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CreBC is a two-component system that controls the expression of a number of genes in Escherichia coli
(called the cre regulon) that encode diverse functions, including intermediary metabolic enzymes. Using a
reporter construct, we have shown that cre regulon gene expression is activated during growth in minimal
media when glycolytic carbon sources are being fermented. It also is activated during aerobic growth when
fermentation products are being used as carbon sources. CreB and CreC are essential for the activation of cre
regulon gene expression, but CreA and CreD, encoded as part of the creABCD gene cluster, are not. CreB binds
to a TTCACnnnnnnTTCAC direct repeat (the cre tag) in vitro, and this sequence, which is associated with cre
regulon gene promoters, is required for the control of gene expression in vivo. These observations support the
hypothesis that CreBC is a functional two-component system involved in the metabolic control of transcription
in E. coli and confirm that CreB is a DNA binding transcriptional regulator.

Escherichia coli PhoBR is a paradigm two-component sys-
tem (TCS). The sensor kinase (SK) PhoR responds to a de-
crease in the concentration of inorganic phosphate (Pi), and
under conditions of Pi starvation the protein autophosphory-
lates and then trans-phosphorylates the response regulator
(RR), PhoB (15, 25). In its phosphorylated form, PhoB binds
more tightly to the pho box DNA sequence and interacts with
RNA polymerase to stimulate the transcription of a regulon of
genes that encode products that have a collective role in raising
the concentration of cellular Pi (7–9). One of these genes,
phoA, encodes bacterial alkaline phosphatase (Bap), and this
enzyme activity generally is used as a reporter of pho regulon
gene expression (21).

Mutants having the phoR68 allele, believed to encode a
nonfunctional PhoR, express Bap production phenotype 1A,
which is defined as moderate, constitutive Bap production at a
level around one-third of that seen during Pi starvation of a
phoR� strain. The expression of the type 1A phenotype is
dependent upon phoM; a phoM deletion, phoR68 derivative
produces Bap constitutively at low levels (21). The cloning and
sequencing of the phoM gene revealed that it is the third gene
in a four-gene locus (2, 22). By sequence homology, phoM was
predicted to encode an SK protein, and it was later shown that
PhoM can autophosphorylate and then trans-phosphorylate
PhoB in vitro. The second gene in the phoM locus (phoM-orf2)
was predicted to encode an RR protein, and PhoM also was
shown to trans-phosphorylate this putative RR in vitro (3). It is
presumed, therefore, that PhoM responds to a signal other
than Pi starvation, and in the absence of PhoR (i.e., in the

phoR68 mutant background) it can regulate the production of
Bap through trans-phosphorylating PhoB. In the presence of
PhoR, however, PhoM is not able to affect the activity of PhoB
(21); instead, it has long been thought to act through its cog-
nate RR, which is encoded by phoM-orf2 (25).

There are few clues about the activating signal for PhoM. It
was shown early on that the PhoM-controlled production of
Bap in a phoR68 mutant is responsive to the presence of
glucose in the medium. Bap production was higher after glu-
cose was added to nutrient agar plates (23). Accordingly, the
phoM locus was renamed cre, for carbon source responsive; the
four genes in the locus were renamed creA (phoM-orf1, a hy-
pothetical open reading frame), creB (phoM-orf2), creC
(phoM), and creD (phoM-orf4; also known as cet, encoding an
inner membrane protein of uncertain function) (25) (Fig. 1A).
It was originally supposed that the four genes form an operon
(2), but Drury and Buxton showed that as well as being part of
the operon, creD (cet) has its own promoter and is overex-
pressed in mutants expressing the Cet2 (colicin E2 tolerant)
phenotype (11).

For many years following the discovery of CreBC, cre regu-
lon genes, the expression levels of which are controlled by
CreBC, proved elusive. The key to our discovery of the founder
members of this regulon was the observation of significant
sequence similarities between E. coli CreBC and a TCS from
Aeromonas hydrophila named BlrAB, which regulates the ex-
pression of the blr regulon, which is comprised of three �-lac-
tamase genes, cepH, imiH, and ampH, and at least one addi-
tional gene, blrD, which is a homologue of E. coli creD (4–6,
17). Following up on previous work by Rasmussen and col-
leagues (19), we found that the expression of cepH, imiH, and
ampH comes under the control of CreBC when these genes are
cloned into E. coli DH5� together with upstream sequences (4,
5). A so-called cre/blr tag sequence, TTCACnnnnnnTTCAC,
located at around �60 relative to the transcriptional start site,
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is essential for the control of cepH expression by the RR, BlrA
(6), so we postulated that CreB also controls cloned cepH
expression through the cre/blr tag, and further, that the cre/blr
tag is found upstream of CreB-regulated genes native to E. coli
(5). A bioinformatic search revealed eight transcriptional units
encoding diverse functions located downstream of cre/blr tags,
and all eight were shown to be under CreBC-dependent con-
trol in DH5� (seven are activated by CreBC, and one is re-
pressed), making them the first cre regulon genes to be iden-
tified (5). Interestingly, one of the most tightly controlled cre
regulon genes is creD, and the creD-overexpressing (Cet2) mu-
tant of Drury and Buxton (11) has a mutation in creC affecting
an amino acid within the kinase domain, presumably activating
it (5).

