
• f •

*1



•f

Λ • -9

RADIATION-INDUCED FREE RADICALS IN DNA

STUDIED BY ELECTRON PARAMAGNETIC RESONANCE

by

ASTRID GRRSLUND

Department of Biophysics, Stockholm University,

Stockholm, Sweden

STOCKHOLM 1971+

Liber Forlag, Allmanna Förlaget, Stockholm

\:-

•..V

ν- •

I
'••i

'S " )

'3*.

•f

r·

••^i"

• • • ? * -

ï>, ;W

\-''i-K-:

-m§
JMX

U:,



f"

i;

1
i

- ι -

GENERAL INTRODUCTION

Radiation biology aims at an understanding of the effects of

radiation on biological material. The studied systems may vary in

complexity and size from a whole organism to the molecular constituents

of a cell. The observed effects are accordingly varied, from visible

somatic effects on the organism to physico-chemical molecular changes.

Radiation biophysics may be considered as a specialized branch

of radiation biology, dealing with physical aspects of radiation damage,

particularly at a molecular or sub-cellular level. The work to be

presented here is in the field of radiation biophysics, and concerns

physical studies of radiation effects on deoxyribonucleic acid, DNA,

the hereditary substance of all living organisms.

DNA - structure and function

DNA has been known as a biochemical substance isolated from cell

nuclei since its discovery by Friedrich Miescher in 1869. The idea of

DNA as the true source of genetic information in cells was established

by O.T. Avery et al. (1), who in 1944 demonstrated that a pure DNA extract

could transform one type of bacterial cells into a different one.

A major step forward in DNA research came in 1953 with the famous

model of the "double helix" for the DNA structure, proposed by Crick and

Watson (2). The DNA double helix is composed of two intertwined strands

of alternating sugar and phosphate groups. To each sugar ring a planar

side group called a base is attached. The pair-wise coupling through

hydrogen bonding between the bases belonging to the two strands stabilizes

the structure of the macromolecule. Four different bases occur normally

in DNA: adenine (A), guanine (G), thymine (Τ), and cytosine (C). Base
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pairing through hydrogen bonding takes place between A and Τ on the

one hand and G and C on the other. The specific sequence of the bases

in a DNA chain provides the chemical basis for the genetic code, which

governs the protein synthesis in the cell and thus is the origin of

all cellular properties and activities.

The evolution of species has occurred through changes in the

genetic code due to mutations, spontaneous or caused by disturbing

agents such as chemicals or radiation. However, higher organisms are

remarkably stable in their genetic properties, due to efficient enzymatic

repair mechanisms operating at a cellular level (3).

DNA as a target of ionizing radiation in the cell

Ionizing radiation is used here as a common term for high energy

radiation (e.g. γ-rays, X-rays or high energy electrons) which is capable

of producing primary ionizations in the irradiated material. It is

generally considered that macromolecules such as nucleic acids or enzymes

(proteins), which occur in a relatively small number in the living cell

but are of a vital importance for its functions and survival, are

important radiation targets in the cell (H). The hit and destruction of

a single one of these macromolecules through radiation might be biologically

important. This is one reason why a great deal of work in molecular

radiation biology has been concentrated on DNA.

Considering the effects of radiation on macr'omolecules in a solvent

such as water, which is normally present in most biological systems,

one usually makes a distinction between d.i£ic.l and iodicect. tffestS· The

direct effects are caused by direct hits on the macromolecules, whereas

the indirect effects arc caused by reactive radiation-induced species

from the solvent. Both effects are probably important for the radiation
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damage of chromosomes, which are the cellular bodies containing the

hereditary units in the form of DNA complexes with nucleoproteins.

Photosens it izat ion

Normally DNA does not absorb visible light. However, certain organic

dyes, which form complexes with the DNA, can transfer absorbed photon

energy of the visible light to the macromolecule, thus causing ghoto-

sensitization of the DNA. A biological phenomenon, supposed to be related

to the photosensitization of DNA is the so called p.hotodynamic effect, by

which is usually understood the harmful effect of a combination of visible

light, certain organic dyes and oxygen on a biological system (5).

