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We isolated a new recF mutant of Escherichia coli K-12 by insertion of transposon Tn5 into the recF gene.
This recF400::Tn5 allele displayed the same phenotypic characteristics as the classic recF143 mutation. By
using Mu d(Ap lac) fusions, the induction of nine SOS genes, including recA, uvrA, umuC, dinA, dinB, dinD,
dinF, recN, and sulA, by UV irradiation and nalidixic acid was examined. Induction of eight genes by the two
agents was impaired by recF400::Tn5 to different extents. The ninth fused SOS gene, dinF, was no longer
inducible by UV when combined with recF400::Tn5. The generally imapaired SOS response in recF strains did
not result from weak induction of recA protein synthesis, since a recA operator-constitutive mutation did not
alleviate the inhibitory effect of the recF mutation. The results suggest that recF plays a regulatory role in the
SOS response. It is proposed that this role is to optimize the signal usage by recA protein to become a protease.

In Escherichia coli, a set of genes is coordinately ex-
pressed when the cells are exposed to agents that damage
DNA or block replication (e.g., UV irradiation, mitomycin
C, nalidixic acid). Several of these damage-inducible genes
have been shown to improve cellular survival by providing
increased repair capacity and by transiently retarding cell
division (44). Accordingly, these genes have been termed
SOS genes. Based on a huge body of genetic and biochem-
ical data (28, 45), it is generally assumed that the SOS
response is regulated by the recA and lexA proteins. The
lexA protein is the common repressor of the SOS genes.
After DNA has been damaged, a signal is generated which
reversibly activates recA protein to become a specific pro-
tease cleaving lexA protein and thereby derepressing the
SOS genes. The lexA and recA genes are themselves regu-
lated by the lexA repressor.

The SOS-inducing signal has not yet been identified in
vivo, but in vitro recA protein is activated by single-stranded
polynucleotides and nucleoside triphosphates (15). Depend-
ing on the SOS-inducing agent, certain gene functions appear
to be necessary for derepression of the recA gene, which has
been most intensively studied as a typical SOS gene (6, 11,
21, 23, 33, 38). The recBC genes were shown to be required
for induction of recA protein synthesis by nalidixic acid but
not by UV irradiation, whereas a recF mutation impaired
efficient induction by UV but not by nalidixic acid. This has
led to the proposal that the recF and recBC genes function in
different pathways for the generation of an SOS signal(s) that
eventually activates the recA protease: recBC in a pathway
active after nalidixic acid treatment and recF in the signal
production from UV-damaged DNA (33). Support for this
proposal came from the observation that in recF strains the
UV induction of prophage A was retarded and the cleavage
of A prophage repressor was impaired (2, 13, 36). The
observed effects of recF and recBC mutations on SOS
induction were initially confined to the induction and expres-
sion of the recA gene, and thus the signal pathway hypothe-
sis was only tentatively applied to the whole SOS system
(28, 33).
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The recF gene has a key function in the recF pathway of
genetic recombination (22), which is itself regulated in at
least some of its components by the recA-lexA circuitry (1,
30). recF is also involved in DNA repair, which may proceed
via recombination processes (19, 22, 37). Recently it was
hypothesized that the recF gene might have a regulatory
function in the recF pathway of recombination by determin-
ing the expression of recF pathway genes (41). To establish
more definitely the influence of the recF gene on the induc-
tion of the SOS response, we isolated a transposon TnS
insertion in the recF gene and used this putative null allele to
examine its effect on the induction of nine SOS genes by UV
irradiation and nalidixic acid.