Given that there was some evidence from Bap assays using a
phoR68 mutant that CreC is a carbon source-responsive SK
(23, 24), we next investigated whether cre regulon gene expres-
sion is responsive to a carbon source. Using cultures grown in
sealed universal bottles to an optical density at 600 nm (OD600)
of 0.8, we found that cre regulon gene expression (monitored
by reverse transcription-PCR [RT-PCR]) is least active during
the growth of DH5� in complex medium, such as nutrient
broth, and is significantly activated in minimal medium con-
taining glucose as the carbon source (5). This gave us some
clue to the possible CreC-activating ligand, but the primary
aim of the work reported in this paper was to make a more
detailed analysis of which carbon sources activate cre regulon
gene expression and whether other factors are involved, e.g.,
respiratory or fermentative growth.

The presence of a cre tag upstream of all known cre regulon
genes provides circumstantial evidence that the cre tag repre-
sents a CreB binding site and so a means by which CreBC can
affect the transcription of cre regulon genes (5). However, the
role of the cre tag in the CreBC-mediated control of cre regu-
lon gene expression has not been examined experimentally, so
it was the secondary aim of the work described in this paper to
do so, by confirming that CreB binds to the cre tag sequence in

vitro and that this sequence is essential for the CreBC-depen-
dent control of gene expression in vivo.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli DH5� (F� endA1 hsdR17
supE44 thi recA1 gyrA96 relA1 spoT1 rbfD1 �lacU169 [�80�lacZM15]; Invitrogen
Ltd., Paisley, United Kingdom) and its mutants (see below) were used through-
out. Strains were routinely cultured in nutrient broth or on nutrient agar (Oxoid
Ltd., Basingstoke, United Kingdom) supplemented with the appropriate anti-
biotic(s) when necessary. M9 minimal salts medium was prepared using a base of
6 g/liter Na2HPO4, 3 g/liter KH2PO4, 1 g/liter NH4Cl, and 0.5 g/liter NaCl in
water. After being autoclaved, minimal medium was supplemented with thiamine
(50 �g/ml), tetracycline (25 �g/ml), the appropriate carbon source (180 mM
carbon atoms), and either sodium nitrate, sodium fumarate, or trimethylamine
N-oxide (TMAO) when required. All chemicals were obtained from Sigma-
Aldrich Ltd. (Poole, United Kingdom). Strains were routinely grown at 37°C with
vigorous aeration (150 rpm) in 50-ml conical flasks with a foam bung, in which
the culture occupied a volume of 10 ml. Anaerobic cultures (20 ml) were grown
in tightly closed 20-ml glass universal bottles in a static incubator.

Construction of creD/lacZ reporter constructs and assay of �-galactosidase
activity. Two creD/lacZ fusion constructs were made using the reporter plasmid
pRW50 (14). The regions of DNA starting at the immediate 5� or 3� end of the
creD cre tag and the finishing 50 bp within the creD open reading frame (2) were
amplified by PCR as described previously (4). For each PCR, one of two different
forward primers (Fig. 1B), each inserting an EcoRI site at the 5� end of the
amplicon (underlined), was used (cre tag forward, 5�-CCTGAATTCGACTTC
ACC-3�; or �cre tag forward, 5�-CATGAATTCAAATTCTTCCC-3�). In both
cases, a single negative primer inserted a HindIII site (in boldface) at the 3� end
of each amplicon (cre tag reverse, 5�-TAAGCTTCACGTTCGACA-3�). The two
PCR amplicons were ligated into pCR4.1 (Invitrogen Ltd., Paisley, United Kingdom)
according to the manufacturer’s instructions, and the inserts were sequenced.
Correct inserts were excised from the vector using EcoRI/HindIII and were
ligated into EcoRI/HindIII-linearized pRW50 (14). Recombinant plasmids
pUB6070 (cre tag) and pUB6069 (�cre tag) were used to transform E. coli DH5�
cells to tetracycline resistance (25 �g/ml). �-Galactosidase assays in the presence
of the reporter plasmid were carried out according to Miller’s protocol (16) using
0.5 ml cells.

RT-PCR. Total RNA was isolated using the Qiagen RNAeasy mini kit accord-
ing to the manufacturer’s instructions (Qiagen Ltd., Crawley, United Kingdom).
Contaminating DNA was removed by treatment with RQ1 RNase-free DNase
(Promega United Kingdom, Southampton); the absence of genomic DNA was
confirmed by PCR. Total first-strand cDNA was synthesized from total RNA
(200 ng) using Superscript III reverse transcriptase with random hexamer prim-
ers according to the manufacturer’s instructions (Invitrogen Ltd., Paisley, United

FIG. 1. cre locus of E. coli and the creD upstream region. (A) The cre genes are represented to scale, as are their intergenic distances. It is
proposed (2) that a single operonic promoter upstream of creA drives the transcription of creABCD, the product of which is marked with a dashed
arrow. It is known (11) that creD also has its own promoter, and transcription from this point is marked with a solid arrow. (B) The sequence
upstream from creD is highlighted. The creD transcriptional start site (TSS) was determined using the 5� RACE method as set out in Materials
and Methods. The TSS (denoted as �1, in boldface and underlined) is shown in context with the cre tag sequence, the putative �10 promoter
element, the predicted ribosome binding site (RBS), and the translation initiation codon (in boldface). The binding positions of the PCR primers
used to construct the pUB6070 (cre tag) and pUB6069 (no cre tag) reporter constructs used in this study are defined (cre tag, Primer 1) and (no-cre
tag, Primer 2) by arrows above the sequence.
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Kingdom). PCRs (25 �l) were performed using REDTAQ ReadyMix (Sigma-
Aldrich Ltd., Poole, United Kingdom) from the cDNA template (2 �l). PCRs for
the 16S rRNA and creD cDNAs were performed using a 1/1,000-fold and 1/5-fold
dilution of total cDNA in UltraPure water, respectively. The primers for 16S
were 16S_RT_F (5�-GGTGCAAGCGTTAATCGGAA-3�) and 16S_RT_R (5�-
CTTCCGTGGATGTCAAGACC-3�); creC and creD primers were as reported
previously (5). Following an initial denaturation at 95°C for 5 min, PCR (com-
prising the following sequential segments: 95°C for 30 s, 54°C for 30 s, and 72°C
for 1 min) was performed for 30 cycles. Changes in the expression of creC and
creD were inferred from the intensity of the resultant PCR products under UV
transillumination following agarose gel electrophoresis; the expression of the
control 16S rRNA housekeeping gene was used as a cDNA loading control.

