Genetic Characterization of the CcpA-Dependent, Cellobiose-Specific PTS System Comprising CelB, PtcB and PtcA that Transports Lactose in Lactococcus lactis IL1403.
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ABSTRACT

Lactose metabolism is one of the most important areas of research on Lactic Acid Bacteria (LAB). In rapidly acidifying industrial Lactococcus lactis strains, lactose is transported by a lactose-specific phosphotransferase system (PTS) encoded by a plasmid. However, an alternative lactose catabolic pathway was evidenced in the plasmid-cured, and thus initially lactose-negative L. lactis IL1403. We showed that in this strain the chromosomally-encoded cellobiose-specific PTS system comprising the celB, ptcB and ptcA genes is also able to transport lactose. By expression studies in the wild type IL1403 strain and IBB550, its ccpA-deficient derivative, we demonstrated that celB, ptcB and ptcA are tightly regulated by the general catabolite repression system, whereas celB additionally requires the presence of cellobiose to be fully induced. The comparison of expression levels of sugar catabolic genes indicated that the efficiency of CcpA-mediated catabolic repression depends on conservation of the cre sequence, and that in the case of perfect matching with the cre consensus, CcpA still drives a strong repression even under non-repressing conditions.

INTRODUCTION

The main and bioenergetically most efficient sugar uptake system that operates in both Gram-positive and Gram-negative bacteria is the phosphoenolpyruvate-dependent phosphotransferase system (PEP-PTS). It is a highly complex system composed of two groups of proteins: (i) a general heat-stable histidine-containing phosphoprotein (HPr) plus Enzyme I (EI); and (ii) a family of Enzyme IIs (EIIs) whose number, specificity, and molecular structure vary from species to species. EIIs are sugar-specific multidomain proteins, which may be organized in a single polypeptide or composed of separate polypeptides. Two of the EII domains (IIA and IIB) are hydrophilic and involved in phosphoryl group transfer, while domain IIC is a membrane-located permease that forms the translocation channel. Concomitantly with transport, PEP-PTS catalyzes the phosphorylation of the incoming sugar. After PEP-dependent autophosphorylation of EI, PEP-PTS catalyzes the phosphorylation of HPr resulting in P-His-HPr. Then, P-His-HPr phosphorylates EIIA, from which the phosphate moiety is transferred to EIIB, before it is finally transferred to a sugar molecule (Postma et al., 1993). There are currently six recognized families of EIIs (Saier, 2000). Each group is involved in the transport and phosphorylation of a wide range of monosaccharides, disaccharides, glucosides and polyols.

Lactose is an example of a sugar that can be transported by PTS. Lactose metabolism has for many years been one of the most important areas of research on Lactic Acid Bacteria (LAB). Most of these studies have been devoted to the biochemical pathway catalyzed by proteins encoded by plasmid-located lac genes (lac-plasmids). This group of proteins includes components of the lactose-specific PTS system (lac-PTS), P-β-galactosidase and components of the tagatose-6-P pathway. They are necessary, respectively, for lactose transport with its concomitant phosphorylation, lactose hydrolysis and galactose-6-P utilisation (Meadow et al., 1990; Postma et al., 1993; van Rooijen et al., 1991). 

Besides lactose, PTS systems can also transport various other carbohydrates including widely distributed in plants sugars, namely β-glucosides, like cellobiose, salicin, arbutin and esculin (Bardowski et al., 1994; Bardowski et al., 1995). These sugars consist of two molecules, of which at least one is glucose, which are joined by the β-glucosidic bond. After translocation by PTS through the bacterial membrane, the P-β-glucoside sugar is cleaved by P-β-glucosidase into glucose-6-P and the respective aglycon (Schnetz et al., 1987; Tobisch et al., 1997).

In some LAB strains devoid of lac-plasmids, the existence of cryptic lactose transport and catabolism systems has been suggested (Anderson & McKay, 1977; Cords & McKay, 1974; de Vos & Simons, 1988; Simons et al., 1993). The existence in L. lactis of chromosomally-encoded lactose permease has been proposed, since the introduction of the E. coli lacZ gene restored the ability to utilize lactose by a lactose-deficient L. lactis strain (de Vos & Simons, 1988). Moreover, P-β-galactosidase activities have also been detected in strains cured of their lactose plasmids, suggesting the presence of chromosomally-encoded cryptic PTS(s) (Anderson & McKay, 1977; Cords & McKay, 1974). However, it is likely that these PTSs are not specific for lactose but rather for the translocation of other sugars (e.g., β-glucosides), and lactose could be transported alternatively. This hypothesis was supported by observations suggesting that a putative P-β-glucosidase involved in cellobiose hydrolysis is probably also involved in lactose-6-P cleavage in L. lactis (Simons et al., 1993). This seems reasonable, as according to Saier (2000) and http://www-biology.ucsd.edu/~msaier/transport/, PTS lactose transporters belong to the Lac family (TC no. 4.A.3) and porters of this family have broad substrate specificity. Besides lactose, they can also transport aromatic β-glucosides and cellobiose (http://www-biology.ucsd.edu/~msaier/transport/; Saier, 2000).

Until recently (Aleksandrzak et al., 2000; Aleksandrzak-Piekarczyk et al., 2005; Bolotin et al., 2001; Kowalczyk et al., 2008), little information concerning the organization of chromosomal alternative lactose utilization genes in L. lactis strains has been forthcoming. It has been shown that in plasmid-free, and thus lactose-negative L. lactis IL1403, the ability to assimilate lactose can be induced in two ways: (i) by the presence of cellobiose or (ii) by the inactivation of the catabolite control protein A (CcpA) (Aleksandrzak et al., 2000; Aleksandrzak-Piekarczyk et al., 2005). The CcpA protein is a member of the LacI-GalR family of bacterial repressors and exists only in Gram-positive bacteria (Weickert & Adhya, 1992). It exerts its regulatory role in carbon catabolite repression (CCR) by binding to DNA sites called catabolite responsive elements (cres), which occur in the neighborhood of CcpA-regulated genes (Weickert & Chambliss, 1990). Thus, it has been tempting to speculate that in L. lactis IL1403 chromosomal alternative lactose utilization genes are under the negative control of CcpA, and therefore, inactivation of the ccpA gene has led to derepression of these genes and to IL1403 ccpA mutant ability to assimilate lactose. 

