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INTRODUCTION 

The explanation of the relative biological efficiency (WE) 
of heavy ions is of crucial importance in radiobiology owing 
to lack of our knowledge on the mechanisms governing the biolo- 
gical effects of radiation. The attempts to explain the values 
of RBE have been made mostly on considering differences in 
physical characteristics of ionizing radiation. However, there 
was evidence that RBE could also be influenced by the proper- 
ties of cells, probably by the state of their repair sys- 
tems/'/. In order to investigate the role of DNA repair proces- 
ses in RBE(L) dependence, we have chosen bacterial cells Es- 
cherichia coli. The structural organisation of the E.coli ge- 
nome and DNA repair processes have beenthoroughly investigated 
earlier. Several repair systems could be distinguished and re- 
pair deficient mutants were derived. In our investigation we 
have used wild type cells, isogenic rec A, and superresistant 
mutants of E.coli. Th ec A mutant is known to back the in- 
ducible repair of DNAT27, which leads to the formation of ex- 
tens've aps in DNA strands, being lethal events for this mu- 
tant 13-57. Superresistant mutant is hip.hly resistant to r-ra- 
diation. Its higher resistance could be due to smaller induc- 
tion rate, in comparison with wild type cells, of enzymatic 
DNA double strand breaks owing to the fact that the proce s s 

76 7 of DNA degradation and resynthesis are better coordinated . 
Theoretical analysis of a possible rolp of DNA re air in the 
efficiency of high-LET radiation has been done/4 The depen- 
dence of cell sensitivity (D;') on the linear energy transfer 
(L) of radiation could be interpeted in terms of both physical 
characteristics of ionizing radiation and biological factors 
such as DNA repair capability. This experimental work has con- 
firmed our assumpt ions. 

MATERIALS AND METHODS 

Isogenic strains of E.coli K-12 were used: wild type - 
AB 1157, sensitive mutant rec A13 - AB 2463, and superresis- 
tant mutant  am^ 444. superresistant mutant   am^ 444 was de- 
rived by V.L.Kalinin et al. at the Leningrad Institute of Nu- 
clear Research of the Academy of Sciences of the USSR. The bac- - - .- 
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terial cells were cultivated to the stationary phase of growth 
(concentration 2-3- loe cells per ml) in YEP medium (pepton - 
10 g, yeast extract - 10 g, NaCl - 10 g per liter). After cul- 
tivation the cells were washed out by centrifugation and resus- 
pended in M9 buffer. Then they were irradiated on the surface 
of agar. In comparative experiments the cells were irradiated 
both on the surface of agar and in flasks (in volumes of about 
10 ml). There were no differences in cell sensitivities. 

We have used electromagnetic types of radiation from two 
137 sources Cs with a dose rate 0.58 Gy/s and unfiltered X-ray 

(apparatus RUP-200, voltage 200 kV, current 14 mA) with the 
same dose rate. The irradiation by heayy particles was perfor- 
med on the accelerator of heavy ions U-200 at the Joint Insti- 
tute for Nuclear Research on a specially designed apparatus 
controlled by electronics. Beam monitoring and dosimetry was 
performed by means of a calibrated air ionizing chamber. Phy- 
sical characteristics used in our experiments are shown in 
Table 1. 

Table I .  Physical characteristics of the radiation used 

Type of Energy ' LET Dose rate 
radiation MeV/nucleon keV/bm GY/S 

Y.-ray s 
x. -ray s 
a-particles 
' 4 ~ e  
4 He 
4 He 
2~ 

l 2c 
l 2c 

The results of our experiments were statistically analysed. 
In order to obtain the cell sensitivity, a multitarget-single 
hit formula was fitted to the experimental data weighted ac- 
cording to their possible statistical and dilution errors. The 
sum of squares was minimized by computer procedure. 