Deletion of cre genes. The creA, creB, creC, and creD genes were disrupted and
deleted individually using the PCR-based method of Datsenko and Wanner (10).
Deletion primers were designed to replace the full coding sequence of each gene
with the kanamycin resistance gene amplified from pKD4 (10). The sequences of
primers used to disrupt the genes (_KO primers) are shown in Table 1. The
insertion of the kanamycin resistance gene at each locus was confirmed by PCR
using an upstream, gene-specific forward primer with the reverse primer k1 (10).
To check the other junction, the primer kan_F_seq (5�-GAAGAGCTTGGCG
GCGAATG-3�) was used with a downstream, gene-specific, reverse primer.
Gene-specific checking primers (_chk) are shown in Table 1. Unmarked dele-
tions were generated using the pCP20-encoded FLP recombinase to excise the
kanamycin resistance gene as described elsewhere (10). The amplimer generated
from the excised sequence using the gene-specific forward and reverse primers
was sequenced to confirm the genetic structure (ABC Sequencing, London,
United Kingdom).

Transcriptional start site analysis for creD. Total RNA was isolated from
DH5� (5 ml of a 50-ml culture) grown aerobically to mid-logarithmic growth
phase (A600 	 0.5 to 0.6) in pyruvate-M9 minimal medium supplemented with
thiamine by using the Qiagen RNAeasy mini kit according to the manufacturer’s
instructions (Qiagen Ltd., Crawley, United Kingdom). Contaminating DNA was
removed by DNase treatment (Promega United Kingdom, Southampton). The
determination of the 5� end of creD mRNA was done using version 2.0 of the 5�
rapid amplification of cDNA ends (5� RACE) system according to the manufac-
turer’s instructions (Invitrogen Ltd., Paisley, United Kingdom). First-strand
cDNA synthesis was primed from the RNA preparation by using the antisense
creD gene-specific primer 1 (5�-CTAAGACGCGAAAC-3�). The resulting
cDNA was purified using a SNAP column, and a 5� cytidine homopolymeric tail
was added using terminal deoxynucleotidyl transferase. The 5� RACE abridged
anchor primer (5�-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-
3�) was used with creD gene-specific primer 2 (5�-CGTATAAAGCTCGGTCA
C-3�) to amplify the tailed cDNA using an annealing temperature of 54°C. To
enrich the product, it was reamplified using the 5� RACE universal amplification
primer (5�-CUACUACUACUAGGCCACGCGTCGACTAGTAC-3�) and creD
gene-specific primer 2. The largest specific product was purified by gel extraction
(QIAquick gel extraction kit; Qiagen, Crawley, United Kingdom), and the prod-
uct(s) was ligated into the pCR2.1 TOPO cloning vector according to the man-
ufacturer’s instructions (Invitrogen Ltd., Paisley, United Kingdom). The insert
was amplified using M13 primers (Invitrogen Ltd., Paisley, United Kingdom) and
sequencing in both orientations (ABC Sequencing, London, United Kingdom).

Ten clones were sequenced in order to confirm that the correct transcriptional
start site had been identified.

Cloning and transient overproduction of CreB and CreB-His using pBAD.
The creB gene was amplified from E. coli DH5� by PCR using creB forward
primer (5�-ATGCAACGGGAAACGGTC-3�) with either the creB reverse
primer (5�-TTACAGGCCCCTCAGGC-3�) or the creB no-stop codon primer
(5�-CAGGCCCCTCAGGCTAT-3�). These amplicons were individually ligated
into the pBAD vector (Invitrogen Ltd.), rescued in E. coli TOP10 chemically
competent cells, and selected with 50 �g/ml ampicillin. The orientation of the
inserts was checked by PCR using M13-forward and the appropriate creB reverse
primer (as described above). The plasmids were named pUB6073 (creB ampli-
con) and pUB6074 (creB no-stop codon amplicon); they were purified from 1 ml
of an overnight culture using the QIAprep spin miniprep kit (Qiagen Ltd.) and
electroporated into electrocompetent E. coli DH5� cells, with transformants
being selected using 50 �g/ml ampicillin. The overproduction of CreB (from
pUB6073) or CreB-His (from pUB6074) was induced by adding 0.2% (wt/vol)
arabinose to glucose-M9 minimal medium cultures at a starting OD600 of 0.3.
Induction was continued for 2 h prior to cell extraction and the assay of the
appropriate reporter.

