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Th. SOS-nrspon_ .ff"",ts a n ............. of propertillS in bact...-i.l 

cells §u£h .s prophage induction (L.off et al.. 1958), 

ultr.viol.t light reactiv.tion and .utagen~is (Naigl •• I95~, 

Def.is .t .1.,1971), .....ror-pron. ~t.gen..is (Mitkin,t974). 

radioresistance (Pollard and Ach.y,t975) ••tc. Th. induction of 

the SOS-sy.t_ ....ich producllS these phen-.. can b. achi.ved by 

a variety of agent.. or treat-.ts: uv, .ita.ycin C. thy.ine 

..tarv.tion. nalidiKic .cid. a .. wall a .. by ionizing r.di.tion. No 

infor_tion. h04oil8vtr. h.s b.... obtained on the induction of the 

SOS-..y.t_ by h_vy iom;; although thi.. infor_tion ooouid b. 

of gr.at v.lu. for the invIIStig.tlon of aacheni..... of the 

phan-.. -.tioned above. p...ticul .... ly. in the c .... of 

.utagen_i... 

Hllevy ch....ged particlllS ..... knOOWl to indue. different spectra 

of DNA injuri_ (Christensen et .1 •• 1972. PIun.son and .ridg_, 

1973; kozubek and Kr....vin.t984). The incr•••ing lin.... en.....gy 

tran..f...- (LET) of the ionizing radi.tion l_d.. to decrea..ing 

production of DNA single ..trand br_k. (SS.) and b._ daaag... 

On the ot.,... h."d. the production of DNA double strand br_k", 

(OS.) and ~ltiply daaaged sit_ 11. incr_...t. It can be 

.Kpected th.t the ..ignal for the SOS-induction in the c.... of 

ionizing radiation is .l~ __ type of DNA d_ges. The 

efficiency of h••vy ions to induce the SOS-sy.t.. can Qive u.. 

the infor_tion on the n.tur. of these injuries .nd th.ir 

g ..... esi ... 

The efficiency of the SOB-syst.. induction h.s been assessed . n_.ccording to the result of the SOB chr.-.test 

quw>ttt.tiv. b.ct..... ial colorie8tric .s_y for genotoKins 

(Quil1ard.t et .1.,1982). The .tr.in Mith an operon fu.ion 

2 

pl.cing lacl. the structur.1 gene for ~-galactosidase under 

control of the sulA gene which is itself SOS-controlled. has 

been used. The level of B-galactosidase activity in cell 

suspension after irradiation has reflected the intensity of SOS-

response. 

"aterials and Methods 

Bacterial strain 

Esch.richi. coli PQ37 (Qui I lardat et al.,1982) was kindly 

supplied by l)r.".Hofnung. Institut Pasteur. This strain carries 

a sulAI:lacZ fusion and has a deletion for the norM.I lac region 

so th.t ~-gal.ctosidase activity is strictly dependant on sulA 

expression. Th. strain is constitutive in .lkaline phosphatase 

synthesis. which can be used for monitoring general protein 

synthesis. The strain has bean described in det.il (Qui llard.t 

et al •• 1982) .s w.ll .s the procedur.s of its construction • 

""i. 
Cultures were grown overnight .t 37"'C In L--.dtuM 

(B.cto trypton. IBg••acto y.ast eKtr.ct 59, HaCl lag/. of 

di ..tilled _ter) .......pl--.ted with 211 "g/.l aepicilin. Th• 

..uspension _s diluted t:211 into a fre'5h -.diu. and incub.ted .t 

37-C with sh.king up to 2Mle. b.ct..... i.,.I. Th...uspension 

was distributed onto piaces of peptone ag.r (G...l.y. In..titut. 

of .Ucrobiology, f'lc>!5co."'. irr.di.ted by h••vy ion.. , _shed .t 

1.1 of L--.diu. .nd incub.ted with sn.king for 2 hour...t. 

37"'C. After incubation the ..uspen..ion _.. • .....yed for 

ft-g.l.ct05idasa and .lk.line phosphatase. The procedure i .. 

described in (Quillardet et al •• 1982l. Briefly. ~-g.l.ctosid... 

a .....y: e.9Ml of 1 -buff..... (Na",HPO", 16; Ig, NaH.,po.... H,.o 

5.59. kCl B.759. I'tgSO.... 7H,.O B.2'5g ...odiu. dodecyl ....lf.t tg, 

~-_capt_thanol 2.7.1/1 di ..tilled _ter, adjuwted to pH7). 

e.281 of ONPG ~l uti on 4~/.l of phosphat. buffer 

(61.1 ~HPO.... 7HaO B.t" .nd 39.1 NaH.,po... 

