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sugar transporters, named enzymes II (EIIs). In the absence of
glucose, the EIIAGlc domain is preferentially phosphorylated.
In this form, EIIAGlc activates the adenylate cyclase, which
leads to an increase in the intracellular cAMP concentration.
Binding of cyclic AMP (cAMP) activates the transcription activator CRP (cAMP receptor protein), which is in turn required for the expression of numerous secondary catabolic
genes. In the presence of glucose, EIIAGlc is predominantly
unphosphorylated and therefore unable to activate adenylate
cyclase. In addition, unphosphorylated EIIAGlc inhibits transporters of secondary carbon sources by direct interaction. This
operon-specific mechanism, which has been termed inducer
exclusion, contributes to the repression of catabolic genes in
the presence of glucose. In some cases, e.g., the E. coli lac
operon, inducer exclusion might even be the decisive mechanism for CCR (15).
A different mechanism of CCR is operative in the grampositive soil bacterium B. subtilis and other Firmicutes. Here,
the global mechanism of CCR is mediated by the pleiotropic
transcription factor CcpA (for reviews, see references 10 and
50). In the presence of glucose, CcpA represses several hundred catabolic genes and activates the transcription of some
genes of overflow metabolism (3, 28, 34, 51). The ability of
CcpA to bind its target sites, the catabolite responsive elements (cre), is in turn controlled by the presence of its cofactors, HPr(Ser-P) and Crh(Ser-P) (11, 44, 45). Unlike HPr in E.
coli, the B. subtilis homolog contains a regulatory phosphorylation site, Ser46, in addition to His15, which is phosphorylated
during phosphate transfer to the transported sugar. Crh is
homologous to HPr but it lacks His15 and is therefore unable
to participate in sugar transport (12). In the presence of glucose, HPr, and presumably also Crh, is phosphorylated by the
bifunctional HPr kinase/phosphorylase (HPrK/P) on Ser46,

As for any organism, nutrient supply is of prime importance
for bacteria. In their natural habitats, bacteria often encounter
a mixture of different carbon sources that can potentially be
used. Therefore, mechanisms have evolved in many bacteria
that enable the selective uptake and metabolism of carbon
sources that allow the most rapid growth and that promise the
best success in the competition with other bacteria or fungi.
For many heterotrophic bacteria, glucose is the preferred
source of carbon. In the presence of glucose, the genes required for the utilization of secondary carbon sources are not
expressed and preexisting enzymes are often inactivated to
prevent the waste of resources. This phenomenon is referred to
as carbon catabolite repression (CCR; for reviews, see references 6 and 15).
CCR has been extensively studied in the model bacteria
Bacillus subtilis and Escherichia coli. Although the physiological outcome is very similar, the global mechanisms underlying
CCR are completely different in these bacteria. In E. coli and
other enteric bacteria, the EIIAGlc domain of the glucose
transporter is the central processing unit in CCR. This protein
is part of the phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS), which is responsible for the uptake and concomitant phosphorylation of numerous carbohydrates in many bacteria (7). In this system, the two general
phosphotransferases, enzyme I (EI) and histidine protein
(HPr), transfer phosphoryl groups from PEP to the various
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In many bacteria glucose is the preferred carbon source and represses the utilization of secondary substrates. In Bacillus subtilis, this carbon catabolite repression (CCR) is achieved by the global transcription
regulator CcpA, whose activity is triggered by the availability of its phosphorylated cofactors, HPr(Ser46-P)
and Crh(Ser46-P). Phosphorylation of these proteins is catalyzed by the metabolite-controlled kinase HPrK/P.
Recent studies have focused on glucose as a repressing substrate. Here, we show that many carbohydrates
cause CCR. The substrates form a hierarchy in their ability to exert repression via the CcpA-mediated CCR
pathway. Of the two cofactors, HPr is sufficient for complete CCR. In contrast, Crh cannot substitute for HPr
on substrates that cause a strong repression. Determination of the phosphorylation state of HPr in vivo
revealed a correlation between the strength of repression and the degree of phosphorylation of HPr at Ser46.
Sugars transported by the phosphotransferase system (PTS) cause the strongest repression. However, the
phosphorylation state of HPr at its His15 residue and PTS transport activity have no impact on the global CCR
mechanism, which is a major difference compared to the mechanism operative in Escherichia coli. Our data
suggest that the hierarchy in CCR exerted by the different substrates is exclusively determined by the activity
of HPrK/P.
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slowly taken up by the AraE protein, which is sufficient for
induction of xynPB and xylAB expression (22). In the presence
of glucose, both operons are strongly repressed. Downstream
of their promoters, cre sites are present, which are bound by
the HPr-Ser46-P/CcpA complex, thereby preventing transcription initiation (11, 21).
We show here that a variety of carbohydrates represses
xynPB transcription via the CcpA-mediated CCR pathway, but
each to a different degree. In general, most substrates transported by the PTS caused a strong repression, whereas CCR by
non-PTS substrates was weaker. The Crh protein was completely dispensable for repression exerted by all of these substrates, whereas HPr was essential for the strong CCR caused
by sugars such as glucose, fructose, and mannitol. Analysis of
the HPr phosphorylation state in vivo revealed that the
strength of repression exerted by a particular substrate correlates well with the amount of HPr(Ser-P) in the cell. However,
in contrast to E. coli, transport activity of the PTS has no direct
role for the global CCR mechanism. Our data suggest that in
B. subtilis the strength of CcpA-mediated CCR is determined
exclusively by the metabolite-controlled activity of HPrK/P.
MATERIALS AND METHODS

