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Abstract

Carbon catabolic repression (CR) by the catabolite
control protein CcpA has been analyzed in Staphy-
lococcus xylosus. Genes encoding components
needed to utilize lactose, sucrose, and maltose
were found to be repressed by CcpA. In addition, the
ccpA gene is under negative autogenous control.
Among several tested sugars, glucose caused
strongest CcpA-dependent repression. Glucose
can enter S. xylosus in nonphosphorylated form
via the glucose uptake protein GlcU. Internal glu-
cose is then phosphorylated by the glucose kinase
GlkA. Alternatively, glucose can be transported and
concomitantly phosphorylated by glucose-specific
permease(s) of the phosphotransferase system
(PTS). S. xylosus mutant strains deficient in GlcU
or GlkA showed partial relief of glucose-specific,
CcpA-dependent repression. Likewise, blocking
PTS activity completely by inactivation of the gene
encoding the general PTS protein enzyme I resulted
in diminished glucose-mediated repression. Thus,
both glucose entry routes contribute to glucose-
specific CR in S. xylosus. The sugar transport
activity of the PTS is not required to trigger
glucose-specific repression. The phosphocarrier
protein HPr however, is absolutely essential for
CcpA activity. Inactivation of the HPr gene led to a
complete loss of CR. Repression is also abolished
upon inactivation of the HPr kinase gene or by
replacing serine at position 46 of HPr by alanine.
These results clearly show that HPr kinase provides
the signal, seryl-phosphorylated HPr, to activate
CcpA in S. xylosus.

Introduction

Carbon catabolite repression (CR) is a regulatory pro-
cess in microorganisms, in which the presence of a
rapidly metabolizable carbon source inhibits expression

of alternate catabolic functions. Although the final
outcome of CR is uniform, reduced expression of
certain genes and operons, the mechanisms leading to
repression may be quite diverse (Saier, 1991). The
presence of a repressing carbon source can result in
lower concentrations of inducers specific for alternate
routes of catabolism (Saier et al., 1996; Saier and
Crasnier, 1996), in altered activities of specific regu-
lators (Stülke et al., 1998), or in the activation of global
control proteins, such as the cAMP receptor protein in
enteric bacteria (Saier et al., 1995) or the catabolite
control protein CcpA in low-GC Gram-positive bacteria
(Henkin, 1996). In many cases, genes are subject to
multiple levels of control. It is therefore important to
distinguish gene- or operon-specific regulatory pro-
cesses from global control to be able to dissect the
underlying mechanisms.

In low-GC Gram-positive bacteria, one conse-
quence of the availability of a rapidly metabolizable
carbon source is the regulation of gene expression by
CcpA, the central transcriptional regulator of CR
(Henkin, 1996). CcpA, a member of the LacI/GalR
family of transcription factors (Nguyen and Saier,
1995), shows a relatively weak affinity for its cognate
operator sites, termed catabolite responsive elements
(cre) (Hueck et al., 1994). Therefore, CcpA must be
activated in order to bind efficiently to cre. While
conflicting results have been reported with regard to
the effectors enabling CcpA to bind to cre in vitro
(Fujita et al., 1995; Galinier et al., 1999; Gösseringer
et al., 1997; Jones et al., 1997; Kim et al., 1998; Miwa
et al., 1997; Ramseier et al., 1995), a unifying concept
emerges regarding the in vivo situation. In Bacillus
subtilis, Staphylococcus xylosus, and Lactobacillus
casei, inactivation of the gene encoding HPr kinase led
to a complete relief of CR (Dossonnet et al., 2000;
Galinier et al., 1998; Huynh et al., 2000; Reizer et al.,
1998). HPr kinase phosphorylates serine at position 46
in HPr, the general phosphocarrier protein of the
phosphoenolpyruvate:carbohydrate phosphotransfer-
ase system (PTS) (Postma et al., 1993), or Crh, an
HPr-like protein detected in B. subtilis (Galinier et
al., 1997). Accordingly, replacement of serine-46 by
alanine in HPr abolished CR in L. casei and Lactococcus
lactis (Monedero et al., 2001; Viana et al., 2000),
whereas concomitant exchange in HPr and Crh was
required to block CR in B. subtilis (Deutscher et al.,
1994; Galinier et al., 1999; Martin-Verstraete et al.,
1999; Zalieckas et al., 1999). These results clearly show
that HPr kinase-mediated phosphorylation of HPr (Crh)
is the key event triggering CR in Gram-positive bacteria.

