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Bacterial survival is significantly increased after ultraviolet irradiation in tif sfi
cells, provided that the thermosensitive tif mutation has been expressed at 410C
before irradiation. This tif-mediated "reactivation of ultraviolet irradiated bac-
teria" needs de novo protein synthesis, as is the case for the tif-mediated
reactivation of ultraviolet-irradiated phage A. However, in striking contrast to the
phage reactivation process, this tif-mediated reactivation is no longer associated
with mutagenesis. It also requires the presence of the uvrA' excision function.
These results strongly suggest the existence in Escherichia coli K-12 of a repair
pathway acting on bacterial deoxyribonucleic acid which is inducible, error free,
and uvr dependent.

As previously reported (2, 3, 9), the pleiotropic
phenotype caused by tif, a thermosensitive mu-
tation in the recA+ gene (4, 7, 11, 18), includes at
410C, in addition to an inhibition of cell division
and prophage induction, various manifestations
related to DNA repair such as: (i) enhanced
ability to repair and mutagenize UV-damaged
phage A DNA (UV-X) (2), also called Weigle
reactivation and mutagenesis (30); (ii) enhanced
ability to mutagenize replicating bacterial DNA
(mutator effect of tif; 9) or slightly UV-damaged
bacterial DNA (31, 32); (iii) enhanced synthesis
of protein X (10, 12, 13), the product of the
recA+ gene (7, 11, 18). In tif bacteria, protein X
is in fact the tifmutant form of the recA protein
(7, 11, 18), also designated recA (tifl.
In its pleiotropy, tif expression mimics the

whole bacterial cell response (the so-called SOS
response; 33) to UV irradiation or other treat-
ments altering DNA replication, structure, or
both. In striking contrast to these treatments, tif
expression does not cause any detectable modi-
fication of DNA structure (2, 9) or metabolism
(17, 26); tif apparently turns on the whole SOS
response in a "gratuitous" way without any in-
ducing treatment. This SOS response, whether
tifinduced or UV induced, requires the presence
of de novo protein synthesis as well as the recA+
and lexA+ genes (for a review, see reference 33).
The DNA repair and mutagenic activities ob-

served in tifbacteria at 410C or in UV-irradiated
wild-type bacteria were postulated to be various
manifestations of a unique inducible SOS repair
mechanism also responsible for mutagenesis

t Dr. George died of cancer on 14 August 1979. Her joy of
living and her scientific competence brightened many years of
common laboratory work. Thanks to her.

(23). In this paper, we further investigated the
tif-mediated effect on DNA repair. Under exper-
imental conditions allowing maximal repair of
UV-X, we were able to detect an increase of
survival of UV-irradiated bacteria. Surprisingly,
this tif-mediated bacterial repair, although de-
pendent upon de novo protein synthesis, (i) is no
longer associated with mutagenesis, and (ii) re-
quires the uvrA' excision finction.

MATERIALS AND METHODS
Bacterial strains. See Table 1.
Minimal and rich media. M63 (5)-glucose (4 g/

liter)-thiamine (1 mg/liter) basic minimal medium was
used. If required, this basic medium was supplemented
with amino acids (100,ug of each per ml, except for the
isoleucine-valine mixture, which was 40,g of each per
ml) and called minimal medium. Enriched minimal
medium (referred to as EMM) was basic medium
supplemented with Difco Casamino Acids (4 g/liter).
Oxoid semienriched medium was minimal medium
supplemented with Oxoid nutrient broth (6 mg/liter,
final concentration). Adenine, hadacidine, cytidine,
and guanosine were added at 100 ,g/ml. Chloram-
phenicol (Roussel, UCLAF) was added at 100 ug/ml.
GT plates (3) -were used to reveal phage A infective
centers. LB rich medium containing yeast extract was
also used (3). Solid media contained 15 g of Difco agar
per liter.

Reactivation of UV-X. The experimental proce-
dure was as previously described (3); A infective cen-
ters were revealed on the indicator bacterial strain
AB2480 recA13 uvrA6 (15).

