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De door Held et al. gesuggereerde tegenstelling tussen hun resultaten en die van Lafleur et al. bestaat niet.
K.D. Held, R. Wahl Synek en E.L. Powers, 1978, Int. J.
Radiat. Biol., 33, 317.
M.V.M. Lafleur, H. Loman en Joh. Blok, 1975, Int. J. Radiat.
Biol., 27, 197.
Dit proefschrift, hoofdstuk IV.
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Welch en Bloomfield houden bij hun bepalingen van de concentratie
afhankelijke isomerisatie van T2L bacteriofagen, ten onrechte geen
rekening met de invloed van dubbele verstrooiing.
J.B. Welch en V.A. Bloomfield, 1978, Biopolymers, 17, 2001.

3.

De bewering van Ward, dat in de vergelijking van Braams en Ebert
voor de reaktiesnelheid van radikalen met een cylinder de term
ln(2L/r) vervangen moet worden door 21n(L/r), is onjuist.
J.F. Ward, 1975, Advan. Radiat. Biol., 5, 181.
R. Braams en M. Ebert:, 1968, Advan. Chem. Ser., 81, 464.

4.

In een aantal pulsradiolytische studies van DNA oplossingen is de
kwaliteit en samenstelling van het bestudeerde preparaat in de
conclusies ten onrechte niet betrokken.
D.W. Whillans, 1975, Biochim. Biophys. Acta, 414, 193.
H.B. Michaels en J.W. Hunt, 1977, Radiat. Res., 72, 32.
Het verdient aanbeveling bij experitnenten, waarin waterige oplossingen onder andere gascondities dan zuurstof worden bestraald,
de nog aanwezige concentratie zuurstof te vermelden.
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6.

De financiering van de verzorging van bejaarden in bejaardenoorden
dient, evenals die in verpleeginrichtingen, uit oogpunt van
gelijkberechtiging, te geschieden door een volksverzekering.
Financiering Verzorgingskosten Verzorgingstehuizen 3, 1978,
Ned. Fed. voor Bejaardenbeleid.

7.

Het heffen van entreegeld bij tentoonstellingen, die tot doel
hebben de verkoop van de tentoongestelde produkten te stimuleren,
dient te worden afgeschaft.

8.

De splitsing van de vakgroep biophysica van de Subfaculteit
Natuurkunde en Sterrfcnkunde aan de Vrije Universiteit over twee
verdiepingen is een voorbeeld van "scheiden doet lijden".
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ONOPHOUDELIJK BOTST HET VERZET TEGEN HET KWAAD, MAAR ELKE
BOTSING GEEFT HET EEN NIEUW ELAN, OPDAT DE MENS ALLES IN
DE SCHEPPING VERBETERT, WAT VERBETERD KAN WORDEN. DAN
ZULLEN NOG SCHULDLOZE KINDEREN BLIJVEN STERVEN, ZELFS IN

I

EEN VOLMAAKTE MAATSCHAPPIJ. WELKE POGINGEN DE MENS OOK
DOET DE WERELDSMART TE VERMINDEREN, HET ONRECHT EN HET
LIJDEN ZULLEN NIET VERDWIJNEN EN DE MENS ZAL ER STEEDS
TEGEN PROTESTEREN. STEEDS ZAL HET WAAROM BLIJVEN KLINKEN
WANT DE KUNST EN HET VERZET ZULLEN PAS MET DE LAATSTE
MENS UITSTERVEN.

"de metis in opstand"
A. Camus
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C H A P T E R

Introduction

The integrity of DNA is very important for the essential functions
of a cell. Damage to this molecule, whether caused by reactions with
chemical mutagens, by irradiation with ultraviolet light or by ionizing
radiation, may have severe consequences, e.g. mutations, loss of proli-

/;>

feration capacity of cells etc. Much effort has been expended in attempts
to obtain a better understanding of the effects of these agents on DNA.
A suitable system to investigate radiation damage in DNA is an
aqueous solution of some form of biologically active DNA. The radiation
products formed in the water may react with the DNA resulting in
chemical alterations. If the DNA is biologically active it is possible
to correlate such alterations to loss of biological functions.
The biologically active DNA used in the studies described in this
thesis, is obtained from the small bacteriophage $X174. Its biological
activity can be tested by incubation with bacterial spheroplasts. Active
molecules induce in such spheroplasts the production of complete bacteriophage particles. An interesting point is that the complete base
sequence of this DNA has been unravelled recently (Sanger et al. 1977)
and surprisingly, it has been shown that some of the genes in this DNA
overlap one another (Barrell et al. 1976, Sanger et al. 1977). Much
work has been done on the radiation chemistry of this DNA, which has
been summarized by Blok and Loman (1973).
In this thesis we try to contribute to the knowledge of the effects
of radiation on DNA by an experimental investigation of the following
questions:
- why does only a small fraction of the reactions of the primary water
radicals with single-stranded ^X174 DNA lead to inactivation?
- what is the chemical nature and the biological significance of the
radiation induced alkali-labile sites in DNA?
-what are the chemical and biological consequences of the presence in
the irradiated DNA solutions of sulphydryl compounds, well known for
their protective properties against radiation damage?
In chapter II a description is given of some of the elementary processes occurring in irradiated water and available data on the radiation
chemistry of DNA are summarized. In chapter III the materials and

methods used in the experiments are given. Chapter IV is devoted to the
effects of the widely used phosphate buffer in radiochemical experiments with DNA. In the chapters V, VI and VII the effects of alkali and
heat on irradiated single- and double-stranded DNA are described, while in
chapter VIII a comparison is made between the radiation-induced alkalilabile potential breaks and apurinic sites. Finally in chapter IX
experiments are described on the effect of sulphydryl compounds in
irradiated DNA solutions.
The work described in chapters IV, V and VI has already been published (Lafleur, Loman and Blok 1975; Lafleur, van Heuvel, van der Stroom
and Loman 1976; Lafleur, van Heuvel, Woldhuis and Loman 1978).
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V-

II

Radiation chemistry of water and aqueous
solutions of DNA

In this chapter a summary is given of some of the processes which
occur on the irradiation of water and of the reaction of the so-formed
water radicals with some solutes. A much more elaborate treatment of
. • »

this matter is given by Draganic and Draganic (1971). Also in this
chapter the effects of irradiation on DNA are summarized. Reviews on
this matter are given by Blok and Loman (1973) and Ward (1975).
Both subjects will be discussed only briefly, in sofar as they serve
the understanding of the following chapters.
II.1

Radiation chemistry of water

The well known three processes which play a role in the interaction

i

of gamma-rays with matter are Compton effect, photo-electric effect
and pair production. The

Co gamma-rays, used in the present studies,

with energies less than 2 MeV are almost exclusively absorbed by the
Compton effect in water. In this process fast electrons are formed
which lose their kinetic energy by collision, resulting in ionization
and excitation of water molecules.
3 + + e"

(1)

3*

(2)

The electrons formed in reaction (1) may give further ionizations and
excitations. The spatial distribution of these ionizations and excitations is inhomogeneous due to the inhomogeneous energy disposition in
reactions (1) and (2), so that high local concentrations of affected
water molecules may occur. These regions have been called spurs. In the
spur the ionized and excited water molecules will decay. The H ? 0

ions

formed in reaction (1) decompose according to the ion-molecule reaction,
•H_0

+ .OH

(3)

thereby producing hydronium ions and the very important oxidizing hydroxyl radicals. Due to the polar character of the water molecules the
electrons become hydrated. Recent pulse radiolytic work shows this
11

hydration to be a very fast process (Hunt

1976). The excited molecules

formed in reaction (2) dissociate according to
H 2 0 * - * .H + .OH

(4)

In the spur the concentration of ions and of reducing radicals (.H and
e

) and the oxidizing radical (.OH) dimishes rapidly due to diffusion
aq
and combination reactions like
.OH + .OH - • H

(5)

2°2

(6)

.H + .H — • H,

0H~

.H + H 2 0
+ 2

e

aq
H30

e

H

+ 2 0H~

• .H +

(7)
(8)
(9)

aq
6

aq

.OH

(10)

0H~

The number of free radicals or molecules that are formed or destroyed
per 100 eV of absorbed energy and have diffused out of the spur is
called the yield or G-value. In table II.1 the G-values for the primary products of water irradiated with gamma-rays are given (Henglein,
Schnabel and Wendenburg 1969).

Table II.1
G-values for the radiolysis products of water at pH 7

Radiolysis product

.OH

G-value
2.70
2.65

.H
H

2°2

0.55
0.70
0.45

It is often useful to simplify the reaction system by scavenging or
conversion of some of the radicals. For instance oxygen reacts with

12

eaq

and .H according to (11) and (12)
eaq + 02o
•H + 0 o -

k - 2.2 x I0 1 0 M~'sec"'

(ID

10

(12)

k - 2 x 10

M~'sec~'

In many chemical systems the peroxyradicals do not react with other
solutes. The hydrated electron can be converted into .OH, e.g. by
nitrous oxide,
N

+H

a
2° 2°
or into .H by H.PO,
e

0H

~

k

"

8>0

+ HJPO.
(14)
k • 6.6 x 106 M^
.H + HPO 2aq
2 4
very often alcohols like t-butanol are used to scavenge OH radicals
.OH + (CH3)3COH —y .CH2(CH3)2COH + H 2 0 k - 5.2 x I0 8 frf'sec"*1 (15)
e

(all rate-constants are obtained from compilations of Nat. Stand. Ref.
Data Ser., Nat. Bur. of Stand, no. 43 (1975), 51 (1975) and 59 (1977))
A special class of scavengers are the sulphydryl compounds, which
are also excellent protectors in vivo. Apart from their high rateconstants for the reaction with the water radicals it is assumed that
these compounds can repair target radicals by hydrogen transfer from
the sulphydryl group to the target radical. This so-called hydrogen
donation model has been proposed by Howard-Flanders (1960).
II.2

Radiation chemistry of DNA

The radiation-induced water radicals react rapidly with dissolved
DNA or DNA constituents. In table II.2 recent values for the rateconstants of these reactions are given (rate-constants obtained from
the reports of the Nat. Stand. Ref. Data Ser., Nat. Bur of Stand, no.
43 (1975), 51 (1975) and 59 (1977)).
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Table II.2
Rate-constants of water radicals with DNA and some derivatives at pH 7

k x 108 Of'sec"')
Compound

.OH

.H

Adenine

58

1

thymine

53

2. 3

170

guanine

105

-

135

cytosine

68

1.2

130

2-deoxyribose

19

0.2

0.1

6

0.5

1.4

DNA

aq
90

The damage induced in DNA by these reactions consists of several
types: single-strand breaks, cross-links, double-strand breaks and
nucleotide damage (Johansson and Howard-Flanders 1965, Blok and Loman
1973. Ward 1975).
A number of studies have been published which attemp to establish
the chemical nature of DNA single-strand breaks (Kapp and Smith 1970,
Bopp and Hagen 1970, Ulrich and Hagen 1971, Dizdaroglu, Schultefrohlinde and von Sonn.ag 1975, Dizdaroglu, von Sonntag and SchulteFrohlinde 1975), Both enzymatic and purely chemical methods have

i

been used in these studies. The pictures that emerge are different for
oxic or anoxic irradiation conditions.
Kapp and Smith (1970) irradiated in the presence of oxygen and they
found that only \X of the breaks have a 5'-OH terminus and that 40%
carry 5'-phosphate end groups.
In a similar type of study the group of Hagen (Bopp and Hagen

1971,

Ulrich and Hagen 1971, Bopp, Carpy, Burkhart and Hagen 1973) showed
that with irradiation in the absence of oxygen, about 90% of the strand
breaks carry a 5'-phosphate end group. About one third of the radical
attacks on the sugar lead to immediate hydrolysis resulting in 5'phosphate and 3'-OH end groups. Such breaks can be repaired with
14

sipolynucleotide ligase. About 25% of the damaged sugars are removed
completely. Another 15% gives partly or wholly 5'-0H and 3'-phosphate
end groups. Treatment with alkali enhances the number of breaks by 4050 per cent, which almost all carry also 5'-phosphate end groups.
It is proposed that this fraction arises from sugar damage and the
alkaline treatment leads to base liberation and strand breakage.

p.

is.