whereas this site is less phosphorylated in cells growing in the
absence of sugars (27, 32). Dephosphorylation of HPr(Ser-P) is
catalyzed by the phosphorylase activity of HPrK/P (31) and, to
some extent, by the protein phosphatase PrpC (48). In vitro
experiments suggested that the two antagonistic activities of
HPrK/P are regulated by metabolites. High fructose 1,6bisphosphate (FBP) and ATP or PPi concentrations stimulate
the kinase activity, whereas the phosphorylase activity prevails
when the Pi concentration is high (20, 37, 39). Only HPr(SerP), but none of the other HPr forms, is able to productively
interact with CcpA and to exert CCR (38, 44). In vitro experiments suggested that in addition to its role in the activation of
HPrK kinase, FBP enhances DNA binding of the CcpA/
HPr(Ser-P) complex by directly binding to CcpA (46, 47). The
role of Crh in CCR is still unclear.
Traditionally, studies dealing with CCR have been focused
on the repression exerted by glucose. Therefore, the terms
carbon catabolite repression and glucose repression are often
used synonymously. However, for the gram-negative bacterium
E. coli it was shown that a large number of carbohydrates in
addition to glucose exert CCR (2, 18). Much less is known in B.
subtilis. Thus far, CCR exerted by carbon sources different
from glucose has not been systematically studied. In the
present study, we analyzed CcpA-mediated CCR exerted by a
variety of carbon sources in B. subtilis. As a model for the
present study, we chose the xynPB operon, which encodes a
␤-xyloside transporter and ␤-xylosidase. These functions allow
the uptake and degradation of ␤-xylosides to xylose (Fig. 1)
(11, 26). Xylose is subsequently converted to xylulose-5-P by
enzymes encoded in the xylAB operon located downstream of
the xynPB operon (Fig. 1). Both operons are repressed by the
XylR protein, which binds to operator sites present in the
respective promoter regions and prevents transcription initiation (4, 11). Binding of xylose releases XylR from its operator
sites. B. subtilis is not able to grow on xylose due to the lack of
a xylose-specific permease (26, 42, 43). However, xylose can be

Bacterial strains and growth conditions. The B. subtilis strains used in the
present study are listed in Table 1. The presence of the ptsH1 mutation was
verified by sequencing of chromosomal DNA of the relevant strains. E. coli
DH5␣ (41) was used for plasmid propagation. B. subtilis was grown in CSE
minimal medium supplemented with auxotrophic requirements (at 50 mg liter⫺1) (30). If necessary, xylose was added at a concentration of 0.2% (wt/vol).
Potentially repressing carbon sources were used at a concentration of 0.5%
(wt/vol). E. coli was grown in LB medium, and transformants were selected on
plates containing ampicillin (100 g ml⫺1). LB and SP plates were prepared by
the addition of 17 g of Bacto agar (Difco) liter⫺1 to the medium. For the
determination of growth rates, precultures were grown overnight in CE minimal
medium supplemented with auxotrophic requirements (at 50 mg liter⫺1) and a
single carbon source at a concentration of 0.5% (wt/vol). The cells were inoculated in the same medium to an optical density at 600 nm (OD600) of 0.1, the
bacteria were incubated at 37°C at 200 rpm, and the turbidity at 600 nm was
recorded periodically. The growth rate () was determined from the exponential
phases of the growth curves using the formula  ⫽ (logb ⫺ logB)/(log2 ⫻ ⌬t),

TABLE 1. B. subtilis strains used in this study
Strain

168
GP270
GP278
GP279
GP284
GP287
GP289
GP297
GP853
GP858
GP864
QB5223
QB5407
QB7097
QB7101
QB7144
QB7160
a

Genotype

trpC2
trpC2 xylR::ermC
trpC2 xylR::ermC
amyE::(xynP-lacZ cat)
trpC2 xylR::ermC crh::spc
amyE::(xynP-lacZ cat)
trpC2 xylR::ermC ptsH1
trpC2 xylR::ermC ptsH1 crh::spc
trpC2 xylR::ermC hprK::aphA3
trpC2 xylR::ermC crh::spc
trpC2 xylR::ermC ccpA::spc
trpC2 ⌬hprK::aphA3
trpC2 ⌬ptsI::ermC
trpC2 ptsH1
trpC2 ccpA::spc
trpC2 crh::spc
trpC2 ptsH1 crh::spc
trpC2 amyE::(xynP-lacZ cat)
trpC2 amyE::(levD-lacZ cat)
hprK::aphA3

Arrows indicate construction by transformation.

Source or referencea

Laboratory stock
pIW11xylR3168
48
QB70973GP278
pIW11xylR3QB5223
pIW11xylR3QB7101
QB71603GP270
QB70973GP270
QB54073GP270
QB71603168
pGP8113168
30
9
I. Martin-Verstraete
I. Martin-Verstraete
11
29
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FIG. 1. Utilization of ␤-xylan in B. subtilis. Xylan can be degraded
by an extracellular xylanase to ␤-xylosides, which are subsequently
taken up by the ␤-xyloside transporter XynP encoded in the bicistronic
xynPB operon. The ␤-xylosidase XynB converts ␤-xylosides to xylose,
which is further converted to xylulose-5-P by the functions encoded in
the adjacent xylAB operon. Xylulose-5-P finally enters the pentose
phosphate pathway (PPP). The xynPB and xylAB operons are repressed
by binding of the Xyl repressor (XylR) to operator sites in the absence
of the inducer xylose. Both operons are subject to global CCR, which
is mediated by binding of CcpA to cre sites downstream of the promoters. In addition, glucose-6-phosphate contributes to CCR by acting
as an anti-inducer for XylR.
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TABLE 2. Catabolite repression of ␤-xylosidase by different carbon sources in various mutants
Enzyme activityb in U/mg of protein (SD) for strain:
Carbon source

a

a
b
c

GP270 (⌬xylR)

GP297
(⌬xylR ⌬crh)

GP284
(⌬xylR ptsH1)

GP287
(⌬xylR ⌬crh ptsH1)

GP289
(⌬xylR ⌬hprK)

GP853
(⌬xylR ⌬ccpA)

945 (281)
497 (138)
414 (136)
437 (127)
116 (11)
126 (20)
54 (6)
114 (20)
82 (15)
72 (13)
60 (9)
7 (3)

1,585 (560)
939 (164)
600 (153)
489 (32)
201 (31)
205 (12)
175 (19)
121 (29)
96 (20)
79 (21)
63 (5)
44 (10)

