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INTRODUCTION

The bacterial SOS response is essential for the
maintenance of genomes, and also modulates antibiotic resistance and controls multidrug tolerance in
subpopulations of cells known as persisters. In
Escherichia coli, the SOS system is controlled by
the interplay of the dimeric LexA transcriptional repressor with an inducer, the active RecA filament,
which forms at sites of DNA damage and activates
LexA for self-cleavage. Our aim was to understand
how RecA filament formation at any chromosomal
location can induce the SOS system, which could
explain the mechanism for precise timing of induction of SOS genes. Here, we show that stimulated
self-cleavage of the LexA repressor is prevented by
binding to specific DNA operator targets. Distance
measurements using pulse electron paramagnetic
resonance spectroscopy reveal that in unbound
LexA, the DNA-binding domains sample different conformations. One of these conformations is
captured when LexA is bound to operator targets
and this precludes interaction by RecA. Hence, the
conformational flexibility of unbound LexA is the
key element in establishing a co-ordinated SOS
response. We show that, while LexA exhibits diverse
dissociation rates from operators, it interacts extremely rapidly with DNA target sites. Modulation
of LexA activity changes the occurrence of persister
cells in bacterial populations.

In unstressed, growing Escherichia coli cells, the SOS
system is shut off due to repression by LexA of 50 promoters that control expression of the SOS regulon (1,2).
Under these conditions, E. coli is thought to contain
1300 molecules of LexA (3). Most LexA is DNA
bound, but 20% is thought to be free. LexA is a
homodimeric protein (4) that likely locates its target
sites by multiple dissociation–reassociation events within
the same DNA molecule (5). Around each landing site, the
repressor is thought to diffuse along non-speciﬁc DNA
and to undergo rotation-coupled sliding to facilitate the
search for speciﬁc binding sites (6).
The majority of E. coli SOS promoters are regulated by
LexA alone (7). LexA activity is modulated by the active
form of RecA (RecA*), that stimulates self-cleavage of a
scissile peptide bond between Ala84 and Gly85, thereby
de-activating LexA (8), lowering LexA‘s afﬁnity for the
DNA and exposing residues that target LexA for ClpXP
and Lon protease degradation (9). As a result, the cellular
concentration of LexA drops from 2 to 0.2 mM,
thereby de-repressing SOS genes (3).
A key characteristic of the SOS response is the
orchestrated induction of individual SOS genes. Thus, initially, genes with low-afﬁnity SOS boxes are expressed,
enabling protection and maintenance of the structural
integrity of the replisome, while genes with high-afﬁnity
operators are expressed late in the SOS response (1). To
circumvent unrepaired DNA damage, even after highﬁdelity nucleotide excision, and recombinational repair,
low ﬁdelity DNA damage tolerance pathways are
induced, presumably to increase bacterial mutation rates
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MATERIALS AND METHODS
Cloning, expression and isolation of the proteins
The lexA, recA and oxyR genes were ampliﬁed by
polymerase chain reaction (PCR) from the E. coli K-12
strain RW118 (18) using oligonucleotide primers LexA_u,
LexA_d; RecA_u, RecA_d or OxyR_u, OxyR_d, respectively (Supplementary Table S1). The PCR products were
subsequently cut with BamHI and MluI and cloned into
an expression vector (19) to prepare plasmids pAna1,
pAna2 and pOxyR. The LexA and RecA proteins
overexpressed from the pAna1 or pAna2 plasmids, respectively, were constructed as His6 fusion proteins with
an N-terminal hexa-histidine tag and a thrombin cleavage
site ((H)6SSLVPRGS). A variant of the pAna1 expression
plasmids, pLexA29, pLexA54, pLexA71, pLexA119,
pLexA71-119 and pLexA191 were constructed employing
the QuickChangeÕ Site-directed Mutagenesis kit manual
(Stratagene) and pairs of oligonucleotides 29AC_1,
29AC_2 and 54GC_1, 54GC_2; 71EK_1, 71EK_2;