The studies of Aleksandrzak-Piekarczyk et al. (2005) and Kowalczyk et al. (2008) proposed several additional genes to be implicated in lactose assimilation in L. lactis IL1403 such as bglS and celB encoding proteins homologous to P-β-glucosidase and EIIC component of cellobiose-specific PEP-PTS, respectively. However, to date no direct evidence specifying genes that encode proteins involved in lactose assimilation in L. lactis strains has been provided.

In this work, we studied the genes from two chromosomal DNA regions encoding hypothetical proteins involved in cellobiose and lactose metabolism in L. lactis IL1403. To establish the role of cel-lac genes, these genes were inactivated and their expression level was monitored by a reporter system based on the luciferase gene. We present new direct evidence that in L. lactis IL1403 the cellobiose-specific PTS system comprising of celB, ptcB and ptcA is also able to transport lactose. Moreover, we show that this system is controlled by the general CcpA-directed negative regulation, and that celB is specifically activated by cellobiose.

MATERIALS AND METHODS

Bacterial strains, media and plasmids. Bacterial strains and plasmids used in this study, are listed in Table 1. Escherichia coli cells were grown in Luria-Bertani (LB) medium (Maniatis et al., 1982) at 37°C. Lactococcus lactis was cultivated in M17 glucose medium (G-M17) (Terzaghi & Sandine, 1975) or in chemically defined medium (CDM) (Sissler et al., 1999) supplemented with 1% glucose (G-CDM), 1% cellobiose (C-CDM), 1% lactose (L-CDM), 1% galactose (Gal-CDM), 1% salicin (S-CDM) or 1% lactose together with inducible (0.01%) concentration of cellobiose (LC-CDM). When required, ampicillin (Amp; 100 µg ml-1 for E. coli) or erythromycin (Em; 100 µg ml-1 for E. coli and 5 µg ml-1 for L. lactis) were added to the medium. Solidified media contained 1.5% agar and, when necessary, IPTG (isopropyl β-D-thiogalactopyranoside; 1 mM for E. coli) and X-gal (5-bromo-4-chloro-3-indodyl-β-D-galactopyranoside; 50 µg ml-1 for E. coli and 80 µg ml-1 for L. lactis).

DNA manipulations and transformations. General procedures for molecular cloning, restriction enzyme analysis, and plasmid isolation from E. coli were performed according to Sambrook et al. (1989). Restriction enzymes, T4 DNA ligase and DNA polymerase were used as recommended by the manufacturers (Fermentas). The nucleotide sequences of all constructs were verified with DNA 370A sequencer using Big Dye Primer Cycle sequencing kit (Applied Biosystems). Conventional transformation of E. coli was performed as described by Sambrook and Russel (2001). Cells of L. lactis were made electrocompetent and used for transformation using the method described by Holo and Nes (1989) and modified by Wells et al. (1993).

Construction of the ybhE, celB, ptcB and ptcA mutants of IL1403 and IBB550. Mutants were obtained by single crossover between the pJIM2374 harboring the internal DNA fragment of the gene and the chromosomal region containing this gene. The internal fragments of the ybhE, celB, ptcB and ptcA genes were amplified using primers listed in Table 2. Subsequently, the PCR fragments were ligated with the pGEM-T vector and transferred into E. coli TG1. The resultant plasmids were isolated from the appropriate Ampr transformants and the orientations of the inserts cloned into pGEM-T were confirmed with 1224 and corresponding “rev” primers. Plasmid DNAs were digested with SalI and SacI, followed by ligation to the corresponding sites of pJIM2374. Next, after transformation of E. coli TG1, the recombinant plasmids were isolated from Emr cells, the pGEM-T vector was removed by excision with NcoI while the rest of recombinant plasmid molecules self-ligated, and was introduced by transformation into E. coli RepA+ strain (EC1000). Subsequently, plasmids were isolated from resultant Emr transformants and transferred into IL1403 and IBB550 strains, both carrying the thermosensitive helper pGhost8 plasmid. The homologous recombination was performed by preparing 10-5 dilution of the o/n culture of the lactococcal strain harboring pJIM2374 with an insert. Diluted cultures were cultivated for 3 h in GM17 at 37°C, a nonpermissive temperature for the pGhost8 replication. Integrants obtained (Table 1) were selected at 37°C on GM17-agar containing Em. In the obtained mutants the physiological effect of a gene disruption could be tested.

Construction of luxAB transcriptional fusions with putative promoter regions of ybhE, celB, bglS, ptcA and ptcB. DNA fragments containing the non-coding sequence carrying the putative promoters of the ybhE, celB, bglS, ptcA and ptcB genes flanked by the 3’ end of the upstream ORF and 5’ part of the downstream ORF were amplified with their corresponding pair of primers “for” and “rev” (Table 2). Following the same strategy of cloning as that described above for constructions of mutants, the constructs containing pJIM2374/insert were finally obtained. Integration of such plasmids into chromosomal DNA of IL1403 and IBB550 strains through a single cross-over resulted in a strain with a complete copy of the gene that followed the luxAB genes remaining under the control of the cloned promoter region (Table 1). These constructs enabled estimation of the gene expression level without its disruption.

Cloning of putative promoter regions of ybhE, celB, orf1, bglS, and ptcB, upstream of the luxAB genes (in pJIM2374). Constructs consisting of pGEM-T, pJIM2374 and a non-coding region, containing a putative promoter of ybhE, celB, orf1, bglS or ptcB controlling the luxAB genes, were prepared as described in the preceding section. Since pGEM-T is non-replicative in Gram-positive bacteria and pJIM2374 does not contain the rep gene, the constructed plasmids (Table 1) were transferred into L. lactis LL302. The existence or lack of functional promoters in cloned regions was concluded from luciferase activity measurements done in C-CDM.

