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Bacteriocins are a large and functionally diverse family of toxins found in all major lineages of
Bacteria. Colicins, those bacteriocins produced by Escherichia coli, serve as a model system for
investigations of bacteriocin structure—function relationships, genetic organization, and their
ecological role and evolutionary history. Colicin expression is often dependent on host regulatory
pathways (such as the SOS system), is usually confined to times of stress, and results in
death of the producing cells. This study investigates the role of the SOS system in mediating this
unique form of toxin expression. A comparison of all the sequenced enteric bacteriocin promoters
reveals that over 75 % are regulated by dual, overlapping SOS boxes, which serve to bind

two LexA repressor proteins. Furthermore, a highly conserved poly-A motif is present in both of
the binding sites examined, indicating enhanced affinity of the LexA protein for the binding site.
The use of gene expression analysis and deletion mutations further demonstrates that these
unique LexA cooperative binding regions result in a fine tuning of bacteriocin production, limiting it

to times of stress. These results suggest that the evolution of dual SOS boxes elegantly
accomplishes the task of increasing the amount of toxin produced by a cell while decreasing
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the rate of uninduced production, effectively reducing the cost of colicin production. This
hypothesis may explain why such a promoter motif is present at such high frequencies in natural
populations of bacteriocin-producing enteric bacteria.

INTRODUCTION

Bacteriocins are naturally occurring antimicrobials found
in all major lineages of Bacteria and Archaea (Riley &
Wertz, 2002). Colicins, those bacteriocins produced by
Escherichia coli, were the first named family of bacteriocins
(Gratia, 1925), and now serve as a model system for
investigations of bacteriocin structure—function relation-
ships, genetic organization, and their ecological role and
evolutionary history (Braun et al., 1994; Lazdunski et al.,
1998; Riley & Wertz, 2002; Smarda & Smajs, 1998).
Colicins, and most other bacteriocins produced by enteric
bacteria, are encoded in tightly linked gene clusters
consisting of a toxin gene (cxa) and a constitutively
expressed immunity gene (cxi), which encodes a protein
that provides specific protection against the toxin. Many
also include a lysis gene (cxl), which encodes a protein
involved in toxin release (Braun et al., 1994; Cascales et al.,
2007; Smarda & Smajs, 1998). Colicin gene clusters are
regulated by the SOS response regulon, which plays a

Abbreviations: Hl, heterology index; MitC, mitomycin C; MP, maximum-
parsimony; NJ, neighbour-joining; PP, posterior probability; RLU, relative
light units; SD, Shine-Dalgarno.

primary role in the response of many prokaryotes to DNA
damage (Little & Mount, 1982; Walker, 1987, 1995).

The SOS response regulon has been studied extensively in
E. coli (Kelley, 2006; Little & Mount, 1982; Walker, 1995).
The genes encoding SOS-induced proteins are regulated by
the LexA and RecA proteins, which serve as repressor and
activator, respectively. In gammaproteobacteria, LexA
represses transcription by binding to a 16-mer consensus
sequence (CTG-Njo-CAG) called the LexA binding site or
SOS box (Erill et al., 2003). Individual SOS boxes vary in
their DNA sequences and in their ability to bind the LexA
protein (Walker, 1995).

In vitro studies of the promoter region of colicins E1 (Ebina
et al., 1983), A (Lloubes et al., 1988, 1993) and K (Mrak et
al., 2007) reveal that LexA binds cooperatively to the SOS
regulatory region. Site-directed mutagenesis of LexA
binding sites reveals that the first operator (Table 1, solid
underline) is more pronounced in LexA binding affinity
than the second (Table 1, dotted underline) (Lloubes et al.,
1993). In vivo studies of the promoter region of colicins E1
(Salles & Weinstock, 1989) and E7 (Lu & Chak, 1996) show
that mutations in either LexA binding motif result in an
increased level of colicin production, suggesting that the
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Table 1. LexA binding sites and consensus motifs (bold type) found in the promoter regions of the
genes encoding colicins E1 (ce7a) and its derivatives, colicin Ib (ciba) and recA

Gene Mutations LexA binding site

cela* (+/4) 5" AACTGTATATAAAACCAGTGATTATATATACAGTA 3’
cela (+/-) 5’ AACTGTATATAAAACCAGTG —————————— tfTa 3’
cela —/+) 3’ TACTGTATATATAATCACTG —————————— TTT 5’
cela (=/-) 5" AA fGTa 3’
ciba 5" TACTGTATATGTATCCATATACGTAAGCAGTT 3’
recA 5’ TACTGTATGAGCATACAGTA 3’
Consensus 5" TACTGTATATATATACAGTA 3’

*The underlined sequences highlight each of the SOS boxes.
TThe dashed lines mark the deleted bases for each of the mutations.

