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ruloxic protection of tumour cel ls r epresents one of the mos t 
serious probJems in r adiat i on t herapy. The dose corresponding 
to given tissue reaction i ncreases in anoxi c conditions app r o
ximately 3 times. The nature of the oxygen effect remains, how
ever, unclea r as wel l as the possibilities of oxygen enhance
ment ratio (OER) modification by various agents. Two ma in hy
potheses have been proposed to explain decr easing OER f or high
LET radiation 11,2/ . It wi ll be shown tha t nei t he r of them con
forms t o recent expe r imenta l findings. In order t o explain dif
ferent nature of radiation cell injuries i n oxygenated and ano
xic conditions , T.Alper introduced the concep t of two ta r gets 
for cell killing / 1/ This so-called "type N, type 0 damage ll mo
del explained to some extent differencies in OER between va
rious mutants under the assumption that DNA in cells is pr o
t ected by oxygen. This assumption i s , however, in contrad i ction 
wi th a number of experiments showi ng that DNA inj uries a r c mo r e 
frequent in oxygen, pa r t icular l y DNA strand breaks; The model s 
of the oxygen effect realisation i nc luding repair 9 ,11 1 explained 
dec r easing OER in the case of r epai r def icient mu tan t s. The r e 
verse effect (increased OER) obse rved in polA- r.mtants of 
E. co l i could no t be exp l ai ned. Mo lecul ar inj uries have no t been 
specified in t hese models. 

\Ie propos e a ncw model of oxygen effec t r enl i sation in 
E.coli cells based on the model of ce l l kil l ing developed i n 
our previous papers I t6,17 / . The f ollowi ng aspects o f oxygen ef
fec t wi ll be anal~lsed : ) the values o f OEn. in different mu
tants of E.coli K-1 2 , 2) the depen dence of OER on the condi ·· 
tions of cultivation, 3) the i nf l uence of some protecto rs and 
sensitizers on the va l ues of OER, 4 ) the dependence o f OER on 
linea r energy transfer (LET ) of the radiation,S) the concen
tration dependence of oxygen effect. l1utual relations of the 
aspects mentioned above are consider ed, too . 

METHODS 

DNA Injuries, their Repair, and the Schel!le of the Model 

DtlA injuries and thei r r epair pa t h",ays have been described 
in our previous paper/ 161. A s i mp l e scheme o f r epair kinet i cs 
has been put forward. The scheme is worked out in Fin. 1 i n 
order to stres s softle detail s which are important for t he ana
lysis of OER r ealisation . 
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Fi g . 1. The scheme of DNA damage reaZisat io>l a>ld Us 
r epair by various repair processes. See t~"t [or 
detaiLed expLanation. 

It i s widely accepted a t pr esent time that DNA damages have 
decisive rol e in cell inac t iva tion by ion i.zi.nr. radiation 122 7 1 

We s hall , therefore assume in our model t ha t DfM i s the only 
sensitive targe t in t he cel l . 

The ini t i al DNA radical s can be divided inlo two clas ses: 
modifiable (Mo) and unmod ifiab1 e (Mn) by oxygoll. ~lodifiab1e 
radicals can i n t eract wi th SIl compounds bein~g recovered or 
they ca n i nteract with oxygen being fixed 114,1 I. Th,e main SH 
compoun d compe titive with oxygen is glutathioIll,/33.32 , 10/. 
The mol ecular s tructure of i nteracting 811 compounds can be of 
two type s: RSH a nd RS- '. Some experiments have given evidence 
that gluta th i one r eac t s with t arget radicals as nn e l ec tron 
donor IS3, IO/ ,o t hers have shown , however, that gluLathione is 
a hyd rogen donor 114 , 18. 4 / , The main and probably Lhe only accep
to r of e l e ctrons in a cell is oxygen. 