MATERIALS AND METHODS

~ Bacterial strains. The strains used are listed in Table 1.
The fusion strains have the lacZ gene fused to various SOS
genes by Mu d(Ap lac) (10). All transductions were done
with P1 kc. Since the original GW strains carried the recA441
mutation (25), which partially suppresses the phenotype of
recF mutants (43), these strains were made recA™. Alleles of
recA were cotransduced by using srlC300::Tnl0 as a marker
(16). The presence of the recA™ allele in these transductants
was monitored by the loss of thermoinducibility of lacZ and
by decreased survival in a recF genetic background (43). The
presence of the recA0281 allele was verified by an increase in
UV sensitivity (14). The recF400::Tn5 allele was transduced
by selecting for kanamycin resistance and screening for
increased UV sensitivity. The recB21 allele was cotrans-
duced with argA™ into strains made argA::Tnl0 by transduc-
tion (if necessary, strains were first transduced to argE*).
Strains made recB21 were identified by increased UV sensi-
tivity. The recN259::Mu d(Ap lac) fusion from strain SP194
(29) was transduced into the AB1157 genetic background
(having a pro-lac deletion) after selection of a spontaneous
temperature-resistant Mu d prophage in SP194 (9).

SOS induction. Strains were grown in M9-glucose minimal
medium at 30°C supplemented with the required amino acids
(50 p.g/ml each) and thiamine (0:1 pg/ml). Log-phase cultures
(108 cells per ml) were irradiated at room temperature with
UV light (germicidal lamp; Osram HNS10, ozone free) under
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TABLE 1. Bacterial strains

Source or reference?®

Strain Mu gl(:: (f nlac) Designation and relevant genotype
WASS4 W3550; recF400::Tn5
WA486 AB1157; A(pro-lac)XII1
WA411 JC10241; srl-300::Tnl0 recA*
WA484 JC11846; recAo281 srl-300::Tnl0 recF143
WA497 AFT228; argA::Tnl0
WA439 KL186; recB21
WA642 JC10990; recF332::Tn3
WA460 JC9239; recF143
WAS60 dinAl GW1010; recA441
WAS596 dinAl recA*

WAS68 dinAl recF400::Tn5
WA611 dinAl recB21

WA612 dinAl recB21 recF400::Tn5
WA472 dinBl GW1030; recA441
WAS79 dinBl1 recA*

WAS580 dinBl recF400::Tn5
WA442 dinD1 GW1040; recA441
WASS81 dinD1 recA*

WASS82 dinD1 recF400::Tn5
WA600 dinD1 recAo281

WA601 dinD1 recAo281 recF400::Tn5
WAS61 dinF1 GW1070; recA441
WAS590 dinFl1 recA*

WAS87 dinF1 recF400::Tn5
WASS1 uvrA215 GW1060; recA441
WA591 uvrA215 recA™

WAS89 uvrA215 recF400::Tn5
WAG613 uvrA215 recB21

WA614 uvrA215 recB21 recF400::Tn5
WASS2 umuC GW1104; recA441
WAS97 umuC recA”*

WAS88 umuC recF400::Tn5
WAS74 sulA GC4415; recA™
WAS78 sulA recF400::Tn5
WAS71 recA GC2241; (\precA™* cI857)
WAS77 recA recF400::Tn5
WA647 recA recB21

WA648 recA recB21 recF400::Tn5
WAS33 recN259 SP194

WA645 recN259 AB1157; A(pro-lac)XIII
WAG646 recN259 recF400::Tn5

This work

P. Howard-Flanders
16 ‘
A.J. Clark

A. Taylor

K. B. Low

A.J. Clark

A. ]. Clark

25

WAS60 X WA411
WAS96 X WAS54
WAS96 x X x WA439>
WA611 X WASS54

25
WA472 x WA411
WAS79 x WAS54

25

WA442 x WA411
WAS81 x WAS54
WA442 x WA484
WA600 x WAS54

25
WAS61 x WA411
WAS90 x WAS54

26

WASS51 X WA411
WAS91 X WASS54
WAS91 X X X WA439®
WA613 X WAS54

4
WAS52 X WA411
WAS97 x WAS54

R. d’Ari
WAS74 x WAS54

11

WAS71 x WAS54
WAS77 XX WA439®
WA647 x WAS54

29
WA486 x WAS33
WAG645 x WASS54

< Transductional crosses are described by stating the strain number of the recipient first and the strain number of the cells on which P1 was grown (donor)

second.

b Multiple-step transductions as described in Materials and Methods.

stirring and at a depth of less than 1 mm. Cells were induced
with nalidixic acid by adding a small sample of a concen-
trated solution (1 mg/ml; Sigma Chemical Co., St. Louis,
Mo.) to an M9 log-phase culture to give a final concentration
of 10 pg/ml. After the inducing treatments, aeration at 30°C
was continued.

