
Vol. 173, No. 22JOURNAL OF BACTERIOLOGY, Nov. 1991, p. 7345-7350
0021-9193/91/227345-06$02.00/0
Copyright © 1991, American Society for Microbiology

One-Step Cloning System for Isolation of Bacterial lexA-Like Genes
SEBASTIAN CALERO, XAVIER GARRIGA, AND JORDI BARBE*
Department of Genetics and Microbiology, Autonomous University of

Barcelona, 08193 Bellaterra, Barcelona, Spain
Received 19 June 1991/Accepted 17 September 1991

A system to isolate lexA-like genes of bacteria directly was developed. It is based upon the fact that the
presence of a lexA(Def) mutation is lethal to SulA+ cells of Escherichia coli. This system is composed of a SulA-
LexA(Def) HsdR- strain and a lexA-conditional killer vector (plasmid pUA165) carrying the wild-type sulA
gene of E. coli and a polylinker in which foreign DNA may be inserted. By using this method, the lexA-like
genes of Salmonella typhimunium, Erwinia carotovora, Pseudomonas aeruginosa, and P. putida were cloned. We
also found that the LexA repressor of S. typhimurium presented the highest affinity for the SOS boxes of E. coli
in vivo, whereas the LexA protein of P. aeruginosa had the lowest. Likewise, all of these LexA repressors were
cleaved by the activated RecA protein of E. coli after DNA damage. Furthermore, under high-stringency
conditions, the lexA gene of E. coli hybridized with the lexA genes of S. typhimurium and E. carotovora but not
with those of P. aeruginosa and P. putida.

In Escherichia coli, treatments which damage DNA or
block DNA replication produce coordinate induction of a set
of at least 18 genes called the SOS network, or the SOS
response, of which the products directly repair DNA or
allow the cell to tolerate the DNA lesion until the repair may
be accomplished (20, 35). Biochemical and genetic data have
shown that the SOS response is controlled by the RecA and
LexA proteins. LexA protein is the common repressor of the
SOS genes, which include both lexA and recA. The basal
RecA protein is reversibly activated by an inducing signal
after DNA damage. The characteristics of this inducing
signal are unknown, although it has been proposed that it
consists of single-stranded DNA regions resulting from
inhibition of DNA replication (7, 30). Activated RecA pro-
tein has apoprotease activity which, with the help of the Ssb
protein (17, 36), facilitates autocatalytic cleavage of the
LexA repressor (7, 18, 19), resulting in expression of the
SOS genes. After DNA repair, the RecA protein is no longer
activated and the level of the LexA protein increases, again
repressing the SOS genes.
The existence of similar DNA damage-inducible responses

in other bacterial species has been widely reported (25).
Thus, and by interspecies functional complementation of E.
coli recA mutations, the recA genes of many species of
eubacteria, such as Erwinia carotovora (15), Pseudomonas
aeruginosa (16), Rhizobium meliloti (4), and Agrobacterium
tumefaciens (23), among others, have recently been cloned.
Bacterial recA-like genes may easily be isolated directly by
using the resistance to DNA damage that a plasmid harbor-
ing the heterologous recA gene confers on recA mutants of
E. coli. Therefore, construction of a plasmid-genomic library
of a given bacterium, introduction of recombinant plasmids
in an E. coli RecA- strain, and plating in ethyl methanesul-
fonate- or methyl methanesulfonate-supplemented plates are
all that is required to obtain recA-like genes. Comparison of
all of the known sequences of different recA genes reveals
that their divergences seem to be confined to position 3 of
codons, giving rise to significant conservation of amino acid
sequences (25).. Furthermore, in every species of prokary-
otes with which an exhaustive investigation has been carried
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out, recA gene analogs with important similar biological and
physical properties have been identified.
The question of whether a LexA repressor also exists in

