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Abstract. Bacteria respond to DNA damage by
mounting a coordinated cellular response, governed
by the RecA and LexA proteins. In Escherichia coli,
RecA stimulates cleavage of the LexA repressor,
inducing more than 40 genes that comprise the SOS
global regulatory network. The SOS response is
widespread among bacteria and exhibits considerable
variation in its composition and regulation. In some
well-characterised pathogens, induction of the SOS
response modulates the evolution and dissemination

of drug resistance, as well as synthesis, secretion and
dissemination of the virulence. In this review, we
discuss the structure of LexA protein, particularly
with respect to distinct conformations that enable
repression of SOS genes via specific DNA binding or
repressor cleavage during the response to DNA
damage. These may provide new starting points in
the battle against the emergence of bacterial patho-
gens and the spread of drug resistance among them.
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The SOS transcriptional response

Regulation of transcription initiation is a major
control point in bacterial gene expression. All RNA
is synthesised by a single multisubunit RNA polymer-
ase species [1] and regulation occurs by inhibiting or
stimulating the recognition of promoters by RNA
polymerase, thereby affecting the principal step in
transcription initiation. In prokaryotes, many differ-
ent molecules can enhance or reduce the stability of
initiation complexes [2].

Regulation of the expression of genetic material in
response to environmental change is essential for cell
survival, as is the maintenance of the structural and
functional integrity of the genome. The coordinated
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cellular response to DNA damage was first described
in detail in Escherichia coli [3], having been proposed
in the 1970s by Miroslav Radman [4] and named the
SOS response. This response requires lexA (locus for
X-ray sensitivity A [5]) and recA (recombinase A).
The SOS response induces the expression of a set of
genes in response to DNA damage, leading to the
arrest of cell division and induction of DNA repair and
prophages and concomitant mutagenesis [6]. The SOS
system is a programmed DNA repair regulatory
network, which results in mutations and genetic
exchange [7], presumably to facilitate bacterial evo-
lution in times of stress [8]. The SOS response in E.
coli can be induced by stalled replication forks,
unrepaired defects following recombination or chro-
mosome segregation, and DNA damage caused by
metabolic intermediates in well-fed [9] or starved cells
[10]. The response can be triggered by diverse
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Figure 1. Sequence of LexA
protein and its secondary struc-
tures. The DNA binding amino-
terminal domain (NTD) (in light
grey) consists of three a helices
(H1 to H3) and two f3 strands (B1
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Gly85 (which flank the peptide
bond that is cleaved by the cata-
lytic dyad). The triangles above
residues indicate positions of
substitutions that enhance (solid
symbols) or prevent (open sym-
bols) DNA binding [38, 39, 41].
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exogenous treatments that elicit DNA damage [11,
12]. For example, physical stresses such as high
pressure induce the response, by triggering the activity
of Mrr, a type IV restriction endonuclease [13].

The SOS system is controlled by the interplay of two
key regulatory proteins, a repressor and an inducer,
which alternate between on and off states [14]. LexA
protein is the repressor, which, during normal bacte-
rial growth downregulates its own expression and, in
E. coli, the expression of at least 43 unlinked genes [15,
16]. The RecA protein is the inducer, which, in
response to DNA damage, binds to single-stranded
DNA (ssDNA) to form a filament [17, 18]. The
ssDNA-RecA filament interacts with LexA and
activates a self-cleaving activity in LexA [14]. Upon
self-cleavage (between residues Ala84 and Gly85),
LexA dissociates from its DNA targets (SOS boxes),
causing the induction of the SOS regulon. Subse-
quently, as DNA damage is repaired, the coprotease
activity of the RecA filament disappears and this
allows functional LexA to re-accumulate and to bind
to target sites to prevent expression of the SOS genes
[12].

Induction of SOS gene expression is synchronized
with the DNA repair process [15, 19]. However, an
additional level of regulation beyond repression by
LexA exists, and the expression of SOS genes is not
simply induced until DNA damage is repaired and
then turned off. Thus, it was recently reported that the
E. coli SOS network is turned on in a pattern of
discrete activation pulses and the number of pulses,

T

170 180 The circles indicate positions of

substitutions in hypercleavable
LexA mutants (solid symbols)
or noncleavable mutants (open
symbols) [36, 37, 39, 40]. The
GenBank accession number is
J01643.

but not their amplitude, increases with the level of
DNA damage [19]. The UmuC and UmuD proteins
that are involved in translesion DNA synthesis, appear
to be key factors in maintaining this pattern, by
somehow modulating the activities of SOS gene
promoters [19, 20]. Other proteins also play a role in
regulating the SOS response. Hence, depending on the
nature of the DNA damage, the RecBCD or RecFOR
complexes facilitate RecA-filament assembly, and the
Dinl and RecX proteins respectively stabilise or
destabilise active RecA filaments [17].

The importance of the SOS response is underscored
by the fact that it is widespread among bacteria.
However, its components, and the mode of its
regulation, exhibit diversity among bacterial phyla
[21]. A lexA-like gene is present in all the Proteobac-
teria subclasses except for Epsilonproteobacteria [12].
Similarly lexA-like genes are found in Gram-positive
bacteria [12], green nonsulfur bacteria [22] and
Cyanobacteria [23]. The LexA regulons from E. coli
[15], Bacillus subtilis [24, 25], Pseudomonas aerugi-
nosa [26] and Staphylococcus aureus [27] have been
defined from genomic studies. In each case, the
regulon consists of at least 15 genes including recA,
lexA, and at least one error-prone DNA polymerase.
In several Pseudomonas and Xanthomonas bacterial
species, the lexA gene is duplicated [28]. The LexAl
product assures the conventional SOS response, whilst
LexA2 binds to a different DNA SOS box and
regulates the expression of two error-prone DNA
polymerases. In B. subtilis, the lexA-like gene dinR
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(damage-inducible gene) [29] controls a regulon of 63
genes [25]. Remarkably, only seven of these genes
have homologues in E. coli, illustrating the diversity of
SOS networks. For example, the B. subtilis SOS
response includes a cell-wall hydrolase necessary for
spore formation and dormancy [24, 30]. In all these
cases, LexA acts as a transcriptional repressor, block-
ing access of RNA polymerase to target promoters
[31, 32]. In contrast, in Rhodobacter sphaeroides [33]
and the Synechocystis sp. cyanobacterium [34], the
LexA paralogue can activate transcription.

Different regulatory circuits are controlled by the
lexA products in different bacteria, but the most
detailed studies have been conducted with E. coli.
Hence, this review focuses on the E. coli LexA
repressor. We outline how the LexA repressor dis-
cerns specific target DNA, operator sequences, and
how DNA damage induces the SOS response. We
discuss novel insights into the LexA biochemical
processes in the context of regulation and the induc-
tion of mutagenesis in bacteria.

E. coli LexA monomer

The E. coli lexA gene encodes a 202 amino acid
protein that folds into two structurally defined do-
mains, which are linked by a flexible "hinge’ region [35,
37] (Fig. 1). Intact LexA dimerises by the carboxy-
terminal domain (CTD) [37, 42], and binds to DNA
sequences via a helix-turn-helix in its amino-terminal
domain (NTD) [43].

