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ABSTRACT

Molecular interactions may cause a wide vafiety of effects
including modification of radiation sensitivity, mutagenesis, carcino-
genesis, antibiotic and antitumour activity. The quantitative aspects
of the interactions of small molecules with biopolymers have been investi-
gated by the Pulse Radiolysis technique. Binding paraﬁeters calculated
with this technique for the interaction of mutagenic acridine dyes with
nucleic acids agree with results obtained by conventional techniques.
The interactions of the toxic herbicide paraquat and radiation modifiers
with DNA have been investigated. The method has also been used to
determine the effect of macromolecular conformation on molecular
association, and the aggregation of both small molecules and macromolecules.

When molecules associate they form bulky complexes with Tow
diffusion coefficients. The apparent rate of reaction of the primary
reactive species e;q (hydrated electron), formed in the radiolysis
of water, depends mainiy on the diffusion coefficients and encounter
radii of the reactants. The reactivity of e;q is greater with freely
diffusing molecules than with molecular complexes. Changes in jonic
strength, molecular conformation or aggregation result in changes in
e;q reactivity, which is used as a measure of complex formation.

The reactive species e;q was generated by nanosecond pulses
of 3 MeV electrons from a Van de Graaff accelerator. Changes in e;q
reactivity were measured by monitoring changes in e;q absorption at 650

nm by kinetic spectrophotomatry.
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The Pulse Radiolysis technique is simple, swift and accurate,
and provides a powerful method based on chemical kinetics to study

molecular interactions. It is an in situ method, which does not

disturb the equilibrium of any interaction under study, nor require
a separative or analytical measure of binding. It has potential
in investigating radiation damage to, and the effects of radiation

modifiers on, cell components in simple model systems.
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Chapter 1
INTRODUCTION

It is important to understand the mechanisms.and the consequences
of molecular interactions because these interactions, leading to the
formation of molecular complexes, are encountered in countless and
diverse biochemical systems. Many of these interactions are essential
to Tife, such as the combination of oxygen and hemoglobin, or complex
formation between enzymes, substrates and coenzymes. The action of
many drugs, antibiotics and antitumour agents is due to complex for-
mation with DNA or other biological macromolecules (1,2,3,4). Amino-
acridines such as acridine orange and proflavine are known to inhibit
nucleic acid synthesis (5). Many mutagens and carcinogens are known
to associate with key biological macromolecules such as nucleic acids
and proteins (6). The chemical action of radiosensitizers and radio-
protectors may be due, in part, to their association with key target
macromotecules (7,8). The mechanism of these interactions and the
factors that affect them are, therefore, of great importance.
a) Introduction to the Pulse Radiolysis Technique

In the course of the investigation of the reactions of free
radicals with nucleic acids, it was found that the reactivity of
primary free radical species, particularly the hydrated electron, e;q,
with nucleotides, dropped two orders of magnitude when these same
nucleotides were incorporated into DNA (9). Free radical reactivity
was greater with small, freely diffusing solute subunit molecules,

than with large bulky macromolecules incorporating these subunits such



as DNA. This is to be expected, because the absolute rate constants
for the reactions of e;q with solute molecules are determined by the
diffusion coefficients and encounter radii of the reactants (10).

This observation opened up a whole new area of application of
the pulse radiolysis method. The change 1in e;q reacfivity could be
qualitatively and quantitatively related to the assembly of
small molecules into macromolecules. If the mobility of a reactant
is reduced either by association with a less mobile large molecule,
or by self association, its diffusion controlled reactivity with e;q
will be reduced. Conformational changes in macromolecules may aid
association and change diffusibility.

For well over a decade;the pulse radiolysis method (11) has
been used to study the reactions of transient free radical species,
generated in dilute solutions by a short intense burst of ionizing
radiation, with solute molecules (12). Biologically important molecules
may interact directly with incident radiation (direct action) or
with radical species produced by the action of ionizing radiation on
solvent molecules (1nq1rect action). In dilute aqueous solutions
the Tatter process predominates. -The cellular environment is approxi-
mately 70% water and so indirect action will predominate. The indirect
action of radiation has therefore been the subject of extensive
research.

In irradiated aqueous solutions, the primary reactive species

are the hydrated electron and the hydroxyl free radical (e’

aq and .0H).

They are both highly reactive and can be detected by kinetic spectro-

]O M"] "]\

photometry. Their reaction rate constants, (S 10 s ', are



listed in Table 1 for various cell components.

In order to simplify the study of the reactions of either e;q
or .OH, the interfering radical is removed by the addition of a suitable
scavenger to the solution. Oxygen scavenges e;q, and t-butanol is a

good .OH scavenger. Under appropriate scavenging conditions, the

7
/

reaction of a single remaining free radical with a particular biological
molecuTe such as DNA, resulting in a change in chemistry of the molecule,
may be followed.

The e;q was chosen as the primary reactive species and .OH
scavenged with t-butanol because e;q has an intense broad absorption
band peaking at 720 nm (13), enabling its reactions to be easily monitored.
Pulse radiolysis could then be used to study molecular interactions.

Many workers (14, 15) have utilised the fact that on binding
smaller molecules, often sites on macromolecules that are reactive
towards e;q may be shielded, resulting in a decrease in e;q reactivity.
Among the interactions studied are the binding of drugs (16, 17),
phospholipids (18) and ethidium bromide (19) to proteins. In order to
test the validity of the idea that molecular association leading to
Tower diffusibility and reactivity with e;qs could be used as a probe
in binding studies, the interaction of ethidium bromide (EB) with DNA
was investigated (15, 20) in this Taboratory.

EB is a phenanthridine drug used in the treatment of bovine
African Trypanosomiasis. I%s biological action is believed to be a

result of complex formation with DNA. This interaction has been

investigated in detail by conventional techniques (21, 22), such as

spectrophotometry, fluorometry and equilibrium dialysis. The strength

and probable mechanism of the interaction are known. This was therefore




Table 1
Reaction Rate Constants for the Solvated Electron with Various

Cell Components

e;q Rate Constants (M”]s_]) Cell Constituents

> 1011 DNA, RNA, enzymes

N 1010 Nucleic acid bases,
Coenzymes, Vitamins,
Nucleotides
Nuc]eogides

n ]Og Aromatic amino acids

< 107 Phosphate esters,

organic acids,
sugars, carbohydrates




chosen as a suitable interaction with which to check the feasibility of
the pulse radiolysis method.

It was found that in the absence of DNA, the e;q rate of decay
was first order in EB concentration over a 10 fold concentration range.
(Solutions were at neutral pH and .OH was scavenged by 0.1 M t-butanol).

10 -1 -1

The rate constant for the reaction of e;q with EB, v 4 x 100" M " s °,

was diffusion controlled. On the addition of DNA, the e; decay rate

q
dropped dramatically, indicating a decrease in the number of small molecules

free to react with e;q, Various other small molecules, dyes and
inorganic cations were tested with DNA (20). Some were known to bind
DNA. Data in all cases corroborated results found by conventional
methods.

A comparison of the pulse radiolysis method with conventional

methods used to study molecular interactions is given in the next section.

b) Comparison of the Pulse Radiolysis Technique with Conventional Techniques
Numerous methods have been used to study the nature and mechanisms

of molecular complex formation, depending upon the properties of the

molecules involved. A change in optical properties on molecular

association is the basis of spectrophotometric and fluorimetric methods.

Optical methods can be used when the molecules involved have character-

istic spectral properties (23). The binding of EB to DNA and RNA causes

a shift in the visible region of the spectrum, the maximum absorption

peak of the dye shifting from 479 nm to 518 nm. There is a colour

change from yellow-orange to pink (21). The decrease in absorption

with varying concentration of small molecules is related to the ratio



of bound molecules to nucleotides present. The absorption peak also
changes with the salt concentration. A Scatchard plot (24) can be drawn
with these data to determine the strength of the interaction (association
constant, K, M']), and number (n) and type of binding sites per macro-
molecule. Fluorescent characteristics of the EB speétrum also change
depending upon whether the dye interacts with free RNA, ribosomal RNA,

or RNA associated with the cell membrane (25).

The binding of acridine orange and 9-aminoacridine to polyadenylic ... -
acid (poly A) and DNA has been studied optically (26) by absorption and
fluorescence spectroscopy, circular dichroism (CD) and optical rotatory dis-
persion (ORD). Even though these methods are fairly rapid and do not . involve
complicated sample preparation, CD and ORD spectra are sometimes
difficult to interpret due to the overlapping of electronic transitions.

The crucial factor in using optical methods is that the compounds must
exhibit particular optical properties in terms of being coloured or
highly fluorescent.

Stopped-flow techniques are also used extensively (27). These
methods can involve considerable shearing and destruction of the macro-
molecule involved. In the case of a biopolymer with repeating subunits
such as DNA, the molecular weight may be considerably reduced. A
correétion would have to be made for this. The method is not very
sensitive, however.

Conformational changes in polynucleotides due to the presence

of divalent metal ions have been measured by studying changes in the

optical rotatory dispersion (ORD) and ultraviolet spectra (28). The



conformational change may be either stabilization of helical structure
or destabilization to form random coils. In either case there is a
change in ORD or UV spectra that can be quantified with the degree of
conformational change (28).

EquiTibrium dialysis is another method used extensively. The
solution under investigation is separated into a high and Tow molecular
weight component by a semipermeable membrane that allows the passage
of one type of molecule and not the other. The interaction of numerous.
antibiotics and DNA have been examined by this method (29). It is a
slow process, howevér, and the time taken to reach equilibrium may be
60 to 72 hours. If one molecule is charged, the distribution of diffus-
ible ions both inside and outside the membrane will be affected.
Addition of a suitable salt may correct this problem, but the salt may
é]solcompete for binding sites on the macromolecule. This problem arises
with serum albumin, as it will bind the anion of any neutral salt to
some extent.

UlTtrafiltration also utilizes a semipermeable membrane that
selectively, in terms of molecular weight, allows the passage of molecules
through it (30). Solutions are forced under pressure through the membrane.
This may shear large molecules or destroy a weakly bound complex.

A shift in buoyant density has been used to study the inter-
calation of various molecules into closed circular DNA (31). This is
a useful method if a marked change in buoyant density occurs and
reveals the structure of this type of DNA molecule.

Ultracentrifugation is also used but here too there is a

danger of destroying a weakly bound complex (32).



One of the most powérfu1 analytical techniques for studying
the detailed architectural structure of molecules, high resolution
nuclear magnetic resonance, has been used to investigate the nature
of molecular interactions. This method provides detailed information
on the positions of certain nuclei within molecular structures.
Changes in the chemical environment due to changes in pH, temperature,
ionic strength or the addition of small molecules can be detected.

The highly specific, detailed information available by this method is
in marked contrast to the more general, but equally essential, infor-
mation obtained by pulse radiolysis and the steady-state techniques
which monitor the consequences of binding such as changes in optical
absorption, fluorescence, CD, ORD, sedimentation velocity, chemical
reactivity, etc.

08t nuclel have spin and charce.  The possible orientations
of nuclear spin give rise to different energies in an external magnetic
field. If the external field has an oscillating component, energy is
absorbed or emitted as the nuclear spin changes direction. This

is known as nuclear magnetic resonance. In order to get the nuclear

)

another rotating field (H,) must be applied, perpendicular to Ho-

magnetic moments to line up with an external magnetic field (HO

These nuclei do not behave 1ike macroscopic bar magnets.  Their

spin axes precess about Ho' When H, rotates at the precession frequency,

resonance occurs and the nuclear magnetic dipoles flip over. When
this occurs voltage is induced in a coil. This voltage is amplified
and displayed on an oscilloscope screen (233,34,35).

Nuclei have characteristic resonant frequencies. The NMR
spectra ofvorganic molecules are complex. The resonant peaks must be

resolved and assigned to specific nuclei. Fortunately only about half



of all known isotopes have magnetic moments. If both mass and atomic

number of a particular atom are even, then I = 0, where I is the spin

angular momentum quantum number, and since the magnetic moment

u o= gNBNVTYT?TT'where Iy is the nuclear g factor, a dimensionless constant,
ef

and By = Mo ° the nuclear magneton, .. u = 0.