Besides the regulatory role of HPr in CR, the PTS
constitutes the main sugar uptake system in many
bacteria. Sugars transported by the PTS, especially
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glucose, are generally regarded as preferred carbohy-
drates causing strongest CR. However, glucose was
shown to be transported by both, PTS-dependent and
PTS-independent uptake systems, in several Gram-
positive bacteria (Cvitkovitch et al., 1995; Fiegler et al.,
1999; Paulsen et al., 1998; Reizer et al., 1989; Russell,
1990; Tangney et al., 1993; Wagner et al., 2000).
Therefore, the observed dominance of glucose may
sometimes be a consequence of multiple uptake routes.
In addition, it has recently been demonstrated that in
Streptococcus thermophilus the non-PTS sugar lactose
activated CcpA-dependent regulation most efficiently
(van Den Bogaard et al., 2000). Although common
principles in signal transduction leading to CR exist in
AT-rich Gram-positive bacteria, it appears that specific
details have to be worked out for each bacterial species
individually.

In the last couple of years, we have analyzed sugar
utilization and CR in S. xylosus, a nonpathogenic
staphylococcal species that is applied in food fermenta-
tions. In the course of this study, we could demonstrate
thatS. xylosus possesses an efficient PTS-independent
glucose uptake system that participates in CR (Fiegler
et al., 1999; Wagner et al., 1995). In this review, we will
present recent data on the participation of the PTS in
CR and we will discuss our current view of CR in this
organism. Especially, we will focus our attention to
glucose-mediated signal transduction leading to CcpA-
dependent repression.

Review

Genes that are Subject to CcpA-Mediated
Repression
InS. xylosusmolecular data concerning the utilization of
xylose (Sizemore et al., 1991; Sizemore et al., 1992),
sucrose (Brückner et al., 1993; Gering and Brückner,
1996; Wagner et al., 1995), lactose (Bassias and
Brückner, 1998), and maltose (Egeter and Brückner,
1995) are available. For sucrose and lactose, genes
encoding degradative enzymes and the major trans-
porters have been cloned, whereas information on
xylose or maltose transporters is still missing. Expres-
sion of the xylose, sucrose, and lactose utilization genes
is induced in the presence of the cognate sugar. In
addition, the genes are subject to global CcpA-mediated
repression. In contrast, expression of a-glucosidase,
needed to cleave maltose, is not specifically induced by
maltose, but is under CcpA control. In the promoter
regions of these genes, cre sites serving as operators
for CcpA are found. Two of them, in the xyl and mal
system, were shown to be of functional significance by
deletion analysis (Egeter and Brückner, 1996; Hueck et
al., 1994). The remaining putative cre sites conferred
CcpA-dependent repression upon a constitutive pro-
moter proving their potential to direct CcpA regulation
(Jankovic et al., 2001). Besides the genes for sugar
utilization, the ccpA gene itself was found to be
regulated by CcpA (Egeter and Brückner, 1996).
Activation by CcpA, well established in B. subtilis and
L. lactis (Grundy et al., 1993; Luesink et al., 1998;

Moreno et al., 2001; Tobisch et al., 1999), has not yet
been detected in S. xylosus.

Since CR of the sugar utilization systems men-
tioned above did not only rely on CcpA (Bassias and
Brückner, 1998), promoters were constructed that
were exclusively regulated by CcpA (Jankovic et al.,
2001). This was achieved by insertion of cre sites into
a constitutively expressed promoter downstream of
the transcriptional start site at positions +2 or +3. The
synthetic promoters were placed in the genome of
S. xylosus in front of a promoterless b-galactosidase
gene. With these promoters and the promoter probe
system, we were able to analyze CcpA-mediated
regulation and the signal transduction leading to its
activation (Jankovic et al., 2001).

