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Catabolite Regulation of the Cytochrome
c550-Encoding Bacillus subtilis cccA Gene
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Abstract

In Gram-positive bacteria, catabolite control protein A
(CcpA)-mediated catabolite repression or activation
regulates not only the expression of a great number
of catabolic operons, but also the synthesis of
enzymes of central metabolic pathways. We found that
a constituent of the Bacillus subtilis respiratory chain,
the small cytochrome c550 encoded by the cccA gene,
was also submitted to catabolite repression. Similar
to most catabolite-repressed genes and operons, the
Bacillus subtilis cccA gene contains a potential
catabolite response element cre, an operator site
recognized by CcpA. The presumed cre overlaps the
-35 region of the cccA promoter. Strains carrying a
cccA'-lacZ fusion formed blue colonies when grown
on rich solid medium, whereas white colonies were
obtained when glucose was present. β-Galactosidase
assays with cells grown in rich medium confirmed the
repressive effect of glucose on cccA'-lacZ expression.
Introduction of a ccpA or hprK mutation or of a
mutation affecting the presumed cccA cre relieved the
repressive effect of glucose during late log phase. An
additional glucose repression mechanism was
activated during stationary phase, which was not
relieved by the ccpA, hprK or cre mutations. An
interaction of the repressor/corepressor complex
(CcpA/seryl-phosphorylated HPr (P-Ser-HPr)) with the
cccA cre could be demonstrated by gel shift
experiments. By contrast, a DNA fragment carrying
mutations in the presumed cccA cre was barely shifted
by the CcpA/P-Ser-HPr complex. In footprinting
experiments, the region corresponding to the
presumed cccA cre was specifically protected in the
presence of the CcpA/P-Ser-HPr complex.

Introduction

Carbon catabolite repression (CCR) and carbon catabolite
activation (CCA) in Gram-positive bacteria are mediated
by the catabolite control protein A (CcpA), a member of
the LacI/GalR repressor family (Henkin et al., 1991).
Binding of CcpA to its DNA targets, imperfect palindromic

sequences (Nicholson and Chambliss, 1985) called
catabolite response elements (cre), is regulated by the
catabolite co-repressor seryl-phosphorylated HPr (P-Ser-
HPr) (Fujita et al., 1995), which is formed by ATP-
dependent phosphorylation (Deutscher and Saier, Jr.,
1983). The main function of HPr is to serve as
phosphocarrier protein for the phosphorylation of sugars
during their transport by the phosphoenolpyruvate
(PEP):glycose phosphotransferase sytem (PTS) (Postma
et al., 1993). For this purpose, HPr is phosphorylated by
PEP and enzyme I at His-15 and P~His-HPr transfers its
phosphoryl group to the sugar-specific EIIAs. The EIIBs
catalyze the transfer of the phosphoryl group from P~EIIA
to the sugar bound to the corresponding membrane-
spanning EIIC. The phosphorylated sugar is subsequently
released into the cytoplasm.

