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Summary 

Catabolite repression of various Bacillus subtilis 
catabolic operons which carry a cis-acting catabolite- 
responsive element (CRE), such as the gnt operon, is 
mediated by CcpA, a protein belonging to the GaIR- 
Lacl family of bacterial transcriptional repressors/ 
activators, and the seryl-phosphorylated form of 
HPr, a phosphocarrier protein of the phosphoenol- 
pyruvate:sugar phosphotransferase system. Foot- 
printing experiments revealed that the purified CcpA 
protein interacted with P-ser-HPr to cause specific 
protection of the grit CRE against DNase I digestion. 
The specific recognition of the grit CRE was con- 
firmed by the results of footprinting experiments 
using mutant gnt CREs carrying one of the follow- 
ing base substitutions within the CRE consensus 
sequence: G to T at position +149 or C to T at position 
+154 (+1 is the gnttranscription initiation nucleotide). 
The two mutant CREs causing a partial relief from cat- 
abolite repression were not protected by the CcpA/P- 
ser-HPr complex in footprinting experiments. Based 
on these and previous findings, we propose a molecu- 
lar mechanism underlying cataboUte repression in B. 
subtilis mediated by CcpA and P-ser-HPr. 

Introduction 

Several research groups have recently presented interest- 
ing findings which implied that Bacillus subtilis might have 
a common negative regulatory mechanism underlying cat- 
abolite repression. This mechanism, which involves CcpA, 
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a member of the GalR-Lacl family of bacterial regulator 
proteins (Henkin et aL, 1991; Miwa et aL, 1994), is com- 
pletely different from the positive regulatory mechanism 
operative in enteric bacteria, which involves cyclic AMP 
and the cyclic AMP receptor protein. Among the catabo- 
lite-repressive operons of B. subtilis studied so far, the 
gnt operon involved in gluconate catabolism is one of the 
best-understood systems (with respect to its regulation 
and catabolite repression) (Fujita et aL, 1986; Fujita and 
Miwa, 1989; 1994). Catabolite repression of this operon 
involves not only CcpA but also two other proteins, 
namely the (~A factor of the B. subtilis RNA polymerase 
(Fujita and Miwa, 1994) and HPr, a phosphocarrier protein 
of the phosphoenolpyruvate:sugar phosphotransferase 
system (PTS) (Deutscher et aL, 1994). 

In B. subtilis, catabolite-responsive elements (CREs) 
were identified in the amyE gene (Nicholson et aL, 1987), 
and in the gnt (Miwa and Fujita, 1990; 1993), xyl (Jacob 
et aL, 1991), hut (Oda et aL, 1992; Wray et aL, 1994) acs 
and acu operons (Grundy et aL, 1994). All of these differ- 
ent CREs exhibit similarity to the B. subtilis catabolite 
repression consensus sequence originally proposed by 
Weickert and Chambliss (1990). In ccpA mutants, the 
expression of several genes bearing a CRE was found to 
be resistant to catabolite repression (Henkin et aL, 1991; 
Miwa et aL, 1994; Grundy et aL, 1994; Deutscher et aL, 
1994). It was therefore postulated that CcpA can bind to 
the different CREs, thus exerting catabolite repression. 
However, we previously demonstrated that the purified 
B. subtilis CcpA does not specifically bind to the gnt 
CRE, but interacts non-specifically with DNA (Miwa et aL, 
1994). 

The HPr protein of B. subtilis can be phosphorylated at 
two distinct sites: at the catalytic His-15 in a phosphoenol- 
pyruvate-dependent reaction catalysed by enzyme I of the 
PTS (Gassner et aL, 1977) and at the regulatory Ser-46 
by an ATP-dependent, fructose-l,6-bisphosphate (FBP)- 
triggered protein kinase (Deutscher and Saier, 1983). 
Recently, Deutscher et aL (1994) demonstrated that loss 
of the ATP-dependent, protein kinase-catalysed phos- 
phorylation of HPr conferred catabolite repression resis- 
tance to several catabolic operons of B. subtilis including 
gnt. Furthermore, Deutscher et al. (1995) found that 
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CcpA of Bacillus megaterium specifically interacts with B. 
subtilis HPr phosphorylated at Ser-46 (P-ser-HPr). Unphos- 
phorylated HPr, HPr phosphorylated at His-15, and the 
doubly phosphorylated HPr did not interact with CcpA. 

In this study, we use in vitro analysis to demonstrate that 
the interaction of the B. subtilis CcpA protein with P-ser- 
HPr enables CcpA to bind specifically to the CRE of the 
gnt operon. 

