










further explored the expression of vexAB and vexCD to deter-
mine their response specificities.

The expression of vexAB can be induced by structurally and
chemically unrelated compounds, whereas vexCD expression is
induced exclusively by bile. The vexB and vexD genes encode
efflux pumps belonging to the RND superfamily, while the
vexA and vexC genes each encode an MFP (4). In E. coli (36),
C. jejuni (32), Neisseria gonorrhoeae (46), Pseudomonas aerugi-
nosa (37), and Pseudomonas putida (50), the expression of
genes that encode RND efflux pumps is induced by the differ-
ent substrates extruded by the products of these genes. Bina et
al. demonstrated that bile increases the mRNA levels of the
vexB and vexD transcripts (4). Additionally, after a thorough
study testing several antibiotics, detergents, and metals, it was
shown previously that a vexB mutant is susceptible to structur-
ally dissimilar compounds: SDS, Triton X-100, erythromycin,
novobiocin, polymyxin B, and deoxycholate. This study also
showed that a vexD mutant is susceptible only to deoxycholate
(4). Therefore, we used these compounds to further determine
the specific transcriptional induction of the efflux pump-encod-
ing genes. The expression of vexAB and vexCD was examined
using strains containing lacZ fusions integrated elsewhere in
the chromosome so as not to interfere with the resistance to
the compound being tested. A promotorless lacZ gene was
fused to either �520 bp of DNA upstream of vexR codon 3 or
�520 bp of DNA upstream of vexC codon 4, generating the
PvexRAB-lacZ or PvexCD-lacZ fusion, respectively (Fig. 3A and
B). The specific �-galactosidase activities from strains grown in
the presence or absence of subinhibitory concentrations of the

compounds mentioned above were measured. Exposure to
crude bile, SDS, and novobiocin induced the expression of
vexAB between 2.2- and 4.3-fold (Fig. 4A), whereas vexCD
expression was induced exclusively by bile, with a 10-fold in-
crease (Fig. 4B). Similar induction results were obtained with
strains harboring lacZ fusions to the wild-type promoter of the
vexRAB or vexCD operon constructed by the insertion/deletion
of lacZ at the vexR or vexC locus, respectively (data not shown).
Overall, these results suggest that the vexCD operon responds
specifically to bile. Therefore, we renamed this operon breAB
for bile response genes and continued to characterize its ex-
pression and identify regulatory proteins associated with it.

BreR represses the expression of the breAB operon. Genes
encoding efflux pumps from the RND family are usually reg-
ulated by TetR family members (30). From the microarray
data, we identified two genes, vexR and VC1746 (see Table S1
in the supplemental material), that encode regulators belong-
ing to the TetR family as determined by BLASTP. We hypoth-
esized that vexR and/or VC1746 may regulate breAB expression
in response to bile. In order to test this hypothesis, we deleted
vexR, VC1746, or both genes in the strain harboring the PbreAB-
lacZ fusion at the lacZ locus. The results showed that the vexR
deletion did not affect lacZ expression, either in the absence or
the presence of 0.4% crude bile (Fig. 5). In contrast, the de-
letion of VC1746 increased lacZ expression 24.5- and 2.8-fold
in the absence and in the presence of crude bile, respectively,
compared to that in the wild type (Fig. 5). These results indi-
cated that VC1746 deletion caused the derepression of PbreAB-
lacZ expression and the loss of the majority of bile responsive-

FIG. 2. Distribution of V. cholerae El Tor genes differentially expressed in response to crude bile as classified within clusters of orthologous
groups assigned by the TIGR database.
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ness, suggesting that VC1746 encodes a bile-responsive
repressor. Finally, the vexR VC1746 double mutant showed an
induction pattern that was the same as that associated with the
VC1746 single deletion (Fig. 5). Since the results (including
those discussed below) indicated that VC1746 encodes a tran-
scriptional repressor of the breAB operon, VC1746 was named
breR. Further analysis using the TIGR database showed that
the protein encoded by breR is composed of 209 amino acids
and has a predicted helix-turn-helix DNA binding motif near
its N terminus, characteristic of transcriptional regulators in
the TetR family (45).

