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DNA double-strand breaks (DSBs) are 2.9 times more fre- 
quently induced in yeast cells exposed to sparsely ionizing 30- 
MeV electrons under oxic compared to anoxic conditions. The 
rejoining of DSBs induced under anoxic conditions was investi- 
gated under conditions allowing repair of potentially lethal dam- 
age and compared to the rejoining of DSBs induced in oxic cells. 
In contrast to the biphasic rejoining kinetics of DSBs induced in 
oxic cells, the rejoining kinetics of DSBs induced in anoxic cells 
is complicated by the formation of secondary DSBs. These arise 
during postirradiation incubation of cells, presumably as a con- 
sequence of repair processes acting on radiation-induced lesions 
other than DSBs. These secondary DSBs may at least partially 
explain the finding that a greater fraction of unrejoinable DSBs 
is present in cells irradiated under anoxic compared to oxic con- 
ditions. As a consequence, the oxygen enhancement ratio of the 
yield of the remaining DSBs is decreasing in the course of DSB 
rejoining. ? 1991 Academic Press, Inc. 

INTRODUCTION 

In a previous study the oxygen enhancement ratio 
(OER)' for the induction of double-strand breaks (DSBs) in 
yeast cells by 30-MeV electrons was reported to be higher 
than that found for cell killing (1). In contrast to induced 
DSBs which were measured immediately after irradiation, 
the latter end point comprises repair of DSBs, since growth 
functions required for the macrocolony assay usually can- 
not be separated from repair functions. In view of the in- 
creasing evidence that DSBs are involved in radiation-in- 
duced cell killing, one could expect a decrease of the OER 
due to a more efficient rejoining of DSBs induced under 
oxic conditions, as suggested previously (1). To test this 
idea, rejoining of DSBs in yeast cells irradiated under oxic 

'The following abbreviations are used: DSBs, double-strand breaks; 
SSBs, single-strand breaks; OER, oxygen enhancement ratio; PLD, poten- 
tially lethal damage; t,/2, half-life time. 

and anoxic conditions was investigated during incubation 
of cells under conditions suitable for repair of potentially 
lethal damage (PLD). Furthermore, the OER for the yield 
of induced and unrejoined DSBs was determined (prelimi- 
nary results were given in (2)). 

Parts of the data on the rejoining of DSBs induced under 
oxic conditions have been published previously (3, 4) but 
are included in this paper, together with new data, for the 
purpose of comparison with the results obtained for DSBs 
induced under anoxic conditions. 

MATERIALS AND METHODS 

Yeast Strains and Culture Conditions 

Strain 211*B. For DSB measurements the diploid strain 211 *B ofSac- 
charomyces cerevisiae (ATCC 42607) was used. This strain is auxotrophic 
for 2'-deoxythymidine-5'-monophosphate (dTMP) and lacks mitochon- 
drial DNA, i.e., is respiratory-deficient. Its nuclear DNA can be specifically 
labeled by [3H]dTMP (5). 

An overnight culture of cells was grown in a double-concentrated me- 
dium (4% glucose, 1.3% nitrogen base without amino acids, 0.4% casa- 
mino acids, vitamin free) supplemented with 7 mg/ml 5'-dTMP. Cells were 
diluted into fresh medium and methyl[3H]dTMP (Amersham) was added 
to give 148 kBq/ml. The culture was rotated at 30?C until cells had pro- 
ceeded to the stationary phase. After irradiation cells were resuspended in 
nongrowth medium (67 mmol phosphate buffer (KH2PO4 and 
Na2HPO4 2H20), pH 5.0, supplemented with 100 mmol glucose and 7 
mg/ml 5'-dTMP) at a concentration not higher than about 5 x 106 cells/ml 
and kept at 30?C in rolling tubes for up to 72 h. The addition of glucose to 
the nongrowth medium was required to provide an energy source for re- 
pair processes in this respiratory-deficient strain. These were the optimum 
conditions for strain 211 *B to perform PLD repair as well as to rejoin 
DSBs. Repair of PLD in strain 21 1*B could be followed up to only 24 h. 
Upon further incubation these cells failed to grow to macrocolonies, al- 
though DSB rejoining continued up to 72 h. This failure may be related to 
the altered membrane properties of this strain, allowing the uptake of 
dTMP (for further details see (3, 6)). 