Results 

Specific recognition of the gnt CRE by CcpA through 
interaction with P-ser-HPr 

Miwa et aL (1994) demonstrated by gel-retardation analy- 
sis that purified CcpA protein did not specifically bind to 
the gnt CRE, and that it bound non-specifically to DNA. 
As Deutscher etaL (1995) recently found that the B. mega- 
terium CcpA protein, which was fused to a His tag and 
immobilized on an Ni-NTA resin, specifically interacted 
with the B. subtilis HPr protein phosphorylated at Ser-46, 
we decided to use gel-retardation analysis to determine 
whether or not the CcpA/P-ser-HPr complex can speci- 
fically bind to the gnt CRE. Gel-retardation experiments 
were performed as described previously (Miwa et al., 
1994), using a 113bp DNA fragment carrying the gnt 
CRE (Miwa and Fujita, 1993) as a DNA probe (Fig. 1). 
The concentration of CcpA used for the binding assays 
(1.5 I~M) was similar to the in vivo concentration of CcpA 
(1.2 I~M). This value was obtained based on the finding 
that about 3000 molecules of CcpA are present per cell 
(Miwa et aL, 1994) and that cells giving rise to one absor- 
bance unit at 600 nm (1 Aeoo unit) (2 × 108 cells) occupy a 
volume of 0.831~1 (Fujita and Freese, 1979). To demon- 
strate the effect of P-ser-HPr on the gel mobility of the 

113bp fragment, it was added together with HPr (41~M 
each) because P-ser-HPr was not separated from unphos- 
phorylated HPr after phosphorylation of HPr by the ATP- 
dependent protein kinase. Phosphorylated and unphos- 
phorylated HPrs were present in approximately equal 
amounts. 

CcpA bound to the 113 bp fragment carrying the gnt 
CRE, but this binding was suppressed by the presence 
of competitive sonicated calf-thymus DNA (0.15 or 1.5 I~M), 
consistent with the results reported previously (Miwa et 
al., 1994). Neither HPr nor P-ser-HPr was able to bind 
the 113 bp fragment by itself. However, in the presence 
of CcpA and the competitive DNA (0.15~M), the 113bp 
fragment shifted only when 41~M each of P-ser-HPr (and 
HPr) was added, but not when only HPr (8 ~M) was (data 
not shown), indicating that P-ser-HPr enhanced the bind- 
ing of CcpA to this fragment. However, we could not clearly 
conclude that this enhancement was specific to the 113 bp 
fragment, because P-ser-HPr (or HPr) caused fragments 
containing no identified CRE to shift significantly. 

As the gel-retardation experiments implied that the 
interaction of CcpA with P-ser-HPr might lead to specific 
binding of CcpA to the gnt CRE, we performed DNase I 
footprinting experiments to verify this presumed binding. 
The experiments were performed using the same con- 
centrations of CcpA, P-ser-HPr and HPr as in the gel- 
retardation analysis described above, but without the addi- 
tion of the competitive DNA. The 127 bp fragment (shown 
in Fig. 1) which carries the gnt CRE was 3'- and 5'-end- 
labelled with 32p at the HinPI ends of the non-coding and 
coding strands, respectively. Figure 2A shows the results 
of the DNase I footprinting experiments with the non- 
coding strand which clearly indicate that interaction of 
CcpA with P-ser-HPr causes specific recognition of the 
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Fig. 1. The promoter-proximal region and 
the CRE of the B. subtilis gnt operon. The 
upper part shows DNA probes used in 
gel-retardation analysis (113 bp fragment, 
nucleotides +91 to +204; +1 is the gnt 
transcription initiation nucleotide (Pgnt)) and 
in DNase I footprinting (127 bp fragment, 
nucleotides +88 to +215), which contain 
the gnt CRE. The lower part of the Figure 
shows a consensus sequence, 
TGWAANCGNTNWCA, for CREs of B. subtilis 
(deduced by Weickert and Chambliss (1990)), 
and the regions of the non-coding and coding 
strands which were protected by CcpA and 
P-ser-HPr against DNase I digestion (boxed). 
Locations of the gnt mutant CREs (G to T at 
+149 and C to T at +154) used in DNase I 
footprinting experiments are also shown. 
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Fig. 2. DNase I footprinting of the gnt CRE with CcpA and P-ser-HPr. The DNase I protection experiments were performed as described in 
the text. 
A. The protection of the non-coding strand containing the gnt wild-type CRE. The 127 bp fragment was labelled at the 3'-end of the non-coding 
strand at nucleotide +215 as described in the text, and used at a concentration of 1 nM. This probe DNA was digested with DNase I in the 
absence of any additional protein (lane 1) or in the presence of 1.5 pM CcpA and 4 I~M each of P-ser-HPr and HPr (lane 2), 1.5 p.M CcpA 
and 8pM HPr (lane 3), 4pM each of P-ser-HPr and HPr (lane 4), and 1.5pM CcpA (lane 5). When CcpA was added together with HPr (and 
P-ser-HPr), the assay mixture containing the proteins was first incubated for 10min at 30°C before addition of the DNA probe. The base- 
specific chemical cleavage (Maxam and Gilbert, 1980) of the 127 bp labelled fragment is shown in lanes AG and TC, representing the 
guanine + adenine and thymine + cytosine reactions, respectively. Nucleotide positions are provided on the left. The protected region is 
indicated on the right by a bracket. 
B. The protection of the coding strand carrying the gntwild-type CRE. The same 127bp fragment was labelled at the 5'-end (HinPI) of its 
coding strand. The lane assignments, nucleotide positions, and a symbol are the same as in (A). 