BreR binds to the breAB promoter region. To determine if
BreR directly interacts with the breAB promoter region, we
initially determined the breAB transcriptional start site. 5�
RACE (11) determined that the �1 nucleotide of the breAB
promoter is an A located 121 bp upstream of the predicted

FIG. 3. Diagrams showing the promoter regions and fragments employed to generate lacZ transcriptional fusions and DIG-dUTP-labeled
fragments. (A) Fragment of �520 bp from the upstream region of the putative vexAB ATG start codon. (B) breAB (vexCD) promoter region.
Fragments AB1 and AB2 were used for EMSA. (C) breR promoter region. The R1 and R2 fragments were used for EMSA. The breAB and
breR transcriptional start sites are indicated by gray arrows.

FIG. 4. Induction of PvexRAB-lacZ (A) and PvexCD-lacZ (PbreAB-
lacZ) (B) expression by different compounds. �-Galactosidase expres-
sion was measured by growing the strains in the absence or presence of
subinhibitory concentrations of crude bile (0.4%), SDS (300 �M),
Triton X-100 (150 �g/ml), erythromycin (0.1 �M), novobiocin (0.1
�M), or polymyxin B (5 U/ml) in LB at 37°C until the OD600 of the
cultures reached 0.8 to 1.0. The amount of change (n-fold) in �-galac-
tosidase activity was calculated by dividing the level of �-galactosidase
activity obtained in the presence of each compound by the activity
obtained in the absence of the compound. The results shown are from
three independent experiments. Error bars indicate standard devia-
tions.

FIG. 5. Induction of PbreAB-lacZ expression in various strain back-
grounds by crude bile. �-Galactosidase expression was measured by
growing the strains in the absence or presence of 0.4% crude bile in LB
at 37°C until the OD600 of the cultures reached 0.8 to 1.0. The results
shown are from three independent experiments. Error bars indicate
standard deviations.
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breA ATG start codon (Fig. 6A). Further examination of the
upstream region revealed the presence of putative 
35
(TTTACT) and 
10 (TATGAT) regions (Fig. 6A) separated
by 18 bp. The 
35 sequence has two mismatches from the
consensus sequence TTGACA, and the 
10 sequence has only
one mismatch from the consensus sequence TATAAT.

Subsequently, EMSA was performed using a purified BreR-
His6 fusion protein. BreR-His6 was overexpressed from pFC25
in E. coli Origami(DE3) (Novagen) and purified by nickel-
nitrilotriacetic acid affinity column chromatography to approx-
imately 90% purity as judged by SDS-PAGE on a gel stained
with Coomassie blue. The apparent molecular mass of purified
BreR-His6 is �23 kDa, consistent with the predicted size (data
not shown). The breAB promoter region utilized for the lacZ
transcriptional fusions was divided into two slightly overlap-
ping fragments, an �230-bp fragment (the nucleotide se-
quence between 
95 and �132) named AB1 and an �300-bp
fragment (
382 to 
76) named AB2 (Fig. 3B). In addition, an
�175-bp fragment from the unrelated PVA gene (pva) pro-
moter (the PVA fragment) (25) was utilized as a negative
control. BreR-His6 was incubated with the AB1, AB2, or PVA
fragment in the presence of poly(dI-dC) and, surprisingly,
caused a mobility shift of both the AB1 and AB2 fragments at
low (50-ng) and high (250-ng) protein levels (Fig. 6B, lanes 5,
6, 8, and 9), whereas no shift of the PVA control fragment was
observed (Fig. 6B, lanes 2 and 3). These data provide evidence
for the direct binding of BreR to the breAB promoter region.
Furthermore, they suggest that BreR binds the breAB pro-
moter at two independent sites. However, the AB1 and AB2

fragments overlap by 20 bp, and this may account for BreR’s
binding of both fragments. Therefore, an �280-bp fragment
(
382 to 
95) named AB2s was designed (see Fig. S1A in the
supplemental material). The AB1, AB2s, and PVA fragments
were incubated with BreR-His6, and a mobility shift was ob-
served with both the AB1 and AB2s fragments (see Fig. S1B in
the supplemental material), thus demonstrating the ability of
BreR to bind to the breAB promoter at two independent sites,
one distal from the �1 site (within AB2 or AB2s) and one
proximal (within AB1).