'l~ ~l>
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I-i:.O 8.Un, and 8. tal call suspension _s t:ha raact:ion aixtura; 

t:ha react:ion _s t:erainat:ed .4't:er 38-4ft ain by adding e.6!Wl tM 

Na,..cO.. solut:ion; alkaline ph0S9hata_ as_YI 8.9al ~ 

T-bu-F-Fer (t:ri s hydroxv-t:hyl_in_thana t2tg, sodi ... 

dodacylsul4'at: tg'l dist:illed Mat:ar, adjust:ed t:o pHS.8 with Hel), 

8.2m1 PNPP solut:ion 4.-g'al ~ T-bu4'Tar, and 8.1..1 call 

....spansion; t:ha reaction Mas tera1nat:ed by aliding 8.4.1 2N Hel 

and in _out: Sein t:ha pH MaS changed again by adding 8.481 2N 

t:ris. 

Irradiation by r-n"ys and h_vy ion'5 

Tha ~o and 13~C'5 g..... ray sourc.s giving dose ratas oT 

about: 3 Gy'ain and 226y'a1n, raspact:iv.ly, wara used. Th. 

irradiat:ion by heavy part:icl... MaS par4'orMad at t:he acca1erator 

oT h.avy ions U-2IIIIiI. Joint: Inst:1t:uta Tor" Nuclear Research. Agar 

plac_ ..i t:h call suspen'5ion on tha '5UI"Taca war. placed on 

st:erila _t:al pl.t.... inserted in a round -.gazina. and 

t:ransported by r_ta 'control to t:ha b_ e .. it ..indow. Tha 

.xposura 04' various biologic.l aaap1 __s aonit:or"ed by an 

ioniZation ch....er _t bat--. th. _it ..indow and tha 

biologic.l aaapia (Cherevatanko, 1986'. Physi cal characteristics 

04' t:ha part:icles used in our e .. peri--.ts ....a shOloll'l in Tabla 1. 

Table t. Physic.l ch....acteristics ~ tha radiation b_... 

Typa o.f' Energy LET Dos. rata Source 
radiation fteY'nucl. keY'pa By'ain 

r4'"ays 8.2 3 ··Co 

8.3 22 a~'7'C5 

"',..He 8.8 22 20 U-2W 

3.9 4ft -" --
·4.8 

2.2 

6.:5 

611 

117 

_N_ 

--
_N_ 

--
3.2 2W -" _N_ 

12.C 7.5 218 _N_ 

4.8 338 _N_ _N_ 

4, 

SOS-induction potency 

The e .. t:inct:ion was measured 4'or B-galactosidase (B) and 

alkaline phosphatase in the samplss irradiated with various 

doses (D), The measureMents were done against blank sample which 

was neither irradiated nor incubated (it was kept on ice). The 

quantity which reTlacts t:he eT4'iciency oT SOS-system induction 

is SOSIP (SOS-induction potency) deTined as (2uillardet et 

al.,1982)1 

d IF(D) 

SOSIP 

d D /D=0 

where IF=K4 /Kp ! ~=B(D)/B(0) and Kp =p(D)/p(0). IF is the 

induction Tactor and SOSIP represents t.ho initial ""lope oT the 

IF(D) dependence. 

Results 

BCD) and p(D) dependences Tor r-rays. helium ions (60 keV/pa), 

and carbon ions C330 kaY'p.) are shOMO in Fig.t. Other ions 

displayed the __ character OT IUD) and pCD) dependences. The 

activity oT B-galactosidasa increased with the dose to some 

.... iaue value, siailar Tor diTTerant typ.s oT ionizing 

particles. Th. slop. 04' the initial linear region somewhat 

incr.as.s Tor greater LET, passes a .... iMU. and 4'alls down 

again. On the oth.r hand, pCD) depend.nc.s are continuously 

Tailing to approxiaat.ly on. third 04' its initial valu•• Th. 

initial slope is negative and steeper Tor gr.ater LET. 

The initial regions 04' IFCD) dependenc.s are linear (Fig.2). 

The greatest slop. was obtained 4'or helium and b.ryltulII ions, 

the saallest Tor carbon ions with LET=330 k.V/pIII. The 

r-irradiation was perToraad both on the sur4'ace oT agar and in 

su'lllpension. The eTTiciency is so......mat gr.at.r ......n the sampl.s 

ware irradiated on th. !SUr~ace o~ agar. Fig.3 shows the 

dependence OT SOSIP on LET....."iMUm SOSIP values ....... obtained 
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III 
Pig.1. Examples of the dose-response 
curves for the fl -galactosidase aO
tivity, ~}(D), (A) and alkaline 
phosphatase aotivity, ~p(D). 
(e) measured in the oell suspension 
of B.ooli PQ37 irradiated by l' -raYs 
(a). helium ions with LET--61 keVQ-m 
(b) and carbon ions with LETa330 
=3'» keY/JAm. 

