
















maltopentaose utilization leads to intracellular maltose formation, similar expres-
sion levels were expected in the ΔccpA mutant grown on maltopentaose plus
glucose or maltopentaose alone due to the inhibition of MalR and the absence of
CcpA. Surprisingly, in the ΔccpA mutant, mdxE and mmdH were partly relieved from
CCR when grown on maltose plus glucose but remained completely repressed in
cells grown on maltopentaose plus glucose (Fig. 2, light gray bars). It, therefore,
seems that during growth in the presence of glucose plus maltopentaose, an
additional CcpA-independent CCR mechanism is operative. We suspected an in-
ducer exclusion mechanism inhibiting the MdxEFG ABC maltodextrin transporter.
This would prevent the intracellular synthesis of the inducer maltose, and MalR
should, therefore, be active and efficiently repress expression of both maltodextrin
operons even in the absence of CcpA.

To verify this hypothesis, the ABC transport activity of the wild-type strain was
indirectly determined by measuring the maltopentaose concentration in the superna-
tant during growth in carbohydrate-cured M17 (ccM17) supplemented with 0.2% of
maltopentaose (Fig. 6A, I). After 3 h of incubation at 37°C, glucose was added at a final
concentration of 0.15% to one of the two identical cultures. Cells grown without
glucose continued to consume maltopentaose (Fig. 6A, I). In contrast, when glucose
was added, the consumption of maltopentaose almost immediately slowed drastically,
whereas glucose was efficiently utilized (Fig. 6A, II). The rapid inhibition of maltopen-
taose consumption by the addition of glucose favored our assumption that the strong
glucose repression of mdxE and mmdH expression in the ΔccpA mutant was mediated
by inducer exclusion, which ultimately led to reduced transcription. Nevertheless, to

FIG 5 Detection of the different forms of HPr by Western blotting analysis in extracts of E. faecalis OG1RF cells
grown on various carbon sources. Extracts loaded on odd-numbered lanes correspond to total native proteins.
Samples in even-numbered lanes correspond to the same sample loaded on the previous lane boiled for 5 min to
remove phosphorylation on His-15 but not on Ser-46. Positions of different forms of HPr are indicated with
brackets. Images were obtained from results on two gels but not on continuous wells; the vertical broken lines
indicate the cropped regions. Cells were grown in ccM17 medium supplemented with the indicated carbon
source. The fraction of P-Ser-HPr, determined in three independent experiments, is indicated in the graph
below (means � standard errors are shown). Mal5ose, maltopentaose.
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further confirm our hypothesis, we carried out identical maltopentaose consumption
assays with the MC mutant, which lacks MalR and CcpA. Although it constitutively
expresses the maltodextrin transporter genes, addition of glucose should trigger
inducer exclusion and inhibit maltopentaose consumption. Indeed, maltopentaose
utilization drastically slowed when glucose was added (Fig. 6B, I) but, in contrast to the
wild-type strain, rapidly resumed when glucose was exhausted after about 270 min
incubation (Fig. 6B, II). The wild-type strain exhibits the usually observed lag phase,
which corresponds to the time required for the induction of the repressed mdxEFG
operon. This lag phase is not observed in the MC mutant because the mdxEFG operon
is expressed constitutively. Altogether, these data strongly suggest that CCR of the
mdxEFG operon is also mediated via inducer exclusion leading to inhibition of the
maltodextrin ABC transporter.

Similar experiments were conducted with maltose as the sole carbon source instead of
maltopentaose (Fig. 7). E. faecalis transports maltose mainly via the PTS permease MalT. Like
maltopentaose, the wild-type strain OG1RF efficiently consumed maltose. However, after
addition of glucose, maltose was utilized simultaneously with glucose (Fig. 7A), although
the maltose consumption rate was slightly but significantly lower compared to that of cells
grown without glucose. This effect was possibly due to CCR of malT, which similarly to
mdxEFG is transcriptionally repressed in the presence of glucose. We, therefore, performed
identical experiments with a malR� mutant, in which malT is relieved from CCR (22). Indeed,
maltose consumption by the mutant was independent of whether the cells were exposed
to glucose (Fig. 7B). The observed slight difference in maltose consumption by the wild-
type strain in the presence and absence of glucose, therefore, seems to be due to
MalR/P-Ser-HPr-mediated CCR of malT.