The three-dimensional structure of the LexA-NTD
has been solved by NMR spectroscopy (pdb ID: 1lea)
[44] and, subsequently, the crystal structures of full-
length mutant forms of LexA were reported [37].
LexA isamember of the winged helix’ family of DNA
binding proteins [45]. The NTD contains three regular
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Figure 2. Predicted LexA confor-
mational change needed for spe-
cific DNA binding and model of
LexA repressor bound to target
DNA. (A) Crystal structure of
LexA monomer (pdb ID: 1jhh,
chain A [37]; red) and its derived
LexA monomer modelled in the
bound conformation (blue) [46].
Structures are superimposed by
the CTDs, the three a helices of
the NTD are marked as H1 to H3
respectively. (B) Proposed model
of the LexA repressor bound at
the E coli cka gene regulatory
region after 1.3 ns of molecular
dynamics simulation [46]. The
figure was generated by visual
molecular dynamics (VMD) [85].

a-helices, residues 6-21 (Helix I), 28—-35 (Helix II)
and 41-52 (Helix III), followed by two antiparallel 8-
strands (Fig. 1), with Helices II and III forming the
helix-turn-helix DNA binding motif [44]. The NTD
extends to residue Leu69 and is followed by linker
residues that connect it to the CTD. In a Lex A subunit,
the NTD makes a small contact with the CTD, with
470 A? of buried surface between the two domains
[37].

The LexA linker region, from residues GIn70 to
Glu74, is hydrophilic and is not just a simple con-
nector, since its sequence is important for the for-
mation of specific LexA-DNA contacts [46]. Studies
of crystal structures of mutant LexA derivatives
(Ser119Ala, Gly85Asp: pdb ID 1jhh and 1jhf), showed
that the linker region is solvent exposed (Fig. 2). In the
LexA dimer, the linker region of each subunit main-
tains the position of the two NTDs such that additional
base-pairs between the two DNA binding motifs at an
operator cannot be tolerated [35].

The LexA CTD, which is composed of [(3-strands,
provides the determinants for oligomerisation and
self-cleavage activity [37]. The key catalytic residues
are Ser119 and Lys156, which act as a serine nucleo-
phile and a general base, respectively [47]. The Ser-
Lys dyad catalyzes the cleavage of the bond between
residues Ala84 and Gly85. Ala84 and Gly85 are
located in a loop that can switch between two
conformations. In one conformation, the loop is
adjacent to the catalytic dyad, whilst in the other
conformation, it is further away [37]. Under physio-
logical conditions, LexA is stable to intracellular
degradation [48] but cleavage activity is triggered by
the interaction of LexA with activated RecA protein
[14]. At alkaline pH, self-cleavage can occur in a
RecA-independent manner in vitro [49].
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Functional repressor formation

A non-induced E. coli cell contains approximately
7200 molecules of RecA and 1300 molecules of LexA,
with 20% of the LexA free, and not bound to DNA.
Upon formation of active RecA filaments and in-
duction, the level of LexA falls 10-fold [50, 51]. LexA
contains a single tryptophan residue at position 201,
which is partially buried within the dimer interface,
and, thus, pressure-dependent changes in LexA in-
trinsic tryptophan fluorescence can be measured.
Using this, it was found that free LexA is predom-
inantly a dimer and that monomer levels are very
small [52]. This argues that LexA recognizes its targets
as a dimer. Targets carry two symmetrically inverted
DNA binding elements, each of which accommodates
one LexA subunit [41], and binding increases LexA
dimer stability by 1000-fold [52].

The determinants for LexA dimerisation fall entirely
within the CTD [37, 42]. The dimerisation interface
includes residues in two loops, GIn99 to Asp110 and
Ser116 to Gly128, together with a portion of the 3-11
strand (Fig.2), and has a buried surface area of
approximately 1380 A? [37]. From in vitro studies, it
was found that the formation of LexA dimers and
their dissociation to monomers is a slow process,
taking minutes rather than seconds [53]. However,
when LexA is inactivated by self-cleavage, the C-
terminal cleavage fragments dissociate faster from the
heterodimer.

Higher LexA oligomeric forms

The oligomeric state of some transcriptional repress-
ors is important for regulation of gene expression. For
example, equilibrium between Lac repressor dimers
and tetramers modulates repression of lac operon
expression [54, 55]. E. coli Lex A repressor dimer also
forms higher aggregates, which affects its activity, and
this is particularly important during adaptation to acid
when lower pH turns on the SOS response independ-
ently of the RecA protein [56]. Presumably, this is part
of a bacterial survival strategy for when the gastric
acid barrier is crossed. This appears to be because, at
lower pH values, LexA forms aggregates, which are
less stable and less able specifically to repress tran-
scription initiation at SOS gene target promoters.
Note that intracellular acidification arrests protein
synthesis [57], and thus, early phase SOS repair takes
place only when cells resume metabolism and neutral
cytoplasmic pH is restored.

Invitro studies show that LexA has the highest affinity
for specific targets near neutral pH [58]. At pH 4.0,
LexA repressor aggregates to tetramers and to larger
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oligomers, resulting in a drop in the concentration of
dimers that can bind stably to DNA targets. At even
lower pH (pH 2.5), a tetrameric state is adopted, and
unfolding of the NTD DNA-binding domain causes a
loss of specific DNA binding and an increase in non-
specific DNA binding [56]. At pH values close to the
LexA isoelectric point (6.5) and at low salt concen-
tration, the LexA repressor precipitates from concen-
trated solutions and cannot be redissolved. This
aggregation is due to the CTD and not the DNA-
binding NTD [59].

Variable affinity for different operators

Although most of the E. coli SOS regulon genes
possess a single LexA protein operator site [60], some
carry two or three DNA sites for LexA. For example,
the promoter region of the lexA gene itself carries
separated tandem targets [31, 61], whilst promoter
regions of colicin genes carry overlapping tandem
DNA sites for LexA [62, 63]. The recN gene has three
separated DNA sites for LexA [60].

The expression of LexA is autoregulated and thus it
controls its own level in the cell by a feedback
mechanism [64]. Autoregulation enables a rapid
response of the system to even small amounts of
inducing signal, and cooperative binding of LexA to
the two operators makes the system very sensitive
[65]. The level, timing and duration of induction of
different LexA-regulated genes differs significantly
[15, 19], depending on the strength of the different
SOS boxes, their location relative to the target
promoter and promoter strength [15, 60, 65]. Since
LexA binds some operators more weakly than others,
selective derepression of certain genes might occur in
response to even minor endogenous DNA damage. In
contrast, some genes may be expressed only upon
drastic DNA damage and a persistent inducing signal.
In certain conditions, where the SOS system is
subinduced and the steady state level of RecA-
induced LexA cleavage is counterbalanced by LexA
synthesis, the physiological state of the cell is altered
[66]. Differential induction of SOS genes is also
affected by the internal pH, which can change the
DNA binding selectivity of LexA [58]. In addition,
specific cations and anions also affect recognition of
specific DNA sequences by LexA and thus may play a
role in fine-tuning expression of the SOS system.

Establishing specific DNA binding

It is supposed that gene regulatory proteins first bind
to DNA non-specifically, mainly by electrostatic
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interactions, and then ’slide’, diffusing in one dimen-
sion over the DNA molecule [67]. This is an important
step in the binding process, facilitating translocation of
the protein to specific targets in the genome [68].
Although bacterial chromosomes are folded into a
nucleoid, which might restrict transcriptional factors
from reaching certain sites [69], a recent study,
exploiting chromatin immunoprecipitation, showed
that E. coli Lex A can access binding targets in all parts
of the genome [70].

