


It is well known that organic nitroxyl free radicals are able to

'f sensitize different anoxic cells to the lethal action of ionizing

gradiation. The mechanism of senSitization by N- oxyls 'f'consists in

winteraction of these compounds “with radiation—induced DNA-radicals

) (Johansen 1974 Nakken and Brustad 1974) The interaction of N oxyls

1fl(for example, TAN) with DNA—radicals leads to formation of hard repair
: 1976) and probably

'ijdamages (Hohman et al.,’

:peculiarities of radiation—induced mutagenesis.

“In previous publications we have shown that the important role in,

mutagenic action of ionizing radiation with different linear energy

k transfer (LET) is played by the so called "complex" DNA injuries, which

‘ can be seen cin ‘the
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are not reparable by the pol A- dependent repair system in E coli cells

(Kozubek et al., 1989a, Tokarova et al.,1989 Bonev et al.,1990)

. formation of such damages is increased with growing of LET.—We have..'

‘also shown that induction of direct mutation (Tokarova et al., 1989),

- the SOS response,, which haS‘ been 4measured ‘by ’means of the

TSOS chromotest (Kozubeket al., 19B9a) and A- prophage induction (Bonev,

,et al.,v1990) in E coli cells grow with increasing LET On the other

I,hand the increasing of the sos-response in TAN sensitized E. coli cells_

T ,,v

LN

N

v

,»\Department of Biochemistry,

used

1v7 rays the cell suspension was irradiated in glass tubes or in special

hnder~anoxia was shown afteriw—irradiation (Komova et al.,

,These data ‘can indicate that binding of a sensitizer to’ DNA—radicals::

leads to formation of S0S-inducing and probably of premutational DNA‘

. damages. .Owing to these results we have investigated the effect of ‘the.
radiosensitiZing agent TAN on the induction of revertants by ioniZing

radiation with various LET in different Salmonella tester‘strains.

MATERIALS AND,METHQDS‘
Baccerial strains : -

i Tester strains TA98 TAIOO and TA102 were provided by Dr.‘B Ames,
University of California.~ The~ overnightg

cultures as well as the plates for- mutagenicity assay were prepared-i

3 according to Maron and Ames (1983)

2 2,6, 6- tetramethyl 4—piperidine 1- oxyl (TAN) was synthesized ‘dn.

: the Institute of Chemical PhySics of the Academy of Sciences of.. thef

USSR TAN was’ dissolved in phosphate buffer and added to the bacterial -

~suspenSion to give the final concentration 10 M

degassing

prrradiaCion by ki rays and helium ions

w7Cs = ray source giving a dose rate of about 23 Gy/min was LB

Irradiation by helium ions ‘was performed at the accelerator of~=*'

—gheavy ions U—ZOO JOint Institute for Nuclear Research The energy of_A‘,,

helium ions was 5 2 MeV/nucleon The initial average LET of particles

was’ 38" keV/um and the ' In experiments-with”

dose rate was 90 Gy/min.
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>jal., 1989)

'deep and 10 mm in dlameter. In th1s case 0. 01 ml of the cell suspens1on

»rwas placed on sterlle glass plates and covered by a mylar fllm 15kum

ithlck SR ,' AR e RTINS

Hypox1a was obtalned by flow1ng n1trogen for at least 30 mln' ‘

kbefore 1rrad1atlon In the experlments w1th hellum ions - the h1pox1c

- cell suspens1on was placed on plates ‘in the n1trogen atmosphere of a

speclal box. The plates were set 1nto a round maga21ne, and transportedk

by remote control to. the beam exit’ w1ndow
.'determlned
“'respectively (Cherevatenko, 1986) .

»~at 0 C. The number of ~=urv1v1ng cells and revertant colon1es were

7'counted under sllght magnlflcatlon after 48 h of 1ncubatlon at 37 C s

. The experlments were repeated 3 5 tlmes

\::Proce551ng of exper1menta1 data

The surv1v1ng fractlon (S) was calculated as the ratlo S —'N/No,

where N 1s the number of surv1v1ng cells after 1rrad1atlon and N yis

T,the number of non1rrad1ated bacterla The mutation rate was measured as U

»the ratlo of mutant colonles (N ) to the number of surv1V1ng cells (N)
k Dose dependence N /N(D) was f1tted to the follow1ng functlon'
N /N = Xk n" T RTHPE o (1)

where D 1s the rad1atlon dose

-for each N /N(D) dependence by an optlmlzlng procedure (Tokarova:et:

,factor (DMF)

of the doses 1nduc1ng the same number of mutatlons under normalf

condltlons and under anoxla;_(or anox1a w1th TAN) 5The’

:vdev1atlons of OER and DMF were determlned by the same procedure -as the‘;‘

;'ldeV1atlons of the parameters in Eq 1

The LET and the dose were:

by semlconductor detectors and by an 1onlzatlon chamber,’

All 1rrad1atlon procedures were done‘

) The parameters k and x were determlned'

The oxygen enhancement ratlo (OER) and the dose modlfylng

w1th respect to mutagenes1s were . determlned as_ the ratlod

standard;

 RESULTS

. surv1val curves have

*straln were determlned The data are summarlzed 1n Table 1
'and TAIOO stralns the values D
.however, f

7—1rrad1atlon is approxlmately equal to 2 for all 3 stralns. The valuei:

1030

1rrad1atlon in oxygen ‘is not mod1f1ed by TAN but the sen51tlzatlonu
1effect appears after - 1rrad1atlon under anoxla. The value of DMF for;‘
o all ‘3 stralns approxlmately equals 2.,

s surv1val after 1rrad1atlon by hellum ions was, not revealed

ghellum ions under varlous condltlons is shown¢ in F1g

. 1nductJ.on Of revertants was

: /of OER is ‘equal- to 1.6 (Table 2)
_irradlatlon. LT - s " S f

-:anOX1a is d1st1nctly observed for all 3 stralns (Flg 25 Table 2)

The cell surv1val as’ a functlon of the dose of 7 radlatlon and;

hellum ions under d1fferent condltlons ls : presented 1n F1g 1. Thei
‘an exponentlal shape for all: 3 stralns and for{;*v
both types of rad1atlon. The radlosen51t1v1ty (D ) and OER for each! B
- For | TA98;i;
‘iafter 7- 1rrad1atlon are the same,’

TAIOZ the

radlosen51t1v1ty “is less. The OER after‘>gg

“f'of OER after hellum ion 1rrad1atlon is s1gn1f1cantly less and equals[wf

" The data from Table 1 Show, that the cell radlosen51t1v1ty after

The 1nfluence of - TAN .on’ cell:

The mutatlon rate as a. functlon of the dose of - radlatlon andj_f

A powerclfl‘

dose response relatlon was observed for all 3 stralns Mutatlon rates*7'

after 1—1rrad1atlon in oxygen and under anox1a were measured 1n these s

stralns., For TA98 and TAIOO the modlflcatlon effect of anoxla on*ad

not revealed however, for TA102 the value:‘

There 1s no effect of anoxlafonbtheb,.:’

mutatlon rate in TAIOO after 1rrad1at10n by hellum lons and after 7-}fﬁ

coa

The 1nfluence of TAN on the mutatlon rate after 1rrad1atlon underi <

Amongi o
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RAYS AND HELIU'M IONS UNDER VARIOUS CONDITIONS ; ‘
; 8 - ‘Type of L o Anoxia - Anoxia + TAN:
R B e SRR iy Ly 1 ' _ Strains - : :
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/2He T UTA100 . 270.2  2.1#0.2 |1.3:0.1 2.630.2 2.0:0.2 - 1.0:0.1 - . - ~ - — : ) —
S b R : : ) T 3Thevalues  of ‘parameters ¥ were calculated according to Eq.1."
Sl T S SARE - ’ i . .P0ER and’ DMF were -calculated- as the:'ratio of ' the do"Ses"'
o Oxygen enhancement ratlos were calculated as’ the ratlo of D under - oxygen EURPSS T : :
: - el L R | 1nduc1ng the same number of mutaticns under oxygen condltlons‘ 5
S condltlons and' under anox1a o R SR R : . L .
L - ‘ : N “ and ‘under’ anoxia. (OER) or under anoxia+TAN. (DMF) .
Dose-modifying factors uere calculated as the ratio of D under anoxia + TAN : . : . .
. and _under anox1a. T SR Lot e S : : . s a ‘/‘ /f -4
e S R : - : . N : T [ 10 ‘1/ o ‘10 L EERD S
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‘those strains, the sensitizing effect of TAN on mutagenesis after
y-irradiation was the most strongly marked in the TA100 strain. The DMF
for this- strain equals 5.210.4. However,:the sensitizing effect of TAN

after irradiation by helium ionsrdecreases and equals 3.1:0.3.
DISCUSSION

" We have  investigated the effect of the anoxic radiosensitiéing

agent TAN on cell survival and mutagenesis in 3 Salmonella tester

gstrains after irradiation by y-rays and helium ions. The results of our .