The Catabolite Control Protein CcpA
S. xylosus was the first Gram-positive AT-rich bacter-
ium besides B. subtilis and Bacillus megaterium
(Henkin et al., 1991; Hueck et al., 1995), where the
role of CcpA in CR has clearly been demonstrated
(Egeter and Brückner, 1996), and it was S. xylosus in
which negative autoregulation of the ccpA gene was
first described. Transcription of one of the two ccpA
promoters is repressed in the presence of glucose and
production of the CcpA protein is reduced about twofold
under these conditions (Egeter and Brückner, 1996).
Measuring b-galactosidase expression directed by the
two ccpA promoters confirmed the twofold repression in
the presence of glucose (Jankovic et al., 2001). In
addition, ccpA promoter activity was about threefold
higher in the absence of a functional CcpA indicating
that the ccpA gene of S. xylosus is repressed even in the
absence of sugar. Most recently, genes that are
regulated in such a way in B. subtilis, CcpA-repressed
with or without glucose, but stronger with glucose, were
designated class 2 genes, with respect to the mode of
CcpA regulation (Moreno et al., 2001). Interestingly,
negative autoregulation of ccpA is not generally
observed in Gram-positive bacteria. While ccpA ex-
pression appeared to be constitutive in the bacilli, L.
casei and L. lactis (Hueck et al., 1995; Luesink et al.,
1998; Miwa et al., 1994; Monedero et al., 1997), it is
negatively autoregulated in Lactobacillus pentosus and
Lactobacillus delbrueckii (Mahr et al., 2000; Morel et
al., 2001). Autorepression of ccpA in the presence of
carbon sources apparently reflects the need to balance
CcpA production, when preformed CcpA is activated to
carry out CR.

CcpA-Mediated Repression in Mutants
Deficient in PTS-Independent Glucose Utilization
Transposon mutagenesis using the expression of
b-galactosidase as a screening system, led to the
discovery of a PTS-independent glucose uptake and
utilization system in S. xylosus. The system is com-
prised of GlcU, a membrane protein responsible for
glucose uptake (Fiegler et al., 1999), and the glucose
kinase GlkA, needed to phosphorylate internalized
unmodified glucose (Wagner et al., 1995). Inactivation
of the respective genes, glcU and glkA, partially relieved
several catabolic enzymes from glucose repression.
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The mutant strains were still able to utilize glucose as
carbon source. Subsequent analyses, using CcpA-
controlled promoters in the b-galactosidase based
promoter probe system, showed that glucose-depen-
dent CcpA-mediated repression was about half as
strong as in the wild type (Jankovic et al., 2001). Hence,
PTS-independent glucose utilization significantly con-
tributes to CR in S. xylosus.

A second glucose kinase activity had been detected
in GlkA-deficient strains leading to the assumption that
GlkA plays a special regulatory role (Wagner et al.,
1995). Subsequent analysis revealed that the glucose
kinase assays were compromised by a rather strong
glucose dehydrogenase activity, whose gene, gdh, is
located downstream of and cotranscribed with glcU
(Fiegler et al., 1999). However, examination of glucose
kinase activity in an S. xylosus strain with deletions in
gdh and glkA indeed yielded a second glucose kinase
activity, albeit weaker as originally determined
(I. Jankovic and R. Brückner, unpublished). Further
investigations identified the gene responsible for this
minor activity as the fructokinase gene scrK (nucleotide
accession number X67744) located downstream of the
sucrase gene scrB. Inactivation of scrK abolished
fructokinase activity as well as the minor glucose kinase
activity. The gene is cotranscribed with scrB and is
therefore part of the sucrose regulon controlled by the
repressor ScrR (Gering and Brückner, 1996). In wild
type cells, ScrK contributes only marginally to glucose
phosphorylation, since expression of the scrBK operon
is repressed by glucose. Interestingly, in the absence of
a functional GlkA, glucose repression is partially
relieved and scrK expression is slightly enhanced. As
scrK requires sucrose in the medium to be fully
expressed, ScrK levels remain low, but detectable, in
glucose-grown cells. Therefore, GlkA is the only phy-
siologically relevant glucose kinase in S. xylosus.

