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Abstract

PepR1 from Lactobacillus delbrueckii subsp bulgaricus 
(Lb. bulgaricus) is involved in biosynthesis regulation 
of the prolidase PepQ. In this paper, we demonstrated 
that Lb. bulgaricus PepR1 biosynthesis is not 
constitutive like those of several bacteria but is auto-
regulated and depends on the glucose concentration 
of the culture medium. We propose a model for PepQ 
regulation by PepR1.

Lactobacillus delbrueckii subsp. bulgaricus CNRZ 397 

(Lb. bulgaricus) is a thermophilic lactic acid bacterium 

involved in the fermentation of many dairy products, 

especially yogurts. A complex proteolytic system provides 

the cell with the essential amino acids from the hydrolysis 
of major milk proteins, the proline-rich caseins. Lb. 

bulgaricus displays high level activities of peptidases 

specific to proline-containing peptides and characterized 
by constitutive biosynthesis (PepX, PepIP: (Atlan et al., 

1994; Atlan et al., 1990)). By contrast, PepQ, a strict 
dipeptidase hydrolyzing X-Pro dipeptides, is characterized 
by a biosynthesis dependent on the composition of the 

culture medium. The peptide concentration did not seem 

involved in this regulation (Morel et al., 1999). Adjacent 

to the pepQ gene, is located pepR1. This gene encodes 

a potential transcription regulator, PepR1, homologous 
to CcpA (catabolite control protein A), a repressor found 

to mediate carbon catabolite repression (CCR) in several 

Gram-positive bacteria (Henkin et al., 1991; Morel et al., 

1999; Stucky et al., 1996). Sequence identity in alignments 

of CcpA from various bacteria and PepR1 ranged from 39 
to 45% (Kraus et al., 1998; Morel et al., 1999; Stucky et 

al., 1996). Recent results indicated that expression of the 

subcloned Lactobacillus delbrueckii subsp lactis (Lb. lactis) 

pepR1 gene allowed a partial complementation of a ccpA 

defect in Staphylococcus xylosus (Schick et al., 1999). 

In gel mobility shift assays, PepR1 specifically interacted 
with the pepQ promoter region (Schick et al., 1999) and a 

glucose catabolite control of PepQ was demonstrated in 
the two Lb. delbrueckii subspecies (bulgaricus and lactis) 

(Lamarque et al., in press; Schick et al., 1999). This control 

mechanism requires the integrity of a cre site (a 14 bp 

palindromic sequence) (Weickert and Chambliss, 1990) 
located 16 nt upstream from the pepQ gene.

 In lactobacilli, the presence of a cre sequence 

overlapping the ccpA promoter suggests that this gene 

expression is autoregulated but there is no direct evidence 

for this mechanism (Mahr et al., 2000; Schick et al., 1999). 

In the case of Lactobacillus pentosus, two start sites of 
transcription for ccpA were located (Mahr et al., 2000). The 

distant promoter overlaps a presumptive cre sequence. 

However, determination of the expression levels of CcpA 
in cells grown on repressing and nonrepressing carbon 
sources revealed that the amounts of CcpA produced 

did not change significantly. It was proposed that the 
arrangement of two promoters may ensure constant 
expression of ccpA under various environmental conditions 

(Mahr et al., 2000). In Lactococcus lactis, the promoter 

region of ccpA does not contain any cre site, and this gene 

is constitutively expressed (Luesink et al., 1998).

 In this paper, we test the regulation of PepR1 of 
Lb. bulgaricus. It was shown that pepR1 expression is 

autoregulated. Western blot revealed that biosynthesis 

of PepR1 is not constitutive but depends on the glucose 
concentration of the culture medium. We propose a model 

of glucose catabolite control of PepQ by the autoregulated 
transcriptional factor PepR1.

Role of the cre Site Located in the pepR1 Promoter in 
Lb. bulgaricus

In Lb. bulgaricus, the single cre site, located in position 

–31 to –44 sequence, was shown to be involved in the 
control of pepQ expression (Lamarque et al., in press; 

Schick et al., 1999). In order to analyze if this cre site 

also mediates pepR1 expression, we constructed two 
pepR1’-’lacZ fusions. Two fragments were amplified by 
PCR using primers introducing an EcoRI and a BamHI 

restriction site at the 5’ and 3’ ends, respectively. The 

fragment A (-49, +65) contains the cre and the fragment 

B (-38, +65) contains a truncated cre. The PCR products 
were inserted between the EcoRI and BamHI sites of 

the plasmid pAC7 (Weinrauch et al., 1991) which carries 
the aphA3 kanamycin resistance gene and a lacZ gene 