r

It is also suggested (Dunlap and Cerutti 1974, Ward 1975, Kay and
Ward 1977) that these so-called alkali-labile bonds consist of apurinic
or/and apyrimidinic sites.
Recently a product of the deoxyribose residue of DNA is found after
irradiation, both in the absence and presence of oxygen, and subsequent
alkaline treatment (Dizdaroglu, Schulte-Frohlinde and von Sonntag
1977 a,b). A reaction scheme is proposed for its formation, which involves radical attack on C-l1 of the sugar moiety (1), loss of an unaltered base and formation of a free OH at C-4* cf the sugar moiety (2).
The free OH group next to the phosphate ester group causes alkali
lability.
~®-O-CH

~®-O-CH2
yOH

oxidotion

COOH

-Dose

(1)
(2)
The induction of double-strand breaks in DNA by irradiation results
from two processes (van der Schans 1969). Some breaks arise from a
one-hit process and these breaks are formed linearly with dose. Doublestrand breaks also result from two separate single-strand breaks lying
close together on opposite strands. The number of such breaks increases
proportional to the square of the dose.
i

A further type of damage are the cross-links, which are covalently
linked DNA molecules, both intra and intermolecular (Hagen 1971). For
native T4 DNA less than one cross-link on 40 single-strand breaks induced is found (van der Schans 1969).
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Recently much attention is given to the chemical nature of radiation-

ft

induced base damage in DNA, especially to the damage found in the

{•'

thymine moiety.
Cerutti (1974), Swinehart and Cerutti (1975) found products of the
5,6-dihydrothymine type in DNA, after irradiation in the presence of
oxygen, both in vitro and in vivo. Similar products are also found

o
o
HN JI

S

' N r ooH

, °V "

,CH3
HN

o'

OH
OOH

O
-OH

o

o

I

I
CH.-CO-CO-NHj

CH3
HN

I

CHO
HN"'

COj,

f

|J>CH

o

O
I

VCN

Figure II.1. Scheme of the chemical modifications in the thymine moiety in garma-imadiated DNA: 13 thymine (in DNA chain); 2, St thymine
perossidee (in DNA chain); 43 thymine glycol (in DNA chain); S-hydvoxy5-methylhydantoin (in DNA chain); 6t formamide (in DNA chain); 73 pymr
vamide; 8 cavbon dioxide; 9, N-formyl urea (in DNA chain); 10t urea
(in DNA chain).
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in DNA irradiated under anoxic conditions (DraSil and Ryznar 1975,
Ryznar and Drasil 1975) and these products represent the main part of
damaged thymine moieties. Further some other fragments (after gammairradiation of aerated solutions of DNA), which remain linked to the
polynucleotide chain, have been identified (Teoule, Bert and Bonicel
1977), such as 5-hydroxy-5-methyl-hydantoin, formylurea, urea and Nformamido-deoxyribose. Also a reaction scheme to explain the formation
of these products has been suggested (figure II.1).
Of the products formed from the other bases in the DNA very little
is known. Goedbloed and van Hemmen (1968) observed two radiationinduced fluorescent products after irradiation in the absence of oxygen
and it was concluded that they are formed on the guanine residues.
Ward, Lewis and Kuo (see Ward 1975) observed a fluorescent product from ' •
the base adenine in DNA, irradiated under oxygen. Further it is plausible
to assume that also cytosine is converted in the DNA into peroxides, as
found after irradiation of cytosine solutions (Scholes, Weiss and
Wheeler 1956, Schweibert and Daniels 1971).
In many experiments done in the last fifteen years, biologically
active DNA, isolated from certain bacteriophages, has been used. The
DNA is called biologically active because it is able to form complete
bacteriophage particles by infection of spheroplasts. The work done
on the radiation chemistry of this DNA has recently been summarized by
Blok and Loman (1973).
A typical example of a biologically active DNA that is also used in
the present study is that of bacteriophage ^X174. This DNA is circular
and single-stranded and has a molecular weight of 1.7 x 10 Dalton. OH
Radicals can inactivate this DNA both under oxic and anoxic conditions.
In the presence of oxygen the reducing radicals (.H and e ) are scavenged giving 0. radical ions, which do not inactivate DNA. Of the
reducing radicals under anoxic conditions only the H radical is found
to inactivate the DNA.
Both OH and H radicals inactivate the DNA by inducing strand breaks
and other damage.
The double-stranded form of 4X174 DNA, also called replicativa form
(RF) DNA can consist of different components. Component I, the twisted
17

covalently closed double-stranded form, can be converted into the nontwisted circular component II, by introducing at least one single-strand
break, or into the linear component III, by a double-strand break. The
three components can easily be separated by sedimentation in sucrose
gradients. So the radiation-induced formation of breaks can be studied
easily. Further it has been found that the components I and II contain
the biologically active molecules. It has been shown that the inactivation caused by irradiation is mainly due to nucleotide damage, to a
small extent to double-strand breaks (which are all lethal) and to only
a small fraction of the single-strand breaks (van der Schans, Bleichrodt
and Blok 1973).
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III

Materials and Methods

III.1
Origin of the bacteriophage and bacteria
In table III.l the microorganisms
used in this study and their
origin are summarized.
Table III.l
bacteriophage and bacteria

Organism

Origin

Bacteriophage (JX174

California Institute of Technolgy,
U.S.A. (Dr. R.L. Sinsheimer)
idem
Institute of Genetics, University of
Koln, Germany (Dr. W. Harm)
idem

E. coli C
E. coli K12S uvr+
E. coli KI2S uvrA5!6

III.2

DNA and its biological assay

The preparation of the bacteriophage «iX174 and of its purified DNA
was done as described by Blok, Luthjens and Roos (1967). Doublestranded replicative form (RF) DNA of 4X174 was isolated according to
Jansz, Pouwels and Schiphorst (1966)*. The assay of the biological
activity of single and double-stranded <iXI74 DNA was carried out
according to Blok et al. (1967), on spheroplasts of E. coli K12S uvr
and with the double-stranded <(X174 DNA also on spheroplasts of E. coli
K12S uvrA516

Obtained from dr. van der Schans from the Med. Biol. Lab.,
TNO, Rijswijk.
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III.3
Chemicals
The following chemicals were used.
Dihydrothymine, Sigma Chemical Company; Thymine, Koch Light; Adenine,
Serva; Cytosine, Merck A.G.; 2'-Deoxyguanosine-5'-monophosphate disodiumsalt, Merck A.G.; Osmium-tetroxide, Merck A.6.; t-butanol, Merck
A.G.; 2-mercapto-ethylamine-hydrochloride (Cysteamine-HCl), Sigma
Chemical company; 2-amino-3-mercapto-propionic acid (Cysteine), Fluka
A.G.; Other simple chemicals like NaCl, Na2HPO,, NaH PO, etc. were of
analytical grade. Solutions used for irradiation were prepared with
triply distilled water, distilled first from acid dichromate, than from
alkaline permanganate and finally without any additive.
III.4
Dosimetry
A Co gamma-ray source (Gamma cell 100, Atomic Energy of Canada
Ltd.) was used for the irradiations. To determine the dose rates for
several fixed positions of the irradiation chamber, the so-called
Fricke dosimeter has been used (Fregene 1967). The dosimeter solution
contains: 0.8 N H SO^, !0~ 3 M NaCl and 10~ 3 M F e O f f l ^ ^ S O ^ . During
irradiation ferric ions are formed, which can be measured spectrophotometrically. An extinction coefficient of 2200 M~ cm" at 25° C and
305 nm was assumed. The optical densities were corrected for the decrease in light absorption of 0.7 per cent per degree under 25°. A
yield of G(Fe ) » 15.5 has been used for the Co gamma-rays. The
dose-rates varied between 1.5 and 35 rad/sec.
III.5
Irradiation
Samples of 0.8 ml of an aqueous solution of single-stranded 4X174
DNA (3.3 jug/ml) were irradiated in a glass tube at room temperature
(about 20° C) with
Co gamma-rays. These solutions contained 0.01 M
phosphate buffer (pH 7.2) or 0.02 M NaCl (pH~7). RF-DNA (6 jug/ml) was
irradiated in 0.01 M phosphate buffer (pH 7.2). The desired gas
atmosphere was established and maintained by bubbling the solutions
with the appropriate gas (N_, N O or 0,) sufficiently long before and
during the irradiation. To remove from nitrogen or nitrous oxide traces
of oxygen the gases were led through a highly active catalyst of copper
(BTS catalyst of the Badischen Anilin und Soda Fabrik A.G., Ludwigshafen
20

f:'
V" ;

am Rhein) (Schutze 1958). After this treatment the amount of oxygen was
less than 0.5 ppm, as could be established by means of a hersch cell
(chemical Sensor Development, U.S.A.). The concentration of oxygen in
the solution was therefore less than 6 x 1 0 M.
III.6

Sedimentation in sucrose gradients

Linear sucrose gradients (5-20 per cent w/v in 1 M NaCl + 1 0 M
EDTA and 0.01 M phosphate buffer, pH 7) mostly together with an
opposite linear benzoic acid gradient (5 x 10 -0 M) to compensate for
the absorbance due to sucrose were prepared in cellulose nitrate tubes.
Sometimes linear alkaline sucrose gradients (5-20 per cent w/v in 10
M EDTA and 10 M NaOH, pH 11.6) were used together with the opposite
1 '

linear benzoic acid gradient. Layered on top of the gradients was

3
4
5
6
DISTANCE FROM MENISCUS (cm)

Figure III.l. Sucrose gradient sedimentation patterns of singlestranded JX174 DNA which has been irradiated with
Co garma-rays. (a)
unirradiated; (b) irradiated with 140 rod under oxygen. The dotted
Vines under the peaks represent the absorbance due to sucrose alone.
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1

0,5 ml of the DNA solution, containing about 3 jig of RF-DNA or about
1.7 jug of single-stranded #X174 DNA. Centrifugation on neutral gradients
was performed at 5° C and 25000 rev/min in a SH 41 rotor of a Spinco
ultragentrifuge. In the case of RF-DNA for 17.5 hours and for the
single-stranded DNA for 16 hours. In the alkaline gradients, centrifugation of the RF-DNA was done at 5° C and 28000 rev/min during 17
hours.
After centrifugation the gradients were sucked out by means of a
peristaltic pump (LKB, Sweden) through a needle carefully positioned
with its tip on the bottom of the centrifuge tubes. The contents were
led through a flow cell placed in a Zeiss DMR 21 recording spectrophotometer, or in a Zeiss PMQ-2 spectrophotometer, where the absorbance
was recorded by a Kipp BD8 flatbed recorder. An example of the analysis
for single-stranded <SX!74 DNA is given in figure III.l. From the
sedimentation pattern the number of strand breaks can be calculated
(van der Schans, Aten and Blok 1969, van der Schans, Bleichrodt and
Blok 1973). A correction was applied to account for breaks already
present before irradiation or other treatment.
In the case of RF-DNA, fractions of 0.27 ml containing the RFI-DNA
were collected to measure the biological activity. Such fractions were
diluted 20 fold with 0.01 M phosphate buffer (pH 7.2) to eliminate
interference by sucrose or NaCl in the biological assay.
III.7

Alkaline treatment

Alkaline treatment of the DNA solutions at various temperatures between 0 and 50 C was carried out as follows. For each temperature
chosen, 0.7 ml of an irradiated solution of DNA was mixed with 0.078 ml
of 1 N NaOH (final pH about 12.7). After a certain reaction period
(10 minutes for the routine procedure) the solution was neutralized by
adding 1 N HC1 in a 0.01 M phosphate buffer until the pH was about 7
and stored in ice awaiting further analysis. For the osmium-tetroxide
treated single-stranded *JX174 DNA (see III.9) and for partially depurinated DNA (see III.11) exactly the same procedure was followed.
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III.8

Treatment of irradiated DNA bases and dihydrothymine with alkali

{

To samples of 2 x 10-4 M, dihydrothymine or of irradiated DNA bases
(Thymine, Adenine, Cytosine and 2'-Deoxyguanosine-5t-inonophosphate disodiumsalt), NaOH was added up to a final concentration of 0.1 M and
the decrease of the absorbance at 230 run with time was followed at
various temperatures with a Zeiss DMR 21 recording spectrophotometer.
III.9

Osmium-tetroxide treatment

Single-stranded 4X174 DNA solutions of 3.3 jug/ml containing 0.01 M
phosphate buffer (pH 7.2) were exposed to 0.02 per cent ostniumtetroxide at 37° C (Hariharan, Achey and Cerutti 1S77). At various
times samples were taken, diluted ten or hundred fold with 0.01 M
phosphate buffer (pH 7.2) to stop the reaction and stored in ice, until
used for further analysis.
III.10

Heat treatment

Irradiated and partially depurinated samples of single-stranded
4X174 DNA were kept for various times at 37° C and for RF-DNA at 45° C.
After this the samples were stored in ice, until used for further
analysis.
III.11

Depurination of DNA

Samples of 6 ug/ml single-stranded fiX174 DNA or RF-DNA in 0.01 M
phosphate buffer pH 5.5 (measured at room temperature) were kept at
70 C (Lindahl and Nyberg 1972). At various times samples were taken
and diluted twice with 0.01 M phosphate buffer (final pH 6.9) and
stored in ice, awaiting further analysis.
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IV

On the effects of phosphate present during
irradiation of single-stranded DNA in aqueous

f

solution

In studies of the radiation chemistry of DNA in aqueous solutions
phosphate buffers are often used (Blok, Luthjens and Roos 1987,
Djordjevic and Hudnik-Plevnik 1970, Achey and Durey 1974). Sometimes
phosphate ions are supposed to be inert in the reaction of the primary
water radicals and DNA. However, it is known that phosphate anions
react with hydrated electrons:

V°4

+ eaq

HP0 2 ~

.H

—fi — 1
—1
with a rate constant of 6.6 x 10
M sec
(Grabner, Getoff and
Schworer 1975) giving rise to H radicals.
Some experiments were therefore done to asses a possible influence
of phosphate on the inactivation of DNA. They lead to the conclusion
that under nitrogen the presence of phosphate in dilute DNA solutions
influences the radiosensitivity considerably.

