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Strains of Escherichia coli K-12 mutant in the genes controlling excision repair
(uvr) and genetic recombination (rec) have been studied with reference to their
radiosensitivity and their ability to repair X-ray-induced single-strand breaks in
deoxyribonucleic acid (DNA). Mutations in the rec genes appreciably increase the
radiosensitivity of E. coli K-12, whereas uvr mutations produce little if any increase
in radiosensitivity. For a given dose of X-rays, the yield of single-strand breaks has
been shown by alkaline sucrose gradient studies to be largely independent of the
presence of rec or uvr mutations. The rec+ cells (including those carrying the uvrBS
mutation) could efficiently rejoin X-ray-induced single-strand breaks in DNA,
whereas recA56 mutants could not repair these breaks to any great extent. The
recB21 and recC22 mutants showed some indication of repair capacity. From these
studies, it is concluded that a correlation exists between the inability to repair single-
strand breaks and the radiosensitivity of the rec mutants of E. coli K-12. This sug-
gests that unrepaired single-strand breaks may be lethal lesions in E. coli.

Mutations in the genes controlling excision
repair (uvr) and genetic recombination (rec) have
been shown to alter the radiation sensitivity of
Escherichia coli K-12 (6, 8-11). Double-chain
breaks in deoxyribonucleic acid (DNA) induced
by X-irradiation appear to be lethal lesions in a
radioresistant strain of E. coli (12). Radioresist-
ant strains, such as E. coli B/r, repair single-
strand breaks induced by X-irradiation, whereas
more radiosensitive strains, such as E. coli B..-,
lack the ability to repair these breaks (14). It has
been suggested that single-strand breaks may be
lethal to those cells unable to repair these lesions
(12, 14). We attempted to test the generality of
this hypothesis by employing eight derivatives of
E. coli K-12 which are mutant in uvr and rec
genes. We find that a correlation does exist be-
tween the radiosensitivity of these mutants and
their ability to repair single-strand breaks induced
by X-irradiation. [The first paper in this series
(17) investigates the effect of rec mutations on
postreplication repair of damage due to ultra-
violet (UV) radiation. At the doses of UV-radia-
tion used, recA strains are unable to perform

1 A preliminary account of this work was presented at the
14th Annual Meeting of the Biophysical Society, Baltimore, Md.,
February 1970.

this type of repair, whereas rec+, recB, and recC
strains could perform this function (irrespective
of the presence of uvr mutations).]

MATERIALS AND METHODS
Bacterial strains. The bacteria utilized are thymine-

requiring multiple auxotrophs of E. coli K-12 mutant
in uvr or rec genes (Table 1).

Media. The liquid minimal medium (MM) and
supplemented minimal medium agar (SMM-agar)
have been previously described (7). Supplemented
MM (SMM) was MM to which the following addi-
tions were made: required L-amino acids to a final
concentration of 10-3 M, 2 pug of thymine per ml, and
0.5 ,ug of thiamine hydrochloride per ml.

Survival curves. The bacteria were innoculated
from stationary-phase overnight cultures into pre-
warmed SMM and incubated at 37 C in a Gyrotory
water bath. Cells in exponential growth (107 to 5 X
107 cells/ml) were irradiated in their growth medium
in air. Immediately after irradiation, the cells were
diluted in double-distilled water and plated on
SMM-agar. Colonies were counted after 1 to 3 days
of incubation at 37 C.

Irradiations. Cell suspensions (2 ml in SMM; 107 to
5 X 107 cells/ml) exposed to air were irradiated with
X-rays (50 ma and 48 ma, 0.3-mm Al filters) using
the twin-tube 50 KVP beryllium window X-ray unit
developed by Loevinger and Huisman (13). The
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TABLE 1. Escherichia coil K-12 derivatives used'

Designation Mating type Relevant genotype Other markers Reference Df7 (krads)

AB2487 P recAl3 thr leu arg his thi pro thy ara lac gal 10 1.1
mtl xyl strr T6r Xs