Assay of B-galactosidase. Preparation of samples from a
culture and determination of B-galactosidase activity were
performed as described (24) except that the photometric
measurements were done at 29°C in a microcomputer-
assisted LKB Ultrospec 4050. This allowed determination of
the initial reaction Kinetics. Units of B-galactosidase were

expressed relative to the optical density at 600 nm (ODggo) of
a culture: AODyyo X 1,000/A¢ (min) per ODggo.

RESULTS

Isolation and characterization of recF400::Tn5. We chose
to isolate an insertion of Tn5 conferring kanamycin resist-
ance (Km") in recF to easily combine this recF allele with the
Mu d(Ap lac) fusions of SOS genes. Insertions of TnS into
the chromosome of strain W3550 sup* were obtained as
described previously (17). About 80,000 colonies resistant to
kanamycin were replica plated on complete medium contain-
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ing nitrofurantoin (5 pg/ml). Of 15 clones sensitive to nitro-
furantoin, 1 displayed a UV sensitivity similar to that of a
recF143 single mutant. The insertional mutation of this strain
was localized by a series of transductions with Km" as the
marker (Fig. 1). The low cotransduction frequencies of Km®
with ilv and pyrE and the high cotransduction frequencies
with dnaA and tnaA are consistent with a Tn5 insertion in
recF (3, 22). The Km" and UV sensitivity were génerally
cotransduced close to 100%, indicating that translocation of
TnS in the course of transduction is a rare event. When the
insertion was transferred into strain AB1157, the resulting
mutant showed the same UV sensitivity as a recF143 single
mutant (data riot shown) (22). The insertion was also
transduced into JC7623 recB21 recC22 sbcB15, in which the
recF pathway of recombination and repair is operative. The
transductants (31 were tested) showed the extreme UV
sensitivity and recombination deficiency in conjugation ex-
periments of a recB21 recC22 sbcB15 recF143 mutant (data
not shown) (22). These results strongly suggested that the
Tn5 insertion was in fact in the recF gene, and the mutation
was thus termed recF400::Tn5. This notion was confirmed
by the results of a further transduction experiment. The
recF400::Tn5 allele was transferred into strain JC10990,
having a Tn3 insertion in the recF gene, making the cells
ampicillin resistant (5). The 96 Km" clones obtained had all
lost their resistance to ampicillin. This must have resulted
from replacement of the recF332::Tn3 allele with the
recF400::Tn5 allele. .

Induction of SOS operons in recF mutants. We used strains
with lacZ genes fused to different SOS operons by Mu d(Ap
lac) (10). The production of B-galactosidase in fusion strains
after treatments that provoke the SOS response is a rela-
tively precise measure of the derepression of SOS operons
and generally correlates well with measurements of specific
mRNA or protein synthesis if such data are available (23, 32,
38). For the purpose of this work, in which the relative
effects of secondary mutatiors (recF, recB, recAo) on the
induction of nine SOS operons were studied, lacZ fusions
appeared to be ideally suited. )

The UV dose for induction was adjusted to the sensitivity
of the strains to give survival rates generally between 0.1 and
0.01, although the efficiency of induction was rather inde-
pendent of the UV dose in the instances studied (two
examples are given in Fig. 2). Nalidixic acid at a concentra-
tion of 10 pg/ml was sufficient to block replication and to
induce the SOS response (41).

pyrE recF dnaA tnaA ilv
E— A N = v —
82 83 84

km'
(Tn5)

& V3

1.6% (2/131)

— 7.8 % (21/268)
P 98% (19/50)

4.7% (12/255) 88% (44/50)