species and genera containing recA-like genes is not clear in
all cases. The DNA sequences of some recA-analogous
genes show possible LexA-binding sites, but others do not
(25). In this respect, and by employing a broad-range host
plasmid containing a fusion of both the recA and lacZ genes
of E. coli, we have recently shown that the LexA-binding
site is present in many bacterial species (9). To determine
whether or not the LexA repressor is present in several
bacteria, it is necessary to isolate lexA-like genes. Neverthe-
less, and because the lexA gene has a negative regulatory
role in the SOS pathway, no method for direct cloning of
bacterial lexA genes has been developed. Furthermore, the
lack of homology between the recA gene of E. coli and other
recA genes (4, 23) suggests that lexA DNA probes cannot be
used to obtain lexA-like genes from genomic libraries.

In this report, we present a one-step cloning system for
direct isolation of lexA-like genes. It enabled us to obtain the
lexA genes of S. typhimurium, E. carotovora, P. aeruginosa,
and P. putida.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The
bacterial strains and plasmids used in this work are listed in
Table 1. To obtain strain UA4793 [LexA(Def) SulA-
HsdR-], the lexA(Def) allele was introduced into strain
UA4567, which is an HsdR- mutant containing a sulA::
MudlAmplac fusion, by using a lexA71::Tn5 P1 donor
strain. The UA4793 strain was then made RecA- by P1-
mediated transduction of the ArecA306 mutation by using a
ArecA306 srl: :TnJO strain as the donor. This gave rise to the
UA4794 strain.

All of the strains, except temperature-sensitive mutants
which were at 30°C, were normally grown at 37°C in LB rich
medium (24) or AB minimal medium (6) supplemented with
glucose (0.2%, wt/vol) or Casamino Acids (0.4%, wt/vol).

Plasmid constructions. The strategy developed to obtain
plasmid pUA165 is shown in Fig. 1. Plasmid pUA94 was
digested with BamHI, and the 1.78-kb fragment carrying
both the sulA and the ompA genes was cloned into the BglII
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TABLE 1. Bacterial strains and plasmids used in this work

Strain or plasmid Relevant characteristic(s) Source or reference

E. coli strains
AB1157 recA+ lexA+ This laboratory
MC1061 recA+ hsdR This labortory
UA4567 Same as MC1061 but sulA::IacZ 37
SC30sp lexA71::Tn5 21
EST1450 ArecA306 srl::TnlO 34
JL2301 lexA300(Del) recA+ sulA::IacZ 12
DM986 lexA41 27
DH5a recAl hsdRI7 gyrA This laboratory
UA4793 Same as UA4567 but lexA71::Tn5 P1, SC30sp x UA4567
UA4794 Same as UA4793 but ArecA306 srl::TnIO P1, EST1450 x UA4793

S. typhimurium LT2 Wild type This laboratory
E. carotovora ATCC 15713 Wild type F. Uruburu
P. aeruginosa PAO Wild type M. Tsuda
P. putida mt-2 KT2440 Wild type K. Timmis

Plasmids
pCB267 Ampr Lac- PhoA-- 32
pPR292 Cmr Ampr 29
pACYC184 Tcr Cmr This laboratory
pRL538 Ampr 8
pHP45Ql Ampr spr; contains fQ interposon 28
pUA75 Same as pPR292 but harbors lexA gene of E. coli 11
pUA94 Same as pCB267 but harbors sulA and ompA genes of E. coli 10

site of the pCB267 plasmid to obtain pUA161. Plasmid
pUA162 was then built by insertion of a 1.8-kb BamHI-
HindIIl pUA161-derivative fragment between the BamHI
and HindIII sites of pACYC184. A 2.1-kb BglII fragment
containing the fl interposon flanked by a polylinker on each
side was inserted into the BamHI site of pUA162 to give
pUA163. This 2.1-kb BglII fragment had previously been
constructed by subcloning of the fl interposon from pHP45fQ
in the pRL538 plasmid (Fig. 1). Plasmid pUA163 was then
digested with BamHI and self-ligated to eliminate the inter-
poson, giving rise to pUA164. Finally, to delete the ompA
gene, pUA164 was digested with both ClaI and NdeI, and
after filling in of the ends, it was self-ligated and transformed
into E. coli DH5ot. pUA165 plasmid carries the sulA gene

and the polylinker shown in Fig. 1 and encodes chloram-
phenicol resistance. The LexA(Def) SulA- HsdR- recipient
strain which is required to obtain lexA-like genes is sensitive
to this antibiotic (Table 1).