119SA_1,
119SA_2
or
191LC_1,
191LC_2
(Supplementary Tables S1 and S2), respectively. Proteins
LexA, LexA29, LexA54, LexA71, LexA119, LexA191 and
RecA were expressed with a His-tag present on the
N-terminus in the E. coli BL21 (DE3) strain and puriﬁed
from the bacterial cytoplasm by Ni-chelate chromatography and gel-ﬁltration chromatography (20). Puriﬁed
proteins were stored at 80 C in 20 mM NaH2PO4 (pH
7.3), 200 mM NaCl except for LexA, LexA71 and RecA
which were stored in buffer containing 20 mM TrisHCl
(pH 7.3), 200 mM NaCl. Protein concentrations were
determined
using
NanoDrop1000
(Thermo
SCIENTIFIC) (4). Three LexA cysteine mutants
(LexA29, LexA54, LexA191) were used for the electron
paramagnetic resonance (EPR) analysis. The LexA71 repressor variant exhibits enhanced DNA-binding afﬁnity,
but the mechanism for the improved DNA binding is
unknown (21). The LexA119 is a non-cleavable repressor
derivative with modiﬁed Ser119 in the active center to Ala;
this mutation does not affect the ability of LexA to bind
RecA* (13,16). Thus, the LexA119 variant was used to
prevent repressor self-cleavage during the study of the
LexARecA* interaction.
Operator-containing DNA fragments
The 88 bp recA and the 114 bp tisB operator-containing
DNA fragments were PCR ampliﬁed. The colicin K
encoding plasmid pKCT1 and its derivatives with altered
SOS boxes pKCT3-UP1, pKCT3-UP3 (22) were used to
amplify the 121 bp cka, cka-UP1 and the cka-UP3
fragment, respectively. Centered on the generated DNA
fragments were none, single or double LexA-binding
sites presented in Figure 1. One strand of the ampliﬁed
PCR products was biotinylated at the 50 -end, and primers
RecA_1, RecA_2; TisB_1, TisB_2 were used to amplify
DNA fragments with recA or tisB operators and primers
Cka_1, Cka_2 to amplify DNA fragments harboring cka,
cka-UP1
and
cka-UP3
operators,
respectively
(Supplementary Table S1). The PCR generated fragments
were gel puriﬁed (QIAquick kit, Qiagen).
LexA repressor cleavage assays
Activation of the RecA ﬁlament (10 mM), carried out on
ice for 2 h, and the RecA*-induced (2 mM) cleavage of
LexA (1.8 mM) at 37 C interacting with speciﬁc or
non-speciﬁc DNA (1.5 mM) were performed as described
previously for the unbound LexA repressor (16). The
LexA dimer to operator/modiﬁed operator ratio was 1:2.
The LexA repressor was preincubated with speciﬁc and
non-speciﬁc DNA or for the titration reactions with
increasing concentrations of DNA for 10 min at 37 C in
a DNA-binding buffer (23). The reaction time course was
initiated with the addition of the RecA*. The proteolytic
cleavage reactions (20 ml) were stopped by adding
4xNuPAGE LDS sample buffer (Invitrogen). Samples
were analyzed on 12% NuPAGE gels (Invitrogen) and
stained by Page blue protein stain (Fermentas). The experiments were conducted at least three times and representative gels are shown. The resolved bands were
quantiﬁed using a G:Box (Syngene). The integrated optical
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and survival in times of stress (10). As DNA damage is
repaired, LexA accumulates and the system is reset.
Alternatively, if cells are severely damaged and may not
survive, the sensing of long-lived-inducing signal triggers
the synthesis of bacteriocins and prophages, resulting in
cell lysis (11). Thus, RecA* also catalyzes self-cleavage of
lambdoid phage repressors (12) whose catalytic, carboxyterminal domains (CTDs) exhibit homology with the
LexA CTD (13).
Similarly to LexA inactivation, cleavage of phage repressors leads to destruction of the protein’s abilities to
ﬁrmly bind DNA, enabling a switch from the latent or
lysogenic to replicative and lytic phase. Interestingly, the
 cI repressor is cleaved only when monomeric (14), while
the cI repressor of the temperate 434 bacteriophage is
inactivated preferably when bound to speciﬁc DNA (15).
LexA is predominately dimeric in the cell (4) and repressor
dimers can undergo RecA*-mediated self-cleavage when
off the DNA (16). Therefore, the mechanisms of repressor
inactivation among various biological systems related to
SOS functions vary from one system to another.
Even though many studies have investigated the SOS
response, it is still unclear how diversity within SOS
boxes co-ordinates temporal induction of the different
SOS genes. In addition, it is not known how RecA*
induces self-cleavage of LexA and which are the structural
determinants required for RecA*-mediated cleavage of
LexA (16,17). Here, we present the ﬁrst report describing
LexA repressor with defects in LexA–RecA* interaction.
We demonstrate that, the unbound LexA structure is
highly ﬂexible in contrast to the rigid DNA-bound state,
in which interaction with RecA* is precluded. Thus, we
show that RecA* indirectly activates the SOS system, by
mediating a decrease in the intracellular pool of unbound
LexA provoking dissociation of the operator-bound repressor and concomitantly inducing the LexA regulon
genes. Our data further imply that two sequential interactions of the unbound LexA with RecA* are required for
inactivation of both subunits of the LexA repressor dimer.
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Covalent cross-linking reactions: the LexA54 variant
was reduced with 20 mM dithiothreitol (DTT) or
oxidized with a mixture of 0.1 mM CuSO4 and 0.5 mM
1,10-phenantroline for 30 min at room temperature. At
the indicated time, RecA*-mediated proteolytic cleavage
reactions of the oxidized LexA54 (at the ﬁnal concentration of 4 and 5.6 mM for the LexA54 and RecA, respectively) conducted as stated above were stopped by adding
4xNuPAGE LDS sample buffer (Invitrogen). Presence of
oxidant in the reactions did not affect RecA*-stimulated
LexA self-cleavage, as determined by oxidation of wildtype LexA and implementation of self-cleavage reaction
(data not shown).
Samples were analyzed as described above. We resolved
the various repressor forms: dimers, monomers, CTDs,
N-terminal domains (NTDs) and combinations of intact
LexA protein and its cleavage products, by analysis of
protein molar masses in comparison with the PageRuler
prestained protein ladder (Fermentas) and by comparing
our data with earlier results (16).

Figure 1. RecA* cannot induce self-cleavage of speciﬁcally bound
LexA. (A–D) Time course (min) of RecA*-induced LexA proteolysis
showing inhibition of cleavage due to operator DNAs compared with
non-speciﬁc DNA (cka–UP3). Operator sequences used are presented
with SOS boxes underlined and mutated nucleotides in bold typeface.
(E) Quantitations of the LexA self-cleavage presented are averages with
the standard deviation of at least triplicate reactions. (F) LexA was
pre-incubated with operators or (G) non-speciﬁc DNA in a ratio
1:0.2; 0.7; 1.2; 1.6; 2.1 (mol:mol) for lanes from 2 to 6, or without
DNA for lane 1. The RecA*-activated self-cleavage of LexA was
stopped after 15 min. RecA protein, LexA repressor and its cleaved
products are marked by the CTD or NTD for the dimerization or
the DNA-binding domain, respectively.

density of the intact LexA monomer was normalized to
that determined for the RecA protein to account for
lane-dependent artifacts. The ratio of LexA cleavage was
calculated as the ratio of the normalized density value for
the intact LexA relative to the normalized value of LexA
exposed to RecA*.
Cross-linking of LexA repressor
Glutaraldehyde cross-linking: at the indicated time,
RecA*-mediated LexA (both at the ﬁnal concentration
of 5.6 mM) proteolytic cleavage reactions conducted as
stated above were stopped with 16 mM glutaraldehyde
for 30 s before adding glycine to 60 mM (16).

