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Mutations which affect the ability of cells to under-
€0 genetic recombination have been mapped at three loci.
These have been termed recd, recB and recC. The recA mu-
tants have recombination efficiencies of about 107" com-
pared to a value of 1.0 for "wild-type" cells. The recB
and reeC mutants show an intermediate deficiency of gen-
etic recombination of about 1072 [12]. An ATP dependent
exonuclease has been isolated as the product of the recB
and recC genes [9]. The recA gene product is not known
but is presumed to act to control the exonucleolytic
function of the recB and recC genes. RecA mutants show a
high degree of DNA breakdown and are called 'reckless"
mutants while recB and recC mutants show a less than nor-
mal breakdown and are called cautious mutants [4]. RecA
strains are UV-stable at -doses that are demonstrably muta-
genic in rect derivatives, whereas recC strains show a
reduced mutability compared with reect cells [13]. Recd
strains are sensitive to killing by UV-irradiation and
are very sensitive to killing by X-irradiation. The recB
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and reecC mutants show intermediate sensitivities tp radi-

ation killing. These Properties are summarized in
Table 1.

Table 1. Comparison of Rec Mutants of E.coli K-12

widd recA | recB reeC

Type '
Recombination ability : ’ o
[12] 1 MOT* agp-2 ~1072
DNA Breakdown [4] Normal Reckless Cautious Cautious
UV Mutability [13] + - g  Jude
UV Sensitivity (Sur- : 5
vival: 63 ergs/mm?)* 793 0.06% 147
MMR (on wuyr~ mutants) ' :
wv) [3] + - - 15 %24
Post-Republication i ; ;
Repair (U,v.) [11] + - 3 o+
X-Ray Sensitivity T e
(D37, krd) [6] 587 1.1 e 1.7
Repair of X-Ray-In- : bl g
duced Single-Strand . s~ 98 entersy:
Breaks [6] ; : + = . T e s

Because rec mutants are sensitive to radiation kill-
ing it was Suspected that certain €nzymatic-steps in gen-
etic recombination might be common to 4 system for the
repair of radiation damage, Rupp and Howard-Flanders [10]
reported that after UV-irradiation cells deficient in
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the system for the excision repair of UV-induced DNA
lesions (uvr mutants) synthesized DNA in short pieces com-
pared with the DNA synthesized in the unirradiated cells
during the same time period. With continued incubation,
however, these short pieces of DNA assumed the same sedi-
mentation characteristics in alkaline sucrose gradients
as those of the control DNA. These observations provided
the basis for suggesting that, during DNA synthesis, rect
cells by-passed radiation damage in the parental strands
and the resultant gaps in the newly synthesized daughter
strands were subsequently repaired by some type of sister
strand exchange. ;

Smith and Meun [11] have investigated the genetic
control of the post-replication repair of UV-induced dam-
age. RecA mutants show no ability to elongate the short
pieces of DNA synthesized after 63 ergs/mm® (254 nm)..
RecB and recC mutants, however, show no deficiency in
this respect at this radiation dose. Therefore, the exo-
nuclease coded for by the recB and recC genes does not
appear to be necessary for the gap filling step.

‘Ganesan and Smith [2] have observed that cells de-
fective in excision repair still exhibit an ability to
recover from radiation damage. These cells show a much
higher survival on minimal medium than on complex medium
and the response has been called minimal medium recovery
QMR). A mutation at recd, recB or recC completely abol-
ishes this phenomenon [3]. The biochemical basis of MMR
is not known except.for the finding and although complex
medium added to a culture of a wvr mutant after UV-ir-
radiation diminishes the viability of the culture, it ap-
pears to have no effect on the filling of gaps in the DNA
synthesized after UV-irradiation (Smith, K.C., unpublished
observations). The complex medium therefore must adverse-
ly affect some step in this post-replication repair sys-
tem other than the gap-filling step or may affect some new
recovery mechanism.