Genetic and biochemical methods. Plvir transductions
were performed basically as described by Miller (24). When
transducing cells to kanamycin resistance (Kmr), we plated
the mixture of cells and phage on AB minimal glucose plates
containing kanamycin directly after infection. For transduc-
tion to tetracycline resistance (Tcr), the infected cells were

plated directly onto LB plates containing tetracycline. UV
irradiation and mitomycin C treatment were performed as

previously described (2, 11). The P-galactosidase assay was

performed as reported by Miller (24). Enzyme concentra-
tions (units per milliliter) were calculated from the formula
given by Casaregola et al. (5).
DNA manipulations. The plasmid gene bank of genomic

DNAs of E. coli AB1157, S. typhimurium LT2, E. caroto-
vora, P. aeruginosa PAO, and P. putida mt-2 was con-

structed by using the pUA165 vector (this work). Chromo-
somal DNA was obtained in all cases as previously reported
(1). Sau3AI partially digested donor DNA about 5 to 10 kb
long was purified by fractionation on a 10 to 40% sucrose

gradient as described by Sambrook et al. (1). The conditions
used for restriction endonuclease digestion, agarose gel
electrophoresis, and isolation and ligation ofDNA fragments
have been described elsewhere (31). Transformation of
genomic libraries into E. coli cells was performed by elec-
troporation using a Bio-Rad Gene Pulser as previously
described (26).

Southern hybridizations were performed as follows. Plas-
mid DNA was digested with a fivefold excess of the appro-
priate restriction enzyme. Digested DNA was electro-
phoresed in agarose gels (0.8%), denatured in situ, and
transferred to nitrocellulose as described by Sambrook et al.
(31). The DNA probe was labelled with digoxigenin-11-
dUTP by using the Boehringer Mannheim random-primer
system and following the supplier's instructions. Nitrocellu-
lose filters were hybridized from 22 to 42 h at 42°C in a
solution containing 50% formamide, 5 x SSPE (0.9 M NaCl,
5 mM EDTA, 50 mM NaPO4 [pH 7.7]), 500 ,ug of heat-
denatured calf thymus DNA per ml, and 0.3% sodium
dodecyl sulfate (SDS). The filters were washed at 68°C in 2 x
SSPE-0.1% SDS (60 min) and 0.lx SSPE-0.1% SDS (60
min). Detection of hybridized DNA was carried out as
recommended by the supplier of the labelling kit (Boehringer
Mannheim).

RESULTS

Rationale. In a SulA+ genetic background, lexA(Def)
mutations are lethal to E. coli. This is because expression of
the sulA gene is repressed by binding of the LexA protein to
the SOS box located in the sulA promoter (13). In the
absence of the LexA repressor, accumulation of the 18-kDa
SulA protein causes rapid cessation of cell division by
binding to the FtsZ protein (14). This inhibition of cell
division gives rise to long, nonseptate filaments, leading to
cell death (14). Therefore, we reasoned that when a plasmid
harboring the wild-type sulA gene of E. coli was introduced
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TABLE 2. Effects of lexA-like genes of several bacterial species
on the basal levels of transcription of the sulA gene

in two different LexA(Def) mutants of E. cola

Source of lexA gene Specific units of p-galactosidaseb
(plasmid) lexA300(Del) lexA7l::Tn5(Def)