2,748 (540)
1,360 (169)
876 (35)
488 (105)
378 (64)
203 (13)
167 (4)
130 (52)
87 (6)
78 (18)
63 (7)
60 (21)

2,590 (304)
971 (263)
713 (100)
710 (81)
244 (46)
309 (88)
202 (37)
113 (19)
135 (17)
606 (190)
231 (75)
173 (56)

2,397 (214)
1,346 (151)
1,498 (323)
2,226 (206)
1,220 (179)
2,770 (136)
2,850 (180)
732 (66)
2,164 (110)
2,080 (395)
2,045 (206)
2,077 (500)

2,287 (218)
NG
1,257 (70)
2,023 (408)
1,163 (170)
2,271 (292)
2,743 (667)
748 (61)
1,273 (160)
1,689 (269)
1,638 (32)
1,679 (421)

2,142 (384)
1,780 (454)
1,437 (228)
2,078 (632)
1,628 (554)
2,858 (123)
2,049 (83)
734 (51)
1,138 (127)
1,265 (454)
1,889 (147)
1,570 (153)

That is, added to the CSE medium.
The values are the average of at least three independent experiments. NG, no growth.
Xylose was added to induce xynPB expression.

where ⌬t is the time interval in min, b is the OD600 of the culture at the end, and
B is the OD600 at the beginning of this time interval.
DNA manipulation. Transformation of E. coli and plasmid DNA extraction
were performed according to standard procedures (41). Restriction enzymes and
DNA polymerases were used as recommended by the manufacturers. Chromosomal DNA of B. subtilis was isolated by using a DNeasy tissue kit (Qiagen)
according to the supplier’s protocol. Plasmid pIW11xylR, used for inactivation of
the xylR gene, has been described previously (21). Plasmid pGP811, used for the
disruption of ptsI, is a derivative of plasmid pHT181 (25) carrying the 591-bp
EcoRI fragment of ptsI inserted in its unique EcoRI site. Plasmid pGP650 carries
the hprK(G158A) allele under the control of the constitutive degQ36 promoter.
The hprK allele was amplified by using the primers SK11 (GGCGGATCCGTG
GCAAAGGTTCGCACAAAAGA) and KS12 (AAAAAGCTTGGTTCTATC
GCTTCATTCATTTAACGC) and plasmid pGP407 (16) as a template. Subsequently, the PCR fragment was digested with BamHI and HindIII and inserted
between the same sites of plasmid pGP380 (17).
Transformation and enzyme assays. B. subtilis was transformed with plasmids
and chromosomal DNA according to the two-step protocol (23). Transformants
were selected on SP plates containing spectinomycin (100 g ml⫺1), kanamycin
(5 g ml⫺1), or erythromycin and lincomycin (2 and 25 g ml⫺1, respectively).
For enzyme assays, cells were harvested in the exponential growth phase at an
OD600 of 0.6 to 0.8. ␤-Galactosidase and ␤-xylosidase activities were determined
in cell extracts by using o-nitrophenyl galactopyranoside and p-nitrophenyl xyloside as substrates, respectively (26, 41).
Western blot analysis. For Western blot analyses, crude cell extracts were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and transferred to a polyvinylidene difluoride membrane (PVDF; BioRad) by electroblotting. The proteins were detected with rabbit polyclonal antisera raised against CcpA, HPr, or HPrK/P of Bacillus megaterium or B. subtilis
(16, 24, 32). The antibodies were visualized by using anti-rabbit immunoglobulin
G-AP secondary antibodies (Chemikon International, Temecula, CA) and the
CDP* detection system (Roche Diagnostics).
Analysis of the phosphorylation state of HPr in vivo. HPr phosphorylation was
assayed in vivo by Western blot analysis as follows. Bacteria were grown in CSE
in the presence of the indicated carbon sources to an OD600 of 0.6. Cells were
disrupted by using a French press, and crude extracts were prepared as described
previously (27). Proteins (2-g portions) were separated on nondenaturing 12%
polyacrylamide gels. On these gels, phosphorylated HPr migrates faster than the
nonphosphorylated protein. HPr(His-P) was dephosphorylated by incubation of
the crude extract for 10 min at 70°C. After electrophoresis, the proteins were
blotted onto a PVDF membrane. The different forms of HPr were detected by
using antibodies directed against B. subtilis HPr (32).
Determination of fructose 1,6-bisphosphate concentrations. Protein-free cell
extracts for the determination of FBP concentrations in B. subtilis were prepared
as described previously with few modifications (31). Briefly, cells of the B. subtilis
wild-type strain 168 were grown in 50 ml of CSE medium in the presence of the
indicated carbon sources. For each growth condition at least three independent
experiments were carried out. Cultures were harvested by centrifugation at room
temperature for 5 min at 10,000 ⫻ g, and pellets were subsequently frozen in

liquid nitrogen. The pellets were resuspended in 0.6 M of cold perchloric acid
and subsequently incubated on ice for 20 min. The precipitated proteins and cell
debris were removed by centrifugation (4°C, 5 min, 13,000 rpm). The pH in the
supernatant was adjusted to 7.4 with a solution of cold 0.6 M KOH in 100 mM
Tris-HCl (pH 7.4). The precipitated KClO4 was removed by centrifugation. The
FBP concentrations were determined in the supernatants as described previously
(31).