Mutations in the rec genes produce a 3 to-5 fold in-
crease in X-ray sensitivity (see Table 1) while a wvrBS
mutation has little if any effect on X-ray sensitivity.
We have investigated the effects of these mutations on



86 A KAPP AND SMITH

the repair of X-ray induced damage [6]. X-irradiation of
DNA produces both base damage and chain breaks. Chain
breaks are more easy to assay than is base damage and the
killing of E.coli by X-rays has been correlated with the
production of double-chain breaks [5]. Single-chain

" breaks have been postulated to be -of importance in those
strains unable to repair them [5]. ZRect cells (including
those carrying the uvrB5 mutation) can efficiently rejoin
X-ray induced single-strand breaks in their DNA whereas
recA mutants show little if any ability to repair these
breaks. RecB and recC mutants show some repair (after 22
krd) consistent with their intermediate sensitivity to
killing. The sensitivity of rec mutants by X-irradiation
thus appears to correlate with their deficiency in ability
to repair single-chain breaks [6].

We have found that an unidentified impurity in one
.brand of hydroxyurea (Nutritional Biochemicals Corp.) is
a potent and selective inhibitor of the repair of X-ray

-induced single-chain breaks [7]. At concentrations of
the impure hydroxyurea (0.1 M) that are only slightly
toxic to unirradiated E.coli,a 1 to 2 hundred-fold ad-
ditional killing of irradiated (17.6 krd) cells is pro-
duced (Fig. 1). Alkaline sucrose gradient studies.show
that under these ccnditions there is permanent inhibition
of the rejoining X-ray induced single-chain breaks.
Chromatographically pure hydroxyurea (E.R. Squibb and
Sons; K & K Laboratories) does not show these effects on
viability or chain-break repair [7].

. While potentiating X-ray induced killing in reet
cells and inhibiting the repair of single-chain breaks,
impure hydroxyurea has little or no effect on the vi-
ability of X-irradiated recA cells (Fig. 2). Thus, for
cells already unable to repair single-chain breaks, the
administration of a drug that inhibits chain-break repair
does not have any additional effects on viability.

The impure hydroxyurea also potentiates the killing
of wild-type cells by UV-radiation (Wilcockson, J., Gray,
M.W., Kapp, D.S. and Smith, K.C., unpublished obser-
vations). Preliminary experiments, however, indicate
that after 63 ergs/mm® the drug does not prevent the gap
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20 40 60 80 100 120
MINUTES IN HYDROXYUREA

Postirradiation treatment of E. coli K-12 rect (AB2497) cells in
exponential growth with an impure sample of hydroxyurea (HU) (Nu-
tritional Biochemicals Corp.) in minimal growth medium at 37%¢.
The number of viable cells is plotted as a function of time in
0.1 M HU subsequent to X-irradiatien. O, HU alone; ®, 17.6 krd
irradiation then HU treatment. Chromatographically pure samples
of HU (E.R. Squibb and Semns; K&K Laborateries) de not show this
effect.
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1
20 40 60 80 100 - 120
MINUTES IN HYDROXYUREA

Postirradiation treatment of E, c0li K-12 recAS6 cells in expo=
nential growth with an impure sample of HU (Nutritional Biochem—
icals Corp.) in minimal growth medium at 37°C. The number of
viable cells {s plotted as a function of time in 0.1 M HU sub-
sequent to X-irradiation. O, HU alone; @, 11.7 krd irradiation
then HU treatment; {3, HU alone; 8, 5.1 krd irradiation then

HU treatment.
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filling step postulated to be responsible for the shift
in molecular weight of the pulse-labeled DNA synthesized
on damaged templates. After 850 ergs/mm2 there is a par-
tial inhibition of repair of about half the small pieces
of DNA but this partial inhibition can be reversed if

the drug is removed (Smith, K.C., unpublished obser-
vations).