IV.1

y

Survival of the biological activity

To compare the radiosensitivity of single-stranded tfX174 DNA in
phosphate buffer and in solutions of the radiolytically inert
electrolyte sodiumchloride, DNA solutions of 3.3 jug/ml were irradiated
in 0.01 M phosphate buffer (pH 7.2) or 0.02 M NaCl solution (pH«-7)
under three different gas conditions (0-, N

and N ? 0 ) . The results are

given in figure IV.1. Replacement of phosphate by sodiumchloride has no
influence on the radiosensitivity if the DNA is irradiated under oxygen
or nitrous oxide, but under nitrogen an increase of the radiose.nsitivity by a factor of about 1.8 is observed. The da'a are summarized in
table IV.1.
Furthermore a DNA solution prepared in NaCl and then diluted in
phosphate shows the same sensitivity as a solution prepared in phosphate,
whereas replacement of phosphate by NaCl through dialysis restores the
sensitivity characteristicts of a DNA solution in NaCl. Therefore the
presence of phosphate seems to be the only reason for the increased
sensitivity under nitrogen in phosphate solutions.
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Figure IV. 1. Survival curves for &X174 DNA irradiated with gamma-rays
in (a) 0.01 M phosphate buffer, pU 7.2 and (b) 0.02 M NaCl solution,
pH 7, with three different gases bubbled through the solution. DM
concentration 3.3 ug/ml: x-x-x, oxygen; o-o-o, nitrogen; 0-0-0,
nitrous oxide.

Table IV.1
Effects of phosphate and NaCl on the survival of single-stranded
#{174 DNA
D37(rad)

Solution

0.01 M phosphate buffer pH 7.2

29

15

14

0.02 M NaCl pH*7

31

28

16

28

15

14

29

27

15

0.02 M NaCl plW diluted 1:100 with
0.01 M phosphate buffer pH 7.2
0.01 M phosphate buffer pH 7.2
replaced by 0.02 M NaCl plW
through dialysis
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IV.2

Discussion

These findings can be explained as follows. In pure, very dilute DNA
solutions under nitrogen the hydrated electrons are largely replaced by
H radicals if phosphate is present. This apparently causes more DNA
inactivation (see table IV.1), which means that hydrated electrons are
less effective than H radicals. One can explain the results quantitively if it is assumed that e
produces no (biological) inactivation
at all and that OH and H radicals are equally effective. In that case
the D _ in the presence of phosphate should be the' same under N
(e
-» .H) and N O (e
-» .OH) which is indeed found experimentally.
Moreover one would predict that removel of phosphate should result in
an increase of the D__ under nitrogen by a factor of 1.8, because the
yield of inactivating radicals is G H + G H - 2.7 + 0.55 - 3.25
without phosphate and

2.7 + 2.65 + 0.55 - 5.9 in the

presence of phosphate. This is also in agreement with the experiments.
Under oxygen hydrated electrons are removed by reaction with oxygen and
therefore the same radiosensitivity will be found for DNA solutions
containing phosphate or sodiumchloride. For concentrated (more than
0.6 mg/ml) solutions of single-stranded 4X174 DNA Blok and Verhey (1968)
found that under nitrous oxide the radiosensitivity is 1.8 times as
great as under nitrogen despite the presence of 0.01 M phosphate. This
is understandable if one assumes that e
does react with DNA, but
aq
that the reaction causes no inactivation. In concentrated DNA solutions
under nitrogen almost all the e
will react with the DNA and thereaq
fore no H radicals are formed by reaction of e
with phosphate.
It is evident from the experiments presented here that phosphate is
not an ideal buffer for the study of all primary water radicals with
DNA. However, for the study of reactions of H radicals, in particular
with DNA, the phosphate buffer can be suitable, as it converts e
aq
into H radicals in neutral solution. Further according to Schragge,
Michaels and Hunt (1971) and Verberne (unpublished results) e ~ reacts
aq
with DNA. From our experiments and from the earlier work of Blok and
Verhey (1968), it follows that this reaction does not inactivate DNA.
26 It should be noted that the D._ value of about 30 rads, found for

irradiation of 3.3 ug/ml fSXl74 DNA under oxygen (similar considerations
hold for the other gasatmospheres), corresponds to a number of inactivated DNA molecules per 100 eV absorbed energy of only 0.063 as follows
from (see Blok and Loman 1973)
G - (100/r.D37)NQ
in which N is the DNA concentration expressed as number of molecules
°
13
per ml and r is the number of eV per gran) per rad (6.24 x 10 ) .
This value of 0.063 is very low compared with the yield, G_H » 2.7,
of the OH radicals, which bring about the inactivation. At the solute
concentration and dose rate used an appreciable (re)combination of
water radicals can be excluded. In view of the purification of the DNA
and the careful treatment of solvent and solutions it is very unlikely
that the low G-value of 0.063 is solely due to contamination with
impurities. Moreover it is difficult to see how in that case the very
satisfactory reproducibility of D_? values should be explained. For
these reasons it seems likely that a certain fraction of the primary
lesions in this single-stranded (5X174 DNA does not lead to inactivation.
This is in line with preliminary work (van Rijn and Lafleur 1976)
in which the DNA is competing with varying concentrations of tertiary
butanol for OH radicals and which shows beside the presence of an
impurity concentration, equivalent with about 5 x 10

M t-butanol,

that the inactivation efficiency of the reactions of OH

radicals with

DNA is about 15 per cent.
Further evidence for the low inactivation efficiencies are given in
the following chapters.
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V

Alkali-labile sites and post-irradiation effects
induced by H radicals in single-stranded DNA

Gamma—irradiation of (single-stranded) DNA in aqueous solution causes
single-strand breaks a.id lethal nucleotide damage, i.e. damage in the
nucleotides which is not associated with inraediate chain breakage (Blok
1967, Lytle and Ginoza 1968, Blok and Loman 1973). It has also been
shown that radiation causes a certain type of damage, which is converted to single-strand breaks when DNA is exposed to alkali (Bopp and
Hagen 1970, Achey, Billen and Beltranena 1971, Christensen, Tobias and
Taylor 1972, van der Schans, Bleichrodt and Blok 1973).
It is known that a considerable part of the chemical changes in
irradiated DNA consist of saturation of the 5,6 double bond of the
thymine leading to derivatives of dihydrothymine (Blok and Loman 1973,
Swinehart and Cerutti 1975, Ryznar and OraSil 1975). 5,6-Dihydroxydihydrothymine is also produced by the specific reaction of osmium-tetroxide
with thymine and in 1977 Hariharan, Achey and Cerutti showed that in
single-stranded 4X174 DNA only a fraction of such base changes causes
inactivation. So it may be that dihydrothymine derivatives are partial
responsible for the low inactivation efficiencies, discussed in chapter
IV.
In this chapter experimental data are presented, showing that
besides lethal alkali-labile sites, which give rise to single-strand
breaks on alkaline treatment, other labile but non-lethal sites partly dihydropyrimidine derivatives, are produced, which can be converted into
lethal damage without breakage of the molecule. Lastly it will be shown
that the damage, which is converted into breaks when the irradiated DNA
is kept at 37 C, is the same as that which giyes rise to breaks by
alkali.
V.I

The effect of alkali as a function of temperature

In the first series of experiments single-stranded 4X174 DNA
(3.3 ug/tnl) was irradiated under nitrogen in 0.01 M phosphate buffer
(pH 7.2) containing 5 x 10~ M t-butanol. In these solutions the OH
radicals are scavenged by the t-butanol (Neta 1972).
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• OH + (CH,),COH
» .CH,(CH,).COH + H o 0
3 3
2 3 2
2
and the hydrated electrons are converted into H radicals by reaction
2with H 2 P 0 4~ (Grabner, Getoff and Schworer
—*• .H 1975).
+ HPO.
aq
4
H-PO," + e
Under these conditions the H radical is the only radical species of interest, because the effect of t-butanol radical can be neglected (see
below).
In figure V.1 the relative increase of the yields of biological inactivation (G. ) and of single-strand breaks (G ) caused by treatment
with alkali in the temperature range from 0° C to 37° C is given.
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Figure V.I. Relative increase of G (per cent} by alkaline treatment
(0.1M NaOH during 10 min) as a function of temperature, 3.3/ug/ml JX174
DNA was irradiated in 0.01 M phosphate buffer, pH 7.2, with S x 10~3 M
t-butanol, under nitrogen: o-o-o relative increase of the yield of singlestrand breaks (G J; •-•-• relative increase of the yield of biological
inactivation G-,).
This increase is expressed as 100 (G-Go)/Go> in which G and G are the
yields before and after the treatment with alkali, respectively. That
t-butanol radicals would inactivate DNA is unlikely as follows from the
equal contributions of breaks to lethality due to H radicals after
irradiation of DNA in 0.01 M phosphate buffer under nitrogen compared
with the same solution to which 5 x 10~ M t-butanol is added; after
correction for the effects of OH radicals these contributions are, respectively, 9.6 + 1.5Z and 10.1 + 1.9Z (indicated errors are standard
errors). Also the same increase of G
(370 per cent) is_£pund for both
83
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conditions after alkaline treatment. So unless t-butanol radicals
contribute exactly the same percentage of breaks to lethality as H radicals, which is highly improbable, these results mean that the presence of the t-butanol is irrelevant.
It can be seen in figure V.1 that the relative increase of 6
reaches a plateau value {370 per cent) at about 10 C, where the relative increase of G, is still zero. Extension of the duration of the
D
alkaline treatment from the standard time of 10 to 30 minutes at temperatures of 22° up to 37° C does not increase the yields beyond the
ratures of 22° i
plateau values.
V.2

The effect of alkali on osmium-tetroxide treated DNA

Figure V.2 shows the survival of- the biological activity of DNA as a
function of the time of treatment with osmium-tetroxide. After this
treatment the DNA was kept for 10 minutes at 37 C with or without
alkali. The increased temperature alone has no effect as compared with

10"

12
16
24
TIME (min)

Figure V. 2 The effect of alkali on the survival of the biological
activity of 4X174 DNA after treatment with 0.02 per cent osmiumtetroxide at 37° C with variable time. Osmixan-tetroxide treated samples
were kept for 10 min: o-o-o at 37° C; 0-0-0 at 37° C in alkali.
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0 C, but it is clear that treatment with alkali at 37 C reduces the
survival of the biological activity considerably. The induction of
single-strand breaks with or without alkali, as measured by means of
neutral sucrose gradients, proved to be negligible, in agreement with
the findings of Hariharan et al. (1977).
To compare the effects of alkali on irradiated DNA and DNA treated
with osmium-tetroxide, the alkaline treatment was carried out again at
temperatures varying from 0° C to 37° C. In figure V.3 we see the
effect of alkali on the 37Z survival-time (t 3 7 ). plotted as ' A 3 7
against temperature. It is obvious that the increase of
t,. due to
alkali starts at a temperature of about 10 C and reaches a plateau
value at about 22° C.