Abbreviations: Lb. bulgaricus, Lactobacillus delbrueckii subsp bulgaricus; 

Lb. lactis, Lactobacillus delbrueckii subsp lactis; CcpA, catabolite control 

protein A; CCR, carbon catabolite repression; cre, catabolite response 

element; HPr, histidine-containing protein.
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without a promoter located between two fragments of the 
B. subtilis amyE gene. The resulting plasmids, pAR1 and 

pAR2, respectively, were firstly controlled after expression 
of lacZ fusions in E. coli NM522. Then, both plasmids 

were used to introduce single copies of aphA3 gene and 

lacZ fusions at the amyE locus of the chromosome of B. 

subtilis 168 (to give the strains IBML1 and IBML2) or ccpA 

mutant GM 1090 (to give the strains IBML3 and IBML4). 

IBML3 and IBML4 strains were further transformed with 
pPEPR1 (harboring the pepR1 gene) to give the strains 

IBML5 and IBML6. The strains and plasmids used are 

listed in Table 1.

 In the strain IBML1, synthesizing CcpA, expression of 

the cre-pepR1’-’lacZ fusion (fragment A) was repressed by 
the addition of glucose in the growth medium (11.5-fold). 
In comparison, all the strains containing the fragment 

B, i.e. strains IBML2, IBML4 and IBML6, the addition of 

glucose to the culture medium did not efficiently regulate 
the expression of the pepR1’-’lacZ fusion (Table 2). 

These results suggest that the presence of a complete 

cre is necessary for pepR1 regulation by CcpA or PepR1 
protein. The repression factor in IBML2 (4-fold) can be 

explained by the fact that the pepR1’-’lacZ fusion contains 

a truncated cre which maybe can weakly bind CcpA. A 
complete deletion of the pepR1 cre is impossible since it 

overlaps the –35 promoter box. Furthermore, in the strain 

IBML3 (CcpA- PepR1-), the addition of glucose to the 

growth medium has no significant effect on the expression 
of the cre-pepR1-lacZ fusion. The introduction of pepR1 

gene partially restored catabolite repression (2.3-fold for 

IBML5). These results suggest that pepR1 expression is 

auto-regulated by binding the cre target by its own gene 

product. In B. subtilis, CcpA can substitute Lb. bulgaricus 

PepR1 for regulation of pepR1’-’lacZ gene fusion. The 

less efficiency of PepR1 in comparison to CcpA can be 
explained by the fact that cre-pepR1’-lacZ fusions were 
introduced in the heterologous host, B. subtilis.

Regulation of PepR1 Biosynthesis in Lb. bulgaricus

In Lb. bulgaricus, the analysis of the sequence located 

upstream pepR1 suggests the presence of a single 

promoter (Morel et al., 1999). Following this hypothesis, 
expression levels of pepR1 should change and probably 

depend on growth conditions.
To obtain polyclonal antibodies against PepR1 in order to 
analyze pepR1 expression, purified PepR1 was required. A 
1034 bp DNA fragment containing the Lb. bulgaricus pepR1 

gene was amplified by PCR using chromosomal DNA of 
strain Lb. bulgaricus CNRZ397 and appropriate primers 
containing a SphI site (5’ end) and a SacI site (3’ end) and 

cloned into plasmid pQE31. PepR1(His)6 was expressed 
from the resulting plasmid pQEC5 after transformation in 
the E. coli strain NM522 and IPTG induction. Purification 
of PepR1(His)6 was carried out on Ni-NTA-agarose, then 
polyclonal antibodies were raised against the purified Lb. 

bulgaricus PepR1(His)6 and were used to detect PepR1 
in Lb. bulgaricus cell extracts. Bacteria were grown either 
in milk, which contains 4.9% lactose, or in MRS medium, 
a rich peptide medium with high concentration of dextrose 
(deMan et al., 1960). Cells were harvested at a OD600 of 

1 by centrifugation then boiled for 4 min in the presence 

of 0.1% SDS and 0.1 M -mercaptoethanol (Gilbert et al., 

1994). Proteins were separated by SDS-PAGE (Laemmli, 
1970) and transferred to a nitrocellulose membrane by 

electroblotting. Immunoblots were carried out by the 

Figure 1. Western blot analysis. Polyclonal antibodies were raised against 
the purified Lb. bulgaricus PepR1(His)6 and were used to detect PepR1 
in extracts from Lb. bulgaricus after growth in MRS medium (lane 2), milk 
(lane 3) or milk supplemented with 5% glucose (lane 4), MRSS medium 
supplemented with 2% lactose (lane 5) or 2% glucose (lane 6), lane 1: 
purified PepR1 (0.035 g). Western blots of each sample were repeated 
at least three times.