Free radicals and Electron Paramagnetic Resonance

There are a large number of events (mostly unknown) between the

initial absorption of radiation in a macromolecule and the biological

manifestation of radiation damage, which depends on a vast number of

factors in the living organism. Important intermediate products in the

reaction chains initiated by the radiation are free radicals, reactive

molecular species possessing an unpaired electron. Certain effects of

radiosensitizers and radioprotectors may be understood in terms of their

reactions with the radiation-induced free radicals.

Free radicals may be studied by a powerful spectroscopic method

called Electron Paramagnetic Resonance (EPR), which makes use of the

magnetic properties of the unpaired electron. The first successful EPR

experiment was performed in 1945 by Zavoisky in Russia. About a decade

later the first radio-biological applications of EPR appeared. Pioneering

work by Gordy and coworkers in USA demonstrated the presence of trapped

free radicals in irradiated amino acids (6), and later in irradiated

nucleic acids and their constituents (7, 8).

or ESR for Electron Spin Resonance, which is the same
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This thesis will be presented as a summary of the following papers

dealing with EPR studies of free radicals in solid wet DNA, induced by

y-rays or by photosensitization at 77 K:

I. A. Gräslund, A. Ehrenberg, A. Rupprecht and G. Ström, Ionic base

radicals in y-irradiated DNA, Biochim. Biophys. Acta 254 (1971) 172-186.

II. A. Gräslund, A. Ehrenberg, A. Rupprecht, B. Tjälldin and

G. Ström, ESR kinetics of a free radical conversion in y-irradiated DKA,

Rad. Res. 1974 (submitted).

III. A. Gräslund, R. Rigler and A. Ehrenberg, Light-induced free

radicals in DNA-acridine complexes studied by ESR, FEBS Letters 4 (1969)

227-230.

IV. A. Gräslund, A. Rupprecht and G. Ström, Light-induced free

radicals in oriented DNA-proflavině complexes, Photochem. Photobiol.

1974 (in press).

ELECTRON PARAMAGNETIC RESONANCE - a brief description

1

The Zeeman energies

The magnetic moment u of an electron may be written

li = -gßS (1)

where g is the so called g-factor, a dimensionless constant, ß is the

electronic Bohr magneton, and S is the electronic spin vector.

The interaction between an electron and an applied magnetic field

H (Zeeman interaction) may be represented by the Hamiltonian energy

operator , .

= -u
e
 • H (2)
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With the external magnetic field in the z direction H = (0,0,H )
Z

one obtains

= «*л (3)

where S is the allowed component of the electronic spin in the z

Z

direction, which may have the values S = + — or - —. This defines the

two spin states of the electron, with its magnetic dipóle oriented

antiparallel or parallel to the outer field. The two spin states thus

have the energies + rgßH and - -rgßH (Zeeman energies), and are

populated proportional to the Bolzmann factor exp(-E/kT), where E is

the energy, к is Bolzmann's constant and T is the absolute temperature.

Application of an oscillating field perpendicular to the external

magnetic field can induce transitions between the two energy levels of

the electron, if its frequency v fulfills the resonance condition

ДЕ = hv = gßH ÄS = gßH
Z Z Z

(«о

where ДЕ is the energy difference between the spin states, h is Planck's

constant, and AS is the difference between the S values of the two
z z

allowed spin states.

Since the lower energy level is relatively more populated there

will be a net absorption of energy. Spin relaxation will keep this

population difference constant unless too much energy is fed into the

system (saturation).

In a typical X-band EPR spectrometer the applied magnetic field is

about 3000 G and the corresponding resonance frequency is of the order

of 10 GHz, i.e. microwaves with a wave-length of 3 cm. For a particular

fixed microwave frequency, if the external magnetic field is varied

slowly until the resonance condition is fulfilled, an absorption of
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microwave energy by the sample can be detected in the spectrometer. An

EPR spectrum is a recording of energy absorption versus magnetic field

at a particular microwave frequency. For instrumental reasons it is often

recorded as the derivative of the true absorption line. The absorption

line is characterized by a certain shape and width, determined by intrinsic

factors such as the life time of the electronic spin states and stochastic

fluctuations of their relative energies.