$Consensus LexA-box sequence for E. coli (adapted from Erill et al., 2003).

colicin operon contains two distinct SOS boxes. In
contrast, mutations within the SOS boxes of colicin K
result in reduced expression (Mrak et al, 2007).

To better understand the unique regulatory systems
employed by enteric bacteriocin gene clusters, a compar-
ative analysis of the promoter regions of all known enteric
bacteriocins was conducted. The patterns of regulatory
regions based on sequence similarity suggest that over 75 %
of these bacteriocins employ similar toxin expression
control mechanisms. To test the role of this highly
conserved motif, an analysis of bacteriocin toxin expression
was conducted using deletion mutations introduced into
the SOS boxes, and the effects on expression were assessed.
The results suggest that enteric bacteriocins have evolved a
unique, finely tuned form of regulation that enables the cell
to confine toxin production, and thus cell lysis, to times of
severe stress, and to inhibit background levels of uninduced
transcription.

METHODS

Computer analysis — bacteriocin promoter phylogenetic ana-
lysis. Twenty-six bacteriocin promoter regions were examined. The
promoter region was defined according to standard methods as the
region extending from the bacteriocin gene start codon to the first
upstream ORF (Ronen et al., 2002), and an alignment was produced
using the cLusTAL w algorithm (Thompson et al., 1994) in VectorNTI
(Invitrogen). This alignment was used to infer phylogenetic trees
employing three algorithms: neighbour-joining (NJ) (Gascuel & Steel,
2006), maximum-parsimony (MP) (Kolaczkowski & Thornton, 2004)
and Bayesian methods (Ronquist & Huelsenbeck, 2003). The NJ and
MP trees were created in MEGA 3.1 (Kumar et al, 2004). Default
parameter settings were employed with the following exceptions. NJ:
Jukes and Cantor model, gamma model with «=1.000, boot-
strap=10000, pairwise deletion and all nucleotides included. MP:
complete deletion, CNI level=1, bootstrap=1000. For the Bayesian
analysis, default parameter settings were employed with the following
exceptions. MrBayes: characters used=457, Jukes and Cantor model,
gamma rates, «=1.000, number of generations=1000000, sample
frequency=100, burnin=2500. The returned split frequency standard
deviation after 1000000 generations was 0.006. The returned

potential scale reduction factor (PSRF) was 1.000. The returned
posterior probability (PP) values, a measurement for clade credibility,
are presented in Fig. 1.

SOS box analysis. All dual SOS boxes were aligned according to the
consensus LexA binding motif N,CTGTNyCAGN, (Fernandez De
Henestrosa et al., 2000) and employing cLUSTAL w (Thompson et al.,
1994). A consensus sequence was generated using WebLogo (Crooks
et al., 2004), and the heterology index (HI) was calculated for each
binding site according to Lewis et al. (1994).

Bacterial strains and plasmids. Table 2 lists the strains and
plasmids used in this study. Construction of pDEW201 (containing
the promoterless luxCDABE) and pDEW238 (containing the E. coli
recA promoter) has been reported elsewhere (Van Dyk & Rosson,
1998; Van Dyk et al., 2001a). The promoters of colicins E1 and Ib
were PCR-amplified and cloned into the multiple cloning site of
pDEW201 (Van Dyk & Rosson, 1998). Plasmids were transformed
into E. coli strains BZB1011 (Pugsley & Schwartz, 1983), DM1180
(Mount, 1977) and DM1187 (Kim & Little, 1992). Colicin inserts
were confirmed by DNA sequence determination.

DNA sequencing. PCR-amplified fragments were cycle-sequenced
using the ABI PRISM Dye Terminator Cycle Sequencing Ready
Reaction kit (Perkin-Elmer).

Growth media and chemicals. Luria—Bertani (LB) medium was
used for all experiments and was supplemented at 100 mg 17*
ampicillin (Sigma). Seven concentrations (4, 2, 1, 0.5, 0.25, 0.125 and
0.0625 mg 17') of mitomycin C (MitC; Sigma) were added to the
media to induce the SOS response from a 1 g 17" aqueous stock
solution.