The additional ATP-dependent phosphorylation of HPr
occurs at Ser-46 (Deutscher and Saier, Jr., 1983; Deutscher
et al., 1986). This reaction is catalyzed by the hprK-encoded
bifunctional HPr kinase/P-Ser-HPr phosphatase (HprK/P)
(Galinier et al., 1998; Reizer et al., 1998; Brochu and
Vadeboncoeur, 1999; Kravanja et al., 1999; Dossonnet et
al., 2000; Huynh et al., 2000), and serves only regulatory
functions. The elevated concentrations of glycolytic
intermediates, mainly fructose-1,6-bisphosphate (FBP),
and the decrease of the concentration of inorganic
phosphate in cells growing on rapidly metabolizable carbon
sources (Thompson and Torchia, 1984) are thought to
stimulate in most Gram-positive bacteria the HPr kinase
activity of HprK/P and to lower its P-Ser-HPr phosphatase
activity (Galinier et al., 1998; Dossonnet et al., 2000). The
resulting increased amount of P-Ser-HPr (Monedero et al.,
2001) allows the binding of CcpA to its DNA target sites
and leads to CCR or CCA (Deutscher et al., 2001).
Expression of about 10% of the Bacillus subtilis genes
seems to be regulated by the CcpA/P-Ser-HPr-dependent
mechanism, including also genes coding for enzymes of
central metabolic pathways, such as glycolysis and TCA
cycle (for reviews see (Stülke and Hillen, 2000; Deutscher
et al., 2001)). The synthesis of cytochrome c551 encoded
by cccB (Bengtsson et al., 1999) and of the cytochrome c
oxidase caa3 encoded by the ctaBCDEF gene cluster (Liu
and Taber, 1998) was also reported to be controlled by
CCR. In addition, the small cytochrome c550-encoding cccA
gene (von Wachenfeldt and Hederstedt, 1990) was found
to contain a cre in the promoter region (Miwa et al., 2000).
Cytochromes c550 and c551 contain very similar heme
domains and were therefore proposed to serve similar
functions. However, the two proteins possess different
types of membrane anchors. Cytochrome c550 contains an
α-helical transmembrane polypeptide, whereas
cytochrome c551 is attached to the membrane via a
diacylglycerol anchor (Bengtsson et al., 1999). The genes
cccA and cccB encoding these two cytochromes c are
expressed during late log and early stationary phase
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(Bengtsson et al., 1999). cccA is monocistronic, whereas
cccB is organized with yvjA in an operon. We tried to
determine whether similar to the expression of cccB,
expression of cccA was also sensitive to CCR and whether
CCR of these two genes would be mediated via the CcpA/
P-Ser-HPr-dependent mechanism.

Results

Glucose Represses the Expression from the B. subtilis
cccA Promoter
To measure the effect of glucose on cccA and cccB
expression, transcriptional lacZ fusions were constructed
with the cccA and the yvjA gene as described in
Experimental procedures (the latter gene precedes cccB
in the yvjA/cccB operon). Similar as observed with a
previous yvjA'-lacZ fusion (Bengtsson et al., 1999),
synthesis of β-galactosidase was very low in strain TG116
and was only about 2.5-fold increased at the beginning of
the stationary phase. This is in agreement with the
observation that the amount of cytochrome c550 detected
in B. subtilis membranes was also very low (Bengtsson et
al., 1999). The 2.5-fold increase of β-galactosidase activity
was almost completely prevented when glucose was
present (2-fold repression, data not shown). Introduction
of a ccpA mutation prevented the repressive effect of
glucose. Compared to a ccpA mutant grown in the absence

of glucose, β-galactosidase activity was even slightly higher
when it was grown in the presence of glucose. However, it
remained questionable whether CcpA regulates cccB
expression directly or whether the observed relief from CCR
was due to indirect effects. The latter assumption was
supported by the finding that no sequence exhibiting
significant similarity to the cre consensus sequence could
be detected in the yvjA/cccB operon. The strongest
similarity was observed with the sequence
TGCTATCGGAGAGCA, which is located at position -36
to -23 with respect to the yvjA start codon and which
compared to the consensus cre sequence contained an
additional bp inserted at position 13. Insertion of an
additional bp at the same position has been reported for
the lev cre (Martin-Verstraete et al., 1999). A DNA fragment
containing the potential yvjA cre was therefore used to carry
out band shift and footprinting experiments. No shift of this
DNA fragment could be observed when CcpA and P-Ser-
HPr were used at low concentrations similar to those
applied in previous DNA binding experiments (Galinier et
al., 1999; Presecan-Siedel et al., 1999). Only when higher
CcpA concentrations were used, weak P-Ser-HPr-
independent CcpA/DNA binding could be observed.
However, footprinting experiments revealed that this
binding occurred outside of the presumed cre in regions
exhibiting no obvious similarity to the cre consensus
sequence and independently of whether P-Ser-HPr was

Figure 1. Growth curves and β-galactosidase activities of several B. subtilis strains containing a cccA'-lacZ fusion and carrying different mutations of the
regulatory elements for carbon catabolite repression (ccpA, hprK, cccA cre). Samples were taken at different time intervals and the OD600 and the β-
galactosidase activity (expresed in Miller units) were measured. Experiments with cells grown in LB medium are presented by open symbols and experiments
with cells grown in LB medium containing 0.15% glucose by filled symbols. Squares represent growth curves and circles β-galactosidase activity .