FIG. 1. Phage P1 cotransduction frequencies for mapping of
recF400::Tn5. The ends of the arrows indicate the selected marker,
and the heads indicate the cotransduced marker. Numbers in
parentheses are the actual number of transductants analyzed.
Strains with pyrE and ilv were auxotrophs; strains with dnaA had
the temperature-sensitive allele dnaA46, eliminating colony forma-
tion at 42°C. The tnaA mutant had a tnaA::Tnl0 insertion; selection
for this marker was by tetracycline resistance. The location of these
genes is from Bachman (3).
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FIG. 2. Induction of B-galactosidase in fusion strains recA::Mu
d(Ap lac)/recA* recF400 {(a) and dinB1::Mu d(Ap lac) recF400 (b) by
different UV doses. Symbols (UV doses [J/m2)/cell survival [%]): (a)
A, 9/10%; @, 18/1%; O, 36/0.03%; x, 54/0.003%. (b) A, 9/10%; @,
271%; O, 54/0.02%.

The nine SOS operons were impaired in their inducibility
by the recF mutation to different extents (Fig. 3). Several
classes were tentatively distinguished. One class consisted
of dinA, dinB, sulA, and umuC. Induction by UV irradiation
or nalidixic acid was slightly reduced, i.e., the response was
somewhat delayed or the final extent of derepression was
lower. Another class included dinD, recA, and uvrA. Induc-
tion by both treatments was very clearly reduced, particu-
larly recA induction in response to UV. This latter observa-
tion is in accord with published data on the synthesis of recA
mRNA or protein (33, 38). The recF mutation reduced the
response to UV irradiation and nalidixic acid of all seven
SOS operons plus recN (see below). This would argue
against the assumption that recF is involved in only one
route of signal generation, namely the one active after UV
damage has occurred (33).

Interestingly, the Mu d-fused dinF gene was no longer
inducible by UV irradiation in a recF mutant, whereas
induction by nalidixic acid was still observed. In dinF::Mu
d/dinF* merodiploids, the UV induction of dinF was normal
(Table 2), indicating that dinF* is dominant. The presence of
F’134 did not affect the response of dinB and uvrA to UV
irradiation and nalidixic acid. This specific response to
SOS-inducing treatments is the first reported phenotype of
dinF. Apparently, the gene is required for its own UV
induction in a recF genetic background. The slightly higher
induction of dinF by nalidixic acid in the recF strain is
puzzling.

The ninth SOS gene studied, recN, was reported recently
to be uninducible by UV irradiation in a recF143 mutant (35).
We transferred the recN259::Mu d(Ap lac) allele from strain
SP194 into the AB1157 genetic background and observed a
clearly reduced but significant induction by UV irradiation
and nalidixic acid in the presence of recF400::Tn5. The UV
dose in our experiment was 3 J/m? for the double mutant
(corresponding to 1% stirvival), much less than the 20 J/m?
used previously (35) for this véry UV-sensitive strain. This
puts recN into one group with dinD, recA, and uvrA.

With the exception of umuC, the level of B-galactosidase
synthesis in uninduced cells was always higher in the pres-
ence of the recF400::Tn5 allele. This finding extends the
observation of increased recA protein synthesis in recF
mutants (23, 38) to a wide array of SOS genes. The reason
for this is not clear. One might speculate that the reduced
repair capacity of recF mutants results in a slight SOS
induction by persistence of spontaneous lesions.
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FIG. 3. Induction of B-galactosidase in Mu d(Ap lac) fusion
strains and their recF400 derivatives with UV (@) and nalidixic acid
(O). Uninduced controls (+) were included. The UV doses (J/m?)
were as follows (recF*/recF400): dinAl, 54/36; dinBl, 54/27; dinD1,
54/27; dinF1, 54/27; umuC, 36/18; uvrA215, 3/1.5; recA/A*, 54/18;
sulA, 54/18; recN259, 54/3.