Hyperfine interactions

A magnetic nucleus in the vicinity of the unpaired electron causes

coupling between the electronic and nuclear spins, so called hyperfine

(hf) interaction. Free radical identification is often based on the

interpretation of the hf coupling parameters from EPR spectra.

Inclusion of these effects leads to a more general and enlarged

Hamiltonian operator of the form

9C, es.g.H - g в i.H t
n/ n n

(5)

3

1
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where g is the g-factor tensor, accounting for spin-orbit coupling effects,

g
n
 is the nuclear g-factor, ß is the nuclear magneton, Y is the nuclear

spin vector, and A is the hyperfine coupling tensor.

The nuclear Zeeman interaction g ß T«ÏÏ may often be completely

neglected in equation (5). The hf energy lf.A«T may be regarded as a

small perturbation of the electronic Zeeman interaction, and consists of

an isotropic part a, and an anisotropic part T. Thus:

.g.H + aS«I + S.T.I (6)

The isotropic hf coupling (the Fermi contact term) is a measure of the

|spin density of the unpaired electron at the position of the
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nucleus: a = •—• gfjg ß |ф(0)|''. The anisotropic hf coupling is of dipolar

origin.

Because of the hf interactions the Zeeman electronic levels are

split, More than one electronic transition becomes possible, and instead

of a single absorption line typical hyperfine patterns of absorption

lines may be observed in the EPR spectra. These patterns may be interpreted

in terms of nuclear couplings to the unpaired electron, and thus the

structure of the moJocular fragment containing the unpaired electron may

be deduced. Such interpretations of hyperfine patterns have been the major

source of information on the nature of radiâtion-induced free radicals in

the papers to be discussed.

The anisotropic hf coupling is averaged out to zero in solutions

with rapid molecular motion. In a single crystal the anisotropic hf

coupling causes the line positions in the EPR spectrum to vary according

to the crystal or_antation in the magnetic field of the spectrometer. In

a polycrystalline sample the resulting EPR spectrum is an envelope of

spectra from гЛ1 orientations. Thus, in samples which exhibit anisotropic

hf couplings it is often advantageous to study single crystals, compared

to polycrystalline samples. In general the EPR spectra are better resolved,

and from their anisotropy important information may be obtained on the

radical structure and its orientation.

PRIMARY Y -
I N D U C E D F R E E

 RADICALS IN DNA (I,II)

After the first already mentioned tentative studies of trapped free

radicals in DNA by Gordy e£ al. (7, 8), considerable progress was made

in 1963 with the first identification of a free radical site in irradiated

DNA (9, 10). The radical was attributed to the thymine base, formed by .

hydrogen addition io the 6-carbon atom, thus breaking up the 5-6 double

bond.
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ТН
Thymine, Т, and its hydrogen addition radical TH. R denotes H in thymine,

and deoxyribose in thymidine, thymidylic acid and in DNA.

The structure of the free radical TH was confirmed in experiments with

UV-irradiated DNA containing a deuterated methyl group in its thymir.e

bases (11), and in a single crystal study of irradiated thymine (12).

Because of hf coupling of the unpaired electrons to protons in a methyl

group an<i a methylene group, i.e. bound to 8-carbon atoms (neighbours to

the carbon atom carrying most of the unpaired spin density), a typical

broad and very nearly isotropic 8-line (hf) pattern is associated with

this radical.

It has been shown that the TH radical can be formed by direct hydrogen

atom addition in hydrogen atom bombardment studies (13,14). On the other

hand, in the case of high energy irradiation it has been proposed that TH

is formed by the addition of a proton to an intermediate anion radical

(15). This mechanism has been supported by EPR and optical studies of

iff
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irradiated DNA and thymidine in frozen aqueous solutions (16-19). However,

except under conditions where the typical TH spectrum was observed, tha

EPR spectra of irradiated DNA were generally not well-resolved, and the

doublet of lines expected from an anionic thymine radical, as observed

under certain conditions in irradiated thymidine glasses (16-19), could

not be established in DNA.

