement of binding curves to determine Scatchard
plots for the interaction of 9AA with native and denatured DNA has

been carried out in the following way.

Seme—

S e - e
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( i) The absorbance of a known concentration and weight

of 9AA in 0.1M NaCl contained in a silica spectrophotometer

cuvette has been measured at 400 nm when thermostated

at the required temperature.

( ii) A weighed aliquot of a DNA solution of known concentration

is added, the solution is stirred by a magnetic stirrer
in situ and the absorbance is again taken when the

solution is re-equilibrated to the required temperature.

(iii) Further weighed aliquots of the DNA solution are added

and the measurements of absorbance are taken with successive

additions.

The absorbance reading and the weight addition which gives rise
to it are given as input to program BINDING {see BAppendix).
As well as these measurements, the following information is also
given as input: the initial weight and concentration of the
9AA solution, the concentration of the DNA solution added, the
cell correction factor, the extinction coefficient of DNA at
400 nm (only a significant factor for denatured DNA: see Chapter
V, section 2), and the péth length of the cuvette. The program
returns in the output the parameters r, ¢, r/c, TL/TA and A/Ai.
The value of A/Ai as TL/TA-a O is then obtained graphically
(Chapter IV, section 5) and fed back as input to program BINDING.
The final values of ;, ¢, and r/c are produced from which the
Scatchard plot may be obtained.

To prevent solution loss at high temperatures during
the course of an experiment a cuvette stopper has been designed

which allows the injection of DNA solutions at room temperature

from a calibrated AGLA micrometer syringe (Burroughs-Wellcome Ltd.)

directly into the cuvette at the elevated temperature (Fig. 8-1.(b).).

B



178.

This arrangement has proved highly successful and as many as 15
additions of DNA solution may be made to a cuvette with a total
weight loss of less than 1.5% of the calibrated syringe delivery
weight. This has been found to hold through the temperature

range o0 e — 650C.

5. Construction of the polycarbonate temperature-jump cell

The polycarbonate temperature-jump cell (Fig. 6-2.)
has performed successfully at high temperatures. This is in
marked contrast to a comparable perspex cell which, above 6OOC,
began to deform sufficiently to give rise to air leaks which
interfered with optical measurements.

Polycarbonate ("LEXAN") mechanical grade, cast rod
was used. It has been found necessary to machine this material
with very sharp tools using copious quantities of water as
coolant. It was necessary to strain relieve the cell several
times during its manufacture. This was achieved by initially
baking in an oven for 20 hours at 142°C and then for further
periods of about 7 hours at 1350C during construétion. When
viewed under polarized light, distinct strain boundaries present
after machining were found to disappear and be replaced by diffuse
regions of stress following heating in the oven. Machined
material which was not strain relieved was found.to craze readily
when machining was attempted in some other location near to a

region of stress.

6. Cleaning apparatus

All glassware used throughout this work has been
cleaned by one of two proceduresyeach of which has been rigorously

adhered to.
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Optical glassware - cleaning

All glassware with optical surfaces has been cleaned
in the following manner. The dry object has been immersed for
at least 12 hours in concentrated sulphuric acid (A.R.) in which
haé been dissolved 2% w/w each of sodium nitrate (A.R.) and sodium
perchlorate (A.R.). After repeated washing in deionized water
the object has been rinsed in distilled water and leached in
distilled water for a minimum period of 24 hours. After further

rinsing it has been both dried and stored at 160°C until required.

Optical glassware - calibration

Tt has been found that storage of silica spectrophotometer
cuvettes at 160°C does not impair their characteristics when
returned to temperatures at which experiments have been carried
out. The path lengths of cuvettes used throughout this work have
been determined from the absorbance of a standard solution® and
the optical surfaces have been checked on a microcomparator for
parallelism to 0.001 mm. These characteristics have been found to
remain unchanged throughout the work. Furthermore, absorbance
differences ("cell corrections"”) between matched pairs of cuvettes
have been found to remain constant within the limits of
spectrophotometric accuracy-. The appropriate cell correction has

been used in all absorbance measurements.

Non-optical glassware - cleaning

All non-optical glassware has been cleaned in the
following manner. The object has been immersed in alkaline
(10% w/v sodium hydroxide L.R) potassium permanganate ({A.R.)

(2% w/v) for a period of at least 24 hours. After repeated
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washing with deionized water the object has been leached in a bath
of acidified metabisulphite (0.1% w/v) for at least 12 hours.
After further washing in deionized water the object is leached in
deionized water for a further 24 hours. The object is then dried
and stored at 160°C until required after washing with distilled
water. In addition, flasks which are used for storage of DNA
solutions are steaﬁ cleaned for 30 minutes and then dried before

use.