Purification of recombinant CreB-His. CreB-His was produced by growing
DH5�(pUB6074) in nutrient broth at 37°C with aeration to an OD600 of 1.2 to
1.3 in 1 liter of nutrient broth supplemented with 50 �g/ml thiamine, 30 mM
glucose, 0.2% (vol/vol) Casamino Acids, 1% (wt/vol) arabinose, and 50 �g/ml
ampicillin. The cell suspension was centrifuged at 4,500 rpm for 30 min and the
supernatant removed, and the pellet was resuspended in 50 ml binding buffer (20
mM sodium phosphate, 500 mM NaCl, 5 mM imidazole, pH 7.4; filtered through
a 0.22-�m nitrocellulose filter) and chilled on ice before being sonicated in a
Sonics Vibra-cell sonicator (Sonics and Materials Inc., Newtown, CT) eight times
for 30 s, delivered as 60 cycles of 0.5-s pulses with 0.5-s rest periods at 60%
amplitude. The sample was centrifuged at 18,000 rpm for 30 min (Sorvall RC5C
with an SS34 rotor; Kendro Laboratory Products, Hertfordshire, United King-
dom). Meanwhile, a 5-ml HiTrap chelating HP column (Amersham Biosciences,
Little Chalfornt, Bucks, United Kingdom) was prepared according to the man-
ufacturer’s instructions. The supernatant was loaded onto the column at a rate of
4 ml/min. The column then was washed with 70 ml binding buffer, and bound
proteins were eluted over 330 ml with a gradually increasing gradient of elution
buffer (20 mM sodium phosphate, 500 mM NaCl, 5 mM imidazole, pH 7.4;
filtered through a 0.22-�m nitrocellulose filter), thereby producing 82.5 fractions
of 4 ml (1 min) each. Fractions were stored at 4°C. Fractions containing essen-
tially pure CreB-His, as determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis followed by Western blotting using an anti-His antibody
according to the manufacturer’s instructions (Qiagen Ltd.), were concentrated
using a Vivaspin 5000 column according to the manufacturer’s instructions
(Vivascience, Lincoln, United Kingdom) and dialyzed into a storage buffer (50
mM Tris-HCl, 250 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 2 mM dithiothreitol
[DTT], 50% [vol/vol] glycerol). The concentration of CreB-His was determined
using the Bio-Rad protein assay dye reagent concentrate and Bio-Rad quick start
bovine serum albumen standards (Bio-Rad Laboratories Ltd., Hemel Hemp-
stead, United Kingdom).

Radioactive labeling of oligonucleotide probes. Two pairs of 28-bp oligonu-
cleotides (Table 2) were designed based on the sequence spanning the creD

TABLE 1. Sequences of oligonucleotides used for the disruption of the cre genes

Oligonucleotide Sequence (5�–3�)

creA_F_KO............................................................CTAATTGCTCGTGTAATAGATAAAAATGGTAACAATGTGTAGGCTGGAGCTGCTTC
creA_R_KO ...........................................................TAACCAGACCGTTTCCCGTTGCATAAATCGCCTCTGCATATGAATATCCTCCTTAG
creB_F_KO ............................................................CCTGTCATGCCGTGGCGGCAATAACAGAGGCGATTTGTGTAGGCTGGAGCTGCTTC
creB_R_KO ...........................................................AAAAATAGCCCAGCAACAACCGCATGCCGATACGCACATATGAATATCCTCCTTAG
creC_F_KO............................................................TCATCGCGGCATGGGATATAGCCTGAGGGGCCTGTAGTGTAGGCTGGAGCTGCTTC
creC_R_KO ...........................................................AGCAGGATACGAAGACTATGTGGGAAGAATTTGAAGCATATGAATATCCTCCTTAG
creD_F_KO............................................................TCTTCGTATCCTGCTGCCATTGCAAAGGAGAAGACTGTGTAGGCTGGAGCTGCTTC
creD_R_KO ...........................................................AACGGCGCTTTTTAGCGCCGTTTTTATTTTTCAACCCATATGAATATCCTCCTTAG
creA_F_chk ............................................................CTTTCAACAACGAGCACCTG
creA_R_chk ...........................................................TATCCGGCAGACCAACATCG
creB_F_chk ............................................................ACGGCAAAGCTCAGGGCGAG
creB_R_chk............................................................GCAACGTTGCGGTGTCGATC
creC_F_chk ............................................................TTGAAGACGTTACTCAAGTC
creC_R_chk ...........................................................AATCGCATCTTCCACATCGC
creD_F_chk............................................................GTTTGTTTAACGGCGAAGTC
creD_R_chk ...........................................................CCGTATTCGTAAACATTTCG
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upstream cre tag sequence. Each labeling reaction mixture contained 5 �l of 3.5
�M forward oligonucleotide, 4 �l Redivue adenosine 5�-[
-32P]triphosphate,
triethylammonium salt (GE Healthcare United Kingdom Ltd., Buckingham-
shire), 2 �l T4 polynucleotide kinase 10� reaction buffer, 1 �l T4 polynucleotide
kinase (Roche Diagnostics GmbH, Mannheim, Germany), and 8 �l water. The
reaction mixture was incubated at 37°C for 30 min before 30 �l of the reverse
annealing oligonucleotide (100 �M) was added. The mixture was incubated at
90°C for 10 min in a heat block, which then was switched off; the reaction mixture
was left to cool in the block overnight. The resulting double-stranded, labeled
oligonucleotides were purified using Micro-bio spin columns (Bio-Rad Labora-
tories Ltd., Hertfordshire, United Kingdom) according to the manufacturer’s
instructions. For cold competition, double-stranded oligonucleotides were made
and purified exactly as set out above, but without the 30-min labeling reaction.