gntCRE (lane 2). This specific recognition was not induced 
by the presence of CcpA and HPr, P-ser-HPr and HPr or 
CcpA in the assay mixture (lanes 3 to 5, respectively). 
Figure 2B shows footprinting experiments identical to 
those in Fig. 2A, which, however, were carried out with 
the coding strand. The results presented in Fig. 2B con- 
firm a specific interaction of CcpA with the gnt CRE in 

the presence of P-ser-HPr (lane 2). 
To assess the specificity of the interaction of the CcpA 

protein with the gnt CRE, we performed some preliminary 
experiments to study the kinetics of this interaction. When 
the concentration of P-ser-HPr (and HPr) was reduced to 
half (2 pM each) under the footprinting conditions described 
in Fig. 2, no clear protection was visible (data not shown). 
This indicated that the specific recognition of the gnt CRE 
by CcpA is very sensitive to decreases in P-ser-HPr 
concentration. Then we estimated CcpA concentration to 
give half-saturation for the gnt CRE protection in the pre- 
sence of 41~M each of P-ser-HPr (and HPr) and 0.3 or 
2.0 nM of the probe DNA (non-coding), which was roughly 
80 nM in either probe concentration (data not shown). 

The lower part of Fig. 1 shows the regions of the 
non-coding and coding strands protected by CcpA and 
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P-ser-HPr against DNase I digestion together with the 
location of the gnt CRE. The gnt CRE sequence corre- 
sponding to the consensus sequence proposed by Weick- 
ert and Chambliss (1990) is located in the middle of the 
protected regions (Fig. 1). 

No recognition of the gnt mutant CREs by the 
CcpA/P-ser-HPr complex 

To test whether the observed protection in the footprinting 
experiments of the gnt CRE by CcpA in the presence of 
P-ser-HPr is dependent on the sequence of the gntCRE, 
we examined whether or not base substitutions of the gnt 
CRE leading to enhanced expression from the gnt pro- 
moter in the presence of glucose would affect this protec- 
tion. By means of oligonucleotide site-directed mutagenesis, 
two different base substitutions were introduced into the 
gnt CRE (G to T at +149 and C to T at +154; +1 is the 
gnt transcription initiation nucleotide) (Fig. 1). The G and 
C affected by these mutations are part of the CRE consen- 
sus sequence and are highly conserved in the different 
CREs (Hueck et aL, 1994). To ascertain that these two 
substitutions actually affect catabolite repression and 
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lead to the expected enhanced expression from the gnt 
promoter in the presence of glucose, we recloned three 
DNA fragments ( -201  to +541, Fig. 1) carrying either 
no substitution or carrying the above G to T and C to T sub- 
stitutions, respectively, into plasmid pPL603B which is a 
promoter probe vector using the promoterless cat gene 
as a reporter (Fujita and Fujita, 1986). The resulting three 
piasmids were designated pGNT29, pGNT29P149T, and 
pGNT29P154T, respectively. As each insert of these 
plasmids carried the gnt promoter and part of the gntR 
gene encoding a non-functional repressor (Fig. 1) and 
as strain 61656, carrying the Aigf deletion covering the 
entire gnt operon (Fujita and Fujita, 1983), was used as 
host for transformation, the cat gene was expressed con- 
stitutively from the gnt promoter. As shown in Table 1, 
chloramphenicol acetyltransferase (CAT) activity in strain 
61656 cells bearing plasmid pGNT29 was 15.0-fold 
reduced when glucose was present in the growth medium. 
In contrast, expression of CAT activity in strain 61656 
transformed with the plasmids pGNT29P149T and 
pGNT29P154T was reduced by the presence of glucose 
only 5.9- and 4.8-fold, respectively. These results clearly 
establish that the substitutions affecting the gnt CRE 
diminish the catabolite repressive effect of glucose on 
the expression of a gene under control of the gnt pro- 
moter. As shown in Table 1, significant levels of cata- 
bolite repression were still observed from gnt-cat fusions 
containing CREs with these mutations. This residual cata- 
bolite repression was attributed to another CcpA-mediated 
repression, the cis-site of which is located in the gnt pro- 
moter region (Y. Miwa and Y. Fujita, unpublished). 

We subsequently performed footprinting experiments 
by using the 127 bp fragments carrying the wild-type and 
the mutant gnt CREs, which were labelled at the 3'-end 
of their non-coding strand. The mutant CREs were not pro- 
tected against DNase I digestion, even when both CcpA 
and P-ser-HPr were present in the assay mixture (lanes 

Table 1. Effect of the base substitutions in the grit CRE on catabolite 
repression of CAT synthesis under the control of gnt regulation. 