Cloning and activity of putative intrinsic terminators following ybhD, celB, orf2, bglS and ptcA upstream of the xylE gene, encoding catechol 2,3-dioxygenase. DNA sequences resembling rho-independent terminators were amplified using primers listed in Table 2, digested with KpnI and NcoI, ligated with the pGBT-58 vector and transferred into E. coli TG1. The resultant plasmids containing terminator sequences cloned between xylE and its promoter were isolated from the appropriate Kmr transformants with lower catechol oxygenase activity (visible as less yellow colonies) detected on plates sprayed with approximately 0.2% catechol-water solution. The crude extracts from logarithmically growing bacteria were obtained by disruption of cells with glass beads (3 one-minute pulses in MBB-8 apparatus, Biospec USA). Protein concentration was assayed by the Bradford method (Bradford, 1976) and the level of xylE expression was determined by enzymatic assay using the standard procedure (Zukowski at al., 1983). One unit (U) of catechol 2,3-oxygenase activity is defined as the amount of enzyme necessary to convert 1 mmol of substrate to product in 1 min under standard conditions.

Measurements of luciferase activity in L. lactis. Luciferase assays were performed using a Berthold Lumat LB9501 luminometer (BioRad). 5 µl of nonaldehyde substrate was added to 1 ml of culture, mixed by vortexing, and the light emitted was immediately measured. Measurements were done approximately every 30 min during the entire course of culture growth (OD600 0.2–0.8). Results presented in Table 5 were calculated as a quotient of lux activity and optical density values measured at 600 nm, divided by 1000 and expressed in units of klx OD-1. In this study, luciferase activities of approximately 2 klx OD-1 were considered not significant.

Isolation of total RNA from L. lactis cells. Total RNA was isolated by a method described by Chomczynski (1993) from 25 ml of both the IL1403 wild-type strain and its ccpA mutant IBB550 cultures harvested in mid-exponential phase. Cells were grown in glucose-, cellobiose-, salicin- or cellobiose + lactose-containing CDM.

An overnight culture of L. lactis grown in G-CDM was used to inoculate 20 ml of fresh CDM supplemented with required sugar and then incubated to an OD600~0.6. The cells were harvested by centrifugation (5 min, 8000 rpm, 4°C) and then stored at -80°C for later use. The cell pellet was resuspended in 0.4 ml of DEPC-treated water with lysozyme (10 mg ml-1) and incubated for 10 min at 37°C. The sample was divided into two portions, and each was treated with 0.8 ml of TRITM Reagent (Sigma) according to the instructions of the manufacturer. Finally, the RNA pellet was washed with 70% ethanol, then dried and dissolved in 50 μl of FORMAzol® by incubating at 56°C for 10 min RNA samples were stored at -80°C prior to further use. The concentration of the isolated RNA was quantified in a spectrophotometer at 260 nm (1 OD260 = 40 µg ml-1).

Samples corresponding to 20 µg of RNA were incubated for 15 min at 60°C with 5 µl of denaturing solution. Then, 1 µl of orange G dye was added and each sample was loaded onto 0.8% formamide denaturing 1.2% agarose gels and electrophoresed in MOPS buffer (Sigma) (Sambrok & Russel, 2001).

DNA radiolabelling. For hybridization to Northern blots, appropriate DNA probe fragments were amplified by PCR reactions, purified and labelled with 32P by using the HexaLabelTM DNA Labelling Kit (Fermentas) according to manufacturer’s instructions.

Northern analysis. RNA fragments were digested with DNase I (Sigma) and separated by electrophoresis on formamide denaturating agarose gels were blotted onto uncharged Hybond-N nylon membrane by capillary transfer (Sambrok & Russel, 2001). To fix the nucleic acids the membranes were placed RNA-side down on a transilluminator at 312 nm for 2-5 min. They were subsequently stained with methylene blue, photographed and distained with RNAse-free water. Hybridization, washings and detection steps were performed according to Sambrok & Russel (2001).

Sugar utilization. Growth tests were performed on a Microbiology Reader Analyser, Bioscreen C (Labsystems) in 0.2 ml of CDM supplemented with the required sugars. Changes in the OD600 of the bacterial cultures were recorded every 25 min of growth up to 100 h.

Additionally, sugar fermentation patterns were determined using the API 50CH test as specified by the manufacturer (API-BioMérieux, Marcy l’Etolie, France), and recorded after 3, 6 and 24 h of incubation under aerobic or anaerobic conditions at 30°C.

RESULTS

Structural characterization of cel-lac regions I and II. A previous study had shown that mutants in the bglS, rheB or yebF genes were not able to assimilate lactose in L. lactis IL1403 after either induction by cellobiose or inactivation of the ccpA gene. This finding implied that the inactivated bglS, rheB and yebF genes may encode proteins relevant to lactose catabolism in L. lactis IL1403, and/or that the DNA insert displayed a polar effect on downstream gene expression. Analysis of the L. lactis IL1403 genome sequence (Bolotin et al., 2001) showed that these three genes are located in two separate DNA regions, which for the purpose of this publication were termed “cel-lac regions I and II” (Fig. 1). In region I, bglS is located at less than one kb from celB, potentially encoding a cellobiose-specific PTS EIIC component. Two short putative orfs (orf1 and orf2), not listed in the annotated IL1403 genome sequence (Bolotin et al., 2001) and encoding unknown proteins, are located between celB and bglS, while ybhE, a gene of unknown function, is present just upstream of celB (Fig. 1 and Supplementary material A). In region II, rheB and yebF are separated by the yebE gene of unknown function, and followed by ptcB and ptcA, potentially encoding cellobiose-specific PTS EIIA and B components.

The overall organization of the two regions, including potential promoters and terminators, is presented in Fig. 1, indicating the presence of several transcriptional units. Moreover, cre motif sequences, displaying less than 2 mismatches with the consensus (Guédon et al., 2002), were identified in the vicinity of the potential promoters of the ybhE, bglS, and ptcB genes, indicating the possibility that their expression may be regulated by the CcpA protein (Supplementary materials B and C).