Non-glass apparatus - cleaning

The only non-glass apparatus which has been in contact
with solutions during the course of this work are, cuvette
stoppers which have been made of teflon, magnetic stirrers (teflon
coated), stainless steel, luer lock needles and the temperature-Jjump
cell sample space (polycarbonate/chrome—plated steel). All
teflon apparatus has been cleaned in the acid mixture and leached
as described for optical glassware with additional prolonged
steaming before drying. This ensures that the entire surface
is wetted and rinsed. Stainless steel needles have been subjected
to the same cleaning procedure. The temperature-jump cell sample
space has been copiously irrigated with methanol (A.R.) and rinsed

with distilled water.

Distilled water and pH of solutions

The distilled water used in cleaning and in the .
preparation of solutions is distilled from a well seasoned all
glass apparatus. The conductivity of distilled water has been

monitored continuously and has been found to be constantly lower
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than 2.5 x 10° mho. em™.

The pH of solutions has been monitored frequently
during the work described here using a Metrohm pH meter employing
a combined glass—calomel electrode. All pH values of stock 92A,
DNA and neutral salt solutions have been in the range pH 5.8
to pH 6.5. As the extent of binding of 9AA to DNA is independent

of pH within this range6 buffering has been considered unnecessary.
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APPENDIX T

Structures of compounds mentioned in the text.
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A Comparison of thermodynamic data publishe

d on the interaction of

aminoacridines with native and denatured DNA with t

he results

obtained in this work.

Native DNA

Chambron et al Ichimura et al 1i and Crothers | This work
Biochim. Biochim. J. Mol. Biol.,
Biophys. Acta, Biophys. Acta, 39, 461 (1969)
123, 306 (1966) | 190, 116 (1969)
B = 0.1 u = 0.11 B = 0.2 u=0.1
proflavine + acridine orange| proflavine + 9AA + DNA
DNA + DNA DNA (equilibrium
(equilibrium (equilibrium (temperature- spectro-
dialysis) dialysis) jump technique) photometry)
not available
(see Chapter VI,
section 5(c).)
0 - 30.3
20 - 30.8
22 - 32,2(S.E.0.2)
25 - 31.4
30 - 31.0
35 - 31.4
40 - 31.0
45 - 32.2(5.E.0.2)
50 - 31.0 - 30.5
55 - 32.0(S.E.0.2)
65
70 - 30.1 - 31.7(s.E.0.3)
A - 42.0 - 40.0 - 32.6 - 35.2(S.E.0.8)
(kJ/mole)| (at 70°C)
As® ;| - 33.5 - 28.5 - 28.4 - 9.6(S.E. 5.0)
(J.deg (at 70°C)

mole ~
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Denatured DNA

Ichimura et al Biochim.
Biophys. Acta. 190, 116
(1969)

This work

U= 0.11

p=o0.1

acridine orange +
denatured DNA
(equilibrium dialysis)

9AA + denatured

DNA

tequilibrium spectro-
photometry)

AG® (x3/mole)
at Temp ( ©C)

22 - 30.8 (S.E. 0.2)
25 - 30.5
30 - 29.7
40 - 28.9
45 - 28.8 (S.E. 0.1)
50 - 27.6
55 - 28.6 (S.E. 0.4)
65 - 26.7 (S.E. 0.6)
AE® kJ/mole - 61 - 5 (S.E. 6)
As® 1 1
J.deg. mole - 102 - 88 (S.E. 17)
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APPENDIX IIT

Program BINDING




OO0 OO0

OCOOOOOOO0OO0OOO000

PROGRAM BINDIMG(IVPJT.TAPEI=IVPdepJVCHsOUTPUT9TA3E2=OUTPUT)

THIS PROGRAM IS APPLICA3LE TO SPECTROPHITOMETRIC TITRATION OF A MACROMOLECULE
WITH A L15AND.

THE PROGRAM CALCULATES THE EXTENT OF 8INDING (R) aND THE FREE LIGAND
CONCENTRATION (C) F=ROM SPECTRUPHOTOMETRIC DATA RASED on THE METHOD OF PEACQOCKE
AND SKERRZITTe ADDITIONAL SAFEGUARDS ARE USED TO P=RMIT (1) THE INCLUSION OF
A3SORIANCE DUET TO ENTIRELY 30JND _IGAND (PROVUDED aS INPUT) (2) ALLOWANCE FOR
FINITE MACROMOLECULE ARSURBANCE AT THE NAVELENGTH OF INTEREST (3) INDICATION
OF POINTS FOR wHICH DELTA A3SIOR3ANCE IS SYPERIMENTALLY INSIGNIFICANT.