RESULTS AND DISCUSSION 

Servival curves of E.coli wild type,rec A , and   am^ 444 
strains for different types of radiation are shown in Fig.lb, 
a, and c, respectively. The sensitivities calculated from the 
final slopes of the survival curves, the values of RBE, and 

Dose, Gy 
Fig.1. The surmivaZ curves of wild type (b) ,  rec A mutant (a), 
and G d  444 nriitant (c), for vario~~s types of radiation: ( 1 )  
y-radiation, (2) 4~e-ions, ( 3 )  a-~~.~tic. Zes, (4) "c-ions. (9;- 

dinate: cell sum)ivaZ (X), Abscisslz: dose (Gzt). 
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is approximately 2 time greater than in the case of y-radia- 
tion. In fact, this effect appears already for smaller values 
of LET. 

Secondly, the energy departed in the cell sensitive struc- 
ture by one particle becomes with increasing LET greater than 
in the mean lethal energy in the case of y-radiation.0n the 
other hand,there is no energy deposited in other cells.These 
energy fluctuations are well known as the "overkill effect" or 
"saturation effect'' as the cross-section for cell inactivation 
calculated from cell sensitivity approaches geometrical dimen- 
sions of the cell nucleoid. 

Both effects lead to continually decreasing sensitivity of 
rec A mutant with increasing LET. The induction of double - 
strand breaks also influences somewhat the sensitivity of 
rec A mutant. The number of DSB induced by partic es with LET 
in the region 100 keV/pm is according to our m ~ d e l ~ ~ , ~ /  compa- 
rable with the number of SSB irrepairable by pol A-dependent 
repair - the main lethal injuries of DNA for rec A mutant. 
In this region of LET, however, one particle departs in a cell 
nucleoid energy sufficient for cell killing. The surviving 
cells are not hit; therefore, the spectrum of DNA injuries is 
not so important. Both above-mentioned effects are of physical 
nature - they can be explained as energy fluctuations at nano- 
metric or micrometric scales. We can conclude that the depen- 
dence D;' (L) in the case of rec A mutant, being continuously 
decreasing, is determined by the physics of ionizing radiation 
and target geometry. 

The dependence D~'(L) in the case of wild type and super- 
resistant mutant cells in comparance to rec A mutant has 
a local maximum for LET - 100 keV/pm. 

The phenomena described above are also included in the for- 
mation of the dependences D~'(L) of the second type typical 
of wild type cells and superresistant mutant cells. To the 
right of the local maximum all sensitivities are equal inde- 
pendently of the state of repair system.This can be understood 
because the geometry of cell targets is equal for the three 
used strains. The initial parts of the dependences D:' (L) 
are the lower, the greater is the capability of cells to re- 
pair DNA injuries. As can be seen in Fig.2 and Table 2 the 
sensitivities of wild type cells and Camr 444 mutant cells to 
y-irradiation are DG' = 1.71- cy-' and ~~'=0.40- cy-; 
respectively. In the case of E.coli cells DSB cannot be re- 
paired and so one DSB of DNA appears to be a lethal eventl9/. 
It was suggested that DSB induced by y-radiation are mostly 
of enzymatic origin/97 1075/. As mentioned above, the increased 

resistance of superresistant mutant has been explained by re- 
duced induction rate of these enzymatic DNA DSB. 

It was shown that enzymatic DSB of DNA can arise from SSB. 
Consequently, the production of this type of DNA injuries dec- 
reases with increasing LET of radiation. On the other hand, 
the production of DSB induced directly by ionizing radiation 
(direct DSB) is increased. 

CONCLUSIONS 

The dependence of RBE on LET cannot be interpreted in terms 
of physics only. The character of this dependence is determi- 
ned by the efficiency of cell DNA repair systems influencing 
the induction rate of different DNA injuries leading to lethal 
events. The sensitivity of cells to y-radiation can be modi- 
fied by the genetic block of some repair or, on the other hand, 
by increasing their efficiency. The sensitivity to high-LET 
radiation is determined by physical characteristics of ioni- 
zing radiation, only. 
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