CcpA-Mediated Repression in PTS
Mutant Strains
In the course of the transposon mutagenesis to isolate
mutants resistant to CR, PTS genes, anticipated to be
involved in CR, were not detected. Since the PTS
constitutes an important sugar uptake system, the
genes ptsH and ptsI, encoding the general PTS proteins
HPr and enzyme I, were cloned by a PCR-based
approach. As found in many other bacteria, ptsH and
ptsI form an operon transcribed from a promoter in front
of ptsH. As we were interested to determine the
consequences of pts mutations on CR, ptsH and ptsI
deletion mutants were constructed. Inactivation of ptsI
resulted in a partial relief of glucose-specific CcpA-
dependent CR (I. Jankovic and R. Brückner, unpub-
lished). Repression was even slightly stronger than in
the GlcUmutant strain. As expected, sugars exclusively
transported by the PTS, e.g., sucrose and fructose, did
no longer cause CR in the ptsImutant strain. In contrast
to the ptsI mutation, deletion of ptsH abolished CR
by all sugars. Although PTS sugar transport activity
is not required to trigger CR, when glucose enters
independently from PTS, the general PTS protein HPr is

essential for CR. Inactivation of the HPr kinase gene
hprK also led to a complete loss of CR (Huynh et al.,
2000). Therefore, HPr phosphorylated at serine-46
(P-Ser-HPr) seems to be the signal triggering CR in S.
xylosus. Consequently, exchange of serine at position
46 by alanine, preventing phosphorylation at this
position, blocked CR irrespective of the sugar. Thus,
unlike B. subtilis, S. xylosus does not appear to possess
an HPr-like protein able to replace HPr in regulation.

Since deletion of ptsI resulted in partially dimin-
ished glucose-specific CR, at least some glucose must
enter S. xylosus by PTS-mediated transport. Screening
a genomic S. xylosus library in E. coli for comple-
mentation of glucose transport deficiency, yielded three
different genetic loci (R. Brückner, unpublished), one of
which contained a gene, ptsG, encoding a protein with
high identity to the glucose-specific PTS permeases
GlcA and GlcB of Staphylococcus carnosus (Christian-
sen and Hengstenberg, 1999). Deduced from simila-
rities of neighboring genes, PTS systems specific for b-
glucosides and N-acetyl-glucosamine are located at the
other two loci. Inactivation of ptsG in a strain already
deficient for GlcU resulted in anS. xylosusmutant which
was still able to utilize glucose. A ptsI-glcU double
mutant however, lost this ability. These results strongly
suggest that S. xylosus transports glucose by more than
one PTS permease.

Inspection of the presumptive promoter region of
the ptsG gene identified a putative cre site and a region
of dyad symmetry resembling antitermination regions of
catabolic genes (Rutberg, 1997). Therefore, ptsG could
be under dual control, negatively by CcpA and positively
by an antiterminator protein (Stülke et al., 1998).
Indeed, analysis of PTS-mediated glucose transport
indicated that uptake is repressed, when CcpA is
present, while inducibility is apparent in a ccpA mutant
strain (Huynh et al., 2000) and, interestingly, in a GlcU-
deficient mutant (Fiegler et al., 1999). Therefore,
glucose internalized independently from PTS is able to
repress PTS-dependent glucose uptake via CcpA, a
situation so far unique to S. xylosus.