RESULTS
CCR of ␤-xylosidase exerted by different carbon sources.
CCR has mainly been studied using glucose as repressing carbon source. To explore whether other carbon sources also
exert CCR, we chose the xynPB operon as a model system. For
this purpose, we measured the activity of the ␤-xylosidase
XynB as a convenient reporter for regulatory events taking
place at the xynPB promoter (see below). First, we tested the
wild-type strain 168 in CSE minimal medium containing succinate as a carbon source. In the absence of xylose, only 14 U
of ␤-xylosidase activity was detectable, whereas in the presence
of xylose a high ␤-xylosidase activity of 945 U was measured
(Table 2), reflecting the repression of the xyn operon by the
XylR protein. Next, we added other carbon sources in addition
to succinate and repeated the measurements. Xylose as an
inducer for XylR was also included. In all cases, the XynB
activities were reduced in comparison to the culture grown on
succinate (Table 2). Succinate is known to cause no CCR in B.
subtilis (3, 11). Glucose caused the strongest reduction of XynB
activity (135-fold), a finding which is in agreement with previous data (11). The sugars salicin, glycerol, mannitol, and fructose also caused repression, but to a weaker extent (12- to
18-fold). Gluconate, sucrose, and sorbitol repressed XynB activity eightfold. Ribose, arabinose, and maltose had only a
twofold effect. In conclusion, the substrates formed a hierarchy
in their ability to exert CCR.
To rule out that enzyme activity rather than synthesis of
XynB was affected by the various carbon sources in these and
the following experiments, we also performed similar experiments with isogenic strains carrying a transcriptional xynP⬘lacZ fusion on the chromosome. The ␤-galactosidase activities
in these strains correlated well with the corresponding ␤-xylo-
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None (CSE)
Ribose
Arabinose
Maltose
Gluconate
Sucrose
Salicin
Sorbitol
Glycerol
Mannitol
Fructose
Glucose

168c (wild type)
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sidase activities (Fig. 2 and data not shown). Somewhat lower
repression factors were obtained in the LacZ assays compared
to the XynB measurements, making the latter the more sensitive tool to measure CCR. In conclusion, the observed differences of XynB activities in the present study reflect regulatory
events taking place at the xynPB promoter.
The XylR repressor protein contributes to CCR of xynPB
expression exclusively in the presence of glucose. As for many
other systems, the xynPB operon underlies an operon-specific
mechanism of CCR in addition to the general CCR pathway
via CcpA. The XylR repressor also contributes to glucose repression of its target genes (5, 21). Uptake of glucose generates
glucose-6-phosphate, which binds to XylR and counteracts
binding of the inducer xylose (Fig. 1). In principle, the repression of XynB activity by the other carbohydrates may also
result from the combined activities of both mechanisms of
CCR. To analyze this possible interference, we repeated our
experiments with a ⌬xylR mutant. As expected, the xylR mutation caused complete derepression of xynPB expression, i.e.,
high XynB activities were already detectable in the absence of
the inducer xylose (Table 2). With respect to the available
carbon sources, the enzyme activities followed a similar order
as in the xylose-induced wild-type strain (Table 2, compare
columns 1 and 2). In most cases, the activities were slightly
higher in the ⌬xylR mutant, which can be explained by incomplete derepression in the wild-type strain. In contrast, there
was a sixfold relief from repression when the cells grew on
glucose, which reflects the extra repression exerted by glucose6-P. In conclusion, XylR only contributes to CCR of xynPB
expression when glucose is utilized and is not relevant for CCR
elicited by the other carbon sources.
In the ⌬xylR mutant, CCR of ␤-xylosidase completely depends on the general pathway of CCR. In the ⌬xylR mutant,
the substrates still formed a hierarchical order in their ability to
cause repression. We wanted to determine whether this order
is caused exclusively by the global CCR mechanism or whether

FIG. 3. The amounts of HPrK/P, CcpA and HPr are not affected by
the utilized carbon source. Wild-type strain 168 was grown to exponential phase in CSE medium containing the indicated carbon sources,
and crude extracts were prepared. Of these protein extracts, 10-, 5-,
and 2-g portions were loaded onto 12.5% SDS-PAA gels for the
detection of HPrK/P, CcpA, and HPr, respectively. After gel electrophoresis the proteins were blotted onto a PVDF membrane, and the
proteins of interest were detected using specific antisera.