None (pACYC184) 5,750 5,900
P. putida (pUA166) 650 690
E. carotovora (pUA167) 440 500
S. typhimurium (pUA168) 350 360
E. coli (pUA169) 230 215
P. aeruginosa (pUA170) 750 800

a Cells were grown in minimal AB medium supplemented with glucose and
Casamino Acids.

b All values were reproducible to within an error of ± 10%.
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FIG. 1. Construction of lexA-conditional killer vector pUA165.
Only the positions of the restriction sites relevant as landmarks to
plasmid construction are given. The directions of transcription of
several genes are indicated by the arrows. The restriction points
present in the polylinker of this plasmid are XhoI, NruI, HindIII,
SphI, PstIl, Sall, XbaI, BamHI, XbaI, Sall, PstI, SphI, HindIII,
NruI, and XhoI. Plasmid pUA165 is not cut by BglII, PvuI, StuI,
KpnI, SfiI, ClaI, NdeI, SmaI, or XmaI. The plasmids are not drawn
to scale.

by transformation into a LexA(Def) SulA- mutant it should
not be possible to detect transformants, since the cell
division should be constitutively inhibited by the plasmid-
codified wild-type SulA protein. On the other hand, by using
a plasmid containing both sulA and lexA genes it should
be possible to obtain transformants in a LexA(Def) SulA-
mutant. To corroborate this hypothesis, we verified that
whereas plasmid pUA165 (Fig. 1) yields transformants when
introduced into the UA4567 strain (SulA-), this is not the
case in either the UA4793 [SulA- LexA(Def)] or the UA4794
[SulA- LexA(Def) RecA-] strain (data not shown). On the

other hand, transformants in all three strains were detected
when a pUA165 derivative plasmid harboring the wild-type
lexA gene of E. coli was employed (data not shown). We
used killer vector pUA165 to isolate lexA-like genes of
several bacteria by using a LexA(Def) SulA- HsdR- mutant
as the recipient.

Isolation of lexA-like genes of S. typhimurium, E. carotovora,
P. aeruginosa, and P. putida. Two members of the family
Enterobacteriaceae (S. typhimurium and E. carotovora) and
two members of the family Pseudomonadaceae (P. aerugi-
nosa and P. putida) were chosen to clone the lexA-like genes
of bacteria different from E. coli. These species were se-
lected because they have a lexA-like gene capable of repress-
ing expression of the SOS genes of E. coli in vivo (9). In
addition, two of them are closely related to E. coli, whereas
the other two are not. Chromosomal DNAs from these
bacteria, as well as from E. coli AB1157 as a positive
control, were partially digested with Sau3AI, and fragments
in the range of 5 to 10 kb were purified and ligated to plasmid
pUA165, which had previously been digested with BamHI.
The ligation products were transformed by electroporation
in strain UA4794. Two kinds of clones were detected. One of
them presented a high basal level of expression of the
sulA::lacZ fusion contained in strain UA4794, whereas the
second showed lower expression of this fusion when plated
on 5-bromo4-chloro-3-indolyl-i-D-galactopyranoside plates.
Plasmid DNA isolation and restriction analysis of both kinds
of colonies showed that the first type was a spontaneous
deletion derivative of plasmid pUA165 lacking a fragment of
the sulA gene. The second kind contained a pUA165 plasmid
derivative carrying a heterologous fragment of DNA. From
these last clones, plasmids pUA166, pUA167, pUA168,
pUA169, and pUA170 harboring DNAs from P. putida (6.2
kb), E. carotovora (7.4 kb), S. typhimurium (8.3 kb), E. coli
(8.4 kb), and P. aeruginosa (6.2 kb), respectively, were
purified and used for further experiments.