The early work by A. Ehrenberg et_ éd. on solid polycrystalline DNA

(9) was continued with studies on DNA which had been oriented by a special

wet-spinning technique, developed and operated by A. Rupprecht (20,21).

In 1967 Ehrenberg, Rupprecht and Ström were able to show that the EPR

spectrum of oriented y-irradiated DNA at 77 К exhibited considerable

anisotropy when the DNA sample was rotated in the magnetic field of the

EPR spectrometer (22). Annealing of the sample at a moderate temperature

("VL90 K) resulted in the formation of the TH radicals.

Paper I describes the interpretation of the anisotropic EPR spectrum

of y-irradiated oriented DNA at 77 K. The spectral resolution was improved

by better experimental equipment, which abolished the effects of microwave

saturation present in the spectra of 1967 (22), and by the application of

a numerical resolution enhancement technique (23,24). The latter made

possible resolution of the hyperfine lines to the extent that a model for

the hyperfine pattern could be proposed. The spectra with the magnetic

field of the spectrometer parallel to and perpendicular to the helix axis

direction of the sample were found to be composed of two major components

with different line-widths. The model of the hf couplings in the spectra

was supported by experiments with similar oriented DNA. samples which had

been partly deuterated through prolonged storage at ;t0 С in a solution of

VtJ> and С HgOD. -From comparison with spin density calculations found in

the literature it was possible.to ascribe the two radical'components to

f

y-

i

^л

'So



li . i

't

л
- - I

ê

' \ t, ',

'i ' .V,v

''••: '' •

- 10 -

anion radicals on thymine (or cytosine) and cation radicals on

guanine (or cytosine).

Recently it has been possible to study oriented samples of fully

deuterated DNA supplied by Dr. Crespi of Argonne Natl. Labs in USA and

spun by Dr. Rupprecht. Our preliminary results (as yet unpublished)

confirm the effects of the partial deuteration in paper I.

Paper II deals with the heat-induced free radical conversion

reaction, whereby the anionic thymine radical T is converted to TK

according to the reaction scheme T + XH+—>TH + X. Here X denotes that

the source of hydrogen ions is still unknown. Through careful quantitative

considerations it was shown that the decay of T corresponds closely to

the formation of TH in terms of spin concentration at various stages of

conversion. This means further support for the assignment of the thymine

radical anion of paper I, and proves the correctness also in DNA of the

scheme proposed by Ormerod (15) of the anion intermediate in the TH

formation.

The kinetics of t'.ie radical conversion reaction were systematically

studied as a function of temperature. It was found that the reaction was

most adequately described as a "fractional first order" reaction, charac-

terized by a distribution of first order rate constants (25). Numerical

simulations showed that the activation energies for the reaction were in

the range 5-15 kcal/mol (0.2-0.65 eV/excitation).

Thus it has been possible to study some early events induced by the

direct action of high energy radiation in solid DNA.

The presence and nature of the thymine anion radical in DNA seems

fully established. The existence of the proposed guanine cation radical

has yet to be proven by further experiments. The hyperfine structure of

its EPR spectrum is corroborated by the deuterium exchange experiments»
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but its assignment to a specific base is indicated only by rather crude

numerical calculations on spin densities in ionic radicals. Also the

quantitative relationship between the primary radicals and the existance

of other radical species are still fairly uncertain.

The biological relevance of studies dealing with solid DNA at 77 К

may be questioned. It can be argued, that the direct effect of radiation

also under more biological conditions may give rise to the same free

radical intermediates, although their rapid reactions at higher tempera-

tures make 'them difficult to study under those circumstances. Rapid pulse

techniques may help to solve this problem.

LIGHT-INDUCED FREE RADICALS IN DNA-ACRIDINE COMPLEXES {III, IV)

Proflavině (PF) belongs to a class of organic dyes called acridines.