CAT Activity 
(p_mol min -1 mg-1) 

Plasmid in Repression ratio a 
strain 61656 no addition plus glucose (no/plus glucose) 

pGNT29 6.49 0.47 15.0 
pGNT29P149T 6.33 1.10 5.9 
pGNT29P154T 7.02 1.48 4.8 
pPL603B 0.04 0.04 - 

The cells were grown to A6oo = 0.6 at 37°C in Schaeffer's medium 
(Schaeffer et aL, 1965) containing 10~gm1-1 each of kanamycin 
and chloramphenicol with or without 10mM glucose. Cells (4 ,46oo 
units) were lysed and then assayed as described (Fujita and Fujita, 
1986). 
a. CAT activity (without glucose) was divided by the activity measured 
in the presence of glucose after subtracting the activity obtained with 
strain 61656 transformed with plasmid pPL603B. 

Fig. 3. DNase I footprinting of the mutant gnt CREs in the 
presence of CcpA and P-ser-HPr. The footprinting experiments 
were carried out with the 127 bp fragments carrying the wild-type 
gnt CRE (A) or the mutant gnt CREs with the substitutions of G to 
T at +149 (B) and C to T at +154 (C). These fragments were 
labelled at the 3'-end of the non-coding strand at nucleotide +215, 
as described in the text. The assignments to lanes AG, TC, 1 
and 2, and nucleotide positions are the same as in Fig. 2. The 
protected region is indicated on the left by a bracket. The positions 
of the base substitutions are indicated by arrowheads. 

2 of Figs 3B and 3C), whereas the wild-type CRE was 
clearly protected under these conditions (Fig. 3A, lane 
2). The presence of the substitutions in the mutated DNA 
fragments used as probes was confirmed by the indicated 
differences of the AG and TC ladders and of the DNase I 
cleavage patterns around the site of the gnt CRE muta- 
tions (Fig. 3). These results clearly established that the 
interaction of CcpA with P-ser-HPr allowed the specific 
recognition of the wild-type gnt CRE. 

Discussion 

The B. subtilis CcpA protein belonging to the GalR-Lacl 
family of bacterial regulatory proteins (Weickert and 
Adhya, 1992) was found to be involved in catabolite 
repression of various operons carrying a CRE which are 
responsible for carbohydrate uptake and degradation 
(Hueck et aL, 1994; Miwa et aL, 1994). It was therefore 
postulated that CcpA binds to the various CREs to exert 
catabolite repression in this organism. However, specific 
binding of the CcpA protein to a CRE has not yet been 
demonstrated although this protein was found to bind 
non-specifically to DNA (Miwa et aL, 1994). This is consis- 
tent with the recent observation (Miwa et aL, 1994) that 
CcpA, the negative regulator of catabolite repression, 
was synthesized constitutively regardless of the absence 
or presence of glucose in the medium, suggesting that 
other factor(s) might be required to activate CcpA when 
glucose is present and to allow its binding to the CREs. 

© 1995 Blackwell Science Lid, Molecular Microbiology, 17, 953-960 



P-ser-HPr was the most likely candidate to enable CcpA 
to bind specifically to the various CREs. P-ser-HPr is 
formed when a rapidly metabolizable carbon source is 
taken up by the cells (Reizer et aL, 1988). Although the 
regulation of the phosphorylation of HPr by the B. subtilis 
ATP-dependent protein kinase has not been published, 
this phosphorylation by the streptococcal protein kinase 
is activated by FBP (Deutscher and Engelmann, 1984; 
Reizer etaL, 1984), which is one of the glycolytic intermedi- 
ates previously suggested to be involved in catabolite 
repression (Nihashi and Fujita, 1984). The FBP concen- 
tration in B. subtilis cells grown in the presence of glucose 
was 14-fold higher relative to the FBP concentration in B. 
subtilis cells grown in the presence of malate (Fujita and 
Freese, 1979). Several operons, including gnt, which are 
normally sensitive to catabolite repression, were found to 
be resistant to catabolite repression in mutants which 
cannot form P-ser-HPr (Deutscher et aL, 1994). In addi- 
tion, an interaction between P-ser-HPr and CcpA has 
been demonstrated recently (Deutscher et aL, 1995). 
CcpA from B. megaterium, carrying a His-tag at the N- 
terminus and immobilized on an Ni-NTA column, speci- 
fically retarded the elution of P-ser-HPr, whereas the 
elution of unphosphorylated HPr, of HPr phosphorylated 
at His-15 and of the doubly phosphorylated HPr was not 
affected by CcpA. 

The footprinting experiments presented in Figs 2 and 3 
clearly establish that the interaction of CcpA with P-ser- 
HPr allows the specific recognition of the gnt CRE by 
CcpA. To further assess this specific recognition, we 
carried out the CcpA protein titration experiments, which 
revealed that 80nM CcpA was enough to cause half- 
saturation in the protection of the gnt CRE (2 nM) against 
DNase I. The fact that the molar ratio of CcpA to the gnt 
CRE required to cause this half-saturation was less than 
40 clearly eliminates the possibility that any other contami- 
nated proteins in our current CcpA preparation purified 
from CcpA-overproduced Escherichia coil cells (98% 
purity) might be responsible for this specific recognition. 