Reactivation and mutagenesis of UV-irradi-
ated bacteria. Cultures were grown to exponential
phase (0.5 x 108 to 1 x 108 cells per ml) at 30°C in
EMM, then shifted (or not) to 41°C in EMM supple-
mented (or not) with different compounds (adenine,
chloramphenicol, hadacidine, cytidine, guanosine) and
incubated for various times. At that point, the bacteria
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TABLE 1. Bacterial strainsa

Strain Sex Markers used in this Other markers Source or derivationstudy
JM1 F- thr-1 leu-6proA2 his-4 argE3 galK2 (2)

lacYI str-31
JM12 F- tif-1 thr-1 leu-6proA2 his-4 argE3 galK2 (2)

lacYl str-31
GC579 F- sfiAII thr-1 leu-6proA2 his-4 galK2 str-31 (9)
GC3217 F- tif-1 sfiAII thr-1 leu-6proA2 his-4 argE3galK2 (9)

str-31
GC713 F- sfiAll uvrA6 proA2 his-4 galK2 str-31 thr+ leu+ uvrA6 recombinant

of GC579 x Hfr GC651 (this
paper)

GC714 F- tif-1 sfiAll uvrA6 proA2 his-4 galK2 str-31 thr+ leu+ arg+ ilv+ uvrA6 re-
combinant of GC3217 x Hfr
GC651 (this paper)

GC651 Hfr uvrA6 his malB+ uvrA6 transductant of
Hfr G6 malBlOl, donor
AB1886 uvrA6 (16) (this pa-
per)

G6 Hfr malBlOl his M. Hofnung
AB2480 F- recA13 uvrA6 proA2 lacYl galK2 str-31 (15)
aJM1 is the AB1157 strain described by Howard-Flanders and Boyce (15). No allele number has been

attributed to the his mutation of Hfr G6 (M. Hofnung, personal communication; 14).

were centrifuged and suspended in M63 buffer at 1 x
10 to 2 x 10' cells per ml, irradiated or not as already
described (9), and further manipulated in dim light to
avoid photoreactivation. Various measurements were
carried out at 300C, depending upon the experiment.
(i) In survival experiments, diluted samples of the
cultures in M63 were plated on solid minimal medium,
EMM, or Oxoid semienriched medium. No differences
in the number of viable bacteria were observed with
the different media. (ii) In his-4 to His' mutagenesis
experiments, the same medium was systematically
used to measure both survival (plating of diluted sam-
ples) and mutagenesis (plating of undiluted samples).
Either of the two following media was routinely used
with similar results: (1) solid minimal medium with a
growth-limiting concentration of histidine (0.8 itg/ml;
9), or (2) Oxoid semienriched medium without extra
addition of histidine. On both media, His- bacteria are
able to grow into small although clearly distinguish-
able colonies, and His' revertants grow into big colo-
nies.

RESULTS
tif-stimulated repair of UV-irradiated A

in tif sfi bacteria. As already reported (2), an
increase in repair of UV-A occurs at 300C in a tif
host cell previously grown at 410C, as it occurs
in UV-irradiated bacteria (30). This reactivation
ofUV-A, whether tiforUV induced, is associated
with mutagenesis (2, 30). The availability of tif
sfi double mutants, in which sfi specifically sup-
presses tif-mediated inhibition of cell division
and restores cell viability (9), allowed us here to
optimize the experimental conditions for repair
of UV-A.

Figure 1 shows that the capacity to reproduce

unirradiated phage A (Ao) in tif sfiA was almost
unaffected after a 3-h growth period at 410C,
whereas in tif sfiA+ cells under the same condi-
tions this capacity fell rapidly after 1 h. More-
over, the reactivation factor (see inset, Fig. 1)
reached a higher value (7 to 8) in tifsfiA than in
tifsfiA+ (3 to 4). In the same experiment (and as
already reported; 2), the frequency of phage
mutagenesis, measured by the appearance of
clear-plaque mutants among the wild-type tur-
bid-plaque population, was five to eight times
higher in tif sfi than in tir sfi, the host cells
being incubated for 1 to 3 h at 410C before phage
infection (Table 2).
When A survival was measured as a function

of the UV dose given to the phage in tif sfiA or
tir sfiA bacteria grown for 90 min at 410C
before infection (Fig. 2), the ratio of survivals on
the two host strains was a constant value of
about 10. As also shown in Fig. 2, this repair
required de novo protein synthesis during the
90-min incubation at 410C.