Electrophoretic mobility shift assay (EMSA). Reactions mixtures (10 �l) were
prepared with 1 nM radiolabeled double-stranded 28-bp oligonucleotide (de-
scribed above), 50 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 100 �M EDTA,
1 mM DTT, and 4% (vol/vol) glycerol, with various amounts of purified CreB-
His protein. For cold competition experiments, the appropriate cold oligonucle-
otide (described above) also was added to a concentration of 1 or 10 nM. In all
cases, reaction mixtures were incubated at 37°C for 30 min before being loaded
into 1.5-mm nondenaturing gels made with 10% acrylamide/bisacrylamide (37.5:
1), 90 mM Tris base, 90 mM sodium borate, 2 mM EDTA, 0.05% (wt/vol)
ammonium persulfate, 0.1% (vol/vol) N,N,N,N-tetramethylethylenediamine,
which had been prerun in 90 mM Tris-base, 90 mM sodium borate, 2 mM EDTA
in water for at least 30 min. Once loaded, gels were run at 100 V for 65 min
before exposure to a phosphor storage screen (GE Healthcare) overnight. Phos-
phor storage screens were visualized using a Typhoon scanner (GE Healthcare).

RESULTS

cre regulon gene expression during growth on different car-
bon sources. Our previously published work using RT-PCR
showed that creD is part of the cre regulon, and its expression
is strongly induced upon the activation of CreBC (5). In order
to extend that work and to carefully monitor the effects of
various well-defined growth conditions on cre regulon gene
expression, we decided to make a �-galactosidase reporter of
creD expression by splicing the sequence upstream of creD to a
promoterless lacZ in the reporter plasmid pRW50. The result
was plasmid pUB6070.

�-Galactosidase activity in E. coli DH5�(pUB6070) grown
in nutrient broth or in minimal medium with glucose or pyru-
vate as the sole carbon source was measured at intervals during
a period of time from the initial inoculation of the culture to
early stationary phase (OD600 	 0.9 to 1.0) (Fig. 2A). These
growth curves revealed that representative data could be col-
lected at mid-log phase (OD600 	 0.5 to 0.6), so this growth
point was used for future studies. Growth in either glucose or
pyruvate minimal medium previously has been shown to cause
a significant increase in cre regulon gene expression relative to
that of growth in nutrient broth (5). Consistently with our
previous RT-PCR studies, considerable activation of �-galac-

tosidase reporter enzyme activity occurred during growth in
pyruvate minimal medium relative to that observed during
growth in nutrient broth (Fig. 2A). However, inconsistently
with our previous creD RT-PCR work, a similarly low level of
�-galactosidase activity was observed during growth on glucose
minimal medium, as seen for nutrient broth. To validate these
results, RNA was purified from these same cultures at an
OD600 of 0.5 to 0.6, and RT-PCR was used to monitor creD
transcription from the chromosome. The RT-PCR data mir-
rored the LacZ reporter data for cultures grown under the
same conditions (Fig. 2B).

Our previously published data reporting the activation of cre
regulon gene expression during growth on glucose minimal
medium came from cultures of logarithmic-phase DH5� cells
grown in sealed universal bottles (5). The data shown in Fig. 2
come from cultures grown in flasks with foam bungs. Accord-
ingly, we hypothesized that the reason why we were not able to
replicate the results of our earlier study was that the oxygen
tension of cultures in the current experiment was far higher. If
correct, this would mean that during growth on glucose mini-
mal medium, cre regulon gene expression is responsive to a
switch from aerobic to anaerobic conditions, and so it is pos-
sibly activated when cells are fermenting glucose. To test this,
we grew cultures anaerobically as set out in Materials and
Methods. There was a 10-fold increase in cre regulon reporter
gene expression during anaerobic growth on glucose-M9 min-
imal medium (measured at an OD600 of 0.5 to 0.6) compared
with that seen during aerobic growth (Fig. 3A). However, there
was no significant induction of cre regulon reporter gene ex-
pression during anaerobic growth on the complex medium,

FIG. 2. creD expression during aerobic growth in different media.
Expression was measured using �-galactosidase reporter plasmid
pUB6070 (A) and RT-PCR (B). DH5�(pUB6070) was grown aerobi-
cally for an entire growth curve (A) or to mid-log phase (OD600 	 0.5
to 0.6) (B) in nutrient broth (NB; black squares), in M9 minimal
medium containing glucose (GLC; open circles), or with pyruvate
(PYR; black triangles) as the sole carbon source. (B) Bands represent
the RT-PCR product separated using agarose gel electrophoresis and
visualized under UV transillumination. The data are averages of (A) or
representative of (B) three individual biological replicates.

TABLE 2. Sequences of oligonucleotides used as substrates for
CreB-His binding in EMSA experiments

EMSA oligonucleotide Sequence (5�–3�)

creD wild-type cre tag forward....TTCGACTTCACCGTCACTTCAC
ATAGCT

creD wild-type cre tag reverse.....AGCTATGTGAAGTGACGGTG
AAGTCGAA

creD no cre tag forward...............TTCGACCCTGTCGTCACCCTGT
ATAGCT

creD no cre tag reverse ................AGCTATACAGGGTGACGACA
GGGTCGAA
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nutrient broth (Fig. 3A), confirming our earlier finding that
during growth in complex media, cre regulon gene expression
is not activated (5). Again, the reporter gene assays correlated
well with RT-PCR measurements of creD transcript levels
from the chromosome (Fig. 3B), so we can be confident that
pUB6070 accurately reports creD expression levels.

Adding increasing concentrations of nitrate, fumarate, or
TMAO to anaerobic glucose-M9 minimal medium cultures as
alternative terminal electron acceptors resulted in a dosage-

dependent reduction of cre regulon reporter gene expression
(Fig. 4), which further supports our hypothesis that the acti-
vation of cre regulon gene expression occurs when cells are
fermenting glucose.