HoN

Proflavině, PF

The inactivating (photodynamic) effect of a combination of acridines,

oxygen and light was discovered already in 1900 by Raab (26) in experiments

with protozoa. It was however only after understanding some of the struc-

tural properties of DNA that studies of molecular mechanisms in this

context could proceed. The binding-of acridines to DNA and the effects
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thereof both in vivo and in vitro under various conditions have now been

intensively studied over the past 15 years (27, 5). It is generally

believed that the strong internal binding of acridines to DNA occurs via

ï2ÏSï!S§iSïi2S (28)» 1«е
- insertion of the planar dye molecule between

successive base pairs in the double helix. In addition further dye mole-

cules may be associated more weakly on the outside of the DNA helix.

Even with no light present the strongly bound acridines have a profound

effect on the properties of DNA, and are well-known mutagenic agents

(27, 5). When light is introduced into the system, its energy can be

transferred from the dye to ^he DNA. The long-lived triplet states of

the dyes are believed to be important for their ability to transfer

energy, thereby causing photosen»itization of the macromolecule.

The formation of free radicals in a DNA-acridine complex illuminated

at 77 К was a comparatively late discovery (29, 30). The relation of the

free radicals to the in vivo effects of acridines is still not elucidated

in detail, but an overall correlation between free radical formation

efficiency and biological effect has been observed (31).

Paper III describes a study of free radical formation in frozen

solutions of complexes between DNA and PF or acridine orange. The results

indicated that the strongly bound intercalated dye molecules were involved

in thé" free radical formation, in contrast to the inactive dye molecules

weakly bound on the outside of the DNA helix. The radical formation

efficiency was found to be higher in complexes between proflavině and

synthetic poly-dAT (containing only A-T base pairs) compared to normal

DNA-proflavině complexes. Due to bad resolution of the EPR spectra the

nature of the light-induced free radicals could not be determined, but

traces of TH were observed in the spectra.

Since we had succeeded in obtaining a reasonable spectral resolution

in the case of y-irradiated pure DNA by using solid oriented staples« *
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similar approach was made to the problem of the light-induced free

radicals in the DNA-dye complexes. Paper IV deals with the identification

of these light-induced free radicals in oriented DNA samples containing

PF. We found that when optimal resolution was achieved the light-induced

spectra in the DNA-dye complex were practically identical to those from

Y-irradiated pure DNA, which have been discussed in paper I, i.e. anionic

thymine radicals, and cationic radicals probably on guanine. The approximate

wave-length dependence for the formation of the ionic free radicals as well

*

as for the appearance of TH radicals was determined. A biphotonic radical

formation mechanism was indicated, and the PF triplet EPR spectrum was

observed during the illumination.

The radical formation process could therefore be schematically
(hv), (hv)

described as: (PF)„ -=>(PF)_—>(PF)_ -^(PFb—> ... DNA radicals

G
 S

l
 T

l
 T

2

+ (PF)„, where 6 denotes the ground state, S, denotes the first excited

singlet state, T and T denote tha first and second excited triplet

states, and (hv)
1
 and (hv) stand for absorption of the first and second

photon involved in the process. The higher radical formation efficiency

found in paper III for complexes with poly dAT compared to normal DNA

could be due to two effects: facilitated intercalation of the dye between

A-T base pairs compared to G-C base pairs, and/or an enhanced probability

for radical formation when thymine bases as potential electron acceptors

are always close to the intercalated dye molecules.

In a recent series of papers (reviewed in ref.32) A. van de Vorst

and Y. Lion have studied the photosensitization of DNA bases by proflavině.

They have proposed that the primary radical formation in these systems is

caused by biphotonic photoionization of the dye molecules resulting in

the formation of anionic DNA base radicals.

Our results on an entire DNA system are in general agreement with

theirs on the bases, except that we have found evidence also for cationic

bas« radicals.
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In conclusion, the formation of ionic base radicals seams to be a

fundamental process by which DNA responds to radiation, regardless of

whether the energy is fed into the system in the form of high energy y

quanta or by transfer of the comparatively very low energies involved in

the illumination experiments. The further reactions of these free radie s

either within the DNA system or with external agents (such as radiation

protectors which may restore the damaged parts, or oxygen, which may cause

irreversible oxidation and thus enhance the damage) could be important for

the biological manifestation of the radiation damage.
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