DNA manipulation. The 259 bp cela promoter was cloned into
pBlueScriptIl SK(4) (Stratagene) and four primers containing the
desired deletions were generated:

(1) 5063R 5" GCATAAAAGCTACGCCGCTGCATTTTC 3';

(2) 5078F 5" CAGTGGTTATATGTACAGTATTTATTT 3';

(3) 5078R 5" CTGGTTTTATATACAGCATAA 3';

(4) 5093F 5" GTATTTATTTTTAACTTATTG 3’ (accession no. J01566).

The plasmid containing the intact cela promoter region was PCR-
amplified using primers 1 and 2, 3 and 4, and 1 and 4, together with
HotStarTaqg DNA polymerase (Qiagen). The PCR products were
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Fig. 1. Bayesian tree indicating the structural relationship among the 300 bp promoters located just upstream of the colicin
genes. Indicated are the NJ/MP/PP values obtained using the different tree-building algorithms (NJ, 10 000 bootstrap; MP,
1000 bootstrap). One major clade from pColN to pCol10 is recognized and separated from all other promoter structures.
Nodes indicated with a clover-leaf symbol form one node using the NJ and MP algorithms. Similarly, nodes indicated with ¥ are
one node using the NJ and MP algorithms. See Table 3.

treated with Dpnl and T4 polynucleotide kinase (New England 1), were PCR-amplified, subcloned into pDEW201, and electro-
Biolabs), and were then religated using T4 DNA ligase (New England porated into the E. coli strains.

Biolabs). The resulting vectors were transformed into E. coli strain

DHI10B (Stratagene) and mutations were confirmed by sequencing. Reporter assay. Bacteria were grown overnight in LB supplemented
Mutated promoters, i.e. Pcela (+/—), (—/+) and (—/—) (see Table with ampicillin. The cultures were diluted in LB (1:100) and grown

Table 2. Bacterial strains and plasmids used in this study

P, promoter region.

Strain or plasmid Identification Description Reference
Strains
BZB1011 W3110; gyrA Pugsley & Schwartz (1983)
DM1180 lexA(Ind-); non-cleavable thr-1, araCl14, leuB6(Am), DE(gpt-proA)62, Mount (1977)
LexA protein tsx-33?, glnV44(AS), galK2(Oc), LAM-, sulA211,

Rac-0, hisG4(Oc), rfbD1, mgl-51, recA441(ts),
rpsL31(strR), kdgK51, xylA5, mtl-1, lexA3(Ind-)
DM1187 lexA51(Def); defective thr-1, araCl4, leuB6(Am), DE(gpt-proA)62, Kim & Little (1992)
LexA protein tsx-33?, glnV44(AS), galK2(Oc), LAM-,
sulA211, hisG4(Oc), recA441(ts), rpsL31(strR),
xyIA5, mtl-1, thi-1?, lexA51, lexA3

Plasmids
pBS-E1_7 pBS ®(cela-lacZ), amp" This study
pDEW201 (Promoterless plx), luxCDABE(-) Amp® Van Dyk & Rosson (1998)
pDEW238 PrecA cemtlB, ygaD, ®(PrecA’-luxCDABE) Amp" Van Dyk et al. (2001a)
pDEW-E1/7 Pcela (+/+) pDEW201 ®(Pcela-luxCDABE) Amp" This study
pDEW-E1/ Pcela (+/—) pDEW201 ®(PcelaA(5078-5093) This study
3738185 PcelaA(5063-5078)*-luxCDABE) Amp"
pDEW-E1/ Pcela (—/+) pDEW201 ®(PcelaA(5063-5078) This study
3940222 A(5078-5093)1-luxCDABE) Amp"
pDEW-E1/ Pcela (—/—) pDEW201 ®(PcelaA(5063-5093) This study
3740345 A(5063-5093)%-IluxCDABE) Amp"
pDEW-Ib/18 Pciba pDEW201 ®(Pciba-luxCDABE) Amp" This study

*A(5078-5093) is a deletion of 13 nucleotides of Pcela (accession no. J01566).
TA(5063-5078) is a deletion of 13 nucleotides of Pcela.
F$A(5063-5093) is a deletion of 26 nucleotides of Pcela.
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to a density of ~2 x 10° cells ml~". A twofold dilution series of MitC
was added to 96-well microtitre plates (Nunc) and equal volumes of
cells were added. The plates were incubated in a temperature-
controlled luminometer (Dynatech ML300). All experiments were run
in duplicate and were repeated at least three times. Luminescence
values are presented as arbitrary relative light units (RLU), or as the
ratio of the luminescence of the induced sample to that of the
uninduced control (response ratio), as described elsewhere (Van Dyk
et al., 2001a).