Catabolite Repression of Cytochrome c Synthesis   435

present or not (data not shown).
Expression of the cccA'-lacZ fusion in TG115 cells

grown in Luria Bertani (LB) medium in the absence of a
carbon source was initiated during mid log phase and
reached its maximum in early stationary phase (Figure 1A).
Expression of the cccA'-lacZ fusion was much stronger
than expression of the yvjA'-lacZ fusion. The presence of
0.15% glucose exerted a strong repressive effect (about
15-fold) on β-galactosidase synthesis. In the ccpA mutant
strain TG117, the repressive effect of glucose on cccA'-
lacZ expression had disappeared during exponential
growth (Figure 1B), which was in agreement with the
presence of a presumed cre in the cccA promoter region
(Miwa et al., 2000). However, when the cells entered
stationary phase, a second glucose-mediated but CcpA-

independent repression mechanism seemed to be
activated. A similar, but less pronounced derepression of
cccA'-lacZ expression during late log phase was observed
with the hprK mutant TG119, in which neither HPr nor the
HPr-like protein Crh (Galinier et al., 1997) are
phosphorylated at Ser-46, and with strain TG123, in which
the cccA cre had been mutated (the central dinucleotide
CG was replaced with an AT). In hprK and cccA cre
mutants, the second repressive mechanism seemed to be
activated already during late log phase leading probably
to the observed weaker derepression in these mutants.
Expression from the cccA promoter in strain TG123 was
2-fold reduced compared to the other strains (Figure 1B),
which is probably due to the close vicinity of the cre
mutations to the -35 region of the promoter. Interestingly,
when similar experiments of cccA'-lacZ expression were
carried out with cells grown in mineral C-medium
supplemented with succinate and glutamate (CSK medium)
(Martin-Verstraete et al., 1999), no repression of cccA'-
lacZ expression by glucose could be observed (data not
shown).

Band Shift Experiments with DNA Fragments
Containing the cccA cre
A 300 bp DNA fragment extending from  position  -338  to
-38 with respect to the cccA start codon and containing

Figure 2. Band shift experiments with a 300 bp DNA fragment containing
the cccA promoter region together with the presumed cccA cre. The following
proteins were present in the assay mixtures. (A) Lane 1, no protein added;
lane 2, 0.2 µg CcpA; lane 3, 0.2 µg CcpA plus 0.9 µg of P-Ser-HPr; lane 4,
0.2 µg CcpA plus 10 mM fructose-1,6-bisphosphate. (B) The cccA promoter
fragment was incubated in the presence of 0.2 µg CcpA and increasing
amounts (0.1, 0.3 and 0.9 µg) of HPr, HPr phosphorylated at histidine 15,
and HPr phosphorylated at serine 46. (C) DNA fragments containing the
wild-type or the mutated cccA cre were incubated with: Lanes 1 and 4, no
protein; lanes 2 and 5, 0.2 µg CcpA; lanes 3 and 6, 0.2 µg CcpA plus 0.9 µg
P-Ser-HPr. Lanes 1, 2 and 3 contain the wild-type cccA cre, and lanes 4, 5
and 6 the mutated cre (CG in the center of the cre replaced with AT).

Figure 3. Protection of the cccA cre against digestion by DNase I in the
presence of CcpA and P-Ser-HPr. The following proteins were added to
the assay mixtures: Lane 1, no protein; lane 2, 0.2 µg CcpA; lane 3, 0.9 µg
P-Ser-HPr, lane 4, 0.2 µg CcpA plus 0.9 µg P-Ser-HPr. The protected region
corresponds to the DNA sequence indicated by the bold vertical bar. The
cre sequence is boxed and the -10 and -35 regions are indicated by thin
bars. The sequence positions of the two sites hypersensitive to DNase I
digestion are marked by two arrows.