D[GyJ 

Fig.2. The dose dependence of the ~ 

induction factor (IF). (0) - l-rays, 
irradiation in suspension; (e) -
T-rays, irradiation on the surface 
of agar; (Ll.) - helium ions. LETa22. 
40. and 60 keV!..-m; ('1) - beryllium 
ions, LET = 117 keV~m; (0) - bery
llium ions LET = 2~0 keV~m; (+) -

carbon ions, LET = 21~ keV~m; 
(x) - oarbon ions, LET a 330 keV~m. 

Fig.3. The LET dependenoe of SOS 
induotion yotenoy (SOSIP), (0) -

irradiation in suspension; (e) -
irradiation on the surfaoe of agar. 
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at LET=4fiI-611 key'..... Great.... LET led to 1__ afficiency of 

ionizing r.di.tion to induce SOS-systaa. Th. aaKi~ valua is 

SOSIP=8.4 Gy-·, Which is approxiaately 2.5 ti.as gre.t.... than 

the v.lu. Obtained ~or r-r.di.tion under .qual conditions. 

Di 5Cus'Si on 

Th. valu~ o~ SOSIP Obt.ined according to the st.nd.rd 

protocol de~ribed by (Qui I lardet et .1 •• 1982) .re markedly 

gr...t .... ~or inter-..di.te LET v.lues (411-611 k.y'.... ) than ~or 

r-r.di.tion. This is til" r ......lt of b.o independent effects. .) 

tha initi.l slopes o~ ~(D) depend.nces are incra.sing in this 

region o~ LET. b) tha initial 'Slopas of p(D) dependences ara 

decreaSing (IF is invar'S&ly proportion.l to p(D)). 

The .Sgay o~ alk.line phosph.t.'S& activity MaS propO'Sad to 

esti_t. gener.l protain synthesi'S during the incub.tion p....iod 

(Quillardat at .1.,1982). HoMev..... our kinatic studies (d.ta not 

shown) shooead th.t the .ctivity o~ .lk.lina phosph.t.se in call 

suspen'Sion incra......Kponenti.lly odth tl_ of incubation (up 

to 3 hours) Mith doubling ti.. corresponding to the grOMth of 

the cell popul.tion. Irradi.tion inhibits the grOMth of tha cell 

popul.tion and l_ds, thera~ore. to 1__ v.lues of .lk.line 

phosph.t....ctivity. Tha dependenc. pCD) can b. approxieately 

described on the .ssuaption th.t ..ch c.ll c.n produca a 

constant ..aunt o~ .1 kal i n. phosph.t._ par tl _ uni t, h_ver. 

.urviving c.lls c.n p.ss sever.l divisions during the incub.tion 

period ...nWhile -killed- calls do not divide. 

During the st.nd...d incub.tion p.... iod tha nu.b.... of intact 

cells in the L-..aiu. incr••ses .pproxieately 8-ti.... The area 

und.... the grOMth curve Which is proportional to the .lk.lina 

phosph.t.sa .ctivity decr..___ 3-ti_s Mith incre.sing dose. 

This eKpl.ines the pCD) dependence that reflects to soaa ax tent 

the surviv.l curva S(D). The hypothesiS --.tiortad abOYB leads to 

tha ~ollOMing rel.tion bat.aan tha tMO functions: 
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exp<j!!I.t) - 1 

p(D) = ( [1-5(D)] + 5(D). } , (1) 

(l.t 

there t is the time of incubation, (! is the growth rate. Our 

experi-antal data (to be publisheq) on cell $Yrvival actually 

well correspond to the Eq.l. 

FOf' ttlis reason the values of S(lSIP do not properly reflect 

505-i ndllcti on. The dependence SOSJP(LET) includes the r:hangos of 

the cell survival curve with increasing LET. 