Strain 211. For studying the repair of PLD the diploid wild-type yeast 
strain 211, a parent strain of 211 *B was used. In general, repair of PLD is 
observed when irradiated cells are incubated in nongrowth medium (such 
as buffer, distilled water, and "exhausted" or "conditioned" growth me- 
dium) before plating on nutrient agar for the macrocolony assay. This 
treatment is also known as "delayed plating." Cells of strain 211 were 
grown on nutrient agar plates to stationary phase, washed twice in a 
double-concentrated phosphate buffer (134 mmol KH2PO4 and 
Na2HPO4 ? 2H20), pH 6.0, and kept after irradiation in this buffer at 30?C 
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for 72 h before plating on nutrient agar for the macrocolony assay. This 
buffer was found to give optimum conditions for PLD repair for strain 
211 (7). 

The reason for using this strain instead of strain 211 *B for PLD repair 
studies was that, although the "immediate plating" curves for both strains 
were identical (data not shown), maximum PLD repair after 48 to 72 h of 
incubation in nongrowth medium could be observed only in strain 211. 

Thus DSB rejoining within a period of 72 h could be measured only in 
strain 21 l*B, while PLD repair up to 72 h could be investigated in strain 
211, but was restricted in strain 211*B to 24 h. 

Irradiation conditions. The conditions of irradiation of cells with 30- 
MeV electrons in the presence of oxygen or nitrogen have already been 
described (1). Briefly, labeled stationary-phase cells suspended in phos- 
phate buffer were cooled (4?C) and gassed 20 min with oxygen or nitrogen 
before irradiation at 4?C with 30-MeV electrons (dose rate: 100 Gy/min) 
in the presence of oxygen or nitrogen. Samples were taken for DSB mea- 
surements either immediately after irradiation or after incubation of cells 
under PLD repair conditions. 

Measurements of double-strand breaks. Spheroplasts were prepared 
and lysed on top of a neutral sucrose gradient (5-20%) as described else- 
where (1). To avoid a speed effect the released DNA was sedimented for 21 
h at about 9000 rpm in a Beckman ultracentrifuge using the rotor SW 40 
Ti. Gradients were fractionated onto glass fiber filters (Schleicher and 
Schtill GF 32). High-molecular mass DNA was precipitated with ice-cold 
6% TCA. Filters were washed with ethanol and dried and the radioactivity 
of each filter was determined. The percentage of total radioactivity in the 
DNA of each fraction as a function of the sedimented volume yielded 
DNA profiles which were used to determine the number of radiation-in- 
duced DSBs. The average number of DSBs per average molar mass of 
DNA was calculated by computer simulation of random breakage as ap- 
plied to the DNA of unirradiated cells and by fitting these curves to the 
DNA profiles obtained from irradiated cells (for details see (1)). The calcu- 
lation was performed on the basis of the relationship between the sedimen- 
tation coefficient and the molar mass of DNA as described by Frankenberg 
et al. (8). 

RESULTS 

Evidence Pointing to Differences in the Repairability of 
Double-Strand Breaks Induced under Oxic and 
Anoxic Conditions 

Cells irradiated under oxic conditions were more radia- 
tion-sensitive than cells irradiated under anoxic conditions 
as shown in Fig. 1 for yeast strain 21 1 after delayed plating. 
Since DSBs are considered critical lesions involved in radia- 
tion-induced cell killing, we have determined the frequency 
of DSBs induced in cells under these irradiation conditions 
(see Figs. 3 and 4). For DSBs induced in anoxic or oxic yeast 
cells a linear regression curve was fitted. The frequency of 
DSBs induced in anoxic cells (Fig. 3) was 

NDSB,ind. mrI (1.55 + 0.06) 

X 10-12 D Gy-l (anoxic irradiation). (1) 

The frequency of DSBs (including newer data) induced in 
oxic cells (Fig. 4) was 
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FIG. 1. Survival curves obtained after potentially lethal damage repair 
(or after delayed plating) of diploid wild-type yeast 211 irradiated in sta- 
tionary phase under oxic (0) or anoxic (0) conditions and then incubated 
for 72 h in nongrowth medium before plating on nutrient agar. 