20
30
TEMP t°C>

Figure V.3 Increase of the reverse of the 37 per cent survival-time
(l/t,7) by alkaline treatment as a function of temperature. Data
derived from similar experiments as those given in figure V.2.
V.3

Hydrolysis of dihydrothymine and irradiated DNA bases by alkali

As mentioned before an important class of products in irradiated DNA
are the dihydrothymine derivatives (Blok and Loman 1973, Swinehart and
Cerutti 1975, DrSsil and RySnar 1975, RySnar and DrSsil 1975, Teoule,
Bert and Bonicel 1977). It is known that dihydropyriraidines become
hydrolysed to the corresponding ureido acids by alkali (Sander 1969).
Therefore we studied their behaviour in alkali at different temperatures.
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In figure V.4 (a,b) we see the decrease of the absorbance at 230 nm
after 10 minutes with alkali as a function of temperature for dihydrothymine (a) and for dihydrothymine derivatives produced by irradiation
of thymine in solutions of pH 7.2 (phosphate buffer) in the presence
of 5 x 10~ M t-butanol under nitrogen (b)(Cadet and Teoule 1971, Loman
and Ariaanz, unpublished results). Iy is obvious that there is a temperature dependence of the alkaline hydrolysis of dihydrothymine and a
similar one of the irradiated products of thymine. The same applies for
thymine irradiated in the presence of oxygen. Also for the products of
cytosine irradiated under oxygen a similar temperature behaviour is
found. For irradiated purines no such temperature dependence was observed.
1.2,

. QO9
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Figure V.4. The decrease of the absorbanae at 230 nm after 10 min in
alkali (0.1 M NaOH) as a function of temperature of (a) 2 x 10~ M
dihydrothymine dissolved in triply distilled water and (b) dihydrothymine derivatives, produced on irradiation of 2 x 10~ M thymine
in 0.01 M phosphate buffer, pH 7.2, and 5 x 10~ M t-butanol, with
18 krad under nitrogen.
V.4

Post-iir>artiation heat effects

Ward and Kuo (1976) showed that the yield of single-strand breaks
of denatured Calf thymus DNA, irradiated under oxygen, increases with
32

post-irradiation time at 37 C. To find out whether the alkali-induced
breaks are the same as the post-irradiation induced breaks or represent
a different type of damage, we looked at the effect of post-irradiation
time on the yield of single-strand breaks and biological inactivation
of DNA irradiated in 0.01 M phosphate buffer (pH 7.2) with 5 x 10~ 3 M
t-butanol under nitrogen. Figure V.5 shows the relative increase of the
yield 100 (G-G )/G with time at 37° C. Again G is the yield before
treatment and G that after heating. Both biological inactivation (G, )
600

2

3
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TIME <hrs)

Figure V. S. Relative increase of G (per cent) by post-irradiation heat
treatment (37° C) as a function of time. &X174 DNA was irradiated in
0.01 M phosphate buffer, pH 7.2, with 5 x 10~S M t-butanol, under
nitrogen, DNA concentration 3.3 ug/ml: o-o-o relative increase of the
yield of single-strand breaks ( G ) ; 0-0-0 relative increase of the
yield of biological inactivation.
and induction of single-strand breaks (G ) were determined. It is clear
that the relative post-irradiation increase of G is complete after
about 2 hours at 37° C and has a plateau value of about 370 per cent,
whereas the relative increase of G. remains zero. If the irradiated
samples were kept at 0° C instead of 37° C no increase of G was found.
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V. 5

Discussion

The results presented show, that H radicals produce at least two types of alkali-labile sites in single-stranded rfXI7A DNA. It is recalled
that irradiation of the dilute DNA solutions in 0.01 M phosphate buffer
(pH 7.2) with 5 x 10 M t-butanol under nitrogen yields only the H
radical as reactive species. The fact that the relative increase of G
already reaches its maximum at a temperature where the relative increase
of G. is still zero, proves that the lesions giving rise to singlestrand breaks after treatment with alkali are als lethal without alkaline treatment, since it is known that breaks in single-stranded ^X174
DNA are lethal (Fiers and Sinsheimer 1962).
Furthermore figure V.1 shows that treatment with alkali at temperatures higher than 10° C causes an increase of G, up to about 33 per
cent, while the number of breaks remains constant. Apparently a type of
damage exists which does not lead to single-strand breaks on treatment
with alkali and is not in itself lethal, but becomes lethal by the
alkaline treatment.
Treatment with alkali causes an increase of G up to about 370 per
cent. Exactly the same increase is found when the irradiated DNA is
kept for at least 2 hours at 37° C without alkali (but then the increase
of G, remains zero). We suggest that in both cases the same type of
damage is involved, which is in itself lethal and gives rise to singlestrand breaks by treatment with alkali or by keeping the temperature at
37 C. Further support for this hypothesis comes from the fact that
after keeping the irradiated DNA at 37 C for more than 2 hours, no
further breaks are introduced by an alkaline treatment.
The induction of single-strand breaks in irradiated DNA by alkali
has been ascribed (Bopp and Hagen.1970, Ulrich and Hagen 1971) to
alkali-catalyzed hydrolysis of phospho-ester bonds labilized by radical
attack on the deoxyribose moieties of the DNA. However, Scholes and
Simic (1968) explain the low yield of primary breaks after reaction of
DNA with H radicals by assuming that such radicals hardly react with
the sugar, but almost exclusively with the bases. Our experiments do
not support this assumption because alkaline treatment reveals a relatively large yield of latent breaks. This is in agreement with
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Meyer (1973) who found that H radicals also react substantially with the
sugar moiety.
Concerning the nature of the non-lethal alkali-labile damage, we
would like to point out the possible role of the dihydrothymine derivatives that are formed by saturation of the 5,6-double bond when aqueous
solutions of DNA are irradiated. Probably at least part of such products does not inhibit the biological activity of DNA, as can be deduced from the work of Swinehart and Cerutti (1975), in which complete
<(X174 bacteriophage particles were irradiated. According to their calculation a high number of altered thymine residues is produced per
lethal hit.
It is easy to see how alkaline treatment could convert such biologically ineffective alterations into lethal damage, because Sander
(1969) showed that by alkali a number of dihydropyrimidine derivatives
is hydrolysed to the corresponding ureido acid. In this context, it is
also relevant to mention that Van der Schans, Van Rijn and Bleichrodt
(1976) irradiated single-stranded PM2 DNA in the presence of phenylalanine, which results in the binding of phenylalanine radicals to the
DNA. Nevertheless, at least 80 per cent of such bound phenylalanine
radicals do not represent lethal damage. Apparently even simple singlestranded DNA molecules can sustain an appreciable amount of chemical
alterations without losing their biological activity.
Some experiments were done to confirm this suggestion.lt is known
that osmium-tetroxide predominantly oxidizes thymine to 5,6-dihydroxydihydrothymine, of which an average of one out of 2.8 + (calculated
from the data of Hariharan et al. 1977) is lethal in single-stranded
4X174 DNA. The same authors also showed that osmium-tetroxide causes
only neglgible strand breakage in this DNA. In our work treatment at
temperatures above 22° C with alkali of the osmium-tetroxide treated
DNA results in an increase of the sensitivity by a factor of 2.6 + 0.3
(standard error of the mean) (see figures V.2 and V.3),so apparently
all the 5,6-dihydroxy-dihydrothymine products seem to become lethal
by alkali. Breaks are not produced by the osmium-tetroxide treatment
nor by the subsequent alkaline treatment. Moreover we find a similar
temperature dependence as found for the non-lethal alkali-labile sites
in irradiated DNA (see figures V.2 and V.3). These facts strongly
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support the relevance of the dihydrothymine derivatives for the alkalilabile non-lethal damage.
Futher support comes from the experiments with dihydrothymine and
the irradiated ONA bases. If pyrimidines are irradiated either in the
presence or absence of oxygen dihydropyritnidine derivatives are formed
(Scholes and Weiss 1960, Ekert and Monier 1966, Khattak and Green 1966,
Cadet and Teoule 1971). For dihydrothymine and the irradiated pyrimidines we find again a similar temperature dependence after alkaline
treatment as found for the non-lethal alkali-labile sites in irradiated
DNA, however, for the purines no such temperature dependence could be
observed. Therefore we conclude that the non-lethal alkali-labile sites
in irradiated single-stranded 4X174 DNA consist, at least partly, of
dihydrothymine derivatives and most probably also of dihydrocytosine
derivatives, although no data are available about the presence of these
derivatives in irradiated DNA.
Summarizing we conclude that under circumstances that the H radical
is the inactivating radical there are at least two types of alkalilabile sites. One type is lethal and gives rise to single-strand breaks
with alkali thereby increasing the yield of single-strand breaks by
about 370 per cent. It is identical with the damage, which becomes
manifest by post-irradiation heat treatment. The other type is nonlethal and is converted into lethal damage by alkali with an increase
of the yield of biological inactivation of about 33 per cent and consits at least for a part of dihydropyrimidine derivatives.
If the inactivation yield before the alkaline treatment (0.087 +
0.006) is corrected for inactivation by breaks (0.0087 + 0.0009) and
latent breaks (0.033 + 0.004), the yield of inactivation due to alterations other than breaks is equal to 0.045 molecules per 100 eV. Alkaline treatment at temperatures of 22° C and higher increases the inactivation yield from 0.087 + 0.006 to 0.113 + 0.012 and the contribution of other damage than breaks is now 0.071. This type of damage
is therefore increased from 0.045 to 0.071 by alkaline treatment, i.e.
by a factor of 1.58 + 0.21 (this is the mean value of 12 experiments
and the indicated error is the standard error). This*result means that
there exists also other lethal damage than dihydropyrimidine derivatives in the irradiated DNA.
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VI

Alkali-labile sites and post-irradiation effects
induced by OH radicals in single-stranded DMA

In this chapter we show that the two types of alkali-labile sites
also exist in single-stranded 4X174 DNA, after reaction with OH radicals. Therefore experiments were done similar to those described in the
preceeding chapter with DNA irradiated in the presence of oxygen or
nitrous oxide.
VI.1

Survival of the biological activity and induction of breaks

Figure VI.1 shows the survival of the biological activity of DNA
irradiated under oxygen, kept for 10 min at 0 C or 22 C with or without alkali. In the same irradiated samples the induction of singlestrand breaks was measured (figure VI.2). It is clear that treatment of
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Figure VI. 1 The.effect of alkali on the survival of the biological
activity of (fXl?4 DNA after irradiation, concentration 3.3 Mg/ml in
0.02 M NaClt pH+7, under oxygen. Irradiated samples were kept for 10
min: o-o-o, at 0° C; A-A-A, at 2S° Cj •-•-#, at 0° C in alkali; k-k-k,
at 22° C in alkali.
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the irradiated DNA with alkali at 0 C does not reduce the biological
activity, but enhances the yield of single-strand breaks by about 10
per cent. Alkaline treatment at 22 C increases the radiosensitivity by
about 55 per cent, and the yield of single-strand breaks by about 45
per cent. If the DNA is irradiated under nitrous oxide (e

p

aq

.OH) and

p

ss

50
100
)[-RAY DOSE (rods)

Figure VI. 2.