DISCUSSION

In the present communication, we show that the maltodextrin genes of E. faecalis
are directly regulated by the joint action of both MalR and CcpA, which apparently bind

FIG 6 Determination of maltopentaose and glucose concentrations (upper [I] and lower [II] panels, respectively) in the growth medium.
Cells were either solely grown in the presence of maltopentaose (’), or glucose was added after 3 h of incubation (�) (indicated by an
arrow). The results obtained with the wild-type strain are presented in panel A, and those with the MC mutant are presented in panel B.
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to the same operator sites. The two regulators are consequently in competition for the
same binding site and cofactor. The deletion of ccpA in the absence of maltose could
result in a stronger repression of maltodextrin genes. This phenomenon is observed for
the mdxE gene in the ΔccpA mutant cells grown on glucose. In the wild type, the
presence of CcpA could impede the strong MalR-mediated repression. In Streptococcus
pneumoniae, expression of the malXCD ABC transporter involved in maltodextrin
uptake was also described as repressed by both the maltose gene regulator MalR and
the global regulator CcpA (36–38). The MalR regulon of Streptococcus pyogenes was
reported to include the genes for maltose catabolism (malRO-glgP), PTS-mediated
transport (malT-mapP), maltodextrin degradation (pulA-dexB), and ABC-mediated up-
take (msmK and malEFG) (39). MalR of E. faecalis was previously shown to bind maltose
but not glucose or other maltodextrins (22). This disaccharide is, therefore, the only
known inducer of the maltose genes. Given that MalR also regulates the maltodextrin
genes, maltose appears to be the central inducer of these four operons in E. faecalis and
probably streptococci. The maltodextrin hydrolase MmdH releases maltose from malto-
dextrin molecules (19). In consequence, this disaccharide represents a central molecule
of both maltose and maltodextrin systems in E. faecalis. In light of the essential role of
MmdH in induction of both maltose and maltodextrin systems when maltodextrins are
used as carbon sources, the lower affinity of the two repressors MalR and CcpA for the
mmdH promoter might be of physiological importance. A too strong repression of
mmdH could slow the intracellular formation of maltose and impact the cellular fitness
in the presence of maltodextrins. On the contrary, in S. pneumoniae, MalR seems to
have a better affinity for the operator of the maltodextrin phosphorylase gene than for
the operator of the maltodextrin uptake operon (36, 37). This difference might allow
basal expression of the maltodextrin uptake system and, thus, prevent its permanent
lock.

Inducer exclusion has already been reported to regulate maltose/maltodextrin

FIG 7 Determination of maltose and glucose concentrations (upper [I] and lower [II] panels, respectively) in the growth medium. Either
the cells were solely grown in the presence of maltose (’) or glucose was added after 3 h of incubation (�) (indicated by an arrow). The
results obtained with the wild-type strain are presented in panel A, and those with the malR� mutant are presented in panel B.
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transport in other bacteria. In the Gram-negative enterobacteria Escherichia coli and
Salmonella enterica serovar Typhimurium, the ATP-binding subunit MalK of the malt-
ose/maltodextrin ABC transporter MalE-FGK2 was reported to be the target of inducer
exclusion exerted by glucose. The unphosphorylated EIIAGlc protein actually interacts
with MalK and inhibits the ATP-dependent closure of the MalK dimer, causing inhibition
of ABC transporter activity (40–42). EIIAGlc is present in cells actively taking up glucose
by the glucose PTS. This strategy allows these bacteria to favor uptake of this preferred
sugar over secondary carbohydrates, such as oligosaccharides. The inhibition mecha-
nism of the maltodextrin ABC transporter MalE1-F1G1K12 of Lactobacillus casei has also
been solved. In this firmicute, P-Ser-HPr directly prevents the MalK1-mediated ATP
hydrolysis by direct interaction (32). This inducer exclusion strategy consisting of
inhibition of ATPase subunits of ABC transporters by direct interaction with a central
signaling molecule, therefore, appears relatively conserved throughout bacteria. In E.
faecalis OG1RF, the nucleotide-binding protein encoded by OG1RF_10665 exhibits
significant sequence similarities to the MsmX ATPase of Bacillus subtilis and has,
therefore, been suggested to function as ATPase of the MdxEFG ABC transporter (16,
43). It is likely that the ATPase activity of the E. faecalis MsmX homologue is inhibited
by P-Ser-HPr similar to MalK1 in L. casei. Unfortunately, numerous attempts during this
and a previous study (22) to construct a ptsH1 mutant (replacement of the serine-46 of
HPr with a nonphosphorylable alanine) or a ΔhprK mutant failed. The proposed role of
P-Ser-HPr, therefore, remains to be elucidated. Interestingly, in a previous study with
the E. faecalis JH2-2 (TX4000) strain (16), the authors reported that expression of the
maltodextrin genes was not subject to CCR contrary to the present study with strain
OG1RF. Similar to the malR� mutant, strain JH2-2 exhibited constitutive derepressed
expression of the maltose genes (22) and maltodextrin genes. In the JH2-2 case, relief
from CCR is probably due to an amino acid substitution (T33P) in the DNA-binding
domain of MalR. Despite the lack of repression of the maltodextrin genes in strain
JH2-2, the uptake of maltotetraose and higher maltooligosaccharides should be inhib-
ited by the presence of glucose via inducer exclusion, similar to that reported here for
the MC mutant (Fig. 6B, I).