RESULTS

Conserved SOS box identified within enteric
bacteriocin promoters

The consensus sequence of enteric bacteriocin promoters
contains a ¢’° promoter region (identified as —35 and —10
boxes), one or two LexA binding sites, a thymine (T)-rich
region and a Shine-Dalgarno (SD) box (Riley et al., 2001).
Bacteriocin promoters of 26 enteric bacteriocins were
aligned using cLUSTAL w (Thompson et al., 1994). Based
upon the resulting alignment, nine promoter motifs were
revealed (Fig. 1).

The first motif was found in 15 bacteriocin gene clusters and is
unique in possessing an A-rich region between the —35 and
—10 boxes (~10 bp), double LexA binding sites, a relatively
long (~18 bp) T-rich region, and an additional short (~7 bp)
highly conserved T-rich region (not shown). Bacteriocins with
this motif can be divided into five subgroups: la=colicins E2,
E3, E6 and Hu; 1b=colicins E1, N, B and Y; 1c=colicins 5, 10,
$4 and K; 1d=colicin Js and pesticin (produced by Yersinia
pestis); and le=colicin D. Two additional bacteriocins,
cloacin DF13 and marcesin A, although possessing a similar
motif, contain a single LexA binding site.

Alveocins A and B (produced by Hafnia alvei) and klebicin
C (produced by Klebsiella pneumoniae) share the presence
of double overlapping LexA binding sites and a variable T-
rich region, but lack the short consensus T-rich region.
Colicins Ia and Ib possess a single LexA binding site, which
differs from the E. coli consensus sequence (Table 3), and
have relatively short conserved T-rich regions. Klebicins C
and D (both produced by Klebsiella oxytoca) have a single
SOS box, similar in sequence to that found in E. coli, but
lacking the T-rich regions. Colicin A and klebicin B
(produced by K. pneumoniae) share an insertion of about
60 bp located between dual LexA binding sites and the SD
box (Riley et al., 2001), and lack the T-rich region.

The dual, overlapping LexA binding sites, found in 77 % of
the promoter regions, were aligned (Table 3). The resulting
bacteriocin-based consensus sequence varied from the
traditional E. coli LexA site consensus (Fig. 2). The
consensus sequence forms an almost perfect palindrome,
the distal LexA site is far more conserved than the proximal
site, a highly conserved A motif rather than AT motif is
present, and the proximal SOS box has a CAC motif in
place of the CAG usually encountered in E. coli (Fernandez
De Henestrosa et al., 2000).

This unique, highly conserved region was further char-
acterized by determination of the degree of divergence
from the consensus sequence and by a predicted higher
affinity for the LexA protein (Table 3). Sequences with a
low HI value are more similar to the consensus, and thus
are presumed to have a greater affinity for the LexA protein
than sites with higher HI values (Fernandez De Henestrosa
et al., 2000; Lewis et al., 1994). The majority of colicins
have low HI values compared to other enteric bacteriocins
(Table 3), suggesting a higher affinity for the LexA protein
(Fig. 1). Furthermore, out of 31 SOS-regulated genes
identified in the E. coli genome, only four have more then
one SOS box in their promoters: recN, umuDC, lexA/dinF
and yjdM (Fernandez De Henestrosa et al, 2000). The
LexA binding sites of the proximal recN and distal umuDC
sites are similar in sequence to the colicin SOS box motif
(HI values of 1.1 and 2.6, respectively).