The average number of single-strand

150

breaks (P ) per DNA
ss

molecule versus gamma-ray dose, 0174 DNA was irradiated in 0.02 M NaCl
solution, pH 7, under oxygen, DNA concentration 3.3 jug/ml. Irradiated
sample! were kept for 10 min: o-o-o, at 0

C; A-A-A, at 22 C; 0-0-0,

at 0° C in alkali, k-k-k, at 22° C in alkali.
a correction for the few H radicals is made (this correction is calculated from the results presented in the preceeding chapter), then
only a slightly different picture emerges. After treatment with alkali
at 0 C the same percentages are found as given for irradiation under
oxygen. However, treatment with alkali at 22 C increases the radiosensitivity only by about 33 per cent and the yield of single-strand
breaks is increased again by about 45 per cent. Further 10 minutes
at 22° C without alkali has no effect at all.
VI, 2

The effect of alkali as a function of temperature

The experiments presented above suggest that the influence of temperature on the increase of the yield by alkali is different for breakage
and biological activity. Therefore a number of experiments was done at
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temperatures varying from 0° to 37° C.
In figure VI.3 the results of such a series of experiments with DNA,
irradiated under oxygen, are summarized. It shows the relative increase
of the yield, 100 (G-G )/GQ, in which G

and G are the yields before

and after alkaline treatment, respectively, as a function of temperature
for both biological inactivation (G, ) and induction of single-strand
b

breaks (Gss). Again the treatment was carried out for a fixed time of
10 minutes. However, at temperatures of 22° C or higher no further
increase of the yields was found by increasing the time to 20 minutes.
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Figure VI. 3. Relative increase of G (per cent) by alkaline treatment
as a function of temperature. Data derived from similar experiments as
those given in figures VI.1 and VI. 2: o-o-o, relative increase of the
yield of single-strand breaks (G);

0-0-0, relative increase of the

yield of biological inactivation (Gh).
Apparently at these higher temperatures the reaction with alkali has
finished after 10 minutes. Further it can be seen in figure VI.3 that
the increase of Gss reaches a plateau value at 10° C, where the relative increase of G, is still zero. The data for the inactivation
by OH radicals of DNA irradiated under nitrous oxide (a correction for
the contribution of the H radicals has been made) are allmost identical
Only the maximum value for the relative increase of G, is lower, 33 per
cent instead of 55 per cent, as already mentioned above.
To exclude the possibility that H,0_ or the radiation products of DNA
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molecules are responsible for the effect of alkali, active DNA was
added to an irradiated DNA solution, which contained about 99.9 per cent
inactivated DNA molecules and an appreciable amount of H_0 with or
without alkali. 10 Minutes at 37° C did not show detectable effects on
the biological activity.
VI.3

Post-irradiation heat treatment

In the preceeding chapter it was shown that the post-irradiation induction of breaks could not only be brought about by a short treatment
with alkali but also by heating at 37° C at neutral pH for at least 2
hours without affecting the biological activity. The latent damage
produced by OH radicals behaves similary, as shown below.
. Figure VI.4 shows the relative increase of the yields of biological
inactivation (G.) and of single-strand breaks (G ) caused by postirradiation heat treatment at 37 C. This increase is expressed again
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Figure VI.4. Relative increase of G (per cent) by post-irradiation
heat treatment (37 C) as a function of time. 0X174 DNA was irradiated
in 0.02 M NaCl3 pK-7y under oxygen. DNA concentration 3.3 ug/ml:
o-o-o, relative increase of the yield of single-strand breaks (G );
ss
0-0-0., relative increase of the yield of biological inactivation (G,).
as 100 (G-G Q )/G, in which G and G are the yields before and after
keeping the irradiated DNA at 37° C, respectively. It is clear that the
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relative post-irradiation increase of 6

is complete after about 2
ss
hours at 37 C and has a plateau value of about 45 per cent, where the
relative increase of G, remains zero.
VI.4

Discussion

The results in this chapter show that also OH radicals, formed in the
presence or absence of oxygen, produce at least two types of alkalilabile sites in single-stranded 4X174 DNA. One is lethal and gives rise
to single-strand breaks if treated with alkali. The other is non-lethal
but is converted into lethal damage other than breaks by alkali and
consitsts at least partly of dihydropyrimidine derivatives.
Treatment with alkali causes an increase of the yield of singlestrand breaks (G ) , after irradiation under oxygen or nitrous oxide,
SS

up to about 45 per cent. Exactly the same increase is found if the DNA,
irradiated under oxygen is kept at 37 C for at least 2 hours. In the
latter case the increase of the yield of biological inactivation (G, )
remains zero. Apparently after reaction with OH radicals DNA contains
latent breaks that are lethal and can be made manifest either by treatment with alkali or by heating.
The importance of the non-lethal latent damage comes out more clearly
if the inactivation yield is corrected for inactivation by breaks,
without alkaline treatment the inactivation yield G, (DNA irradiated in
the presence of oxygen)equals 0.075 + 0.006 molecules per 100 eV. Part
of the inactivation is due to breaks (G « 0.030 + 0.004) and latent
breaks (G - 0.013). The yield of inactivation due to other alterations
than breaks or potential breaks is therefore 0.032. Alkaline treatment
at temperatures above 22 C increases the inactivation yield from
0.075 + 0.006 to 0.117 + 0.012, and the contribution other than breaks
is 0.074. This type of damage is therefore increased from 0.032 to 0.74
by alkaline treatment, i.e. by a factor of 2.29 (This figure is an
average of 9 experiments and its standard error is about 15 per cent).
Similar experiments were done under nitrous oxide instead of
oxygen, where the effects are likewise due to OH radicals except for a
small contribution of H radicals. Corrected for this latter contribution
the yield values obtained were as follows (from a series of 6 experiments)
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G, - 0.149 + 0.013; G, (after alkali) - 0.193 + 0.018; G
D

~

0.005; G

D

—

(after alkali) - 0.084 + 0.008, so G, - G
—

SS

- 0.059 +
SS

O

—

(after alkali) *
SS

0.063 and G,b (after alkali) - Gss (after alkali) - 0.109. The last two
numbers of this summary yield for the enhancement factor by alkali the
ratio 1.67 + 0.24 instead of the value of 2.29 found under oxygen.
This result suggests stronly that the presence of oxygen influences
the relative amount of latent base damage.
VI.5

Summary of effects of H and OH radicals

If the results discussed in chapters V and VI are normalized with
respect to the yields of H and OH radicals that are causing the various
effects one obtains a picture as given in table VI.I.

I.

i

Table VI. I
Normalized yields of changes induced by H and OH radicals (normalized
to a radical yield G u or G,.., » 1)
n
Un
H

OH (N 2 O)

OH (0 2 )

direct breaks

0.0027

0.0110

0. 0111

latent breaks

0.0103

0.0047

0. 0048

direct lethal base damage1)

0.0013

0.0012

0. 0012

latent base damage')

0.0081

0.0086

0. 0156

Effect

') Strictly speaking base damage means all other lethal or potentially
lethal damage other than breaks or latent breaks.
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VII

Alkali-labile sites and post-irradiation
effects in gamma-irradiated biologically active
double-stranded DNA in aqueous solution

As shown in the previous chapters irradiation of single-stranded
4X174 DNA, in the presence or absence of oxygen, causes at least two
types of alkali-labile sites. One is lethal and gives rise to singlestrand breaks by treatment with alkali or by heating. The other is nonlethal and is converted into lethal damage by alkali.
In double-stranded DNA irradiated in dilute aqueous solutions singlestrand breaks are produced, which contribute little to inactivation.
Double-strand breaks have smaller yields but are always lethal (van der
Schans, Bleichrodt and Blok 1973). Labile sites giving rise to breaks
on treatment with alkali have also been reported by many authors (Bopp
and Hagen 1970, Achey, Billen and Beltranena 1971, Kessler, Bopp and
Hagen 1971, Kay and Ward 1977), but about their biological relevance
in double-stranded DNA little is known. Only for 4X174 RF-DNA, irradiated in the dry state evidence is available that latent breaks are themselves lethal (Lucke-Huhle 1975)
In this chapter we show that the alkali-labile sites in 4X174 RF-DNA,
irradiated under oxygen in aqueous solution, which are converted into
single-strand breaks on alkaline treatment are lethal and that they
contribute considerably to inactivation. Further it will be shown that
such latent single-strand breaks can also be made manifest by heating
like in single-stranded DNA. Lastly evidence is presented that under
the conditions used excision repair does not influence the amount of
inactivating base damage at least in RFI-DNA of 4X174. Again by
"base damage" is meant other damage than breaks or latent breaks.
VII.1

Measurement of breaks and biological activity in RFI-DNA
after irradiation under oxygen

A sample of RF-DNA containing in general not only the RFI component
(both strands covalently closed) but also a small amount of RFII-DNA
(at least one break in one of the strands) was irradiated and than kept
at 0 C or 37 C for 10 minutes with or without alkali. The sample was
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then subjected to sucrose gradient sedimentation.
From the sedimentation pattern the fraction in the RFI form can be
derived. This fraction represents the molecules without any single- and
double-strand breaks. From the decrease of this fraction at a certain
dose the average number of breaks produced per molecule is easily calculated. The yield of breaks then follows from the (linear) increase
of this number with absorbed dose. The yield of one-hit double-strand
breaks has been shown to be much smaller than that of single-strand
breaks (van der Schans et al. 1973) and can be neglected for the present
discussion.
Results are presented in figure VII.1, showing that the yield of
breaks is not affected by 10 minutes at 37° C but increases by alkali
(10 minutes at pH 12.7) at 0° C and even more at 37° C.

p

s*

20

40
j-RAY DOSE (pods)

Figure VII. 1. The average number of breaka (P ) per DNA molecule as a
S3
function of dose. RF-DNA was irradiated in 0.01 M phosphate buffer pH
7.23 under oxygen, DNA concentration 6 jug/ml. Irradiated samples were
kept for 10 min: o-o-o, at 0° C; A-A-A, at 37° C; •-•-#, at 0° C in
alkali; k-l-k, at 37° C in alkali.
A fraction in the sucrose gradient, containing only RFI-DNA, was assayed for its biological activity on spheroplasts in the sane way as the
single-stranded DNA in previous chapter*. The activity found was devided by the optical density of the RFI solution in order to obtain a
measure of the specific activity of those molecules that regain in the
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RFI form despite irradiation and further treatment.
The results are shown in figures VII.2a and b for tests carried out
with spheroplasts of E. coli KI2Sand also spheroplasts made from E. coli
uvrA5!6, a mutant of K12S lacking the capability of so-called excision
repair of UV-damage. In both cases the same survival curves are found
for the specific activity of remaining RFI-DNA. These curves show that

(b)

(a)

10*

a
o

K>

1

_1

20

1

1

1

_ 1

1

40
60
20
-RAY DOSE (rads)

1

1

40

1

60

Figure VII.2 The survival of the specific biological activity
(number of plaque forming units, PFU, divided by optical density) of
the RFI-DNA fraction that is obtained by sucrose gradient sedimentation
of RF-DNA after irradiation and treatment with alkali (0.1 M NaOH).
Irradiated samples were kept for 10 min: o-o-o, at 0° C; A-A-A^ at 3? C;
0-0-t, at 0° C , in alkali; i-k-k, at 37°C in alkali. Siolgical activity
assayed on spheroplasts of E. coli K12S (a) and on spheroplasts of E.
coli K12S uvrAS16.
the yield of inactivation (of the specific biological activity) de^
creases by the standard treatment with alkali and become virtually zero
under conditions (10 min, 37 C) where, as follows from previous
chapters, all latent breaks are converted to actual breaks followed in
this case by denaturation and elimination from the RFI fraction.
VII.2

The effect of alkali as a function of temperature

A series of experiments was done in which the irradiated DNA was
treated with alkali in th temperature range from 0° C to 37° C to
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establish the temperature dependance in more detail.
Figure VII.3 shows the increase of the yield of breaks as a function
of temperature of the alkaline treatment. In this figure has also been
plotted the decrease of the yield of inactivation of the specific
activity of the RFI fraction. The error-bars represent standard errors.
The increase or decrease of the yields is expressed as G-G in which
6 and 6 are the yields before and after alkaline treatment, respectively.

o

0.10

20

30

TEMP(°C)

Figure VII.3. Increase or decrease of the yield (G-G
treatment as a function of temperature. Data derived
periments as those given in figures VII.1 and VII.2.
of the yield of breaks; •-#-#, decrease in the yield
(of the specific activity) of the RFI fraation.