These isotopes include ]ZC, ]60 and 325, so the spectra of
organic molecules is somewhat simplified.

Molecular structural information may be measured by small but
measurable shifts in resonant peaks of nuclei due to the chemical
environment. These chemical shifts are due to the shielding effects
of electron clouds around nuclei, or the proximity of protons to electro-
negative groups. Chemical shifts may also be caused by the presence
of paramagnetic metals. Paramagnetic organic free radicals (spin-
labels) that covalently attach themselves to macromolecules are used as
probes. Ring currents, or currents arising from the circulation of
delocalized n-electrons, produce a local magnetic field that opposes
the external applied field above and below the plane of the aromatic
ring. Nuclei outside the ring in the plane of the aromatic ring have
their resonances shifted to low field. Nuclei inside the ring are
partially shielded and higher external fields are required to achieve
resonance.

These chemical shifts therefore offer-detailed information on

the structure of the aggregates of acridine orange molecules in Solution

(36) and on the interaction of nucleic acids and druas (37 - 41).
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The sensitivity of the nuclear magnetic resonance technique
is determined primarily by the line width of the resonances, the natural
abundance of the isotope and its NMR sensitivity. A number of over-
lapping peaks in the spectrum can render it extremely difficult to
interpret. From a practical point of view, high resolution NMR is
not a simple or convenient technique for characterizing the qualitative
and quantitative aspects of binding involving large, compliex molecules.
The pulse radiolysis method on the other hand yields information
on a "macroscopic" level, which is an indirect result of binding,
rather than a direct measure. It can be used to determine the degree
of complex formation, of conformational change, aggregation, and the
number and strength of binding sites on a macromolecule. Details of
the conformational change at a particular site may be obtained by NMR.
Even though the pulse radiolysis method utilises chemical kinetics in
the analysis of binding phenomena, it is, like the other methods
mentioned, a static method. The dynamics of binding are not investi-
gated. Pulse radiolysis is an experimental technique which probes
molecular interactions indirectly, by observing changes in chemical
reactivity resulting as a direct conseguenceof the binding process which
has taken place. Nature of the binding can only be inferred indirectly,
by experimental observations of changes caused by external perturbation
(e.g. pH, temperature, ionic strength etc.) For instance, intercalative
binding can be inferred from the experimental result showing a decrease
in association of acridine orange with DNA following heat denaturation
of the macromolecule. Although, 1ike many other techniques for studying

binding, the pulse radiolysis method is indirect, it is, because of
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the complexity of binding processes involving biopolymers, a practical

and useful alternative to the highly sensitive but necessarily limited
specific analytical techniques such as NMR. This is especially evident when
results are needed in a short period of time and for a wide range of
compounds, or for different types of binding, such és in drug screening.

No single method of investigation is universally applicable.
Many methods employ optical techniques and these are necessarily
limited to the study of molecules with specific optical properties,
and the charges in these properties on association must be observable.
Other methods are lengthy (equilibrium dialysis), involve possible
shearing or destruction of molecules and complexes (stopped flow,
ultracentrifugation) or time consuming sample preparation. Results of
filtration experiments are confused when either molecule is charged.

It is difficult to use one method to study several aspects of binding
such as competitive binding and conformational changes in molecules.

The pulse radiolysis technique does not involve complicated
sample preparation, simply solution preparation and dilution. Molecules
are not required to have any special properties such as fluorescence,
or bright colour, or exhibit changes in any properties on association.
The time involved in the experiments is relatively short and data may
be obtained quickly. Drugs may be rapidly screened as to their possible
interaction with biologically important macromolecules. Charged
molecules may be investigated, and separation of molecules is not
necessary. Very small quantities of solute are required, a great

advantage when using expensive substances.
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In pulse radiolysis, binding is studied in situ, and may be
observed under physiological conditions, without interference or pertur-
bation of the system, allowing the possibility of investigating even
delicate unstable or weak interactions. Pulse radiolysis does not
measure directly the nature or mechanism of binding; but rather the
physical/chemical consequences of binding which result in the formation
of Tess mobile complexes whose chemical reactivity and diffusion reflect
their altered structural properties. These consequences or results
of binding are universally amenable to qualitative and quantitative
analysis of binding and the static parameters involved. A lot can be
inferred or deduced about the nature and mechanism of the dynamic pro-

cesses involved by analysing these parameters,and the influence of

environmental - factors (pH etc.) on them.

6

Samples do have to be properly deoxygenated, to less than 10~
of oxygen, and should preferably be soluble in water. However, alcohol
and other polar solvents should also be suitable. The method appears
to ‘have wide scope. Binding interactions may be studied quantitatively
to determine the strength of the association and number of binding
sites (15). Conformational changes may be detected by this system,
whether that change be due to chemical action or physical effects
such as those of ionizing radiation. A conformational change is
reflected in a change in binding affinity for a particular Tigand.
Molecular associations can also be studied, since the diffusion

coefficient of molecular aggregates is considerably less than that of

individual small molecules.
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c) Objectives of This Study

The objectives of this experimental study are
to test the validity of the pulse radiolysis method for studying
molecular associations, to evaluate it in relation to other methods
used, and to explore some of the alternate ways in which this versatile
method may be used. In order to accomplish this, the interaction of
acridine orange and DNA was first investigated in detail.

The interactions of the aminoacridines and their derivatives
with biological macromolecules have heen intensively investigated
because of their antibacterial, mutagenic and carcinogenic action (42).
Their association with DNA results in a change in shape of the macro-
molecule (43). These interactions along with the interactions of
other dyes such as EB, are representative of a whole class of inter-
actions of small molecules with biological macromolecules. These
substances are coloured or fluorescent and their interactions are
normally observable as changes in their optical spectra. The pulse
radiolysis technique was employed to study these well characterised
systems, not by the change in optical properties of the ligands but
by using chemical kinetics.

Since the primary interaction of EB and DNA is dependent upon
the secondary structure of DNA, a change in secondary structure should
be indicated by a change in primary strong binding affinity. The

interaction of heat denatured DNA, polyguanylic acid (poly G) and
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polyuridylic acid (poly U) were studied to verify the requirement

of secondary helical structure for observing primary strong binding,

and to compare these results with data from techniques utilising the
change in optical properties of EB. Optimum conditions for the
interaction of small molecules with DNA may thus be determined.

These optimum conditions, together with the molecular characteristics

of known chemical radiation modifiers, could be used to design model
compounds with specific biological action. The binding affinity of

the radiation modifiers cysteamine, dehydroascorbate and N-ethylmaleimide
for DNA was measured. The effect of drug binding on radiation

modification of the target molecule could then be evaluated.

This method has potential in the rapid screening of drugs for
their possible interactions with key biological macromolecules. The
structure of the herbicide paraquat suggests that it might intercalate
in the DNA helix. The binding affinity of this herbicide with DNA was
determined.

It should be possible to investigate the association of macro-
molecules by the pulse radiolysis method. Since histones have a great
affinity for DNA, this association was investigated. The assocation
of the small molecules 5'-guanosine monophosphate (5'GMP) and 5'-
cytosine monophosphate (5'CMP) was also studied. Results obtained by
high resolution NMR spectroscopy on this association and the structure
of polynucieotides have been discussed, and the type of information

obtained by NMR and pulse radiolysis compared.
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d) Thesis Format

The format of this thesis is as follows. Chapter II contains
background information: a brief review of radiation chemistry, the
pulse radiolysis technique and chemical reaction kinetics. The fourth
section covers the theory and mathematics used in obtaining expressions
for binding parameters. Chapter III contains a brief description of the
Van de Graaff accelerator, optical detection equipment and sample prepar-
ation. Experimental results are discussed in chapter IV. These results
are summarised in chapter V, in relation to the objectives set out in

the Introduction.
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Chapter 11
BACKGROUND INFORMATION

a) Radiation Chemistry of Water

When ionizing radiation penetrates and is absorbed in water, energy
is transferred from the radiation beam to the water moTecu1es, resulting
in excitation and ionization of the water molecules (44). Along the path
of the incident particle, excited water molecules HZO*, are formed,
that lose their energy by non-radiative processes in w1613 seconds.
Direct ionization a]sé takes place along the primary particle

tracks yielding ionized water molecules.

+ -
HZO WA HZO + e, (1)

Both H20+ and the electrons produced (e;) interact with water
molecules resulting in the production of the species H., .0OH, H2 and
H202 (44, 45).

The energy of e; is dissipated by ionization and dissociation
of water molecules. When the energy falls below a threshold valué the
electron becomes thermalized. It then reorients the dipolar water
molecules to form a cage around itself, and is said to be hydrated
or solvated, e;q (45). This process occurs in w10'1] seconds.

The G-values (number of species formed per 100 eV of energy

absorbed by the solution) for the yields of molecules and radicals-(46)

are given below:

*1.5 - 2.0eV (46)
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Species formed G-values
e 2.8
aq ;
.OH 2.8
H. 0.5
H2 0.5
H202 0.8

The primary radical products of irradiated water are e;q and .OH.

b) The Pulse Radiolysis Technique

The pulse radiolysis technique has been developed over the past
twenty years (12). The method involves the formation of free radicals,
ions and excited states in dilute organic or inorganic solutions, by
the absorption of a well-defined short burst of ionizing radiation.

The change in the optical absorption of the solution is then monitored
by kinetic spectrophotometry (11). It is now possible,with the advent
of high energy accelerators,to obtain pulses of nanosecond duration,
and:to use fast sensitive detectors to observe transient absorptions
in the near U-V region of the spectrum (47).

On irradiating a dilute aqueous solution with a short pulse of
Tonizing radiation, the principal primary species produced are e;q
and .OH, as outlined in the previous section. One of the species is
often removed by the addition of a suitable scavenger, and the absorption
of the remaining radical is monitored.

In this study, 50 ns pulses of 3 MeV electrons were generated

by the Van de Graaff accelerator. The absorption of e;q at 650 nm was

observed. The e;q has a broad visible absorption band at 650 nm. In
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order to demonstrate visually on an oscilloscope the formation and
decay of e;q, concentrations of at least 1070 M are required, and
preferably concentrations up to 10"7 M. This steady state concentration
cannot, practically, be attained with available continuous sources of
radiation because of the transient nature of e;q (13).- It can only be
generated momentarily by a short pulse of radiation such as high energy

electrons from an accelerator.

The .0OH radicals are scavenged by the addition of t-butanol to the

solutions. The resu]ting.tertiobutyl radical 1s unreactive and does .

not absorb appreciably above 280 nm - (4g). The e;q.diffuses through the

solution, reacting with solute molecules that it may encounter. An
analysing light is passed through the solution and oscilloscope traces
show the exponential decay of e;q optical absorption at 650 nm with time.
The absorbance is directly proportional to the amount of e;q present.

The rate of e;q decay is dependent upon the solute molecules present.
Firstzorder reaction rates and rate constants may be calculated from

these traces. The chemical kinetics of these reactions are described

in the next section.

c) Reaction Kinetics

The rate of reaction kD of the free radicals e;q, .Hand .0H in
aqueous solutions with solute molecules depends upon the temperature,
solvent dielectric constant, charges, encounter radii and diffusion

constants of the reactive species and solute . . According to diffusion

theory (10}, ‘when either solute or reactive species is uncharged, the

diffusion limited rate is,



i} -3 o1 -1 |
kD 4m (rl+r2)(D1+D2)N.10 M s (2)

where rl and rs (ﬁ) are the encounter radisi of reactive species and solute,

. 2 -1
respectively, and D1 and D2 (em©s ) are the respective diffusion constants.

If the reactants are charged, a correction term must be applied to account

for electrostatic effects of the charged reactants. ‘The rate then becomes

Ky = 4T (r +r,) (D, +D IN.1073¢[g, g, e? ' 2

D 1 /ALy *D, Q1Qpe7/eKT(r +e,)] / (explQ Q,e°/
eKT(r1+r2)] -1 m -l 172 ]‘ { 172

(3)

where Q1 and Q2 (esu) are the charges on tne reactive shecies and solute
respectively, € is the solvent die]eétric constant, and T is the temﬁerature
(°K).

1

For e; Dy = 4.5 x 1072 cm .s ' and ry = 3A (13). The calcu-

q°
lated rate constants for diffusion controlled reactions with most small
molecules are of the order of 2-4 x 10]OM-]S-].