AB2497 F- thr leu arg his thi pro thy ara lac gal 10 5.7
mtl xyl strr T6'xs

AB2499 F- uvrBS thr leu arg his thipro thy ara lac gal mntl 11 5.7
xyl str7 T6r Xs

SR72 F- recA56 uvrB5 thr leu arg his thipro thy (ara) lac (gal) 1.0
(mtl) (xyl) sirr T6r X)

SR74 Hfr recA56 thr ilv thi thy (spmr) 1.4
SR78 F- recB21 thr leu arg his thi pro thy (ara) (lac) 1.7

(gal) (mtl) (xyl) sir' T6r Xs
SR88 F- recC22 thr leu arg his thi pro thy (ara) (lac) 1.7

(gal) (mtl) (xyl) str' T6r X'
SR111 F- recAl3 recB21 thr leu arg his thi pro thy ara lac gal mtl 21 0.8

xyl s:rr T6r Xs

Abbreviations (3, 4, 19): the symbols arg, his, ilv, leu, pro, thi, thr, thy denote requirements for
arginine, histidine, isoleucine and valine, leucine, proline, thiamine, threonine, and thymine, respec-
tively; ara, gal, lac, mtl and xyl, the inability to utilize arabinose, galactose, lactose, mannitol, and
xylose, respectively; T6, X, spm, and str, response to the phages T6 and X and to the antibiotics spectino-
mycin and streptomycin (r indicates resistance, and ', sensitivity); rec denotes genes affecting genetic
recombination and ultraviolet (UV) sensitivity; uvr designates genes affecting host-cell reactivation and
UV sensitivity. Markers in parentheses have not been tested, but are inferred from the characteristics
of the parent strains. D37 is the dose of radiation at which 37% of bacteria survive to form colonies
(calculated from Fig. 1).

mean dose rate for the 2-ml suspension was 9.8 krad/
min. For 3.5-ml cell suspensions irradiated as above,
the mean dose rate was 8.8 krad/min. All irradiations
were carried out with the samples in plastic petri
dishes (35 mmn diameter).

Alkaline sucrose gradient studies. The ability of the
various bacterial strains to repair X-ray-induced
single-strand breaks was studied by using the method
of McGrath and Williams (14) for sedimenting DNA
in alkaline sucrose gradients. Cells were labeled in
their DNA by inoculating stationary-phase cells into
prewarmed SMM containing tritiated thymine (17.4
c/mmole, 25 ,uc/ml of media; New England Nuclear
Corp., Boston, Mass.). The size of the inoculum was
adjusted to permit three to four generations of growth
in the label-containing media before harvesting the
cells in exponential growth (at 107 to 5 X 107 cells/ml).
The cells were rapidly filtered (type HA membrane
filter, 0.45 pm; Millipore Corp., Bedford, Mass.),
washed, and resuspended in prewarmed, unlabeled
MM without glucose. Samples (3.5 ml) were then
irradiated in air at room temperature. They were then
either immediately stored in ice or, after the addition
of glucose and the MM supplement, were reincubated
at 37 C for the desired period of time and then
transferred to chilled centrifuge tubes. All samples
were pelleted and washed twice in cold 0.05 M tris-
(hydroxymethyl)aminomethane (Tris) (pH 8.1). The
cells were then resuspended in 0.5 ml of 0.05 M Tris
(pH 8.1) and 0.3-ml samples were employed for the
production of spheroplasts (16). Samples (20,Aliters)
of the spheroplast suspension (101 spheroplasts)
were mixed into a 0.2-ml layer of 0.5 N NaOH on top
of a 4.6-ml gradient of 5 to 20% sucrose (w/v) in 0.1

N NaOH. The gradient tubes were centrifuged in the
SW 50.1 rotor for 105 min at 30,000 rev/min at 20 C
in an ultracentrifuge (Beckman model L2-65B). After
centrifugation approximately 37 fractions of 5 drops
each were collected and counted by the procedure of
Kaplan (12). Data are plotted as per cent of total
acid-insoluble radioactivity recovered from the
gradient against fraction number.