Figure 2. Proposed mechanism for 
catabolite control of PepQ by PepR1 in Lb. 

bulgaricus in the absence of glucose (A) or 

in the presence of glucose (B).
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method of Harlow and Lane (Harlow and Lane, 1988). 
PepR1 protein was detected using anti-PepR1 rabbit 
polyclonal antibodies and anti-rabbit IgG peroxidase 

conjugate (Sigma) revealed by a chemiluminescent 

substrate (BM Chemiluminescence Western Blotting 

Substrate, Roche Molecular Biochemicals). Results 

obtained by western blot are described in Figure 1. The 
serum detected purified PepR1 (lane 1) but did not detect 
PepR1 in Lb. bulgaricus CNRZ397 cell extracts after 

growth in MRS medium, containing high concentration 
of glucose (lane 2). Furthermore, PepR1 was detected 
in B. subtilis strain complemented by Lb. Bulgaricus 

pepR1 gene but did not react with purified CcpA (data not 
shown). However a contamination band is detected in all 
cell extracts analyzed even in the B. subtilis ccpA mutant 

strain (data not shown). PepR1 biosynthesis is stimulated 

when bacteria were grown in milk (lane 3) whereas growth 
in milk supplemented with 5% glucose induces a repression 
of PepR1 biosynthesis (lane 4). The same observation 
was done with bacteria grown in MRSS, a MRS medium 
devoid of beef extract and supplemented with 2% lactose 
or 2% glucose (lane 5-6). These results point out that 

biosynthesis of PepR1 is not constitutive like those of B. 

subtilis (Henkin, 1996), Lactococcus lactis (Luesink et al., 

1998) or L. pentosus (Mahr et al., 2000) but is specifically 
submitted to glucose repression.

Model for Catabolite Control of PepQ by PepR1 in Lb. 
bulgaricus

A glucose catabolite control of PepQ was shown in the 
two Lb. delbrueckii subspecies (bulgaricus and lactis) 

(Lamarque et al., in press; Schick et al., 1999). This 

control is mediated by the binding of PepR1 to the single 
cre site, which partly overlaps the –35 position of the 
PepR1 promoter and which is located 16 nt upstream of 
the pepQ promoter. The position of the cre target in regard 

to both promoters is crucial for the inhibitory or stimulatory 

transcriptional effect resulting from the PepR1 binding. 
In Bacillus subtilis, a catabolite activation was observed, 
when CcpA binds a cre sequence located upstream of a 

promoter, (Presecan-Siedel et al., 1999) whereas when 
CcpA interacts with a cre site overlapping a promoter, the 

transcription of the downstream gene is inhibited (Kruger 
and Hecker, 1995). We propose a molecular mechanism 
of antagonist regulation of pepR1 and pepQ expression 

via the autoregulated PepR1 (Figure 2).
 The influence of PepR1 on transcription of pepQ was 
analyzed using lacZ fusion in E. coli (Schick et al., 1999) 

and a stimulating effect of PepR1 was shown on pepQ 

transcription (twofold). Furthermore, in the presence of 
lactose (and in the absence of glucose), pepQ transcription 

is around 2-fold lower than those measured with glucose 

Table 1. Bacterial Strains and Plasmids Used in This Study

Strain or plasmid Genotype or relevant characteristic Reference or source

Escherichia coli  

NM 522 F’ lacIq (lacZ)M15 proA+B+ / supE thi  (lac-proAB) (hsdMS-mcrB)5 (rk-, m k- McrBC-) Stratagene

Bacillus subtilis  

168 trpC Institut Pasteur, Paris
IBML 168 derivatuve, amyE::(‘lacZ), KanR this work
IBML1 168 derivatuve, amyE::(cre-pepR1’-’lacZ), KanR this work
IBML2 168 derivatuve, amyE::(pepR1’-’lacZ), KanR this work
GM 1090 trpC ccpA::Tn917 (lacZ-erm) sacA321 (sacRB)23, SpcR M. Steinmetz

IBML3 GM 1090 derivative, amyE::(cre-pepR1’-’lacZ), KanR this work
IBML4 GM 1090 derivative, amyE::(pepR1’-’lacZ), KanR this work
IBML5 IBML3/ pPEPR1, KanR , EmR this work
IBML6 IBML3 / pPEPR1, KanR, EmR this work