In order to verify the functionality of potential promoters found in these regions, DNA fragments encompassing these putative promoters of ybhE, celB, orf1, ptcB and bglS were inserted in front of the luxAB reporter genes in the promoter probe plasmid pJIM2374 vector and introduced into L. lactis LL302. Significant luciferase activity was detected when the upstream regions of ybhE, celB, orf1, bglS and ptcB were tested indicating that their putative promoters embedded there might indeed be functional. 

For the purpose of verification of the functionality of the putative rho-independent terminators, the regions containing terminators following ybhD, celB, orf2, bglS and ptcA were cloned between the xylE gene and its promoter. Significant, however, not complete reduction in the catechol oxygenase activity was observed in the case of all terminators tested, confirming their functionality in transcription termination (Table 3).

Lastly, to characterize the structural organization of the ybhE and celB genes, Northern blot analysis using specific probes covering parts of ybhE and celB was performed, using RNA isolated from both the IL1403 wild-type strain and its ccpA mutant IBB550 cells grown in G-CDM, C-CDM, S-CDM or LC-CDM (Fig. 1 and Fig. 2). After hybridization with probes covering a part of the ybhE or celB genes, no transcripts were detected in L. lactis IL1403 wild-type cells grown in the presence of glucose. In cells growing in C-CDM and LC-CDM, two transcripts of 1300 and 2500 nt were visualized with the ybhE probe, and two transcript of 1700 and 2500 nt with the celB probe. These transcripts were more abundant in IBB550 where a weaker band of 3100 nt could also be visualized. This weak band was also present in IL1403 grown on cellobiose. The 2500 nt transcript would correspond to a ybhE-celB transcript, whereas the 1300 and 1700 nt transcripts would correspond to ybhE and celB specific transcripts, respectively, although no clear terminator could explain the termination of the ybhE specific transcript. Lastly, the weaker 3100 nt transcript could be due to an elongated transcription into orf1-orf2 region by read-through of the celB terminator (Fig. 2).

Effect of mutations in the genes from the cel-lac regions on sugar assimilation. 

Our previous study (Aleksandrzak-Piekarczyk et al., 2005) had shown that IL1403bglS and IBB550bglS mutants no longer utilized lactose as growth substrate. 

In order to determine the role in sugar assimilation of other genes from the cel-lac regions, ybhE, celB (region I) and ptcB, ptcA (region II) genes were disrupted by a single crossover in IL1403 and IBB550. Growth of these mutants was tested in CDM complemented with glucose, cellobiose, salicin, lactose or lactose plus an inducing concentration of cellobiose. Mutants in ybhE (IL1403ybhE and IBB550ybhE) grew in the same manner as its parental strains in all media tested. Furthermore, the growth of all mutants was not significantly altered in G-CDM and S-CDM in comparison to their parental strains. Disruption of celB, ptcB or ptcA fully abolished or severely impaired strains growth on cellobiose, lactose and lactose plus inducible cellobiose.

Additionally, API 50CH test was performed in order to determine possible additional changes in the fermentation of 49 sugars. Mutants affected in the ybhE gene grew in the same manner as their parental strains on all sugars tested, both in IL1403 and IBB550 background. The ability to grow on arbutin, β-gentiobiose, cellobiose, lactose and salicin was affected in several mutants (Table 4). At 24 h of incubation β-gentiobiose was assimilated only by IBB550. The IL1403ptcB or IL1403ptcA mutants grew poorly on two β-glucosides – arbutin and salicin, although they grew normally in an IBB550 background (IBB550ptcB or IBB550ptcA). 

Expression of genes from the cel-lac regions in the presence of different carbon sources. In order to test the expression of the ybhE, celB, bglS, ptcB and ptcA genes in response to various carbon sources in the wild-type IL1403 strain, luciferase activities were measured from luxAB gene fusion introduced in this strain grown in CDM supplemented with cellobiose, galactose, glucose or salicin. 

The luciferase activities in G-CDM were very low for all the genes tested (Table 5).

In the presence of cellobiose the luciferase activity was elevated to different degrees. The most considerable increase in luciferase expression, reaching about 700- to 3,000-fold, was obtained in C-CDM compared to G-CDM with the promoters present upstream of the ybhE, celB and bglS genes. A lower, but still significant increase of 161- and 68-fold was observed for the promoter present upstream of the ptcB-ptcA genes cluster (Table 5). The transcription level of the ptcB-ptcA genes detected in C-CDM was similar to that measured in Gal-CDM and S-CDM. In the presence salicin and galactose, the transcription level of the ybhE, celB and bglS genes was intermediate when compared to cellobiose and glucose (Table 5). These results indicate that the transcription from the promoters present upstream of the ybhE, celB and bglS genes is specifically induced by cellobiose while that of ptcB-ptcA genes cluster could be controlled mainly by catabolic repression.

Influence of CcpA on the expression of region I and II genes. Analysis of the nucleotide sequences preceding the ybhE, celB, bglS, ptcB and ptcA genes revealed the presence of several putative catabolite-responsive elements (cre) (Fig. 1 and Supplementary materials B and C), that are known to be involved in CCR in Gram-positive bacteria (Hueck et al., 1994). This fact, in agreement with the previous observation, strengthens the hypothesis that the expression of cel-lac genes is under the control of CcpA. To test this hypothesis the transcriptional fusions of the luxAB genes with the ybhE, celB, bglS, ptcB and ptcA genes were introduced into the IBB550 ccpA mutant, and their luciferase activities were compared between the L. lactis IL1403 wild-type strain and IBB550 cultivated in a repressive (G-CDM) and non-repressive (C-CDM, Gal-CDM and S-CDM) environments.

In the presence of functional CcpA and glucose, transcription of the ybhE, celB, bglS, ptcB and ptcA genes was repressed. Inactivation of ccpA caused, to a different degree, relief of repression for all genes, confirming their regulation by CcpA-mediated catabolite repression. The calculated repression ratios (value obtained in IL1403 versus IBB500 background in strains grown in G-CDM) varied from 62- (bglS), 155-165- (ptcB and ptcA) to as high as 512-844-fold (ybhE and celB), indicating significant differences in the efficiency of cre-dependent CcpA repression in the presence of glucose (Table 5).