The binding of a protein at specific DNA targets
requires energetically favourable interactions with
specific base pairs and this may be coupled to
conformational changes in both protein and DNA
[71-74]. Many transcriptional regulators switch be-
tween DNA binding and non-binding conformations
and these are exploited in gene regulation. The
consensus DNA target for E. coli LexA is CTGT-Ng-
ACAG, which consists of a palindrome, known as the
LexA box or SOS box [3]. This consensus is conserved
in many Gram-negative bacteria, whilst in Gram-
positive bacteria, the consensus is GAAC-N,-GTTC
[12], and is termed the Cheo box [75]. In E. coli, 30
LexA boxes have been identified, but LexA also
appears to interact at 19 targets that lack a conven-
tional site [70]. It is supposed that one or more
additional factors are required for LexA binding at
these targets in vivo, since no binding could be
detected in vitro.

The full structure of a LexA-DNA complex has not yet
been determined by either NMR or X-ray crystallog-
raphy [76]. However, biochemical and biophysical
methods have been used to investigate the specific
contacts made by E. coli LexA NTD upon binding at
targets [38, 39, 41, 62, 77-79] and a structural model
has been generated [43] by docking the NTD NMR
solution structure (average of pdb ID: 1lleb) onto
DNA (Fig. 2B). LexA NTD interacts with an operator
half-site via a winged helix-turn-helix motif [44]. The
N-terminal part of Helix III contains residues that
insert into the major groove and contact specific bases,
whilst the shorter Helix II lies along the major groove
and makes mostly contacts with the DNA phosphate
backbone [43, 76, 80]. Residues at the N-terminus of
Helix I also interact with target bases, together with
the loop region connecting the P-strands, which
hydrogen bonds to sugars and phosphates located
near the dyad axis of the operator.

E. coli LexA repressor can bind to operator half-sites,
but with 1000-fold lower affinity [81]. Thus, tight
binding at consensus targets with dyad symmetry
requires LexA subunit-subunit interactions, which
stabilize interactions with both halves of the DNA
duplex [52, 82]. Models indicate that the free con-
formation of LexA dimer, observed in crystal struc-
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tures [37], would not allow the NTD on both subunits
to dock with both halves of a symmetric operator [83].
Molecular dynamic simulations of LexA repressor
dimer binding to its operator using the CHARMM
biomolecular simulation program [84] revealed that,
for stable and specific operator binding, a reorienta-
tion of the LexA DNA binding NTD with respect to
the CTD is essential (Fig. 2). This was confirmed with
in vitro experiments that exploited cysteine cross-
linking [46]. Interestingly, this reorientation appears
to not to be unique to E. coli LexA, and a study of the
Bacillus subtilis homologue indicated that, for specific
binding, either substantial DNA bending or a con-
formational change in LexA must occur [86].

The symmetry of the complex between the LexA
dimer and an operator appears to preclude the
formation of tetramers. This is in contrast to the
situation with the bacteriophage A CI repressor, which
binds to its operators on A with an unusual overall
architecture [87], resulting in asymmetry that enables
the dimers to associate cooperatively.

The key step in the SOS response

The crucial point in turning on the global SOS
response in E. coli is the inactivation of the LexA
repressor, which is cleaved between Ala84 and Gly85.
This cleavage is induced by LexA binding within the
deep helical groove of active RecA filaments that
form on single-stranded DNA at sites of DNA damage
[88, 89]. Thus, by acting as a co-protease, RecA
inactivates the repressor of its own gene, thereby
inducing its expression together with more than 40
other SOS genes [15]. LexA cleavage can proceed
spontaneously, independently of RecA at alkaline pH,
but this does not appear to occur in vivo [51, 90].

Crystal structures of several LexA mutants revealed
that the cleavage site can adopt two conformations,
which appear to correspond to cleavable and non-
cleavable states (Fig. 3A). In one state, the cleavage
site is located adjacent to the Ser119-Lys156 dyad,
within the catalytic centre binding pocket, whilst, in
the other state, it is ~20 A away from the active site
[37]. The catalytic centre binding pocket is an
extended hydrophobic cleft with the catalytic dyad
residues at the end. The structures show that the
cleavage site region can enter the binding pocket and
that it forms a long, twisted hairpin that lies in the cleft.
Its conformation is stabilized by series of parallel 3
sheet hydrogen bond interactions between B3 and BS,
B8 of the catalytic core. This enables the peptide bond
between Ala84 and Gly85 to be presented to the
catalytic Ser119, with the unprotonated form of
Lys156 [91] activating the nucleophilic activity of
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Figure 3. Two distinct conformations of the LexA cleavage site region and a closer view of the active site. (A) Crystal structure of LexA
monomer in the noncleavable state (pdb ID: 1jhh, chain A [37]; cleavage site region in blue) superimposed on the CTD LexA structure in
the cleavable state (pdb ID: 1jhe, chain A [37]; cleavage site region in red). The catalytic residues Ser119 and Lys156 are presented as a stick
model and cleavage site Ala84 and Gly85 as a ribbon representation in yellow. (B) Proposed LexA self-cleavage mechanism in which
Ser119 is activated by a neutral general base Lys156 [14]. The hydroxyl group of activated Ser119 is the nucleophile that attacks the
carbonyl carbon of the scissile peptide bond (arrow), followed by the transfer of a proton to the newly generated amino group (dotted line).
In pdb ID: 1jhh, Ala119 was modified to Ser119 and in pdb ID: 1jhe, Ala156 was modified to Lys156 as in the wild-type. Missing hydrogen
atoms in pdb ID: 1jhe were added with the HBUILD tool from CHARMM [84]. The figure was generated by VMD [85].

Ser119 [92, 93]. This results in self-cleavage (Fig. 3B)
[49] and separation of the DNA binding NTD from
the CID, and a 10-1000-fold weakening of DNA
binding [81, 94, 95]. The affinity of truncated LexAl-
84 for targets is similar to that of full-length repressor
for operator half-sites.

The self-cleavage also triggers LexA degradation.
After induction, otherwise dormant protease recog-
nition signals are exposed in the cleaved LexAl-84
and C-terminal LexA85-202 fragments, resulting in
degradation by the ClpXP protease [48]. This process
is important, since accumulation of the LexA DNA-
binding NTD, which retains some repressor function,
might be deleterious after DNA damage [35, 81].
Thus, in most conditions, N- and C-terminal cleavage
products are degraded rapidly with half-lives of
approximately 4 minutes and 1 minute respectively
[48]. Degradation of cleaved CTD is facilitated by
Lon protease [66].

Structured conformations affect RecA-mediated
cleavage

For unbound LexA, the conformational equilibrium
strongly favours the noncleavable state. Hence, cleav-

age is extremely slow, but it increases when LexA
binds to an activated RecA filament [96]. During
normal growth, RecA activity is crucial in dealing with
inactivated replication forks, but this is insufficient for
substantial induction of the LexA regulon. However,
after an inducing treatment, LexA is degraded within
a few minutes and the self-cleavage rate increases by
approximately 50-fold [66]. It has been suggested that
interaction with RecA induces a conformational
change in LexA and deprotonation of Lys156 [96].
The interaction accounts for the energetic cost of
burying the terminal amino group of Lys156 and this
controls the self-cleavage reaction [37]. It was also
suggested that RecA may preferentially interact with
and stabilize the LexA cleavable state [37], but
recently it has been suggested that active RecA
filaments can bind to LexA in both states [53].
RecA-induced self-cleavage of LexA is more rapid
when LexA is dimeric, and it is hypothesized that the
CTD in one subunit determines the conformation of
other subunit’s cleavage site region (Fig.4). Thus,
subunit-subunit interactions appear to drive one of the
two subunits into the cleavable form [53].