Behavior of the lexA-like genes isolated. The above-men-
tioned plasmids were transformed in both the UA4793 and
JL2301 strains of E. coli to analyze their effects on the basal
level of sulA gene expression in two different LexA(Def)
backgrounds. The data obtained showed that in both the
lexA7J: :TnS and lexA300(Del) mutants, the presence of
recombinant plasmids gave rise to a dramatic decrease in
basal expression of the sulA gene (Table 2). The plasmid
carrying the lexA gene of S. typhimurium produced the
largest decrease in sulA gene transcription, and the lexA
gene of P. aeruginosa gave rise to the smallest decrease.
These data agree with previous results indicating that the
affinity for the SOS boxes of E. coli is higher for the LexA
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FIG. 2. Induction of a sulA-lacZ fusion in E. coli UA4793

(lexA71::Tn5 recA+) carrying the lexA gene of E. coli (O), S.
typhimurium LT2 (a), E. carotovora (0), P. aeruginosa (0), or P.
putida (A\) after treatment with mitomycin C at 40 sLg/ml. The
relative extent of gene induction for each strain is the ratio between
specific units of ,B-galactosidase of the mitomycin C-treated cells and
the specific enzyme units of the untreated cells. All values were
reproducible to within an error of -+-10%.

repressor of S. typhimurium than for that of P. aeruginosa in
vivo (9). Subsequently, a lexA41 mutant of E. coli was
transformed with all of these plasmids to confirm that the
lexA-like genes obtained were capable of suppressing any
lexA(Def) mutation. This mutant produces a partially defec-
tive LexA repressor which enables growth of the cells at
30°C but not at 42°C (27). The temperature sensitivity
phenotype of this strain was eliminated by the presence of all
of the lexA-like genes tested (data not shown).

All of these results indicated that the products of the
various lexA genes isolated were able to bind to the SOS
boxes of E. coli. Nevertheless, they provided no indication
of whether cleavage of these LexA repressors could be
promoted by the activated RecA protein of E. coli., For this
reason, mitomycin C-mediated induction of sulA gene
expression in the UA4793 strain containing these lexA-like
genes was analyzed. The data obtained show that in all cases
there was an increase in the expression of sulA::lacZ after
DNA damage (Fig. 2), indicating that all LexA repressors
may be hydrolyzed in RecA+ cells of E. coli. It is worth
noting that LexA proteins supporting the highest basal level
of the sulA::lacZ fusion (those of P. aeruginosa and P.
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FIG. 3. Survival of E. coli UA4793 (lexA7l::TnS recA+) carrying

the lexA gene of E. coli (A), S. typhimurium LT2 (U), E. carotovora
(A), P. aeruginosa (0), or P. putida (O) after UV irradiation at
different doses. The survival of strain UA4793 containing plasmid
pACYC184 with no lexA gene is also shown as a control (0). All
values were reproducible to within an error of ±10%.

putida) showed the lowest relative extents ofDNA damage-
mediated induction. This is probably due to the fact that the
more distantly related LexA repressors are less efficiently
hydrolyzed by the coprotease RecA of E. coli.

It is known that in E. coli, the presence of a multicopy
plasmid harboring the lexA gene enhances the sensitivity of
the cells to DNA damage as a consequence of stronger
repression of SOS genes, such as uvrABD, which directly
participate in DNA repair (33). We therefore studied the
behavior of all of the lexA-like genes isolated. Figure 3
shows that all of them caused UV sensitization of the
UA4793 strain. LexA repressors showing the highest affinity
for the SOS boxes of E. coli (S. typhimurium and E.
carotovora) also produced the highest radiosensitization.
These differences between the several lexA genes must be
attributed to the fact that the multicopy-mediated overre-
pression of SOS genes is stronger in closely E. coli-related
lexA-like genes (S. typhimurium and E. carotovora) than in
distantly related ones (P. aeruginosa and P. putida), as
shown in Table 2.