tifsfi cells are better able to repair UV-A than
tif sfi+ cells. A direct stimulatory effect of sfi on
tif-mediated repair cannot be excluded; more
likely, sfi may act indirectly, by suppressing cell
filamentation and correlated general physiolog-
ical disorders which lead to noticeable cell death
within two generation times at 410C in tif sfi+
bacteria (9). Such physiological disorders may
also be responsible for the drop in the capacity
to reproduce unirradiated phage A (Fig. 1), and
they best account for the lower repair observed
in tif sfi+ cells compared to tif sfi.

J. BACTERIOL.
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Icubatfon at 410 (hos) UV irradiation was delivered after 90 min of
growth at 41°C.
The need for de novo protein synthesis was

*E~ checked for tif- stimulated bacterial repair. In
itifsffA//1 an experiment similar to the one in Fig. 4, chlor-

amphenicol was added to tif sfiA and tir sfiA
cultures during the incubation at 410C (Table

AI O 3). Incubation was permitted for 0, 45, or 90 min
before UV irradiation. Although both tir sfiA
and tif sfiA bacteria showed an increase in sur-

I ufsfwA/AU Ivival as a function of their incubation time in
chloramphenicol (as expected; 25; see also re-
view, reference 28), there was no preferential

9. \ increase of survival due to tif. In the same ex-
periment, tif-induced repair was clearly seen in

tJ4 _ 7. t- msfiA the absence of chloramphenicol. Thus, de novo

A'/X/V protein synthesis during incubation at 41°C is5f./sfiA/lAUV required for the tif-mediated bacterial repair to
le3

take place.
No increase in the frequency of His' mutants

among the tif sfiA survivors could be detected,
although under the same conditions an increase

cbatnat 41(hIa3) in survival was consistently observed after tifl xubatim at 41 (hows) expression (Fig. 3). This unexpected low recov-
ery of His' colonies among the tif-induced sur-FIG. 1. Number ofAinfective centers at 300Cafter vivors does not result from a plating artifact,

infection of JM12 tif or GC3217 tif sfiAll bacteria suchrs somes crowdi effe dpt arhigher
grown for various times at 41°C in EMM + adenine such as some crowdingeffect due to a hrgher
before adsorption. Phage A was irradiated (Auv) or number of surviving cells in tf sfiA compared to
not (,ko) with 180 Jm-2. For each incubation time, the tir sfiA for a given UV dose. Indeed, when in a
reactivation factor (see inset) was the normalized similar experiment the bacteria were concen-
value of the following ratio: number of infective cen-
ters with Auv/number of infective centers with A. 1

Finally, repair capacity in tif sfi bacteria
reached a plateau after 1 h at 410C (see inset,
Fig. 1). To explain this, several factors may be
limiting, such as (i) the number of lesions able
to be repaired by the error-prone repair en-
zyme(s) during phage A lytic cycle; (ii) the

w W M
amount of inducible component(s) due to their < 0 tf
rapid turnover (6, 32); (iii) the time during which
lesions may be available for repair. This latter I.
possibility of a short repair period after UV-A
infection is further supported by the observation sfiA(CM)
that UV-A causes lysis at the same time after
infection in SOS' and SOS- cells (1).
Demonstration of error-free excision-de-

pendent repair controlled by tif in tif sfi "
bacteria. As already pointed out, the tif sfi
bacteria can be grown for prolonged periods at
410C without decreased viability. Therefore, ._ . _.
these bacteria provide a good tool to demon- se is us
strate the occurrence of a tif-induced repair Uv dose tophage (JXm-2)
mechanism acting on the bacterial DNA itself,under..th sam codtin thtao FIG. 2. Survival curves at30°Cof WV-A on GC579under tne same coniations that allow maximal sfiAll or GC3217 tif sfiAll. The bacteria were incu-
error-prone phage repair. As shown in Fig. 3, a bated for 90 min at 41°C in EMM + adenine with or
significant increase in survival was observed in without chloramphenicol (CM) before phage adsorp-
tif sfiA as compared to tir sfiA bacteria when tion.