Reduced SOS response in recF strains does not result from
low levels of recA protein synthesis. Since the induction of
recA protein synthesis by UV irradiation was reduced in a
recF mutant (Fig. 3) (11, 33), the low amount of recA protein
could account for the reduced induction of other SOS genes.
To test this possibility, an operator-constitutive recAo281
mutation (20) was crossed into the dinD fusion strain to
provide a high level of recA protein. The recAo281 mutation
did not alleviate the inhibitory effect of the recF400::Tn5
mutation on induction of dinD by UV irradiation and nali-
dixic acid (Fig. 4). From this result jt is concluded that the
poor induction of recA protein synthesis in a recF mutant is
not the cause of the limited SOS response. Rather, it appears
that this limited response results from an absolutely lower
level of recA protease than in wild-type cells, even when
recA protein is overproduced. Our results are consistent
with the recent finding that a recAo mutation does not affect
the pattern of induction of several SOS genes (32). The data
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are also consonant with the observation that a recAo muta-
tion does not suppress the block to UV mutagenesis of
$X174 and the decrease in cellular UV resistance caused by
recF143 (14).

Effect of a recB mutation, Mutations in recB or recC
abolish the induction of recA protein synthesis by nalidixic
acid but not by UV irradiation (6, 21). A recB2Il mutation
crossed into dinA and uvrA fusion strains abolished induc-
tion by nalidixic acid but left UV induction unaffected (Fig.
4). The additional presence of recF400::Tn5 did not decrease
the UV inducibility of both strains beyond the level observed
in the respective recB* recF strains (compare Fig. 3 and 4).
This shows that the recBC enzyme is required for the
induction by nalidixic acid of other SOS genes besides recA
and confirms that the recBC enzyme does not contribute
significantly to the SOS induction by UV (6, 33).

It has been reported that a recF mutation restores the
inducibility of recA protein synthesis by nalidixic acid in a
recB mutant (23). We cannot confirm this observation with
our strains. The results in Fig. 4 are in agreement with the
suggestion that the recBC enzyme is directly involved in the
signal generation in nalidixic acid-treated cells (12) and that
recF* generally improves the SOS response.

DISCUSSION

We isolated a TnS insertion mutation in the recF gene.
This recF400::Tn5 allele had the same phenotypic charac-
teristics as the classic recFI43 mutation: (i) it made an
otherwise wild-type cell moderately UV sensitive, (ii) it
caused high UV sensitivity of recB recC sbcB cells, and (iii)
it made such cells recombination deficient (22). This suggests
that recF activity is greatly or totally abolished by both
mutations.

The recF400::Tn5 allele affected the damage inducibility
of the recA gene and of the other eight SOS genes tested.
Generally, we observed reduced induction by both agents
used, UV light and nalidixic acid, although the extent of
reduction was different for the various genes. UV light and
nalidixic acid have been assumed to trigger the SOS re-

TABLE 2. B-Galactosidase expression in Mu d(Ap lac) fusion
strains and partial diploids®

B-Galactosidase activity (U/ODsggo)
4 h after induction

Strain
Uninduced UV (J/m?)  Nalidixic acid

dinF1::Mu d(Ap lac)

-t 10 68 (54) 39

F'134 8 58 (54) 38

recF400 14 15 (18) 54

F'134 recF400 8 58 (18) 29
dinB1::Mu d(Ap lac)

— 5 57 (54) 50

F'134 8 63 (54) 54

recF400 10 372D 40

F'134 recF400 S 31 (18) 27
uvrA215::Mu d(Ap lac)

— 30 190 (3) 92

F'134 35 168 (54) 93

recF400 40 80 (1.5) 65

F'134 recF400 24 85 (18) 53

@ Partial diploids carry F'134 (31), which covers the auxotrophic markers
argE thi thr leu of the fusion strains and genes dinF1::Mu d(Ap lac) and
uvrA215::Mu d(Ap lac), but not dinBI::Mu d(Ap lac).

b recF*, no F'134.
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FIG. 4. Effect of a recAo281 mutation and a recB2] mutation on
the induction of B-galactosidase in Mu d(Ap lac) fusion strains and
their recF400 derivatives. Induction was by UV (@), nalidixic acid
(O), or uninduced (+). The UV doses (J/m?) were as - follows
(recF*/recF400): dinDl recAo281, 54/18; dinAl recB21, 18/1;
uvrA215 recB21, 1.25/0.1; recA/A™* recB21, 9/1.