The consequences of the fact that cleavage of each
LexA dimer takes place while it is bound to specific
DNA targets are not understood. For example, the
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Figure 4. Model of regulation of the SOS response in E. coli. LexA repressor bound to operators of SOS genes hinders their transcription.
Increased levels of DNA damage cause the formation of RecA filaments that induce the self-cleavage of LexA, thereby de-repressing the
system. When DNA damage is repaired, SOS induction is reversed.

proposed re-orientation of the DNA binding NTD
with respect to the CTD in one subunit may favour the
adoption of the catalytically proficient conformation
in the other subunit. This suggestion is based on the
crystal structure of Serl19Ala mutant LexA dimer
[37], where one subunit is well-ordered throughout
and in the non-cleavable state, whereas the second
subunit, whilst disordered in the NTD, adopts the
cleavable state in the CTD.

Other LexA-type self cleaving domains

The LexA CTD shows extensive homology with the
CTDs of several CI repressors from temperate
bacteriophages, and with the UmuD SOS response
protein [37, 97, 98]. The CTD homology is linked to
the common property of these proteins to interact
with RecA-ssDNA-ATP filaments, which induces
self-cleavage. The differences between the non-cleav-
able and cleavable states of CI repressor had been
thought to be less extensive than for LexA [99].

However this is contradicted by more recent crystal
structures that show that the two states of bacterio-
phage A CI resemble those of LexA [87].

Members of the LexA super-family have a structur-
ally conserved catalytic core that performs the
cleavage reaction via a conserved serine-lysine
dyad [37, 99]. The dimer interfaces of LexA, bacter-
iophage A CI and UmuD are similar (note that
dimeric UmuD is converted to functionally active
UmuD’ by RecA-facilitated self-cleavage that is
analogous to the inactivation of the LexA) [99-101].
Remarkably, the cleavage of UmuD appears to occur
intermolecularly [102], in contrast to the intra-
molecular self-cleavage of LexA. The cleavage of
UmuD CI repressor and LexA takes place at differ-
ent speeds. Thus, RecA mediates slow self-cleavage
of CI repressor [103] and UmuD [104] compared to
LexA and, hence, prophage induction and muta-
genesis are triggered only when cells are severely
damaged and may not survive [103]. These rate
differences set the threshold of DNA damage toler-
ance below which the DNA damage is repaired
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without phage induction. Below this threshold, DNA
damage can be repaired and the system reset, whilst
above the threshold, induction of bacteriophage lysis
isirreversible. Similarly, in some strains, higher levels
of DNA damage induce the synthesis of bacteriocins.
These are released into the environment only after
the production of a protein that causes lysis and
death of the host cell [63]. SOS-induced production
of bacteriocins thus resembles bacteriophage gene
induction [105].

Variety in SOS induction and the LexA regulon

Many different factors can trigger induction of the
SOS response. Thus, when strains of E. coli pass into
warm-blooded animals, they encounter many factors,
for example acidic pH, that can induce the SOS
response [56]. Another example is the production of
antimicrobial molecules such as hydrogen peroxide by
neutrophils that resultin DNA damage and contribute
to pathogenesis, for example in enterohemorrhagic E.
coli [106]. In addition, nitric oxide has been shown to
induce SOS response [107]. Salmonella encounters
DNA damaging nitric oxide inside macrophages, and
in the gallbladder, its niche for chronic infections, bile
is proposed to induce the SOS response, which is also
the case for E. coli [108, 109].

The discovery that LexA directly regulates the
expression of different colicins clearly shows that
members of the LexA regulon are not solely con-
cerned with the upkeep of the genome [110, 111]. For
example, the SOS response also affects virulence
factor synthesis in Staphylococcus aureus [112] and
type III secretion in enteropathogenic E. coli [113].
Interestingly, colicin production by E. coli populations
in the mammalian colon [114] has the potential to
promote microbial diversity [115].

The SOS system can drive evolution

Induction of the E. coli SOS regulon involves three
DNA polymerases, Polll (polB), PollV (dinB) and
PolV (umuC, umuD), that operate in a poorly
processive and error-prone manner, permitting ’irrep-
arable” DNA lesions that block replication to be
repaired [116, 117]. As well as orchestrating repair of
DNA damage, these polymerases enable bacteria to
increase their mutation rate [3]. Remarkably, in
Mycobacterium tuberculosis, an error-prone o subunit
of DNA-polymerase III (dnaE2) was found to be
required for persistence during infection and for the
development of antibiotic resistance [118]. Note that
the dnaE2 gene is located on a DNA damage-
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inducible cassette that is also widely distributed
among Proteobacteria [12].

Sub-lethal doses of some commonly used antibiotics
induce the SOS response and the synthesis of error-
prone DNA polymerases. These include ribonucleo-
tide reductase inhibitors that arrest DNA replication,
such as trimetoprim [119], DNA topoisomerase
inhibitors, such as ciprofloxacin [120], RNA polymer-
ase inhibitors, such as rifampicin [121], and, surpris-
ingly, cell wall inhibitors such as -lactams [122]. The
effects of B-lactams are mediated by the DpiBA two-
component system which, upon activation, causes
interruption of DNA replication, thereby triggering
RecA-mediated LexA cleavage. Hence, antibiotics
can speed up mutagenesis, which accelerates evolu-
tion, for example by the acquisition of point mutations
that result in the drug’s inactivation or efflux.
SOS-inducing antibiotics can also trigger the self-
catalytic cleavage of phage repressors, leading to the
horizontal spread of temperate phage and associated
pathogenicity islands. One example of this is the
dissemination of genes encoding staphylococcal viru-
lence factors [123]. Another important example is the
lateral transfer in Vibrio cholerae of the filamentous
bacteriophage CTX®, encoding cholera toxin [124],
and the self-transmissible integrating conjugative
element SXT that harbours antibiotic resistance
genes [125]. In some cases, induction results in the
expression of toxins, for example, the prophage-
encoded E. coli Shiga toxin [126].

A frightening consequence of the ability of antibiotics
to induce the SOS response and accelerate the spread
of mobile DNA elements arises from the fact that
some mobile elements are composed of cassettes
encoding multiple antibiotic resistance determinants.
Thus, because the SOS response does not discriminate
between the coding regions that are being mobilised,
one antibiotic can induce the spread of resistance to
several other completely unrelated antibiotics and
thus promote cross-resistance. The conclusion from
these observations is that antibiotic therapy can be
counteracted at many levels by the SOS response. A
further simple example of this is found in E. coli,
where the SOS response gene sulA inhibits septum
formation and delays cell division until DNA damage
has been repaired, thereby temporarily nullifying
effects of antibiotics that interfere with cell wall
synthesis [122].

Conclusions
The LexA repressor plays a key role in the induction

of the SOS response and its importance in regulating
responses to stress suggests that it should be exploited
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as a drug target. Recent progress in understanding the
molecular details of specific LexA binding at targets
and how it is cleaved, together with genomic informa-
tion on the LexA regulon in different organisms, now
make this a possibility. Clearly, intervention at this
level could assist in the battle against the evolution of
antibiotic resistance, and prolong the efficacy of
existing therapeutic antibiotics. For us to ‘Save Our
Souls’, prudent solutions need to be found to inhibit
the SOS response of bacterial pathogens.

Acknowledgments. We thank Milan Hodoscek and Zdravko
Podlesek for help with the figures.

10

11

12

13

14

15

16

Murakami, K. S. and Darst, S. A. (2003) Bacterial RNA
polymerases: the whole story. Curr. Opin. Struct. Biol. 13,
31-39.

Browning, D. F. and Busby, S. J. (2004) The regulation of
bacterial transcription initiation. Nat. Rev. Microbiol. 2,
57 - 65.

Walker, G. C. (1984) Mutagenesis and inducible responses to
deoxyribonucleic acid damage in Escherichia coli. Microbiol.
Rev. 48, 60 - 93.