G+A 1 2 3 4 G+A
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the cccA promoter region and the presumed cccA cre
(TGTAAGCGTATACA) was prepared as described in
Experimental procedures. Migration of this DNA fragment
was not affected by the presence of CcpA (Figure 2A, lane
2) or P-Ser-HPr (data not shown). However, when CcpA
and P-Ser-HPr were present together, migration of the DNA
fragment was strongly retarded (Figure 2A, lane 3). Binding
of CcpA to the cccA cre was not stimulated by the presence
of FBP (Figure 2A, lane 4).

The capacity of CcpA to bind to the cccA cre
scpecifically depended on the presence of P-Ser-HPr.
When CcpA and either unphosphorylated HPr or P~His-
HPr (obtained with PEP and enzyme I) were used at
concentrations, at which P-Ser-HPr and CcpA shifted the
total DNA present in the assay mixture, no effect on the
migration behaviour of the DNA sample was observed
(Figure 2B). The interaction of the CcpA/P-Ser-HPr
complex occurred specifically with the presumed cccA cre.
When the central dinucleotide CG was replaced with an
AT, a much weaker interaction of the CcpA/P-Ser-HPr
complex with the mutant cccA cre was observed (compare
Figure 2C, lanes 3 and 6).

Footprinting Experiments with the cccA cre
To determine the exact site of interaction of the CcpA/P-
Ser-HPr complex with the DNA fragment, footprinting
experiments were carried out with the same 300 bp DNA
fragment used also for the band shift experiments. For the
footprinting experiments, the DNA fragment was labeled
with 32P as described in Experimental procedures. CcpA
or P-Ser-HPr alone had little or no protective effect against
digestion by DNase I (Figure 3, lanes 2 and 3, respectively).
However, when CcpA and P-Ser-HPr were present
together, a strongly protected region could be observed.
The protected region included the complete presumed cre
site of cccA. Two nucleotides, which became hypersensitive
against DNase I digestion when CcpA and P-Ser-HPr were
present, are located just downstream of the protected
region (Figure 3). The appearance of hypersensitive bands
in the presence of the CcpA/P-Ser-HPr complex in the
vicinity of the protected region has been observed
previously with other cres (Martin-Verstraete et al., 1999;
Presecan-Siedel et al., 1999).

Discussion

B. subtilis possesses several c-type cytochromes, which
were found to vary largely in size (von Wachenfeldt and
Hederstedt, 1992). Cytochrome c551, which is encoded by
the cccB gene, belongs to the small cytochromes c. A
second small cytochrome c, encoded by the cccA gene
and called cytochrome c550, exhibits strong similarity to
cytochrome c551. Both cytochromes have very similar heme
binding domains and redox characteristics, with the major
difference between the two proteins being the way they
are anchored in the membrane (Bengtsson et al., 1999).
These findings suggested that they might play a similar
role in electron transfer. Their specific functions within the
respiratory chain, however, still need to be determined,
because deletion of both cccA and cccB had no effect on
growth or respiratory chain activity under laboratory
conditions (von Wachenfeldt and Hederstedt, 1990;