On the other hand, the induction of tI-galactl,sidase itself is 

also more efficient for intermediate LET values. The relative 

biological effectiveness calculated from the initial slopes of 

(l(D)/(l(8) dependences amounts to 1.6 for halium and berylium 

ions. The enhancement of the efficiency of heavy ions to induce 

j!!I-galactosidase synthesis in PQ37 cells can be explained as the 

consequence of the increased production of DNA damages serving 

as a signal for the 50s-system induction. It means that more 

cells are induced at the given dose by heavy ions (with 

LET=48-68 keY/vm) in comparison with r-rays. Alternative 

explanation is that the extent of 50s-induction is the same in 

all cells but increasing dose or LET leads to greater intensity 

(activity of induced proteins) of SOS-response. In this case, 

however, the response at greater doses tI (D-> "" should grooo 

gradu.lly with increasing LET even for carbon lons. Experimental 

results showed no marked change of the fin.l level of 

~-galactosidase .ctivity at greater doses. 

Therefore, the results cannot be interpreted like th.t there 

is .ore repair in cells irradi.ted by heavy ions. The extent of 

SOS-response is probably the se.a in e.ch individual cell 

independently of the type of ionizing radiation, only the number 

of induced cells differ. 

The production of 50s-signal d...ges of DNA by r-radiation is 

8.82 GY-'.gena.e-' and increases to 8.83 for helium ions. 

The production of these damages by heavy ions with gre.ter LET 

should be calculated on considering specific energy fluctuations 

(sa.e part of cell population is not hit by • particle). 
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The dose dependence of any _sured quantity is ltOCIified as a 

result of the fluctuations of $plleific energy absorbed in a cell 

nucleus. Such a transfor_tion of • function G(D)=I-exp(-8.81*D) 

Mith increasing LET is shown in Fig.4. Changes of the initi.l 

slope of the above ~tlon8d function depend on the di_ter of 

the sensitive volu.e. The di_ter equals 8.7 V. in Fig.4 and 

corr....ond.. to our b.ct....'.l cell di_ter. T.king into account 

the energy fluctuation. _ can ...ti_te the production of 

SOB_illln.l d • .ag_ of DNA by carbon tons (228 keY/".) to 8.3 
Gy-1. 

ere.ter production of SOS-inducin\J DNA da_ges by he.vy ions 

tlUgglISts that they are for~ after .-eposi tion of a substanti.l 

portion of energy in..id. DttA or near it. The possibl. candidat_ 

could be ·coaplex· DNA injuries propos8d by Bridges and 
ttottershead (Iridges .nd ttottersh_d, 1972). 

Fig.4. The influence of the fluc
tuations of specific energy absorbed 
in the cell sensitive volume on the 
dose response curve E(D) = 1-exp(e.e1~w 

.D). The dependenoe is shown for r-
rays (a), for helium ions, LET = 
m 6t keV4-m (b), and for carbon ions, 
LET .. JJGl keV~m (c). 
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Kosy6eK C. H gP. 
HHgYKIJ;HH SOS-CHCTeMbI Y KJleTOK 
Escherichia coli T~eJlhlMH HOHaMH 

EI9-88-867 

3cW;leKTHBHoCTb T~eJlblX HOHOB B HHP;YKIJ;HH SOS-CHCTeMbI 
Y KJleTOK E.coli onpegeJlHeTCff MeTop;OM SOS-xpoMoTecTa. Cno
C06HOCTb HOHHSHPyro~HX HSJlyqeHHH K HHP;YKIJ;HH SOS-CHCTeMbI 
c POCTOM nTI3 BospaCTaeT p;o SHaqeHaH nTI3=40-60 K~B/MKM, 
npoxop;HT qepes MaKCHMYM H nap;aeT C gaJlbHeamHM POCTOM 
JITn. MOJKHO Cp;eJlaTb BblBOg 0 TOM, q,!'o HHP;YIJ;HpyeMble pap;HaIJ;H
eH nOBpelKP.eHH.fI, sanYCKalO~He SOS-CkfCTeMY, ffBnfflOTCH nOBpeJK
p;eHHffMH JlHK "KOMnJleKCHOro THna". 

Pa60Ta BhlnoJlHeHa B TIa60paTopHH ffp;epHhlX np06JleM OHHM. 

llpenplOfT OS...e.lUUlelOforo HHCTHTYTa R,lJ,epHblX HCC1Ie.l1oBaHHli,lly6Ha 1988 

Kozubek S. et al. EI9-88-867 
The Induction of SOS-Response 
in Escherichia coli by Heavy Ions 

The effectiveness of heavy ions to induce SOS-system 
of E.coli cells has been measured by means of SOS-chromo
test. The SOS-induction potency of ionizing radiation 
increases as LET grows up to 40-60 keV/~m, passes maximum 
and falls down for greater LET values. The conclusion has 
been drawn that the SOS-inducing damages in the case of 
ionizing radiation could be DNA injuries of "complex" 
type. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 
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