Phenotype of an HPr Kinase Mutant Strain
From the studies of CcpA repression in PTS mutant
strains mentioned above, it follows that an S. xylosus
strain devoid of HPr kinase activity should be deficient in
CcpA-mediated regulation, which was indeed the case
(Huynh et al., 2000; Jankovic et al., 2001). In addition,
CR of the lactose operon, which is only partially
mediated by CcpA (Bassias and Brückner, 1998), is
also lost in the mutant strain (Huynh et al., 2000). An
unexpected phenotype of theHPr kinasemutant was the
severe growth retardation in the presence of glucose,
which was accompanied by the production of methyl-
glyoxal (Huynh et al., 2000). The amount of the
produced methylglyoxal, however, was not sufficient to
explain the growth defect. Apparently, the balance of
carbohydrate transport and catabolic capacities of the
cell is severely disturbed in the absence of a functional
HPr kinase. Since the ccpA mutant did not show strong
growth retardation, regulatory processes other than
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CcpA-dependent gene regulation must be involved.
Interestingly, the glucose-mediated growth defect did
not occur in the HPr Ser-46-Ala mutant indicating that
this mutation is not absolutely equivalent to the loss of
HPr kinase. Replacing serine by alanine in HPr may
hamper interaction of HPr with yet unknown target(s).
An alternative explanation for this result would be that
HPr kinase has another target in addition to HPr.
However, preliminary analysis of suppressors enabling
the HPr kinase mutant strain to grow in glucose indica-
ted that the mutation occurred in ptsH (I. Jankovic
and R. Brückner, unpublished). It appears, therefore,
that HPr constitutes the only target of HPr kinase in
S. xylosus. Serine-46-phosphorylated HPr is appar-
ently required for survival when S. xylosus encounters
high concentrations of glucose.

Conclusions

Signal transduction leading to sugar-dependent CcpA
activation and, consequently, to CcpA-dependent CR in
S. xylosus has been elucidated (Figure 1). P-Ser-HPr is
absolutely required as a corepressor to enable CcpA to
regulate transcription. Modulation of CcpA binding acti-
vity by secondary corepressors or modulation of P-Ser-
HPr interaction with CcpA (Deutscher et al., 1995) may
contribute to fine regulation, but without P-Ser-HPr
CcpA is virtually inactive. Consequently, the bifunctional

HPr kinase/P-HPr phosphatase HPrK is the second
essential component in the signaling cascade. Glycoly-
tic intermediates like fructose-1-6-diphosphate (FDP),
perhaps together with elevated ATP levels, shift HPrK
activity towards kinase activity producing P-Ser-HPr.
This process can be reversed by the HPrK P-Ser-HPr
phosphatase activity, when glycolytic intermediates are
low. Glucose, causing strongest CR in S. xylosus,
activates phosphorylation of HPr by HPr kinase via two
uptake routes. Since non-PTS glucose uptake is
particularly efficient in S. xylosus, its influence may be
more pronounced than in other bacteria possessing
both, PTS-dependent and -independent glucose uptake
systems.
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lite repression in Lactobacillus casei ATCC 393 is mediated by
CcpA. J. Bacteriol. 179: 6657–6664.

Monedero, V., Kuipers, O.P., Jamet, E., and Deutscher, J. 2001.
Regulatory Functions of Serine-46-Phosphorylated HPr in Lacto-
coccus lactis. J. Bacteriol. 183: 3391–3398.

Morel, F., Lamarque, M., Bissardon, I., Atlan, D., and Galinier, A. 2001.
Autoregulation of the biosynthesis of the CcpA-like protein, PepR1,
in Lactobacillus delbrueckii subsp bulgaricus. J. Mol. Microbiol.
Biotechnol. 3: 63–66.

Moreno, M.S., Schneider, B.L., Maile, R.R., Weyler, W., and Saier, M.H.
2001. Catabolite repression mediated by the CcpA protein in Bacillus
subtilis: novel modes of regulation revealed by whole-genome
analyses. Mol. Microbiol. 39: 1366–1381.

Nguyen, C.C., and Saier, M.H., Jr. 1995. Phylogenetic, structural and
functional analyses of the LacI-GalR family of bacterial transcription
factors. FEBS Lett 377: 98–102.

Paulsen, I.T., Chauvaux, S., Choi, P., and Saier, M.H., Jr. 1998. Charac-
terization of glucose-specific catabolite-resistant mutants of Bacillus
subtilis: Identification of a novel hexose: H+ symporter. J. Bacteriol.
180: 498–504.

Postma, P.W., Lengeler, J.W., and Jacobson, G.R. 1993. Phosphoe-
nolpyruvate: carbohydrate phosphotransferase systems of bacteria.
Microbiol. Rev. 6: 543–594.
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