Lactic acid bacteria 

Lactobacillus delbrueckii subsp. bulgaricus CNRZ 397 (Morel et al., 1999)

Plasmid  
pAC7 10,6 kb, AmpR, KanR, promoterless lacZ, amyE’-’amyE 

pAR1 pAC7 derivative, amyE::(cre-pepR1’-’lacZ), KanR this work
pAR2 pAC7 derivative, amyE::(pepR1’-’lacZ), KanR this work
pTREP1 5,2 kb, EmR, promoteur P1 from Lactococcus lactis (Wells et al., 1996)

pPEPR1 pTREP1 derivative with pepR1 gene, EmR  this work
pQE31 expression vector with a 6xHis tag coding sequence, AmpR Quiagen Inc.
pQEC5 pQE31 derivative with pepR1 gene, AmpR this work

AmpR, EmR, KanR, SpcR, indicate antibiotic resistance to ampicillin, erythromycin, kanamycin and spectinomycin respectively

Table 2. Effect of CcpA or PepR1 on the expression of cre-pepR1’-’lacZ 

or pepR1’-’lacZ fusions in B. subtilis

Strain Phenotype           Fusion Glucose  -Galactosidase 

    activity* 

    (nmol/min/mg 

    of protein)

    

IBML1  CcpA+ cre-pepR1’-’lacZ - 246

   + 21

IBML2  CcpA+ pepR1’-’lacZ - 403 

   + 108

IBML3  CcpA- cre-pepR1’-’lacZ -  190 

   + 177

IBML4  CcpA- pepR1’-’lacZ - 247 

   + 244

IBML5  CcpA-PepR1+  cre-pepR1’-’lacZ - 180

   + 77

IBML6  CcpA-PepR1+ pepR1’-’lacZ - 289 

   + 264

    

*Enzyme activities were calculated from three independent experiments.
Note : No detectable -galactosidase activity in IBML strain
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(Lamarque et al., in press; Schick et al., 1999) whereas 
PepR1 is synthesized (Figure 2). These observations 
suggest that, in the absence of glucose, PepR1 does 
not stimulate pepQ transcription and, probably, does not 

interact with the single cre sequence which also overlaps 
the pepR1 promoter: consequently, pepR1 transcription 

is not inhibited and high level of PepR1 is synthesized. If 
glucose is added to the growth medium, PepR1, which has 
been strongly synthesized in absence of glucose, binds 

the cre sequence and simultaneously induces a blockage 
of transcription of its own gene and a stimulation of pepQ 

transcription. The result is that PepR1 biosynthesis is 
strongly reduced, and this kind of feedback could allow 
a rapid transduction of the signal «glucose» and avoid a 

too strong stimulation of PepQ biosynthesis. The binding 
of PepR1 is probably mediated by cofactor (s?) in the 
presence of glucose to allow the binding of PepR1 to the 
cre. This cofactor is not supposed to be present in the 

absence of glucose which could explain the high level 
of PepR1 under these bacterial growth conditions. In 
several Gram-positive bacteria, Ser-46 phosphorylated 

form of the heat-stable phosphoryl carrier protein (HPr) 
was found to be involved in carbone catabolite regulation 
since it mediates CcpA binding to cre’s (Fujita et al., 1995; 

Galinier et al., 1999; Gosseringer et al., 1997; Martin-

Verstraete et al., 1999; Presecan-Siedel et al., 1999). The 

proteomes of Lb. bulgaricus grown, in MRS, and then in 
milk, were analysed by two-dimensional polyacrylamide 
gel electrophoresis (Rechinger et al., 2000). Two isoforms 
of the heat-stable phosphoryl carrier protein (HPr) were 
identified and inoculation in milk, resulting in a change from 
glucose to lactose as carbon source, induces a high level 

of expression of one of the isoform of HPr. The authors 
suggest a regulatory function of the presumed Ser-46 

phosphorylated form of HPr (P-Ser-HPr) (Rechinger et 

al., 2000). In the presence of glucose, P-Ser-HPr could 
also be required for an efficient binding of the CcpA-like 
protein, PepR1, to cre sequences and involved in PepR1 
autoregulation and catabolite control of PepQ. Following 
this hypothesis, in Lb. bulgaricus, unlike in several bacteria, 
PepR1 activity could be regulated at two different levels: by 
its auto-regulated biosynthesis and by a putative co-factor 

(P-Ser-HPr?) whose the presence depends on the glucose 
concentration of the culture medium.
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