sponse via different pathways for the generation of the
recA-activating signal, and recF was proposed to act specif-
ically in the signal pathway after UV irradiation (33). Our
data indicate that recF has a more general function in the
signal metabolism. We assume that this function is confined
to optimization of the induction process, since the recF
mutation did not completely block SOS induction. We
propose that the recF protein is required for maximum use of
the SOS signal (produced in cells treated with UV, nalidixic
acid, or mitomycin C; unpublished data) by recA protein to
become a protease. It is conceivable that a physical interac-
tion between recF protein and recA protein is necessary for
optimal signal use by recA protein. Close interaction be-
tween recA and recF proteins was suggested by the recent
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findings that certain mutations in recA (recA441 and srfA [42,
43]) partly suppress the need for recF for recovery from UV
damage and genetic recombination.

Repair of UV damage and recombination during conjuga-
tion involve gene functions of the SOS regulon (e.g., uvrA,
uvrB, recN, and ruv [18, 26, 29, 39]). Thus, the repair-
deficient phenotype of recF mutants could be at least partly
explained by inefficient induction of the SOS system. In
support of this view we have shown (manuscript in prepara-
tion) that the recF-impaired induction of a damage-inducible
gene in a recBC sbcB strain correlates with the reduced
repair capacity of the cells. Clearly our experiments (Fig. 4)
and the results of others (14, 32, 40) exclude the possibility
that the limited induction of recA protein synthesis in recF
mutants was the only cause of incomplete derepression of
the other SOS genes. The requirement of recF protein for
maximum recA protein activation is also consistent with the
previous notion (40), based on studies of repair and recom-
bination in strains overproducing lexA repressor, that the
recF gene functions in reducing the level of lexA repressor in
the cells.

The recF gene is essential for genetic recombination in
recBC sbcB mutants (22), and this recombination depends on
gene functions that are inducible by DNA damage (1, 30).
The data presented here give no answer to the question of
whether recF functions in the recF pathway of recombina-
tion solely by optimizing derepression of the required genes.
This possibility was suggested by the defect in recombina-
tional postreplicative repair that was observed (19) in recF as
well as in lexA3 mutants (the latter mutation makes the SOS
system uninducible). However, our finding (manuscript in
preparation) that derepression of the SOS system by a
lexA51 mutation (34) in a recBC sbcB recF strain does not
restore recombination proficiency strongly argues for a
separate role of recF in genetic recombination.

The different SOS genes studied here were impaired to
various extents in their induction. Provided that the respec-
tive gene function is not itself involved in a step of the
inducing process (the recA* function was supplied in the
recA fusion strains by an extra copy of the wild-type allele;
dinF will not be considered) and provided that the assump-
tion of recF-mediated maximum signal use by recA protein is
correct, then the level of reduction of SOS induction in the
recF mutants would reflect the lexA protein operator affinity
of the individual operons. Operons more severely affected
would require more extensive recA protein activation (and
therefore lower lexA concentrations) for their derepression.
Accordingly, recA and dinD, but possibly also uvrA and
recN, would have strong operators and dinA, dinB, sulA,
and umuDC less strong operators. Physical binding studies
have shown that the recA operator binds lexA protein more
strongly than the uvrB, lexA, and sulA operators (7, 8), and
genetic studies indicated a weaker binding of lexA protein to
operators of dinA, dinB, umuDC, and uvrA than to dinD
(27). Thus, these data, although limited at present, show
some convincing congruency. It must be taken into account,
however, that derepression kinetics monitored by pB-galacto-
sidase synthesis are an indirect measure which encompasses
perhaps unknown fine-tuning processes and the influence of
promoter strength on the induced gene expression.

The absence of dinF induction by UV irradiation in a recF
mutant demonstrates for the first time a phenotype of dinF.
It suggests that dinF is either involved in the generation of
the SOS-inducing signal after UV irradiation or has a func-
tion similar to recF but limited to UV induction. Further
work on the physiological effects of a dinF mutation on SOS
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induction is required, particularly in the view that dinF may
be downstream of lexA in the same operon (27).
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