Radman, M. (1974) in: Molecular and environmental aspects
of mutagenesis, pp.128—142, Prakash, L., Sherman, F.,
Miller, C., Lawrence, C. and Tabor, H. W. (Eds.), Charles C.
Thomas Publisher, Springfield.

Howard-Flanders, P., Boyce, R. P. and Theriot, L. (1966)
Three lociin Escherichia coli K-12 that control the excision of
pyrimidine dimers and certain other mutagen products from
DNA. Genetics 53, 1119 — 1136.

Friedberg, E. C., Walker, G. C., Siede, W., Wood, R. D.,
Schultz, R. A. and Ellenberger, T. (2005) The SOS responses
of prokaryotes to DNA damage. In: DNA repair and muta-
genesis, pp.463—508, American Society of Microbiology
Press, Washington, DC.

Matic, I., Rayssiguier, C. and Radman, M. (1995) Interspecies
gene exchange in bacteria: the role of SOS and mismatch
repair systems in evolution of species. Cell 80, 507 — 515.
Radman, M., Matic, 1. and Taddei, F. (1999) Evolution of
evolvability. Ann. N. Y. Acad. Sci. 870, 4146 — 4155.

Cox, M. M., Goodman, M. F., Kreuzer, K. N., Sherratt, D. J.,
Sandler, S. J. and Marians, K. J. (2000) The importance of
repairing stalled replication forks. Nature 404, 37 — 41.
Taddei, F., Matic, I. and Radman, M. (1995) cAMP-depend-
ent SOS induction and mutagenesis in resting bacterial
populations. Proc. Natl. Acad. Sci. USA 92, 11736 — 11740.
Kelley, W. L. (2006) Lex marks the spot: the virulent side of
SOS and a closer look at the LexA regulon. Mol. Micro-
biol. 62, 1228 — 1238.

Erill, I., Campoy, S. and Barbe, J. (2007) Aeons of distress: an
evolutionary perspective on the bacterial SOS response.
FEMS Microbiol. Rev. 31, 637 — 656.

Aertsen, A. and Michiels, C. W. (2005) Mrr instigates the SOS
response after high pressure stress in Escherichia coli. Mol.
Microbiol. 58, 1381 — 1391.

Little, J. W. (1991) Mechanism of specific LexA cleavage:
autodigestion and the role of RecA coprotease. Biochimie 73,
411 - 421.

Courcelle, J., Khodursky, A., Peter, B., Brown, P. O. and
Hanawalt, P. C. (2001) Comparative gene expression profiles
following UV exposure in wild-type and SOS-deficient
Escherichia coli. Genetics 158, 41 — 64.

Fernandez De Henestrosa, A.R., Ogi, T., Aoyagi, S., Chafin,
D., Hayes, JJ., Ohmori, H. and Woodgate, R. (2000)
Identification of additional genes belonging to the LexA
regulon in Escherichia coli. Mol. Microbiol. 35, 1560 — 1572.

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

The bacterial LexA transcriptional repressor

Cox, M. M. (2007) Regulation of bacterial RecA protein
function. Crit. Rev. Biochem. Mol. Biol. 42, 41 — 63.

Chen, Z., Yang, H. and Pavletich, N. P. (2008) Mechanism of
homologous recombination from the RecA-ssDNA/dsDNA
structures. Nature 453, 489 — 494,

Friedman, N., Vardi, S., Ronen, M., Alon, U. and Stavans, J.
(2005) Precise temporal modulation in the response of the
SOS DNA repair network in individual bacteria. PLoS Biol. 3,
e238.

Opperman, T., Murli, S., Smith, B.T. and Walker, G. C. (1999)
A model for a umuDC-dependent prokaryotic DNA damage
checkpoint. Proc. Natl. Acad. Sci. USA 96, 9218 — 9223.
Mazon, G., Erill, 1., Campoy, S., Cortes, P., Forano, E. and
Barbe, J. (2004) Reconstruction of the evolutionary history of
the LexA-binding sequence. Microbiology 150, 3783 — 3795.
Fernandez de Henestrosa, A. R., Cune, J., Erill, I., Magnuson,
J. K. and Barbe, J. (2002) A green nonsulfur bacterium,
Dehalococcoides ethenogenes, with the LexA binding se-
quence found in gram-positive organisms. J. Bacteriol. 184,
6073 — 6080.

Mazon, G., Lucena, J. M., Campoy, S., Fernandez de
Henestrosa, A. R., Candau, P. and Barbe, J. (2004) LexA-
binding sequences in Gram-positive and cyanobacteria are
closely related. Mol. Genet. Genomics 271, 40 — 49.

Au, N., Kuester-Schoeck, E., Mandava, V., Bothwell, L. E.,
Canny, S. P, Chachu, K., Colavito, S. A., Fuller, S. N., Groban,
E.S., Hensley, L. A., O‘Brien, T. C., Shah, A., Tierney, J. T.,
Tomm, L. L., O‘Gara, T. M., Goranov, A. I., Grossman, A. D.
and Lovett, C. M. (2005) Genetic composition of the Bacillus
subtilis SOS system. J. Bacteriol. 187, 7655 — 7666.

Goranov, A. L., Kuester-Schoeck, E., Wang, J. D. and Gross-
man, A. D. (2006) Characterization of the global transcrip-
tional responses to different types of DNA damage and
disruption of replication in Bacillus subtilis. J. Bacteriol. 188,
5595 - 5605.

Cirz, R. T., O’Neill, B. M., Hammond, J. A., Head, S. R. and
Romesberg, F. E. (2006) Defining the Pseudomonas aerugi-
nosa SOS response and its role in the global response to the
antibiotic ciprofloxacin. J. Bacteriol. 188, 7101 — 7110.

Cirz, R. T., Jones, M. B., Gingles, N. A., Minogue, T. D.,
Jarrahi, B., Peterson, S. N. and Romesberg, F. E. (2007)
Complete and SOS-mediated response of Staphylococcus
aureus to the antibiotic ciprofloxacin. J. Bacteriol. 189,
531 -539.

Abella, M., Campoy, S., Erill, I., Rojo, F. and Barbe, J. (2007)
Cohabitation of two different lexA regulons in Pseudomonas
putida. J. Bacteriol. 189, 8855 — 8862.

Raymond-Denise, A. and Guillen, N. (1991) Identification of
dinR, a DNA damage-inducible regulator gene of Bacillus
subtilis. J. Bacteriol. 173, 7084 — 7091.

Cowan, A. E., Koppel, D. E., Setlow, B. and Setlow, P. (2003)
A soluble protein is immobile in dormant spores of Bacillus
subtilis but is mobile in germinated spores: implications for
spore dormancy. Proc. Natl. Acad. Sci. USA 100, 4209 — 4214.
Little, J. W., Mount, D. W. and Yanisch-Perron, C. R. (1981)
Purified lexA proteinis a repressor of the recA and lexA genes.
Proc. Natl. Acad. Sci. USA 78, 4199 — 4203.

Quinones, M., Kimsey, H. H., Ross, W., Gourse, R. L. and
Waldor, M. K. (2006) LexA represses CTXphi transcription
by blocking access of the alpha C-terminal domain of RNA
polymerase to promoter DNA. J. Biol. Chem. 281,
39407 — 39412.

Tapias, A., Fernandez, S., Alonso, J. C. and Barbe, J. (2002)
Rhodobacter sphaeroides LexA has dual activity: optimising
and repressing recA gene transcription. Nucleic Acids Res. 30,
1539 — 1546.