Induction patterns of colicin E1 and Ib promoters

The colicin E1 (Pcela) and Ib (Pciba) promoters were
chosen as representatives of the dual and single LexA
motifs, respectively. These promoter regions were inserted
upstream of the Photorhabdus luminescens luxCDABE
reporter genes (Table 2) and electroporated into E. coli
strain BZB1011 (Pugsley, 1985). The impact on transcrip-
tion levels of seven MitC concentrations was tested (Fig.
3a). The greatest effect was observed with addition of 2 and
4 mg MitC 17" for both Pcela and Pciba; however, the
Pcela response ratios were always higher (Fig. 3b). When
assayed without inducing agent (Fig. 3b), Pcela had a ~45-
fold increase in light emission within 3 h (ranging from
0.14+0.06 to 4.5+0.12 RLU), while the Pciba construct
showed almost no increase over the same time period
(ranging from 0.240.03 to 0.4+0.07 RLU). The Pciba
induction peak was ~20-fold lower than that of Pcela
(335.8+30.6 compared to 16.2+4.3 RLU, respectively).

Fig. 3(c) provides the response ratios resulting from
induction of these constructs with 2 mg MitC 17", The
induction pattern of Pcela includes a 30 min lag phase
followed by a rapid increase in expression for 2 h, with a
maximum response ratio of ~80, followed by a decline in
expression until a plateau is reached in 3 h. Pcib has a
similar initial lag phase, followed by a much slower increase
until a maximum response ratio of ~50 is reached after 5 h.
These observations indicate differences in regulation and
promoter strength under inducing (Fig. 3c) and non-
inducing conditions (Fig. 3b).

The dual LexA binding sites of the colicin E1
promoter

To assess the relative contributions of the dual SOS boxes
in the cela promoter, three constructs with alternative
LexA sequences were created (Table 2) and expressed in
two E. coli strains containing mutant LexA genes (Table 2).
The mutants had their first (—/+), second (+/—) or both
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Table 3. Sequences and Hls of the LexA binding sites in the promoter regions of bacteriocins produced by enteric bacteria and
those of SOS-regulated genes found in the E. coli genome (Fernandez De Henestrosa et al., 2000)

Gene” SOS box/es sequence HI? Accession
number
1° 24 3¢
cta (Col5) TGCTGTACATAAAACCAGTGGTTATATGTACAGTA 2.0 0.7 X87835
cfa (Col10) TGCTGTACATAAAACCAGTGGTTATATGTACAGTA 2.0 0.7 X82682
cka (ColK) TACTGTACATAAAACCAGTGGTTATATGTACAGTA 0.0 0.7 Y18549
cs4a (ColS4) CACTGTACATAAAACCAGTGGTTATATGTACAGTA 1.6 0.7 Y18684
cba (ColB) ATCTGTACATAAAACCAGTGGTTATATGTACAGTA 2.8 0.7 M16816
cda (ColD) CGCTGTATATAAAACCAGTGGTTTTCTATACAGTT 3.6 4.8 X14941
cela (ColEl) TGCTGTATATAAAACCAGTGGTTATATGTACAGTA 2.5 0.7 AF453410
cna (ColN) AACTGTATATAAAACCAGTGGTTATGTGTACAGTA 1.1 3.3 Y00533
cya (ColY) TGCTGTACATAAAACCAGTGGTTATGTATACAGTA 2.0 0.7 AF197335
cua (ColU) AACTGTATATAAAACCAGTGGTTATATATACAGTA 1.2 0.7 Y11823
ce2a (ColE2) ATCTGTACATAAAACCAGTGGTTTTATGTACAGTA 2.8 1.2 M29885
ce3a (ColE3) ATCTGTACATAAACCCAGTGGTTTTATGTACAGTA 4.1 0.7 J01574
ce6a (ColE6) ATCTGTACATAAAACCAGTGGTTTTATGTACAGTA 2.8 0.7 M31808
ce7a (ColE7) ATCTGTACATAAAACCAGTGGTTTTATGTACAGTA 2.8 0.7 X63620
chua (ColHu) ATCTGTACATAAAACCAGTGGTTTTATGTACAGTA 2.8 0.7 AF540491
cjsa (ColJs) TACTGTATATAAAACTAGTATTTATATATACAGTA 7.9 9.3 DQ995353
pst (pesticin) TACTGTACATAAAAACAGTGGTTTTATGTACAGTA 0.9 0.2 NC_004837
kea (KlebC pne’) CACTGTATAAATACACAGTGTGTATTTATACAGTG 10.1 10.1 AY578793
caa (ColA) TACTGTATATAAACACATGTGAATATATACAGTT 6.0 11.0 X01008
kba (KlebB) TACTGTATATAAACACATGTGTTTATATACAGTA 6.0 6.0 NC_009649
alva (AlvA) TACTGTATATATAACAATGTATTTATATACAGTA 7.2 5.4 AY271828
Alvb (AlvB) TACTGTATATATAGTAATTTGTTTATATACAGTA 9.4 6.9 AY271829
ciaa (Colla) TACTGTATATGTATCCATATGCGTAAGCAGTT 9.3 M13819
ciba (Collb) TACTGTATATGTATCCATATACGTAAGCAGTT 7.2 NC_002122
kda (KlebD) TGCTGTGCACTCCTGAAACTGCAGTT 22.1 A458792
kea (KlebC oxy®) TGCTGTGCACTCCTGAAACTGCAGTT 29.0 AY578792
ccl (CloDF13) TACTGTGTATATATACAGTA 7.6 NC_002119
kecla (KlebCcl) CACTGTATGTATATACAGTA 9.2 AF190857
c683a (Clo683) AACTGTTAATTAACTACAGTTA 23.0 up”
c647a (Clo647) CCCTGTAGAAATGAACATCC 7.3 uUp”
marA (MarA) TACTGTATATAAATACAGTT 9.2 up"
ydiM CACTGTATATAAAAATCCTATACTGTACGTATCGACAGTT 10.5 11.6 AC_000091
recN TACTGTATATAAAACCAGTTTATACTGTACACAATAACAGTAA- 1.1 8.7 29.0 AC_000091
TGGTTTTTCATACAGGAAAACGACT
lexA/dinF ATCTCTGGTTTATTGTGCAGTTTATGGTTCCAAAATCGCCTTT-  46.7 14.2 6.9 AC_000091
TGCTGTATATACTCACAGCATAACTGTATATACACCCAGGG
umuDC ATCTGCTGGCAAGAACAGACTACTGTATATAAAAACAGTA 33.1 2.6 AC_000091
recA TACTGTATGCTCATACAGTA 15.3 AC_000091
ConsE' TACTGTATATATATACAGTA
ConsB’ TACTGTACATAAAACCAGTG