THIS PROGRAM 4AS WRITTEN BY G. 30749 FRIM AN ALGBORITHY 3Y D.R. TURNER AND G.
ROEHM. #RITTEN IN FORTRAN Iy FOR JSE ON A CDC 6400 COMPUTER SYSTEM.

ARSORSANCE MEASUREMENTSsSOLUTION WEIGHTS AND CONCENTRATIONS ARE INPUT ON
PUNCHEN CARDS, THE OUTPUJT IS AS PRINTED TARLES,LINFE-PRINTER PLOTS AND PUNCHED
CapPNS. THE PROIGRAM QREJUIRES ONE EXTERNA-sA LINE-P2INTZR PLOTTING ROUTINE

SUBROYTINE QI<PLT.

"68T

DIMENSTON C(SO);IERQ(50)900(5093)-O)D(SO)9R(50)9RC(50)9TA(50)9TL(5
10)9TLTA(50)9TITLE(6)-WT(50)953LVENT(2)9LIGAMD(2)9DDDDI(50)
DATA STAR/IQH##sszwritz/ 81 ANK/10H /

INDEX OF VARIABLES--- VARTIASLES NOT MENTIANED IN THIS LIST ARE DEFINED AS THEY
OCCUR. C-=-FREZ LIGAND CONCENTRATION. 1EX-=-FRROR FLAG FOR POINTS NOT
FXPERIMENTALLY SIGNIFICANT. 0D--A3SORBANCF AND CO2RECTED ABSORSANCE
MEAGURMENTG. ODD=-=DELTA ABSUR3ANCZ. R-=2ATIO OF BOUND LIGAND TO SITE
COMCENTRATION, RC--R/C. TA--MACROMOLECU-% CONCENT2ATION, TL--LIGAND
CONCENTRATION, TLTA-=TL/T7A. Wi-=-w=IGHTS OF SOLUTION ADDITIONS. 91910700 Gy
A3SORIANCE/ZINITIAL ARSOREANCE - TITLE 9SO _VFNT9LIGAND=-TITLE INFORMATION, STAR)
BLANK=-=FLAG INFORMATION.

[NPUTTITLE AND IDENTIFIER INFORMATION,TEST FOR END OF DATA DECK.



OOOOO0n

OO0

OO0

10 READ(1+2) RUNNDSDATE
IF(E0F+1)160+20

20 READ(143) TEMP 4 DNATYPE 9 SOLVENT s LIGAND
READ(1+3) TITLE

READ INITIAL ABSORBANCE.FINAL A3SORBANCISCONCENTRATION OF MACROMOLECULE STOCK,
CONCENTRATION OF LIGAND STOCKs INITIAL LIGAND SOLUTION VOLUME «CELL CORRECTION
FACTOR.MACROMOLECULE EXTINTION COSFFICIENT AT WAVELENGTH OF INTEREST.CELL PATH
LENGTH.

READ(Te4) 0D +ODF s CONASCDYESDYEVOL s ZF1+CF25CP
READ(1e24) LPUNCHsLPLOTLODCH

PDPTIOUNS LPUNCH==0sND PUNCHs1 2UNCH
L2LoT==-0+PLOTSel NO PLOTS
LODCH-=0+NO ACTION«1 READ FINAL ABSORBANCE CORRECTION

READ ABSORBANCES AND CORKESPONDING WEIGAT ‘ADDITIONS == DETERMINE NUMBER OF
POINTS. (NOP)

D030I=1.100

READ(15) 0OD(Tal)oWT (D)

IF(OD(Tel)eEQe040)40+30
30 CONTINUE

40 NOP=1-1 °
0DF=0D(N02,41)
RCP=1./CP
CUMwT=0.

CORRECT A3SOR3ANCES INCLUDING CORRECTION FOR DILUTION. CALCULATE CONCENTRATION
AT EACH POINT.