NDSB,ind. ' Mr = (4.49 + 0.11) 

X 10-12 D - Gy-' (oxic irradiation). (2) 

In Fig. 2 we have plotted on the abscissa the number of 
DSBs induced per cell by a given dose, using the DSB in- 
duction frequencies obtained for anoxic (Eq. (1)) and oxic 
(Eq. (2)) irradiation conditions. It can be seen that when the 
data are plotted in this manner the shoulder of the survival 
curve of cells exposed in anoxic conditions is smaller than 
under oxic conditions, the opposite of that seen in Fig. 1. 
Based on the evidence that about one unrepaired radiation- 
induced DSB kills a yeast cell (see (9)) one may conclude 
that at dose levels corresponding, for example, to 50 in- 
duced DSBs per cell, virtually all of these DSBs were re- 
paired if these were induced in oxic yeast cells (i.e., surviv- 
ing fraction is nearly 1), but less efficient repair occurred if 
these were induced in anoxic cells (i.e., surviving fraction is 
0.7). This seems to indicate that DSBs induced under oxic 
conditions have a higher probability of being repaired than 
DSBs induced under anoxic conditions. 

For comparison, Fig. 2 also depicts the regression curves 
for the inactivation of the diploid yeast mutant rad54-3 
after irradiation under oxic and anoxic conditions, for 
which DSB rejoining is undetectable at 36?C (survival data 
presented in (10)). For this mutant about 1 DSB per cell 
corresponds to a lethal event (10). The exponential survival 
curves of rad54-3 cells (at 36?C) were different when plot- 
ted versus dose (Do = 18.7 Gy (02) and Do = 34.3 Gy (N2) 
(10); however, they were identical when plotted versus the 
number of DSBs induced per cell (Fig. 2), suggesting that a 
DSB induced under either condition is equally lethal, if it 
remains unrejoined. 

244 

t 



OER FOR INDUCED AND UNREJOINED DSBs 

Number of DSBs/Cell 

50 100 150 
! ! I 

C 

- 01 
e) 

200 
! 

rad5- 3(36?C) " 
02 , N2 

FIG. 2. Survival data shown in Fig. 1 are plotted versus the average 
number of DSBs induced by a given dose per cell (NDB) irradiated under 
oxic (0) or anoxic (D) conditions. Also shown for comparison are the 

regression lines (which are identical when plotted in this way) of the expo- 
nential survival curves obtained after oxic or anoxic irradiation of the 
diploid yeast mutant rad54-3 (survival data taken from (10)) which-at 
36?C-is deficient in the rejoining of DSBs (for explanation see text). For 
the calculation of NDSB the DSB induction frequency for anoxic (Eq. (1)) 
and oxic (Eq. (2)) irradiation conditions were used and the value of (1.8 
+ 0.4) x 10'0 g mol-L was taken as the molar mass of DNA of DNA of 
diploid yeast cells (31). 

Formation of Secondary Double-Strand Breaks in Cells 
Irradiated under Anoxic Conditions 
To investigate the possibility that DSBs induced by radia- 

tion under oxic conditions may have a higher chance to be 
repaired compared to DSBs induced under anoxic condi- 
tions, we studied the kinetics of rejoining of DSBs, induced 
in anoxic or oxic yeast cells, during postirradiation incuba- 
tion of cells under PLD repair conditions, i.e., in non- 
growth medium at 30?C. For cells irradiated under anoxic 
conditions the results are shown in Fig. 3, where the dose 
relationship for the number of DSBs measured after an in- 
cubation period of 0, 1, 3, 6, 16, 24, and 72 h is depicted. 
The data shown are the mean values. For the sake of clarity, 
the standard deviation is shown only once for each symbol. 
The curves were fitted by eye with the exception of the 0-h 
curve, where the best-fitting regression curve was taken 
(Eq. (1)). 

For cells irradiated under oxic conditions, the corre- 
sponding results are shown in Fig. 4. For 0, 3, 24, 48, and 72 
h of incubation in nongrowth medium only the best-fitting 
regression curves are shown, since the experimental data 
have already been published (3). In addition are shown ex- 
perimental points for 6 and 16 h, together with their best- 
fitting regression curves. 