Phosphorylation of CcpA by P-ser-HPr can be ruled out, 
as P-ser-HPr was incapable of transferring its phosphate 
group to CcpA (J. Deutscher and U. Bergstedt, unpub- 
lished). Therefore the binding of CcpA to the CREs is 
probably mediated by an allosteric interaction between 
P-ser-HPr and CcpA. On the basis of these results, we 
propose a molecular mechanism underlying catabolite 
repression of the gnt operon as well as in the catabolite- 
sensitive operons of B. subtilis, which involves FBP, the 
ATP-dependent HPr kinase, HPr, CcpA and a CRE, as 
outlined in Fig. 4. As the consensus sequence of the 
CREs has been detected in numerous catabolite-sensitive 
operons in Gram-positive bacteria (Hueck et aL, 1994) 
and as the HPr kinase as well as CcpA are present in 
several Gram-positive bacteria (Reizer et aL, 1993; 
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Fig. 4. Proposed mechanism of carbon catabolite repression 
mediated by CcpA and P-ser-HPr in B. subtilis and possibly other 
Iow-GC Gram-positive bacteria. P-his-HPr and HPr(Ser)kinase 
represent HPr phosphorylated at His-15 (Gassner et aL, 1977) and 
an ATP-dependent protein kinase that phosphorylates seryl residue 
46 in HPr (Deutscher et aL, 1986), respectively. 

R. Br0ckner and F. G6tz, personal communication; P. Pou- 
wels, personal communication), the proposed mechanism 
of catabolite repression is probably operative in other 
Iow-GC Gram-positive bacteria as well. However, this 
mechanism involving CcpA cannot be applicable to 
catabolite-repressive genes such as the B. subtilis citB 
gene, the cis sequences of which are distinct from CRE 
(Fouet and Sonenshein, 1990; Stewart, 1993). 

CREs of the catabolic operons are located either in the 
promoter regions as in the case of amyE (Nicholson et 
aL, 1987), acsA and acuABC (Grundy et aL, 1994) or in 
the downstream regions as in gnt (Miwa and Fujita, 
1993), xyl (Jacob et al., 1991) and hut (Oda et aL, 1992). 
Miwa and Fujita (1993) have proposed that catabolite 
repression of the gnt operon might utilize a transcriptional 
blockage mechanism, as observed in the regulation of 
gene expression mediated by the PurR protein (He and 
Zalkin, 1992; Schumacher et aL, 1994) which belongs to 
the GalR-Lacl family like CcpA. In contrast, in the case 
of amyE and the other catabolic genes bearing the CRE 
in the promoter region, catabolite repression might be 
mediated by a transcriptional repression mechanism. 

The fact that ccpA mutations such as alsA1 affected 
catabolite repression more severely than the ptsH1 muta- 
tion which replaced Ser-46 of HPr by an alanine and 
thus prevented its ATP-dependent phosphorylation (Y. 
Miwa and Y. Fujita, unpublished), seemed to indicate 
that factor(s) other than P-ser-HPr might interact with 
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CcpA and allow its binding to a CRE. This possibility was 
further substantiated by the finding that inositol dehydro- 
genase activity in a B. subtilis ccpA mutant was no 
longer repressed by glucose (Deutscher et aL, 1994). 
Depending on the growth medium, the activity of inositol 
dehydrogenase in a ptsH1 mutant was still repressed 
either 23-fold (Luria-Bertani medium) or fourfold (mini- 
mal C medium), implying that other activator(s) of CcpA 
might be involved in this catabolite repression especially 
when grown in Luria-Bertani (LB) medium. However, at 
present we have no experimental evidence showing that 
CcpA can interact with proteins other than P-ser-HPr to 
allow the binding of CcpA to the CREs. 

Deutscher et aL (1995) reported recently that the inter- 
action of the B. megaterium CcpA immobilized on an Ni- 
NTA column with P-ser-HPr was strongly enforced by the 
presence of 25 mM FBP. This effect was very specific, as 
25 mM fructose-2,6-bisphosphate or fructose-6-phosphate 
had no effect on the CcpA/P-ser-HPr interaction. How- 
ever, the interaction of B. subtilis CcpA with P-ser-HPr 
which allowed the recognition of the gnt CRE by CcpA, 
detected in DNase I footprinting experiments (Fig. 2), 
was observed in the absence of FBP. It is unlikely that 
the use of CcpA from two different organisms (B. mega- 
terium and B. subtilis) accounts for the observed discre- 
pancy. Hence, we examined whether or not 25 mM FBP 
reduces CcpA concentration to give half-saturation in the 
protection of the gnt CRE against DNase I, and found 
that FBP reduced this concentration to roughly half (data 
not shown). However, FBP itself inhibited DNase I activity 
severely, so that it was very hard to judge, from the experi- 
ments of the different conditions of DNase I treatment, 
whether or not this effect is significant. Nonetheless, this 
work clearly demonstrates that interaction of CcpA with 
P-ser-HPr enables CcpA to specifically recognize the gnt 
CRE without FBP, so we cannot exclude the possibility 
that our current in vitro observation was different from 
that reported by Deutscher et aL (1995). Detailed analysis 
of this interaction might require the establishment of an in 
vitro transcription system for catabolite repression, based 
on the above observations; this is currently underway. 