DOS0I=14NOP
0D(T+2)=(0D(Is1)+CF1)*RCP

‘06T



50 CUMWT=CUMWNT+WT(I)
0DI=(ODI+CF1)*RCP
CUMwWT =0,
TOTvOL=DYEVOL
D060T1=1eNDP
CUMWT=CUMWNT+WT(T)
TOTVOL=TOTVOL+®WT (1)
TL(I)=CDYE*(DYEVOL/TOTVOL)
TA(T) =CDNA®* (CUMWT/TOTVOL)
IF(CF2.EQ.0.0) GO TJ 60
XX=TA(I)*#CF2
ON(Is2)=0D(T1e2)~XX
60 00(193)=OD(I;2)/(DYEV0L/TOTVOL)
C
C OPTION TO INSERT CORRECTED FINAL ABSORBANCE AS {AST PO)INT. DUMMY WEIGHT ADDED.
C
IF(LUDCH.EN0)Y GO TO 150
NOP=NIP+]
READ(145) OD(NOP.3)
WT (NU2)Y=0,0001
UD{NOUP+1)=0.
U"){\‘UDQ?)=0.
150 ODF=0D(NOR«3) .
DELOD=0DI-0D(NOP,43)

NP=NOP-1

IP=NP
C
C CALCULATION OF RseCsR/C AND TL/TA,
C

DO70I=14¢NP

TLTA(I) =T (1) /TA(])
R(I)=((0DI-0D(1+3))/DELOD)#TLTA(I)
C(I)=TL(I)=(R(I)*TA(I))
ODODI(I)=2D(1+3)/0D1

70 RC(I)=R(I)/C(I)

*T6T



0DODI (NOP)=0D(NOP,43)/0DI

C
C PRINT FIRST TABLE OF DUTPUT INFORMATION.
C
WRITE(2e56)
WRTITE(2«7) TITLESRUNNOWSDATE
WRITE(2<«8) RUVNO»ODIaTEMPoOOF9DNATY3EoCDYE¢SOLVENT9CDNA9LIGAND¢DYE
1vOL
WRITE(2+9)
CuMuwT=0,0
FINVERT==1.0
o
C TEST FOR SIGNIFICANCE OF POINTS AND INSIRT ERROR FLAGS AS APPROPRIATE.
C

D0100I=1sN0OP
CUMNT=CUMAT+AT (D)
OOD(I)=0D(I1+1+3)=0D(1+3)
WW=aT(I)/0.01
DD=0DO(1)} /W
TEST=00D(I)*F INVERT

EXCLUDE INSIGNIFICANT POINTS.

OO0

IF(TEST.LT.0.001)804+90
80 FLAG=STAR
IERR(TI) =1
GO TO 95
90 FLAG=3LANX
1ERR(I) =0
95 IF(I.ZQ.NJP) GO 7O 105
0D (1)=-02D (1)
C
C PRINT FINAL TABLE OF VALUES.
C
100 WRITE(2+511) Te0D(Ts1)a0D(I92)90D(I93)¢WT(T)eCUMWT,TLTA(T) 0DODI(I)

*T6T



1) sFLAG,0ODD (1) DD
105 CONTINUE
TOTYOL=DY=ZVOL+CUMAT
TLL=COYE* (DYEVOL/TOTVOL)
TAA=CONA® (CUMNT/TOTyOL)
TLTAX=TAaA/TLL
TLTA(NDORP)Y=1./TLTAX
WRITE(2422) NOP,OD(V0P91)9OD(V0992)90”(“09s3)9NT(VO°);CUMWT9TLTA(N
1023 200001 (NOP)
WRITE(Zsl?) TLL+CF2yTAASCF1sTLTAXsC?
IJUMP=0
DO110T=19N\P
IF(IERR(I).EQ.0) GO TO 110
IF(1JJMP,.EQ.0)2000110
200 IP=I-1
TJuvpP =i
110 CONTINUE
IF(IP.LT«3)210+220
210 IP=NP
220 CONTINUE
T WRITE(246)
WRITE(2+7) TITLEWSRUNNOsDATE
WRITE(2413) .
WRITE(R2e14)
WRITE(2e414)
WRITE(2413)
WRITE(2+14)
WRITE(2+13)
WRITE(2e14)
D01201I=1+1P
WRITE(2+14)
WRITE(2415) RC(I)vR(I)9C(I)9TA(I)9T-WI)9TLTA(I)
120 WRITE(2e14)
WRITE(2+13)
IDIF=NP-1I>

‘€6T

T L
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WRITE (2+23) IPLIDIF

TEST LPLOT AND PRODUCE PLOTS IF INDICATIO.

OO0

IF(LPLOT.5Q.0) GO T2 130
CALL JIKFLT(RsRCe-IPs1,164*FRZE DYE CONCN#* 9 3H#*R*)
CaLL QIXKPLT(CoRs=IPs1s3HER#s54*R/CH) .