During aerobic growth, high levels of cre regulon reporter
gene expression were seen during growth in M9 minimal me-
dium containing all single or short-chain carbon sources tested
(formate, acetate, lactate, pyruvate, and malate) but not with
any of the longer five- and six-carbon compounds tested
(arabinose, fucose, gluconate, and glucose) (Fig. 5).

Role of cre locus genes in the carbon source-mediated acti-
vation of cre regulon expression. Genes encoding the CreBC
TCS, which is believed to control cre regulon gene expression,
are encoded as part of the creABCD genetic locus. The sys-
tematic deletion of creA, creB, creC, and creD was undertaken
to assess the roles of their protein products on the activation of
cre regulon gene expression (measured using the cre regulon
reporter plasmid, pUB6070) during aerobic growth on glucose
or pyruvate minimal medium (Fig. 6). In all cases, the resis-
tance gene cassette used to disrupt the genes then was excised,
creating deletions without polar effects; for example, RT-PCR
showed that downstream creC expression is not significantly
reduced in the creB disruption mutant (data not shown). The
deletion of creB or creC completely abolished any activation of
cre regulon reporter gene expression during growth on pyru-
vate. These data confirm that CreB and CreC both are essen-
tial for controlling the expression of cre regulon genes. In
contrast, the disruption of creD did not alter the activation of
cre regulon reporter gene expression upon a switch from glu-
cose to pyruvate minimal medium, showing that CreD is not
itself essential for the activation of CreBC. Interestingly, the
creA deletion mutant showed a slightly enhanced expression of
the reporter gene under these conditions (Fig. 6).

During anaerobic growth on glucose minimal medium, in-
tact creB and creC also were found to be essential for the
activation of cre regulon gene expression, but again, neither
creA nor creD is required for this process (Fig. 6). Interestingly,
although the deletion and excision of creA caused a slight
increase in cre regulon gene expression during aerobic growth

FIG. 3. Effect of anaerobic growth on creD expression. Expression
was measured using �-galactosidase reporter plasmid pUB6070
(A) and RT-PCR (B). DH5�(pUB6070) was grown aerobically (AER)
or anaerobically (ANAER) to mid-log phase (OD600 	 0.5 to 0.6) in
nutrient broth (NB) or in M9 minimal medium containing glucose
(GLC) as the sole carbon source. (A) Error bars indicate standard
deviations from at least three independent experiments. (B) Bands
represent the RT-PCR product separated using agarose gel electro-
phoresis and visualized under UV transillumination. RT-PCR data are
representative of three biological replicates.

FIG. 4. Effect of alternative electron acceptors on anaerobic activation of creD expression. Expression was measured using �-galactosidase
reporter plasmid pUB6070. DH5�(pUB6070) was grown anaerobically to mid-log phase (OD600 	 0.5 to 0.6) in M9 minimal medium containing
glucose as the sole carbon source in the presence of different concentrations of three alternate electron acceptors: sodium nitrate (black triangles),
sodium fumarate (open circles), and TMAO (black squares). Error bars indicate standard deviations from at least three independent experiments.
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on pyruvate minimal medium, its deletion was found to cause
a threefold decrease in the activation of cre regulon gene
expression anaerobically on glucose (Fig. 6). Given our current
understanding of how CreC becomes activated, we cannot ex-

plain this observation, and indeed, it may be simply a minor
effect of the genetic lesion created, which could conceivably
alter the production of CreBC through introducing or remov-
ing some cis-acting element within the 5� end of the creABCD

FIG. 5. creD expression during aerobic growth in M9 minimal medium supplemented with different carbon sources. Expression was measured
using �-galactosidase reporter plasmid pUB6070. DH5�(pUB6070) was grown anaerobically to mid-log phase (OD600 	 0.5 to 0.6) in M9 minimal
medium containing formate (FOR), acetate (ACE), lactate (LAC), pyruvate (PYR), malate (MAL), arabinose (ARA), fucose (FUC), gluconate
(GLU), or glucose (GLC) as the sole carbon source (180 mM carbon atoms in each case) or in nutrient broth (NB). Error bars indicate standard
deviations from at least three independent experiments.

FIG. 6. Effect of disruption of genes of the cre locus on creD expression. Expression was measured using �-galactosidase reporter plasmid
pUB6070. DH5� (wild type [WT]), DH5��creA (A), DH5��creB (B), DH5��creC (C), and DH5��creD (D), each carrying pUB6070, were grown
aerobically (AER) or anaerobically (ANAER) to mid-log phase (OD600 	 0.5 to 0.6) in M9 minimal medium containing glucose (GLC) or pyruvate
(PYR) as the sole carbon source. Error bars indicate standard deviations from at least three independent experiments.
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operon. We can state clearly, however, that CreD and CreA
are not required for the activation of cre regulon gene expres-
sion under any of the conditions tested in this study.

Confirmation of a role for the cre tag sequence in transcrip-
tional activation of creD in vivo. We previously hypothesized
that the cre tag sequence, TTCACnnnnnnTTCAC, located
upstream of all known cre regulon genes, is important for
controlling their expression by CreBC (5). To test this hypoth-
esis, we made a new creD/lacZ reporter construct that was
identical to pUB6070, except that the 16-bp cre tag sequence
upstream of creD was absent. The resultant plasmid was called
pUB6069. �-Galactosidase activity in DH5�(pUB6069) cells
did not increase significantly during aerobic growth in pyruvate
minimal medium or during anaerobic growth on glucose min-
imal medium compared to that of aerobic growth on glucose
minimal medium (data not shown), confirming that the cre tag
is essential for the control of creD expression and adding fur-
ther evidence for its role in the CreBC-mediated control of cre
regulon gene expression per se.