Mo type of DNA damage i s represented mainly by init i al 
siogle strand breaks (SSBs ) induced directly by radiation 
(wi t h9ut any action of repair enzymes) and alca l i-lahile 

. 31 271 Th 1 f 0 f h . . . . bsltes ' . e va ue 0 ER or t ese lnJurles ~s a out 

4 _5 /81 ,25,24 ,27,151 Mn t ype of DNA damage i s formed by s ome 

base i njuries : t ' pr oduc t s 18 ,23/, alcali-Iabi l e sites arisi ng 
f rom 0 2- i ndep enden t DNA radica l s - e.g., C4 '- radica l s of de
oxyr i bose 134 ,36 / , pyr imidi ne dimers/37 / ,crosses DNA-DNA a~d DNA
protein. All t he mentioned DNA injuries have been called Y
sites/ l6 / .The i r fate i n t he r epair process is di fferent. Some 
part of t he i ni t ial Y - si t e s can be r epaired (probability Pl 

in Fig. J). SSBs with 3'OH - 5'P0 4 ends can be repaired by DNA
· . d 1 1 1 13 12' . . . 1 SSB19ase 1n a eny ate comp ex ' . In contrast t o lnlt1a s ~1 

base damages a re t ransfo rmed to SSBs by spec i f ic endonucleases . 
Alcali l abile and alcal i s table si tes are transformed to SSBs 
by AP-endonuc l eases, DNA-N-~ly.cosilases and Y - endonuc l eases 
in a short time (... 1 minute I 7,40 / ). Uvr + strains of E.coli are 
able to cut out pyrimi dine dimers by UV-endonucleases . A small/211 
numbe r of pyrimidine dimers is also induced by y -radiation 
The probability per unit t i me of the induction of SSB f rom base 
damages 0(' a lca li l abi le s i t es have been deno ted ql in Fig.) . 

SSBs repaire d according to the second DnA str and (a part of 
SSBs induced di rect ly by radiat i on or arising from enzyme l a 
b ile sites) has been calles "Type I SSBs" (SSBSl) / 16/ . A substan
tial part of SSBSl is repaired by polymerase I (polA-derendent/ 31 
repair). This repai r includes type II repair of SSBs and ex 

cision repai r by short fragments 142,201 


I t is well known that i n wi l d ty~e cells there exists also 
r epai r by long fr agments of DUA/42 ,1 I which is ATP-depe ndent . 
This repair inc lude s ac t ion of a grea t numb e r of enzymes (recA 
pro t e in, exonuclease V, DNA-polymerase III, e t c . ) . The fac t that 
SSBs are not full y r e paired by short fra~ents of DNA is the 
consequence of the fo llowinn reasons: ) SSBs 1 when repa i r ed by 
pol A-dependent r epa ir, can be randomly attacked by exonuclea
s e s /7 , 161 , 2) t he access t o some SSBs 1 can b e impeded f or poly
merase 1 / 42 / , 3) some SSBs I can be i rrepairable by polA-depen
den t repair 119,34 /. The i r r epa irable SSBsl c a n be the br eaks 
with the mos t complex struc t ure of damaged ends 142 / . The frac 
tion of the i rrepairable SSBs l ha s been estimated t o r oughly 

20~~ of th e tO,tal amount of SSBs 1 1 12 /. The 3 ' ends of these 

SSBs l are not spec ific to po lymer a se I, DNA-ligase , phospha 

tase , and exonuc l ease III. These injuries contain, possibly , 

rema inders of deoxyribose 1 12/ . 


Comb i ned i n juries of the base and deoxyr i bose or the br~ak 
of phosphodies t e r bond comb i ned wi th the i nj ury of deoxyri 
bose a r e probably i r r e pai r able by polA-dependent r epa i r, too . 
Such damages can a ri se from. l ow ener gy electron clus t ers of 
ions. In t he case of y- r ays approxi mately 5% of energy is de/38/
par t ed t o wa t er by t hese low ener gy electrons . The number 
of t he se injuries shou ld depend on t he oxygen tension to smal
l e r extent than t he number of other SSBSl · We shall denote . 
SSBs t 

1 
t he repairable by po l A-dependent repair SSBs l and SSBS1~ 

the i r r epairable in thi s way SSBs t · The main pa rt of SSBs l 
is repaired by VolA-dependent r epai r (fast repa i r ). The pro
babi li ty of SSB 1 r e.pair per unit t i tile wi ll be dono t ed P2· 

Both repairable SS~srl having been attack ed by exonucleases 
and irrepa irab l e SSBs1

1
T a re transfomed b y exonucleases to 

long gaps (SSns~) . The exonuc l eases des i ntegrate long regions 
of DUA strands ~Gee/16/) . The r.lOst powerfull exonuclease is 
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exonuclease V. The exonuc lease at t ack pr obabil i t y pe r unit t ime 
wi l l be deno t ed Q2' The nature of SSBs is such that they lead 
to the fo r mat ion o f me t as table si tes/l~/, Metastable si te s (MS ) 
are the DUA i nj uries which are neasured by sedimentation tech
n i ques as double strand breaks (DSBs), but they are neverthe