The reaction of the absorbing species e;q and solute molecules
(represented by "S") is of the form
k]

e;q +S —=2 3 Pproduct (4)

At Tow doses the observed rate of decay of e;q (k'obs) is
constant and the reactions are pseudo first-order. The disappearance
of e;q may be represented by the following equation:

dfe. ]

a = - k!

dt obs [e;q] (5)

The solution to equation (5) is

-k' t
[e o]y = [eS 1 e ©b% (6)

19
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where [eaq]o is the initial eaq concentration.

Since the absorbance of the solution through which the analysing
light passes is directly proportional to the concentration of e;q, the
concentrations may be replaced by absorbance (A). Equation (6) may
be rewritten:

-k, t

- obs '
At = Aoe (7)

Taking Togarithms of this equation:

obs

Tog A't = 109 AO ~ 5303 t : (8)
. kébs
..Tog At - 109 AO = - m‘g t (9)

Absorbances are calculated from % absorption indicated on
photographs of oscilloscope traces, shown in the "Data Analysis"
section of chapter III.

A plot of the Togarithm of the change in absorbance vs. time
will be a straight line if the reaction is first-order in solute con-
centration, and decays exponentially. The time when the maximum
absorbance is halved is the half-1ife of the decay of e;q. If t1/2

is the half-life, equation (7) may be written as:

At 1. Kepstiye

A "2°°

0]

. 0.693 _-1

k== s (10)

Equation (10) may be used to calculate kébs’ the rate of decay

of e;q. The rate constant for the reacticn of e;q with solute molecules
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(S) will be:

Kobs = 1’%}% Ml (11)
The rate constant for the reaction of e;q with small, freely
diffusing molecules is greater than the rate constant with bulky
molecules of Tow mobility (egns. 2, 3). If the freely diffusing
solute molecules are immobilised either-by aggregating or becoming
incorporated into a bulky biopolymer, the rate of reaction with e;q

will decrease. The change in the rate of e;q decay With addition

of a biopoTymer to a solution of small melecules is a measure

of the amount of molecular association. If there is no

association, the reaction rate will simply be the sum of the rates of
e;q with solute and biopolymer alone. If association takes place, there
will be a marked reduction in the reaction rate of e;q when the bio-
polymer is added to the solute.

Oscilloscope traces of the exponentia] decay of e;q absorption
with time are used to find t1/2’ the half-1ife of the exponential decay.
An estimate of the pseudo-first order rate and rate constant for the
reaction of e;q with the solute is then made using equations 10 and 11
respectively.

In the absence of a macromolecule, when there are only freely

diffusing small solute molecules present, a reaction takes place at almost

every encounter and the rate constant is 2 - 4 x 100 Mo 571

If
macromolecules are introduced, with which the solute molecules associate,
they will cease to diffuse freely and the probability of their encounter-

ing e;q decreases dramatically. The e;q Tifetime is thus increased.
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This change 1in the rate constant is used to monitor the degree and
strength of binding of small molecules to macromolecules. The next
section describes how binding parameters may be obtained from the

reaction rate constants.

(d) Binding Assay

In studying the‘binding or association of molecules, the para-
meters of interest are the number of binding sites per molecule, n,
the strength of the association (as measured by the association con-
stant K) and factors that influence the interaction.

If P represents a molecule or ion containing n binding sites,
each capable of attaching another molecule or ion A, and v is the

number of occupied sites, then %~is the fraction of all available sites

occupied by molecules, and 1 - %—or f/n is the fraction of free sites.
The interaction between P and A may be represented by the following

equilibrium:
Ky
P+ A i;f P - A complex (12)
-1

The extent of complex formation is determined by the forward

and backward reaction rates:

d[P-A] _ -
[dt 1. k,[PI[AT - k_,[P-AT = 0 (13)

By the Taw of mass action, the association constant is given by
k -1

_ 1 _ [P-A] ‘
K = Ej;“ TPTAT (14)
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If f. represents the fraction of biopolymer (P) sites free of
1
small molecules (A), then

o [Pl ] (18)
fi = I+ [P-A] ™ T+ KIA]

If v. represents the fraction of bound sites, then,
i

e ) = il e

If v now represents the number of moles of A bound per mole of

macromolecule and the n sites are equivalent and independent then:

=

or, %ﬁj-= K(n - V) {17)

This expression is used to dréw a modified Scatchard plot (24). 1In

order to relate these quantities to paraﬁeters found by pulse radiolysis,
Tet kP be the e;q pseudo first order reaction rate constant with the
polymer 'Ptalone. kA is the e;q reaction rate constant with molecule

‘A' alone. k is the e;q reaction rate constant when both ‘P' and

obs
'‘A' are present. The respective reaction rates are represented by k!,

kA and kobs‘ In the absence of binding, the eaq reaction rate will simply

pe kobs = kP + kA. If binding occurs, the reaction rate kobs will

decrease. In this case kébs will be given by the following expression:

Kobs = KpLRinbound 1 * kAb [Phound 1 * %4 Punpound 1 (18)

ound
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B is a kinetic binding parameter proportional to v, the molar
fraction of bound dye. The parameterlg(number of moles of dye bound per
mole of macromolecule) is determined by spectroscopic methods in conventional
studies of binding. The parameter B is the kinetic equivalent of v in

pulse radiolysis studies, and is determined using kinetic changes in e

agq
reactivity to indicate binding.
B = qv (“9)
a 1s a constant.
B can also be written as:
B = Kp * kp = Kops (20)
A

In the absence of binding3 kP + kA = kObs and B becomes zero.,
For complete association, B = [Abound ]
Combining equation (17) and (19).1:13:E
B L
= K (an - B) (21)
unbound
This expression is used to draw a modified Scatchard plot (24).
B may be obtained once the e;q reaction rates have been calculated from
the half-11i fe d i i -
e ha ives o eaq ecay using equation (20)! [Aunbound]’ the con
centration of unbound solute is equal to
(kobs'%D)[A]

[Aunbound] = K

(22)
A

The slope of the modified Scatchard plot (B/[Aynbound 1 VS B)
is a measure of K, the association constant. This indicates the strength
of the association. The intercept on the x-axis is an where n is the

number of binding sites per macromolecule. With o« = 1, good results have
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been obtained for the binding of ethidium bromide to DNA (15) and
acridine orange to DNA (see Results and Discussion). If the Scatchard
plot is a straight line, the binding is relatively straight forward.
One class of binding site is present. If the Scatchard plot is a
curve, more than one class of binding site is apparent and binding at
one site influences binding at another. A two-component curve indi-

cates the presence of two classes of binding sites.
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Chapter III
EXPERIMENTAL
a) Hardware

Nanosecond pulses of 3 MeV electrons were produced by the model
KS-4000 Van de Graaff accelerator at the Whiteshell Nuclear Research
Establishment. The electron source is a directly heated tantalum
cathode. The pulse radiolysis system has been described by Hunt et al
(47). A schematic diagram of the experimental set-up used in this
Taboratory is shown in figure 1.

Solutions under investigation were placed in a quartz cell that
was aligned with the beam shutter, and illuminated by a 150 Watt xenon
lamp. The lamp has a remote controlled shutter and an ultraviolet cut-off
filter. The opening of the shutter is synchronised with the electron
pulse from the accelerator, in order to avoid photolysis of Tight-
sensitive solutions and damage to the photomultiplier tube.

A series of mirrors and an opening in the shielding of the
accelerator room brought the analysing 1ight out to the control room.
Optical detection equipment is placed outside the accelerator room for
convenience and to prevent interference from Eerenkav Tight and electronic
noise. The analysing light is focussed onto a monochromator, which
cuts off all wavelengths but 650 nm, and then passed on to the photo-
multiplier tube. The photomultiplier tube converts the Tight signal to
an electrical signal, which is displayed on an oscilloscope screen and

photographed.
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Irradiating one sample at a time is a slow process. For greater
efficiency, different solutions were placed in four syringes on a four-
way valve driven by a selsyn motor (see figure 2). The valve outlet
was connected to the cell with flexible tubing. The four-way valve
could be manipulated from the control room (by remoté control)- and its
operation was controlled by closed circuit T.V. 1In this way, four
samples could be irradiated in rapid succession.

A1l glassware used such as syringes, pipettes and flasks was
washed in chromic acid and rinsed three times with distilled water.
Glassware was then placed in an oven for several hours to oxidise

organic impurities by pyrolysis.

b) Sampie Preparation

ATT solutions were prepared with triply distilled water. Solutions
of dyes and other drugs were prepared immediately before use. DNA
solutions were prepared 3 days before use and stored in the dark at
0°C. 0.1M t-butanol was added to all solutions, and the pH was adjusted
to neutrality with the addition of KOH. Since e;q reacts very rapidly
with oxygen, all solutions were bubbled with high purity argon for 20
minutes immediately before use. This insured that the concentration of
02 was below 10_6 M. At this oxygen concentration,e;q takes 50 us to
react with it, which is & hundred times slower than the reaction time
of e;q with solute molecules.

The DNA used was highly polymerized type I calf thymus DNA from

Sigma chemical Co. For experiments with heat-denatured DNA, DNA soluticns

were heated above 100°C, then cooled rapidly to 0°C and brought gradually
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to room temperature. This heat treatment completely uncoils the native

DNA double helix, Teaving intact single-stranded random coils. The
absorbance at 260 nm was measured before and after heating. The
observed 20-30 percent increase in absorption at 260 nm is due to

hyperchromism and is evidence of denaturation.

In preparing the samples, great care was taken to minimize

traces of impurities and oxygen. The e;q reacts quickly with impurities

and oxygen, and stowly with polvnucleotides. The e;O decav time can
be affected greatlv if small amounts of impurities are

present.

c) Data Analysis

Data were obtained in the form of photographs of oscilloscope
traces of the exponential decrease in absorption of e;q with time. A
typical trace is shown in figure 3. The photographs are used to
measure absorbances. These may be measured manually, but this is a siow,
inaccurate method. A computer program PULSER (497 has been developed
(see Appendix) to analyse the data. The decay curve is traced by a
graphic digitizer. Points on the curve are translated into "x" and
"y" coordinates and these numbers are placed 6n magnetic tape. The
first part of the program (Digitizer Translator Subprogram) converts
these coordinates into millivolts and time and stores them on dectape
for the Data Analysis Subprogram. This subprogram determines if the

transient is a simple decay, carries out the kinetic analysis and prints

out the results. The program uses the PDP10 computer at WNRE.



Figure 3: .
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% ABSORPTION
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TIME (;.LS)

A typical oscilloscope trace showing the first-order
exponential decay of e;q absorption at 650 nm. Dose
per pulse ~1.5 krad. Deoxygenated aqueous solution con-

taining 10—5M EB and 0.1 M t-butanol as an .0H-scavenger.
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d) Experimental Errors

Random errors may be introduced due to the presence of impurities
in the samples. These were minimised by thorough cleaning of glassware
used, as described in Chapter III, Section a). Solutions were prepared
with triply distilled water, and all samples were carefu11y weighed.
Solutions of dyes and drugs were prepared immediately before use and
DNA solutions were stored at 0°C. High purity argon or nitrogen was
bubbled through each solution for 30 minutes to remove all traces of
dissolved oxygen, and t-butanol was added to remove "OH radicals.
However, once these sources of statistical error have been minimised,
inaccuracies in experimental results arise because hydrated electrons
react with each other. As they diffuse away from their point of origin,
not only do they react with impurities, oxygen and °OH radicals, but
also with other hydrated electrons they may encounter. These
competing reactions become significant when the solute concentration is
Tow. The hydrated electrons traverse a greater distance before
encountering solute molecules and have a higher probability of reacting
with other products of radiolysis. Thisis the major source of systematic
error.

Typical doses of 1 krad are generated by 50 ns pulses of 3 MeV
electrons from the Van de Graaff accelerator. This results in an
instantaneous concentration of 3xM of e;q . Hydrated electrons react

with each other by the following mechanism:



The rate constant for the reaction is of the order of 1010 M"]'s'1
(11). With a high solute concentration, the probability of the above
reaction taking place is reduced considerably . This is the most

outstanding source of experimental error. In the calculation of the
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reaction rate the error is estimated to be of the order of + 10% to 20%.