Bengtsson et al., 1999). The cccA gene is strongly
expressed from late log phase to early stationary phase,
whereas cccB is weakly expressed during logarithmic
growth with only a 2.5-fold increase at the beginning of
stationary phase. When grown in the presence of glucose,
the increased cccB expression at the onset of stationary
phase disappeared. Although a ccpA mutation prevented
the repressive effect of glucose, it remains questionable
whether this effect occurs via the P-Ser-HPr/CcpA-
mediated CCR mechanism, since no cre could be detected
in the bicistronic yvjA-cccB operon. By contrast, cccA was
reported to be preceded by a putative cre (Miwa et al.,
2000). In addition, we found that the presence of glucose
prevented the 15-fold higher cccA expression at the end
of the logarithmic growth phase and the onset of stationary
phase. In the case of cccA, glucose repression is mediated
via the P-Ser-HPr/CcpA CCR mechanism. Mutations
affecting ccpA, hprK or the cccA cre prevented the
repressive effect of glucose during late log phase. In
addition, a specific interaction of the P-Ser-HPr/CcpA
complex with the cccA cre could be demonstrated by DNA
band shift and footprinting experiments. However, a second
glucose-dependent repression mechanism was found to
be activated at the beginning of stationary phase, which
partly covered up the relief from glucose repression brought
about by the ccpA, hprK and cre mutations. This
mechanism could be similar to the one which prevents the
elevated expression of cccB at the onset of stationary
phase.

CCR in Gram-positive bacteria seems to be used not
only to control the expression of catabolic operons but also
to coordinate the metabolic functions of the cell in response
to the availability of the essential elements necessary for
cell growth. This assumption is supported by the finding
that in B. subtilis the P-Ser-HPr/CcpA-mediated CCR
mechanism regulates not only the expression of catabolic
genes but also of genes encoding enzymes participating
for example in nitrogen metabolism (Faires et al., 1999;
Zalieckas et al., 1999), in carbon excretion (Grundy et al.,
1993; Presecan-Siedel et al., 1999; Turinsky et al., 2000)
or central metabolic pathways (Luesink et al., 1998; Tobisch
et al., 1999).

Whereas the synthesis of glycolytic enzymes and of
enzymes participating in carbon excretion is stimulated by
the presence of glucose (Tobisch et al., 1999), that of TCA
cycle enzymes (Tobisch et al., 1999) or of proteins of the
respiratory chain, such as cytochrome c550 and c551
(Bengtsson et al., 1999) and cytochrome c oxidase caa3
(encoded by the ctaBCDEF gene cluster) (Liu and Taber,
1998), are repressed by glucose. This coordinate regulation
leads to substantial acetate and acetoin excretion, when
glucose or other rapidly metabolizable carbon sources are
utilized by B. subtilis. Rapidly metabolizable carbon sources
are degraded via glycolysis to pyruvate, which is then partly
transformed to acetate and acetoin. Under anaerobic
conditions, B. subtilis has been reported to carry out
primarily a mixed lactate/acetate/acetoin/2,3-butanediol
fermentation (Nakano et al., 1997). A similar kind of
fermentation might also occur under aerobic conditions
when a rapidly metabolizable carbon source is present,
since oxydative phosphorylation is minimized under these
conditions by repressing the synthesis of TCA cycle
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enzymes and of proteins of the respiratory chain. Probably
to gain sufficient energy from glycolysis, the presence of
rapidly metabolizable carbohydrates stimulates the
expression of glycolytic genes (Tobisch et al., 1999). In
addition, the synhesis of the enzymes catalyzing the acetoin
biosynthesis, which are encoded by the alsSD operon
(Turinsky et al., 2000), and of acetate excretion, such as
acetate kinase and phosphotransacetylase, which catalyze
the conversion of acetyl~P to acetate (Grundy et al., 1993;
Presecan-Siedel et al., 1999) is also stimulated. However,
when the rapidly metabolizable carbon source is exhausted
and the cells enter stationary phase, B. subtilis begins to
take up the previously excreted acetate and acetoin via
specific transport systems (Yoshida et al., 2000). To be
able to metabolize acetate and acetoin via oxydative
phosphorylation, the organism now increases the synthesis
of TCA cycle enzymes and of components of the respiratory
chain. Acetate and acetoin excretion can therefore be
considered as a kind of storage process. Since not all
organisms can utilize acetate and acetoin, it might provide
a growth advantage for B. subtilis to excrete acetate and
acetoin into the medium as long as a rapidly metabolizable
carbon source is present. Once this carbon source is
exhausted, the cells begin to synthesize the enzymes
catalyzing the uptake of the excreted acetate and acetoin
and their metabolism via the TCA cycle and oxydative
phosphorylation. The observed regulation of cccA
expression is in agreement with the reported acetate and
acetoin excretion as long as a rapidly metabolizable carbon
source is present, and their re-utilization during late log
phase when the rapidly metabolizable carbon source is
exhausted.