VOL. 143, 1980
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TABLE 2. Frequency of clear-plaque mutants at
30°C among the progeny of UV-A after various times

of tif expression at 41°C in EMM + adeninea
Genotype of Frequency after incubation for:
bacterial

host 0 min 60 min 180 min

tir sfiA + 2.5 x 1o-4 2.9 x 1o-4 2 x 10-4
tif sfiA + 3.5 X 1O-4 16 x 1O-4 9.5 X 10-4
tif sfiAI I 4.5 x 1o-4 14 X 1o-4 15.5 x 10-4
a The phage was irradiated with 180 J m-2 before

infection, corresponding to a survival of 3 x 10-3 on
tir sfi+ control. The strains used were JM1 tir sfi,+
JM12 tif sfi,+ and GC3217 tif sfiAll. For each point,
50 plates with 1,500 to 2,000 turbid plaques per plate
were screened for clear-plaque mutants.

trated 10 times before plating, the number of
His+ revertants also increased 10 times with
more than 1,000 mutants per plate.
This low fraction of mutants cannot be ex-

plained by an inability of our GC3217 tif sfiAll
strain to mutate towards His' as shown by the
following results: (i) the tifsfiA strain as the tir
sfiA+ control remained normally UV mutable
(Fig. 3); (ii) the tif-mediated mutator effect has
been demonstrated in this strain (9); and finally
(iii) at low UV doses ranging from 1 to 8 J m2,
tif caused a three- to four-fold enhancement of
UV mutability in tifsfiA (see inset, Fig. 3). Such
a result has already been reported by Witkin
(32) in E. coli B/r tif, although her level of tif-
mediated stimulation of mutagenesis is higher
than ours.
This unexpected observation of tif-mediated

error-free bacterial repair encouraged us to ex-
amine its occurrence in excision-defective tifsfiA
uvrA bacteria. Two main conclusions can be
drawn from the experiment presented in Fig. 5.

First, the tif mutation clearly sensitizes the
uvrA strains to UV irradiation. This sensitiza-
tion was observed even under growth conditions
allowing little or no expression of tif (2; 30°C,
Luria broth rich medium) and did not depend
on the presence of the sfiA mutation. All repair
processes in excision-deficient cells are recA+
dependent (15); a possible explanation of the
increased UV sensitivity in the tif uvrA strain
could be that the presence of the thermosensi-
tive missense tifmutation in the recA gene may
render the recA (tif) product less efficient.

Second, there was no longer any stimulation
of repair through tif expression in tif sfiA uvrA,
either at low (0.5 to 1.5 J m-2) or high (up to 5
J m-2) UV doses.
This absence of tif-mediated repair in a uvrA

derivative does not result from a deficient tif
expression in this strain, as shown by the follow-
ing observations: (i) it still exhibited an enhance-
ment of UV mutability at low doses (0.25 to 1.5

J m-v; see inset, Fig. 5), and moreover, the factor
of enhancement of UV mutability due to tif
expression was higher in uvrA (4 to 7) than in
uvrr strains (2 to 3; see inset, Fig. 3); (ii) the tif
mutator effect was still detectable in this strain;
and finally (iii) A lysogenic derivatives of tifsfiA
uvrA stifl induced the prophage at 41°C, like the
corresponding uvrA' controls.

Finally, in several experiments similar to the
one reported in Fig. 5, the frequency of His'
revertants was compared in the tif sfiA uvrA
and sfiA uvrA strains, with or without a growth
period at 41°C plus adenine before irradiation
with various high UV doses (2 to 10 J m-2). No
significant difference in the frequency of His'
mutants was found between the two strains
(data not shown), thus confirming that in our K-
12 uvrA derivatives there is no tif-mediated ther-
mal enhancement of mutability at high UV
doses, as already reported by Witkin in B/r tif
uvrA (31).