Errors were probably incurred in tracing the exponential decay
curves on the photographs, with the graphic digitizer. These errors,
of the order of + 2%, are small compared with the error due to the
possible combination of hydrafed electrons with each other.

Three photographs were obtained for each concentration of solute
used. The average value of the reaction rate was obtained, and these
values used to find the binding parameters. |

A11 these errors are shown by error bars on Figures 1 to 16.
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Chapter IV
RESULTS AND DISCUSSION
a) Interaction of Acridine Orange with DNA

The interaction of acridine orange and DNA was investigated in
depth using the pulse radiolysis bihding assay. The concentrations of
DNA used were 0.01% and 0.02%, which correspond to effective nucleotide
(MW = 350) concentrations of 2.9 x 10”4 Mand 5.8 x 10°% M, respectively.
The acridine orange concentration ([A0]) was increased from 5 x 10'5 M
to 2 x 10"4 M, in order to cover the range of strong and weak interactions
of ligand and macromolecule at neutral pH. At higher acridine orange
concentrations the molecules have a tendency to form dimers, or
aggregates.

Semilog plots were drawn for the exponential decay of e;q
absorption at 650 nm, in the presence of dye and macromolecule
separately and together, at different concentrations. These semilog
plots were used to measure the half-1ife (t1/2) of the exponential
pseudo-first order decay of e; absorption.

q
The reaction rate k' (5’1) - 0.693
t1/2

_ 0.693 -1 -1 .
k = t1/2 0 M " s ~ were then calculated. These quantities were used

and absolute rate constants

to draw a modified Scat€hard plot.

Test runs were first conducted to study the feasibility of
investigating this interaction by the pulse radiolysis method. These
results have been published (50). The rate constant obtained for the

reaction of e;q with dye alone was of the order of 2.5 x 10'0 M 57T
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Similar results but studying only qualitatively, drug -protein

interactions, have been obtained by J.D. Buchanan (51) for the rates

of decay of e; absorption at 650 nm with the amincacridines proflavine,
benzoflavine aid acridine orange.

Figure 4 shows the reaction rates for A0 alone, and AO in the
presence of 0.02% DNA, with an error of + 10% - 20%. This error is due

to competing reactions of e; with other hydrated electrons. Also

q
at higher concentrations of AQ, the A0 molecules aggregate. This self-
aggregation probably causes the rate to be Tow at high A0 concentrations.
The highest point on the graph (fig. 4) is probably low due to this
experimental artefact. The initial slope, therefore, yields the most
accurate rate.

There is a marked reduction in the reaction rate on addition of
DNA to the AQ solution. This is to be expected because, in the absence
of binding the reaction rate would simply be the sum of the rates with
DNA and AO alone. However, when the dye is bound to DNA it is effectively
immobilised and its e;q reactivity, being essentially diffusion controlled,
is decreased. On complete association, with no free dye remaining in
solution, the observed e~  reactivity (kébs) will be essentially equal

aq
to the rate of decay with DNA alone.

On addition of 5 X 107°

M A0 to 0.02% DNA, there should be
complete association. At this dye to polymer ratio, energetically strong
binding occurs, saturating at a dye to nucleotide ratio of 0.1. The
binding energy is of the order of 6 - 10 kcal mo1e_1 of aminoacridine

bound (52). On increasing the concentration of AQ, once the primary
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Figure 4:
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The decay of e;q absorption at 650 nm as a function of AO
concentration. Addition of DNA results in a marked decrease
in e;q reactivity towards A0, indicating complex formation

between AO and DNA. The corrected rate is the observed rate

less the natural rate of reaction of e;q in solutions containing

no substrate.
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binding sites have been saturated, an energetically weaker secondary binding
takes place (53), of the order of at most a few kcal mo1e—1 of bound
aminoacridine (51). The planar polycyclic dye molecules (fig. 8) both
intercalate the grooves of the DNA helix, and are attached to the exterior
of the helix at high dye concentrations. The attachment to the exterior
of the polyanionic double helix is due to electrostatic attraction of the
cationic dye molecules (Fig. 5a). The positive ring nitrogens are close
to the phosphate groups o% the DNA chain, the planes of the molecules
being parallel to the bases (52). The planar A0 molecules, however, have a
tendency to aggregate ( 54 by stacking on top of each other, in the #
same direction as the helix axis. They interact mutually in a direction
perpendicular to their aromatic planes and pile up on top of each other.
This weak binding process is therefore not entirely electrostatic (23),
the binding of one molecule facilitating the attachment of others. Difficulties
arise in studying the AO-DNA interaction at high A0 concentrations
because these stacked molecules cannot be accomodated by intercalation,
but. cluster around the exterior of the DNA helix.

The aggregation of AC molecules and the AO-DNA interaction
have been investigated by a number of techniques including NMR and
optical spectroscopy. NMR is useful in elucidating the structure of
the complexes. It is possible to determine the orientation of the DNA
base-dye complex by following the proton chemical shifts as a function of
dye concentration.

A coplanar arrangement of dye molecules and DNA base rings would
result in a down-field shift of base protons. However, upfield shifts

of base protons have been observed (55) with increasing dye concentration.
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Figure 5 a) Planar polycyclic dye molecules attached by electrostatic
attraction to the exterior of the DNA double helix.
b) Intercalation of planar polycyclic dye molecules into the
DNA double helix by extension and deformation of the DNA
back-bone.



Proton chemical shifts in the NMR spectra of A0 on dilution have been
measured (36). The ring and N-methyl protons shift to Tow field markedly
on dilution. The ~50-fold deshielding is attributed to the breaking up of
large aggregates of AO molecules. There are also large changes in the

chemical shifts for the 3,4 and N-CH., protons. Results suggest

3
that the most probable orientation of adjacent A0 molecules is one in
which the 1,9 and N—CH3 protcns are located nearly over the centre of
adjacent rings. This type of structural information may be useful in
designing model DNA intercalants for specific bacteriostatic, mutagenic or
radiosensitizing action. The interaction, its strength, and the number of
binding sites can be obtained rapidly by pulse radiolysis.
The pulse radiolysis technique verifies, simply and rapidly,
that the interaction takes place, by monitoring the 1ifetime of e

aq
In addition to this, quantitative information on the interaction may be

obtained, as detailed later in this chapter. Binding curves reveal
the number and strength of binding sites.

No single method, however, yields enough information to
elucidate completely the mechanism of a molecular interaction. X-ray
diffraction patterns of fibres of the complex with proflavine
show changes in the usual helical structure of DNA (43 ). Disappearance
of the characteristic layer-line pattern suggests a disordering of the
helical backbone. Stiffening of the DNA molecule on complex
formation with acridines and a resultant increase in viscosity and
change in sedimentation coefficient have been used to obtain binding

curves (43),
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Lerman first proposed a model for the strong binding (43,58) .
He envisaged intercalation of an aminoacridine molecule between adjacent
base pairs on the DNA chain, facilitated by extension and unwinding of
the deoxyribose phosphate backbone (fig. 5b). The helix length increases by
3.4 E for each intercalated molecule, the plane of the aromatic triple
rings being perpendicular to the helix axis. The molecule is stabilised
by electrostatic forces and London-Van der Waals forces between
aminoacridines and neighbouring base pairs due to the overlapping of their
m-electron orbitals. Figure 6 shows the triple aromatic rings superimposed

on the DNA bases.

Figure 7 is a modified Scatchard plot of the binding of A0 to
DNA. B is the kinetic binding parameter such that
(kpolAOT + kpyyg [ONAT -k \ ) (20a)
kAO[DNA]

where kAO and kDNA are the e;q reaction rate constants with A0 and DNA
alone, respectively, and k;bs is the observed reaction rate with AOQ and
DNA combined. The equation I%ﬁj%ree = K(n - B) was then used to con-
struct the modified Scatchard plot. A straight T1ine would indicate the
nresence of one tvpe of bindina site and yicld one association constant.
A two-component curve shows the presence of two classes of hinding site.
A curved region on the graph indicates the overlapping of two types

of binding sites. The initial section of the graph is linear and gives
an intercept of 0.1 on the X-axis. This is equal to the dye to site
ratio for strong binding,and is in agreement with results obtained by
more conventional methods. Under conditions where the binding efficiency
is low, considerable error is associated with the determination of

B/[Aojfree’ and this introduces large variations in the value

of K. The initial negative slope of the curve, K~ 542 X 105(M—1)
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Figure 7: A Scatchard-type plot for the binding of A0 to DNA. The
negative slope of the line is a measure of the association
constant K(M'l). The AQ concentration was varied from

10—5M to 4 x 10'4M and the DNA concentration from 0.1% to 1%.
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1s a measure of the association constant for strong
binding. The slope gradually decreases with increasing A0 concentration.
This type of analysis has been used successfully to measure’the association
constant and other binding parameters for the ethidium bromide-DNA
interaction(15), and the dinitro-EB-DNA interaction (50). Curvature of
the graph shows the overlapping of binding sites. The association
constant is changing. Once the primary sites, or sites for intercalation,
are filled, the A0 molecules attach themselves to the exterior of the
double helix at the secondary sites. However at higher values of the
binding parameter B, the concentration of A0 is greater, and due to the
stacking of A0 molecules the secondary sites are not all equivalent,
One AO molecule facilitates the stacking of another. The binding of
A0 to DNA is, therefore, fairly complicated. The Tlatter portion of the
curve at high AO concentrations is not linear. The presence of clumps
(i.e. stacks) of A0 molecules affect the rate of decay of e;q , leading
to some degree of error in the calculation of the binding parameter B.
A tangent to the latter portion of the curve will yield the association
constant.

It has also been observed that AQ binds preferentially to A-T
rich regions of DNA, and less tg G-C rich regions (57:). This

heterogeneity of binding sites is reflected in a curved Scatchard plot.
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The interaction of DNA and the aminoacridines has been studied
extensively not only because of their mutagenic and bacteriostatic
action, but also because they resemble structurally the carcinogenic

benzacridines and polycyclic hydrocarbons. An aminoacridine with an

electron-affinic side chain would be a potential radiosensitizer. Though

strong binding is considerably reduced when 9-amino-1,2,3,4-tetrahydro-
acridine is combined with DNA (53) due to the bu]ky.nature of one of the
rings, binding is not reduced when long bulky side chains are
attached to the 9-amino group as in atebrin (see figure 8). Atebrin
has been found to increase the radiosensitivity of bacteria (malaria
plasmodia) (59). The toxicity of this aminoacridine, however, at doses
necessary to achieve radiosensitivity, limits the use of this particular
compound in mammalian cef]s.

A number of macromolecules were rapidly screened for their
interaction with A0. A Tow (correcteQJ rate on combining macro-
molecule with A0 indicates some form of complex formation. Whereas

binding occurs with chondroitin sulfate (ChSO4) and myoglobin, there is

minimal binding with the neutral molecules of bovine serum albumin (BSA).

* The rqtg was corrected for the finite e._ lifetime in a solution
containing the macromolecule only.
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Table 2
Kinetic Parameters for the Interaction of Acridine Orange with Various

Macromolecules

Molecules present - Corrected rate x.106 (s'l)*
Acridine orange 10™*M 4.2
A010"%M + DNA .04 1.2
A010™ " + chso, .02z 1.4
A010™*M + Myoglobin .02% 0.4
AOT0"M + BSA Lotz A

* kAO corr kobs - kDNA[DNA]

The interaction of acridines and nucleic acids is assumed, in
many cases, to be the cause of the biological effects of the acridines.
Their ability to extend and stretch polynucleotide chains of DNA may
lead to additions or deletions in the genetic code (59) or stabilization
of DNA against strand separation at the point of intercalation.

- In either case, the result may be mutagenesis or carcinogenesis. In

vivo, the rate of formation of the complex may be significant.