a, The gene names are designated cxa: colicin x activity-encoding gene, according to Cascales et al. (2007).
b, Calculated according to Lewis et al. (1994).

¢ 1, Distal LexA binding site.

d, 2, Proximal LexA binding site.

e, 3, Third LexA binding site.

f, Klebicin C isolated from K. pneumoniae.

& Klebicin C isolated from K. oxytoca.

h, UP, M. A. Riley and others, unpublished data.

i, E. coli LexA binding site consensus sequence.

j» Enteric bacteriocins LexA binding site consensus sequence.
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Fig. 2. Inter-bacteriocin consensus for 22
bacteriocin LexA binding sites. Sequences
were produced using the WeblLogo service
at http://weblogo.berkeley.edu. Overlapping
LexA binding sites are shown by the solid
and dotted lines below the figure.

(=/—) SOS boxes deleted (Table 2). Plasmids carrying
these mutants were introduced into strain DM1180
(Mount, 1977), which encodes a non-cleavable LexA
protein, resulting in complete repression of the SOS-
regulated genes. Strain DM1180 served as a positive
control, as light emission should be negatively proportional
to the LexA repression. The second mutant host, strain
DM1187 (Kim & Little, 1992), served as a negative control,

as it encodes a LexA protein unable to bind to the operator,
resulting in unregulated expression of the SOS-regulated
genes. There should be no difference in light emission
between the wild-type and mutated Pcela constructs
carried by this strain.

Levels of uninduced expression of the wild-type Pcela in
strains DM 1180 and DM 1187 (Table 4) differed by 99.8 %. In
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Fig. 3. Light emission of ce7a (strain pDEW-E1/7) and ciba (strain pDEW-Ib/18) promoter fusions in response to (a) various
concentrations of MitC measured at highest response ratio 2.5 h following induction, (b) no induction, and (c) 2 mg MitC I~

over 5.5 h. Each point is the mean of at least three replicates.
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Table 4. Levels of luminescence expressed under cea wild-type and mutated promoters carried

by E. coli strains DM1180 and DM1187

Promoter Level of luminescence (RLU)* Discrepancy (%)t
DM1180 DM1187

cela (+/+) 0.25+0.04 112.05+16.72 99.8

cela (+/-) 13.22+1.81 134.914+22.13 90.2

cela (—/+) 41.72+4.38 65.49+7.83 36.3

cela (—/—) 106.49 +39.05 116.96 +37.35 8.6

*Mean and sp of bioluminescence measured in E. coli strains DM1180 and DM1187 reported as RLU.
tDiscrepancy in light expression levels of strain DM1180 versus DM1187.