For spin labeling, puriﬁed single cysteine mutants
(10 mg) of E. coli LexA (Supplementary Table S2)
were pretreated with DTT at 15 mM ﬁnal concentration
in buffer containing 20 mM NaH2PO4 (pH 7.3), 500 mM
NaCl (4 h, 4 C). DTT was removed by exchanging the
buffer two times with the use of PD-10 desalting column
(GE Healthcare) and after removal protein solutions were
incubated with 1 mM MTSSL (1-oxyl-2,2,5,5-tetramethyl3-pyrroline-3-methyl) methanethiosulfonate spin label
(Toronto Research, Alexis), for 16 h (8 C). Excess
MTSSL was removed by exchanging the buffer two
times with 20 mM NaH2PO4 (pH 7.3), 200 mM NaCl
with a PD 10 desalting column. The spin-labeled proteins
were concentrated to 100 mM and buffer exchanged by
buffer of the same composition containing deuterated
water (Acros Organics) by the use of Amicon centrifugal
ﬁlters (Millipore). Labeling efﬁciencies have been determined to be 80% for LexA54 and >95% for LexA29
and LexA191.
EPR measurements
Distance measurements between nitroxide spin labels
attached to the LexA variants (100 mM) were carried
out either unbound or bound to the 24 bp tisB
operator-containing DNA fragment (50 -TTTACTGTAT
AAATAAACAGTAAT-30 , marked are the SOS boxes)
composed of oligonucleotide primers Tis_1b, Tis_2b
(Supplementary Table S1). Cw EPR spectra for interspin
distance determination in the range from 0.8 to 2.0 nm
were obtained on a homebuilt cw X-band EPR spectrometer equipped with a Super High Sensitivity Probehead
(Bruker Biospin GmbH, Rheinstetten, Germany). The
magnetic ﬁeld was measured with a B-NM 12 B-ﬁeld
meter (Bruker Biospin). A continuous ﬂow cryostat
Oxford ESR9 (Oxford Instruments, Oxfordshire, UK)
was used in combination with an Intelligent Temperature
Controller (ITC 4; Oxford Instruments) to stabilize the
sample temperature to 160 K. The microwave power was
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Rotamer library analysis
The canonical ensemble of spin label side-chain (R1) conformations is modeled by a discrete set of 210
precalculated rotamers (28). From the rotamer library
analysis, a conformational distribution of R1 at a
speciﬁc position in the otherwise ﬁxed protein structure
can be determined. Brieﬂy, the superposition of R10 s
backbone atoms onto the protein backbone at the respective position provides the orientation of R1 with respect to
the protein structure. The resulting energy for the R1–
protein interaction is then calculated from the Lennard
Jones potential using the MD force ﬁeld CHARMM27
(29). Subsequent Boltzmann weighting and normalization
by the partition function gives a probability for each
rotamer which is then multiplied by the probability of
R1 to exhibit this conformation, resulting in the ﬁnal
rotamer probability distribution at the site of interest.