These studies were complemented by determining the creD
transcriptional start site in E. coli DH5� during aerobic growth
in pyruvate minimal medium using 5� RACE as set out in
Materials and Methods. The transcriptional start site was lo-
cated 18 nucleotides upstream of the ATG initiation codon for
creD (Fig. 1B). An appropriately positioned 4 of 6 matching
�10 sequence (TATCCT) is located upstream of this tran-
scriptional start site, but there is no appropriately positioned
�35 element having the requisite 17- to 18-nucleotide separa-
tion from this �10 element. This experiment revealed that the
cre tag is centered at �51.5 with respect to the creD transcrip-
tional start site (Fig. 1B).

Interaction of CreB with the cre tag sequence in vitro and in
vivo. It has been established that pho box DNA binding by E.
coli PhoB is not dependent upon PhoB phosphorylation, but
that phosphorylation increases the affinity of PhoB for the pho
box. Hence, the reduced affinity of unphosphorylated PhoB for
the pho box can be mitigated by the overproduction of PhoB,
which activates pho regulon gene expression even in the ab-
sence of an active PhoR signal sensor (12). Given that PhoB
and CreB are highly similar (25), we next tested whether CreB
overproduction in E. coli DH5� would stimulate cre regulon
gene expression even during aerobic growth on glucose, when
the CreBC TCS is not activated. To this end, creB was over-
expressed using the arabinose-inducible pBAD system; the re-
combinant plasmid was designated pUB6073. This plasmid was
electroporated into DH5�(pUB6070), and �-galactosidase as-
says were used to measure cre regulon reporter gene expres-
sion during aerobic growth on glucose minimal medium with or
without 0.2% (wt/vol) arabinose (2 h) to stimulate the expres-
sion of CreB from pUB6073. These results (Fig. 7A) clearly
demonstrate that the overproduction of CreB activates cre
regulon gene expression. In parallel, pUB6073 was introduced
into a creC deletion derivative of DH5�(pUB6070). The acti-
vation of LacZ reporter production was similar to that for
creC� cells (Fig. 7B), confirming that CreC is not required for
this process, as expected given that, under these growth con-
ditions, CreC is minimally active.

In order to purify recombinant CreB for in vitro EMSAs, a
new creB overexpression vector was constructed using pBAD
in such a way that a C-terminal hexahistidine tag was intro-

duced into the protein. When overproduced, CreB-His is able
to strongly stimulate cre regulon reporter gene expression in
vivo (approximately 60-fold), though not as strongly as the
untagged protein under the same induction conditions (Fig. 7).
This may be for a number of reasons, including the reduced
expression and/or reduced stability of the His-tagged version of
CreB. However, since CreB-His clearly is biologically active
and more easily purified than native CreB, it was used to test
for the ability of CreB to bind to the cre tag sequence in vitro.

CreB-His was purified using nickel affinity chromatography
and used in EMSAs together with 28-bp radiolabeled oligonu-
cleotide probes either containing or specifically lacking the cre
tag sequence upstream of creD. There was a clear band shift
associated with CreB-His binding to the cre tag-containing
probe (Fig. 8A). At higher concentrations of protein, a super-
shift is observed. When a probe lacking the cre tag (i.e., the
probe was identical to that described above, except that the
two TTCAC sequences were converted to CCTGT) was used,
no band shift was observed (Fig. 8B). The addition of the cold
cre tag probe in competition with the same concentration as
the radioactive cre tag probe (1 nM) caused a significant

FIG. 7. Effect of CreB and CreB-His overproduction on creD ex-
pression. Expression was measured using �-galactosidase reporter
plasmid pUB6070. DH5�(pUB6070) (A) or DH5�(�creC)(pUB6070)
(B) containing either empty pBAD vector (CONT), pUB6073 (CreB),
or pUB6074 (CreB-His) were grown to early log phase (OD600 	 0.3)
in M9 minimal medium containing glucose, and then 0.2% (wt/vol)
arabinose was added (�ARA) to induce CreB or CreB-His produc-
tion, and the cells were grown for a further 2 h. Alternatively, no
arabinose was added (�ARA). Error bars indicate standard deviations
from at least three independent experiments.
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change in the association of CreB-His with the radioactive
probe, with the supershift no longer occurring. At a 10-fold
molar excess, cold cre tag-containing probe blocked the bind-
ing of CreB-His to the radioactive cre tag probe to below

detectable levels (Fig. 9). Competition using a cold probe lack-
ing the cre tag, however, did not affect the binding of CreB-His
to the radioactive cre tag probe even at a 10-fold molar excess
(Fig. 9). These data confirm that CreB binds specifically to the
cre tag sequence in vitro and, taken together with the data
presented in Fig. 7 and the determined transcriptional start site
for creD (Fig. 1B), provide strong evidence that CreB is a
transcriptional activator of creD and other cases of cre regulon
gene expression through interaction with the cre tag.