DISCUSSION

L. lactis IL1403 is a plasmid-cured strain, lacking the plasmid-located lactose-specific PTS system and therefore unable to assimilate lactose. However, it was observed that after prolonged incubation in L-CDM this strain starts to utilize lactose slowly (Aleksandrzak et al., 2000; Aleksandrzak-Piekarczyk et al., 2005). This result and the facts that (i) no additional PTS lactose-specific permeases are present in the complete genome sequence of IL1403 (Bolotin et al., 2001) and (ii) LacSZ, encoding a potential lactose assimilation system, is not involved in lactose transport (Aleksandrzak-Piekarczyk et al., 2005), indicate the existence of a cryptic lactose utilization system in IL1403 cells. In the previous work, we showed that the BglS protein, homologous to a P-β-glucosidase, is essential for lactose hydrolysis in this strain, leading us to propose that the main lactose uptake system in this strain may be a β-glucoside-dependent PTS (Aleksandrzak-Piekarczyk et al., 2005). 

Eight genes, which might encode proteins homologous to EII proteins of β-glucoside-dependent PTS, involved in the uptake and phosphorylation of β-glucosides have been found throughout the L. lactis IL1403 chromosome. Three of them encode three-domain EIIABC PTS components (PtbA, YedF and YleE), another three, EIIC permeases (CelB, PtcC and YidB), one an EIIA component (PtcA) and one an EIIB component (PtcB). Further analysis indicated that CelB, PtcA, PtcB, PtcC and YidB are members of the Lac family (TC no. 4.A.3), which includes several lactose porters of Gram-positive bacteria as well as the E. coli and Borrelia burgdorferi N,N'-diacetylchitobiose (Chb) porters. Because of the extremely broad substrate specificity of these transporters, it is tempting to speculate that some of these β-glucoside PTSs might also be engaged in lactose assimilation in L. lactis. Analysis of the L. lactis IL1403 genome sequence showed that these genes (excluding YidB) are located in two separate DNA regions (Fig. 1; Supplementary material A). Region I contains bglS, previously shown to be implicated in lactose hydrolysis (Aleksandrzak-Piekarczyk et al., 2005). Macroarray assay study showed that ybhE, celB, ptcA and ptcB transcripts were more abundant in the wild type strain grown on cellobiose in comparison to glucose (Kowalczyk et al., 2008). Taken together, these data suggested that in IL1403, the celB, ptcA and ptcB genes would constitute a PTS system involved in the assimilation of cellobiose and assuming lactose.

In the current study, we showed that disruption of celB, ptcB or ptcA abolished or severely impaired the growth of both the IL1403 wild-type strain and its ccpA mutant IBB550 in media containing cellobiose or lactose. This result established that these genes are indeed involved in cellobiose and lactose assimilation, and likely encode the only PTS permease dedicated to cellobiose and lactose transport since their inactivation leads to complete loss of assimilation of these sugars. Moreover, the API 50CH test suggested the additional involvement of PtcB and PtcA in arbutin and salicin assimilation. These two proteins seem to be very versatile and are also involved in glucose metabolism in L. lactis MG1363 (Castro et al., 2009; Pool et al., 2006). Finally, together with the BglS protein, whose gene is present in region I, these proteins constitute a complete cellobiose and lactose assimilation pathway, as presented in Fig. 3. Gene expression studies with the use of luciferase genes reporter system or Northern blot analysis were carried out to obtain better insight in the regulation of this system. The transcription of all these genes is highly elevated in response to cellobiose, confirming their participation in a cellobiose assimilation pathway. Furthermore, their expression also increased in salicin- or galactose-containing medium, suggesting that they are also subject to catabolic repression. However, whereas the expression of ptcB and ptcA increased similarly in response to cellobiose and galactose, that of region I genes was significantly higher in cellobiose, compared to other sugars. Therefore, genes from region I, including ybhE, celB and bglS, appear to be specifically activated by cellobiose, whereas ptcB and ptcA may only respond to catabolic repression and not undergo sugar-specific activation. This result is in agreement with our previous hypothesis that PtcA and PtcB may play a role in other β-glucosides assimilation, whereas region I genes are dedicated to cellobiose metabolism.

The molecular mechanism responsible for cellobiose activation remains unknown. Among genes present in region I and II, ybhE and yebF have no assigned role yet. YbhE encodes a product homologous to hypothetical proteins present in several other Gram-positive bacteria and often colocalizes with β-glucoside-specific PTSs, as in Clostridium botulinum, bacilli of the cereus group, Listeria, lactobacilli, streptococci, Leuconostoc, suggesting their engagement in β-glucosides assimilation. The highly increased expression level of the ybhE gene specifically in response to cellobiose would confirm the involvement of the YbhE protein in the assimilation of cellobiose in L. lactis IL1403. However, inactivation of the ybhE gene resulted in no observable physiological effects on any sugar tested. This gene would, therefore, not be a required activator for cellobiose gene expression, and no functions can still be proposed for YbhE in L. lactis IL1403 and other bacteria.

In addition to inability of lactose fermentation by the yebF mutant (Aleksandrzak-Piekarczyk et al., 2005) we found that inactivation of the yebF gene in IL1403 resulted also in the inability to grow on cellobiose (unpublished), indicating its requirement in cellobiose and lactose assimilation. YebF protein belongs to the RpiR family of phosphosugar binding proteins (Sorensen and Hove-Jensen, 1996), and has a putative helix-turn-helix DNA-binding domain. This protein is therefore a good candidate to be a potential regulator of cellobiose assimilation genes. 