Figure 3 shows that, at high doses and short periods of 
PLD repair (1, 3, and 6 h), more DSBs were measured than 

were originally present immediately after irradiation of an- 
oxic cells. This "overshoot" of secondary DSBs was not 
detectable in cells irradiated under oxia (Fig. 4). No further 
rejoining of DSBs induced under anoxic conditions was 
observed after 24 h of incubation for PLD repair (Fig. 3). 
Continuing the incubation of these cells for 2 more days 
yielded a slight increase in the number of DSBs, presum- 
ably due to a few incisions during this long period. Since the 
minimum number of DSBs induced under anoxic condi- 
tions was observed after a 24-h repair incubation, these data 
were used for further evaluation of unrejoined DSBs. In 
contrast to these findings for DSBs induced under anoxic 
conditions, the rejoining of DSBs induced under oxic con- 
ditions was slower and continued up to at least 48 h (Fig. 4). 

Cells Irradiated under Anoxic Conditions Exhibit a 
Complex Rejoining Kinetics of Double-Strand Breaks 

The kinetics of rejoining of DSBs during incubation of 
yeast cells in nongrowth medium after irradiation under 
anoxic conditions is shown in a semilogarithmic plot in Fig. 
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FIG. 3. Induction of DNA DSBs in anoxically irradiated yeast and 
their rejoining during postirradiation incubation under conditions allow- 
ing PLD repair, i.e., oxic incubation in nongrowth medium for 0, 1, 3, 6, 
16, 24, and 72 h as indicated in the figure. The data shown are the mean 
values. For the sake of clarity the mean standard deviation is shown only 
once for each symbol. The curves were fitted by eye with the exception of 
the 0-h data, where the curve was fitted by regression analysis (see Eq. (1)). 
N mr': average number (N) of DSBs per relative molar mass of DNA, mr. 
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FIG. 4. Induction of DNA DSBs in yeast irradiated under oxic condi- 
tions and their rejoining during postirradiation incubation under PLD 
repair conditions for 0, 1, 3, 6, 16, 24, 48, and 72 h depicted by the corre- 
sponding regression curves fitting best to the experimental data. Data 
points are given only for 6 (m) and 16 h (@) incubation periods. All other 
data were published previously (3). N. mr1: average number (N) of DSBs 
per relative molar mass of DNA, mr. 

5 for doses of 250, 500, 750, 1200, 1500, and 2000 Gy. 
These doses correspond to cell surviving fractions after 
PLD repair (72 h) of 1.0, 1.0, 1.0, z0.98, 0.84, and 
0.57 for cells of strain 211 (see Fig. 1). The values for DSBs 
were taken from the fitted curves presented in Fig. 3. The 
error bars are mean values of the standard deviations deter- 
mined experimentally at various doses for each incubation 
period. The kinetics appears very complex. At high doses 
(1500 and 2000 Gy) more DSBs could be detected within 
the first hour than were initially induced. At low doses, 
however, considerably fewer DSBs were detected after the 
first hour of incubation (despite the possible production of 
secondary DSBs within this time), pointing to a rapid initial 
component of rejoining of DSBs induced under anoxic 
conditions with a half-life value of about 60 min or less. At 
incubation times longer than 1 h a slight increase in DSBs 
was observed even at the low doses applied. After the ap- 
pearance of secondary DSBs, the rejoining process contin- 
ued during further incubation in a dose-dependent manner 
with a t1/2 of about 9 h for 2000 Gy, 6 h for 1500 Gy, and 3 h 
for 1200 Gy. 

The OER for Unrejoined Double-Strand Breaks is Lower 
than That for Induced Double-Strand Breaks 

From Eqs. gn on (1) an dose-independent OER of 2.9 
0.1 for induced DSBs was calculated. For anoxic and oxic + 0.1I for induced DSBs was calculated. For anoxic and oxic 