) by alkaline
from similar exo-o-o, increase
of inaativation

Figure VII.3 suggests that the increase of the breakage yield
reaches a plateau value (0.076) at about 35° C. The same maximum was
also found after centrifugation on an alkaline sucrose gradient, with
or without a preceeding alkaline treatment of 10 min at 37° C. The
graph shows that the increase of the breakage yield is (within the limits of error) approximately equal to the decrease of the biological
yield at a certain temperature of the alkaline treatment.
VII.3

Post-irradiation heat treatment

When irradiated single-stranded 4X174 DNA is kept at 37° C singlestrand breaks are slowly formed from the same latent damage as becomes
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manifest by treatment with alkali (see chapters V and VI). Therefore we
looked also at the effect of post-irradiation heat treatment (45 C) on
the induction of breaks in RF-DNA and on the yield of inactivation of the
specific activity of the RFI fraction as determined with spheroplasts
of E. coli K12S.
Figure VII.4 shows some results for the increase or decrease of the
yields G-G , where G and G are the yields before and after keeping
the irradiated DNA at 45 C, respectively, as a function of time for
the induction of breaks or the biological inactivation of RFI-DNA.
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Figure VII. 4. Increase or decrease of the yield (G-G ) by post-irradiation heat treatment (41? C) as a function of time. RF-DNA was irradiated in 0.01 M phosphate buffer pH 7.2t under oxygen. DNA concentration
6 iig/ml: o-o-o} increase of the yield of breaks; 0-0-03 decrease of the
yield of inactivation (of the specific activity) of the RFI fraction.
The error-bars represent standard errors. From the figure it is clear
that the increase of the breakage yield has also a plateau value of
about 0.076 and is complete after about 4.5 hours. Again we see that the
increase of breakage yield approximately equals the decrease of biological yield. Determination of the biological activity on spheroplasts
'of E. coli K12S uvrA516 Rave exactly the same results as presented here
for E. coli JO2S.

i
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VII. 4

Discussion

The results presented show that in the double-stranded form of #*X174
DNA the radiation yield of breaks under oxygen is about doubled if an
alkaline treatment is applied after radiation. Similar results were reported by Achey et al. (1971) under somewhat different irradiation
conditions. Furthermore, like in single-stranded 4X174 DNA , this
latent damage can also be brought to light by heat treatment although
the conversion into breaks proceeds appreciably slower requiring a
higher temperature or longer times.
The conversion of latent damage into breaks by alkali is again dependent on temperature but in a rather different way than in the case
of single-stranded 4X174 DNA. With a 10 minutes alkaline treatment a
temperature of 35° C is required for full conversion instead of 10 C,
again showing that the reaction is slow in double-stranded DNA.
Two interesting features of the experiments are:
(a) No significant effects of radiation are found in the specific biological activity of the RFI fraction if the irradiated DNA is treated
with alkali before isolation of this fraction in a sucrose gradient.
(b) The decrease of the inactivation yield of this specific activity
by alkaline treatment is within the experimental error equal to the
cocomitant increase of the breakage yield.
These findings can be explained as follows.
Because alkaline treatment converts latent breaks into actual breaks
and at the same time denatures all molecules containing breaks, the
RFI fraction in the sucrose gradient can only contain other biological
damage than breaks and latent breaks. As shown in previous chapters
at least a considerable fraction of this damage in single-stranded DNA
consists of saturated pyriaidines, part of which was non-lethal before
the alkaline treatment. The surviving fraction of the specific activity of the RFI molecules after alkaline treatment can therefore be
written as
e -(p.

+ Pn.)D

where D is the absorbed dose, p. is a measure of the yield of inactivating base damage before the alkaline treatment and p . is proportionx
nal to the yield of that part of the non-inactivating base damage,
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which becomes lethal by alkali. The experiments show that this surviving
fraction differs not significantly from one for the dose range studied,
this means that that p. « p . » 0, or in other words the base damage
introduced by irradiation does not inactivate this double-stranded DNA
even after further destruction of bases with alkali.
It has been reported that the radiation inactivation of circular
double-stranded DNA is largely due to what was called " nucleotide
damage" and this damage was defined as all damage not detectable as
single- or double-strand breaks (van der Schans et al. 1973). From our
experiments it follows that this inactivating nucleotide damage can
now be identified as latent breaks. The possibility that in doublestranded DNA no base damage is induced at all can be rejected because
the presence of dihydrothymine derivatives in irradiated double-stranded
DNA has been detected chemically by Swinehart and Cerutti (1975),
Ryznar and DraSil (1975), Remsen and Roti Roti (1977) and Teoule, Bert
and Bonicel (1977).
Further support for the assumption that latent breaks contribute
appreciably to the inactivation of RFI-DNA and are even lethal for 100
per cent can be derived from the second result mentioned above under
(b).
After irradiation with dose D the fraction of molecules without any
sitigle-strand scissions can be written as e p s and that without
either such scissions or latent breaks as e p s p ls , where p and
p. are proportional to the yield of breaks and latent breaks. The
increase in breakage yield by alkali is thus simply p. .
On the other hand the fraction of surviving specific activity of
the RFI fraction is e~^ ep ls + p i , where e is the inactivating efficiency of latent breaks. If not only radiation but also
alaline treatment is applied this fraction is as
given before e p i p ni ' Again the' corresponding yields derived from
the survival curves are ep. + p. and p. + p .. The decrease in the
biological yield due to alkali is therefore ep. + p . taking into
account that p . does not differ significantly from zero.
The experimental results show that p. must be equal to ep. and
therefore E - I. This means that the inactivating efficiency of latent
breaks must be 100 per cent or, in view of experimental errors, clost

1
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to 100 per cent. A similar conclusion was reached by Liicke-Huhle (1975)
for RF-DNA irradiated under conditions of direct action of radiation
on DNA without free radicals or intermediates.
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VIII

Alkali-labile sites in biologically active DNA:
Comparison of radiation induced potential
breaks and depurinated sites

The previous chapters have left unanswered the question what the
nature is of potential or latent breaks. It has been proposed that such
sites originate in DNA by removal of a base, which results in an apurinic or apyrimidinic site. (Ulrich and Hagen 1971, Dunlap and Cerutti
1974, Ward 1975, Kay and Ward 1977, Lafleur, van Heuvel, Woldhuis and
Loman 1978). To find out whether this suggestion is true some experiments were done with partially depurinated DNA.
We started by studying the depurination reaction and the properties
of the apurinic sites. It appeared that the kinetics of formation of
apurinic sites and of conversion of these sites into breaks are
different for single- and double-stranded DNA. It was found that in
single-stranded DNA each apurinic site is lethal, while in doublestranded RFI-DNA only a small fraction of such sites represent lethal
damage. Comparison with the properties of radiation induced potential
breaks then shows that those must be different from apurinic sites.
VIII.1

m

i

Chain breakage at apurinic sites by alkali

As mentioned in chapter III purine bases were removed from singleor double-stranded DNA by heating at 70° C in an acid
phosphate
buffer for various times.
Figure VIII.1 shows the average number of breaks (P), induced by
alkali, per DNA molecule as a function of time of the alkaline treatment at 37 C for such partially depurinated single- (b) and doublestranded DNA (a). From these results the rate-constant for chain
breakage at an apurinic site by alkali (figure VIII.2) is calculated
to be (1.4+0.1) x 10" min" for single- and 1.8 + O.I) x 10~ min""1
for double-stranded DNA. It is reasonable to assume that all the
apurinic sites are converted into breaks if the curves in figure VIII.1
have reached their plateau. Then from a plot (figure VIII.3) of these
plateau values against the time of depurination the time necessary
to produce on the average one depurination per DNA molecule under the

••.•1
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Figure VIII. 1. The average number of breaks (P), induced by alkali,
per DM molecule as a function of time of the alkaline treatment (0.1 M
NaOHy 37°C) for partially depurinated DNA. (a) 0174 RF-DNA, (b) singlestranded 0174 DNA. DNA concentration 6 ug/ml. Depurination at pH 5.5
70 C during: 1 min, •-•-•Ji 2 min, 0-0-0j 3 min, k-l-l; 5 min, 0-a-o;
10 min, 0-0-0; 15 min, h-L-h.

a.
1
0.°
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40
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Figure VIII.2. Determination of the first order rate-constants for
chain-breakage of partially depurinated DNA by alkali. The data of figure VIII. 1 are plotted as log (P -P)/P against time, where P is the
plateau value for each curve. The rate-constants are derived from the
slopes. The symbols are the same as in figure VIII.I.
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10
TIME (min)

15

Figure VIII. 3. Plateau values (PQ) of figure VIII.1 plotted against
time of depurination (70°C, pB 5.5): o-o-o, RF-DNA; 0-0-0, singlestranded DNA. (evror-bars represent standard errors).
prevealing conditions can be found. This time is 2.0 + 0.2 min and
5.5 + 0.4 min for single- and double-stranded DNA, respectively.
VIII.2

Chain breakage by alkali as a function of temperature

10

20

30
40
TEMP(°C)

50

Figure VIII. 4. Conversion into single-strand breaks (per cent) as a
function of temperature of the alkaline treatment (0.1 M NaOB, 10 min):
0-0-0, irradiated single-stranded DNA (data from chapters V and VI);
o-o-o, partially depurinated (3 min, pB 5.5, 70°C) single-stranded DNA.
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Figure VIII.4 shows the convresion into breaks (per cent) as a
function of temperature of the alkaline treatment for partially depurinated and for irradiated single-stranded 4X174 DNA (data from chapters V and VI). The treatment with alkali was carried out for a fixed
time of 10 minutes. It is clear that the maximum conversion for the
partially depurinated DNA is only reached at a temperature of about
45° C, instead of 10° C for the irradiated DNA.
VIII.3

Chain breakage by heat at neutral FH

Lindahl and Andersson (1972) showed that apurinic sites in doublest rande FM2 DNA can also be converted into breaks by heatino at neutral pH. Also in this respect there is a qualitative resemblance to
alkali-labile latent breaks induced by irradiation. Therefore we
looked at the effect of heating at neutral pH on the induction of
strand breaks at apurinic sites in partially single- and doublestranded jSXl 74 DNA. Such heating itself also induces apurinic sites
(Lindahl and Nyberg (1972). Control DNA, which was not depurinated, was
therefore treated in the same way and used as a blanc.
The results are given in figure VIII.5 where again the number of
induced single-strand breaks per molecule is plotted as a function of
the heat treatment at 37° C for partially depurinated single-stranded
DNA (b) and at 45 C for partially depurinated double-stranded DNA (a)

Figure VIII. 5 The average number of breaks (P), induced by heat, per
DNA molecule as a function of time of the heat treatment (pH 7.2), at
45°C for partially depurinated RF-DNA (a) and at 37°C for partially
single-stranded DNA (b). Depurination at pH 5.5, 70 C during: 2 min,
*-»-*; 10 min, o-o-o.
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From these results the rate-constant of chain breakage at an apurinic
~3 ~l
site is calculated to be (1.3 + 0.2) x 10 min
for single-stranded
DNA at 37° C and (3.8 + 0.5) x

^

1

for double-stranded DNA at

45° C (figure VIII.6). In the same figure the data obtained (chapters
V, VI and VII) for irradiated DNA, treated in the same way as
described here for the partially depurinated DNA, are also plotted.

200

Figure VIII.6. Determination of the first order rate-constants for
chain-breakage of partially depurinated 0X174 DNA (a) and of irradiated
0174 DNA (b) by heating. The data of figure VIII. 5 and of figures V.S,
VI.4 and VII.4 are plotted as log (P -P)/P against time, where P is
the plateau value of each curve. The rate-constants are derived from the
slopes: o-o-Oj at 45°C3 RF-DNA; 0-0-0, at 37°C, single-stranded DNA.
The rate-constants of chain-breakage of the radiation-induced potential
—2
—2
breaks are calculated to be (3.0 + 0.2) x 10 min
for single-stranded
DNA at 37° C and (1.4 + 0.4) x 10~ min"' for double-stranded DNA at
45 C. From the results in figure VIII.5 again the time of depurination
necessary to give an average of one apurinic site per DNA molecule
was calculated. The result is 1.9+0.3 min and 5.6 + 0.6 min for
single- and double-stranded DNA, respectively, in good agreement with
the results mentioned in VIII.1.
VIII.4

Survival of the biological activity

Figure VIII.7 shows the survival of the biological activity after
partial depurination of <$X174 DNA before and after an alkaline treatment at 37 C of 45 min for single-stranded DNA (a) and of 4.5 hours
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for RFI-DNA (b). It is clear that the survival curves are exponential,
i.e. we are dealing with single-hit phenomena. After alkaline treatment
of the partially depurinated single-stranded DNA exactly the same
survival of the biological activity is found as without such a treatment and one inactivating hit (37Z activity left) is obtained in

(o)

3

a

6

Figure VIII.7.
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The survival of the biological activity against time

of depurination (70°Ct pH 5.5), before* o-o-o; and after treatment
with alkali (0.1 M NaOR, Z7°C), •-•-#, during 45 min for singlestranded 4X174 DNA (a) and of 4,5 hours for JX174 RF-DNA.Cb)
2.1 + 0 . 3 min of depurination at pH 5.5 and 70° C. Treatment with
alkali of the partially depurinated double-stranded DNA reduces the
inactivation of the RFI-DNA to zero. Without alkaline treatment one
inactivating hit is obtained in 110 + 23 min at pH 5.5 and 70° C (indicated errors are standard errors).
VIII.5