,', less repaired acco r d ing to t he second DliA strand by recA-IexA 
de pendent r e pai r (s l ow repair). us does not r equ i re the second 
DNA copy and so they are not repaired by recombination repai-ltO/ , 
MS can be fixed to enzymatic DSB (eDSS) not r epairable by 
E. col i cells . The probabilities of HS repair or fixation per 
uni t time are P3 and Q 3 i n Fig. ]. The relation between SSBs 2 
and MS depends on the particular me chanism of MS r ealisati 
on / 16~ \~e sha ll ass ume tha t one SSB2 leads to the i nduction of 
one MS . Ano ther type of linear r e l ation betl<leen SSBs 2 and MS 
could be assumed. This does not influence the res ults o f our 
pape r . 

The r a t e of DSBs d irectly induced by radiation is probably 
markedly smal ler than the rate of HS induction or enzymatic OSBs 
induction 17.16/ , Enzymatic or direc t DSBs (eDSBs or dOSEs ) are 
l ethal events i n E.coli cells. They cannot be r e paired . 

The f ollowing deno tations will be used throughout the paper:
Ne .~ i s t he number o f i n juries induced after irradiation 

pear uni t dos e pe r genome (dal ton) . OLR ~ b i s t he oxygen en
hancement rat i o. Do ,d i s t he me an letnal dose de t erMined f r om 
the exponential part of a survi va l cur ve . These quant ities c an 
have seve r al indice s: 
left and lower 
SSE " SS1l2 ' tIS, 
the absence of 
r i gh t and lower 
(in t he case of 
left and upper 
= saturated by 
righ t and upper 
r ec = recA , wt 

(a ) i s the t ype of da1'!lage ( y = i ni ti a l sites, 
eDSB , dD SB, DSB = the sum of eDSB and dD Sn, 

t he index is concerned to l ethal events), 
(b ) can be r ~ repairable or ir = i rrepairab l e 
y -sites or SSBs 1 ) , 

( c ) re presents the condit ions of irradiation 0
oxygen , N = anoxic conditions, 

(d ) is t h e type o f E. coli mutant (po l polA- , 
- wild type, uvr = uvrA- or uvrB-, ru recA

uvrA- , and pI = po IA··lexA- ) . 
If the index is absent, it means t hat the quanti t y i s concerned 
to a ll poss ible indiced o r has general meaning. The values of 
r adiosens it ivi t y liDo can be used with the c,d i ndices, too. 

Repair parameters F and S (introduced l ater on) can be used 

with the index d . 


We have shown that OER SSB 1 ir < OER SSB Jt owing to the 

fact that SSBir inc l ude mU l t i pl e demaged s i tes. To give clear 
picture o f the OER rea l isation i n di fferent mutants of [.col i , 
we s ha ll as sume t ha t oxygen does not influence SSS\r at all. 
This abs t rac t ion is necessary for understanding the mode l and 
it does nO L change nos t of the r e su l t s . Some d i fferencies bet 

-

D 

S-s... i t ch ~ 

Nt,.,\~lqIIN;.." I . .. 11~~ F - ,w, l, . 

Fig. 2. The reaZisation of oxygen effeat through DNA 

r epair . F - sun.tch triggers fast repair, S - switah 

t1'iggers SZOlJ l"epair. NSSB ir is t he number of
, 

singZe strand breaks irrepairabZe by fas t l"epair O
Thi s number does not depend on oxygen tension. N s(:J [ r 

is the number of repairabZe by fast repair SS13s , in 
oxygenated (anoxia ) aonditions . 

ween the assump t ion OERSSB 1 ir 1 and OET:. SSB ,ir > I wi ll be 
di scussed l ater on. . 

RESULTS 

De t e nni nntion of Oxyeen Effect 
and Cel l Sensit ivity by DNA Re pair Processes 

A pri ncipa l scheme of t he model i s shown in Fig . 2. The 
init i al steps of physica l, chemi cal and f ast enzymat i c pro
cesses l ead to sho rt s i ngle s trand breaks (S SBs 1) . The numbe r 
of the se DNA damages shou ld he equal f or wild types and some 
mutants wh ich do not di f f e r in ligase and endonuc l eases a c ti 
vi t i e s. Each sinBl e s trand break can be r epaire d by f ast (F) 
or s l ow (S) r epair excep t S Slls~r which arc ir re pa i rable by 
fas t repair (see Fig.2 ) . The F-repairable SSBs ; are mo s t ly 
r epair ed by fast r epair in wild t ype cells a s the fast r epa i r 
oper a t e s more quick l y t han t he slow repair. According t o our 
a ssump t ion d iscussed above t he irrepairable injuries a r e al 
so unmodifiab l e by oxygen . The F-repairable SSBsf are mostly 
mod i fiable by oxygen exce~t for some fraction of them remain 
ing in anoxic condition NSSB1r (see Fi g. 2). Oxygen enhancement 
ratio for SSBS I is OERsSB 1 :=: (NgsBtr + NSSB lir )/(N~sBl r + 