In the current study, Northern blot analysis and transcriptional fusions with the reporter luxAB genes have been performed to characterize transcriptional units and study cel-lac genes expression, both in the IL1403 wild-type strain and its IBB500 ccpA mutant. The lack of functional CcpA led to a different degree of derepression of all the genes in all conditions tested, indicating that the strength of CcpA catabolite repression is variable. This data is in agreement with the presence of cre sites in the promoter regions of the ybhE, celB, bglS and ptcB genes. Furthermore, we have previously shown that the CcpA protein binds specifically to cre-containing DNA fragments located in the promoter regions of the ybhE, bglS and ptcB genes (19). The level of repression of CcpA is very high, reaching around 1000–fold difference between wild-type and ccpA strains grown in repression conditions (G-CDM) for the yhbE and celB transcript and over 100–fold difference for ptcBA. The strength of repression of the ybhE-celB transcript may be due to the presence of a cre site perfectly matching consensus of this box. Lastly, it seems that CcpA still displays some repressing activity on these tightly regulated promoters in non repressing conditions, such as in salicine and galactose grown cells, where there is a 10- to 50–fold difference in expression between the wild-type and the ccpA mutant.

In summary, based on the results obtained in this study, a putative model of lactose, coupled lactose/cellobiose and cellobiose catabolism in L. lactis IL1403 is proposed (Fig. 3). In this model, the key elements are the CelB, PtcB, PtcA and BglS proteins, which encode PTS and P-sugar hydrolyzing enzyme. In the presence of glucose, IL1403 is unable to assimilate either lactose or β-glucosides. Under such conditions, celB, ptcB, ptcA and bglS expression is repressed by the CcpA protein with different strength, depending on cre sequence preceding a particular gene. The lack of glucose switches off CcpA-mediated repression of the celB, ptcB, ptcA and bglS genes, and the availability of cellobiose additionally activates the celB and bglS expression. In the absence of cellobiose, this system is not significantly expressed, and therefore not available for lactose assimilation, which would require PTS and the activity of the BglS protein to hydrolyze the internalized lactose-P. 

Altogether, by the use of simple microbiological screen, we were able to modify the metabolic potential of lactococcal strains initially unable to assimilate lactose. By inactivation of the ccpA gene or induction by the supplementation of the medium with cellobiose we turn on an alternative lactose assimilation pathway. In contrast to plasmid-located lac-operons, the cel-lac system is chromosomally encoded and therefore stably maintained, a feature potentially valuable for the dairy industry.
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TABLES AND FIGURES

TABLE 1. Bacterial strains and plasmids used in this study

	Strain or plasmid
	Relevant propertiesa
	Source and/or referenceb

	Strains
	
	

	L. lactis
	
	

	IL1403
	Lac-, plasmid-free wild-type, host strain
	INRA (Chopin et al., 1984)

	IBB550
	Lac+, CcpA- (ISS1), Ems, plasmid-free, IL1403-derivative
	Aleksandrzak-Piekarczyk et al., 2005

	LL302
	MG1363-derivative, RepA+ 
	Leenhouts et al., 1998

	IL1403ybhE
	IL1403-derivative, Emr, PybhE::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ybhE gene interrupted by pJIM2374 integration
	This study

	IL1403celB
	IL1403-derivative, Emr, PcelB::luxAB chromosomal transcriptional fusion with concomitant inactivation of the celB gene interrupted by pJIM2374 integration
	This study

	IL1403bglS
	IL1403-derivative, Emr, PbglS::luxAB chromosomal transcriptional fusion with concomitant inactivation of the bglS gene interrupted by pJIM2374 integration
	Aleksandrzak-Piekarczyk et al., 2005

	IL1403ptcB
	IL1403-derivative, Emr, PptcB::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ptcB gene interrupted by pJIM2374 integration
	This study

	IL1403ptcA
	IBB550-derivative, Emr, PptcA::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ptcA gene interrupted by pJIM2374 integration


	This study

	IBB550ybhE
	IBB550-derivative, Emr, PybhE::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ybhE gene interrupted by pJIM2374 integration
	This study

	IBB550celB
	IBB550-derivative, Emr, PcelB::luxAB chromosomal transcriptional fusion with concomitant inactivation of the celB gene interrupted by pJIM2374 integration
	This study

	IBB550bglS
	IBB550-derivative, Emr, PbglS::luxAB chromosomal transcriptional fusion with concomitant inactivation of the bglS gene interrupted by pJIM2374 integration
	Aleksandrzak-Piekarczyk et al., 2005

	IBB550ptcB
	IBB550-derivative, Emr, PptcB::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ptcB gene interrupted by pJIM2374 integration
	This study

	IBB550ptcA
	IBB550-derivative, Emr, PptcA::luxAB chromosomal transcriptional fusion with concomitant inactivation of the ptcA gene interrupted by pJIM2374 integration
	This study

	IL1403PybhE
	IL1403-derivative, Emr, PybhE::luxAB chromosomal transcriptional fusion with the ybhE gene interrupted by pJIM2374 integration and a functional second copy of the ybhE gene
	This study

	IBB550PybhE
	IBB550-derivative, Emr, PybhE::luxAB chromosomal transcriptional fusion with the ybhE gene interrupted by pJIM2374 integration and a functional second copy of the ybhE gene
	This study

	IL1403PcelB
	IL1403-derivative, Emr, PcelB::luxAB chromosomal transcriptional fusion with the celB gene interrupted by pJIM2374 integration and a functional second copy of the celB gene
	This study

	IBB550PcelB
	IBB550-derivative, Emr, PcelB::luxAB chromosomal transcriptional fusion with the celB gene interrupted by pJIM2374 integration and a functional second copy of the bglS gene
	This study

	IL1403PbglS
	IL1403-derivative, Emr, PbglS::luxAB chromosomal transcriptional fusion with the bglS gene interrupted by pJIM2374 integration and a functional second copy of the bglS gene
	This study

	IBB550PbglS
	IBB550-derivative, Emr, PbglS::luxAB chromosomal transcriptional fusion with the bglS gene interrupted by pJIM2374 integration and a functional second copy of the bglS gene
	This study

	IL1403PptcB
	IL1403-derivative, Emr, PptcB::luxAB chromosomal transcriptional fusion with the ptcB gene interrupted by pJIM2374 integration and a functional second copy of the ptcB gene
	This study