Discussion

From the conversion of apurinic sites into breaks with alkali or by
heating at neutral pH the time of depurination necessary to introduce
one apurinic site per DNA molecule is calculated to be 2.0 + 0.3 min
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for single-stranded DNA and 5.5 + 0.5 min for double-stranded DNA.
These results show that the rate of depurination for single-stranded
DNA is about 3 times faster than for double-stranded DNA. This is in
agreement with the results of Lindahl and Nyberg (1972), who compared
denatured and native DNA.
The time necessary to convert the apurinic sites into breaks with
alkali or by heating at neutral pH is also different for single- and
double-stranded DNA. For double-stranded DNA quantative chain cleavage
at such sites was only obtained after incubation for several hours both
at alkaline and neutral pH. This difference was also found by Lindahl
and Andersson (1972) for PM2 DNA.
The survival of the biological activity has been measured in order to
determine the number of apurinic sites necessary to cause one inactivating hit. For single-stranded DNA an average of one inactivating
hit per DNA molecule is obtained after 2.1 + 0.3 min of depurination
(t__). As shown above the same time interval is required for a
depnrination of one base per DNA molecule. It follows that in singlestranded DNA each apurinic site is lethal. This is confirmed by the
fact that treatment with alkali (45 min at 37° C) does not change
the survival curve. Because it is known that single-strand breaks
are lethal in single-stranded ^XI74 DNA (Fiers and Sinsheimer 1962)
the apurinic sites must also be lethal. For double-stranded RFI-DNA
another picture emerges, for here one inactivating hit is obtained
in 110 + 23 min, while in the same time interval approximately 20
purine bases have been lost per DNA molecule. So in RFZ-DNA only about
5 per cent of the apurinic sites is lethal. After treatment with alkali
for 4.5 hours at 37° C all the molecules containing apurinic sites,
including the inactivated ones, are removed from the RFI fraction
obtained after sucrose gradient centrifugation and therefore it is not
surprising that no inactivation is found at all.
Comparison of the results for apurinic sites with those obtained
for radiation-induced (lethal) potential breaks show many differences.
In the double-stranded RFI-DNA radiation-induced alkali-labile
sites are lethal, while almost all (95 per cent) of the apurinic sites
are non-lethal. Furthermore the rate-constants for conversion of
apurinic sites into breaks is (1.8 + 0.1) x 10~2min~' at 37° C in alkali
and (3.8 + 0.5) x ^ 1
at 45° C in neutral buffer, while the
57

iBr^E-re.-.-^.*---^-.-..-.-.- -.^r-.-—^ -

M

corresponding rate-constants for the conversion of labile sites in
irradiated DNA into breaks are (3.9 + 0.7) x 10~ ruin" at 37° C in
alkali and (1.4 + 0.4) x 10~ min" at 45° C in neutral buffer (calculated from data of chapter VII).
Although for single-stranded DNA both the radiation-induced potential breaks and the apurinic sites are lethal, the characteristics of
the conversion into breaks are again different for both types of sites.
Apurinic sites treated with alkali show complete conversion into breaks
after about 10 min at 45° C, while for the labile sites in irradiated
DNA complete conversion in 10 minutes is reached at a much lower
temperature, namely at 10° C. At neutral pH and 37 C the rate-constants
—3 —1
for conversion into breaks are (1.3 + 0.2) x 10 min and (3.0 + 0.2)
x 10•*2min— 1 for apurinic sites and radiation-induced potential breaks,
respectively.
We therefore conclude that the alkali-labile sites in irradiated
single- and double-stranded 4X174 DNA are not identical with apurinic
or/and apyrimidinic sites. These alkali-labile sites may be of a type
suggested by Dizdaroglu, Schulte-Frohlinde and von Sonntag (1977 a,b):
a damaged deoxyribose molecule, which has lost its base in an otherwise intact sugar-phosphate backbone (see also chapter II).
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IX

Alkali-labile sites and repair in biologically
active DNA irradiated in the presence of
sulphydryl compounds

It has been generally observed that sulphydryl compounds protect
cellular systems against the lethal effects of ionizing radiation. To
explain this protection the hydrogen donation model has been proposed
(Howard-Flanders I960, Hutchinson 1961), in which it is assumed that
target radicals are repaired by hydrogen transfer from the sulphydryl
group of the protector to the target radical. Adams, Me. Naughton and
Michael (1968) demonstrated that such a repair can happen in chemical
systems. They found that cystearaine can donate hydrogen atoms to
simple organic radicals. Loman, Voogd and Blok (1970) showed that also
cysteinerepairs such simple organic radicals, thereby preventing the
destruction of the thymine chroraophore by these radicals. Ward (1971)
found that the liberation of phosphate from deoxyribonucleotides by
irradiation is reduced by several sulphydryl compounds to a larger
extent than would be expected on the basis of their scavenging capacity
for water radicals.
Ginsberg and Webster (1969), Sawada and Okada (1970) and Lohman,
Vos, van Sluis and Cohen (1970) have shown that SH-compounds are able
to reduce the yield of single-strand breaks in DNA in bacterial and
mammalian cells. It has been shown by van Hemnen, Meuling and de Jong
(1974) that also in vitro cysteamine is able to reduce the number of
single-strand breaks in single- and double-stranded (5X174 DNA, even
within a few milliseconds after irradiation. However, for the alkalilabile sites, which contribute largely to the radiation damage in
«SX 174 SNA (see chapters V, VI and VII), the possibility of protection
by SH-compounds has not yet been studied.
IX.1

The effect of sulphydryl compounds as a function of pH

Blok (1967) showed that the protective capacity of cysteamine on
single-stranded »SX174 DNA, irradiated under nitrogen, is dependent on
pH. We looked at both the yield of biological inactivation and singlestrand breaks in single-stranded ((XI74 DNA, irradiated under nitrous
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Figure IX. 1 The inverse value of the yield of biological inactivation
(a) and of single-strand breaks (b) as a function of pH. 3.3 fig/ml
single-stranded ffX174 DM was irradiated in 0.01 M phosphate buffer,
pH 5.5 to 9.5 (the uncertainty in the pH values is about 0.1 unit), in
the presence of 5 x 10 M cysteine, under nitrous oxide, (error- bars
represent standard errors).
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.Figure IX. 2. The inverse value of the yield of biological inaotivation
(a) and of single-strand breaks (b) as a function of pH. 3.3 ug/ml
single-stranded flXl ?4 DNA was irradiated in 0.01 M phosphate buffer,
pH 5.5 to 9.6 (the uncertainty in the pH values is about 0.1 unit), in
the presence of 5 x 10—4 M cysteamine, under nitrous oxide (error-bars
represent standard errors).
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-4
oxide (e
-* .OH) in the presence of 5 x 10 M cysteine or cysteamine
aq
in the pH range from 5.5 to 9.6.
Figures IX.1 (a,b) and IX.2 (a,b) show the inverse values of G as a
function of pH for both the yield of biological inactivation (G, )(a)
and the yield of single-strand breaks (G )(b). In the presence of
ss
cysteine there is a clear dependence of G
upon the pH, with a maxiss
mum around pH 7.5, but none for G, . However, with cysteamine there is
a pH dependence of both G
and G,, again with a maximum at a pH of
SS
D
about 7.5.
IX. 2
The effect of alkali

i

In single-stranded 4X174 DNA, irradiated with or without oxygen, two
types of alkali-labile sites have been shown to be present, which show
a different dependence on temperature during treatment with alkali.
We now show that these alkali-labile sites also exist in DNA irradiated
in the presence of a sulphydryl compound. Again we measured the effect
of the temperature of the alkaline treatment on the yield of singlestrand breaks and biological inactivation of DNA irradiated in 0.01 M
phosphate buffer (pH 7.5) with 5 x 10

M cysteine (figure IX.3) or

£200

a.100

i

i

10

20
30
temperature (°C >

40

Figure IX. 3. Relative increase of G (per cent) by alkaline treatment
(0.1 M NaOH, during 10 min) as a function of temperature. 3.3 pug/ml
single-8tranded JX174 DNA IMS irradiated in 0.01 M phosphate buffer,
—4
pH 7.S, in the presence of S x 10 M cysteine, under nitrous oxide:
o-o-o, relative increase of the yield of single-strand breaks (G );
S3
0-0-0, relative increase of the yield of biological inaativation (G^).
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cysteamine (figure IX.A) under nitrous oxide.
Figures IX.3 and IX.4 show the relative increase of the yields of
biological inactivation (G, ) and of single-strand breaks (G ) as a
o
SS
function of temperature of the alkaline treatment. The increase is expressed as 100 (G-GQ)/Go, in which G Q and G are the yields before and
after alkaline treatment, respectively. It can be seen in both figures

K>

Figure IX.4.

20
ttmp«raturc

Relative increase of G (per cent) by alkaline treatment

(0.1 M NaOH, during 10 min) as a function of temperature. 3.3 ug/ml
single-stranded &X174 DNA was irradiated in 0.01 M phosphate buffer,
pH 7.5, in the presence of S x 10

M eysteamine, under nitrous oxide:

o-o-o, relative increase of the yield of single-strand breaks (G );
ss
0-0-0, relative increase of the yield of biological inactivation (Gh).
that the increase of G

reaches a plateau value (190 per cent) at

about 10 C, where G. is still unchanged. Further both figure IX.3 and

1

IX.4 suggest that the increase of G. reaches its plateau value at about

i

22

C. However,

the maximum values are different, about 33 and 40 per

cent for cysteine and cysteamine, respectively. The same data are obtained with higher concentrations of both sulphydryl compounds
(IO~3 to 5 x 10" 3 ).

IX.3

the effects of cysteine and cysteamine on the contribution of
breaks to lethality

In table IX.1 a summary is given of the effects of cysteine and cysteamine both before and after alkaline treatment on the contribution
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of single-strand breaks to lethality of DNA irradiated in 0.01 M phosphate buffer (pH 7.5). We see that before treatment with alkali the
contribution of breaks to lethality is reduced with both cysteine and
cysteamine

compared with the solutions, irradiated without sulphydryl

compounds. However, the reducing effect of cysteamine is much larger
than found with cysteine.

Table IX.I
The effect of SH-compounds on the contribution of breaks to lethality
of single-stranded ^X174 DNA, irradiated under 8 0

Compound

cone

yields without

(pH 7.5).

10° C, pH 12.7

37°C, pH 12.7

treatment
(mM)

./Gu

G.
b

G

/G,
ss b

cysteamine

0.5

0.0013

0.07

0.0013

0.20

0.0018

0.14

cysteine

0.5

0.0022

0. 17

0.0022

0.50

0.0029

0.38

0. 18

0.32

0.18

0.50

0.24

0.38

no SHcompound

-

After alkaline treatment the contribution of breaks is increased
with both sulphydryl compounds. For cysteine G

/G, is now the same as
SS u

found for irradiation without a sulphydryl compound. With cysteamine
also an increase of the contribution of breaks to lethality is observed
but here the ratio remains considerably smaller than found after
irradiation without SH-compounds.
The ratio G /G, before the alkaline treatment is dependent on the
ss b
concentration of the sulphydryl compounds. The minimum values (G /G, »
SS D
0.17 and 0.07 for cysteine and cysteamine, respectively) are found at
concentrations of about 0.5 mM or larger for both sulphydryl compounds.
After alkaline treatment this ratio is independent of concentration for
cysteine. For cysteamine this is also true at concentrations of 0.5 mM
or larger, but for instance at a concentration of 0.05 mM a ratio is
found of 0.32 at 10° C and of 0.23 at 37° C.
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IX.4