experiments show that —the influence of anoxia .on cell survival and

mutagenesis = after . irradiation is markedly different. The

‘radlosens1t1v1t1es of all strains under anoxia have . the same values,

‘and OER . equals approx1mately 2. The modlflcatlon effect of anox1a on

cell- surv1val after.- hellum 1on 1rrad1atlon is . s1gn1f1cantly less than
-after y-irradiation.. Therdecreaslngkof oxygen: effect -in this  case can

’ bey‘explalned as a result’ of ‘induction of more

DNA-radicals by heavy particles (Kozubek and Krasavin, 1983; Krasavin,

. 1989)
c ol In- contrast to the’ lethal assay the mutation rate in TA98 and

TAIOO strains after 1rrad1atlon under anoxia does not differ from

~

‘mutagenesis under oxygen conditions:.-and a moderate oxygen effect is

found only in the TAa102 strain. The'absence ~of anoxia influence on

%1nductlon of mutatlons was also shown earller with different mutatlon

assays (Anderson, 1979;

1951; 'Bleichrodt and Roosterhelj, Sargentini

and Smith, 1989). A moderate effectuofjanoxia was

trp-aTrp+, reversion by Bridges (1963) and Deering (1963).

difference in influence of ‘anoxia on mutagenesis' in Salmonella tester

P

oxygen-independent’

demonstrated  on

Thev

in the wild type cells.

fmutagenlc lesions.

act1vat1ng the error-prone -repair. -

_(Tokarova et.al.,

stralns can be expla1ned by con51der1ng the nature, of premutatlonal DNA
lnjurles ln bacterla. »

" As known, the TA98 and TAloo stra1ns determlne the reversions afterf

frameshlft mutation and after substltutlon, respectively (Maron . and

Ames, 1983). The hisG46 mutation in TA100 substitutes -CCC- for -CTC-

Therefore, TA100 detects mutagens thatﬁcause

~base-pair substitutions of G-C pairs and produce C~T transitions. Among

- the ,pyrimidine radiolysis products that are not affected by. oxygen ‘

there are only 5,6-dihydrony75,6edihydrothymine,(thymine glycol) and

trans-5 6-dihydroxy—5 6—dihydrouracil (uracil glycol) (Teoule, 1987).
Thymlne glycols, as shown (Laspla and Wallace, 1988), are not probably;
On the other hand, d1fferent -cytosine damages are
connected ,w1th _appearance ~of C-T transitions (Ayaki et al., ,1987)..
Therefore, the absence. of. the oxygen effect on r—radiationkmutagenesis
in TAioo can be explained by the induction of mutagenic uracil glycols. -
o A moderate effect of ‘anoxia in TA102 can, be connected w1th thymine

rad101ysrs products which are produced . in .DNA. only in the. presence of
oxygenl(for example, hydroperoxides of thymlne, 5- hydroxymethylurac1l)

(Teoule, .1987). . This thymlne —-derived base le51ons ;are,

assocrated with productlon of Tac trans1tlons that. are determlned by
TA102 .On a level with these reasons one should bear .in. m1nd that theug
N /N(D) dependence for-TA102 is quadratlc. The quadratlc dose response
relatlon is explalned by a 2-hit mechanism.. The . flrst h1t is requlred:
to produce a premutatlonal DNA les1on in the .target (for: example, the

thymlne damage 1n TAA nonsense .codon of Tn102) .The . . second. h1t rs,‘

requlred to produce “DNA  damages. tr1gger1ng the .S05: response -and
~This hit flxes the first -lesion

<1989) The S08- inducing. damages in the case: .. of.

probably~ .



R £ 1rrad1at10n under anox1a (Komova et” al.,

1on1z1ng rad1atlon can be DNA 1ngur1es of a "complex“’type (Kozubek ‘et
l., 1989a), wh1ch are not affected by oxygen (Amlrtayev et al. 1985)
;These reasons can explaln ‘the moderate effect ‘of anox1a in TA102.
" our results “show that‘
‘under anoxla is enhanced by TAN: Among these tester strains, TAlOO was
. more”sensltlvel
'sharply 1ncrea51ng effectiveness of 7- rad1atlon to produce mutations
‘can be explalned in this case by 2 factors. Firstly, TAN ‘under anoxia
and produces TAN-DNA

~1nteracts' w1th radlatlon—lnduced DNA—radlcals

L'adducts (Johansen, 1974 ' Hohman ‘et al 1976)"It'1s shown that N—oxyls

1nteract through covalent b1nd1ng ma1nly w1th thymlne “and cytosrne N

b rad1cals (Nakken ‘and Brustad 1974) " These adducts'

'repalred by polA dependent exclslon DNA repa1r and they restores only
by slow repa1r Wthh ‘is “controlled by recA—lexA genes
the ‘data on TAN 1nterference in “cell DNA synthes1s (Hohman et “al.