MalR seems to be the major regulator of the maltodextrin genes, and its deletion led
to relief from CCR of both mdxE and mmdH operons in every tested condition.
Conversely, MalR presented only a moderate affinity for the motif in the PE region and
a lower affinity for the PH region in vitro. MalR-mediated repression of these genes
seems to be effective in the absence of the inducer but is probably rapidly relieved in
the presence of maltose. Inhibition of the MdxEFG ABC transporter by inducer exclusion
prevents maltodextrins from being imported in the presence of glucose. Consequently,
the inducer maltose will not be formed, and thus, weakly bound MalR might be
sufficient to exert an efficient repression. Moreover, the pleiotropic regulator CcpA was
also shown to directly repress the two maltodextrin operons. Its repressive action is
thought to be important in the presence of maltose when the affinity of MalR for its
DNA target decreases. Indeed, when both glucose and maltose are present, maltose
can enter the cell mainly via MalT (20) but also, less efficiently, via a still unidentified
transporter (16). The intracellular maltose probably displaces MalR from the operators
of the maltodextrin genes, to which it binds with low affinity. Under these conditions,
the CcpA protein and P-Ser-HPr seem to be required to keep these genes partly
repressed. In contrast, cells growing on maltopentaose produce less P-Ser-HPr, which
allows efficient expression of the maltodextrin genes.

In E. faecium E1162, maltodextrins are imported thanks to an ABC transporter and
catabolized by a hydrolase encoded by a single operon (pulA-mdxDCBA) (27). This
operon is activated by the MdxR protein, a LacI/GalR-type transcriptional regulator
encoded by a gene located elsewhere in the genome. Accordingly, in the E1162
wild-type strain, expression of the mdxB gene was highly induced in the presence of
maltose but was not expressed in an mdxR mutant (27). Moreover, an mdxR mutant was
unable to grow on maltotetraose as the sole carbon source, while the wild type grew
correctly. The authors of that study, therefore, concluded that MdxR was the main
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regulator of the maltodextrin operon in E. faecium E1162. No MdxR homologue could
be identified in E. faecalis OG1RF. Interestingly, the synteny of the maltose genes
(malPBMR and malT-mapP operons) is conserved in both species. The MalR motifs
appear to be subject to an important evolutionary pressure. Indeed, while the inter-
genic region between the start codons of malP and malT exhibits 62.1% identity, the
MalR motifs are 100% conserved (see Fig. S1B in the supplemental material). However,
no MalR binding site or cre box could be identified upstream of the pulA gene. These
data suggest that MalR is also the main regulator of the maltose genes in E. faecium,
whereas maltodextrin metabolism is regulated differently in these two species. E.
faecium possesses an additional specific regulator, MdxR, acting as an activator,
whereas in E. faecalis, MalR controls both the maltose and maltodextrin operons jointly
with the global regulator CcpA.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 (44).