Finally, we used E. coli lexA gene DNA to determine

J. BACTERIOL.
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FIG. 4. Southern blot analysis of DNAs of plasmids pUA166,
pUA167, pUA168, pUA169, and pUA170 containing, respectively,
the lexA genes of P. putida, E. carotovora, S. typhimurium, E. coli,
and P. aeruginosa. Lanes: a, pUA166 digested with Hindlll; b,
pUA167 digested with PstI; c, pUA168 digested with XhoI; d,
pUA169 digested with HindIllI; e, pUA170 digested with HindIII.
The internal 538-bp HincII fragment of the lexA gene of E. coli
obtained from plasmid pUA75 was used as a probe. The quantity of
plasmid DNA applied in each lane was 100 ng.

whether there was homology with the isolated lexA genes.
The results obtained (Fig. 4) indicated that, as expected
under high-stringency conditions, the lexA genes of S. typhi-
murium and E. carotovora present homology with the E. coli
lexA gene. However, and according to the intensity of the
hybridization, the homology of S. typhimurium must be
higher than that of E. carotovora. On the other hand, the
lexA genes of both P. putida and P. aeruginosa did not show
hybridization with the lexA gene of E. coli (Fig. 4). These
data agree with previous results concerning the recA genes
of these bacteria. Thus, it has been shown that the nucleo-
tide sequence of the recA gene of E. carotovora is 78%
identical to that of E. coli recA (25), whereas the identity at
the DNA level between the P. aeruginosa and E. coli recA
genes is only 57% (25).

DISCUSSION

The aim of this study was to develop a system which
would allow direct isolation of bacterial lexA genes. For this
purpose, we constructed lexA-conditional killer vector
pUA165 carrying the wild-type sulA gene of E. coli and
a broad polylinker to insert heterologous DNA. When
pUA165 is introduced into a SulA- LexA(Def) mutant, cells
die with the exception of those containing a lexA-like gene
inserted into this plasmid. This method will be of great use in
cloning lexA genes different from that of E. coli. In fact, we
isolated this gene from two members of the family Entero-
bacteriaceae and two of the family Pseudomonadaceae;
these are the first bacterial lexA genes different from that of
E. coli which have been cloned. Our results also show that
all of the resulting LexA proteins can block expression of the
SOS genes of E. coli and may be cleaved by the activated
RecA protein of E. coli. LexA repressors of S. typhimurium
and E. carotovora seem to have a stronger affinity for the

SOS box of E. coli than do the LdkA repressor of P.
aeruginosa and P. putida, as shown by both the basal level
of sulA gene expressidti (Table 2) and multicopy lexA-
mediated radiosensitization (Fig. 3). These data agree with
previous findings on the regulation of expression of the recA
gene of E. coli in those bacterial species in vivo (9).

Isolation of lexA-like genes is important in that it will allow
us to analyze the conservation of the sequence of this gene in
several bacteria, as well as to know in which species it is
present. In this respect, studies of the sequences of several
lexA genes can provide many data concerning the several
domains of the LexA protein implied in both SOS box
interaction and RecA-mediated cleavage. In a similar way,
the comparison of sequences of several recA-like genes has
been very helpful in determining the several functional
domains of the RecA protein (25).
Other phenomena besides DNA repair have been associ-

ated with the SOS network. In the phytopathogenic bacte-
rium E. carotovora, for instance, synthesis of pectin- aly.e
and caratovoricin is induced by DNA damage in ReeeA'
strains but not in RecA- mutants (22, 38). Similarly, synthe-
ses of bacteriocins other than colicins are also induced by
DNA damage (3). In this field, it is known that many colicin
genes have a LexA-binding region in their respective pro-
moters (35), although there is no information about whlther
this region is also present in bacteriocin genes belong$hg to
another bacterial genus. Isolation of lexA genes of the
bacterial species involved in these unrelated DNA repair
processes may be useful for further study. In the same way,
by introducing inactivated lexA-like genes into the original
hosts, it will be possible to determine whether the relation-
ship between the SOS response and the sulA system is
limited to E. coli or is widespread. In summary, the possi-
bility of directly obtaining bacterial lexA genes by the
method reported in tIlS work may facilitate the evolutive
analysis of one of two ibgulatory genes of the SOS response,
as well as other SOS-related bacterial behaviors.
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