Gutekunst, K., Phunpruch, S., Schwarz, C., Schuchardt, S.,
Schulz-Friedrich, R. and Appel, J. (2005) LexA regulates the
bidirectional hydrogenase in the cyanobacterium Synecho-
cystis sp. PCC 6803 as a transcription activator. Mol. Micro-
biol. 58, 810 — 823.



Cell. Mol. Life Sci.

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Vol. 66, 2009

Oertel-Buchheit, P., Schmidt-Dorr, T., Granger-Schnarr, M.
and Schnarr, M. (1993) Spacing requirements between LexA
operator half-sites can be relaxed by fusing the LexA DNA
binding domain with some alternative dimerization domains.
J. Mol. Biol. 229,1-7.

Lin, L. L. and Little, J. W. (1988) Isolation and character-
ization of noncleavable (Ind-) mutants of the LexA repressor
of Escherichia coli K-12. J. Bacteriol. 170, 2163 —2173.

Luo, Y., Pfuetzner, R. A., Mosimann, S., Paetzel, M., Frey, E.
A., Cherney, M., Kim, B., Little, J. W. and Strynadka, N. C.
(2001) Crystal structure of LexA : a conformational switch for
regulation of self-cleavage. Cell 106, 585 — 594.
Oertel-Buchheit, P., Lamerichs, R. M., Schnarr, M. and
Granger-Schnarr, M. (1990) Genetic analysis of the LexA
repressor: isolation and characterization of LexA(Def)
mutant proteins. Mol. Gen. Genet. 223, 40 — 48.
Oertel-Buchheit, P., Porte, D., Schnarr, M. and Granger-
Schnarr, M. (1992) Isolation and characterization of LexA
mutant repressors with enhanced DNA binding affinity. J.
Mol. Biol. 225, 609 — 620.

Smith, M. H., Cavenagh, M. M. and Little,J. W. (1991) Mutant
LexA proteins with an increased rate of in vivo cleavage. Proc.
Natl. Acad. Sci. USA 88, 7356 — 7360.

Thliveris, A. T., Little, J. W. and Mount, D. W. (1991)
Repression of the E coli recA gene requires at least two LexA
protein monomers. Biochimie 73, 449 — 456.

Schnarr, M., Granger-Schnarr, M., Hurstel, S. and Pouyet, J.
(1988) The carboxy-terminal domain of the LexA repressor
oligomerises essentially as the entire protein. FEBS Lett. 234,
56 - 60.

Knegtel, R. M., Fogh, R. H., Ottleben, G., Ruterjans, H.,
Dumoulin, P., Schnarr, M., Boelens, R. and Kaptein, R. (1995)
A model for the LexA repressor DNA complex. Proteins 21,
226 - 236.

Fogh, R. H., Ottleben, G., Ruterjans, H., Schnarr, M.,
Boelens, R. and Kaptein, R. (1994) Solution structure of the
LexA repressor DNA binding domain determined by 1H
NMR spectroscopy. EMBO J. 13, 3936 — 3944.

Madan Babu, M. and Teichmann, S. A. (2003) Functional
determinants of transcription factors in Escherichia coli:
protein families and binding sites. Trends Genet. 19, 75 - 79.
Butala, M., Hodoscek, M., Anderluh, G., Podlesek, Z. and
Zgur-Bertok, D. (2007) Intradomain LexA rotation is a
prerequisite for DNA binding specificity. FEBS Lett. 581,
4816 - 4820.

Slilaty, S. N. and Little, J. W. (1987) Lysine-156 and serine-119
are required for LexA repressor cleavage: a possible mech-
anism. Proc. Natl. Acad. Sci. USA 84, 3987 — 3991.

Neher, S. B., Flynn, J. M., Sauer, R. T. and Baker, T. A. (2003)
Latent ClpX-recognition signals ensure LexA destruction
after DNA damage. Genes. Dev. 17, 1084 — 1089.

Little, J. W. (1984) Autodigestion of lexA and phage lambda
repressors. Proc. Natl. Acad. Sci. USA 81, 1375 - 1379.
Sassanfar, M. and Roberts, J. W. (1990) Nature of the SOS-
inducing signal in Escherichia coli. The involvement of DNA
replication. J. Mol. Biol. 212, 79 — 96.

Dri, A. M. and Moreau, P. L. (1994) Control of the LexA
regulon by pH: evidence for a reversible inactivation of the
LexA repressor during the growth cycle of Escherichia coli.
Mol. Microbiol. 12, 621 — 629.

Mohana-Borges, R., Pacheco, A. B., Sousa, F. J., Foguel, D.,
Almeida, D. F. and Silva, J. L. (2000) LexA repressor forms
stable dimers in solution. The role of specific dna in tightening
protein-protein interactions. J. Biol. Chem. 275, 4708 — 4712.
Giese, K. C., Michalowski, C. B. and Little, J. W. (2008) RecA-
dependent cleavage of LexA dimers. J. Mol. Biol. 377,
148 — 161.

Bell, C. E. and Lewis, M. (2000) A closer view of the
conformation of the Lac repressor bound to operator. Nat.
Struct. Biol. 7,209 - 214.

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Review Article 91

Chakerian, A. E. and Matthews, K. S. (1992) Effect of lac
repressor oligomerization on regulatory outcome. Mol. Mi-
crobiol. 6, 963 — 968.

Sousa, F. J., Lima, L. M., Pacheco, A. B., Oliveira, C. L.,
Torriani, I., Almeida, D. F., Foguel, D., Silva, J. L. and
Mohana-Borges, R. (2006) Tetramerization of the LexA
repressor in solution: implications for gene regulation of the
E. coli SOS system at acidic pH. J. Mol. Biol. 359,1059 — 1074.
Richard, H. and Foster, J. W. (2004) Escherichia coli
glutamate- and arginine-dependent acid resistance systems
increase internal pH and reverse transmembrane potential. J.
Bacteriol. 186, 6032 — 6041.

Relan, N. K., Jenuwine, E. S., Gumbs, O. H. and Shaner, S. L.
(1997) Preferential interactions of the Escherichia coli LexA
repressor with anions and protons are coupled to binding the
recA operator. Biochemistry 36, 1077 — 1084.

Little, J. W., Kim, B., Roland, K. L., Smith, M. H., Lin, L. L.
and Slilaty, S. N. (1994) Cleavage of LexA repressor. In:
Methods Enzymol, Vol. 244, pp. 266 — 284, Academic Press,
London.

Schnarr, M., Oertel-Buchheit, P., Kazmaier, M. and Granger-
Schnarr, M. (1991) DNA binding properties of the LexA
repressor. Biochimie 73, 423 — 431.

Brent, R. and Ptashne, M. (1981) Mechanism of action of the
lexA gene product. Proc. Natl. Acad. Sci. USA 78§,
4204 - 4208.

Lloubes, R., Granger-Schnarr, M., Lazdunski, C. and Schnarr,
M. (1991) Interaction of a regulatory protein with a DNA
target containing two overlapping binding sites. J. Biol.
Chem. 266, 2303 - 2312.

Cascales, E., Buchanan, S. K., Duche, D., Kleanthous, C.,
Lloubes, R., Postle, K., Riley, M., Slatin, S. and Cavard, D.
(2007) Colicin biology. Microbiol. Mol. Biol. Rev. 71,
158 - 229.

Little, J. W. and Harper, J. E. (1979) Identification of the lexA
gene product of Escherichia coli K-12. Proc. Natl. Acad. Sci.
USA 76, 6147 - 6151.

Brent, R. (1982) Regulation and autoregulation by lexA
protein. Biochimie 64, 565 — 569.