+ NSSBl ir ).The experimen t al l y determined value for E.coli is 

a bou t = 4-·5 (see the Table )_OER SSB , 
Two r epair sys t ems ( f a st and s low) operate i n wild type 

cells. They can opera t e with different effic i ency in diffe rent 
condi tions or mutants . The unrepaired DNA i nj ur i es (eDSUs in 
t he case of wi l d type ce l ls ) are letha l even t s in E. coli cel ls . 
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Table 

Oxygen enhancement ratios of the initial DNA single 
strand breaks 

Str ain (authors ) OER 

K-1 2 (J ohansen et al.) 

Po1A- (Johansen et a1.) 

K-12 (Town et a1.) 

Po1A- (Town et a1.) 

B/ r (Sapora et a1.) 

B/r (Sapora et al.) 

K-12 (I~ebb et a1.) 

Po1A" (Sapora et a1.) 


4 
4 
5.5 
3.2 
3.7 
3.6 
4.2 
5.6 

We shall consider tyO extrel!1e situations when one of the repair 
pathways i s switched off. 

I. Block o f Slow Repair 

I f the S swi tch is off , the fa st repair is the only remain
i ng repa i r of SSBs l ' Ther e is no compe ti tion between the two 
r epa i r systems . All' F-repairab l e SSBsf will be f ully r epaired 
by f a s t r epair ( switch F is on) after irradiation in bot h oxy
gena ted and anoxic condi t ions. The remaining SSBsir are l ethal 
events a s they cannot be repa ired at al l . The number of S SBs~ 
doe s no t depend on oxygen concentration a~d the refore, oxygen 
does no t i nfluence cell sensitivity (OER ~ 1). The number of 
SSBS\r is markedly higher than the numbe r of l ethal even t s 
i n yald t ype cells and t here f ore the sensi t i vity is increased . 

II . Block o f Fast Repair 

If the F swi tch is off , the slow repai r is the only remain
ing r epair of SSBS I' There i s no conpetition of the two repair 
systems acain. All SSBs, (both SSBs~ and SSBs;' ) will be part 
ly repaired by s l ow repair (switch S is on). The fraction of 
unrepaired injuries fo~ l ethal events. The OER of lethal 
events i s equal to the OEP~ of the initial 5SGs l (OER sSB I; 4) 
a s the fract ion of S- repaired SSll s l is the same in botfl oxyge
nated and anoxic condbtions of irradia tion. The OER of the sen
sitivities OER = D~/D 0 has the greatest possible value. 

If any of the two repair systems is switched off, the sensi
tiv ity increases . 

\ole have come to the fo llowinr, conc lusions : 
I) t he block of slow repair leads to increased sensitivity 

and decreased oxygen enhancement ratio of t he sensi tiv i t ies , 
2) the bloak of fast repair l eads t o increased sensitivity and 

increased oxygen enhancement ratio of the sensitivities . 

Oxygen Effect in Repair De f icien t Mutants of E. co l i I 
The descr ibed model s i t uat i ons are not fully rea l ised , of 

course. There are , however, some repair deficient mutants of 
E.coli K-12 with different deffec t s in the ir repa ir systems . 
\ole shall try to i dentify t he ir r epai r defe c t s with our mode l 
situations. At first the recA- and polA- mutants wi ll be dis 
cussed. The two mutants are markedly more sensitive to Y -ra 
diation [han their wild type cells, while t heir oxygen ef fects 
differ from wi ld type cel l s (DER = 3) i n the oppos ite di rec
tions: OER = 2 in the case of recA- r.lll tant ce ll s and OEn = 4 
in the case of polA- r.rutant cells /27 ,3.4 1/. These f act s cou l d 
not be explained so far. 