additional mechanisms are still involved. If only global CCR is
involved, an interruption of the general CCR pathway is expected to completely relieve repression. To test this possibility,
we used ⌬xylR strains, which also lacked HPrK/P or CcpA or its
cofactors Crh and HPr. In the latter case, a ⌬crh ptsH1 mutant
was used, which encodes an HPr mutant with a nonphosphorylatable alanine rather than a serine at position 46. The HPrSer46Ala protein is unable to participate in CcpA-mediated
CCR but retains its function in PTS sugar uptake (8). All
strains produced similar high ␤-xylosidase activities regardless
of the carbon source, with the notable exception of sorbitol
(Table 2, compare strains GP287, GP289, and GP853). On
sorbitol a threefold repression was still detectable. On all other
carbon sources, the elimination of the global regulators of
CCR caused a complete relief from CCR. Hence, global CCR
is responsible for the hierarchical order of repression caused
by the different substrates in the ⌬xylR mutant.
The amounts of HPrK, CcpA, and HPr are not affected by
the carbon source. It is possible that the differences in repression exerted by the different substrates are caused by various
amounts of HPrK or CcpA or its cofactors in the cell. To
address this possibility, we determined the amounts of these
proteins in cells grown on the various carbon sources. Protein
extracts were separated by SDS-PAGE and subjected to Western blot analyses with specific antisera. Only small differences
in the amounts of the three proteins were detectable (Fig. 3).
We also attempted to detect the Crh protein. However, although our antiserum readily detected purified Crh protein, no
signals were obtained in cell extracts (data not shown). This
observation is in agreement with our previous data suggesting
that Crh is present in the cell in much lower amounts than HPr
(14). In conclusion, the cellular amounts of the global CCR
regulators HPrK/P, CcpA, and HPr are not affected by the
carbon source.
HPr and Crh are not interchangeable in CcpA-mediated
CCR. In the ⌬xylR mutant, only global CCR is operative in
xynPB repression. Hence, the degree of repression exerted by
the individual substrates should be reflected by the total number of HPr(Ser-P)/CcpA and Crh(Ser-P)/CcpA complexes
competent in DNA binding. Thus far, it is unclear to which
extent each of these complexes actually contributes to CCR via
CcpA under a certain condition. Hence, it is possible that the
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FIG. 2. Various carbohydrates repress the xynPB operon via the
global CCR pathway. Shown are the ␤-xylosidase activities in the ⌬xylR
⌬crh mutant GP297 (light gray bars), in which CCR exclusively relies
on the activities of HPrK/P, CcpA, and HPr. To demonstrate that the
␤-xylosidase activities reflect transcription from the xynPB promoter,
the isogenic strain GP279 was used, which carries in addition a xynP⬘lacZ fusion on the chromosome. The ␤-galactosidase activities produced in this strain are shown for comparison (dark gray bars). The
repression factors relative to the activities determined in pure CSE
medium (None) are depicted at the right.
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cell selectively prefers or relies on one of these complexes
depending on the carbon source. To address this question, we
compared ⌬xylR ⌬crh and ⌬xylR ptsH1 mutants in which either
one of the cofactors for CcpA is missing. The XynB activities
in the ⌬xylR ⌬crh mutant were very similar to those detected in
the ⌬xylR mutant (Table 2, compare findings for strains GP270
and GP297; Fig. 2). Therefore, Crh is dispensable for CCR
exerted by the different carbon sources. Obviously, HPr can
completely compensate for the loss of Crh. A different result
was obtained using the ⌬xylR ptsH1 mutant. In this case, a
three- to fourfold relief from repression was observed when
the cells grew on glucose or fructose. On mannitol, the ␤-xylosidase activities were even eightfold higher (Table 2, compare strain GP284 with strains GP270 and GP297). These
sugars exert the strongest repression in the wild type and in the
⌬xylR mutant. In contrast, repression by all other substrates
was not significantly affected by the ptsH1 mutation. These
data indicate that Crh is unable to substitute for HPr in the
presence of substrates that exert a strong CCR. Hence, HPr is
essential for CCR.
The extent to which a substrate causes repression correlates
with the amount of HPr(Ser-P) in the cell. The phosphorylation of HPr by the HPr kinase is a key step in the signaling
pathway of CCR in B. subtilis. It is well established that significant amounts of HPr(Ser-P) are present during growth on
glucose, whereas little HPr(Ser-P) is detectable in the absence
of a sugar, i.e., in CSE minimal medium or LB (27, 32). However, the phosphorylation state of HPr has thus far not been
determined during growth in the presence of sugars other than
glucose. In order to explore whether the strength of CCR
exerted by a given substrate correlates with the amount of
HPr(Ser-P) in the cell, we determined the HPr phosphorylation state in vivo. To this end, we prepared extracts from cells
grown on the various carbohydrates and subjected them to
nondenaturing PAGE, which allows the separation of the nonphosphorylated and phosphorylated forms of HPr. HPr was
subsequently detected by Western blot analysis (Fig. 4).
As reported previously (27), HPr was present in three different forms when the cells grew in CSE medium: nonphosphorylated, single phosphorylated, and doubly phosphorylated
(Fig. 4, lane 1). HPr can be phosphorylated by the EI of the
PTS on His15 and by HPrK/P on Ser46. To discriminate between both forms, aliquots of the extracts were incubated at
70°C before material was loaded onto the gel. Heating causes
loss of phosphohistidine but not of phosphoserine bonds. As a
result, the doubly phosphorylated HPr is converted to
HPr(Ser-P) and HPr(His-P) is converted to nonphosphorylated HPr (Fig. 4, even-numbered lanes). From the quantification of the band intensities in both lanes and their comparison, it was possible to calculate the relative amount of each
form of HPr (Table 3). In CSE medium, only 13% of the total
HPr was phosphorylated at Ser46 and 5% was doubly phosphorylated. The majority of HPr molecules were nonphosphorylated or phosphorylated at His15. Very similar results were
obtained when the cells grew on the weakly repressing sugars
ribose, gluconate, arabinose, and maltose. The level of
HPr(Ser-P) slightly increased up to 32% on gluconate, which is
the most strongly repressing substrate among these carbohydrates (Fig. 4, top panel; Table 3). In all cases, HPr(His⬃P)
and doubly phosphorylated HPr were the predominant forms.

FIG. 4. Determination of the phosphorylation state of HPr in the
presence of different carbon sources. Wild-type strain 168 was grown
on CSE medium supplemented with the indicated carbohydrates. Protein extracts were prepared and separated on native 12% PAA gels
(top panels). HPr was subsequently detected by Western blotting (oddnumbered lanes). To discriminate between HPr(Ser-P) and HPr(HisP), an aliquot of each cell extract was heated (70°C, 10 min) prior to
loading (even-numbered lanes). This causes loss of the phosphohistidine bonds. The lysis buffer used affected the reliability of the Bradford
assay for determination of protein concentrations. To account for the
differences in the protein estimation and sample loading, 2 g of each
protein extract (according to Bradford-assay) was separated in parallel
by SDS-PAGE, and total HPr was detected by Western blot analysis
(bottom panels).
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A very different result was obtained when the cells grew on
sugars that caused a stronger CCR, i.e., sorbitol, sucrose, salicin, mannitol, fructose, and glucose. In these cases, almost no
doubly phosphorylated HPr was detectable, and heating of the
extracts had almost no effect on the phosphorylation pattern
(Fig. 4, lanes 11, 12, and 15 to 24). Hence, there was no
detectable HPr(His-P) present in the cells. In contrast, 50 to
70% of all HPr molecules were phosphorylated at Ser46 (Fig.
4, bottom panel; Table 3, sucrose, salicin, sorbitol, glycerol,
mannitol, fructose, and glucose). The only other detectable
form was nonphosphorylated HPr. As an exception, glycerol
behaved different from all other substrates: In contrast to the
other strongly repressing substrates, it generated a somewhat
lower level of HPr(Ser-P), i.e., 46%. Moreover, no unphosphorylated HPr could be detected. In contrast, doubly phosphorylated HPr was a predominant form in this case (Fig. 4, lanes 13
and 14).
In conclusion, sugars that exert strong (i.e., at least 10-fold;
Fig. 2) repression of ␤-xylosidase activity also generate a high
level of HPr(Ser-P) in the cell, whereas in the presence of
weakly repressing substrates the amount of HPr(Ser-P) is significantly lower. In addition, the data suggest that the absence
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TABLE 3. Comparison of catabolite repression by different substrates, the relative amounts of the different HPr forms, and the
intracellular FBP concentrationa
Relative amt (%)d of HPr form
Carbon sourceb