“the SOS response in E.coli cells after

1976) Secondly, TAN increases

1990){
“radiation-induced pyrimidine¥

'"that :modlflcatlon ‘Ofv‘the’ mutagenlc

radlcals and activation of ‘the ‘érror-prone’ repalr by TAN may furthert

'1ncrease the mutagenesrs. A hlgher

,mutatlon induction after y-irradiation in TA100 is" probably assoc1ated

: withfinteractlon under anoxia of’cyt051ne—rad1cals;(urac1l glycols) and :

TAN'leading‘to production ‘of C-T ‘transitions.”

The”‘moderate effect Of “TAN on mutagenesis -in* TA102' is “explained

- by con51der1ng the’ propert1es of the target leadlng to T»c transitlons.ir

\',Slnce f1rst of all: the N—oxyls interact:with thymine- rad1cals, TAN w1ll

interact wunderf anoxia® with oxygen—lndependent ‘thymine

,products (thyminelglycols),rwhich do ‘not seem to be mutagenic. Hodever,

10 !

mutagenesls in 3 strains’ after 1rrad1atlon'

‘A" moderate effect of TAN' 1s revealed ‘in TAloz.vThe

probably cannot be f

It can be suggested’

sen51t1z1ng effect of TAN' on L

radloly51s;

This supports o

e

on the type of molecular 1n3ury leadlng to

fact1vatlon ‘of error prone repalr. , : fﬁ~_~ e

;value—after hellum ion 1rrad1atlon is-smaller.

'~et al;,

" w1thout TAN blndlng,

,exc1sion pol A—dependent repa1r

o T fo e : . :
various ‘ radiolytic - products of pthymine,_ which producev-

substitutions'at AT and GC sites . (the'hydroperoxides’of thymine and

their degradatlon products) are formed only in presence of oxygen.“

' Therefore, the moderate effect of TAN on mutagene51s in TA102° depends

'1high radlosen51t1z1ng effect of ‘TAN -in TA98 1s probably associated w1th

the base damages,'

hlSD3052 ( 1 frameshlft)/mutatlon (Maron and Ames,

N A comparatlve con51deratlon the effect of TAN . on mutagenesrs 1n

ThlS probably reflects

thejpincreased' productioni,of' DNAi damages ~with;jgrow1ng : ALETi weakly

:modlfyed by_TAn;>such,injuries,’which‘are more,efficiently>produced,by:

‘”high-LET°radiation,fare multiply damaged>single7strand~breaks (koéubek'

1989b- ChatterJee “and. Holley, 1990)

are hard repalr 1n]ur1es. These damages -induces

the sos response in E. c011 (Kozubek et al., 1989a-‘Bonev et‘al},‘19§0)'

and .some types of complex s1ngle strand breaks should be the cause of‘

‘ mutatlon events (Tokarova et al., 1989)

In conclus1on, our results support the earller
p0551ble 1mportant role- of "complex" DNA damages in: mutagene51s 1nduced

by hlgh—LET rad1atlon.l Such 1n3ur1es 1s . result from‘ ‘substantlal

energy dep051tlon in the DNA molecule and are ‘not repalred by the .

system

1n E coll., The p0551ble

revers1on 1n,thls stra1n A

whlch 1eads to the rever51on Vof the sequenced_;v

1983) and with the"™

~and they themSelves,r

hypothe51s on the,f

base .

L1

TAlOO after 1rrad1atlon by 7 rays and’ hellum ions . shows that the‘ DME‘7J

candldates for "complex" pol A—lndependent DNA damages are suggested by ;V

Brldges and Mottershead (1972)

mutagene51s 1nduced radlation w1th dlfferent LET - probably 1nd1cate the

n

Our data ‘on TAN mod1f1catlon 'of, o




.

important ' role of - the ' similar injuries in . radiaticn-induced =

‘mutagenesis. °
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