










induced inactivation, in comparison with the operator-
containing 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 pri-
marily via one subunit of a dimer (Figure 2A). The
reaction reached completion by 20min (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 concentra-

tion 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

suggest that residues Gly54 positioned in the DNA-
binding 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 oxi-
dized 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 pre-
existing repressors dissociate slowly to monomers (16).
Thus, the source of monomers is supposedly newly syn-
thesized 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

A recent report of the structure of LexA–operator com-
plexes suggested that flexibility in bound LexA could
facilitate interaction with RecA*, leading to LexA self-
cleavage, provoking separation of the DNA-binding
domain from the rest of the operator–bound dimer and
inactivation (38). To test this directly, we used site-
directed 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 flexi-
bility of the DNA-binding domains in the unbound re-
pressor (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, multi-
modal 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 signifi-
cant fraction of the protein molecules with interspin dis-
tances 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

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 electrophor-
esis. 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.
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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

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 modula-

tion 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 modula-
tion 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.

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 fila-
ment was formed on single-stranded DNA bound to the
surface of the sensor chip (Figure 4A). Non-cleavable re-
pressor variant LexA119 (S119A) interacted with chip-
immobilized 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 dimeriza-

tion 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 intra-
molecular contacts between the DNA-binding NTD and

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 distribu-
tion for interspin distances <2 nm (gray) was determined from the
dipolar broadened cw EPR spectra (Supplementary Data). Results
are shown as normalized probability distributions.
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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 con-
firmed 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 ex-
tensive 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 syner-
gistic with DNA binding, thus increasing LexA dimer sta-
bility 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, muta-
tions 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 oper-
ators 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 re-
tardation 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 physio-
logical salt and pH conditions in real time. We used
DNA fragments that contained recA, tisB, cka operators

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 repres-
sor 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

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 re-
pressor variant, no persisters were detected 1 h after
induced DNA damage. LexA homologs are found in pro-
karyotes (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.

CONCLUSIONS

In the present paper, we show that RecA*-mediated LexA
repressor self-cleavage cannot be induced in LexA specif-
ically 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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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 inacti-
vation 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 conform-
ations. 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 re-
maining self-cleavage intermediates, inactive
heterodimers, can provide a source of subunits which
dimerize into the functional repressor to accelerate
resetting of the system.

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.

Figure 6. Mitomycin C survival of the E. coli lexA� strain comple-
mented with LexA repressor variants. MB542 (lexA51) strain comple-
mented 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.
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