conditions a direct comparison between induced and unre- 
joined DSBs (i.e., the minimum level of DSBs induced 
under anoxic conditions (after 24 h) as well as of DSBs 
induced under oxic conditions (after 72 h)) is presented in 
Fig. 6, using the corresponding fitted curves shown in Figs. 
3 and 4. The curve for the remaining DSBs induced under 
anoxic conditions would approach the corresponding curve 
for DSBs induced under oxic conditions at somewhat lower 
doses, if the number of DSBs observed after a 72-h incuba- 
tion for PLD repair (instead of 24 h) were chosen. In princi- 
ple, however, the same results would be derived. Based on 
the same number of radiation-induced DSBs, for example, 
N r mr: = 2 x 10-9 g-1mol or more, the extent of DSB 
rejoining in cells irradiated under anoxic conditions is less 
than that observed in cells irradiated under oxic conditions 
(Fig. 6). Furthermore, while the OER for induced DSBs was 
dose-independent, the OER for the yield of unrejoined 
DSBs was decreased in a dose-dependent manner as illus- 
trated in Fig. 7. Because of the difficulty in measuring unre- 
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FIG. 5. Kinetics of rejoining of anoxically induced DSBs under PLD 
repair conditions after irradiation of yeast cells with six different doses, 
which correspond at the survival level to surviving fractions of ~ 1.0, 

1.0, 1.0, =0.98, 0.94, and 0.57, respectively. The data points at the 
various doses are not directly measured but are taken from the curves (Fig. 
3) fitted for each incubation period. For the sake of clarity, mean standard 
deviations, calculated for the data obtained for each incubation period, are 
presented only for the longer incubation periods. N. mr': average number 
(N) of DSBs per relative molar mass of DNA, mr. 
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FIG. 6. Comparison of the dose relationship for induced and unre- 

joined DSBs observed in yeast cells irradiated under oxic (solid lines) or 
anoxic (dashed lines) conditions. The curves are taken from Figs. 3 and 4. 
N i m 1: average number (N) of DSBs per relative molar mass of DNA, mr. 

DSBi,,.: induced DSBs; DSB,un.: unrejoined DSBs. 

joined DSBs at low doses, the OER at low doses can only be 
estimated and is presented by a dashed line. 

DISCUSSION 

Double-Strand Breaks Induced by Radiation under Oxic 
and Anoxic Conditions Are Rejoined in Yeast 

Rejoining of DSBs induced in yeast by irradiation under 
oxic conditions has been demonstrated to occur during post- 
irradiation incubation of cells in growth medium (11-13) 
and nongrowth medium, i.e., under PLD repair conditions 
(3, 4, 6, 13, 14). However, only a few studies were con- 
cerned with the rejoining of DSBs induced in yeast under 
anoxic conditions. Geigl2 showed that DSBs induced in dip- 
loid yeast irradiated under anoxic conditions were rejoined 
during incubation of cells under PLD repair conditions. In 
the present paper we have extended such studies (Fig. 3) 
and compared the results with those obtained for DSBs in- 
duced under oxic conditions (Fig. 4) which were published 
recently (4). As already reported for DSBs induced under 
oxic conditions (3, 6), the linear relationship between DSBs 

2 E. M. Geigl, Untersuchung von Sl-Nuclease-sensitiven Stellen im 
Genom der Hefe Saccharomyces cerevisiae nach in vivo-Bestrahlung mit 
Gamma-Strahlen. Thesis, GSF-Bericht, 18/87, 1987. 

induced by radiation under anoxic conditions was also con- 
verted into a nonlinear relationship in the course of rejoin- 
ing processes. However, significant differences could be ob- 
served in the rejoining kinetics of DSBs induced under an- 
oxic and oxic conditions. The kinetics of rejoining of DSBs 
induced under anoxic conditions revealed the formation of 
secondary DSBs (Figs. 3 and 5) which presumably arise by 
enzymatic repair processes acting on radiation-induced 
DNA lesions other than DSBs which are formed predomi- 
nantly in anoxic cells. In contrast to high doses no second- 
ary DSBs were detectable within the first hour of incuba- 
tion after low-dose irradiation (250 and 500 Gy) (Fig. 5), 
probably because of a simultaneously occurring rapid re- 
joining of radiation-induced DSBs, proceeding with a tl/2 
not higher than about 60 min. Taking into consideration 
the simultaneous formation of secondary DSBs, the initial 
component of rejoining of radiation-induced DSBs should 
have a tl/2 even shorter than 60 min. After the formation of 
secondary DSBs, both radiation-induced and enzymati- 
cally formed DSBs were rejoined in a dose-dependent man- 
ner (tl/2 - 9 h at 2000 Gy and 3 h at 1200 Gy) (Fig. 5). 