It is important, therefore, to determine the factors that
affect these complexes, by changing parameters such as the ionic
strength, temperature or structure of macromolecule or ligand. It
has been found that an increase in ionic strength diminishes secondary

binding to a greater extent than primary binding of A0 to DNA (&0Q).
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The mutual repulsion of acridinium cations appears to be the main
factor Timiting primary binding (61). Thermodynamic factors involved
in the binding of A0 to native and heat-denatured DNA have been
obtained by extensive equilibrium dialysis studies (62). AO was
released at a greater rate from denatured DNA than from native DNA
as the temperature was increased above 20°C. Presumably the secondary
structure of denatured DNA is destroyed at a greater rate with
increasing temperature.

It is shown in the following sections that pulse radiolysis
can be effectively used to study the effects of changes in the structure
of macromolecules and changes in fonic strength, on the binding of

small molecules.

b) Conformational Changes in Macromolecules

The biological action of a drug that interacts with a biopolymer
is generally assumed to be due to conformational changes induced in the
biopolymer on binding. Pulse radiolysis has been used successfully to
study conformational changes induced by pH (9), temperature (63) and
drugs (14). Conformational changes in proteins may reduce the availa-
bility of cationic sites on the protein molecules for the hydrated
electron. Variations in reactivity towards the hydrated electron are,
therefore, a measure of the degree of conformational change in the
biopolymer.

Generally, a definite secondary structure in the macromolecule
is required for a drug to bind to it. Lack of this secondary structure:

results in a greater concentration of the drug in the free state. The
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rate of disappearance of e;q is a monitor of the amount of drug bound
and in the free state. Measurements of the reaction rates of e;q in the
presence of drug and macromolecule can therefore be used to determine
the degree of conformational change in the macromolecule.

Drugs such as acridine orange, that have a planar aromatic ring
structure, bind polynucleotides essentially through hydrophobic inter-
actions by the insertion of the aromatic ring between the stacked bases
of the polynucleotide. The trypanocidal dye ethidium bromide (EB)
requires the base-paired helical structure of DNA in order to bind
to it strongly (21). The planar phenanthridine ring of EB intercalates
between adjacent base pairs on the DNA helix. This interaction has been
studied extensively by conventional methods (21, 64) and by pulse
radiolysis (15). It has been found that strong primary binding occurs
at sites that are saturated when the drug to nucleotide ratio is ~0.2.
At higher drug concentrations an additional weaker secondary binding
takes place, and saturation occurs when the drug to nucleotide ratio
is 1.0 (21). Secondary binding is due to electrostatic attraction of
the positively charged EB molecules to the exterior of the polyanionic
helix (65).

Because of the electrostatic nature of the secondary binding,
addition of salts such as MgC"!2 to the EB-DNA medium causes a reduction
in the strength of the interaction (22). There appears tokbe some
release of EB from sites on DNA when MgC]2 is added, as the rate of e_

aq
decay increases. This is shown ir Table 3. The effect seems to be

due to some EB displacement and nct simply the reaction of e;q with MgC]Z.



Table 3

The Effect of Salts on the Rate of Decay of e;q with EB and DNA
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Small Molecules and Biopolymer

Rate of eaq Decay x 10

6

(s

0.1 mM EB
0.1 mM EB + .01% DNA

0.7 mM EB + .01% DNA + .05M MgC]2

0.05 M MgC12
0.1 mM EB + .02% DNA

0.1 mM EB + .02% DNA + 0.5M MgCT2

0.5 M MgCl,

3.6
1.1
2.0
0.6
1.0
3.3
1.0




50

Waring originally reported that DNA, denatured by heating and
rapid cooling, exhibited the same type of binding with EB as duplex
DNA (21). However, by also raising the pH of heat denatured DNA from
8 to 12, a marked decrease in primary binding occurs (66). The increase
in pH prevents the formation of short duplex regions by intramolecular
hydrogen bonding. The pulse radiolysis method was used to investigate
the degree of conformational change in heat denatured DNA.

Calf thymus DNA was denatured by heating beyond the thermal
transition temperature for DNA denaturation or "melting", followed by
rapid cooling to 0°C. With DNA from eukaryotic cells, very few of
the single strands should reassociate, since diffusion of the DNA strands
is inhibited at low temperatures and it is difficult to match the complex
base sequences. However, it appears that on cooling, some renaturation
inevitably takes place by intramolecular hydrogen bonding. The amount
of EB free in solution when duplex DNA is present, compared with the
amount of EB free in solution when denatured DNA is present, is a
quantitative measure of the degree of denaturation or conformational
change, of DNA.

Figure 9 shows the effect of adding 107 M EB to .01% E-coli DNA

~(~105mw), calf thyrus DNA (1.5X107MN) and denatured DNA. The least amount of

- EB is bound te denatured DNA, as expected. E-Celi DNA allows more EB to

bind than calf thymus DNA. This indicates either a greater degree of

helical structure in E-Coli DNA, or that electrostatic binding is

facilitated by the presence of more negatiy@ charge on the DNA molecules.
In order to study the interaction of EB and denatured DNA,

.01% DNA, both duplex and denatured, was used. The concentration of EB
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Figure 9: The effect of added calf thymus DNA, E-coli DNA and denatured

DNA on the rate of reaction of e;q with EB. The EB concen-
tration was varied from 2 X 16°°M to 4 x 107°M, while the

DNA concentration was .01%. The ~F of the solution was G.0.
Decrease in helical structurc {as in denatured D7) resutis

in an increase in the concentration of EB free in solution,

and an increase in the rate of reaction of e;q with EB.
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was varied from 10—5 M to 4 x 10_4 M. Results are shown in figure 10.

The concentration of EB free in solution was calculated using the

expression:

[EB] - (kObS (Corrected)ukDNA)[EB]

free 3

(22a)
EB

With duplex DNA, at Tow dye to nucleotide ratios, there is very
Tittle free EB. With increasing quantities of EB, both primary and
secondary binding sites are filled and the concentration of EB free
in solution increéases. With denatured DNA, however, there is a
greater concentration of EB free in solution at low dye to nucleotide

ratios. When the EB concentration is 2.9 x 10_4

M and the dye to
nucleotide ratio is 1, there is 11% more EB free with denatured DNA
than with duplex DNA.

In order to investigate this further, a modified Scatchard
plot showing the binding of EB to denatured DNA was drawn (figure 11).

Here a two component curve is evident. The initial slope is ~ 1.1 +0.4 x 10°

and the X-intercept is 0.1. The association constant, K = 1.1 +0.4 x 1O6M_1,
indicates strong binding. However the dye to nucleotide ratio of 0.1

is fifty percent less than the ratio for saturation of primary sites

with duplex DNA, which is 0.2 (21). Also,at Tow dye to nucleotide

ratios the Scatchard type plot indicates secondary binding. It appears,
therefore that short sections of denatured DNA have paired to form

some duplex regions.

In order to verify more directly by the pulse radiolysis method,

this Tack of primary binding when the helical secondary structure of
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A modified Scatchard plot for the binding of EB to denatured

Figure 11:
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nucleic acids is absent, the interaction of EB with the synthetic
homopolymers polyguanylic acid (poly G) and polyuridylic acid (poly U)
was investigated. Poly U exists in aqueous solution largely as
nonhelical random coils (67). Poly G has a four-stranded structure (68).
Binding curves obtained by conventional optical methods (64) reveal

the presence of only one type of binding site on these homopolymers.
Figures 12 and 13 are modified Scatchard plots for the interaction of

EB. with poly G and poly U, respectively. The homopolymer concentration
was kept constant at 0.01%. The EB concentration was varied from

-5 4

100" M to 4 X 1077 M,

Both Scatchard plots are linear, indicating the presence of one

type of binding site on the homopolymers., The association constant in

the case of poly G is 2.5 X 10% u!

3 M_]. These Tow values indicate weak secondary binding of

, and for the poly U - EB complex
is 3.1 X 10
EB to both poly G and poly U, though the poly G interaction is stronger.
It seems likely, therefore, that the cationic EB molecules are

attracted mainly by electrostatic forces to the negatively charged
phosphates of the homopolymers. There is considerable scatter in the
data points in figure 13. This could be due to some form of base
stacking and unstacking, with an absence of a hydrodynamically rigid
structure (69), present in poly U. The absence of strong primary
binding or intercalation of EB to these polynucleotides, however, shows

1ittle evidence, if any, of double helical formation in solution.
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Figure 12: A Scatchard type plot for the binding of EB to poly G.
One class of binding site is indicated by the straight

Tine.
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Due to the number of peaks and overlapping of peaks analysis
of NMR spectra of polynucleotides is complex and time consuming.
It is limited to the simpler molecules and has not so far led to
useful results which confirm or deny our present interpretation
of Figs. 12 and 13.
c) Interacticn of Radiation Modifiers and DNA

The pulse radiolysis method has been used to screen radiation
sensitizers and radiation protectors with respect to their specificity
for binding to different biopolymers (20,41). DNA is considered to be
a critical target for radiation induced cell killing. The mechanism of
radiosensitization by electron affinic compounds, and radioprotection
by ~SH compounds appears to be by free radical scavenging, or interaction
with potentially damaged free radicals or damaged sites on important
biopolymers. There may also be interference with cellular repair mech-
anisms. If the radiosenﬁitizer or radioprotector is closely associated
with the target molecule, its action may be more efficient.

Cysteamine which is a reducing agent has radioprotective properties.
The decrease in e;q reactivity on the addition of DNA to a solution of
cysteamine indicates some measure of cysteamine - DNA molecular associ-

ation (Table 4). This association may have important implications in

cellular radioprotection. The e;h rate constant found when DNA was

~

;added to cysteanine was corrected for the ¢ lifetime in a system

aq

coritaining only DNA. The decrease in e;q reactivity on the addition
of DNA to cysteamine is not dramatic, indicating that there is

not complete molecular association, even at the cysteamine concentration

4

of 10" M. When the cysteamine concentration is doubled some cysteamine



Table 4

e;q Reaction Rate Constants with Radiation Modifiers and Macromolecules

Solution Components Ko~ (x 1010 Mo 5—1)
aq

Cysteamine 107M 2.2

Cysteamine 107N 1.4

+ DNA .02%

Cysteamine 2 X 10:4M 2.9

Cysteamine 2 x 10 M

+ DNA .02% 1.9

Dehydroascorbate 10™ 1.8

Dehydroascorbate 10™*u

+ DNA .02% 0.3

Dehydroascorbate 10”4

+ Chondroitin sulphate .02% 0.1

Dehydroascorbate 107

+ Myoglobin .02% 1.1
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is probably free in solution as the reaction rate increases to 1.9 X 10i0M 1s~1-
However; some association is evident and this association may have important

implications in cellular radioprotection.

Dehydroascorbate, a strong oxidant and radiosensitizer, was
screened for potential binding to DNA. egq decay raﬁes indicate
binding of dehydroascorbate to both DNA and chondroitin sulphate. When
dehydroascorbate was combined with myoglobin there was a small decrease
in e;q reactivity. This indicates that the association is probably
electrostatic in nature, since myoglobin is a neutral molecule while

both DNA and chondroitin sulphate are anions. (These results are shown

in Table 4).

N-ethymaleimide (NEM) showed Tittle affinity for binding DNA and
1§ known to react with -SH groups. This -SH inhibition is believed to
be the probable mechanism of its biological action.

Pulse Radiolysis is a convenient , simple and useful method of

screening potential DNA modifiers.
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d) Interaction of Paraquat-and DNA
The herbicide paraquat, or 1, 1' -dimethyl -4,4'-bipyridylium
ion, was screened for its possible association with DNA, by pulse

radiolysis (20). At the concentration tested (5 x 10'4

M paraquat with
0.1% DNA) there was strong association. Since the commercial use of
paraquat in 1962 as a herbicide, it has proved to be'high]y toxic

when ingested or absorbed through cutaneous lesions (7g9), with unusual
pulmonary specificity. The underlying mechanisms of its toxicity are
sti1l incompletely understood. Evidence indicates (71) that paraquat
undergoes redox cycling, with the sequential production of superoxide
radicals and singlet oxygen, which initiates membrane 1ipid peroxidation.
The effects are éxacerbated by the presence of oxygen. The physio-
logical results of this are pulmonary damage, decreased metabolic
activity and énzyme inhibition.

The structure of paraquat (shown below), with its cationic
charge and flat aromatic ring structure resembles that of several
intercalative drugs with pharmacological properties. It seems possible,
therefore, that intercalation and electrostatic attraction may take

place in the binding of paraquat to DNA.