contrast, levels of expression of the two single (+/—, —/+)
and double (—/—) mutants differed by 90.2, 36.3 and 8.6 %,
respectively. These results suggest that LexA proteins bind
most tightly to a promoter which contains the dual SOS box
(4/+), less tightly to a promoter with a single LexA binding
site (+/— and —/+ mutants), and not at all to a promoter
that lacks an SOS box (—/—). Furthermore, the expression
levels of the single box (—/+) promoter carried by strain

DM1187 were approximately half of those measured for the
wild-type promoter (+/+), the alternative single (+/—),
and the double (—/—) mutants.

Response ratios of the wild-type and truncated cela
promoters, as well as a recA promoter assayed in E. coli
strain BZB1011 (Table 2), were monitored over time
following the addition of 0.5 mg MitC 1~ (Fig. 4a). The
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Fig. 4. Light emission of ce7a (strain pDEW-E1/7) and recA (strain pDEW238) wild-type and mutants (strains pDEW-E1/
3738185, pDEW-E1/3940222 and pDEW-E1/3740345) constructs in response to (a) 0.5 mg MitC I™" over 2.5 h, (b) no
induction, and (c) various concentrations of MitC measured at the highest response ratio 2.5 h following induction. Each point is

the mean of at least three replicates.
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recA promoter served as a positive control, as it is SOS-
regulated and induced by numerous DNA-damaging
agents, including MitC (Davidov et al., 2000; Rosen et al.,
2000; Van Dyk et al., 2001a). Following a short lag phase,
induction of the wild-type Pcela was rapid and reached a
response ratio of 80 within 2.5 h. The single mutant
retaining the non-consensus LexA binding site (—/+) had
a pattern of induction similar to that observed for the wild-
type promoter, but with a 17-fold lower response ratio. An
intermediate response was observed for the (+/—)
construct, similar to that of the recA promoter (Fig. 4a).
However, when no inducing agent was present, expression
levels of wild-type Pcela were an order of magnitude lower
than those observed in the two single mutants, and two
orders of magnitude lower than that observed in the
double mutant (Fig. 4b).

The response ratios of the wild-type and mutated Pcela
were assayed at a range of MitC concentrations (Figs 3c
and 4c), and the maximum response ratio for the Pcela
(+/+4) construct was obtained with addition of 2 and
4 mg MitC 171, In contrast, the maximum response ratios
observed for the single mutant Pcela (+/—) and PrecA
were obtained with 50 and 75 % lower levels of MitC (1
and 0.25 mg 17"), respectively. The response ratios of the
alternative single (—/+) and double (—/—) Pcela mutants
were unaffected by the MitC concentration.

DISCUSSION

A comparison of 26 enteric bacteriocin promoters reveals a
diversity of promoter motifs. However, the majority of
these promoters (77 %) share highly conserved overlapping
LexA binding sites (Table 3) abundant among colicins, yet
more variable in other enteric bacteriocins. Although the
dual SOS boxes are often found in bacteriocin promoters,
they are rarely observed in other SOS-regulated genes in E.
coli. Indeed, only four SOS-regulated genes were found to
have more then one LexA binding site out of the 31
identified in the E. coli genome: umuDC, recN, ydjM and
lexA/dinF. These genes have double, and even triple, LexA
binding sites (Fernandez De Henestrosa et al., 2000), yet
they were predicted to have quite variable binding affinity,
based upon their HI values (Table 3). Experimental data
further suggest that the proximal SOS box of recN does not
effectively bind the LexA protein (van der Lelie et al,
1997). Nevertheless, when the promoters of these four
genes are fused to a reporter gene (gfp or lux), low basal
levels of expression and high response ratios have been
reported upon induction (Norman et al., 2005; Van Dyk
et al, 200la, b; van der Lelie et al, 1997). Similarly,
induced enteric bacteriocin promoters express low basal
levels of expression and high response ratios in the current
(Fig. 4) and comparable studies (Mrak et al., 2007; Norman
et al., 2005; Prieto et al, 2004; Vankemmelbeke et al,
2005). Moreover, when the contributions of each of the
LexA binding sites were compared, expression under a
single LexA repressor resulted in higher basal levels and

lower response ratios (Fig. 4), presumably indicating
enhanced basal bacteriocin production.