Thus, preliminary evidence suggests that while the
impure hydroxyurea is a potentiator of the killing of
bacteria by UV-radiation it does not appear to be doing
so by inhibiting the gap filling step which is supposed
to be the important step in post~replication repair.
These results are consistent with the hypothesis that
there may be steps other than the mere filling of gaps
that are important in this repair system or there may be
yet another new repair system to be described at the mol-
ecular level. This concept has already been expressed to
explain why recB and recC mutants appear to show no de-
 ficiency in gap filling but are quite UV sensitive, and
to explain the effect of complex media on the survival of
UV-irradiated uvr~ mutants.

The survival of irradiated cells is greatly dimin-
ished when grown on agar plates containing acriflavine
[1]. We have observed (Kapp, D.S. and Smith, K.C., un=
published observations) that there is a marked potenti-
ation of killing when X-irradiated wild-type E.colt K-12
cells are grown in the presence of 10 ug/ml acriflavine
for up to 90 minutes before washing and plating (Fig. 3).
The results of alkaline sucrose gradient studies suggest
that acriflavine may act to potentiate X-ray induced
killing by binding to DNA and producing a partially ir-
reversible blockage of single-strand break repair.

In summary, recombination deficient mutants are sen-=
sitive to UV-irradiation and very senmsitive to X-irradi-
ation. Two events, at the molecular level, that are re-
lated to repair have bcen found to be governed by certain
genes controlling genetic recombination: (1) single-
strand break repair in both parental strands as exempli-
fied after X-irradiation and (2) gap repair in the daugh~
ter strand of each DNA duplex as exemplified after UV-ir-
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Postirradiation treatment of E. coli K-12 rect (AB2497) cells in
exponential growth with acriflavine in minimal growth medium at
379C. The number of viable cells is plotted as a functien of
time in acriflavine subsequent to X-irradiation. O, 5 ug/ml
acriflavine alone; @, 19.6 krd irradiation then treatment with

5 pg/ml acriflavine; (], 10 ug/ml acriflavine alone; B, 19.6 krd
irradiation then treatment with 10 ug/ml acriflavine.
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radiation. It is not certain whether quantitatively

these are two modes of the same repair system or whether
while having certain enzymatic steps in common additional
enzymes are required for one system that are not required
by the other. For example, one can imagine that nuclease
action might be necessary to remove fragmented nucleotides
from X-ray induced chain breaks before the chain breaks
could be repaired [8]. Such a cleaning step would be pre-
dicted to be unnecessary for the repair of daughter strand
gaps after UV-irradiation.

RecA strains appear to be deficient in both types of
repair functions. RecB and recC mutants are less sensi-
tive to radiation and show an intermediate ability to re-
pair parental strand gaps after high doses of X-rays but
show wild-type ability to repair daughter strand gaps
after moderate doses of UV-radiatiom.

Chemical inhibitors of the repair of radiation dam-
age have been described. Impure preparations of hydroxy-
urea potentiate the killing of wild-type E.coli K-12
cells but not the killing of repair deficient recA cells
after either UV- or X-irradiation. The active agent in
these impure preparations of hydroxyurea irreversibly in-
hibits the repair of chain breaks after X-irradiation but
preliminary results indicate that only a partial inhi-
bition of daughter strand repair is observed after high
doses of UV-radiation and this partial inhibition is
reversible. X

Acriflavine also potentiates the killing of X-ir-
radiated wild-type E.coli and inhibits the repair of X-
ray induced single-chain breaks. Only part of this in-
hibition can be reversed by washing and transferring the
cells to normal medium.

Radiation therapy has long been one of the most ef-
fective methods for the treatment of certain types of
cancer. Considerable effort has gone into optimizing the
physical and chemical efficiency of the radiation and of
sensitizing cells to radiation by such procedures as the
incorporation of base analogs into the DNA of cells. The
recent description, at the molecular level, of systems
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for the repair of radiation damage provide another ap-
proach for the radiation therapist. Drugs that specific~-
ally inhibit the repair of radiation damage should greatly
improve the effectiveness of the radiation. Since many of
the agents used in cancer chemotherapy are 'radiomimetic",
the selective inhibition of the repair of DNA lesions has
importance to the field of cancer chemotherapy as well as
radiation therapy. Apses
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