There are at least two reasons for this dose-dependent 
complex kinetic pattern. First, there may operate a dose-de- 
pendent processing of lesions which gives rise to enzymati- 
cally formed secondary DSBs. Second, the rapid compo- 
nent of rejoining of DSBs induced under anoxic conditions 
may decrease with dose (as already described for DSBs in- 
duced under oxic conditions (4)). 

In contrast, the rejoining of DSBs induced under oxic 
conditions was less complex and proceeded much slower as 
already described (4). The biphasic kinetics showed for the 
initial rapid component of rejoining a t1/2 of 3.8 h and for 
the slow component a tl,2 of about 10 h (4). 
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FIG. 7. The dose relationship of the OER for induced and unrejoined 
DSBs, as evaluated from Fig. 6. The OER values for unrejoined DSBs at 
low doses were estimated and thus are represented by a dashed line. 
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Based on the different rates of rejoining determined for 
DSBs induced under anoxic and oxic conditions, it is con- 
cluded that there is a qualitative difference between DSBs 
induced in cells irradiated under anoxic or oxic conditions. 

DNA Lesions Preferably Induced by Radiation 
in Anoxic Cells 

The nature of DNA lesions which are preferably induced 
in anoxic cells and which may give rise to secondary DSBs 
remains to be elucidated. DNA-protein crosslinks are 
known to be induced by radiation at a higher frequency in 
anoxic cells compared to oxic cells (15-17). However, it is 
not known if and under which conditions DSBs may be 
formed in the course of repair of these crosslinks. Bulky 
lesions, which are structural disturbances of the DNA dou- 
ble-helix involving clustered base damage (18) with at least 
three unpaired bases (19), may be another candidate. These 
lesions gave rise to DSBs when incised in vitro by nuclease 
Sl of Aspergillus oryzae as shown for yeast cells irradiated 
under anoxic conditions2 (20). It is still unknown whether 
bulky lesions are formed predominantly in yeast cells irra- 
diated under anoxic conditions and whether these are in- 
cised in vivo. 

Controversial Reports on Qualitative Differences between 
DNA Strand Breaks Induced by Radiation under Oxic 
and Anoxic Conditions 

The different rates of rejoining of DSBs induced under 
oxic and anoxic conditions described in this paper suggest 
that a different type(s) of DSB is induced in yeast under oxic 
compared to anoxic conditions. Van der Schans et al. (21) 
also studied the induction and rejoining of DSBs (measured 
by the neutral elution technique) in primary human skin 
fibroblasts after irradiation under oxic (50 Gy) or anoxic 
conditions. However, these authors did not detect any dif- 
ferences in the rate of rejoining of DSBs induced under oxic 
or anoxic conditions during a 2-h postirradiation incuba- 
tion of cells in growth medium. Likewise, Vos et al. (22) 
reported that logarithmically growing CHO cells rejoin 
DSBs induced under oxic (100 Gy) or anoxic (200 Gy) con- 
ditions during postirradiation incubation for up to 2 h in 
growth medium with the same kinetics. There may be sev- 
eral explanations of the controversial results on the rejoin- 
ing kinetics of DSBs induced under oxic or anoxic condi- 
tions reported in this paper and in those of Van der Schans 
et al. (21) and Vos et al. (22). Apart from the different eu- 
karyotic cell types used which may differ in their prevalence 
for the mechanism of rejoining of DSBs (i.e., recombina- 
tion repair versus ligation of DSBs), different postirradia- 
tion incubation conditions were applied in these studies, 
and the method to measure DSBs may also be important. It 

is still unclear whether the neutral filter elution technique 
measures solely DSBs. 

The qualitative difference between DSBs induced under 
oxic and anoxic conditions indicated for yeast in the pres- 
ent paper is in agreement with other findings reported for 
total DNA breaks, i.e., single-strand breaks (SSBs) and 
DSBs. About 80% of SSBs induced under oxic conditions 
were rejoined after 30 min of postirradiation incubation of 
Chinese hamster V79 cells in growth medium, whereas 
only about 50% of breaks induced under hypoxic condi- 
tions were rejoined under the same conditions (irradiation 
with X rays in the dose range of 10 to 13 Gy) (23). Likewise, 
Koch and Painter (24) found a larger fraction of unrejoined 
SSBs in Chinese hamster V79 cells irradiated under hyp- 
oxic compared to oxic conditions (dose range 50 to 180 Gy) 
after a 60-min postirradiation incubation in growth me- 
dium. A similar result was reported by Roots and Smith 
(25) for exponentially growing Chinese hamster ovary cells 
irradiated under oxic (47 Gy) or anoxic (188 Gy) conditions 
and incubated in growth or nongrowth medium for up to 
10 h. 