Escherichia coli cells were grown in lysogeny broth (LB) (45). The following antibiotics (Sigma-Aldrich)
were added when appropriate with final concentrations of 50, 25, and 10 �g/ml, respectively: ampicillin,
kanamycin, and chloramphenicol.

Enterococcus faecalis strains (Table 1) were routinely grown in M17 medium (46) supplemented with
glucose at 0.5% (wt/vol) (GM17) at 37°C. When appropriate, cultures were supplemented with erythro-
mycin or chloramphenicol (Sigma-Aldrich) with final concentrations of 100 and 2 �g/ml, respectively.

Construction of mutant. The malR� ΔccpA markerless double mutant (MC) was obtained by
transformation of a strain carrying a mutant allele for the malR gene (malR�) with the pMAD-derived
plasmid (47) pMAD::ΔccpA (Table 2). For more details concerning the construction of the pMAD::ΔccpA
plasmid, please refer to reference 22.

Complementation of mutants. For complementation of the ΔccpA mutant, the wild-type gene and
its promoter were first cloned into vector pRB473 (48), and the resulting plasmid was introduced into E.
faecalis carrying a deletion in ccpA. Complementation of the malR� mutant was carried out in a previous
study using the pRB473::malR plasmid (22).

Purification of His-tagged proteins and in vitro phosphorylation of HPr. For purification of
His-tagged proteins, plasmids containing the genes of interest were used (Table 2) (49) as previously
described (22). Briefly the His-tagged proteins were purified using the Protino Ni-nitrilotriacetic acid

TABLE 1 Strains used in this study

Strain Relevant genotype
Reference
or source

Enterococcus faecalis
OG1RF Fusr, Rifr, plasmid-free wild-type strain 44
malR� mutant malR-defective mutant of OG1RF parental strain 22
ΔccpA mutant ccpA deletion mutant of OG1RF parental strain 22
MC mutant Double mutant for the malR and ccpA genes This study
malR� pRB473 mutant malR� mutant carrying the pRB473 empty plasmid 22
malR� pRB::malR mutant malR� mutant carrying the pRB::malR plasmid 22
ΔccpA pRB473 mutant ΔccpA mutant carrying the pRB473 empty plasmid This study
ΔccpA pRB::ccpA mutant ΔccpA mutant carrying the pRB::ccpA plasmid This study

TABLE 2 Plasmids used in this study

Plasmid name Relevant properties Reference or source

pMAD Origins of replication pE194ts and pBR322, Emr, Ampr, bgaB 47
pMAD::malR� pMAD containing a mutant allele of the malR gene 22
pMAD::ΔccpA pMAD containing the ccpA gene region with a deletion of the ccpA gene 22
pAG2 Expression of N-ter-6�His-tagged HPr protein from B. subtilis 50
pAG3 Expression of N-ter-6�His-tagged EI protein from B. subtilis 50
pQE30::HprK(V267F) Expression of N-ter-6�His-tagged HprK(V267F) protein from L. casei 51
pET-CcpA Expression of N-ter-6�His-tagged CcpA protein 49
pET28b::malR Expression of N-ter-6�His-tagged MalR protein 22
pRB473 Origins of replication pBR322 and pUB110, Ampr, Cmr, Bler 48
pRB::malR pRB473 plasmid containing wild-type malR of E. faecalis OG1RF with its proper promoter 22
pRB::ccpA pRB473 plasmid containing wild-type ccpA of E. faecalis OG1RF with its proper promoter This study
pGEMT PE pGEM-T Easy vector carrying the mdxE promoter This study
pGEMT PH pGEM-T Easy vector carrying the mmdH promoter This study
pGEMT gus pGEM-T Easy vector carrying an internal fragment of the gusA gene 22
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(Ni-NTA) kit (Macherey-Nagel). Imidazole was removed using PD-10 desalting columns (GE Healthcare).
Concentrations of proteins were determined with the Pierce BCA protein assay kit (Thermo Fisher
Scientific) with bovine serum albumin (BSA) as standard.

HPr from B. subtilis (60% identity and 84% similarity with E. faecalis OG1RF HPr) was phosphorylated
in vitro using purified enzyme I from B. subtilis (50) or HprK(V267F) from L. casei (51) in order to obtain
P�His-HPr or P-Ser-HPr, respectively, as previously described (22).