Experimental Procedures

Bacterial Strains and Growth Conditions
The B. subtilis strains used in this study are listed in Table 1. They were
grown in LB or CSK medium (Martin et al., 1989) at 37°C under agitation.
Escherichia coli strain NM522 (Stratagene) was used as a host for the
cloning experiments and was grown in LB medium. Competent B. subtilis
cells were prepared as described previously (Ferrari et al., 1982) and
transformed with plasmid or chromosomal DNA. Chromosomal DNA of strain
GM1090 (constructed by M. Steinmetz) was used to introduce the ccpA
gene disrupted with a spectinomycin-resistance cassette into strains TG115
and TG116, whereas the hprK gene disrupted with the kanamycin resistance
gene aphA3 was introduced into TG115 by transforming it with chromosomal
DNA from QB7160 (Presecan-Siedel et al., 1999). Antibiotics were used
for the selection of transformants at the following concentrations:
chloramphenicol, 5 µg/ml; spectinomycin, 100 µg/ml and neomycin, 10 µg/
ml. To detect B. subtilis strains with integrations at the amyE locus,
transformants were replicaplated on solid LB medium containing 0.5% starch
and α-amylase-negative clones were detected by sublimating iodine on

the plates. Disruption of amyE prevents the formation of unstained halos
observed around colonies formed by strains containing an intact amyE.

Plasmid Constructions
Plasmid pSLcccA harboring a transcriptional cccA'-lacZ fusion was
constructed by cloning a 300 bp fragment (from positions -338 to –38 with
respect to the start codon) containing the cccA promoter and the cccA cre
into pSL206. The upstream region of cccA was amplified by PCR using
oligonucleotides cccA1 (5'-GAAAGAATTCCTTGAATAAG-3') and cccA2 (5'-
TATGGATCCACTTCTAATTC-3') as primers and chromosomal DNA from
B. subtilis 168 as template. The PCR product was cut with EcoRI/BamHI
and inserted into plasmid pSL206, a derivative of pSL150 (Crutz and
Steinmetz, 1992), digested with the same enzymes. The resulting plasmid
contains a transcriptional fusion with the lacZ reporter gene and allows the
integration of the fusion in single copy at the amyE locus. Using an identical
procedure, a transcriptional fusion between yvjA and lacZ was also
constructed. Oligos cccB1 (5'-GACGAATTCAGAAATGGGGA-3') and cccB2
(5'-ATAGGATCCGTTTCTTCCAA-3') were used to amplify by PCR a 237
bp DNA fragment containing the yvjA promoter region (from position -248
to -11 with respect to the start codon). The PCR product was cut with EcoRI/
BamHI and inserted into pSL206 providing plasmid pSLcccB.

Using PCR, two specific mutations were introduced in the cre site of
the cccA promoter region. A 160 bp fragment was amplified with cccA2 and
cccA4 (5'-ATTGTAAGATTATACAATAC-3'). The latter oligonucleotide
changed the conserved CG pair in the center of the cre sequence (in bold
letters) to an AT (underlined). This fragment was purified and used as primer
for a PCR amplification in combination with oligonucleotide cccA1. The
obtained 300 bp fragment was digested with EcoRI and BamHI and cloned
into pSL206 digested with the same enzymes. The presence of the mutations
was verified by sequencing the corresponding DNA fragment using an
Abiprism 373 automated sequencer (Perkin-Elmer) and the newly created
plasmid was named pSLcccAcre. Taq (Appligene) or Pfu (Promega) DNA
polymerases were used for PCR amplification. DNA restriction and
modification enzymes were purchased from Promega and New England
Biolabs and were used according to the manufacturers suggestions.