Discussion

The results show that in single-stranded ^X174 DNA, irradiated in
the presence of sulphydryl compounds, like in the absence of such compounds, at least two types of alkali-labile sites exist. Again one is
lethal and gives rise to single-strand breaks by treatment with alkali.
The other consists of non-lethal damage and is converted into lethal
damage by alkali.
Further it can be seen that the effects of cysteine differ considerably from those of cysteine. It is obvious that with cysteine the
yield of breaks depends on pH with a minimum at a pH around 7.5, while
the yield of biological inactivation remains approximately constant in
the pH range 5.5 to 9.5. Apparently the pH dependent protective action
against the formation of breaks is not a real repair, for otherwise a
similar pH dependence should have been observed for the yield of biological inactivation, because single-strand breaks are lethal (Fiers
and Sinsheimer 1962). This suggestion is supported by the experiments
with alkali, which show that after alkaline treatment G /G is the
same with or without cysteine (see table IX.1). Therefore the reduction
of the yield of direct breaks by cysteine can be ascribed completely
to the formation of more alkali-labile potential breaks which are
lethal both before and after treatment with alkali. Also the yield of
damage other than direct and potential breaks is increased by the same
factor by alkali with or without cysteine, 1.59 + 0.34 and 1.57 + 0.23
(standard errors), respectively. Irradiation at other pH values (6.5,
8.0 and 9.3) gave the same results. Apparently cysteine although protecting DNA by scavenging of radicals does not restitute the integrity
of damaged sites. By calculation it can be shown (van Rijn and Lafleur
1976, van Rijn, unpublished results) that pure competition between DNA
and cysteine for water radicals predicts a G value for biological inactivation equal to the experimental value within a few per cent. So
in case of cysteine the yields of (direct + potential) breaks and biological inactivation can be explained in terms of normal competition.
However, the ratio between direct and potential breaks is clearly influenced.
With cysteamine the yields of biological inactivation and of single64

strand breaks show a very similar dependence upon pH, with a minimum
value at a pH of about 7.5. The reduction of the contribution of breaks
to lethality is much more pronounced than with cysteine (see table IX.1)
The results for the biological inactivation are in agreement with those
of Blok (1967), who found a similarly shaped curve with rfXI74 DNA
(4 ug/ml) and 5 x 10 M cysteamine, irradiated under nitrogen. He
found no pH dependence of the inactivation without the cysteamine.
We suggest that the pH dependent protection of the biological inactivation by cysteamine is due to repair of the sites which otherwise,
e,g. in the presence of cysteine or in the absence of a SN-compound,
would have led to direct or potential breaks. This is in agreement with
the almost equal differences G. (cysteine) - G, (cysteamine) • 8.9 x 10-4
and G ss (cysteine) - G ss (cysteamine) « 8.5 x IO~ (G values from table
IX.I at pH 12.7 and 10° C ) . For the yields of damage other than direct
or potential breaks, G. - G , we find for cysteine 11,0 x 10 and for
cysteamine 10.5 x 10 , so with both sulphydryl compounds about the
same quantity of this type of damage is present. As it can be calculated that the inactivation yields (van Rijn, to be published) of
these SH solutions are equal within 10 per cent, it follows that also
cysteamine does not repair this type of nucleotide damage. Also the
quality of the nucleotide damage seems to be unchanged as follows from
the equal increase of the yields with alkali (22° C or higher): 1.59
+ 0.34; 1.51 + 0.29; 1.57 + 0.23 for cysteine, cysteamine and without
SH-compounds, respectively. The same conclusions can be derived from
measurements at pH 9.6.
That the contribution of breaks is reduced by cysteamine is in line
with work of van Hemmen et al. (1974), who found that addition of
cysteamine within a few milliseconds to an irradiated DNA solution
results in repaired sites, which otherwise would have given breaks or
potential breaks. The pH dependence of the protection of DNA by cysteamine or cysteine is different from the pH dependence found by
Adams et al. (1968) for the repair reaction of cysteamine with methanol
radicals. This might be due to pH dependent properties of DNA radicals.
Thereason behind the surprising fact that cysteine is not capable
to give real repair in co trast to cysteamine is not yet clear.
Summarizing we conclude that also in single-stranded 4X174 DNA,
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irradiated in the presence of SH-compounds the two alkali-labile sites
exist: a lethal one, which gives rise to breaks and a non-lethal one,
which becomes lethal by alkali. Furthermore cysteamine protects the DNA
more efficiently than expected on basis of competition. The additional
protection can be explained entirely as a prevention of formation of
(potential) breaks. This protection is pH dependent. With cysteine only
a pH dependent formation of alkali-labile potential breaks instead of
direct breaks could be observed. The damage other than breaks is not
influenced by the presence of the sulphydryl compounds.
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Summary
In this thesis a number of experiments are described with the purpose to obtain a better insight in the chemical nature and the biological significance of radiation-induced damage in DNA, with some emphasis on the significance of alkali-labile sites.
It is shown that not only reactions of OH radicals but also of H
radicals introduce breaks and other inactivating damage in singlestranded 4X174 DNA. It is found that phosphate buffer is very suitable
for the study of the reactions of H radicals with DNA, as the H 2 P< X
ions convert the hydrated electrons into H radicals. The hydrated
electron,.which does react with DNA, does not cause a detectable inactivation.
The main part of the work is devoted to the study of the alkalilabile sites. It is found that both OH and H radicals introduce at
least two types of alkali-labile sites in single-stranded 4X174 DNA,
which show a kinetically different behaviour during the treatment with
alkali (10 min, 0.1 M N a O H ) .
One type is lethal and is converted quantatively into breaks on
treatment with alkali at temperatures of about 10° C and higher. It is
identical with the damage becoming manifest as breaks by post-irradiation heat treatment.
The other type consists of non-lethal damage and is converted into
lethal damage by alkali. This conversion starts at about 10° C and is
complete at about 22° C.
The relative contribution of the lethal alkali-labile damage to inactivation is different for OH and H radicals, generated by irradiation
under anoxic conditions. For the OH radical this contribution is the
same for oxic and anoxic conditions. The contribution of other alkalilabile damage is the same for both radicals in case of anoxia, but
after irradiation under oxygen (where only OH radicals are important)
the enhancement of this damage by alkali is larger. The fact that treatment with alkali diminishes the biological activity only after irradiation means that even this simple single-stranded DNA can sustain an
appreciable amount of chemical alterations without losing its biological
activity.
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In RF-DNA, the double-stranded form of &C174 DNA,alkali-labile sites
giving rise to breaks with alkali, could also be detected. They could
be shown to be lethal. Again the conversion into breaks could also be
brought about by post-irradiation heat treatment.
Further attempts were made to clarify the chemical nature of the
alkali-labile sites. For the non-lethal type in single-stranded DNA it
is concluded that it consists, at least partly, of dihydropyrimidina
derivatives. This follows from experiments in which the DNA was treated
with osmium-tetroxide, which oxidizes thymine to 5,6-dihydroxy-dihydrothymine. Treatment with alkali of this DNA gives a similar temperature
dependence as found for the non-lethal alkali-labile sites in the
irradiated DNA. A similar temperature dependence of the effect of
alkali was found for dihydrothymine and the irradiated pyrimidines. The
nature of the lethal alkali-labile sites which are converted into
breaks by alkali or heat, could not be clearly identified as yet, but
it was shown that they are not identical with apurinic or apyrimidinic
sites. Such sites can also be converted into breaks, but with kinetics
that are completely different from radiation-induced latent breaks.
Moreover only a small fraction is lethal in double-stranded DNA.
The effect of sulphydryl compounds on the induction of alkali-labile
sites and on the contribution of such sites to the inactivation of
single-stranded 4X174 DNA was also studied. Cysteamine is capable to
react with DNA radicals, thereby modifying the radiation damage in
such a way that the induction of direct and latent breaks is reduced.
This repair depends on the pH of the solutions. With cysteine only a
pH dependent repair to lethal alkali-labile potential breaks could be
observed. The damage other than breaks is not influenced by the
presence of sulphydryl compounds.

72

Samenvatting
In dit proefschrift worden experimenten beschreven, die uitgevoerd
zijn met het oogmerk een beter inzicht te krijgen in de chemische aard
en de biologische importantie van door straling in DNA geinduceerde
schade, met enige nadruk op de betekenis van loog gevoelige schade.
Aangetoond kon worden dat niet alleen reacties van OH radikalen,
maar ook de reacties van H radikalen breuken en andere inactiverende
schade geven in enkelstrengig 4X174 DNA. Er werd gevonden dat fosfaat
buffer zeer geschikt is om de reacties van H radikalen met DNA te best uder en, aangezien H-PO, ionen gehdrateerde elektronen in H radikalen
omzetten. De gehydrateerde elektronen reageren wel met DNA, maar geven
geen meetbare inactivering.
Het grootste deel van het werk is gewijd aan de bestudering van
loog gevoelige schade. Gevonden is dat zowel H als OH radikalen twee
soorten loog gevoelige schade geven in enkelstrengig 4X174 DNA. Zij
vertonen een verschillend kinetisch gedrag tijdens behandeling met
loog (10 min, 0.1 M NaOH). Een type is lethaal en wordt door loog
quantitatief omgezet in breuken bij temperaturen van ongeveer 10 C en
hoger. Het is gelijk aan de schade die als breuk te voorschijn komt, indien na bestraling een warmte behandeling gegeven wordt. Het andere
type bestaat uit niet lethale schade, die door loog omgezet wordt in
lethale schade by temperaturen van ongeveer 22° C en hoger.
De relatieve bijdrage van de lethale loog gevo&lige schade tot inactivering, bepaald bij bestralingen zonder zuurstof, is voor H en OH
radikalen verschillend. Voor de OH radikalen is deze bijdrage in aan
en afwezigheid van zuurstof gelijk. De bijdrage van de andere loog gevoelige schade is hetzelfde voor beide radikalen in afwezigheid van
zuurstof, echter na bestraling onder zuurstof (waar alleen OH radikalen
belangrijk zijn) is deze schade door loog groter. Het feit dat loog
alleen na bestraling de biologische activiteit vermindert betekent
dat zelf dit eenvoudige enkelstrengige DNA een aanzienlijke hoeveelheid
chemische veranderingen kan bevatten zonder dat het zijn biologische
activiteit verliest.
In RF-DNA, de dubbelstrengige vorm van 4X174 DNA, kon ook loog gevoelige schade, die door loog omgezet wordt in een breuk, aangetoond
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worden. Deze schade is lethaal. De otnzetting in een breuk kon ook te
weeg gebracht worden door een warmte behandeling na de bestraling toe
te passen.
Er zijn pogingen gedaan de chemische aard van de loog gevoelige
schades op te helderen. Aangenomen kan worden dat het niet lethale
type in enkelstrengig DNA in ieder geval voor een deel uit dihydropyrimidine derivaten bestaat. Dit volgt uit experimenten waarin het DNA
behandeld is met osmium-tetroxide. Osmium-tetroxide oxideert thymine,
waarbij 5,6-dihydroxy-dihydrothymine ontstaat. Behandeling van dit DNA
met loog geeft een overeenkomstige temperatuur afhankelijkheid te zien
als gevonden werd voor de niet lethale loog gevoelige schade in bestraald DNA. Een dergelijke temperatuur afhankelijkheid van de loog
behandeling werd ook gevonden voor dihydrothymine en voor bestraalde
pyrimidines. De aard van de lethale loog gevoelige schade, die door
loog of hitte in een breuk omgezet wordt, kon nog niet duidelijk worden
vastgesteld, maar aangetoond kon worden dat deze schade niet identiek
is met plaatsen in het DNA waar alleen een base weg is. Deze plaatsen
kunnen ook in een breuk omgezet worden, maar de kinetiek van deze omzetting is totaal verschillend van die voor de omzetting van de lethale
potentiele breuken in bestraald DNA.
Ook het effekt van sulphydryl verbindingen op de vorming van de
loog gevoelige schade en de bijdrage van deze schade tot de inactivering
werd bestudeerd. Cysteamine is instaat om met DNA radikalen te reageren en daarbij de stralingsschade zo te veranderen, dat de vorming van
direkte en potentiele breuken is vermindert. Dit herstel is pH afhankelijk. Met cysteine wordt alleen een pH afhankelijk herstel tot lethale
loog gevoelige breuken waargenomen. De schade, die niet uit breuken bestaat wordt niet door de aanwezigheid van sulphydryl verbindingen beinvloed.
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Overpeinzing
Bis de presentatie van een proefschrift wordt de schrijver
meestal ook aangemerkt als de curator en aan hem of haar wovdt dientengevolge de doatorsgraad verleend. Dit is eohter maar gedeeltelijjk
op zijn plaats, aangezien een proefschrift het werk van velen is. Ik
kan dan ook slechts hopen dot het verlenen van de dootorstitel gezien
wordt als de erkenning van een aolleotief stuk werk. Indien ik iedereen kier persoonlijk sou bedanken dan sou het proefschrift zeker twee
keer zo dik worden en dan nog zou het niet volledig zijn, zodat ik
hier maar simpelweg zeg: bedarikt allemaal zonder julVie steun en inbreng was ik nooit zover gekomen. Een uitzondering wil ik eohter
maken door speaiaal haar te bedanken die tijdens het sahrijven mijn
vertwijfelingen en onredelijkheid wist op te vangen en mij daardoor de
rust gaft die ik zo broodnodig had.
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