Accordi nr. to our model these diffe re ncies are a l og i cal con 
sequence of defec t s in t he r epai r systems of E.col i mut ant 
ce l ls: the slow repa i r is absen t i n recA- cell s and t he fast 
repa.ir i s absen t i n polA- ce l l s. We can es timate t he volumes 
o f the fas t (F ) and s l ow (5) r e pa ir processes in t hese mutants. 
F(S ) is the ratio of the numbe r of breaks enter ing the repa ir 
procedu r e and the numbe r of breaks unr epaired by t his r epa ir. 
F = J (5 = I) uea ns that the r epair i s ahsent. The sensi tivi ty 
of E. coli cells can be ca lculated acco r di ng t o t he f ormula 
(dDSB are neglected): 

NSSBl r NSSB Ilf 
lIDo = --- t --- ( 1 ) 

f,S S 

and OERothen reads 

NSSB t I F + NSSB) IT 
OER = ,--,,___ 

( 2) 
N~SBlr/F + NSSBlif 

OER is, therefore, determined by the value of F and the sensi
tivity depends on both F and 5 . The dependence of the sensiti 
vity on 5 is more pronounced (the sensitivity is inversely pro-
portional to S) than its dependence on F. \Ie have assumed that 
the number o[ SSBs 1 (both F-repairabl e and i rrepairable) is 
the same [or recA- , polA- Mutants, and for wild type cells (the 
mutations does not influence licase or endonucleases activi
tics). Therefore, the only differencies between these strains 
of E.coli are the volumes of fast and 5101,01 repair (F,S). 
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Such differencies should explai n the values o f oxygen ef

fect and sensitivities to irradiat ion. We have obta i n the f oI

. ., 1 /3 /l mnng exper1menta.L va ucs : 

Strain l IDo OER 

recA 0.062 1.8 

wi l d 0 .0 10 3. 4 

polA 0.049 4.6 

The ana l ysis of t hese data can be done in terms of our mo 
del. In the casg o f the po lA- mutant we c an write Eq. (2) (F-I): 

NSS B r + NSS B Ir 
OER pol _ 4.6 _ 1 1 

(3)
N 

N SSBt f + NSS B lit 

For the recA- mutant we can write Eq s . (I,2): 

rec 1/Orec 
o 	 0.062 "'" N~SBlr / F + NSS Bl ir ' (4 ) 

o ree 

N SSB r IF + NSSB it 


OERfec 	 1 11.8 	= (5 ) 
N IF rec N 

N SSB l ' + SSB lit 

· 	 d rec d · hThe rela t 10n between NSSB it an F can be e r1ved from t e 
thre e equations (3-5 ): 1 

Free 
_ 0.026·

NSSB lir 	 (6)
F ree _ 	1 

The value of NSSB iT is in Gy- J genome - 1 Owing t o the f ac t 
1 

/ 29 tbat the fast repair is no t affec ted in the recA- mutan t ! 
and it elimi nates the number of DNA breaks approximate l y by 
one order , the va lue of Free is fair l y grea ter than 1 . The 
rat i o Free /(F ree - 1) should be very near t o 1 .1. Therefore, 
the induction of irrepairable s ingl e strand breaks should be 
very ne a r to 0.029 Gy-I genome-I ( 1O- 13cGy -l . dalton-I ) . 

The nUIaber of unrepaired SSBs: (NSSB ,IF ree ) can be e sti
mate d 	 f rom Eq. (4 ): 1 

o ree 
NSSBl r IF ~ 0.033. 	 (7) 

The parameter F~ec can be derived from t he whole number of i n
duced 	SSlls 1 (N SSB ):

1 
fee 0

F - 30 . (NSSB - 0.029) . 	 (8) 
1 

Analogic a lly for the po l A- mutant Eq . (I) can be written:

'f 	 pol 0 
S 20. N SSB 	 ( 9)

1 
0 .. . /1 6 / 0 

If the v alue of NSSBI 1S taken 1n accordance wlth :Nsslfl 

= 2. 2 1O- '2 cGy - ' dalton- I 0 .66 Gy - I gemone- I . we obta i n 
F rec = 18 . 9 a n d S pol = 13. 2 . 