Expression of breR is induced in response to bile in a BreR-
dependent manner. To analyze the regulation of breR expres-
sion, we used a PbreR-lacZ transcriptional fusion. We designed
a reporter strain containing the wild-type breR operon and
�500 bp of DNA upstream of breR codon 30 fused to a pro-
motorless lacZ gene and integrated into the V. cholerae chro-
mosome at the lacZ locus (Fig. 3C). The transcription of the
PbreR-lacZ fusion was increased 6.6-fold when the strain was
grown in the presence of crude bile (Fig. 7). Similar induction
was obtained with strains harboring lacZ fusions to the wild-
type promoter of the breR operon constructed by the insertion/
deletion of lacZ at the breR locus (data not shown).

Several transcriptional regulators from the TetR family,
such as TetR, AcrR, UidR, and MexR, negatively regulate
their own expression (5, 18, 35, 41). To investigate if breR is
subject to autoregulation, we generated a breR deletion deriv-
ative of the reporter strain harboring the PbreR-lacZ fusion at
the lacZ locus. The deletion of breR led to 13- and 2.4-fold
increases in lacZ expression in the absence and presence of

FIG. 6. Specific binding of BreR to the breAB promoter region. (A) Nucleotide sequence of the breAB promoter. The position of the
transcriptional start site for breAB was determined by 5� RACE. The transcriptional start site (�1), ATG start codon, and putative 
35 and 
10
regions are boldfaced and underlined. (B) EMSA was performed with the control DNA fragment from the pva promoter (25) (lanes 1 to 3) or
the breAB promoter fragments AB1 and AB2 (lanes 4 to 9). DIG-dUTP-labeled DNA (10 ng) was incubated with 0 ng (lanes 1, 4, and 7), 50 ng
(lanes 2, 5, and 8), or 250 ng (lanes 3, 6, and 9) of BreR-His6 prior to electrophoresis. 
, no BreR.
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crude bile, respectively, compared to the expression in the
wild-type background (Fig. 7).

BreR binds to the breR promoter region. To study the po-
tential interaction of BreR with the breR promoter, the tran-
scriptional start site at the breR promoter was first identified.
By using 5� RACE, it was determined that the �1 nucleotide
of the breR promoter is a G located 40 bp upstream of the
predicted ATG start codon (Fig. 8A). The inspection of the
upstream region revealed a putative 
35 (TGTACT) region
with three mismatches from the consensus sequence TTGACA
and a putative 
10 (TATAGT) region with only one mismatch
from the consensus sequence TATAAT. The putative 
35 and

10 sequences (Fig. 8A) are separated by 17 bp.

Consequently, EMSA was performed utilizing BreR-His6

and two fragments: a �230-bp fragment (
102 to �131)

named R1 and a �290-bp fragment (
370 to 
83) named R2
obtained from the division of the breR promoter region used
for the lacZ fusions (Fig. 3C). The results showed that after the
incubation of BreR-His6 with the R1, R2, or PVA (negative
control) fragment, BreR bound only to the R1 fragment (Fig.
8B, lanes 8 and 9) and not to the R2 or PVA fragment (Fig. 8B,
lanes 2, 3, 5, and 6). Given that no supershift was observed with
the R1 fragment in the presence of BreR, it is highly probable
that BreR binds at only one site at this promoter. From these
data, we can conclude that BreR binds differently at the breR
promoter and the breAB promoter (Fig. 7), utilizing a single
binding region for the former and two for the latter.

Cholate, deoxycholate, and chenodeoxycholate are inducers
of breAB and breR expression. Since bile salts are abundant
components of crude bile (2, 20), we tested individual bile salts
to determine if any could induce breAB and/or breR expression.
The reporter strains harboring the PbreAB-lacZ or the PbreR-
lacZ fusion at the lacZ locus were grown in the presence of a
subinhibitory concentration (300 �M) of eight different bile
salts. The expression of PbreAB-lacZ and PbreR-lacZ was signif-
icantly induced (P 	 0.05) in the presence of deoxycholate (17-
and 5-fold, respectively) and chenodeoxycholate (10- and
4-fold, respectively) (Fig. 9A), whereas cholate produced lower-
level inductions of the expression of breAB (3-fold) and breR
(1.4-fold) (Fig. 9A). These results demonstrate that the induc-
tion of breAB and breR expression can be accomplished by the
specific bile salts cholate, deoxycholate, and chenodeoxy-
cholate and that the hierarchy of stronger to weaker inducers
is as follows: deoxycholate � chenodeoxycholate � cholate. To
determine if the response to individual bile salts was also
mediated through BreR, we examined the expression of the
breAB and breR promoters in a �breR background with and

FIG. 7. Induction of PbreR-lacZ expression by crude bile and breR
autoregulation. �-Galactosidase activity was measured by growing the
strains in the absence or presence of 0.4% crude bile in LB at 37°C
until the OD600 of the cultures reached 0.8 to 1.0. The results shown
are from three independent experiments. Error bars indicate standard
deviations. wt, wild type.