Between two such probability distributions a distance distribution is calculated as the histogram of all pairwise
interspin distances weighted by the product of their respective probabilities. Structural aspects of LexA were
generated using VMD software (30).
Functional properties Of LexA mutants
For EPR analysis, we selected LexA residues that are surface exposed and do not impair repressor functions when
modiﬁed (31). Esherichia coli strain DM936 (lexA41) was
transformed with plasmid pLexA29, pLexA54, pLexA191
to complement the temperature-sensitive LexA mutation.
As a control strain DM936 expressing the wild-type lexA
(pAna1) or expressing the repressor OxyR (pOxyR) was
used. To verify the in vivo ability of the LexA mutants to
regulate the SOS system and to repress the sulA gene,
preventing induction of ﬁlamentous growth, strains were
grown in Luria–Bertani (LB) ampicillin (Ap, 100 mg/ml)
media at 28.0 C or at 42.5 C and in stationary phase
cell counts were determined (20). Surface plasmon resonance (SPR) analysis and RecA*–mediated cleavage experiments were conducted as described in this chapter.
SPR assays
SPR RecA*–LexA interaction measurements were performed on a Biacore X (GE Healthcare) at 25 C. The
streptavidin sensor chip was equilibrated with SPR_2
buffer containing 20 mM NaH2PO4 (pH 7.4), 150 mM
NaCl, 2 mM MgCl2, 1 mM DTT, 1 mM ATP (Sigma–
Aldrich), 0.005% surfactant P20 (GE Healthcare).
Approximately 200 response units (RU) of 50 -biotinylated
30-mer (32) was immobilized on the ﬂow cell 2.
Subsequently, RecA protein (2.1 mM) was passed in the
SPR_2 buffer at 2 ml/min to create RecA*. The LexA119
repressor variant interacting with the 24 bp tisB operator
(annealed primers Tis_1b, Tis_2b, Supplementary Table
S1) or the 24-bp non-speciﬁc DNA (annealed primers
Tis_1nb, Tis_2nb), free LexA119 or the DNA fragments,
were injected across the immobilized RecA* (1000 RU) at
10 ml/min for 60 s, to study the interaction. The sensor chip
with bound RecA* was regenerated by injection of
500 mM NaCl. A 0.05% SDS was used to additionally
regenerate ﬂow cell 1.
SPR LexA–operator interaction measurements were
performed on a Biacore T100 at 25 C. The 88 bp recA,
114 bp tisB, 121 bp cka operator-containing DNA fragments and the cka-UP3 DNA fragment were PCR
ampliﬁed and gel puriﬁed as described above. The resulting fragments were 50 -end biotinylated. The streptavidin
sensor chip was equilibrated with SPR_1 buffer containing
20 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.005% surfactant P20 (GE Healthcare). The biotinylated DNA in SPR
buffer was immobilized to approximately 20 RUs. An
empty ﬂow cell was used as a control. The interaction
between LexA and chip-immobilized DNA was studied
by injecting various concentrations of LexA or LexA71
in SPR buffer. The sensor chip with bound DNA was
regenerated by injection of SPR buffer containing
500 mM NaCl. We noted that the interaction of both
LexA and LexA71 with DNA was extremely rapid and
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set to 0.2 mW and the B-ﬁeld modulation amplitude to
0.25 mT. EPR quartz capillaries (3 mm inner diameter)
were ﬁlled with sample volumes of 40 ml. Fitting of
simulated dipolar broadened EPR powder spectra to the
experimental ones was carried out using the program
WinDipFit (24).
Double electron–electron resonance (DEER)/PELDOR
EPR experiments were performed at X-band frequencies
(9.3–9.4 GHz) on a Bruker Elexsys 580 spectrometer
equipped with a Bruker Flexline split-ring resonator ER
4118X-MS3. Temperature was stabilized to 50 K using a
continuous ﬂow helium cryostat (ESR900; Oxford
Instruments) controlled by an Oxford Intelligent
Temperature Controller ITC 503 S. EPR quartz capillaries
(2.4 mm inner diameter) were ﬁlled with sample volumes
of 40 ml.
All measurements were performed using the four-pulse
DEER sequence with two microwave frequencies:
/2(obs)   1 –  (obs) – t0 –  (pump) – ( 1+ 2 – t0 ) –
 (obs)   2 – echo (25,26). A two-step phase cycling
(+<x>,  <x>) was performed on /2(obs). Time t0 is
varied, whereas  1 and  2 are kept constant. The dipolar
evolution time is given by t = t0 –  1. Data were analyzed
only for t > 0. The resonator was overcoupled and the
pump frequency pump was set to the center of the resonator dip (coinciding with the maximum of the nitroxide
EPR spectrum) whereas the observer frequency obs was
65 MHz higher (low-ﬁeld local maximum of the
spectrum). All measurements were performed at a temperature of 50 K with observer pulse lengths of 16 ns for
/2 and 32 ns for  pulses and a pump pulse length of
12 ns. Proton modulation was averaged by adding traces
at eight different  1 values, starting at  1,0 = 200 ns and
incrementing by  1 = 8 ns. For proteins in D2O buffer
with deuterated glycerol, used for its effect on the phase
relaxation, corresponding values were  1,0 = 400 ns and
 1 = 56 ns. Data points were collected in 8 ns time
steps or, if the absence of fractions in the distance distribution below an appropriate threshold was checked experimentally, in 16 ns time steps. The total measurement
time for each sample was 4–24 h. Analysis of the data was
performed with DeerAnalysis 2009 (27).
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use of standard assays revealed that it is heavily inﬂuenced
by the mass transfer effect (33). However, the dissociation
of the proteins from the DNA was not inﬂuenced by the
ﬂow rate of the SPR buffer. For the ﬁnal determination of
dissociation rates, proteins were injected across the surface
chip at a saturating concentration (40 nM) for 30 s and
dissociation was followed for 20 min at a ﬂow rate of
100 ml/min. The dissociation of LexA71 from cka
operator was extremely slow; therefore, we followed dissociation for 40 min. The data were doubly referenced and
ﬁtted to a 1:1 binding model to obtain the dissociation
rates constants. Three to six independent experiments
were performed.
Persistence of lexA defective strain complemented by
LexA and its variants

Trypsin cleavage of LexA repressor bound to operator
The LexA repressor (2.4 mM) was bound to the recA or
cka operator-containing fragments or to the cka variant
fragments cka-UP1 or cka-UP3. The LexA dimer to