HPr-Ser⬃P

HPr-His⬃P

HPr

HPr-Ser⬃PHis⬃P

2
3
6
7
14
17
21
32
35
44
46

13 (3)
27 (1)
21 (1)
13 (1)
32 (10)
66
50 (9)
66 (6)
46 (3)
70 (6)
60 (2)
58 (6)

40 (14)
37 (6)
29 (9)
47 (4)
29 (4)
0
0
0
12 (6)
0
0
0

42 (19)
25 (9)
13 (10)
25 (6)
9 (2)
33
50 (9)
32 (7)
0
30 (6)
40 (3)
35 (10)

5 (2)
11 (4)
37 (1)
15 (1)
30 (9)
1
0
2 (1)
42 (4)
0
0
7 (7)

Concn of fructose1,6-bis-P (mM)

Growth rate
() h⫺1

1.8 (0.5)
6.5 (0.1)
8.1 (0.5)
10.7 (0.8)
12.3 (3.6)
11.5 (1.9)
9.4 (2.1)
4.4 (2.1)
4.3 (1.6)
4.4 (0.6)
13.3 (3.0)
14.1 (1.3)

0.29 (0.03)
0.76 (0.07)
0.98 (0.06)
0.85 (0.01)
0.94 (0.09)
0.85 (0.02)
0.91 (0.04)
0.83 (0.03)
0.94 (0.11)
0.86 (0.03)
0.94 (0.07)
0.95 (0.07)

a

Standard deviations are given in parentheses.
That is, added to the CSE medium. For growth rate determinations, CE medium plus a single carbon source was used.
c
In the ⌬xylR ⌬crh mutant.
d
Mean values of at least two independent experiments are presented except for sucrose, for which only one experiment was performed.
b

of histidine-phosphorylated HPr is a common feature of substrates that generate a strong CCR.
His15-dependent phosphorylation of HPr has no impact on
CcpA-mediated CCR. Interestingly, most of the carbohydrates
that generated a strong CCR are substrates of the PTS. Glucose, fructose, mannitol, salicin, and sucrose are all taken up by
specific EIIs, which rely on HPr(His-P)-dependent phosphorylation for this function. Hence, utilization of all of these substrates drains away the phosphoryl groups bound to His15 of
HPr. Accordingly, no HPr(His-P) can be detected when the
cells grow on these substrates (Fig. 4 and Table 3). On the
weakly repressing substrates ribose, arabinose, and gluconate,
which are non-PTS substrates, a considerable fraction of HPr
is phosphorylated at its His15 residue by EI (Table 3). Hence,
it is conceivable that in these cases EI and HPrK compete for
the phosphorylation of HPr and that CCR is weak, because
EI-dependent phosphorylation limits the HPr(Ser-P) amount
in the cell and thereby CCR.
To test this possibility, we used a ⌬ptsI mutant in which HPr
cannot get phosphorylated at His15. If histidine phosphorylation of HPr limits CCR, one would expect an increased CCR
by non-PTS substrates in this mutant. However, there was
virtually no difference in CCR by non-PTS substrates between
the ⌬ptsI mutant and the wild-type strain (Fig. 5). In contrast,
on PTS-sugars (and glycerol) an almost complete relief from
CCR was observed in the ⌬ptsI mutant. This was expected,
because uptake and metabolism of these substrates are not
possible in the ⌬ptsI mutant. Hence, the cells actually use
succinate for growth, which exerts no CCR. To support these
data, we also investigated a mutant strain coding for an HPrHis15Ala variant. This strain exhibited ␤-xylosidase activities
almost identical to those determined in the ⌬ptsI mutant (our
unpublished data). In conclusion, the phosphorylation state of
HPr at its histidine residue has no direct impact on CcpAmediated CCR. Therefore, solely different HPrK activities appear to account for the different CCR levels exerted by the
various substrates.
Activity of HPrK/P determines the level of CcpA-exerted
CCR in B. subtilis. Finally, we wanted to confirm that a low

HPr kinase activity is responsible for the weak CCR exerted by
substrates such as ribose, arabinose, gluconate, or maltose. To
this end, we used a strain, which expresses the mutant
hprK(G158A) allele rather than wild-type hprK. The G158A
exchange is located in the nucleotide binding Walker A motif
of HPrK and abolishes phosphorylase activity in vitro (16). As
a result, HprK G158A behaves as a constitutive kinase, triggering the slow phosphorylation of HPr. In order to see
whether this is indeed the case in vivo, we introduced a plasmid
carrying hprK(G158A) into a mutant strain lacking the wildtype gene. A transformant carrying the empty expression plasmid served as a control. These transformants, as well as the
wild-type strain, were grown in CSE and CSE plus glucose, and
the phosphorylation state of HPr was determined (Fig. 6). As
expected, no HPr(Ser-P) was detectable in the ⌬hprK mutant
(Fig. 6A, lanes 3, 4, 9, and 10). In the strain expressing the
hprK(G158A) allele, the fraction of HPr(Ser-P) increased to
38% when the cells grew in CSE, whereas only 13%
HPr(Ser-P) were detectable in the wild type (Fig. 6, compare
lanes 1 and 2 and lanes 5 and 6). In the presence of glucose

FIG. 5. Catabolite repression of ␤-xylosidase in a mutant lacking
EI of the PTS. Strain GP864 (⌬ptsI) was grown in CSE medium
supplemented with the indicated carbohydrates, and the ␤-xylosidase
activities were determined (dark gray columns). The corresponding
activities in the wild-type strain 168 are shown for comparison (light
gray columns).
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drates cannot be explained by the different intracellular FBP
levels alone.
DISCUSSION