By contrast, other authors found no qualitative differ- 
ence between total breaks induced under oxic and anoxic 
conditions. For example, Lennartz et al. (26) found the 
same proportion of different strand-break end groups (de- 
oxyribose-3'-OH, -5'-phosphate, and -5'-OH) in thymocytes 
irradiated under oxic or anoxic conditions with 10-MeV 
electrons at doses between 10,000 and 60,000 Gy. How- 
ever, differences in the proportion of end groups pertaining 
to DSBs may have been masked in their study because of 
the about 25-fold greater frequency of SSBs compared to 
DSBs, and also because of the fact that with the enzymic 
analyses applied only about 50% of the total end groups can 
be identified (27). Rejoining of SSB was investigated during 
postirradiation incubation of thymocytes in growth me- 
dium. A decrease of 3'-OH and 5'-phosphate end groups 
was observed which leveled off after 15 min, irrespective of 
the presence or absence of oxygen during irradiation (27). 
Likewise, Ormerod and Stevens (28) did not find a differ- 
ence in the rejoining of SSBs induced under oxic or anoxic 
conditions in murine lymphoma cells incubated in growth 
medium for up to 125 min after exposure to doses of 50 to 
500 Gy of X rays. 

Thus, for DSBs as well as for total breaks, i.e., mainly 
SSBs, there are conflicting results with respect to differences 
of the rejoining kinetics of breaks induced under oxic or 
anoxic conditions. It should be mentioned, however, that 
all mammalian cell studies were performed at supralethal 
doses, in contrast to the yeast work presented in this paper 
(see the legend of Fig. 5). Although higher doses are used in 
yeast survival studies than in mammalian cells (because of 
the smaller DNA target size in yeast), doses up to 2400 Gy 
did not impair the activity of enzymes involved in DSB 
rejoining, as demonstrated previously (3). 
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OER FOR INDUCED AND UNREJOINED DSBs 

The OER of Double-Strand Breaks Decreases in a Dose- 
Dependent Manner Due to Repair Processes 

The OER determined from survival data is usually lower 
than that for the induction of DSBs, as has been shown, for 
example, for yeast (1). These findings may be interpreted as 
a result of a less efficient rejoining of DSBs induced under 
anoxic conditions which, as a consequence, lead to a lower 
OER for unrejoined DSBs (1). Alternatively, it may be pro- 
posed that other radiation-induced lesions, for example, 
base damage, which exhibit a lower OER (e.g., (16, 29)) 
than induced DSBs, may contribute to cell lethality. 

The data in Fig. 7 show that the OER for unrejoined 
DSBs is smaller than that for induced DSBs, suggesting that 
the reduced extent of DSB rejoining (or increased fraction 
of unrejoined DSBs) detectable in cells irradiated under an- 
oxia with doses greater than about 1000 Gy (Fig. 6) may be 
responsible for the decreased OER observed for unrejoined 
DSBs. Thus the consideration solely of radiation-induced 
and unrejoined DSBs supports the first interpretation. How- 
ever, in view of the kinetics of DSB rejoining shown in Fig. 
5, the second interpretation is favored. The observed in- 
crease in DSBs during the first hours seems to be due to 
other DNA lesions induced by radiation in anoxic cells 
which give rise to secondary DSBs during enzymatic repair 
processes. The increased number of DSBs (radiation- as 
well as enzymatically induced DSBs) observed in cells irra- 
diated under anoxia may increase the probability of inter- 
action between DSBs, resulting in a greater fraction of 
un- or misjoined DSBs (see (9, 14)). Consequently, as illus- 
trated in Fig. 7, the OER for un- or misrejoined DSBs 
decreases with increasing dose, i.e., with the number of radi- 
ation-induced DSBs and other DNA lesions which are con- 
verted into DSBs by repair processes. It is interesting to note 
that for the yield of dicentrics a dose-dependent decrease of 
the OER has also been observed by Prosser et al. (30) in 
X-irradiated human lymphocytes. 
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