Western blotting
Thrombin (Novagen) digestion of 3.4 mM LexA was
carried out at 20 C for 2 h in 20 mM Tris (pH 7.3),
200 mM NaCl with a protease to repressor weight ratio
of 1:2000. LexA–DNA complex was formed by 10 min
incubation of 3.4 mM LexA and DNA fragmentcontaining recA operator in the LexA dimer toward
operator ratio 1:2 at 37 C in DNA-binding buffer prior
to trypsin digestion carried out for 30 min as described
above. Samples were resolved on a 12% acrylamide gel.
Blotting and detection was done as described before (36).
Primarily, the proteins were stained with mouse anti-hexahistidine tag antibody (Quiagen) and secondary antibodies
conjugated by horseradish peroxidase. The same
membrane was re-stained by primary LexA rabbit polyclonal antibody (Upstate) and same secondary antibodies.
Antibodies were used at a concentration of 0.5 mg/ml.
Agarose gel mobility shift assays
The LexA repressor was, immediately before use, serially
diluted from 2.4 mM to 2.0 nM. The 10 ml reaction
mixtures contained 50 mM recA, tisB or 25 mM cka
operator-containing DNA or its variants cka-UP1 or
cka-UP3, interacting with LexA in the DNA-binding
buffer. Protein–DNA complexes were resolved on 2.5%
agarose gels (20) after incubation at room temperature
for 10 min in 20 mM Tris (pH 7.5), 200 mM NaCl, 1 mM
EDTA, 12% glycerol.
RESULTS AND DISCUSSION
DNA is an allosteric effector of bacterial LexA protein
It was previously suggested that SOS box-containing
DNA fragments can inhibit RecA*-mediated LexA
self-cleavage (37). In contrast, recently published LexA–
DNA crystal structures indicate that LexA–operator interaction exerts minimal interference with RecA*-induced
self-cleavage (38).
Most of the E. coli SOS genes possess a single SOS box,
but the number of operators can range up to 3 (7). We
have measured rates of RecA*-stimulated self-inactivation
of puriﬁed LexA interacting with either tandem (colicin K
gene, cka) or modiﬁed, lower LexA afﬁnity tandem
operator (cka-UP1) or single (recA) operator-containing
DNA fragment in comparison with the non-speciﬁc DNA
(cka-UP3) (Supplementary Figures S1 and S2). The results
shown in Figure 1A–E indicate that RecA* cannot induce
self-cleavage in LexA that is bound to target DNA
operator sites. This was conﬁrmed by measuring LexA
inactivation in reactions with a range of concentrations
of speciﬁc (cka operators) or non-speciﬁc DNA.
Non-speciﬁc DNA had little inhibitory effect on LexA
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For the persistence assay, strain RW542 (thr-1 araD139
(gpt-proA)62 lacY1 tsx-33 supE44 galK2 hisG4 rpsL31
xyl-5 mtl-1 argE3 thi-1 sulA211 lexA51), encoding a defective LexA protein that cannot bind to target DNA sites
due to impaired dimerization (18) was used. The DE3
prophage, encoding the T7 RNA polymerase, was
integrated into the RW542 chromosome according to instructions (DE3 Lysogenization kit, Novagen). The
DE3 lysogenic RW542 strain, designated MB542, exhibited basal-level T7 RNA polymerase expression
without addition of isopropyl beta-D-1-thiogalactopyranoside as determined according to the manufacturer’s
instructions. Subsequently, strain MB542 was transformed with plasmid harboring T7 promoter controlled
wild-type lexA, mutant lexA119 or the double-mutant
lexA71-119. The minimum inhibitory concentration
(MIC) for mitomycin C (Sigma) was determined by the
broth dilution method (34). The MIC for the strain
MB542 lexA(Def) was 3.2 mg/ml, for the strain harboring
the plasmid encoding wild-type repressor 4.0 and 1.8 mg/
ml for the strains with lexA119 or the double lexA71-119
mutant. The 2.5 MIC of mitomycin C was used for the
persister assay. The isogenic strain RW118 expressing
chromosomally encoded lexA exhibited identical
mitomycin C MIC as the strain MB542 complemented
with the plasmid encoding wild-type repressor. Thus,
data indicate that the SOS system of the lexA complemented strain MB542 pAna1 functioned similarly as the
wild-type strain. Experiments were conducted at 37 C essentially as described previously (35) except that transformed strains were grown (180 rpm) in 10 ml LB
medium supplemented with 100 mg/ml Ap and cell counts
determined by plating on LB or LBAp agar plates. No
difference in cell count was detected when cells were
plated on LB or LBAp media, indicating that plasmid
loss did not occur during the experiments (data not
shown). The percentage of survival was determined as the
ratio of colony forming units (cfu) before to cfu following
exposure to mitomycin C and plotted as a function of time.

operator/modiﬁed operator ratio was 1:2. DPPC-treated
Trypsin (Sigma–Aldrich) digestions were conducted at
25 C in DNA-binding buffer at a LexA concentration of
2.4 mM with a protease to repressor ratio of 1:50 (m:m).
The reaction time course was initiated with the addition of
the protease. Bands were resolved as described above.
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suggest that residues Gly54 positioned in the DNAbinding NTDs could come in close proximity (13). Data
show that the oxidized repressor derivative LexA54, with
Gly 54 replaced by Cys, forms covalently bound dimers
(Figure 2B). Hence, to complement the glutaraldehyde
cross-linking data, RecA*-induced self-cleavage of oxidized LexA54 was determined. The kinetics of appearance
of a singly cleaved LexA dimer in the time course of the
cleavage reaction indicate that, the LexA heterodimer is
an intermediate on the pathway that leads to the fully
cleaved dimer (Figure 2). Thus, two successive dockings
with RecA* are necessary for the inactivation of both
repressor subunits.
Intracellularly, almost all LexA is dimeric (4) and preexisting repressors dissociate slowly to monomers (16).
Thus, the source of monomers is supposedly newly synthesized LexA. We propose that, following DNA damage
repair and disappearance of the SOS-inducing signal, both
newly synthesized LexA as well as heterodimers could
provide a source of monomers for resetting repression
and for ﬁne-tuning of the SOS response.
LexA conformational dynamics

Figure 2. RecA*-induced LexA self-cleavage proceeds primarily by one
subunit. (A) Cleavage of unbound LexA was induced by addition of
RecA*, and samples were cross-linked by glutaraldehyde at different
time points (min) and analyzed by gel electrophoresis. RecA and LexA
markers were also cross-linked as indicated. Homodimer (LexA dimer),
LexA monomer cross-linked to the C-terminal fragment (LexA–CTD),
cross-linked C-terminal fragments (CTD–CTD), monomer (LexA) and
cleavage forms of LexA (CTD, NTD) are marked. (B) The LexA54
derivate with residue Gly54 replaced by Cys in the DNA-binding
domain was reduced (LexA54 red.) or oxidized (LexA54 ox.) to show
that the repressor can be covalently bound at residue 54. Cleavage of
oxidized LexA54 was induced by addition of RecA* and samples taken
at different time points (min) and analyzed by SDS–PAGE electrophoresis. Homodimer (LexA dimer), LexA monomer cross-linked to the
N-terminal fragment (LexA–NTD), monomer (LexA), cross-linked
N-terminal fragments (NTD–NTD), and C-terminal fragment (CTD)
are marked.