Paraquat

Paraquat concentrations were increased from 10°% M to 4 x 1074 m
and the DNA concentration was kept constant et 0.02%. Decrease in e-
a
reactivity on the addition of DNA to paraquat as shown in figure 14 is

evidence of binding of paraquat to DNA.
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Figure 14: The rate of decay of e;q absorption with increasing
concentration of paraquat.. Addition of DNA results in
a decrease in e;q reactivity due to complex formation of

paraquat with DNA.
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concentrations of mononucleotides and DNA.
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e) Molecular Self-Association

The pulse radiolysis method was used in an attempt to study
possibie stacking interactions of ribonucleoside-5'-monophosphates.
Other techniques have not revealed any evidence of stacking of these
molecules in dilute solution. Results obtained by these preliminary
experiments are tentative and unconfirmed. They do not prove that
molecular self-association takes place. Further experiments will have
to be conducted before any firm conclusions can be reached.

Ribonucleoside-5'-monophosphates, being much smaller
molecules than nucleic acids will, if freely dispersed, exhibit
greater molecular mobility than the polynucleotides in aqueous

solution. The e; reactivity in such a solution should therefore

q
be greater than in a DNA solution containing an equal concentration
of nucleotides. If 5'-ribonucleotides self-associate by hydrogen
bonding and vertical stacking, or are prevented from freely
diffusing by self-induced changes in the solution upon dissolving,
such as the microviscosity or the water structure, they will become
Tess mobile and will behave effectively as macromolecules. Any

such changes in solute mobility will be reflected, by the pulse

radiolysis assay, in a reduction in the e;q reactivity of the

solute, analogous to that observed for polynucleotides and other

macromolecules.
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A few experiments of a preliminary nature were performed in order

to Took for such effects, and equal concentrations of DNA, 5'-CMP and 5'-GMP

were used. The concentrations were 5 X 10"5 5 4

4

M, 8 x 10 °M, 10" 'M and

1.2 x 100 M. The e;q rate of decay was measured in solutions containing

each of these molecules in turn, at the concentrations specified. Equal

aq
rate of decay determined. Results of the first experiment are shown in

quantities of 5'-GMP and 5'-CMP were then put together and the total e

figure 15. There is an increase in e;q decay rate with increasing
concentration of all three substances. This is to be expected.

However, the e;q decay rates for equal concentrations of nucleotides appear
to be comparable to those for DNA, even though each nucleotide monophosphate
molecule is considerably smaller than a DNA polymer. For purposes of

comparison, the e; decay rate in the presence of ethidium bromide is

q
shown below in Table 5. EB is a small molecule (molecular weight = 394)

without a great tendency to aggregate.

Table 5
e;q Decay Rates with Increasing Concentrations of EB
EB concentration e;q decay rate (x106) 7!
-5

5x 10" M 2.04

8 x 107° i 3.2

1074 o 4.3

1.2 x 107 o 5.2
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On combining equal concentratibns of 5' - GMP and 5' - CMP,
the e;q rates of decay are doubled as expected. The decay rates for
mixtures of 5' - GMP and 5' - CMP are comparable with equivalent con-
centrations of DNA. The e;q decay rate for equimolar concentrations of

5 4

5' - GMP and 5' ~ CMP (5 x 107° M) and for 107" M DNA s 0.44 x 10° .

The trend appears to continue with higher concentrations. 5 - GMP and

5'-CMP do not appear to be antagonistic or to inhibit each other from the
effects resulting in an apparent Tower mooility. The mixture of
monophosphates behaves from the kinetic point of view, 1ike the DNA
biopolymer, with respect to e;q reactivity. This is possibly because
stacked molecules of 5'-GMP tend to associate with stacked molecules

of 5'-CMP (74), forming an effective biopolymer. However, this is

only one possible explanation of these tentative results, and such an
hypothesis remains to be evaluated and tested by further experiments.
Another possible interpretation of the data, is based on the premise
that the repeating nucleotide subunits in a polymer are exposed and
unshielded (unlike bound drugs and dyes which may be buried) and are
"seen" by any diffusing reactive e;q with approximately the same
reaction cross-section. By this model, the overall e;q reactivity of

a nucleic acid, which is determined principally by its Tow mobi]ity}

in agreement with the Debye equation for diffusion controlled reactions,

will be Tow. However, for individual subunits, although the probability

of interaction with e;q is reduced by their non-uniform spacial
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distribution, nevertheless, for those reactants that do ultimately
collide, the reactivity which is determined by reaction cross-section
will be similar to that of free nucleotides.

It must be pointed out that these experiments are preliminary,
and have not been repeated or confirmed by additional e*periments.
At present, we can make no firm conclusions on the basis of a single
experiment. It appears, however, that these tentative results are
consistent with the hypothesis that mononucleotides in dilute solution
may interact in some way to produce an anomolous low mobility, and
that the e;q decay rate may be used as a measure of this "self-association"
or "freezing" of mononucleotides. Mononucleotides may associate in
aqueous solution by hydrogen bonding to water molecules, and stacking,
the planar bases and nucleotides stacking on top of each other by
short range forces. There is NMR evidence to support this (74) for

2

concentrated solutions (2107“°M), but this experiment is the first report

to suggest a similar effect may occur in dilute solutions. Further
experiments to verify these results will have to be done in order to
establish a firm experimental basis for such an hypothesis. By NMR,
upfield spectral shifts of ring protons are observed when there is
stacking of aromatic bases. Hydrogen bonding results in downfield

peak shifts for the participating protons. In the case of GMP, AMP and
to a lesser extent CMP, pronounced upfield shifts were observed for the
M),

ring protons and H-1' proton, at high concentrations (210° indicative

of stacking interactions (74). Possible base stacking in the pyrimidine

nucleosides (cytidine and uridine) cannot be cbserved by NMR because

of the absence of ring currents, but, based on experiments with other
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mononucleotides, none is expected at dilute concentrations.

IT the results in figure 15 can be confirmed by additional pulse
radiolysis experiments, then they are very interesting and may indicate a
new application of the pulse radiolysis assay, in which e-aq reactivity
may be used to estimate subtle interactions in small molecules like

mononucleotides, not detectable by other means.

f) Macromolecular Association

Histones are essential for the structure of chromosomes in the
nuclei of eukaryotic cells. They have a great affinity for DNA and
a fairly high molecular weight (~10,000). They stabilize DNA in the
duplex state, and are species specific, even though arginine-rich
histones are markedly similar in different tissues and in widely
different species.

In order to determine if the association of molecules with a
high molecular weight could be detected by this method, histones
ranging in concentration from 0.01% to 0.05% were added to 0.01% DNA
and 0.02% DNA. There was a reduction in e;q reactivity as shown in -
figure 16, indicating considerable association of histone and DNA.

Because of their basic nature, histones can neutralize the
phosphate groups of DNA, thus contributing to its organization in the
double helical form. X-ray and biochemical analyses (75) suggest that
tightly packed regions of coiled DNA and associated protein alternate
with more extended DNA like a string of beads. The extended regions

are then available for enzymatic cleavage.
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Chapter V
CONCLUSIONS
The pulse radiolysis method has the potential of being an

indispensable tool in the study of molecular interactions. Binding
parameters obtained for the association of acridine orange and DNA
using this method are in close agreement with results obtained by con-
ventional techniques. The Scatchard-type plot showed two classes of
bindings sites, one due to energetically strong and the other due to
energetically weak binding of AO to DNA. Association constants obtained

Vand 5 x 10° m!

were 8 x 105 M » respectively, for ‘strong and weak

binding,and the ratios of bound dye to biopolymer subunit were 0.1

and v 1.0, respectively. Association constants obtained by. conventional

methods are 2 X 105 M'] and 4 x 103 M'z respectively, and the ratio of bound dye

to nucleotide subunit is ~ 0.1 for saturation of the strong complex,

n1.0 for saturation of the weak complex. Numerous mutagens, carcinogens, anti-
biotics and antitumour agents such as aminoacridines, benzacridines,
actinomycins, phenanthridines etc. have a similar planar ring structure

to A0. Intercalation may be a common mode of strong interaction of these
drugs with DNA, particularly when they are cationic. The electrostatic

nature of the binding was also established by combining A0 with the

anionic macromolecules chondroitin sulphate and myoglobin, with positive
results. There was no association with the essentially neutral molecules

of bovine serum albumin.

Inaccuracies can arise when using this method because of the high rate

of reactivity of e;q with impurities, including oxygen and the products of radiolysis

of water. All traces of oxygen and.OH radicals must be removed, but hydrated

electrons will still react with each other. This leads to greater errors when the

concentration of solute is very Tow. There is a limit to the use of the
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method. For instance, in the Timiting case of extremely strong binding

(K~106M—1) of small molecules to polymers, the technique is limited, in terms
of accurate and precise determination of e;q reactivity, to the analysis of micro-
molar quantities of solute. This is quite comparable with the sensitivity of

other conventional spectroscopic techniques.

In probing other applications of this method it was found that
molecular conformational changes also can be detected, not
only structural changes that result in the shielding of electron-affinic
sites on the macromolecule which has relevance in the study of radio-
sensitization. The strong binding of ethidium bromide was diminished
on association with denatured DNA, the number of sites for intercalation
being reduced. Reduced association was also observed with mononucleotides.
It has, therefore, been established that pulse radiolysis is a useful
tool in studying structural changes in polynucleotides, by monitoring
the association of a known intercalant. The manner in which the structural
change occurs does not affect the results, making this a potential
tool in investigating radiation damage to polynucleotides and other

macromolecules.

Molecular associations may also be observable, as inferred from
tentative observations with mononucleotides. In one experiment, the e;q
rate of decay with nucleotide monophosphates has been found to be the
same as that obtained with an equal effective concentration of DNA nucleotides.
In the latter case a biopolymer is present, suggesting that in the former,
the nucleotides may be behaving in an analogous manner to solutes associated
with or incorporated in macromolecules. There was also a marked decrease
in e;q reactivity when histones were combined with DNA. The pulse radiolysis
method can therefore be used to investigate the association of both small

and large molecules.
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The role of pulse radiolysis in‘the screening of potentially
toxic drugs is seen in the interaction of paraquat and DNA. The toxic
herbicide accumulates in mammalian organs, particularly the Tungs where
membrane Tipid peroxidation occurs. The mechanism of action has not
been fully elucidated but it appears that its interaction with DNA may
play a role in its toxicity.

Radioprotectors and radiosensitizers if bound to DNA, the primary
cellular target of radical attack, should act more efficiently. The
radioprotector cysteamine was found to bind to DNA. At the same time,
experimental evidence has shown that cysteamine protects by attacking
endonucleases. The interaction of cysteamine and DNA in the presence
of endonuclease may be as important in radioprotection as the scavenging
of free radicals by cysteamiﬁe. The radiosensitizer NEM did not bind
DNA, but dehydroascorbate associated with DNA. The electrostatic
nature of the binding was investigated and confirmed by combining
dehydroascorbate with chondroitin sulphate and myoglobin, with positive
results. Thus pulse radiolysis is also a method of investigating the
action of radiation modifiers.

Pulse radiolysis is very useful in studying molecular inter-
actions and associations, can be used to screen potentially harmful
drugs, and to investigate the action of chemical modifiers of
radiation damage to cell constituents.

Pulse radiolysis, 1ike NMR and other analytical techniques, is
a static method and does not provide direct evidence for binding
mechanisms. It provides information on binding parameters and the
strength and extent of binding. The factors that affect binding such
as pH, temperature and ionic strength may also be studied. The pirobable
cause of binding is inferred from this data. The information is

obtained simply and rapidly, without perturbing the system or requiring

the molecules to have specific properties.
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Pulse radiolysis is probably unique in its universality and
versatility. Other methods such as NMR are complicated, time-consuming
and limited to specific molecules, but complement the Pulse Radiolysis
method because they provide information on the electronic configuration
and atomic structure of complexes.