	IBB550PptcB
	IBB550-derivative, Emr, PptcB::luxAB chromosomal transcriptional fusion with the ptcB gene interrupted by pJIM2374 integration and a functional second copy of the ptcB gene
	This study

	IL1403PptcA
	IL1403-derivative, Emr, PptcA::luxAB chromosomal transcriptional fusion with the ptcA gene interrupted by pJIM2374 integration and a functional second copy of the ptcA gene
	This study

	IBB550PptcA
	IBB550-derivative, Emr, PptcA::luxAB chromosomal transcriptional fusion with the ptcA gene interrupted by pJIM2374 integration and a functional second copy of the ptcA gene
	This study

	E. coli
	
	

	TG1
	supE thi(lac-proAB) hsdD5 (F’+ traD36 proAB lacIqZΔM15)
	Gibson, 1984

	EC1000
	Kmr, RepA+ MC1000, carrying a single copy of the pWV01 repA gene in the glgB gene
	Leenhouts et al., 1996

	Plasmids
	
	

	   pGEM-T
	Ampr, M13ori, linear T-overhang vector
	Promega

	   pJIM2374
	Emr, integrative vector carrying luxAB genes
	INRA (Delorme et al., 1999)

	   pGhost 8
	Tetr, repA (Ts)
	INRA (Maguin et al., 1996)

	   pGBT58
	Kmr, 10.35 kb, pSC101 replicon, carrying the xylE gene under the trfA promoter
	Jagura-Burdzy et al., 1992

	pJIM2374PybhE
	Emr, integrative vector carrying luxAB genes under the control of putative ybhE promoter
	This study

	pJIM2374PcelB
	Emr, integrative vector carrying luxAB genes under the control of putative celB promoter
	This study

	pJIM2374Porf1
	Emr, integrative vector carrying luxAB genes under the control of putative orf1 promoter
	This study

	pJIM2374PbglS
	Emr, integrative vector carrying luxAB genes under the control of putative bglS promoter
	This study

	pJIM2374PptcB
	Emr, integrative vector carrying luxAB genes under the control of putative ptcB promoter
	This study

	pGBT58TybhD
	Kmr, carrying the ybhD terminator between the trfA promoter and the xylA gene
	This study

	pGBT58TptcA
	Kmr, carrying the pctA terminator between the trfA promoter and the xylA gene
	This study

	pGBT58TcelB
	Kmr, carrying the celB terminator between the trfA promoter and the xylA gene
	This study

	pGBT58Torf2
	Kmr, carrying the orf2 terminator between the trfA promoter and the xylA gene
	This study

	pGBT58TbglS
	Kmr, carrying the bglS terminator between the trfA promoter and the xylA gene
	This study


a Amp, ampillicin; Em, erythromycin; Km, kanamycin; r, resistance.

b INRA, Institut National de la Recherche Agronomique (Jouy-en-Josas, France); RUG-MG, Department of Molecular Genetics, University of Groningen, (Groningen, The Netherlands).

TABLE 2. Primers used in this study

	Primer
	Sequence (5’→3’)a

	1224 


	CGCCAGGGTTTTCCCAGTCACGAC

	For construction of mutants

	ybhEfor/ybhErev
	GCGTGTGCTTCACTTC/GAACGGAGCATGTAAGCTG

	celBfor/celBrev
	GCACCAGAGAAAGTCTGG/GTACCACCTGATCCACC

	ptcBfor/ptcBrev
	GCACTTGCATGTGCAGCC/CTCCGCGCATCATTCCA

	ptcAfor/ptcArev
	GACTACATGGGTGTTGTAATGG/GGTAATCGCATTCATTAAGTGG

	For promoters cloning and/or transcriptional fusions with luxAB

	ybhEPfor/ybhEPrev
	CTGACAGAGCCACAGCG/CCTGTGTAACGATGTGGG

	celBPfor/celBPrev
	CCCACATCGTTACACAGG/GCTCCAGCATCGAGGTG

	orf1Pfor/orf1Prev
	CACCAGTACTCGATGGTATCTGG/GCCATTGCTGCGTCAGTCGTTGC

	bglSPfor/bglSPrev
	GGTCTATTGCTTGTGGC/GAGTGACCAACCTTGAC

	ptcBPfor/ptcBPrev
	CTGGATTACGAAGCTTCG/CAGCTGCTGCAAGAAC

	For cloning of terminators

	ybhDTfor/ybhDTrev
	GTGGTACCGAACTGACAGAGCCACAG/CATCCCATGGCAAACTACTCCTCCCACA

	celBTfor/celBTrev
	GTGGTACCTCGCAGCTAACAAGCTGGA/CATCCCATGGTCGTTGCATCATCTGTCG

	orf2Tfor/orf2Trev
	GTGGTACCACTGACGCAGCAATGGCT/CATCCCATGGAGGTGCTCCCTCAACTTG

	bglSTfor/bglSTrev
	GTGGTACCAAGCGATGACGGATGGAGCA/CATCCCATGGAGCACTTCACCTGCCTGCA

	ptcATfor/ptcATrev
	GTGGTACCAAGACCTTGCTGTAGAAG/CATCCCATGGCAACATGTGCTTCCAGAGC


a All primers (besides 1224) were designed on the basis of the L. lactis IL1403 genome nucleotide sequence (Bolotin et al., 2001), which is available from NCBI. (http://www.ncbi.nlm.nih.gov/genomes/framik.cgi?db=genome&gi=171) with accession no. AE005176. Underlined and double underlined are the sites added for digestion with KpnI and NcoI.

TABLE 3. Activity of rho-independent terminators following the bglS, celB, orf2 or ptcA genes.

	Terminator
	Catechol oxygenase activity 

	
	(U)
	(%)

	orf2
	0.43±0.07
	34

	celB

	0.48±0.07
	38

	bglS
	0.76±0.08
	61

	ptcA
	0.71±0.10
	57

	NTa
	1.25±0.16
	100


a NT – no terminator; the catechol oxygenase activity was detected in cells harboring pGBT58.