A recent report of the structure of LexA–operator complexes suggested that ﬂexibility in bound LexA could
facilitate interaction with RecA*, leading to LexA selfcleavage, provoking separation of the DNA-binding
domain from the rest of the operator–bound dimer and
inactivation (38). To test this directly, we used sitedirected spin labeling EPR (39) in combination with
DEER (25,26) spectroscopy. Interactions between the
paramagnetic centers attached to the two subunits of the
LexA dimer were measured in order to investigate the
mobility of both the N-terminal DNA-binding domain
and the C-terminal, regulatory domain, in free and
DNA-bound LexA. LexA derivatives with single cysteines
substituting residues Ala29 or Gly54 in the DNA-binding
domain or residue Leu191 in the dimerization domain
were spin labeled (Figure 3A and B, Supplementary
Table S2 and Figure S4).
Measurements of the interaction between the spin-label
side chains (denoted R1) reveal high-conformational ﬂexibility of the DNA-binding domains in the unbound repressor (apo), but a deﬁned conformation when bound
to a speciﬁc DNA target. For spin labels at positions 29
(A29R1) or 54 (G54R1) in the apo state broad, multimodal interspin distance distributions are revealed
ranging from 30 to 65 Å and from 15 to 50 Å, respectively
(Figure 3C, solid lines, inset and Supplementary Figures
S5 and S6). Remarkably, for A29R1 and G54R1 in the
apo state the DEER traces (Supplementary Figure S5)
exhibit signiﬁcantly smaller modulation depths,
compared with the DNA bound state. For A29R1, this
observation can be explained by the presence of a signiﬁcant fraction of the protein molecules with interspin distances beyond the range accessible to DEER experiments
(>70 Å). For G54R1, the reduced modulation depth in the
apo state is caused by the contributions of molecules with
interspin distances <15 Å which do not contribute to the
DEER signal as revealed by cw EPR data. Thus, high
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induced inactivation, in comparison with the operatorcontaining DNA (Figure 1F and G).
It has been suggested that it is not possible for both
subunits of a LexA dimer to simultaneously make contact
with the deep helical groove of RecA*, and that separate
docking events are required to cleave both LexA subunits
(38). Thus, we used glutaraldehyde cross-linking to follow
the kinetics of RecA*-mediated cleavage of unbound
LexA repressor and found that self-cleavage proceeds primarily via one subunit of a dimer (Figure 2A). The
reaction reached completion by 20 min (Supplementary
Figure S3). Data indicate that RecA* predominately
induces self-cleavage in one monomer of the LexA dimer
and that the resulting LexA–LexA/CTD heterodimer
is an inactive intermediate, exhibiting weaker DNA
binding (31).
The LexA repressor is mostly dimeric at the concentration used for the glutaraldehyde cross-linking experiment
(4); however, complete cross-linking of the dimers could
not be achieved. Thus, a cysteine cross-linking experiment
was exploited. Structural data of the unbound LexA dimer
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ﬂexibility of the DNA-binding domains is obvious as they
sample conformations leading to interspin distances
ranging from 25 to >70 Å for A29R1 and <15 to 50 Å
for G54R1. In contrast, in the operator-bound state both
mutants show single population maxima centered at 31 Å
(±3 Å) for A29R1, and at 43 Å (±5 Å) for G54R1.
Remarkably, the distance distributions of both constructs
indicate that the conformations LexA samples in the apo
state cover also the DNA bound structure. Measurements
with labeled LexA191 (L191R1) revealed that interspin
distance distributions were very similar in both the
unbound and DNA bound states, with a clear maximum
at a distance of 40 Å (Figure 3C). Hence, the C-terminal
regulatory domains of each subunit in the LexA dimer
function as a rigid scaffold for the DNA-binding NTDs.
In the unbound state, these are ﬂexible and can adapt the
conformation in which the RecA*-induced attack of the

Repressor’s dissociation from operators orchestrates SOS
response
SPR analysis was subsequently performed to determine
the mechanism of operator-bound repressor interference
with RecA*-induced autoproteolysis. Active RecA ﬁlament was formed on single-stranded DNA bound to the
surface of the sensor chip (Figure 4A). Non-cleavable repressor variant LexA119 (S119A) interacted with chipimmobilized RecA* in a concentration-dependent
manner (Figure 4B). The presence of tisB operator
interfered with the ability of LexA119 to bind to RecA*
(Figure 4C). We show that binding of operator induces
LexA in a particular conformation in which interaction
with RecA* is precluded (Figure 4D), revealing why
RecA*-induced inactivation of speciﬁcally bound LexA
is unfeasible.
The LexA CTD provides the determinants for dimerization and self-cleavage activity, thus the interface
interacting with RecA* (13). In the crystal structure of
the unbound LexA mutant dimer (pdb ID: 1JHH) one
subunit is well ordered throughout and in a non-cleavable
state, whereas the second subunit, while disordered in the
NTD, adopts the cleavable state in the CTD (13). The
structure of the intact monomer also exhibits LexA intramolecular contacts between the DNA-binding NTD and
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Figure 3. Conformational dynamics of the LexA binding to the tisB
operator. (A) Structure of unbound LexA dimer [pdb ID:1JHH (13)]
with modeled (20) undetermined residues (transparent) and (B),
operator-bound LexA [pdb ID:3JSO (38)]. Individual subunits are
colored blue and cyan, residues changed to cysteines and spin labeled
are presented as yellow beads. Interspin distances were determined for
spin-label pairs connected by dashed lines. (C) Experimental interspin
distance distributions measured by DEER (solid lines) and simulations
based on LexA crystal structures (dashed lines) for the DNA bound
(red) and apo states (black). For G54R1 in the apo state, the distribution for interspin distances <2 nm (gray) was determined from the
dipolar broadened cw EPR spectra (Supplementary Data). Results
are shown as normalized probability distributions.