Pulse Radiolysis has great potential in drug screening and
in the research and development of new drugs by analogy with known
macromolecular modifiers. The scope and potential of the method appear

to be great.
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APPENDIX

5.1. Subprogram ''Digitizer Translator"

Flowehiart,

More sets
to follow

Open File

|

Call Subroutine
MTREAD

Identity File

Call Subroutine —
DIGITD e — — —

List Values
on Dectape

List Controls

on Dectape

Last set

End of Subprogram

Subprogram
DATA ANALYSIS
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ibroutine MTHEAD

Jpen file
on Disk

|

i

~

Set Buffer

Check for
Parity Error

Identification Sets

Check for

or Number Sets

Test for
knd of Data

End ot data

More to follow

Store Data
on Disk

Heturn to
Main Frogram

8C



Subroutine DIGITD

Set Array Size
to 150 sets

Y

kead Data into
Memory from Disk

nd
of
Yes et No

No

Test to Limit . Data
Sets to 150

,ﬂheck:
/ Scale \
" Values

50 No

CB
[¢]
[07]

Continue
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Continue

Orient Numbers
to Axis
Set to Zero
Time at Origin

List Idents on
Dectape and Print

Apply Scale Factors
for Time and mv

Discard Neg
Numbers

Return to
Main Program
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Subprogram - '"Tigitizer Translator"

(. PROGRAM TO RATIONALIZE PHOTO NUMBERS FOR PULSE RAD EXP
U
IMPLICIT DOURLE PRECISION (AeH,;0«=2)
REAL FILNAM,DUM
COMMON X{15p)Y,Y(150), IDENT(3):N,Jd,JJOENT{3),NM
COMMON IDAT(50), MTu(bp), [PHOT(52), 1CASE(59), 1DC(50),
LIAC(S8)Y, IWAVE(SE) ) IYR(5D),CONC(BA)Y, TIME(S0) ,;DLEV(B2) , XMONT (50}
INTEGER TOAT,MTH, YR, IFHOT,ICASE,IDC,1AC, IWAVE
RLAD 12d8e,9F
READ 1@p0,FILNAM,INDIC
PRINT 555,0F FILNAM
55 FORMAT (' FILE NAME CORRECTED DATA,;'AS,/,
C'FILE NAME RAW DATA,'A%)
1o FORMAT (A5, 11,4X:012,2)
f IF INDIC=y,PROGRAM EXPECTS DATA ON DECTAPL FILE NAMED ¢F ILNAMe
0 (UNIT 7))
L [F ITHDIC=1,PROGRAN EXPECTS DATA ON MT: AND WILL WRITE FILE
: NAMED FILNAM ON DISK (UNIT 7

IF (INDIC,EQ.1) CALL MTREAD (FILNAM,INDIC)
CALL IFILE (7,FILNAM)
CALL OFILEC(g,0F)
D0 83 NM s 1, 52 , :
READ (5,207, ENDSBAA) IDAT(NM) pMTHINM) ; TYR(NM) p IPHOTINM) , IRAVE (NM),
1CONCINMY, TIME(NM), IDC(NM), DLEV(NMI, JTAC(NM)},JCASE(NM),
2XMONT (NM)
20 FORMAT (312,213  ,2B6,¢  ,113,1F6,1,103 ,6X:114,1F5,3)
IFOIOATINM) EQ,2) GO Tn 3
Bolt CONTINUE . . : e

3 N=15H8
C
C T4 PRODUCE NWUMBERS FOR TIME AND MILLIVOLTS
C

CalLL DIGITO
JFoJ =4

C TG LIST SET OF REAL NUMBERS FOR TIME AND MILLIVOLTS ON DEC TAPE

WHITE (8,225) (X(1),Y(1)s1=1,J)
205 FORMAT (1015,4,1014,4)
X(1)=2d,8040
Y(I)=p,8000
WRITE (8,225) xX{(I1),Y(])
IF(N=2) 1,2,2
1 K = 1
WRITE (8,226) K

226 FORMAY (1d13) . , B O

O 70 3
s K = 2
WRITE (8,226) K
CALL EXIT
END
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SUBROQUTIHE MTREAD (FILNAM,INDIC)
RCUTINE TO READ MAGTAPE AND LIST ON DISK (UNIT 7)

O

NIMENSION ARRAY(4)
CALL INTHAG(Z)
REWIND 16
CALL - QFILE (7.EILNAMY e e e e R
Ksi
& CALL BUFFR (1,556,16,15,ARRAY)
Ke2Rel

C YO CHECK FOR PARITY ERROR [F NONE EXISTS PROGRAM WILL CONTINUE
C IF AN ERROR EXIST SUCH WILL BE.PRINTLD QUY _AND ;
C THE PROGRAM WILL CONTINUE

IF (IEND16(D)Y) 1,2,3
. PRINT 128 ,K
146 FORMAT (36H PARITY ERROR ENCOUNTERED READING MT ,
111H RECORD NO,. 515) ... - B
GO 70 2
1 END FILE 7
CALL IFILE (7,FILNAM)
J=i
7 READ (7,402,ENDE251) CARRAY(]), 24,3}
NENESE , . .
GO T0 7
104 FORMAT (1X,142,5%X,2A5,A2)
251 CONTINUE
RETURN
2 CONTINUE
IF (ARRAY(3)=5H = )4,5,4 . S e
5 WRITE (7,104) ARRAY(1),ARRAY(2)
121 FORMAT (A5,43)
GO 70 B
4 WRITE (7,122) (ARRAY {1)s124,3)
1¢2 FORMAT (2A5,A2)

C READS 12 CHARACYERS ALL. TOGETHER . e

8 IF (ARRAY(1)=5H99 ) 891,6
RETURN
END



SUBROUTINE DIGITD

LGN

COMMON X(153),Y(15¢), IDENT(3) g Ny Jy JDENTL3) ,NM
IPHOT(54),
11AC<5@>@LwAv545@)gIVR(521JCONC(5m1¢ILME(5@)a

INTEGER TDAT  MTH, IYR,; IPHOT, [CASE,INC, IAC, IWAVE

C IS THE SCALEND VALUES oOF TIME
IMPLICIT DOUBLE PRECISION {A=H,0=2)
COMMON IDAT(58), MTH(5Q),
C
NNgi15a8
C
{ AND NN
L . . .
L ON QUTPUT N = » JFTEST WAS SMALLER THAN
¢ NOT THE LAST TEST OF TWE SERIES = N
C
< N = 2 FOR LAST TESYT OF SERIES,
C
¢
C READ VARIABLES INTO MEMORY
C
1 Nz

60 READ (7,185, END225@) NUM_

125 FORMAT (1%)

DO 629 Keli,NM

TF(NUM,EQ,IPHOT(K)) GO TO 7892
IF (IPHOT(K),EQ,2) GO TO 708

85

ROUTINE TO READ POINTS FROM DJSK PREPARED BY SUBROUTINE MTREAD
AND THANSLATE THE VALUES T2 ORIGIN OF PwOIO QUTRUT.
AND MILLIVOLTS

ICASE(S3), 1DC(5@),
DLEV(50)  XMONT(50)

TO CHANGE DIMENSIONED SIZE OF X AND Y ARRAYS

SIZE ALLOYTED AND THIS IS
ORMAL RUN,

Nos 1 IF THE SET WAS LONGER THAN THE DIMENSIONED SI1ZE OF THE
ARRAY = ONLY THE FIRST NN POINTS WILL RE USED

p CHANGE DIMENSION STATEME

- N 8 3 FOQR_TEST T00. . LONG AND LAST TESY OF SERIES, ___

6¥ CONTINUE
748 MN B8 K
Je@d

e
¥

C BEGIN DIGITIZER NUMBER PROCESSING

C READ X,Y POINT PAIRS

D0 1 lasi NN s e

JEJdel

READ (7,401) X(J),Y(J)
lo1 FORMAT (2F4,2)

IF (X(J),LT,8999) 50 TO

IF {X(J),GT,9988) GO To

IF (X(J1,G6T,9898) NgNe2.

G0 7O 49
CONTINUE

TEST TO ALLOW PROGRAM TQ SKIP EXCESS POINTS IF THEY EXIST
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NsNei
DO 3 I=1,15000
READ (7,181)TEST,DUM
Ik (TEST,LT,8999) GO 70 3
IF (TEST,GT,9989) GO 7O 12
IF (TEST,GT,9898) NzNe?
GO TO 42 .
N CONTINUE

4 TF (TIME(MN)Y L EQ,2,D8) GO TO 60
{ J=N0O,0F X,Y PAIRS
Jedwei

C RUTATION AND TRANSLATION OF AXIS

C
THETAZDATAN2(Y(2)=Y{1),X{(2)=X{1))
ACUS=0COS(THETA)
ASIN=DSIN{THETA)
N0 20 1e2,J
XADJ=X (1) =X(41)
YAGJ=sY(])=Y (1)
AX=XADJ®ACOSeYADJ&#ASIN
AYs=XADJ2ASINsYADJ#ACOS . . S, . e
X{I)=AX

224 Y(l)=AY

= T0 ORJENT THE X AND Y AXIS OF A PHOTCGRAFH TRACE

LI 2 G A

X{1) 5 0,2
Y(1) = ¢,@
XK=X(4)=X(1)
YK=Y (4)=Y(1)
ne 348 185,4
X{I)=X{(])=XK
IF(YL(5), LT YK)Y GO T 72 . . . .
YOI & Y{(]) = YK
0 70 3¢

74 Y(L) 2 YK = Y(1)

3t CONTINUE
X(1)=4,9
Y(l)=@,8

G
C DIGIT NUMBERS CORRECTED TO GRAPH AXIS IN MILLIMETERS
"

s X(2) = X(1)

s Y(3) = Y(1)
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C
L RLAL NUMRERS FOR AMPLITUDE AND TIME CALCULATIONS BY APPLYING SCALE
C FACTORS OF TIME AND MV IN SECONDS AND MILLIVOLTS
X(L) & X(KYe(8,0%8TIME(4NY )Y /XX
v Y(L) 3 Y(K)&(B,021ACIMN)Y)/ZYY
G LIST DAY, MONTH,YEAR ,PHOTO NUMHER,MAVELENNGTH,CONCENTRATXDU
C UC LEVEL,CASE NUMBER,XMOUNT ON DEC TaAPE
WRITE(B,214) IDAT(MNY  MTHIMN) ; IYR(MNY j TPHOTIMN) , TWAVE (Mn),
LCUNCOMNY , DLEVIMNDY , ICASE (MN) ) XMONT(MN )Y, NUM
216 FORMAT (312,213,1E10,4,1F6,1,111,F5,3,13)
C T DISCARD NEGATIVE NUMBERS
L=,
LORULIBEKRK OF SETS OF DIGIT PAIRS
[=o
7 L=+l
5 Isle¢y
IFCI,EQ.J) GO TO 6
TE(Y(I) LT, 0,ED) GO 7O 5
IF (X(1),LT.@,FBY GO Tn 5
X{Ly=X(1])
Y{L)=Y(])
GO Y0 7
Hd =2 L= ?
LoNUNMBER OF SETS OF POSITIVE DIGIT PAIRS
U Resl POSITIVE MUMBER PAIRS
;
RETURN
¢ B NsNe¢2
RETURN

END
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5.2 Subprogram '"Data Analysis'

Flowchart

Print Identification

kead Time and mv into
Memory from Dectape

/ absorbs or \

" emits light

Emits light \ Absorbs light

Convert mv to
lielative bmission
Intensity Units

Convert mv to
Optical Density Units

_ pc_ %
mv = RE] - 0D = logyg énc - mv}

L !