TABLE 4. Sugar fermentation patterns of the celB, bglS, ptcB and ptcA single (IL1403 background) and double (IBB550 background) mutants determined by the API 50CH test. The results were observed after 24 h of incubation at 30°C in aerobic conditions; +, good growth; +/-, weak growth; -, no growth.

	Sugar
	Strain

	
	IL1403
	Single mutants (IL1403 background)
	IBB550
	Double mutants (IBB550 background)
	

	
	
	IL1403celB
	IL1403bglS
	IL1403ptcB
	IL1403ptcA
	
	IBB550celB
	IBB550bglS 
	IBB550ptcB
	IBB550ptcA 
	

	cellobiose
	+
	-
	+
	+/-
	-
	+
	-
	+
	+/-
	-
	

	arbutin
	+
	+
	+
	+/-
	+/-
	+
	+/-
	+
	+
	+
	

	salicin
	+
	+
	+
	+/-
	+/-
	+
	+/-
	+
	+
	+
	

	lactose
	-
	-
	-
	-
	-
	+/-
	-
	-
	-
	-
	

	β-gentiobiose
	-
	-
	-
	-
	-
	+/-
	-
	-
	-
	-
	

	
	
	
	
	
	
	
	
	
	
	
	


TABLE 5. CcpA and glucose repression ratios and luciferase activities of a variety of gene-lux fusions in IL1403 (wild-type strain) and IBB550 (ccpA-deficient derivative) measured in cells grown in CDM supplemented with various sugars.

	Genea
	Putative

cre sequence in a promoterb
	No. of mismatchesin cre
	Luciferase activity (klx OD-1)c
	CcpA repression ratio on 

glucosed
	Cellobiose

activation

ratioe

	
	
	
	cellobiose 
	salicin
	glucose
	galactose
	
	

	
	
	
	IL1403
	IBB550
	IL1403
	IBB550
	IL1403
	IBB550
	IL1403
	IBB550
	
	

	ybhE
	TGATATCGCTTGCA
	0
	1,441102.0
	10,234810.0
	115.520.1
	1,14286.5
	2.00.7
	1,02435.6
	34.14.2
	1,65493.8
	512
	42

	celB
	TGACAACGAaGGCt
	2
	1,886297.3
	5,844205.4
	125.613.1
	912.776.0
	0.770.29
	65077.3
	23.65.3
	994.8132.8
	844
	78

	bglS
	gGGCATCGCTTTtA

aGCAATCGTTTTaA

atAAAACGGTTACA
	2

2

2
	1,391200.2
	2,309270.2
	37.09.0
	59.13.5
	0.480.18
	29.77.4
	28.43.5
	88.15.5
	62
	49

	ptcB
	aGATAACGCTTGCA

TGAAAACGTTATaA
	1

1
	5,100251.8
	5,832972.5
	3,472536.3
	7,686674.0
	31.54.0
	4,927826
	2,551397.1
	11,2921.290
	156
	2

	ptcA
	no cre
	-
	1,912457.2
	6,117233.7
	1,871299.0
	3,852359.8
	21.84.4
	3,60395.9
	1,400264.2
	4,623472.8
	165
	1


a The luxAB genes were integrated downstream of putative promoters. Since neither an obvious promoter nor cre sequences were detected upstream of ptcA, the luciferase expression was presumably driven by the promoter and cres located upstream of ptcB.

b The aberrations from the cre consensus (TGNNANCGNTNNCA, according to Guédon et al. (2002) are given in lowercase.

c The mean values of at least three independent measurements and standard deviations () are presented.

d The CcpA repression ratios were calculated as the quotient of the luciferase activity in IBB550 and the activity in the L. lactis IL1403 wild-type strain detected in cells grown in G-CDM.

e The cellobiose activation ratio was calculated as the quotient of the luciferase activity in the L. lactis IL1403 wild-type strain detected in cells grown in C-CDM and in Gal-CDM.


Fig. 1. The genetic organization of the two putative cel-lac regions in the L. lactis IL1403 genome. The presented gene arrangement (besides orf1 and orf2) is derived from the L. lactis IL1403 genome sequence (AE005176). Other structures (putative promoters, terminators and cre elements) were identified during this study, by sequence analysis. The black stem-loop structures and black bent arrows denote putative rho-independent terminators and potential promoters, respectively, whose functionality was experimentally confirmed. The existence of promoters and terminators indicated in grey was concluded only from analysis of the IL1403 genome sequence. The vertical black lines represent potential cre-sites. The putative transcripts of the ybhE, celB, orf1 and orf2 genes observed by Northern analyses are presented as black horizontal lines.
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Fig. 2. Northern blot analysis of the ybhE mRNA from IL1403 (lanes 1, 3, 5, 7) and IBB550 (lanes 2, 4, 6, 8) in total RNA isolated from cells grown in G-CDM (lanes 1 and 2), C-CDM (lanes 3 and 4), S-CDM (lanes 5 and 6) and LC-CDM (lanes 7 and 8) (A). Northern blot analysis of the celB mRNA from IL1403 (lanes 1, 2, 5, 6) and IBB550 (lanes 3, 4, 7, 8) in total RNA isolated from cells grown in G-CDM (lanes 1 and 3), C-CDM (lanes 2 and 4), S-CDM (lanes 5 and 7) and LC-CDM (lanes 6 and 8) (B).

Fig. 3. Schematic representation of the proposed mechanism of lactose and cellobiose inducible lactose metabolism in L. lactis IL1403. CelB, cellobiose-specific PTS system EIIC component, which also shows affinity for lactose (in IL1403 after induction by cellobiose; in IBB550 without induction) and is repressed by CcpA at the transcriptional level. PtcB and PtcA, cellobiose-specific PTS system EIIB and EIIA components, respectively; BglS, P-β-glucosidase; CcpA; catabolite control protein, YebF, hypothetical transcriptional regulator. Dashed line – weak regulation by the CcpA protein. 
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