FIG. 8. BreR interaction with the breR promoter region. (A) The breR promoter nucleotide sequence is shown. 5� RACE was utilized to
determine the position of the transcriptional start site for breR. The transcriptional start site (�1), ATG start codon, and putative 
35 and 
10
regions are boldfaced and underlined. (B) EMSA was performed with the control DNA fragment from the pva promoter (25) (lanes 1 to 3) or
the breR promoter fragments R1 and R2 (lanes 4 to 9). In the DNA binding assay, the DIG-dUTP-labeled DNA (10 ng) was incubated with 0 ng
(lanes 1, 4, and 7), 50 ng (lanes 2, 5, and 8), or 250 ng (lanes 3, 6, and 9) of BreR-His6.
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without subinhibitory concentrations of cholate, deoxycholate,
chenodeoxycholate, and glycocholate (negative control). The
deletion of breR led to constitutive expression of PbreAB-lacZ
and PbreR-lacZ (Fig. 9B) in the absence and presence of the
different compounds tested.

Deoxycholate inhibits the binding of BreR to the breR pro-
moter. It has been shown previously that the tetracycline re-
pressor (TetR) binds to the tetA operator in the absence of
tetracycline, repressing the expression of tetA, which encodes
an efflux pump. When tetracycline enters the cytoplasm, it
binds to TetR, inducing a conformational change that dissoci-
ates TetR from the tetA operator, allowing the production of
TetA and the active efflux of tetracycline (18, 19). This general
regulatory mechanism has also been described previously for
several members of the TetR family (6, 9, 12, 31, 39, 47, 51).
Given that cholate, deoxycholate, and chenodeoxycholate in-
duce breAB and breR expression, we hypothesized that these
bile salts may interact with BreR. To test this possibility, we
performed EMSA with the R1 fragment and BreR in the
presence of deoxycholate because this bile salt gives the most
robust induction of PbreR-lacZ expression (Fig. 9A). In addi-
tion, we tested BreR binding in the presence of glycocholate, a

noninducing bile salt, and glycodeoxycholate, a noninducing
bile salt with structural similarity to deoxycholate. Initially, we
determined the concentration at which deoxycholate abolished
the formation of the BreR-R1 complex (Fig. 10A). The result
showed that in the presence of �10 mM deoxycholate, BreR
was unable to bind to R1. We selected 10 mM deoxycholate as
the concentration to be used in our binding assay given that it
was the lowest concentration at which we observed the inhibi-
tion of binding. In addition, we used 10 mM glycodeoxycholate
and glycocholate as control bile salts. Figure 10B shows that 10
mM deoxycholate abolished the formation of the BreR-R1
complex but that the same concentration of glycodeoxycholate
or glycocholate did not disrupt this interaction. These results
suggest that deoxycholate is able to specifically prevent the
formation of the BreR-R1 complex.

DISCUSSION

In the present study, we investigated the mechanism of tran-
scriptional activation of genes that encode components in-
volved in facilitating the resistance of V. cholerae to bile. We
initially used microarray technology to investigate the changes
in V. cholerae global gene expression during growth in the
presence of different bile concentrations. The results con-
firmed the repression of the virulence regulon and the induc-
tion of the vexB and breAB (vexCD) genes, which encode efflux
system components. Furthermore, they revealed the induction

FIG. 9. Influence of different bile salts on the expression of PbreAB-
lacZ and PbreR-lacZ as determined by �-galactosidase assays. Strains
carrying the PbreR-lacZ or the PbreAB-lacZ fusion were grown in LB in
the absence or presence of a subinhibitory concentration (300 �M) of
different bile salts at 37°C until the OD600 of the cultures reached 0.8
to 1.0. The results shown are from three independent experiments.
Error bars indicate standard deviations. Asterisks indicate statistically
significant differences from the LB control. (A) Induction of PbreAB-
lacZ and PbreR-lacZ fusions in the presence of different bile salts.
(B) Expression of PbreAB-lacZ and PbreR-lacZ in a �breR background in
response to different bile salts.