/ Simple\_

/ Decay or
Comb. of '\

Growth-decay

Simple

Decay ZEaCombination

Subroutine OKDER

Subroutine GROWTH

L ]

/ for N\
" more data N\

No \\ Yes

END




lst Order

Subroutine OKDEER

S for \
/ 1st or 2nd 3\
/Order Kinetics

2nd Order

Uptical Density

Units converted

to Natural Log
Units

Optical Density
Units converted
to Inverse 0D
Units

89

Calculate:

Reaction Rate

Initial Optical Density
Standard Deviation
Correlation Coefficient
of Reaction Rate

lst |
Urder;

Calculate

Half Life

E

Order

Write:

Heaction Rate

Initial Optical Density
Standard Deviation
Correlation Coefficient
of heaction Rate

Half Life (lst order
only)

REeturn to
Main Program or
Subroutine GROWTH




Subroutine GROWTH

Determination and
Calculation of hkate
Constant and other
Parameters of the
Simple Decay Portion
of" Transient Curve

Call
Subroutine OKDER

‘“}B&,,

Determination and
Calculation of kate
Constant and other
Parameters of the
Growth Portion of
the Transient Curve

Growth
Portion

90

Decay
Portion

Example of Transient Signal
for which subroutine GROWTH
calculates the reaction rate

lst

O r d e r }/:’. ’,,,.u,..v,

N\ 2nd
N\, Order

Calculate 0D
at a given time
O = uDCe~kt

Calculate 0D

op°

b = 5555

at a given time

Continue

NOTE :

This calculation
extends a theore-
tical decay curve
back to the begin-
ning of the pulse
or flash
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Continue

Calculation of 0D for
Growth Portion of Curve

By Subtracting Theoritical
Ul from Transient Curve

0b

Call
Subroutine ORDEER

Return to
Main Program
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L
L
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-
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1
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"Data Analysis®

Oroy ram -

- PROGRAM TO UETERMINE THE RATE CONSTANTS 0F 4 SPECIES FROM CURVES
= UBTAINED FROM A PULSE RADIOLYSIS DR FLASH PHOTOLYSIS OSCILLOGKAM

NIMENSTON X(1,0200), Y(1,200), UD(1,200), EXP (15)

DOUBLE PRECISION DC, X, Y, 0D, SLOPL, SDEV, INTCP -
INTEGER CASE, N, J, K;DaIDAT,MTHGIPHO],INAVE

REAL CONC, CLEV, DOSE

UC= LIGHT LEVEL AND THE TVYPE OF CURVE READ IN HERE
IF CASE = 4, THIS SIGNIFIES 4 CURVE WHICH HAS BOTH A GROWTH AND DECAY
SHUOWN

[F CASE =2 g , THEN THE DATA IS JUST A SIMPLE DECAY

READ 1000, FNAME
A FORMAT (AS)
CALL IFILE (r,FNAME)
READ (%5,1092) LXP . .
149 FORMAT (1545
5 WRITE (6,123)
143 FORMAT (11, 15X;35HRATE CONSTANT FOR TRANSIENT SPECIES,; /,
116X,35Haa%oaaua@oa@a@aa@@@a@@a@@@@%@&é@%&@e// )
WRITE ( 6,110) EXP
114 FORMAT (15X, 1545,///) . . S
READ(8,1%y) IDAT,MTH,IYR,IPHOTgIWAVE,GONC;DLEV,CASEa ODOSE, NUM
1o FORMAT(3I292I3;Ei@¢4gF6eia110F533913>
WNITE(égl@b)IDAT,MTH,IYRgIPHOTgIWAVE,CONCo post
176 FORMAT (3IQXIIHTHE DATE OF THE EXPERIMENT WAS I7aiH/aIEalH/gl2y/
1032X22HTHE PHOTO NUMBER 18§ s 16X15,7,
23CXL7HTHE WAVELENGTH 18 i19X]s5,/, L
S IAKI6HTHE CONCENTRATION OF THE SOLUTION IS ElB,2,/7,
43CXIAHTHE MONITOR READING (VOLTS) 1S 6¥F5g3@///)
IF(CASE,EQ,1) WRITE(6,104)
144 FORMAT (20X35HREACTION CONSISTS oF & SIMPLE DECAY,/,
12@X,35H@§%G§Q%a%é@#%@§§@§@é&@%&@#&%b&&%@%@,///)
IF(CASE,NE,;) WRITE {6,185) - e .
1J% FORMATY (2%X64HREACTION CONSISTS 0fF A GROWTH PURTION FOLLOWED BY A
1SIMPLE DECAY,/,
22@X,64H®@%§@@§*%&%&9@#a@@@9@69#&6&%%%@&@&@ﬁ@@@%@%@@@@@@@ﬂ%#@@@@@@%
3&@&@63///)
N A
J J . BN e
D 3
DC = 3,220 g0
DC s DLEV
SLOPE 2,40 £
SUEV = 2,0D 0@
- JINTCP = 09,9D 3g S _ e
1 N 8 N+ ¢
X(C1aN) = 0,000 @0
Y(L1,N) = BeBA0 BY
READ (8,1¥1) X(1,N), Y(i,N)
141 FORMAT (015,4,D44,4)

Mo o8



IF(X{L, Y E,2.08) GO O 1

TE (Y(1,N)  NE,2,002) GO TO 4

Nz N = 4

N0 582 K = 1, N

J o= J ¢+ 1

X{1,Jd) 8 X(1:K)

IF (DC,EQ.2.DB) GO TO 2 .
N0(1,.J) = DLOGLA(DE/(NC=Y (4 ,K)))
GO 1O 5¢0

00 (4,d) = Y{(1,K)

CONTINUE

TP (CASE.£9,4) GO 10 3

CALL GROWTH (X,0D,J)

L3 T0 4

K = 1

CalLlL ORDER (X,0D,J,K, SLOPE, SDEV,
READ (8,107) M

FORMAT (f1m)

IV (MEB,1) GU TO 5

ARITE (6,1722)

FORMAT (1H1,19HEND OF CALCULATIONS)
STOP

END

INTCP,

D)

93
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SUFRJQUTINE GROWTH (X,Y,L)
D0UBLE PRECISION M, M1, M2, C, DIF, SLOPE, SOEV,

DIMENSION

X(1,200),¥Y(1,200) ,C(1,2802,01F (1,208}

INTEGER K,J,D,L
WRITE (6,100)
FORMAT (25X21HSIMPLE DECAY CONSTANT,///)

K = 1
D= @
SLOPE

(Avﬂ’!o 8({

INTCP =2 ¢,40 @¢
SUEV = 9,80 U

noe s2e J

1. L

Moz (Y(L,Jded)eY (1,007 (X(1,Jed)aX(1,J))
IF (MgLT,2.8) GO TO .1

CUNT INUE
J = J ¢ 1
M1 =
MY B

(YL, 7)=Y(1,J) )/ (X{L,pde7)=X(1,J))
(YCLoJ59) =Y (1,Je2)) /(X Lsde9)=X(1,d%2))

IF{M1,6T,M2) GO TO 1
CALL ORDER (X, Yo Ls Jo SLOPE, SDEV,. [NTCP, D). .
WhITE (6,101)

FORMAT (25X 45HGROWTH CONSTANT, ///)
IF (D,E6,2) GO TO 2

N0 532 K=

1,J

Cll,K) & [NTCPeDEXP(=SLOPE#X{1,K))
BEXP & DEXP(=SLOPE&®X(1,R))

DIF(1,K)
GU 70 3
DO 533 K

Ci,K) = Y(1,K)

1, J

Cl1,K) & INTCP/(1,00 + INTCPeSLOPEeX(1,K))

DIF(L,K) =

J g K .
J = 1

=

Cli,K) = Y(1,K)

Call ORDER ( X, DIF, K, J, SLOPE, SDEV, INTCP, D)

RETURN
END
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SUBROUTINE ORDER (X, Y,L,K,SLOPE,STOM, [NTCP,Q)
TOTAL ND, OF COMBINATIONS OF X AND Y .
s 1S THE ARRAY NO, WHICH BEGINS THE EXEXCUTION OF X AND Y COMB,
OPE = 1S THE SLOPE OF THE LINE = CHANGES DURING EXECUTION OF SUBR,
EV = IS THE STANDARD DEVIATION OF THE Y AX]S
TCP = IS THE INTERCEPT OF THE LEAST SQUARES FIT
= SIGNIFIES WHETHER THE LEAST SOUARES F1T IS FIRST OR SECOND ORDER
DIMENSION W(1,200),X(1,200),Y(1,2080), SLOPEL(4), S¢(2)
NOUBLE PRECISION W,Y,X,SUMY,SUMX,SUMXY,SUMY2,SUMX2, SLOPEL, BASE,
1 INTCP,STDM, A0, SLOPE , HLIF,SUMY1,5,R
INTEGER QsP,oJsMNyF KeGob
n s ¢
NO 200 P = 1,2
DO 338 J 5 KoL
IF (P,EQ,1) GO 7O &8
Wel,Jd) @ 1,800 0@/Y(1,J)

G0 70 3¢p
Wlil,Jd) & DLOG(Y(1,U))
CONTINUE

DU 492 M 8 4, 2

N = 7

F = K

G = K ¢ 19

IF {(M,EQ,2) GO TO 7
GO T0 6

Fggmiﬂ - -
G = |

SUMY = @,860 e

SUMX = 2,400 p@

SUMXY = 0,000 2%

SUMY2 = 2,080 00

SUMX2 = 4,080 g . . o -

N = Q « ¢

DO 588 J = Fy G

N s N ¢ 1§

SUMY & SUMY < W(i,J)

SUMX = SUMX ¢ X(1,J)

SUMX2 B SUMX2 ¢ X(31,J)#%e2 e
SUMXY = SUMXY ¢ W(1l,Jd)eX(1,J)

SUMY2 & SUMY2 ¢ W(1l,J)ee?2

BASE = N ¢ SUMX2 = SUMXea?

SLOPEL1(Q)= (NeSUMXY=SUMX®SUMY)/BASE

CONTINUE

S{i). a8 SLOPELLL)/SLOPEL(2Y... . e e
IF(S(1),67,1,0D 0@) S(1) = SLOPEL(2)/SLOPEL(1)

S(2) = SLOPEL(3)/SLOPE1(4)

IF(S(2Y¢GT,4,08D BB) S(2)=SLOPEL(4)/SLUPEL(3)

Q= 2

IF(S(1),67,S(2)) GO TO 17

GO TO 18 e
Qe
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IF(Q:EQ,1) GO TO 13
WRITE (68,1039

GO Y0 414

WRITE (6,1313) .
FORMAT (25X, 20HF IRST ORDER REACTION,////)

FORMAT ( 25X,22HSECOND ORDER REACTION; ///7/)

SUMY = 2,44D e
SUMX = @,2%D 0@
SUMXY = 8,800 20
SUMYZ2 = 2,280 g@é
SUMX2 = 2,030 28
DO 820 J = KL

N = N ¢« 1

IF (3,EQ,1) GO 7O 11

Wlil,J) & 1,080 B@/Y{1,J)

GO 70 312

Wli,d) 8 DLOG(Y(L,J))

SUMX 3 BUMX ¢ X(¢,J)

SUMY & SUMY ¢ W(L,d)

SUMX2 & SUMX? + X(i,J)ee?2

SUMY2 & SUMY2 ¢ W(i,J)eal

SUMXY = SUMXY o Wli,J)eX(1,J4)

BASE g N & SUMXZ e« SUMXea?

SLOPE 8 (NeSUMXY=-SUMX¢SUMY)/BASE
INTCP & (SUMX2#SUMY « SUMXeSUMXY)/BASE
SUMYL = ¢,opD 28

DO 982 J = K, L

SUMY1 = SUMYL < (W(1,J)=(SLOPE®X(1,J)¢INTCP) e : e

STOM = DSQRT((SUMY2=INTCPeSUMYeS| OPEESUMXY) /N

RE(NSSUMXY=(SUMX&SUMY ) ) /DSART((NaSUMX2aSUMY ¢

[F (R,LT,0.80 #) R=zeR

IF (Q,EQ,1) GC T0O 15

AD 8 1,060 ga/INTCP

GO TO 16 .

AC = DEXP(INTCP)

SLOPE = =SLOPE

HLIF = 06,6930 ¢B/SLOPE

WRITE (6,101) SLOPE, A0, STOM,; R

FORMAT(30X;20HTHE REACTION RATE 1§,D28,5,7/,30X%
1,032,5,/,30%,33HTHE STD, DEVIATION OF THE RATE. 1S ,D15,5,/, _

2 SUX25HTHE CORRELATION FACTOR IS §XD15,5)
IF (Q.EQ,1) WRITE (6,12} HLIF

2218 (NeSUMY2eSUMYee2))

FORMAT (30X, 31HTHE HALF L[FE OF THE SFECIES 1S, D17,5,/////)
INTCP = A0

CALL PRYPLY (X, W,1,L,208)
RETURN

END

W
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