scissile A84–G85 bond by the active-site Ser119 is
facilitated. On the contrary, in the rigid operator-bound
state of the LexA dimer, this conformation cannot be
accessed and RecA*-induced inactivation of LexA is
prevented.
Again, an interesting observation concerns the modulation depths of the DEER traces, which is signiﬁcantly
lower for A29R1 and G54R1 in the NTDs compared
with L191R1 in the CTD (Supplementary Figure S5).
Although a lower labeling efﬁciency of 80% has been
obtained for G54R1 (A29R1 and L191R1: >95%), this
does not explain the observed differences in the modulation depths. Instead, this observation is in line with the
fact that unbound LexA has been shown to undergo the
process of self-cleavage (13), leading to LexA–LexA/CTD
heterodimer formation. Such heterodimers contain two
spin labels in the CTD, but only one spin-labeled NTD
is present, thus explaining the lower modulation depth for
A29R1 and G54R1.
A comparison of the experimental interspin distances
for LexA-A29R1, G54R1 and L191R1 in the DNA
bound state with values predicted from the LexA–DNA
crystal structure (pdb ID:3JSO) using the rotamer library
approach (Figure 3C, dashed lines) shows reasonable
agreement for the two positions located in the NTDs
(A29R1 and G54R1) indicating that, the arrangement
found in the crystal structures seems to reﬂect the state
in solution well. On the contrary, the data for L191R1
indicate that the conformation of the LexA dimerization
domain in solution might slightly differ from that
observed in crystals, most probably due to crystal
packing effects. Nevertheless, it cannot be excluded that
limitations in the accuracy of the rotamer library
approach account for the observed differences.
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the cleavage site loop lying just within the CTD. This is
most likely not an artifact due to crystal packing (13) as
cleavage site region–NTD interactions were also conﬁrmed by experiments exploiting cysteine cross-linking
(20). Thus, orientation of NTDs might affect the
position of the cleavage loop containing the scissile
peptide bond. Our EPR results indicate that a ﬁve
residue hydrophilic linker that connects the NTD of
LexA to its catalytic core domain does not impede
movement of the NTDs, as suggested previously (20).
Thus, although LexA is a homodimeric protein, variable
positions of its NTDs in the dimer might modulate the
position of the cleavage-site regions in the CTDs.
The repressor recognizes its targets as a dimer (4) and
the dimer does not exert stringency requirement on the
binding domain (38). In the operator-bound LexA, an extensive dimer interface is observed between the
DNA-binding NTDs, formed of residues which are
solvent exposed in the unbound LexA (13). Interactions
between the two DNA-binding domains are acting synergistic with DNA binding, thus increasing LexA dimer stability by 1000-fold (4,38). In contrast to the alternating
conformations of the cleavage loops in the unbound
LexA dimers, both scissile peptide bonds in the
operator-bound mutant dimers are displaced or docked

in the active center (38). The results of this investigation
show that the operator is an alosteric effector of the LexA
repressor indicating that, a speciﬁc orientation of the
DNA-binding NTDs sets the repressor in a conformation
in which interaction with RecA* and a subsequent
self-cleavage reaction is precluded. Interestingly, mutations in LexA that speciﬁcally impair RecA*-dependent
cleavage, but do not alter catalysis have not been
identiﬁed (16). Therefore, further studies will be
employed to elucidate how diverse positions of the LexA
cleavage loop and orientation of the NTDs modulate
interaction with the RecA*.
Our results imply that LexA dissociation from operators coordinates expression of the SOS genes. This is in
agreement with previous reports, showing that the timing
of induction of LexA-regulated genes correlates with the
binding afﬁnity of the SOS boxes (1). However, previously
LexA operator afﬁnity was ranked by quantitative gel retardation and DNase I footprinting experiments and by
calculating the relatedness of an operator sequence to that
of the consensus sequence derived from the known LexA
targets (18,23). To provide further details, we used SPR to
measure LexA–operator interactions under near physiological salt and pH conditions in real time. We used
DNA fragments that contained recA, tisB, cka operators
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Figure 4. Interaction of unbound or speciﬁcally bound LexA119 with RecA*. (A) SPR sensorgrams of the binding of the 2.1 mM RecA to the ﬂow
cell 1 (red) or to the ﬂow cell 2 with immobilized tisB-operator DNA (cyan). (B) Unbound LexA119 repressor in concentration range from 0.7 to
5.2 mM or (C) LexA119 interacting with 24-bp tisB operator DNA in concentration range from 0.3 to 2.7 mM were injected across the
chip-immobilized RecA* for 60 s at 10 ml/min. The used DNA to repressor ratio (mol:mol) was approximately 0.1:1, 0.3:1, 0.5:1, 1:1, 2:1, respectively.
(D) Sensorgrams of the 2.6 mM repressor variant LexA119 (black), the 24 bp DNA fragments (2.7 mM) consisting of the tisB operator (violet) or the
non-speciﬁc DNA (cyan), tisB operator bound LexA119 (red) or LexA119 mixed with the non-speciﬁc DNA (green), interacting with the
chip-immobilized RecA*. The used DNA to repressor ratio was 2:1 (mol:mol).
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or non-speciﬁc DNA cka-UP3. Binding to operators was
concentration dependent (data not shown), but LexA did
not bind to the control DNA (Figure 5). The association
of LexA with the SOS operators was extremely rapid, and
it was therefore not possible to determine accurately the
association rate constants due to the mass transfer effect.
Control experiments showed that dissociation of LexA
from the surface of the chip was not dependent on the
ﬂow rate (data not shown), therefore it was possible to
determine the rates of dissociation. In spite of rapid
LexA association with all the tested operators, the repressor exhibited diverse dissociation rates. Dissociation was
similar for recA and tisB, but signiﬁcantly slower from the
cka operator. This explains, for example, why recA is one
of the ﬁrst transcribed genes in the SOS response, while
expression of the cka gene is delayed, limited to conditions
of extensive, long-lived DNA damage (1,11). We conclude
that differences between LexA operators affect repressor
dissociation and inﬂuence the timing of expression of SOS
genes.
Decreasing persister formation by modulating LexA
functions
The insights into LexA functions presented here may
provide new directions in the battle against the emergence
and spread of drug resistance. It has recently been shown
that persisters form during the SOS response and depend
on the LexA-regulated TisB toxin (40). Hence, bacterial
killing by antibiotics can be enhanced by dislabeling the