TEST LPUNCH AND PRODUCE PUNCHED 0JTPUT IF INDICATED.

OO0

C

130

140

IF(LFJNCH.EQ.0) GO TO 10
PUNCHLTT
PUNCHIBsRUNNOsDATESTITLE
PUNCHIQ IR
PUNCH?21 9 (R(I)eI=1912)
PUNCH21 9 (RC(I)sI=1+1IP)
PUNCH17

PUNCH19.1°
PUNCH21 ¢ (C(I)9I=191P)
PUNCH21 9 (R(1)oI=1e1P)
NDUM=TP-1

PUNCH17

PUNCH19sNDUM
PUNCH21 4 (TLTA(I) sI=2+1P)
PUNCH21+ (0DODI (L) o1=2+1P)
GO 70 10

STOPR

C FORMATING OF INPUT/QUTPUT.

c

;TN W

FORMAT (A5.5X9A10)
FORVAT (8A10)
FORMAT (8F10.0)
FORMAT (PF10.0)
FORMAT (#1%)

*v61



7 FORMAT (/o% SCATCHARD 3INDING RESULTS eeee ¥,6A104% RUN NUMBER

1¥2A5® DATE *%*4A4109/)

8 FORMAT( /925Ke¥RUN NUMBER = ®4A5425Xe%0D INITIAL = %¥,FBe39/ 2
15X s # TEMPERATURE = #9A10+20Xe%0D FINAL = #oF3,3e/925Xe¥DNA TY
2PE = #,A10+20X+*CONCN OF DYE = 2,F12.39/+25Ks*SOLVENT = B
3¢2A10010Xe#*CONCN OF ONA = #4E12e39/425Xe#LIGAND = #42A10410
4Xy#INITIAL VOLUME = #4F8.3)

9 FORMAT(//4% POINT ND 0n 03S Op CORR 1 07 CORR 2 WT ADDE
1ED CUML WT TL/TA 0n/0D1 DELTA OD OD/WT £

PRR FLAG®e/)

11 FORMAT( 4K91297X9F6.496X9F6-497X9F6a4-6X9F6.4QQX9:7.495X9F7.495X9F
17.4929XQA59/995X9F7.494X0510.3)

12 FORMAT(//+425Xe*FINAL DYE CONCN = #971Ne3015Xe%Ee CTo DNA = #43F7e34/
1925xe *FINAL DNA CONCN = *9F10.3915Xs#CELL CORR = #oFTelee/ 925X e *FIN
2AL TA/TL = ¥ FB,3917XsNCELL PATH = %4F7.3)

13 FORMAT (32Xe57(1H%))

14 FORMAT(32Xe7(1H¥*410X))

15 FORWAT(1H+935X9*R/C*09X9*Q*910X9*C*9lﬂXO*TA*99X!*TL*97X9*TL/TA*)

16 FORWAT(1H+933X9E9.393X9F7.393X9E9.302X559.302X0E9.392XvF9.5)

17 FORMAT (B0(1H®))

18 FORUAT(AS,2XsA1043X96A10)

19 FORMAT(IZ2)

21 FORMAT(BE10.3) ‘

22 FORMAT( 4X91297X976.496X9F60497X9F6-496X9F6-4.4X9F7-495X9F7.495X0F
17.4)

23 FORMAT(//+32X9%NUMBZR OF DOINTS #4134% 7/ #412,% POINTS OMITTED®)

24 FORMAT(312)

END
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RPPENDIX IV

Program DNANAL
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OO0 ONOO0OOO OO0

OO0

PROGRAM DVANAL (INPUT«TAPE1=IN2UT0UTPUTsTAPE2=0UT2UT)

THIS PROGAM AND ITS SIX SUBROUTINES PEXIFORM ANALYSIS OF DNA SPECTRAL DATA.
THE METHOD USEZD IS THAT OF FELSENTELD AND HIRSCHMAN ANALYSIS OF NATIVE
DENATED AND HYPERCHROMIC SPECTRA MAY BE SFLECTED. WHERE APPLICABLE ADDITIONAL
INFORMATION Is GIVEN.

SUBROUTINE INDEX

INPUTD~-READS A3SORBANCES FROM CAIDS AND CORRECTS FOR SOLUTION EXPANSION
WHERE APPLICABRLE.

NATIVE~-PERFORIMS 3 TERM ANALYSIS OF NATIVE DNA SPECTRUM.

DENAT--PEIFORMS 2 TERM ANALYSIS OF THE DJINATURED DNA SPECTRUM,

HYPER--DERFORMS 3 TERM ANALYSIS 0F THE 4YPERCHROMIC DNA SPECTRUM.