The majority of enteric bacteriocins possess dual LexA
binding sites; however, these sites deviate considerably
from the E. coli SOS box consensus (Fernandez De
Henestrosa et al., 2000; Lewis et al., 1994). The bacteriocin
dual SOS boxes consist of a highly conserved A tract (Fig. 2)
found at the distal and proximal LexA binding sites (Table
3). DNA molecules containing four to six consecutive A or
T base pairs are predicted to have an intrinsic structural
curvature that can impact their role in transcriptional
activation by affecting promoter geometry (Barbic et al,
2003; Perez-Martin & de Lorenzo, 1997). Although
increases in promoter strength due to DNA bending are
usually associated with sequences upstream of the pro-
moter region (Perez-Martin & de Lorenzo, 1997), it has
been shown that bent DNA at or near the transcriptional
start site is an important component of T7 RNA
polymerase promoter enhancement, suggesting that in
order to affect promoter activation, bent DNA should be
situated in close proximity to the transcription initiation
site (Ujvari & Martin, 2000).

In the case of bacteriocin promoters, this bend is predicted
to occur 12 bp downstream of the —10 box. It is thus
possible that changes observed in promoter strength (Table
4) are due to intrinsically bent or bendable DNA within the
LexA binding sites (Perez-Martin & de Lorenzo, 1997). The
highest bioluminescence levels (Table 4), in a background
of DM1187 (producing a mutated LexA protein that is
unable to bind to its site), were measured in Pcela wild-
type (+/4) and the single-site mutant (4/—), where the
A tract is located in a 3’ position to the Pribnow box (Table
1). However, in the alternative single mutant (—/+ ), the A
tract is not present and the TA sequence forms a rigid
structure. This observation may explain the decreased
levels of luminescence measured and is supported by Mrak
and colleagues (Mrak et al., 2007), who showed that T
substitutions in the A tract of the distal SOS box (the
AAAA motif was altered to ATAT) result in a decrease in
gene expression, signifying the importance of the A motif.
Interestingly, the single SOS box found in the colicin Ib
promoter lacks A or T tracts (Table 3), and is thus less
bendable, which might explain the lower response ratio
observed (Fig. 3).

Expression levels induced by the distal site are more
pronounced than those of the proximal site in the colicin K
promoter (Mrak et al, 2007). Additionally, the dual
promoter sites of colicin E7, which both have an A tract
(Table 3), show similar expression levels (Lu & Chak,
1996). Colicins K and E1 have the A tract located at the
proximal SOS box only (Table 3). Moreover, SOS-
regulated genes, such as dinB, yebF and yigN, containing
an A or T tract fused upstream to the luxCDABE reporter
operon, have a higher response ratio compared to
promoters carrying the consensus AT tract, such as recA,
uvrA and uvrD (Fernandez De Henestrosa et al., 2000; Van
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Dyk et al., 2001b). Our analysis indicates that the structure
of the LexA binding sites enhances the expression of the
downstream genes, and in theory occurs in conjunction
with a ¢’ box forming a strong promoter.

A comparison of response rates between Pcela and Pciba
reveals that the cela promoter induces a more rapid and
higher level of gene expression compared to the ciba
promoter (Fig. 3). Promoter-reporter gene fusions using
gfp downstream of colicin D (Norman et al., 2005) and K
(Mrak et al., 2007) promoters have been shown to respond
in a similar manner, with high expression/leakage ratios
and rapid responses to environmental stimuli. One
hypothesis to explain these observations is that bacteriocin
toxins are lethal to the producing cells and have
intrinsically strong promoters. Therefore, it is vital for
the cell to keep bacteriocin production under tight control;
once expression is initiated it leads to cell death (Mulec et
al., 2003). The highly conserved region downstream of the
¢’® box compared to the upstream sequence (data not
shown) in most of the colicin promoters suggests that the
LexA binding sites play a major role in enhancing
promoter strength and control. These sites, frequently
found in the promoters of enteric bacteriocins, result in
both an increase in repressor binding strength and the
ability to upregulate expression. The evolution of this dual
binding site system elegantly accomplishes the task of
increasing toxin production when induced, without a
proportional increase in leakage when repressed. This
effectively reduces the cost of colicin production, and may
explain how such a seemingly costly defence system is
maintained at such high frequencies in enteric bacteria
(Gordon & O’Brien, 2006).
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