CONCLUSIONS
In the present paper, we show that RecA*-mediated LexA
repressor self-cleavage cannot be induced in LexA specifically bound to target DNA. Our results contradict the
observation that the LexA operator bound conformation
allows docking to RecA* and subsequent LexA

Figure 5. Interaction of LexA and LexA71 with various promoter regions. SPR was used to assess the interaction of LexA (black) or LexA71 (gray)
with various operators as indicated. Biotinylated DNA fragments were immobilized on the surface of the streptavidin sensor chip. Puriﬁed protein at
saturating concentration was injected across the chip for 30 s and dissociation followed as shown on the graphs. The sensorgrams were doubly
referenced and ﬁtted to a 1:1 binding model. Data shown are triplicate injections of the protein and overlaid with ﬁts (red). Calculated dissociation
rate constants (average ± standard deviation) are shown for each condition.
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SOS response, either by deleting the recA gene (41) or
overexpression of non-cleavable lexA variants (42,43).
We used the LexA71 (E71K) repressor variant (21) that
exhibits three to nine times slower dissociation from
operators compared with wild-type LexA repressor
(Figure 5). We then measured persister formation in an
E. coli strain defective for lexA, complemented with
wild-type LexA or its non-cleavable mutants, exhibiting
either normal or enhanced DNA binding, treated with
2.5 times MIC of mitomycin C. Our results (Figure 6)
show that the occurrence of persister cells in bacterial
populations triggered by DNA damage can be altered by
changing LexA activity. Notably, when cells expressed the
non-cleavable and enhanced operator-binding LexA repressor variant, no persisters were detected 1 h after
induced DNA damage. LexA homologs are found in prokaryotes (31), but to date there are no known orthologs in
eukaryotes. Hence, this work sets a novel platform for
drug discovery to treat bacterial pathogens and offers an
approach to control bacterial survival of antibiotic
therapy.
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Figure 7. An overview of the SOS response in E. coli. (1) Concentration of LexA monomers increases. (2) LexA monomers in solution form
biologically relevant dimers. DNA-binding domains of the unbound LexA are highly mobile and can move freely to one another. (3) Repression
of the SOS system occurs when LexA dimers bind speciﬁcally to SOS boxes located at the promoter regions of SOS genes and sterically precludes
their transcription. (4) The polymerase III holoenzyme (Pol) carries out DNA replication. At the site of DNA damage PolIII arrests, and
single-stranded DNA (ssDNA) accumulates. RecA binds to ssDNA in the presence of ATP, forming active RecA–ssDNA–ATP ﬁlaments
(RecA*). (5) RecA* induces self-cleavage in the unbound LexA but cannot stimulate inactivation of LexA speciﬁcally bound to target DNA. (6)
In the unbound repressor dimer, one monomer is preferentially inactivated and the uncleaved monomer could affect resetting of the system. Cleaved
LexA products are rapidly degraded by the ClpXP and Lon proteases (44). (7) Due to induced unbound LexA self-cleavage, intracellular LexA pool
decreases. Speciﬁcally bound LexA repressor dissociates from operators, (8) leading to co-ordinated de-repression of SOS genes. (9) The rate of LexA
dissociation from target sites is inﬂuenced by operator sequences and acts in orchestrating the response. Subsequently, as DNA damage is repaired,
SOS induction is reversed. Numbers in red indicate novel insights into the system.
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Figure 6. Mitomycin C survival of the E. coli lexA strain complemented with LexA repressor variants. MB542 (lexA51) strain complemented with wild-type LexA (pLexA) or its non-cleavable mutants
exhibiting either normal (pLexA119) or enhanced DNA (pLexA71–
119) binding was grown to exponential phase (108 cfu/ml), when
exposed to 2.5 times MIC of mitomycin C. At 0, 0.5, 1, 3, 6 h after
addition, viable cell number was determined (cfu/ml). As a control,
strain MB542 was used. The data points are averages of at least four
independent experiments and error bars indicate the standard error.

inactivation (38). Thus, diverse LexA conformations
enable either repression of SOS genes by speciﬁc DNA
binding or repressor cleavage in response to DNA
damage. Data presented here imply that mobility of the
LexA NTDs affects the repressor’s interaction with the
RecA*. Our results indicate that RecA*-mediated inactivation of unbound LexA must decrease the intracellular
pool of free LexA which provokes dissociation of the
functional repressor from its DNA targets (Figure 7).
Taken together, our results indicate how the signal from
DNA damage at a particular chromosomal location is
transduced into the induction of the SOS genes,
co-ordinated by the distinct LexA repressor conformations. In addition, we show that, upon DNA damage,
separate interactions between the two key SOS players
are required to cleave both subunits of the LexA dimer.
Therefore, when the inducing signal disappears, the remaining
self-cleavage
intermediates,
inactive
heterodimers, can provide a source of subunits which
dimerize into the functional repressor to accelerate
resetting of the system.
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