DISCUSSION

In our earlier study (5), we reported that CreBC regulates
the expression of cre regulon genes in response to a switch
from complex to minimal medium. We hypothesized that there
is some component common to complex media that switches
off CreBC and that in minimal media this component is absent,
so CreBC becomes activated. Following work reported in this
paper, we must refine our earlier hypothesis. We have con-
firmed that, during growth in complex media, cre regulon gene
expression is not stimulated. However, simply growing cells in
minimal medium does not activate CreBC. The data reported
in this study show that CreBC is inactive when cells are gen-
erating energy by respiration (even in the absence of oxygen)
during growth on glycolytic carbon sources. In fact, the activa-
tion of CreBC occurs when cells are fermenting glycolytic
carbon sources. The fermentation of glucose primarily causes a
buildup of acetate and lactate, which is made from pyruvate
(1). It is interesting, therefore, that CreBC also is activated
during aerobic growth on low-molecular-weight, gluconeo-
genic carbon sources such as pyruvate, acetate, and lactate.
Accordingly, it may be that the ligand causing the activation of
CreC is a metabolic intermediate found at high concentrations
during fermentation and during growth on gluconeogenic car-
bon sources. The reason why growth on nutrient broth does

FIG. 9. Specificity of CreB-His binding to the cre tag sequence.
EMSAs were performed using 1 nM radiolabeled double-stranded cre
tag oligonucleotide (oligo) substrate and 1 �g of CreB-His. Cold com-
petition was with double-stranded no cre tag oligonucleotide at 0, 1, or
10 nM (lanes 1 to 3) or cre tag oligonucleotide at 0, 1, or 10 nM (lanes
4 to 6). The free oligonucleotides and shifted forms are labeled. This
figure is representative of three experiments.

FIG. 8. Binding of CreB-His to the cre tag sequence in vitro. EMSAs were performed as set out in Materials and Methods using increasing
amounts of purified CreB-His with 1 nM radiolabeled double-stranded oligonucleotide (oligo) substrates with either no cre tag (A) or a wild-type
cre tag (B). The free oligonucleotides and shifted forms are labeled. This figure is representative of three experiments.
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not activate CreBC, even during fermentation, presumably ei-
ther is because the carbon source used for growth (catabolyz-
able amino acids [20]) cannot lead to a buildup of the appro-
priate activating ligand or because there is a separate
repressive input into cre regulon gene expression that relies on
the presence of complex media.

Fifteen years ago, Wanner and Wilmes-Riesenberg pre-
sented data that suggested that CreC responds to changes in
carbon source (24). To measure CreC activation, they ex-
ploited the ability of active CreC to trans-phosphorylate PhoB
(and so stimulate Bap production) in a phoR68 mutant back-
ground. They showed that Bap production was increased dur-
ing growth on acetate or pyruvate minimal media compared to
that on glucose minimal medium, suggesting, as we do now,
that CreC is activated in these growth conditions. However,
while the acetate growth effect on Bap production was entirely
CreC dependent, the effect of pyruvate was only partially re-
duced upon the deletion of creC. This observation led the
authors to conclude that there is a further mechanism by which
Bap production can be regulated that is independent of both
PhoR and CreC. They proposed, and later proved, that this
regulator is acetyl phosphate, which is a phosphoryl donor for
PhoB. They showed that during growth on pyruvate minimal
medium, acetyl phosphate levels build up, causing PhoB to
become phosphorylated and inducing Bap production (24, 25).

The fact that Wanner and Wilmes-Reisenberg (24) showed
that the pyruvate-induced production of Bap is not entirely
CreC dependent in no way detracts from our conclusion above
that CreC is activated during growth on pyruvate, since they
clearly showed that acetyl phosphate takes over to activate Bap
production in the absence of CreC and PhoR during pyruvate
growth. We must conclude, however, that acetyl phosphate
accumulation does not lead to the phosphorylation and acti-
vation of the CreB RR under these conditions, because even if
cellular acetyl phosphate levels are high during our experi-
ments, as might be expected (13), the induction of cre regulon
gene expression during pyruvate growth is entirely CreC de-
pendent.

We have confirmed here that the activation of cre regulon
gene expression is absolutely dependent upon creB and creC
being intact and the presence of a 16-bp TTCACnnnnnnT
TCAC cre tag sequence. CreC and CreB are known to form an
active TCS in vitro (3), and we have shown here that CreB
binds to the cre tag in vitro and specifically stimulates cre
regulon gene expression in vivo when overproduced in E. coli.
Therefore, we are confident in proposing the following model:
CreC responds to changes in the growth medium and/or me-
tabolite pool levels and autophosphorylates; this phosphate is
passed on to CreB, which binds to cre tag sequences; at some
promoters (e.g., creD or talA), CreB works as a transcriptional
activator by recruiting RNA polymerase in a manner typical of
other winged-helix RR proteins, such as PhoB (7); at other
promoters (e.g., malE), the binding of CreB to the cre tag
represses transcription through promoter occlusion. The rea-
son for this response is presumably to tailor the needs of the
cell to fermentative and/or gluconeogenic growth, in which
many intermediary metabolic pathways must be rerouted. We
do not know yet the size of the cre regulon, though even now
there are hints that it does have a role in modifying interme-
diary metabolism. As well as including genes that encode pro-

teins with no characterized function, such as creD, yieI, and
yidS, the gene encoding TalA (transaldolase) is part of the cre
regulon (5). TalA is the committed enzyme in the nonoxidative
branch of the pentose phosphate pathway. This pathway is
essential for the production of precursors for vitamin, nucleo-
tide, and aromatic amino acid biosynthesis. Moreover, it is
used predominantly during the fermentation of glycolytic car-
bon sources and during growth on low-molecular-weight car-
bon sources. These are the conditions found to activate cre
regulon gene expression in this study.

In 2002, Oshima et al. (18) performed microarray transcrip-
tomic experiments following the individual deletion of all
known TCS genes. The deletion of creBC had no discernible
effect. However, their experiments were performed using cells
grown aerobically on complex medium. Under these condi-
tions, CreBC is totally inactive. Accordingly, the full extent of
the cre regulon is not known. Our future work will specifically
address this issue and will try to determine what specific li-
gand(s) activates CreC.
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