β-Galactosidase Assays
B. subtilis strains were inoculated at an initial OD600 of 0.05 in 50 ml of LB
medium with or without glucose and grown at 37°C under agitation. 1-ml
aliquots were withdrawn at different time intervals and frozen at -80°C. β-
Galactosidase activity was determined in these aliquots using ortho-
nitrophenyl-β-D-galactopyranoside as substrate (Miller, 1972). One unit is
defined as the amount of enzyme which produces 1 nmol of o-nitrophenol
per min.

DNA Shift Assays
The 300 bp fragment containing the cccA promoter (100 ng) was incubated
for 10 min at 37°C in a 20 µl assay mixture containing 50 mM Tris-HCl, pH
7.4, 5 mM MgCl2, 10% glycerol, 0.5 µg of herring sperm DNA and 0.2 µg of
CcpA and varying amounts of the different forms of HPr (HPr, P~His-HPr
or P-Ser-HPr). Samples were separated by electrophoresis on a 6%
polyacrylamide gel in 0.5 x TBE buffer at 150 V and stained with ethidium
bromide.

CcpA(His)6 from B. subtilis was purified after overexpression in E.
coli NM522 using plasmid pAG5 (Galinier et al., 1999). HPr(His)6 from B.
subtilis was purified as previously described (Galinier et al., 1998). P-Ser-
HPr(His)6 was obtained by ATP-dependent phosphorylation of HPr using
HPr kinase(His)6 (Galinier et al., 1998). P~His-HPr was obtained by
phosphorylating HPr in 50 µl 50 mM Tris-HCl buffer, pH 7.4, containing 5
mM MgCl2, 1 mM PEP and 0.1 µg of enzyme I. The degree of PEP-
dependent HPr phosphorylation, which was usually found to be more than

Table 1. B. subtilis strains used in this study

Strain Genotype Reference or construction

168 trpC2 laboratory stock
GM1090 trpC2 pheA1 ccpA::spc M. Steinmetz
QB7160 trpC2 hprK::aphA3 (Presecan-Siedel et al., 1999)
TG115 trpC2 amyE::(cccA'-'lacZ cat) pSLcccA → 168a

TG116 trpC2 amyE::(yvjA'-'lacZ cat) pSLcccB → 168
TG117 trpC2 amyE::(cccA'-'lacZ cat) ccpA::spc GM1090 → TG115
TG118 trpC2 amyE::(yvjA'-'lacZ cat) ccpA::spc GM1090 → TG116
TG119 trpC2 amyE::(cccA'-'lacZ cat) hprK::aphA3 QB7160→ TG115
TG123 trpC2 amyE::(∆cre-cccA'-'lacZ cat) pSLcccAcre → 168

aArrows indicate construction by transformation with plasmid or chromosomal DNA
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95%, was determined by non-denaturing PAGE.

DNase I Protection Assays
Oligonucleotide cccA1 was 5' radiolabeled with [γ-32P]ATP and T4
polynucleotide kinase and was subsequently used for PCR amplification in
combination with cccA2. Aliquots of the synthesized DNA fragment
containing about 20000 cpm were incubated for 10 min at 37°C with either
CcpA or P-Ser-HPr or CcpA plus P-Ser-HPr as described above for the
DNA shift experiments. Subsequently, 5 µl of 10 mM MgCl2 and 5 mM
CaCl2 were added together with 2 µl of an appropriate dilution of DNase I
FPLCpureTM (Amersham). After 1 min incubation at room temperature, the
reaction was stopped with 140 µl of a solution contatining 0.4 M sodium
acetate, 50 µg/ml calf thymus DNA and 2.5 mM EDTA. Samples were
extracted with phenol/chloroform and DNA was precipitated with ethanol.
The pellets were rinsed with 70% ethanol, dried, resuspended in 5 µl of
formamide-containing sample buffer and separated on a 6% polyacrylamide-
6 M urea sequencing gel together with a sample containing the products of
a Maxam-Gilbert G+A sequencing reaction.
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