RESULTS
Survival curves. X-ray survival curves of the

eight strains tested are shown in Fig. 1. The D,7
values (dose of radiation at which 37% of bac-
teria survive to form colonies) for the various
strains are given in Table 1. The rec mutations
had a considerable effect on the radiosensitivity
of the bacteria (three- to seven fold increase),
whereas the uvr mutations had little, if any,
effect. The recA13 recB21 mutant was only
slightly more sensitive than the recA13 mutant
from which it was derived.

Intrinsic sensitivity. The number of single-
strand breaks in bacterial DNA after irradiation
(22.0 krad) was essentially the same for all
strains tested. By using the first moment of each
alkaline sucrose gradient sedimentation curve as
a convenient index of sedimentation behavior
(12), no significant difference was observed be-
tween the radioresistant strains (rec+, uvrB5 rec+)
and the relatively radiosensitive strains (recA56,
recB21, recC22, and recA13 recB21) after an
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REPAIR OF RADIATION DAMAGE IN E. COLI

z

1oS

0
z
U

cricr3

plte onSMaarAnBnubtdfo24972ra

M~~~~~

SR 7
oSR88

SRIII 0

37C.~~~~~~7

SR 72 AB2487

0 5 10 15 20 25 30
X-RAY DOSE ( krods)

FIG. 1. X-ray sensitivities of uvr anfd rec mutants
of E. coli K-12. Cells in exponetial growth were
irradiated in SMM, diluted in double-distilled water,
plated on SMM-agar, and incubated from 24-72 hr at
37 C.

irradiation dose of 22.0 krad. The average posi-
tion for the first moment (as a fraction of the
distance from the meniscus) in the irradiated
samples before reincubation was 0.47s im 0.04
for the resistant strains, whereas, for the rela-
tively radiosensitive strains, a value of 0.45cl
0.04 was obtained.t

Repair of single-strand breaks. The relative
abilities of the various strains to repair the single-
strand breaks produced in their DNA by X-ir-
radiation can be inferred from the sedimentation
profiles in Fig. 2 and 4 to 7. By comparing the
sedimentation profile of unirradiated rec+ cells
(Fig. 2A) with that of irradiated cells (Fig. 2B),
it can be seen that irradiation produced a decrease
in the molecular weight of the bacterial DNA. A
comparison of the sedimentation profiles ob-
tained after 20, 30, and 60 min postirradiation
incubation (Fig. 2C-E) shows that reincubation
resulted in a progressive shift in the sedimentation
profiles toward that of the unirradiated cells.
We interpret this restoration to reflect the func-
tioning of a repair process that rejoins broken
pieces ofDNA with bonds stable in alkali.
The inherent insensitivity of the alkaline su-

crose gradient method for detecting small
amounts of single-strand breakage, day-to-day
variation between runs, and the difficulty of ob-
taining reproducible control peaks for the un-
irradiated rec+ cells have all contributed to our

inability to quantitate satisfactorily the rate of
repair of single-strand breaks for the various
mutants. However, if the sedimentation data for
five experiments on the uvr+ rec+ strain are
pooled, a qualitative picture of the repair kinetics
can be obtained by comparing the increase in
molecular weight of the DNA as the irradiated
bacteria were permitted to reincubate. It can be
seen (Fig. 3) that the rejoining process is essen-
tially completed in 40 to 60 min for irradiated
rec+ cells reincubated in SMM.

Figure 4 illustrates that the extent of repair
that occurs in the uvrBS rec+ mutant cannot be
distinguished from that which occurs in the uvr+
rec+ strain. A mutation at the uvr gene, therefore,
has little effect upon the repair of X-ray-induced
single-strand breaks in DNA.