DISCUSSION
In this paper we have further investigated the

tif-mediated effect on DNA repair, using tif sfi
double mutants. The sfi mutation specifically
suppresses tif-induced cell filamentation and re-
stores normal cell division and viability (9), al-

Uv dose (JXm-2)

I
I

I

FIG. 3. UV survival curves at 30°C of GC579
sfiAI I and GC3217 tifsfiA1 and associated recovery
of His' revertants. Growth conditions (temperature,
medium) during the 90 min before UVirradiation are
indicated on the curves. Ade, Adenine. The inset
shows the frequency ofinduced His' revertants in the
same experiment as a function of low UV doses.

J. BACTERIOL.
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tif-STIMULATED DNA REPAIR 707

lowing the repair properties to be analyzed con-

veniently after many generations at 41°C. (Cell
death normally begins after 40 to 60 min of tif
expression at 410C in tif sfi+ cells.)

tifexpression is already known to enhance the
survival of UV-A (2). This reactivation process,
previously reported in a tif sfi+ strain, was fur-
ther studied here in a tif sfi double mutant. We
found that the absence of cell filamentation cor-
relates both with a constant plating efficiency of
unirradiated phage A during prolonged tif
expression and with an increased reactivation
factor (7 to 8 instead of 2 to 4; this paper and
reference 2). The value ofthis reactivation factor
reaches a plateau after about 1 h of tif expres-
sion, in contrast to what happens in tif sfi+
bacteria, in which a decrease is observed (this
paper and reference 2). Finally, we further con-
firmed the identity of this tif-stimulated reacti-
vation process with the well known Weigle or

UV reactivation (30) by showing that (i) it is
associated with an increased level of mutagene-
sis (see also reference 2) and (ii) it is dependent
upon de novo protein synthesis.

10tL sf A

'6-~~~~ ~ ~ ~ ~ ~~~~~~~~-

/ <.

Incubation time (min) at 41 before u
irradiation

FIG. 4. Effect ofvarious tifexpression times on the
survival of UV-irradiated bacteria at 30°C. The bac-
teria were grown at 41°C before UV irradiation. The
UV dose delivered was 80 J m-2, giving a survival of
2.8 x 10-2 and 2.4 x 10-2, respectively, with GC579
sfiAI I (0) and GC3217 tifsfiAI I (0, 0) at time 0. The
reactivation factor was calculated as follows: number
of survivors after a given incubation time at 41°C/
number of survivors without incubation at 41°C. The
presence of adenine (Ade) or hadacidine + cytidine
+ guanosine (HCG) at 41°C is indicated on the curves.

TABLE 3. Effect of chloramphenicol on tif-induced
error-free and excision-dependent repair of

bacterial DNA'
Ratio of bacterial survivals

Incubation (medium conditions at 41°C before UV
time at 41°C irradiation)
before UV
irradiation tifsfi (A)/tif tifsfi (A)/ tif sfi (A,

(min) sfi (H, C, G) tir' sfi (A) CM)/tif'
sfi (A, CM)

0 0.9 1 1.1
45 4.7 5.1 0.5
90 44 15 0.7

a The bacteria were grown in EMM at 410C under
various conditions (A, adenine; H, hadacidine; C, cy-
tidine; G, guanosine; CM, chloramphenicol) for 0, 45,
or 90 min; then, they were irradiated with 80 J m-2,
corresponding to a survival of 2 x 102 on tir sfi at
time 0. Survival was measured at 30°C on solid EMM
medium. The strains used were GC579 sfiAll and
GC3217 tif sfiAll.