REPORT==-PRINTS OUT TITLE INFOIMATION ANJD TA3LES 0F RESULTS.

RESTACK--RESTACKS AIRAY WHERE MJLTIPLE aNaLYSIS OF ONZ DATA SET IS T0O BE

JNDERTAKEN,

INDEX OF VARIABLES. 0D--ABSORBANCZE DATA, 0DC--CORRECTED ABSORBANCE DATA.
DOD--DELTA ABSORBANCE FOR HYPERCHR0MIC ANALYSIS. T--0JTPUT VARIABLES., TITLE--
TITLE. IT--TEMPERATURE IF OTHER THAN ROIM TEMPERATURE. NSET--NUMBER OF DATA
SETSe LTY2E--TYPE OF ANALYSIS REQUIRED.

COMMON 0D (1542) 90DC(15+42)9DOD(15) T (3)
COMMON TITLE(8)$IT(2)

READ NUMBEZR OF DATA SETS AND INITILIZE .00P TO PRJOCESS THAT NUMBER OF SETS.
READ(1s1) NSET
1 FORMAT(312)
DOTOM=194nSET
READ TYPE REQUIRED FOR THIS SET AND ASSIGN TO APPROPRIATE CODING.

READ(1s1) LTYPESIT
IF(LTYPE=1)10+20+30

—m———

"L6T



OO0 GO0

OO0

PROCESS NATIVE ANALYSIS AND RETJURN TO NIXT DATA SET.

10

CALL INPUTD(12s1)

CALL NATIVE

CALL RESTACK(3)

CALL REPORT(12+5910HNATIVE +»10H s0)
GO 10 70

PROCESS DENATURED ANALYSIS AND RETURN T) NEXT DATA SET.

20

CALL INPUTD(S5s1)

CALL DENAT

CALL REPQORT(5+0+10HDENATURED »10H s0)
GO TO 70

PROCESS HYPERCHROMIC ANALYSIS AND THEN RESTACK DATA TO PERFORM NATIVE AND
DENATURED ANALYSIS OF THIS DATA.

30

Z,

40

50

CALL INPUTD(15+2)

D040I=1+15

DOD(I)=0DC(Is1)-=0DC(Is2)

caLL HYPER

caLtL QEPOQT(159179lOHHYPE?CHRDMleHIC o 1)
CALL RESTACK(1)

D0S0I=1412

I11=1+3

0D(Is1)=0D(I1:2)

CAaLL NATIVE

CALL REPORT(1295+10ANATIVE 9 10H 90)
CALL RESTACK(2)

IC=4

DOA0I=146

I1=1+IC :

OD(T+1)=0D(IIs1)
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70

0DC(I.1)=0DC(IIs1)

IC=1C+1

CALL DENAT

CALL REPORT (5905 10HDENATURED +10H
CONTINUE

SToP

END

+0)
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C

SURROJTINE INPUTD(NsL)

C THIS SUSRDUTINE READS IN ABSORBANCE DATA AND CORRECTS IT FOR SOLUTION

C EXPANSION IF APPLICABLE.

c

20
30

COMMON OD(1592)90DC(1542)9DOD(15)T(3)
COMMON TITLE(8)+1IT(2)

DIMENSIOI COR(S)

DATA COR/1.00198141. 022711,1 02899891 035904,1 041870/
READ(141) TITLE

FORMAT (8A10)

DO10J=1.L

READ(192) (OD(I14J)sI=14N)

FORMAT (8F10.0)

IF(N.5Q.12) GO 7O 30

DO2ZnJd=1,L

11=1IT(J)

D020I=14N

ODC(I+4)=0D(I9J)#COR(II)