Experimental procedures 

Bacteria/strains, phages, and plasmids 

B. subti/is strain 61656 (Aigf trpC2 metB5 leuA8 hisA 1) (Fujita 
and Fujita, 1983) was used as a host for plasmids. To intro- 
duce base substitutions into the gntCRE by following the pro- 
tocol of Kunkel et aL (1987), we first cloned a 742bp Hindlll 
fragment carrying the grit CRE (Fujita and Fujita, 1986; 
Miwa and Fujita, 1993) (Fig. 1) into phage M13mp18. The 
resulting phage was designated M13mp18HD. As described 
previously (Miwa and Fujita, 1993), two kinds of base substi- 
tution were introduced in the gnt CRE (G to T at +149 and C 

to T at +154) by using mutagenic primers (20-mer) and 
M13mp18HD DNA as a template. The resulting phages 
were called M13mp18HD-P149T and -P154T, respectively. 
The 742 bp Hindlll fragments derived either from the replica- 
tive forms of the phages carrying the wild-type (M13mp18HD) 
or the two mutant CREs (M13mp18HD-P149T and -P154T) 
were cloned into the BamHI site of plasmid pPL603B (Fujita 
and Fujita, 1986) after filling-in of the protruding Hindlll and 
BamHI ends. The resulting plasmids were called pGNT29 
(wild-type CRE) and pGNT29P149T and pGNT29P154T 
(mutant CREs), respectively. 

Materials 

The B. subtilis CcpA protein was overproduced in E. coil and 
purified as described by Miwa et al. (1994). The resulting 
CcpA preparation exhibited 98% purity when subjected to 
SDS-PAGE. The B. subtilis HPr protein was overproduced 
and purified as described for the staphylococcal HPr (Eiser- 
mann et aL, 1991). The purified HPr protein was phosphory- 
lated at Ser-46 by using the Enterococcus faecalis HPr 
kinase as described by Deutscher and Engelmann (1984). 
To remove low-molecular-weight compounds (ATP, FBP, 
and MgCI2), the phosphorylation mixture was passed over a 
Sephadex G-10 gel filtration column. 

Gel-retardation analysis to detect binding of CcpA 
and P-ser-HPr to the fragment carrying the gnt CRE 

Gel-retardation experiments were performed as described by 
Miwa etaL (1994), except that dithiothreitol was removed from 
the binding reaction mixtures. A 113 bp fragment used as a 
DNA probe, which was derived from an Hpall digest of 
the 742 bp Hindlll fragment (Fujita and Fujita, 1986) (Fig. 1), 
was 32p-labelled and prepared as described previously 
(Miwa et aL, 1994). 

DNase I footprinting analysis to detect protection of 
the gnt CRE by CcpA and P-ser-HPr 

DNase I footprinting experiments were performed as 
described by Fujita and Miwa (1989). DNA probes carrying 
the gnt CRE were prepared as follows. A 0.9 kb HinPI frag- 
ment was isolated from a digest of the 2 kb EcoRI fragment 
derived from plasmid pGNT41 (Miwa and Fujita, 1987). The 
0.9 kb fragment was 5'-end-32p-labelled with T4 polynucleo- 
tide kinase. A 127bp fragment (nucleotides +88 to +215; 
Fig. 1) labelled at the 5'-end of the HinPI site of the coding 
strand was isolated after digestion of the labelled 0.9 kb frag- 
ment with Hincll. To label the 3'-end of the non-coding 
strand of the same fragment at nucleotide +215, the 0.9 kb 
HinPI fragment was 3'-end-labelled by filling-in [(x-32p]-CMP 
with the Klenow fragment of DNA polymerase I, before the 
127 bp fragment was isolated after digestion with Hincll. 

To obtain the same 127bp fragments carrying the gnt 
mutant CREs labelled at the 3'-end of their non-coding 
strand at nucleotide +215, the 742 bp Hindlll fragments carry- 
ing the G to T substitution at +149 and C to T substitution at 
+154, derived from the replicative forms of M13mp18HD- 
P149T and -P154T, respectively, were digested with HinPl. 
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The 0.9 kb fragments were 3'-end-32p-labelled as described 
above, and then digested with Hincll to obtain the 127bp 
labelled fragments. 

Acknowledgements 

We wish to thank the graduate students M. Saikawa and K. 
Nagura for their help with the experiments. This research 
was supported by the European Community Biotech 
Programme. 