Under experimental conditions allowing max-
imal enhancement of repair of UV-A, we de-
tected a substantial increase of survival of UV-
irradiated bacteria. It must be pointed out that
this "bacterial reactivation" only took place
when tifhad been expressed (for at least 90 min)
before UV irradiation. When tif was expressed
for 2 h or even for the entire incubation period
(i.e., 48 h) on plates after UV irradiation, no
significant difference in survival was found be-
tween tif sfi, tir sfi, and tir sfi+ (unpublished
data). These observations seem to indicate that
the preexistence of some tif-induced SOS repair
component at the time of UV irradiation may
give a decisive advantage to the irradiated bac-
teria. In an attempt to explain this observation,
we suggest that the recA product itself, which is
known to be induced and accumulated in tifcells
at 410C (12, 13) and to limit in vivo DNA break-
down (27), may contribute to the amount of
extra repair observed. The same explanation can
be applied to the fact that pre-irradiation with
UV light causes a subsequent increase in sur-
vival after -y-ray irradiation (21); in this case, this
"UV-stimulated" bacterial reactivation after y-
irradiation has been correlated (i) with an in-
creased repair of single-strand breaks (29) and
(ii) with a lower level of DNA degradation (22).
This bacterial reactivation process has further

been found (i) to be dependent upon de novo
protein synthesis, (ii) not to be associated with
mutagenesis, and (iii) to take place only in an
excision-proficient uvrA' cell.
The error-free character of this inducible re-

pair mechanism contrasts strikingly with the
previously described tif-mediated error-prone
phenomena related to DNA repair, namely (i)
the reactivation of UV-X, (ii) the enhanced abil-

VOL. 143, 1980
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I
.2

Uv dose (JXm-2)
3 5

FIG. 5. UV survival curves at 30°C of GC713
sfiAll uvrA6 and GC714 tif sfiAll uvrA6. Growth
conditions (temperature, medium) during the 90 min
before UV irradiation are indicated on the curves.

The inset shows the frequency of induced His' mu-

tants in the same experiment as a function of low UV
doses.

ity to mutagenize normally replicating bacterial
DNA (9), and (iii) the enhanced ability to mu-

tagenize slightly UV-irradiated bacterial DNA
(31, 32; this paper). Our observations show the
induction in a tifcell at 41°C of both error-prone
repair and error-free, excision-dependent repair.
The latter, error-free repair may work either

at the prereplicative or the postreplicative level
(or both). On the one hand, an effect at the
prereplicative level may be indicated by the need
for uvrA' function, known to be involved in the
first, incision step of pyrimidine dimer excision
(before the passage of the replication fork), and
to be an error-free mechanism (16; for a review,
see reference 33). As already speculated above,
the accumulation of recA product at 41°C in tif
cells may protect the lesions from degradation
and therefore allow a higher level of excision.
Comparative studies of excision rates of pyrim-

J. BACTERIOL.

idine dimers in tif sfi and tir sfi after tifexpres-
sion should permit a direct test of this hypoth-
esis.
On the other hand, the error-free repair mech-

anism may take place after the dimers have been
replicated. This is not unlikely, since at least two
independent observations suggest the involve-
ment ofa uvr excision function in postreplication
repair. The first observation shows that the uvr
excision function is required for residual postrep-
lication repair in recF mutants (24). The second
observation comes from studies with the ther-
mosensitive tsl mutation (20). This mutation,
probably located within the lexA gene, causes
(unlike tif) the induction of only certain aspects
of the SOS response (20): among these, en-
hanced protein X synthesis (10). In combination
with the unusual missense recAl mutation,
which apparently retains some repair activity of
the recA+ protein, tsl causes the accumulation
of an altered, recAl-modified protein X (10, 18).
This accumulation in tsl recAl versus tsl+ recAI
has been correlated with (i) an increased UV
resistance (8), (ii) an enhanced capacity to per-
form postreplication repair (8), and (iii) an error-
free repair process acting on UV-X (19); all three
phenomena were found to be uvrA' dependent
(8, 19). Besides again implicating the uvr exci-
sion function in postreplication repair, these
data further suggest that the tsl-stimulated
uvr'-dependent repair in the recAl background
and the tif-stimulated uvr'-dependent repair re-
ported in this paper may be identical.
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