In contrast, the recA56 mutant appears unable
to rejoin the X-ray-induced single-strand breaks
to any great extent, even after a postirradiation
incubation period of 70 min (Fig. 5). However,
the results are complicated by a decrease in the
total number of acid-insoluble counts on the
gradient with increasing incubation time (from
2.63 x 104 to 6.77 X 103 counts/min in 70 min)
and the appearance of an additional low-molecu-
lar-weight peak near the meniscus. These compli-
cations are a consequence of the extensive DNA
degradation that occurs in recA derivatives after
both UV and X-irradiation (2, 15). To circum-
vent this problem of degradation, a recA13 recB2116 T1
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FIG. 2. Sedimentation patterns of DNA from
irradiated E. coli K-12 AB2497 (uvr+ rec+). (A) Un-
irradiated; (B) 22 Kr, no reincubation; (C) 22 Kr,
20-min reincubation; (D) 22 Kr, 30-min reincubation;
(E) 22 Kr, 60-mim reincubation. Cells were converted
to spheroplaszs and lysed on top of the alkaline sucrose
gradients (5 to 20% sucrose in 0.1 N NaOH). Sedi-
mentation was performed in an SW 50.1 rotor for 105
mim at 30,000 rev/min at 20 C. The direction of sedi-
mentation is from right to left.
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FIG. 3. Kinetics of repair of single-strand breaks
for the uvr+ rec+ (AB2497) derivative of E. coli K-12.
The increase in the molecular weight of the bacterial
DNA upon postirradiation incubationi was calculated
from the formula of Burgi and Hershey (1): D,/Do =
(Mt/Mo)a, where Dt, Do represent the sedimentation
distances and Mt, Mo the molecular weights of the
DNA of the respective samples. The subscripts indicate
the time (in minutes) of postirradiation incubation.
The value of 0.40, determined by Studier (18), was
employed, for the exponenit a. The D values were ap-
proximated by use of the normalized distance from the
meniscus to the location of the first moment of each
sedimentation profile. The data represent a composite
offive separate alkaline sucrose gradient sedimentaiion
studies on the uvr+ rec+ (AB2497) derivative performed
as described in the legend to Fig. 2. The vertical bars
represenit the standard deviationis from the mean values
(0)-

double mutant was employed. This double mu-
tant shows the low level of DNA degradation
after UV irradiation characteristic of strains
carrying recB21 alone (20). A similar low level
of degradation of DNA by this double mutant
was found after X-irradiation. The sedimentation
profiles obtained (Fig. 6) show that, like the
recA56 mutant, this recA13 recB21 derivative
exhibits only a small capacity for the repair of
X-ray-induced single-strand breaks.

Sedimentation profiles of the recC22 deriva-
tive show some repair of single-strand breaks
(Fig. 7). However, the shift in the sedimentation
patterns for the reincubated cells is not as sub-
stantial as that of the rec+ cells, and an apprecia-
ble amount of the DNA remains in the nonre-
paired low-molecular-weight peak. A similar
result was obtained for the recB21 mutant (not
shown). Whatever rejoining occurs in the recC22
and recB21 derivatives takes place during the
first 30 min of incubation.

DISCUSSION
Survival curves. The X-ray survival curves re-

ported here agree qualitatively with those which

have been reported in the literature (6, 9). Muta-
tions in the uvr genes have little, if any, effect on
X-ray sensitivity, whereas recA mutations have
a considerable effect. The recB21 and recC22
mutants are less sensitive than the recA mutants.
The double-mutant strain, recA13 recB21, was
found to be only slightly more sensitive to X-ir-
radiation than the recAJ3 mutant.

Production and repair of single-strand breaks.
The results of the alkaline sucrose gradient
studies presented here indicate that for a given
dose of X-rays the yield of single-strand breaks
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FIG. 4. Sedimentation patterns of DNA from
irradiated E. coli K-12 AB2499 (uvrB5 rec+). (Q)
Unirradiated; (0) 22 Kr, no reincubation; (O) 22 Kr,
15-min reincubation; (A) 22 Kr, 30-min reincubation;
(X) 22 Kr, 60-min reincubation. Lysis and sedimenta-
tion performed as in Fig. 2.
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FIG. 5. Sedimentation patterns of DNA from