43% HPr(Ser-P) were detectable in the mutant expressing the
hprK(G158A) allele (Fig. 6, lanes 11 and 12). The wild-type
strain produced 58% HPr(Ser-P) under these conditions (Fig.
6, lanes 7 and 8). In conclusion, the HPrK G158A mutant
triggers the phosphorylation of HPr at its Ser residue even in
the absence of a repressing sugar. To see whether this increased fraction of HPr(Ser-P) also correlates with a stronger
CCR, we determined the ␤-xylosidase activities in these strains
(Table 4). In the ⌬hprK mutant carrying the empty expression
plasmid, very high ␤-xylosidase activities were detectable, i.e.,
xynPB expression was relieved from CCR. In contrast, the
strain expressing the hprK(G158A) allele produced only low
activities in the range of 60 to 170 U. As an exception, repression by glucose was somewhat stronger (21 U), which can be
ascribed to the extra repression by glucose-6-P via XylR. In
conclusion, the data show that the HPrK G158A variant phosphorylates HPr under all conditions and thereby triggers
strong CCR on all substrates. This confirms that the different
levels of CCR exerted by the various carbon sources (Fig. 2)
solely result from different activities of HPrK/P.
The intracellular FBP concentration and the strength of
CCR exerted by a given carbohydrate do not strictly correlate.
FBP has been identified as a key metabolite modulating the
activity of HPrK. To determine whether there is a correlation
between the intracellular FBP concentration and the level of
CCR exerted by a given substrate, we determined the FBP
concentrations (Table 3). In cells grown in pure CSE medium,
only 1.8 mM FBP was detectable, whereas the FBP concentration increased to 14.1 mM in the presence of glucose. These
results are in perfect agreement with a previous study (31).
High FBP concentrations in the range of 9.4 to 13.3 mM FBP
were also detectable in cells grown on the strongly repressing
sugars fructose, salicin, and sucrose. However, there was no
strict correlation for the remaining substrates, e.g., the utilization of ribose, arabinose, and maltose generated rather high
FBP concentrations (6.5 to 10.7 mM FBP), whereas CCR exerted by these substrates was weak. In contrast, the FBP concentrations were lower (4.3 to 4.4 mM) on mannitol, glycerol,
and sorbitol, which all exert a strong CCR. In conclusion, the
different levels of repression exerted by the different carbohy-

TABLE 4. Catabolite repression by the mutant HPrK/P-G158A
protein lacking phosphorylase activity
Enzyme activityb in U/mg of protein (SD) in strain:
Carbon sourcea

None
Ribose
Arabinose
Maltose
Sucrose
Gluconate
Sorbitol
Glycerol
Mannitol
Fructose
Salicin
Glucose
a

168c (wild type)

GP858(pGP380)
(⌬hprK)

GP858(pGP650)
关⌬hprK
hprK(G158A)兴

945 (281)
497 (138)
414 (136)
437 (127)
126 (20)
116 (11)
114 (20)
82 (15)
72 (13)
60 (9)
54 (6)
7 (3)

2,077 (323)
NG
1,175 (50)
1,265 (82)
1,232 (145)
822 (97)
990 (52)
NG
1,592 (460)
1,364 (355)
981 (168)
870 (11)

178 (10)
115 (30)
138 (27)
142 (17)
124 (66)
63 (6)
90 (22)
70 (15)
60 (8)
64 (8)
46 (27)
21 (4)

That is, added to the CSE medium.
The values are the averages of at least two independent experiments. NG, no
growth.
c
Xylose was added to induce xynPB expression.
b
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FIG. 6. The mutant HprK/P G158A protein phosphorylates HPr at
Ser46 even in the absence of a sugar. Strain GP858 (⌬hprK) carrying
either plasmid pGP650 encoding the hprK(G158A) allele (lanes 5, 6,
11, and 12) or the empty plasmid (lanes 3, 4, 9, and 10) was grown in
CSE or CSE plus glucose. Crude extracts of these strains were subjected to nondenaturating PAGE, and the phosphorylation state of
HPr was determined as described for Fig. 4. For comparison, the
wild-type strain 168 is also shown (lanes 1, 2, 7, and 8).