References 

Deutscher, J., and Saier, Jr, M.H. (1983) ATP-depe'~dent, 
protein kinase-catalyzed phosphorylation of a seryl residue 
in HPr, the phosphoryl carrier protein of the phosphotrans- 
ferase system in Streptococcus pyogenes. Proc Natl Acad 
Sci USA 80: 6790-6794. 

Deutscher, J., and Engelmann, R. (1984) Purification and 
characterization of an ATP-dependent protein kinase from 
Streptococcus faecalis. FEMS Microbiol Lett 23: 157-162. 

Deutscher, J., Pevec, B., Beyreuther, K., Kiltz, H.-H., and 
Hengstenberg, W. (1986) Streptococcal phosphoenolpyr- 
uvate-sugar phosphotransferase system: amino acid 
sequence and site of ATP-dependent phosphorylation of 
HPr. Biochemistry 25: 6543-6551. 

Deutscher, J., Reizer, J., Fischer, C., Galinier, A., Saier, Jr, 
M.H., and Steinmetz, M. (1994) Loss of protein kinase- 
catalyzed phosphorylation of HPr, a phosphocarrier protein 
of the phosphotransferase system, by mutation of the ptsH 
gene confers catabolite repression resistance to several 
catabolic genes of Bacillus subtilis. J Bacterio1176: 3336- 
3344. 

Deutscher, J., KOster, E., Bergstedt, U., Charrier, V., and 
Hillen, W. (1995) Protein kinase-dependent HPr/CcpA 
interaction links glycolytic activity to carbon catabolite 
repression in Gram-positive bacteria. Mol Microbiol 15: 
1049-1053. 

Eisermann, R., Fisher, R., Kessler, U., Neubauer, A., and 
Hengstenberg, W. (1991) Staphylococcal phosphoenolpyr- 
uvate-dependent phosphotransferase system. Purification 
and protein sequencing of the Staphylococcus carnosus 
histidine-containing protein, and cloning and DNA sequenc- 
ing of the ptsH gene. Eur J Biochem 197: 9-14. 

Fouet, A., and Sonenshein, A.L. (1990) A target for carbon 
source-dependent negative regulation of the citB promoter 
of Bacillus subtilis. J Bacterio1172: 835-844. 

Fujita, Y., and Freese, E. (1979) Purification and properties of 
fructose-l,6-bisphosphatase of Bacillus subtilis. J Biol 
Chem 254: 5340-5349. 

Fujita, Y., and Fujita, T. (1983) Genetic analysis of a 
pleiotropic deletion mutation (Aigf) in Bacillus subtilis. J 
Bacteriol 154: 864-869. 

Fujita, Y., and Fujita, T. (1986) Identification and nucleotide 
sequence of the promoter region of the Bacillus subtilis 
gluconate operon. Nucl Acids Res 14: 1237-1252. 

Fujita, Y., and Miwa, Y. (1989) Identification of an operator 
sequence for the Bacillus subtilis gnt operon. J Biol Chem 
264:4201-4206. 

Fujita, Y., and Miwa, Y. (1994) Catabolite repression of the 

Recognition of a CRE by the CcpNP-ser-HPr complex 959 

Bacillus subtilis gnt operon mediated by the CcpA protein. J 
Bacterio1176: 511-513. 

Fujita, Y., Fujita, T., Miwa, Y., Nihashi, J., and Aratani Y. 
(1986) Organization and transcription of the gluconate 
operon, gnt, of Bacillus subtilis. J Biol Chem 151: 13744- 
13753. 

Gassner, M., Stehlik, D., Schrecker, O., Hengstenberg, W., 
Maurer, W., and ROterjans, H. (1977) The phosphoenol- 
pyruvate-dependent phosphotransferase system. 2.1H and 
31p nuclear-magnetic-resonance studies on the phospho- 
carrier protein HPr, phosphohistidines and phosphorylated 
HPr. Eur J Biochem 75: 287-296. 

Grundy, F.J., Turinsky, A.J., and Henkin, T.M. (1994) 
Catabolite regulation of Bacillus subtilis acetate and acetoin 
utilization genes by CcpA. J Bacterio1176: 4527-4533. 

He, B., and Zalkin, H. (1992) Repression of Escherichia coli 
purB is by a transcriptional roadblock mechanism. J 
Bacterio1174: 7121-7127. 

Henkin, T.M., Grundy, F.J., Nicholson, W.L., and Chambliss, 
G.H. (1991) Catabolite repression of R-amylase gene 
expression in Bacillus subtilis involves a trans-acting 
gene product homologous to the Escherichia coil lacl and 
galR repressors. Mol Microbiol 5: 575-584. 

Hueck, C.J., Hillen, W., and Saier, Jr, M.H. (1994) Analysis of 
a cis-active sequence mediating catabolite repression in 
Gram-positive bacteria. Res Microbio1145" 503-518. 