Little, J. W. (1983) The SOS regulatory system: control of its
state by the level of RecA protease. J. Mol. Biol. 167,
791 - 808.

von Hippel, P. H. and Berg, O. G. (1986) On the specificity of
DNA-protein interactions. Proc. Natl. Acad. Sci. USA 83,
1608 — 1612.

Kalodimos, C. G., Boelens, R. and Kaptein, R. (2004) Toward
an integrated model of protein-DNA recognition as inferred
from NMR studies on the Lac repressor system. Chem.
Rev. 104, 3567 — 3586.

Dame, R. T. (2005) The role of nucleoid-associated proteins in
the organization and compaction of bacterial chromatin. Mol.
Microbiol. 56, 858 — 870.

Wade, J. T., Reppas, N. B., Church, G. M. and Struhl, K. (2005)
Genomic analysis of LexA binding reveals the permissive
nature of the Escherichia coli genome and identifies uncon-
ventional target sites. Genes. Dev. 19, 2619 — 2630.

Lim, D., Poole, K. and Strynadka, N. C. (2002) Crystal
structure of the MexR repressor of the mexRAB-oprM
multidrug efflux operon of Pseudomonas aeruginosa. J. Biol.
Chem. 277, 29253 - 29259.

Tiebel, B., Radzwill, N., Aung-Hilbrich, L. M., Helbl, V.,
Steinhoff, H. J. and Hillen, W. (1999) Domain motions
accompanying Tet repressor induction defined by changes of
interspin distances at selectively labeled sites. J. Mol.
Biol. 290, 229 — 240.

Wisedchaisri, G., Holmes, R. K. and Hol, W. G. (2004) Crystal
structure of an IdeR-DNA complex reveals a conformational
change in activated IdeR for base-specific interactions. J. Mol.
Biol. 342, 1155 - 1169.

Zhang, R. G., Joachimiak, A., Lawson, C. L., Schevitz, R. W.,
Otwinowski, Z. and Sigler, P. B. (1987) The crystal structure of



92

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

M. Butala, D. Zgur—Bertok and S. J. W. Busby

trp aporepressor at 1.8 A shows how binding tryptophan
enhances DNA affinity. Nature 327, 591 — 597.

Cheo, D. L., Bayles, K. W. and Yasbin, R. E. (1991) Cloning
and characterization of DNA damage-inducible promoter
regions from Bacillus subtilis. J. Bacteriol. 173, 1696 — 1703.
Dumoulin, P, Ebright, R. H., Knegtel, R., Kaptein, R.,
Granger-Schnarr, M. and Schnarr, M. (1996) Structure of the
LexA repressor-DNA complex probed by affinity cleavage
and affinity photo-cross-linking.  Biochemistry 35,
4279 — 4286.

Dumoulin, P., Oertel-Buchheit, P., Granger-Schnarr, M. and
Schnarr, M. (1993) Orientation of the LexA DNA-binding
motif on operator DNA as inferred from cysteine-mediated
phenyl azide crosslinking. Proc. Natl. Acad. Sci. USA 90,
2030 —2034.

Hurstel, S., Granger-Schnarr, M. and Schnarr, M. (1988)
Contacts between the LexA repressor—or its DNA-binding
domain-and the backbone of the recA operator DNA.
EMBO J. 7,269 - 275.

Ottleben, G., Messori, L., Ruterjans, H., Kaptein, R.,
Granger-Schnarr, M. and Schnarr, M. (1991) 1H-NMR
investigation of the interaction of the amino terminal domain
of the LexA repressor with a synthetic half-operator. J.
Biomol. Struct. Dyn. 9, 447 — 461.

Thliveris, A. T. and Mount, D. W. (1992) Genetic identifica-
tion of the DNA binding domain of Escherichia coli LexA
protein. Proc. Natl. Acad. Sci. USA 89, 4500 — 4504.

Kim, B. and Little, J. W. (1992) Dimerization of a specific
DNA-binding protein on the DNA. Science 255, 203 — 206.
Kuhner, F., Costa, L. T., Bisch, P. M., Thalhammer, S., Heckl,
W. M. and Gaub, H. E. (2004) LexA-DNA bond strength by
single molecule force spectroscopy. Biophys. J. 87,
2683 —2690.

Chattopadhyaya, R. and Pal, A. (2004) Improved model of a
LexA repressor dimer bound to recA operator. J. Biomol.
Struct. Dyn. 21, 681 — 689.

Brooks, R. D., Bruccoleri, R. E., Olafson, B. D., states, D. J.,
Swaminathan, S., Karplus, M. (1983) CHARMM: A program
for macromolecular energy, minimization, and dynamics
calculations. Journal of Computational Chemistry 4,
187 -217.

Humphrey, W., Dalke, A. and Schulten, K. (1996) VMD:
visual molecular dynamics. J. Mol. Graph. 14, 33 -8, 27 - 8.
Groban, E. S., Johnson, M. B., Banky, P, Burnett, P. G.,
Calderon, G. L., Dwyer, E. C., Fuller, S. N., Gebre, B., King,
L. M., Sheren, I. N., Von Mutius, L. D., O‘Gara, T. M. and
Lovett, C. M. (2005) Binding of the Bacillus subtilis LexA
protein to the SOS operator. Nucleic Acids Res. 33,
6287 - 6295.

Stayrook, S., Jaru-Ampornpan, P., Ni, J., Hochschild, A. and
Lewis, M. (2008) Crystal structure of the lambda repressor
and a model for pairwise cooperative operator binding.
Nature 452, 1022 - 1025.

Yu, X. and Egelman, E. H. (1993) The LexA repressor binds
within the deep helical groove of the activated RecA filament.
J. Mol. Biol. 231, 29 — 40.

VanLoock, M. S., Yu, X., Yang, S., Galkin, V. E., Huang, H.,
Rajan, S. S., Anderson, W. F., Stohl, E. A., Seifert, H. S. and
Egelman, E. H. (2003) Complexes of RecA with LexA and
RecX differentiate between active and inactive RecA nucle-
oprotein filaments. J. Mol. Biol. 333, 345 — 354.

Schuldiner, S., Agmon, V., Brandsma, J., Cohen, A., Fried-
man, E. and Padan, E. (1986) Induction of SOS functions by
alkaline intracellular pH in Escherichia coli. J. Bacteriol. 168,
936 — 939.

Lin, L. L. and Little, J. W. (1989) Autodigestion and RecA-
dependent cleavage of Ind- mutant LexA proteins. J. Mol.
Biol. 210, 439 — 452.

Roland, K. L. and Little, J. W. (1990) Reaction of LexA
repressor with diisopropyl fluorophosphate. A test of the
serine protease model. J. Biol. Chem. 265, 12828 — 12835.

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

The bacterial LexA transcriptional repressor

Kim, B. and Little, J. W. (1993) LexA and lambda Cl
repressors as enzymes: specific cleavage in an intermolecular
reaction. Cell 73, 1165 - 1173.

Bertrand-Burggraf, E., Hurstel, S., Daune, M. and Schnarr,
M. (1987) Promoter properties and negative regulation of the
uvrA gene by the LexA repressor and its amino-terminal
DNA binding domain. J. Mol. Biol. 193, 293 — 302.

Little, J. W. and Mount, D. W. (1982) The SOS regulatory
system of Escherichia coli. Cell 29, 11 —22.

Roland, K. L., Smith, M. H., Rupley, J. A. and Little, J. W.
(1992) In vitro analysis of mutant LexA proteins with an
increased rate of specific cleavage. J. Mol. Biol. 228,395 — 408.
Sauer, R. T., Ross, M. J. and Ptashne, M. (1982) Cleavage of
the lambda and P22 repressors by recA protein. J. Biol.
Chem. 257, 4458 — 4462.