RETURN

END
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SUBROJTINE NATIVE
C
C THIS SURRDUTINE PERFORMS THE 3 TEIM ANA_Y¥SIS OF THE NATIVE DNA SPECTRUM. IT
C RETURNS THE OUTPUT VARIABLES 70O THE CAL-ING ROUTINE THROUGH COMMON STORAGE.
C -
DIMENSION S(6) .
COMMON 0D (1592)90DC(1592) «DOD(15)+T(3) ‘
DATA S/9+329E-B92.0531E~706¢198E~-852.792E-8+2.1247-898.513E-8/
U1=-2026-#OD(191)-1889.*03(291)'1390.%00(391)+&3-*OD(491)-319.*OD(5
BSol)‘508.*00(6-1)+2515.*OD(7,1)+871-*OD(891)"386.*09(991)+1159-*OD(
B(10s1)+1797%0D(11,1)+1187.%02(12+1) -
U2=7056.*OD(191)’1251-*00(291)'1917-*00(3;1)‘?830.*00(491)‘1807.*0
BD(Svl)'ll@l.*OD(bal)‘3379-*30(791)‘lQﬂQo*OD(Bol)“154.*00(991)-1558.
Be#0D(1001)=2424.%0D(1141)-2093.%0D(12+1)
U3=3952.*0D(1y1)¢5031.”OD(291)+6338.*OD(391)+7480.*00(491)+7616.*0
BD(591)*7307.*OD(691)‘7052.*00(791)*5740.*00(8,1)*4537.*00(991)*393
B8 . #0D(10s1)+3164,%0D(1191)+2188,#0D(12,1)
THETA=ULI#S (1) +U2%S(2) +U3#5(3) $ T(1)=u1%S(4)+J2%S(3)+U3%5(5)
THETA=THETA/T(1) & T(2)=(1.-THETA)*100.
B=U1#5(6) +U2%S (1) +U3¥S(4) % T(3)=(B-T(1)#THETA®THETA) /(T(1) #*THETA)
RETURN % END
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SURROJTINE DENAT
C
¢ THIS SURRDUTINE PERFORMS THE 2 TE3IM ANA_YSIS OF THE DENATURED DNA SPECTRUM. IT
C RETURNS THE OUTPUT VARIAHLES TO THE CALLING ROUTINE THROUGH COMMON STORAGE.
C
DIMENSION S(6) ,
COMMON 0D (1592)+s0DC(154+2)9DOD(15) 4T (3)
DATA S/50473E-8+1.2806E-743.879E-893.97E-991.55E-897+62E-8/
ULl=-2765+%0DC (191) +2354.%0DC(2+s1)+1090.20DC(3,1)+3095.#0DC(4s1)+17
B305.%02C(541)
U2=-1565.20DC(151) -4786.%0DC(2s1)=1263.%0DC(3,1)=3849,%0DC(4s1)-44
B21.%02C(5e1)
U3=7210.%0DC(191)+10154.%#0DC(251)+9506,20DC(3,1)+3980.%00C(491)+69
842,%0)C(541)
© TTUETA=ULI®S (1) +U2%5(2) +U3%5(3) $ T(1)=U1%S(4)+J2¥S(3)+U3#S(5)
THETA=THETA/T(1) & T(2)=(1.-T4ETA)*100,
B=U1%5(6) +U2#S (1) +U3%5(4) 3 T(3)=(B-T(1)*THETA*THITA) /(T (1) *THETA)
RETURN $ END

A4



c

C THIS SUBRJUTINE PERFORMS THE 3 TERM A
C IT RETURNS THE OUTPUT VARIABLES T3 THE

C

SUBROJTINE HYPER

DIMENSION S(6)

COMMON DD(1592)+0DC(1542)9DOD(15) T (3)

DATA S/B-SSE-Bo6.543E’8~2o534€’895-31lE’8v2.5355“892-969€'7/
U1=-5@2.*DOD(1)'180.*DOD(2)*494.*D0)(?)-257-*DOD(4)'lSOlo*DOD(S)-9
841.*D3D(6)+102-*DOD(7)-541.*DDD(8)*319.*000(9)-731.*000(10)-595.*0
BOD(11)'203.*DOD(12)-160-*903(13)+1045.*DOD(14)'149-*000(15)
U2=188.*DDD(1)’837.*000(2)-1758.*00)(3)‘1179.*000(4)*277.*DOD(S)+2
841.*DDD(6)“58.*DOD(7P41403-§DDD(8)*10690*000(9)+1468-*DOD(10)'34.*
BDOD(II)-1500.*000(12)-2261.*D3D(13)'2991.*DOD(14)—989.*000(15)
U3=1753.*DOD(1)+1590.*DOD(2)+2068.*)DD(3)+221&.“DDD(4)+2060.*DOD(5
B)+2173.*DDD(6)+2287.*DOD(7)+1983.*DJD(8)+2055.*DOG(9)+2169.*DOD(10
B)*?754.*030(11)+3104.*DOD(12)+2884.*DOD(13)*2341.*000(14)*1123.*00
BD(15)

THETA=UL1#S (1) +U2#5(2)+U3%#5(3) % TE1)=11%5(4) +2%5(3) +U3%5(5)
THETA=THETA/T(1) $ T(2)=(1l.-THETA}*100.