In the case of wild type cell s : 
o 

o w t N SSB lr NSSB 1i r 
l I Do · = 0.01 ~ + 	 ( 10)

Fwt . S wt S wt 

o wt 
N I F + N SSB ;r 

wt SSB If 1 
OER 3.4 = (II) 

N N 	 I F wt N
SSB , + SSB ir

1 1 

The two equa t ions give us the parameters of wild type cells : 
Fwt = 3.6 	and S Wt 21 . 2 . The determined pa rame ters are given:0: 

in the f o llowing tabl e 

Strain F S 

recA 18.9 

wild 3 . 6 21 . 2 

polA-	 13.2 

1 

The val ues of F and S f or wild type cells depend on cul tiva

tion conditions as it wi ll be shown l ater on. Nevertheless , it 

i s clear tha t the e ffi c iency of the f as t repair in recA- mu

t ant ce lls is grea t er than in "li ld type cell s . The repair eli

minate s 19 of 20 repairable breaks in recA- ce lls wh i l e in wi ld 
type cells approximate ly 25 ~! of the breaks is dra"m to s l ow 
repair . The efficiency of slow repair in polA- cells is some
what smaller than in the cas e of wild type cells grawn in the 
same cond itions . 
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Oxygen Effec t i n uvr A- and uvrA--recA- Cel l s 

The two E. cGli mu tant s are defi c i ent in UV- endonuc l eases . 
Thi s endonucl ease i s necessary fo r inc i sion of pyrimidine di 
mer s produced by UV radiation. The uvrA- @utant is, therefore, 
sensiti ve to UV- irradiation , bu t t he sensitivi t y to Y - i r r a
diation doe s not strongl y differ . 

The numbe r of pyramid ine dimers induced by y - radia t ion is 
NpD = 1.4. 1O- 13 CGy - l dalton- ' = 0 . 042 Gy- l genone-l/35~Th i s 
value i s mor e t han one order smaller t han t he number of induced 
breaks. Pyrimi dine d imers are effectively repaired by excis i on 
r epair i n uvr+ s t rains. They do not contribute signi fican tly to 
the 	lethal effect. 

In the case of uvr - mutan ts the pyrimi dine dimers canno t be 
repaired by fast repair and they are lethal events in the double 
mutant uvrA- r ecA-. In uvr A- strain pyrimi dine di mers are r e
paired in pos t rep l icat i ve r e pair 142 .pyr i midine d i mers in uvr
mutants have t he characte ristics very simi l a r to SSBs i{ . They 
a r e no t repai r able by po l h-dependent repai r and thei r oxygen 
enhancemen t rat i o i s ) /37 . 421 I t can be , the r efo r e , expec t ed 
tha t the va l ue of t he OER i n t he case of uvr - mutants will be 
smaller i n compari son wi th t he i r uvr + str ains. lIe shall t ry to 
expla i n t he OERs and Do values of uvr- mutants on the bas i s of 
our model. Eqs. ( 1,2 ) read : 

o 
N N SS B l i t N PDSS B l ' lID 0. uvr ( 12 ) + - - - - - + - o 
F W t 	 Q U \ " ,sw t s'" 
o I w t 	 w t; uv' ) 

· F ' , + N po (S Q 

OERuv r 
Ns SB1, + NsSB1 

( 13 ) N wt ----~~ 


NSS B ,IF' + NSSB + N pJ)'(S ~Q )

1 . llf 


of OERuv r 2 / 27/ l eads
The 	val ue = to S W1/Quvr = 2. 1 and Qu vr = 
vr= 10 . Then the sens i tiv i ty l /D Q = 0 . 0 14 i n oxygena t ed con

di t ions. It i s i n acreement wi t h e xper i men t al f i ndings . 
Analogically Eqs. (l , 2) f o r t he double mutant recA-vuvrh

r ead: 
o 

NSSB l r 
l lD ~' ur + N SSB ir + N p o, 	 (14 )

F .eC 1 

o I ree 

NSSBlt F i NSSBI IT tN pD
ur

OER	 (15 ) •
N N I F ree 

SS B	 r + NSSB IT + NpD
1

The quan t ities DO' and OERul can be ca l culated : lID~ =0.1 Gy- l 
and OERu r = 1.35. They are i n a.~recment with the experimental 
val ues 127 / . 

On t he bas i s o f our mode l t he values of ORR in other mu t ants 
can be a l so under stood . For exa~p le , i n t he case of t he l exA
mu tant t he values of ORR are al so smalle r t han in wi l d t ype 
ce l l s /H/ . The sens it i v ity t o Y - radiation i nc reases owing t o 
the depress i on of slow repair. The in t roduct i on of the po l A
defect into the lexA- s train inc r eases the value s of OER agai n, 
a l though the sensitivity further increases. I t means tha t the 
eff i ciency of fast repair suff i c ient ly decreases : FPi = 3 . 5. 
The va l ue of F i s , however , no t equal to 1, a s t he main path
way of slow r epa i r is switched off, too . The volume of slow 
repair is SPI = 1 .4 (accor ding to data from /411. 