Perry, K. L., Elledge, S. J., Mitchell, B. B., Marsh, L. and
Walker, G. C. (1985) umuDC and mucAB operons whose
products are required for UV light- and chemical-induced
mutagenesis: UmuD, MucA, and LexA proteins share
homology. Proc. Natl. Acad. Sci. USA 82, 4331 — 4335.
Ndjonka, D. and Bell, C. E. (2006) Structure of a hyper-
cleavable monomeric fragment of phage lambda repressor
containing the cleavage site region. J. Mol. Biol. 362,
479 - 489.

Ferentz, A. E., Walker, G. C. and Wagner, G. (2001)
Converting a DNA damage checkpoint effector (UmuD2C)
into a lesion bypass polymerase (UmuD’2C). EMBO J. 20,
4287 — 4298.

Burckhardt, S. E., Woodgate, R., Scheuermann, R. H. and
Echols, H. (1988) UmuD mutagenesis protein of Escherichia
coli: overproduction, purification, and cleavage by RecA.
Proc. Natl. Acad. Sci. USA 85, 1811 - 1815.

McDonald, J. P, Peat, T. S., Levine, A. S. and Woodgate, R.
(1999) Intermolecular cleavage by UmuD-like enzymes:
identification of residues required for cleavage and substrate
specificity. J. Mol. Biol. 285, 2199 — 2209.

Slilaty, S. N., Rupley, J. A. and Little, J. W. (1986) Intra-
molecular cleavage of LexA and phage lambda repressors:
dependence of kinetics on repressor concentration, pH,
temperature, and solvent. Biochemistry 25, 6866 — 6875.
Simon, S. M., Sousa, F. J., Mohana-Borges, R. and Walker, G.
C. (2008) Regulation of Escherichia coli SOS mutagenesis by
dimeric intrinsically disordered umuD gene products. Proc.
Natl. Acad. Sci. USA 105, 1152 - 1157.

Salles, B., Weisemann, J. M. and Weinstock, G. M. (1987)
Temporal control of colicin E1 induction. J. Bacteriol. 169,
5028 - 5034.

Wagner, P. L., Acheson, D. W. and Waldor, M. K. (2001)
Human neutrophils and their products induce Shiga toxin
production by enterohemorrhagic Escherichia coli. Infect.
Immun. 69, 1934 — 1937.

Spek, E. J., Wright, T. L., Stitt, M. S., Taghizadeh, N. R.,
Tannenbaum, S. R., Marinus, M. G. and Engelward, B. P.
(2001) Recombinational repair is critical for survival of
Escherichia coli exposed to nitric oxide. J. Bacteriol. 183,
131-138.

Prieto, A. 1., Ramos-Morales, F. and Casadesus, J. (2004) Bile-
induced DNA damage in Salmonella enterica. Genetics 168,
1787 - 1794.

Bernstein, C., Bernstein, H., Payne, C. M., Beard, S. E. and
Schneider, J. (1999) Bile salt activation of stress response
promoters in Escherichia coli. Curr. Microbiol. 39, 68 — 72.
Ebina, Y., Kishi, F. and Nakazawa, A. (1982) Direct partic-
ipation of lexA protein in repression of colicin E1 synthesis. J.
Bacteriol. 150, 1479 — 1481.

Jerman, B., Butala, M. and Zgur-Bertok, D. (2005) Sublethal
concentrations of ciprofloxacin induce bacteriocin synthesis
in Escherichia coli. Antimicrob. Agents Chemother. 49,
3087 —3090.

Bisognano, C., Kelley, W. L., Estoppey, T., Francois, P.,
Schrenzel, J., Li, D., Lew, D. P., Hooper, D. C., Cheung, A. L.
and Vaudaux, P. (2004) A RecA-LexA-dependent pathway



Cell. Mol. Life Sci.

113

114

115

116

117

118

119

Vol. 66, 2009

mediates ciprofloxacin-induced fibronectin binding in Staph-
ylococcus aureus. J. Biol. Chem. 279, 9064 — 9071.

Mellies, J. L., Haack, K. R. and Galligan, D. C. (2007) SOS
regulation of the type III secretion system of enteropatho-
genic Escherichia coli. J. Bacteriol. 189, 2863 — 2872.

Kirkup, B. C. and Riley, M. A. (2004) Antibiotic-mediated
antagonism leads to a bacterial game of rock-paper-scissors in
vivo. Nature 428, 412 — 414.

Walker, D., Rolfe, M., Thompson, A., Moore, G. R., James,
R., Hinton, J. C. and Kleanthous, C. (2004) Transcriptional
profiling of colicin-induced cell death of Escherichia coli
MG1655 identifies potential mechanisms by which bacterio-
cins promote bacterial diversity. J. Bacteriol. 186, 866 — 869.
Napolitano, R., Janel-Bintz, R., Wagner, J. and Fuchs, R. P.
(2000) All three SOS-inducible DNA polymerases (Pol 11, Pol
IV and Pol V) are involved in induced mutagenesis. EMBO J.
19, 6259 — 6265.

Schlacher, K. and Goodman, M. F. (2007) Lessons from 50
years of SOS DNA-damage-induced mutagenesis. Nat. Rev.
Mol. Cell Biol. 8, 587 — 594.

Boshoff, H. I., Reed, M. B., Barry, C. E., 3rd and Mizrahi, V.
(2003) DnaE2 polymerase contributes to in vivo survival and
the emergence of drug resistance in Mycobacterium tuber-
culosis. Cell 113, 183 — 193.

Lewin, C. S. and Amyes, S. G. (1991) The role of the SOS
response in bacteria exposed to zidovudine or trimethoprim.
J. Med. Microbiol. 34, 329 - 332.

120

121

122

123

124

125

126

Review Article 93

Drlica, K. and Zhao, X. (1997) DNA gyrase, topoisomerase
1V, and the 4-quinolones. Microbiol. Mol. Biol. Rev. 61,
377 -392.

Cirz, R. T., Chin, J. K., Andes, D. R., de Crecy-Lagard, V.,
Craig, W. A. and Romesberg, F. E. (2005) Inhibition of
mutation and combating the evolution of antibiotic resistance.
PLoS Biol. 3, e176.

Miller, C., Thomsen, L. E., Gaggero, C., Mosseri, R., Ingmer,
H. and Cohen, S. N. (2004) SOS response induction by beta-
lactams and bacterial defense against antibiotic lethality.
Science 305, 1629 — 1631.

Ubeda, C., Maiques, E., Knecht, E., Lasa, I., Novick, R. P.and
Penades, J. R. (2005) Antibiotic-induced SOS response
promotes horizontal dissemination of pathogenicity island-
encoded virulence factors in staphylococci. Mol. Micro-
biol. 56, 836 — 844.

Quinones, M., Kimsey, H. H. and Waldor, M. K. (2005) LexA
cleavage is required for CTX prophage induction. Mol. Cell
17,291 - 300.

Beaber, J. W., Hochhut, B. and Waldor, M. K. (2004) SOS
response promotes horizontal dissemination of antibiotic
resistance genes. Nature 427, 72 — 74.

Zhang, X., McDaniel, A. D., Wolf, L. E., Keusch, G. T.,
Waldor, M. K. and Acheson, D. W. (2000) Quinolone anti-
biotics induce Shiga toxin-encoding bacteriophages, toxin
production, and death in mice. J. Infect. Dis. 181, 664 — 670.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