B=U1#S(5)+U2%S5(1)+U3%5(4) % T(3)=(B=-T (1) #THETA*THETA) /(T (1) #THETA)
RETURN & END

NA_YSIS OF THE HYPERCHROMIC DNA SPECTRUM.
SALLING ROUTINE THROUGH COMMON STORAGE.
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SURROJTINE REPORT(NeIBsSTITLELsSTIT_ER2s1IH)

THIS SUSROUTINE PRINTS THE INFOXMATION TD BE OUTPYTe. IT FORMATS AND PRINTS THE
TITLE INFORMATION«A TABLE OF ABSQORBANCE AND CORRECTED A3SORBANCE VALUES AND
THE PREDETERMINED wWAVELENGTHS AT wHICH THEY WERE RECORDED AND THE CALCULATED
CONCENTRATION PERCENT GC AND DELTA FACTIR FOR THE ANALYSIS.

COMMON OD(1592)s0DC(1542)sDOD(15)sT(3)

COMMON TITLE(B)$IT(2)

INTEGEZR W (32)

DATA N/24O¢250v2609270528092359240924?92509255926092659270,2759280
15,285,29052209225523042354240,245,250,42555260,265,270,275,280,285,2
290/

WRITE(2+2) STITLEY9STITLEZ2STITLE(L) o TITLE(2)

WRITE(2e3) (TITLE(I}+I=3+8)

IF(IHGED1)10920

10 WRITE(Ps4) $ WRITE(2¢11) & WRITE(2912) 3 WRITE(2912) % WRITE(2+13)

WRITE(2412) & WRITE(Z11)

DO11I=1.N

L=I+13

WRITE(2+12) 3 WRITE(2+12) % WRITE(Z2914) W(L) eDD(I+1)90DC(Is1)+D0D(
11)

1 CONTINUE
WRITE(2512) & WRITE(2+11) 3 WRITE(295) (T(I)eT=193)
RETURN
20 WRITE(2+4) .3 WRITE(2+5) $ WRITE(296) % WRITE(296) $ WRITE(2.7)

WRITE(2+6) T WRITE{(2:5)

DO331I=1sN

L=1+13

WRITE(2¢6) B WRITE(246) 3 WRITE(Z248) W(L)s0D(T191)+0DC(Is1)

33 CONTINUE
WRITE(2+5) $ WRITE(245) % WRITE(299) (T(I)seI=1+3)
RETURN

2 FORMAT(1H19//s 2X«%*DONA SPECTRAL ANA_YSIS eeese #¢2A10510Xs%DNA TYP
1E #eA10e35Xe¥DATE #,A10)
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FORMAT (/+35X96A10)

FORMAT (//58Xe ¥ INPUT DATA#9//)

FORMAT (47X e34(1H7))

FORMAT (47X s4 (1H*410X)) '

FORWAT(lHoa47Xv*WAVELENGTH*91Xo*OD(EXPMTL)*»]X;*OD CORRECT*®)

FORMAT (1H+9S51XeI397XeF5.395Xe75,3)

FORMAT (///+4TXs*CONCENTRATION OF DNA =-#*9£12.49*MILES PHOSPHOROUS/

1COME o/ /44 TX s %*MOLES 2ERCENT GC = #4FG,19//7947Xs¥DELTA FACTOR

2 = *9F8-3)

11 FORMAT (42X +45(1H%*))

12 FORMAT (42X95(1H*410X))

13 FORMAT (1H+942Xs ¥WAVELENGTH* 51Xy #0D (IXPMTL) #41xs%0D CORRECT#*,1Xs* D
1ELTa 3D #)

14 FORWAT(1H+946X91307X~F5-395X9:5.395K9F503)

END

No ke IR Be NRV L IS S 08
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SUBROUTINE RESTACK(L)
C
C THIS SURROJUTINE RESTACKS THE ABSORIBANCE ARRAYS FOR MULTIPLE ANALYSIS OF THE
C HYPERCHROMIC DATA SET. THESE ARRAYS ARE HFELD IN COMMON STORAGE.
C
COMMON OD(1592) 90DC(1552)9D0D(15)5T(3)
GOTO(19293)sL
1 DO10I=1,.15
DOD(IN=0D(Is1)
ODC(I+2)=0DC(Is1)
10 ODC(Is1)=0s
RETURN
2 D0Z20I=1,15
ODC(I1+1)=0DC(I+2)
20 OD(1.1)=D2D(1)
RETURN
3 DO30I=1415 .
30 ODC(lel)=0. :
RETURN
END
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