The Balance of Repair Systems 
of E . co l i Wild Type Cells 

Escherichi a coli K-12 cells grown and pl ated in rich medium 
are more resistant to X-rays t han cells grown and plated in 
mi nima l medium/28 / .Similar observations have been made f or E. 
coli B/r Ill . The values of OER differ , too 128.11. Hore resistant 
cells have greater OER and v i ce versa. These exper iment al ob 
ser va t i ons could not be exp l ained so f a r . Our mode l gives 
a s i mpl e interp r etat ion. 

Sl ow repair is medi um dependent 142/ .There fo r e , the balance 
be tween fast and s l ow r epai r mus t be shifted t o fa s t r epai r 
in poor er medium . Fast r epair canno t , however , r epair SSBs ir 
and 	t he r efo r e t he shif t of the r epa i r vol umes f rom s low repa ir 
t o f as t one i s accompanied by an incr ease of ce l l s ensitiv i t y. 

I f s l ow r epai r i s depr essed in poor medium ( t he valve S in 
Fig. 2 i s t hrot tle d), a greate r par t o f F-repair able SSBs j is 
t aken by f as t repair (the va l ve F is open) . The probabi l1 t i e s 
of F- o r S repair can be written as f ollows (see Fig .I ) : 

F = 	 _ P2 + 1 (l6a ) 
q2 

P3 1 	 (1Gb)S = - + 
q 3 

The va lues of P2/Q2 can be ca l cul a t e d i n both r i ch and poor 
cond i tions of cell cultivation. The polA-repair i s medium in
dependent and so the ratio qr~Ch /Q ~oor reads : 

q r i c h F Poor _ 12 ( 17) 
q po o t F ric b _ 1 

2 
If the v a lue of q3 (the probabil ity of MS fixation ) is the same 

Ip poorin bo t h poor and rich medium then t he r a t i o of p ~i Ch 3 
11 10 



(the probabilities of r esynthesis) reads : 

pr ich 
S rich _ 1S 

(I8)
p poor spoor _ 1 


3 


Assuming f urt her that t he degree of repair anzymes depression 

in poor condit i ons is correla ted by an expression 


b 
q 2 = a·(ps)· 	 ( 19) 

where a, b are constants, we can ob t ain quantita tive pred i ct i ons 
f rom our model. Eqs. (1 7-19) gi ve us 

K = 	(F rich _ 1) (8 rich _ l )b = (F poor _ 1) (8 poo r _ 1) b = const. (20) 

where t he values of t he constants a re in t he case of our wi ld 

type ce lls b = 0 . 7 and K = 21. 5 . The va lue of b is near one 

and so repai r enzymes depression in poor cond i t i ons is corre 

l ated nearly l i near ly. Eqs . (I) , (2) and (20) give us the fol 

l owing formulae: 


NO 	 .1 
l i D o.wt _ ( 55B 1r ) / « K )b + I ), (2 1 ) o 	 - + NS5Bl ir F wt F wt _ 1 

whe r e 

NO 0 w, N 


55B 	 t - ER . N SS B r
F w, = (	 11 	 (22)w,

(08R -1). N SSB, ir 

For the va lues of b and K given above OER wt 2 corre s ponds 

to the sensitivi t y I ID ~l = 0.025 Gy- l. 


DISCUSSION 

The oxygen e f fect r eal i ses a s the consequenc e of the induc 
tion of different in j uri es in cells wi th var ious initial oxyge n 
enhancement ra t i os (OERs ). The i nit ia l in juries arise frorn rad i 
cals modifiable by oxygen to diffe rent extent. The repair pro
cesses can eliminate t he i nj ur i e s but d ifferent types of t he 
inj uries have dif f e r ent probab i l i t y of i ts trans format ion t o 
the lethal events . The contri bu tion of the pa rt icul ar damage 
to OER r ealisa t i on can be inves t igate d using mut ant cel ls with 
specif ic de f ec t s in thei r r epa ir pathways . 