Jacob, S., AIImansberger, R., G&rtner, D., and Hillen, W. 
(1991) Catabolite repression of the operon for xylose 
utilization from Bacillus subtilis W23 is mediated at the level 
of transcription and depends on a cis site in the xylA 
reading frame. Mol Gen Genet 229: 189-196. 

Kunkel, T.A., Roberts, J.D., and Zakour, R.A. (1987) Rapid 
and efficient site-specific mutagenesis without phenotypic 
selection. Meth Enzymo1154: 367-382. 

Maxam, A.M., and Gilbert, W. (1980) Sequencing end- 
labelled DNA with base-specific chemical cleavages. 
Meth Enzymo155: 499-560. 

Miwa, Y., and Fujita, Y. (1987) Efficient utilization and 
operation of the gluconate-inducible system of the 
promoter of the Bacillus subtilis gnt operon in Escherichia 
coli. J Bacterio1169: 5333-5335. 

Miwa, Y., and Fujita, Y. (1990) Determination of the cis 
sequence involved in catabolite repression of the Bacillus 
subtilis gnt operon; implication of a consensus sequence in 
catabolite repression in the genus Bacillus. Nucl Acids Res 
18: 7049-7053. 

Miwa, Y., and Fujita, Y. (1993) Promoter-independent 
catabolite repression of the Bacillus subtilis gnt operon. J 
Biochem 113: 665-671. 

Miwa, Y., Saikawa, M., and Fujita, Y. (1994) Possible function 
and some properties of the CcpA protein of Bacillus 
subtilis. Microbiology 140: 2567-2575. 

Nicholson, W.L., Park, Y.-K., Henkin, T.M., Won, M., 
Weickert, M.J., Gaskell, J.A., and Chambliss, G.H. (1987) 
Catabolite repression-resistant mutations of the Bacillus 
subtilis alpha-amylase promoter affect transcription levels 
and are in an operator-like sequence. J Mol Bio1198: 609- 
618. 

Nihashi, J., and Fujita, Y. (1984) Catabolite repression of 
inositol dehydrogenase and gluconate kinase synthesis in 
Bacillus subtilis. Biochim Biophys Acta 798: 88-95. 

© 1995 Blackwell Science Lid, Molecular Microbiology, 17, 953-960 



960 Y. Fujita, Y. Miwa, A. Galinier and J. Deutscher 

Oda, M., Katagiri, T., Tomura, D., Shoun, H., Hoshino, T., and 
Furukawa, K. (1992) Analysis of the transcriptional activity 
of the hutpromoter in Bacillus subtilis and identification of a 
cis-acting regulatory region associated with catabolite 
repression downstream from the site of transcription. Mol 
Microbiol 6: 2573-2582. 

Reizer, J., Novotny, M.J., Hengstenberg, W., and Saier, Jr, 
M.H. (1984) Properties of ATP-dependent protein kinase 
from Streptococcus pyrogenes that phosphorylate a seryl 
residue in HPr, a phosphocarrier protein of the phospho- 
transferase system. J Bacterio1160: 333-340. 

Reizer, J., Peterkofsky, A., and Romano, A.H. (1988) 
Evidence for the presence of heat-stable protein (HPr) 
and ATP-dependent HPr kinase in heterofermentative 
lactobacilli lacking phosphoenolpyruvate:glycose phospho- 
transferase activity. Proc Natl Acad Sci USA 85: 2041- 
2045. 

Reizer, J., Romano, A.H., and Deutscher, J. (1993) The role 
of phosphorylation of HPr, a phosphocarrier protein of the 
phosphotransferase system, in the regulation of carbon 
metabolism in Gram-positive bacteria. J Cell Biochem 51: 
19-24. 

Schaeffer, P., Ionesco, H., Ryter, A., and Balassa, G. (1965) 
La sporulation de Bacillus subtilis: ~tude g~n~tique et 
physiologique. Int CNRS 124: 553-563. 

Schumacher, M.A., Choi, K.Y., Zalkin, H., and Brennan, R.G. 
(1994) Crystal structure of Lacl member, PurR, bound to 
DNA: minor groove binding by ~ helices. Science 266: 
763-770. 

Stewart, G.C. (1993) Catabolite repression in the Gram- 
positive bacteria: generation of negative regulators of 
transcription. J Cell Biochem 51 : 25-28. 

Weickert, M.J., and Adhya, S. (1992) A family of bacterial 
regulators homologous to Gal and Lac repressors. J Biol 
Chem 267:15869-15874. 

Weickert, M.J., and Chambliss, G.H. (1990) Site-directed 
mutagenesis of a catabolite repression operator sequence 
in Bacillus subtilis. Proc Natl Acad Sci USA 87: 6238- 
6242. 

Wray, Jr, L.V., Pettengiil, F.K., and Fisher, S.H. (1994) 
Catabolite repression of the Bacillus subtilis hut operon 
requires a cis-acting site located downstream of the 
transcription initiation site. J Bacterio1176" 1894-1902. 

© 1995 Blackwell Science Ltd, Molecular Microbiology, 17, 953-960 