FIG. 10. Effect of deoxycholate on the DNA binding activity of
BreR. (A) Titration of deoxycholate (DOC) to determine the concen-
tration that prevents the formation of BreR-R1 complexes. EMSA was
performed with the R1 fragment and 25 ng of BreR-His6. DIG-dUTP-
labeled DNA (10 ng) was incubated with increasing concentrations (0,
5, 10, 20, 40, and 80 mM) of DOC prior to electrophoresis. 
, no
DOC. (B) EMSA analysis showing the disruption of the BreR-DNA
complex in the presence of DOC but not glycodeoxycholate (GDOC)
or glycocholate (Gchol). EMSA was performed with the R1 fragment
and 0 or 25 ng of BreR-His6 (lanes 
 to Gchol). DIG-dUTP-labeled
DNA (10 ng) was incubated with no bile salts (
), 10 mM DOC, 10
mM GDOC, or 10 mM Gchol.
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of genes associated with transcriptional regulation, vexR and
breR (see Table S1 in the supplemental material).

Since it has been shown previously that the expression of
genes that encode components of RND efflux pumps are in-
ducible by the various substrates extruded by the pumps (32,
36, 37, 46, 50), we analyzed the expression of vexAB and breAB
in the presence of various compounds. In doing so, we estab-
lished that crude bile, SDS, and novobiocin induced the ex-
pression of the vexAB genes but that the induction of the
expression of breAB was specific to bile, suggesting that this
operon responded exclusively to bile, unlike vexAB, which re-
sponded to several molecular signals. We therefore pursued
the study of the breAB regulatory mechanism.

Genes encoding components of RND efflux systems are
tightly regulated by regulators of the TetR family (30). We
showed that BreR, a TetR-like regulator, repressed breAB
expression, while VexR, another TetR regulator, did not affect
breAB expression. It was also demonstrated that BreR, as other
TetR members, was able to repress the expression of its own
gene. VexR does not repress or activate the breR promoter to
indirectly affect breAB expression since PbreAB-lacZ expression
was not affected in the �vexR strain. �-Galactosidase assays
demonstrated that a PbreAB-lacZ fusion exhibited high-level
expression in the presence of crude bile; however, in a �breR
strain, the expression was even greater regardless of the pres-
ence of bile. Usually, local regulators play a modulating role,
while the principal transcriptional expression is controlled by
global regulators (13). These data support the hypothesis that
BreR functions as a repressor of the breAB operon by acting as
a local modulator preventing the excessive production of the
BreAB efflux pump and that VexR is neither a global nor a
local regulator of the breAB promoter. In addition, they
strongly suggest that there is no global activator that regulates
the expression of the breAB operon, such as the global activa-
tors MarA, SoxS, and Rob that induce the expression of the
genes encoding the AcrAB efflux system in E. coli (13). More-
over, since the �-galactosidase assays indicated that the level of
expression of breAB was highest in the breR mutant, it is pos-
sible that a �breR strain may be more resistant to bile than the
wild-type strain. MBC experiments with the wild-type and
�breR strains determined that there was a 1.5-fold increase in
the resistance of a breR mutant to bile compared to that of the
wild type (data not shown), as may be expected.

EMSA confirmed that BreR directly binds to the breAB
promoter region at two independent sites, one (AB1 fragment)
proximal to and one (AB2 or AB2s fragment) distal from the
transcriptional start site. The finding that BreR completely
shifted the AB1 fragment at a level (250 ng) that produced only
a fractional shift of the AB2 or the AB2s fragment may indi-
cate that the affinity for the distal site is lower. Finally, the
results presented here indicate that BreR is able to repress the
expression of its corresponding gene and interacts directly with
the breR promoter region at a single site.