In this study, we show that in addition to glucose many other
carbohydrates cause carbon catabolite repression in B. subtilis.
These substrates form a hierarchical order in their capacity to
exert repression, suggesting that they trigger the formation of
active CcpA complexes to different degrees (Table 2 and Fig.
2). Our data show that the different carbon sources modulate
the activities rather than the amounts of the proteins responsible for CCR. In fact, the data suggest a correlation between
the ability of a sugar to cause repression and the phosphorylation state of HPr at its Ser46 residue (Fig. 4). We could not
observe any interference of the phosphorylation state of HPr at
its His15 residue with CcpA-mediated CCR of the xynPB
operon, which served as a model system in the present study.
Our data suggest that at least in this case HPrK/P activity is the
sole factor that accounts for the differences in repression by the
various substrates. However, it should be emphasized that in
other gene systems additional CcpA-independent mechanisms
of CCR exist, which rely on HPr(His-P)-dependent phosphorylation (for a review, see reference 13).
The substrates form a hierarchy in their capacity to exert
repression. The general CCR pathway determines this hierarchy, since the absence of either HPrK/P or CcpA or its cofactors resulted in complete derepression on all substrates. Intriguingly, there is a good correlation between the hierarchy in
repression (the present study) and the hierarchy of carbon
source utilization reported by Monod based on diauxic growth
experiments (33). Monod classified the carbon sources utilized
by B. subtilis in two groups: A and B. When present in a
mixture, the bacteria first utilize the substrates of group A,
which include glucose, fructose, mannitol, and sucrose. Subsequently, the cells make use of the group B carbohydrates, e.g.,
sorbitol, arabinose, or maltose. Based on our observation that
group A sugars exert strong CCR, whereas repression by group
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EI and HPrK compete for phosphorylation of HPr. However,
our experiments with mutants lacking EI did not support this
scenario (Fig. 5). Hence, the phosphorylation state of HPr at
its His15 residue is irrelevant for CcpA-mediated CCR in B.
subtilis. This is very different from E. coli, where the absence of
EI leads to permanent repression of secondary catabolic genes
(36). In E. coli, many substrates, which are taken up by the PTS
cause CCR, because their transport dephosphorylates not only
the general PTS proteins EI and HPr but also the EIIAGlc
protein (36). In contrast, PTS transport activity has no direct
effect on CCR in B. subtilis. Our data using the constitutive
HPrK G158A allele (Fig. 6 and Table 3) demonstrate that low
HPr kinase activity limits CCR by weakly repressing carbon
sources. Hence, different HPrK/P activities account for the
different repression levels exerted by the various substrates.
What are the molecular mechanisms that adjust the activity
of HPrK/P to the available carbon source? The cells exhibited
comparable growth rates on the different carbon sources except for succinate and ribose, on which growth was significantly
slower (Table 3, last column). Therefore, it appears unlikely
that the growth rate has a direct effect on HPrK/P activity and
therefore CCR. It is well known that the two antagonistic
activities of HPrK/P are regulated by the concentrations of
FBP, ATP, and Pi. The central role of FBP for activity of the
HPr kinase has been unequivocally proven in vivo and in vitro.
In vivo, any mutation that prevents the formation of FBP
results in a complete relief from CCR via CcpA, e.g., there is
no CCR by glucose in mutants lacking the glycolytic enzymes
glucose-6-phosphate isomerase or phosphofructokinase (35).
In vitro, HPr kinase activity is barely detectable below 1 mM
FBP. With higher FBP concentrations HPr kinase activity
sharply increases and reaches a plateau at about 5 mM FBP
(20, 39). In our experiments we detected a low FBP concentration of 1.8 mM in the absence of a sugar (i.e., in CSE
medium), whereas in the presence of the various sugars, FBP
concentrations in the range of 4.3 to 14.1 mM were detected.
Therefore, all sugars generated FBP levels, which are theoretically sufficient for a high HPr kinase activity. This suggests that
the different levels of repression exerted by the different carbohydrates cannot be explained by the different intracellular
FBP concentrations alone. Therefore, in addition to FBP other
metabolites might account for the substrate-dependent differences of HPrK/P activity. Indeed, for Streptococcus bovis, an
inverse correlation between HPr(Ser-P) formation and the Pi
concentration was observed in vivo (1). In addition, other metabolites, such as ATP, acetyl-phosphate, and glyceraldehyde
3-phosphate, were shown to modulate the activity of B. subtilis
HPrK/P in vitro (37).
Hierarchical regulation is a widespread phenomenon if bacteria have the choice between different substrates. If only a few
substrates can be used, sophisticated regulatory networks with
multiple transcription factors allow the consecutive expression
of the respective enzymes. This was observed for the choice of
the electron acceptors for E. coli respiration (49). However,
individual regulators for the repression of genes that are lower
in the hierarchy cannot be used if the bacteria have to choose
between a plethora of substrates. Accordingly, in E. coli and B.
subtilis, the hierarchy of carbon sources in catabolite repression
is established by a single signal, i.e., the control of the phos-
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B sugars is weak, it appears reasonable that the diauxic growth
behavior observed by Monod is caused by CcpA-mediated
CCR. However, as an inconsistency we observed a strong repression of xynPB by sorbitol, which was assigned by Monod to
group B. Interestingly, disruption of the CcpA-mediated CCR
did not completely relieve xynPB from repression when the
cells grew on sorbitol (Table 2). In contrast, other CcpAcontrolled catabolic genes such as rocG were completely derepressed in ccpA and hprK mutants grown on sorbitol (data not
shown). Therefore, strong repression by sorbitol appears to be
specific for the xynPB operon, which might explain the discrepancy versus Monod’s observations.
The Crh protein was completely dispensable for CCR exerted by the different substrates. A different result was obtained for a ptsH1 mutant, in which the Crh protein is the only
potential effector for CcpA. In this case, there was a significant
relief from CCR exerted by glucose, fructose, and mannitol,
but not from CCR exerted by the other sugars. In a previous
study it was shown that in a ptsH1 mutant the synthesis of
gluconate kinase and glucitol dehydrogenase is relieved from
repression by glucose and mannitol but not by glycerol (8).
Collectively, these observations suggest that Crh cannot substitute for HPr when the cells grow on substrates that cause a
very strong CCR via CcpA. This might be reflected by the up
to 100-fold lower synthesis rate of Crh and its 10-fold lower
affinity for CcpA compared to HPr (14, 47). Alternatively, Crh
might play a more specific role in CCR, when the cells use
weaker repressing substrates. Recent work suggested that Crh
might be more important for CCR during the transition to
stationary phase (19). In conclusion, HPr rather than Crh is the
relevant effector for CcpA in vivo, at least during the exponential growth phase.
According to the current model of the global CCR mechanism in B. subtilis, repression is brought about by the HPrKcatalyzed phosphorylation of HPr at its Ser46 residue. Indeed,
during growth on weakly repressing carbon sources only a
minor fraction of HPr was phosphorylated at Ser46, whereas
the majority of HPr molecules were phosphorylated at this site
on strongly repressing substrates. This clearly shows that the
cell modulates the strength of CCR by dynamically triggering
the HPrK/P-dependent (de)phosphorylation of HPr. Interestingly, large amounts of HPr(His-P) and also doubly phosphorylated HPr were formed, when the cells grew on weakly repressing substrates. The formation of significant amounts of
doubly phosphorylated HPr in vivo is surprising. Previous in
vitro studies suggested that HPr(His-P) is a poor substrate for
HPr kinase (39). Moreover, a Ser46Asp exchange in HPr,
which mimics phosphorylation at this site, was shown to block
EI-dependent phosphorylation in vitro (40). These effects were
explained by a diminished affinity for the second phosphoryl
group delivering protein. Obviously, the in vitro data do not
adequately reflect the situation in vivo.
Most of the strongly repressing substrates are transported by
the PTS (glucose, fructose, mannitol, salicin, and sucrose) and
are therefore expected to dephosphorylate HPr at its His15
residue, which is in agreement with our finding that no
HPr(His-P) was detectable in these cases. On the other hand,
these observations raised the possibility that CCR is strong
because dephosphorylation of HPr at His15 makes the protein
susceptible to HPr kinase-catalyzed phosphorylation, i.e., that
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phorylation states of EIIAGlc and HPr, respectively (18; the
present study).
21.
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