irradiated E. coli K-12 SR74 (uvr+ recA56). (0)
Unirradiated; (0) 22 Kr, no reincubation; (CJ) 22 Kr,
20-min reincubation; (A) 22 Kr, 40-min reincubation;
(X) 22 Kr, 70-min reincubation. Lysis and sedimenta-
tion were performed as in Fig. 2.
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is essentially independent of the presence of rec
or uvr mutations. The difference in the radio-
sensitivities of these strains may therefore reflect
the ability of the mutant strains to repair X-ray-
induced lesions. We have examined the ability of
these strains to rejoin single-strand breaks prc-
duced in their DNA by X-irradiation. The rec+
cells (including those carrying the uvrB5 muta-
tion) could rejoin single-strand breaks, whereas
recA56 mutants showed little capacity to repair
these breaks at the X-ray dose employed (22
krad). Similar findings have been reported for
other rec+ (JC1557) and recA (JC1569b) deriva-
tives of E. coli K-12 after lower doses of irradia-
tion (7.5 krad; reference 15). The lack of any
appreciable capacity of the recA mutants to
repair single-strand breaks correlates well with
their high radiosensitivities.

Further evidence supporting the hypotheses
that recA mutants cannot repair single-strand
breaks to any great extent and that unrepaired
single-strand breaks may lead to cell death has
been obtained from investigations involving the
postirradiation treatment of rec+ and recA de-
rivatives with hydroxyurea, which proved later
to have several unidentified contaminants. Active
samples of the drug produced a potentiation of
X-ray-induced killing in rec+ strains and, from
alkaline sucrose gradient studies, appeared to
irreversibly inhibit the repair of X-ray-induced
single-chain breaks. If rec+ cells were incubated
after irradiation for a period previously shown
to be sufficient to restore the sedimentation
properties of their DNA to those of DNA from
unirradiated cells, the sensitivity to the drug was
lost. RecA cells were not subject to potentiation
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FIG. 6. Sedimentation patterns of DNA from
irradiated E. coli K-12 SRIII (uvr+ recAl3 recB21).
(0) Unirradiated; (0) 22 Kr, no reincubation; (El) 22
Kr, 20-min reincubation; (A) 22 Kr, 40-mim reincuba-
tion; and (X) 22 Kr, 60-min reincubation.
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FIG. 7. Sedimentation patterns of DNA from
irradiated E. coli K-12 SR88 (uvr+ recC22). (0)
Unirradiated; (@) 22 Kr, no reincubation; (E]) 22 Kr,
10-min reincubation; (A) 22 Kr, 30 min reincubation;
(X) 22 Kr, 60-miui reincubationi.

by active drug samples administered immediately
after irradiation nor did postirradiation incuba-
tion before drug treatment alter this (D. S. Kapp
and K. C. Smith, Nature, submitted for publica-
tion).

All active samples of hydroxyurea proved to be
chromatographically heterogeneous but not all
heterogeneous samples were active and no ap-
parently homogenous sampJe was active. A
report from this laboratory on the capacities of a
number of different "hydroxyurea" samples to
potentiate radiation-induced killing in rec+ strains
and the degree to which the inhibition of single-
chain break repair is reversible on subsequent
removal of the drug is in preparation.
Our sucrose gradient results indicate that the

recB21 and recC22 mutants show some slight
capacity for the repair of X-irradiation-induced
single-strand breaks. This correlates with the
survival data indicating that, although they are
considerably more radiosensitive than the rec+
strains, they are somewhat more radioresistant
than the recA mutants. Studies on the sensitiza-
tion of recA13 and recC22 mutants to X-rays
by oxygen and triacetoneamine-N-oxyl (TAN)
have also suggested that a possible difference
exists in ability of these mutants to repair X-ray-
induced damage (5).
The finding that uvrB5 rec+ cells show little,

if any, difference from uvr+ rec+ cells in their
ability to repair single-strand breaks is in agree-
ment with the similar radiosensitivities of these
strains. It therefore appears that the repair of
single-strand breaks can occur in the absence of
the excision enzymes controlled by the uvr genes.

In summary, the results of this investigation
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support the hypothesis that unrepaired single-
strand breaks may be lethal lesions in E. coli
(12, 14, 15).
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