It is known that a number of regulators belonging to the
TetR family act as transcriptional repressors by binding to
their own operator sequences in the absence of effector/in-
ducer molecules. Once the effector enters the cell, it will bind
to a nonconserved domain on the C terminus of the repressor
and cause a conformational change resulting in the dissocia-
tion of the repressor from the DNA and the transcription of

the negatively regulated genes (45). Figure 9A shows that of all
the bile salts tested, cholate, deoxycholate, and chenodeoxy-
cholate, induce the expression of the PbreAB-lacZ and PbreR-
lacZ transcriptional fusions, suggesting that these bile salts can
serve as an environmental signal(s) necessary for the activation
of breAB and breR expression. In addition, MBC tests showed
that BreB mediates resistance to these bile salts (data not
shown). Previous studies with C. jejuni demonstrated that
CmeR, a TetR repressor, binds to the cmeABC promoter and
represses its expression (31). When bile is incubated with the
CmeR-cmeRAB complex, it interacts with CmeR, causing it to
dissociate from the promoter region (32). In V. cholerae, VceR,
a TetR family repressor of the vceAB operon, dissociates from
its operator sequence in the presence of 77.2 mM deoxycholate
(6). The findings of these studies demonstrate that bile or bile
salts can act as effectors/inducers of TetR family regulators.
We performed EMSA using deoxycholate, glycocholate, or
glycodeoxycholate, which demonstrated that deoxycholate, at
10 mM, specifically disrupted the binding of BreR to the breR
promoter. Similar results have been observed previously with
MarR, an S. enterica serovar Typhimurium transcriptional reg-
ulator belonging to the MarR family (42). MarR represses the
marRAB operon, which is involved in decreasing OmpF porin
levels and increasing AcrAB-TolC levels to reduce the influx
and enhance the efflux of antibiotic compounds, respectively
(30). Most importantly, it has been shown previously that de-
oxycholate specifically induces marR expression, and gel shift
experiments have demonstrated that this bile salt specifically
interacts with MarR, disrupting binding to the marRAB operon
(42) in parallel to the interaction with BreR described here.

Based on the results that show (i) breAB and breR induction
by cholate, deoxycholate, and chenodeoxycholate and (ii) the
inhibition of BreR binding to the breR promoter by deoxy-
cholate, as well as the data in the supporting literature, we
propose a model wherein BreR is continuously associated with
the breR and breAB promoters, repressing their expression.
Once cholate, deoxycholate, and/or chenodeoxycholate enters
the cell, it binds to BreR, causing the dissociation of the BreR-
DNA complex, resulting in breR and breAB expression.

It has been demonstrated previously that the tetracycline
repressor (TetR) binds to the tetA operator in the absence of
tetracycline (an effector/inducer molecule), repressing the ex-
pression of tetA, which encodes an efflux pump, and that the
tetR gene is expressed simultaneously with the tetA gene. This
synchronized expression ensures that there is enough repressor
available to inactivate the expression of tetA when tetracycline
has been completely secreted out of the cell (18). Our results
show that breR and breAB share this feature since both PbreR-
lacZ and PbreAB-lacZ showed higher levels of expression in the
presence of bile, specifically in the presence of cholate, deoxy-
cholate, and chenodeoxycholate, than in the absence of bile.

Finally, the organization of breR with respect to breAB rep-
resents a novel arrangement for these systems, since the genes
that encode TetR regulators that control the expression of the
cognate genes encoding RND efflux systems are localized
either in a divergent orientation adjacent to the genes they reg-
ulate (1, 17, 31, 35) or in the same operon (39, 53). In contrast,
breR is located 8.99 kb upstream, positioned several genes
away from the breAB operon. Genes encoding hypothetical
proteins, paraquat-inducible protein A and B, and a putative
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lipoprotein are among the genes between breR and the breAB
operon. Interestingly, three of the genes encoding hypothetical
proteins were also identified in our microarray study as being
induced in the presence of bile (see Table S1 in the supple-
mental material). These genes are currently under investiga-
tion.

The findings reported here demonstrate that BreR is the
transcriptional repressor of the breAB efflux system operon and
that this repression is probably accomplished by binding at two
independent binding sites in the breAB promoter. In addition,
BreR negatively regulates its own expression by binding to one
site at the breR promoter. The mechanism of BreR repression
at these promoters is currently under investigation. Lastly, we
propose that BreR requires an effector/inducer molecule(s) to
dissociate from the breAB and/or breR promoter and that the
effector/inducer molecule(s) may be cholate, deoxycholate,
and/or chenodeoxycholate.
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