\~e have attempted t o propose simple model exp l aining di ffe 
r ent values of OER in re cA-, polA- and uvrA- mut ant s and the 
dependence of OER on cultiva tion cond itions in wild type cells. 
We have considered in our mo del tlm repair systems (fas t and 

12 

slow ) in E. coli and predicted dec reased OER fo r cells with 
defec ts in s l ow repair (e . g ., r ecA-) and i ncrea sed OER fo r 
cells wi t h de f ects in fas t r epair (polA-) . The increased OER 
in the case of polA- strain s hould reflec t the OER of t he 
initial DHA inj uries . Actually OERpol = OER SSB 1 = 4-5. The 
injuries i rrepairable by fas t repai r are l e t ha l events in t he 
mutants defec tive in s l ow repa ir. They have been assumed to 
be unmodif iable by oxygen. In fact , they can be modified by 
oxygen t o t he same extent as recA- mutant sens i t i vities 
(OER rec = 2). It i s however , unprobab l e as it would mean that 
10):; SSBs l r is repaired by fast r epair in recA- strain. The 
production of SSBs 1ir by Y- radia t ion i s about 10-13 cCy-l 
da l t on- '. 

The mode l enabled us to exp l ain and describe quantitative l y 
t he dependence of the cel l sensitivity t o Y-r ad iation on cul
tivat ion conditions as the consequence of sh i fted balance of 
t he two r epair systems . 
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K03y6eK c ., Kp ncaBHII E .A. E19-84- 826 
4 YBcTB HTenbHocTb Kn e TOK K o6n~eHHID 

II np oueCCbl penapa~H .llHK . KHcnopoAHhlIl 3QxPeKT 
y pa3nI·{4Hb]X MY 'faIlT08 Esche r ich i a Co 1 i 

TIpep.naraeTcR HOBMI MO,[(eJlb p e at1H3aIJ;HH KHcnop op;lIoro 3cM>eK 
Ta Y KneT OK E . co l i. U OJl,eJ1b 06'bJIC l lflC T p a3flH l IHbie 3Ha\(eHHR aeJl H.

~ It Hbl KHcnop OAHoro 3~eKTa /K3/ Y KneTOK A HKoro THna H pen apa

IJ,HOHHblX MYTanToB . 3TH p a 3 nJ.f4HSI C BH3H B aJOTC fl C cOOTseTCTBYIOIlU1MH 

Ae¢eKTaMH B 11K pen apa~HO HHblX CHCTeMa x . IIp osep;eH K onH'\.(eCTB e ll

IIh1H aHanH3 3TH X pa3nH1.JH~I. OGCyxQl,a e TcR 3 aBH CHHOC 'I' b Be.J1Ht(HHbl 

KJ H PaAHO\lYBcTBHTenbHocTH KneTOK OT COCTaB<l c peA~ p OCTa 
Kne T OK . 3Ta 33B HCHHOCTb , Bblp aAtalOl!J,a R Cll B Y Me HbI!Je llHH K3 H B03 

p ac TaIHIH pa.u;H o \.lyacTBH TenbH OCTH Kn e 1'OJ<, OO'bHC HR eTcst c. l-lHJS:eJ-lHeM 

06beMa penap allHII MeAneliHoro , 'H tla Ii K OHn e HCaTOpHblM BO'3paC Ta HH

er.1 fj t>IC T p Or, p eli apa ID1H. 

PaOOTa DbUlonHeHa B JlaGopaTOplIYI ~ep HbIX npo6neH OHHH . 

npenpHHT 06b eAHHeHHOr o HHCTHTYTa RAe pHWX HccneAo B3HKA. nYa Ha 1984 

Kozubek S., Krasavin E.A. EI9-84-826 
Ce ll Sens itivi t y t o Irradiat ion 
and DNA Repai r Processes . Oxygen Cnhance~ent Ratio 
i n Di f f er ent t1utant s of Escheri chia Col i 

A new mode l of oxygen e f fe ct real isation i s proposed 
f or E.coli cell s. Th e mode l expl a ins di f f er encies i n oxygen 
enhancement r a t io (DER) be t ween wild t ype cell s and r epa ir 
defic i ent mut an t s. The se di f fe r enc ies are l ogically l i nke d 
to correspond i ng defects in re pa ir s ys t ems . A quanti t a tive 
ana lysis has been pe r fo rmed. The dependence of OER and cell 
sensitivi t y on t he proper t ies of cultiva t ion med ium is cons i 
de red, too. Decr easing OER and inc reas ing sensitivity i n poor 
conditions a r e exp l ained as the consequence o f the sh i ft of 
repair capacity f r om s l oy t o fa s t r epa ir sys te~. 

The inves tigation has been performed a t the Labora tory 
of lIuclear Problems , JIllR. 
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