Isolation of total RNA and transcript analysis. Cells were grown in carbohydrate-cured M17
(ccM17) (52) medium supplemented with 0.3% (wt/vol) of appropriate carbon sources. Cells were
harvested in exponential growth phase (final optical density at 600 nm [OD600], 0.6). Total RNA was
extracted using Direct-zol RNA miniprep (Zymo Research), cDNA was synthetized with the QuantiTect
reverse transcription kit (Qiagen), and RT-qPCR analyses were performed using GoTaq qPCR master mix
(Promega) as previously described (22). Primers used for RT-qPCR are shown in Table 3.

Electrophoretic mobility shift assays. DNA fragments containing the mdxE (PE) or mmdH (PH)
promoter were first amplified by PCR with the GoTaq G2 Flexi DNA polymerase kit (Promega) and primers
listed in Table 3 using the genomic DNA of E. faecalis OG1RF as template. The PCR products were then
cloned into the pGEM-T Easy plasmid (Promega) following the manufacturer’s instructions. DNA se-
quences were fluorescently labeled by PCR using a primer linked to a cyanin-5 fluorescent protein at the
5’ end (Table 3) and appropriate pGEM-T-derived plasmids as template. A cyanin-5-labeled PCR product
containing an internal fragment of the gusA gene was used as negative control to check for nonspecific
binding. To produce PEH, genomic DNA of E. Faecalis OG1RF was used as template for amplification with
a primer containing a cyanin-5 label (Table 3). Assays were performed as previously described (22) in a
binding buffer (20 mM Tris-HCl, pH 7.4, 20 mM KCl, 10 mM MgCl2, 10 mM FBP, 1 mM dithiothreitol [DTT],
0.1 mM EDTA, 5% [vol/vol] glycerol, 50 ng/�l poly(dI-dC), 0.01 mg/ml bovine serum albumin [BSA]).

Quantification of carbohydrates in the supernatants. Glucose, maltose, and maltopentaose were
quantified in culture supernatants using high-performance liquid chromatography (HPLC). Cells were
removed by centrifugation, and 20 �l of supernatants were analyzed after injection into an Aminex
HPX-87H column, 300 by 7.8 mm (Bio-Rad), and eluted at 65°C with 5 mM H2SO4 at a flow rate of 0.6 ml
min�1 for 25 min. Carbohydrates were detected using a 2142 differential refractometer (LKB Bromma),
and absolute concentrations were calculated by correcting the raw data with coefficients based on an
internal standard of 3-(N-morpholino)propanesulfonic acid (MOPS), which is not metabolized by E.
faecalis.

Quantification of the P-Ser-HPr fraction. Cells were pelleted by centrifugation when cultures
reached an OD600 of 0.6 and were resuspended in 0.05 volume of extraction buffer (10 mM Tris-HCl, pH
7.4, 1 mM EDTA, 0.5% [vol/vol] �-mercaptoethanol, 0.05% [vol/vol] Tween 20). Cells were disrupted
mechanically using a FastPrep-24 (MP Biomedicals) with 0.1-mm silica glass beads. Cell debris was
removed by subsequent centrifugation, and 50 �l of supernatant was collected, equally split, and one
part was boiled for 5 min and centrifuged. A total of 10 �l of the soluble proteins were separated by
nondenaturing polyacrylamide gel electrophoresis (native PAGE) on a 14% acrylamide gel in Tris-glycine,
pH 8.3, in a 4°C chilled room and transferred to a polyvinylidene difluoride (PVDF) membrane using the
iBlot gel transfer stacks PVDF minikit (Invitrogen) following supplier’s recommendations. The different
forms of HPr were detected with a polyclonal rabbit antiserum raised against HPr of Staphylococcus
carnosus (34). Anti-HPr rabbit antibodies were finally visualized using an anti-rabbit IgG from goat
conjugated with alkaline phosphatase (Sigma-Aldrich) and the ECL Western blotting detection kit (GE
Healthcare) according to manufacturer’s indications. Relative abundances of the different forms of HPr
were quantified by the OptiQuant image analysis software version 4.0 (Packard Instrument Company).

Footprinting assays. DNA regions were amplified as described above with primers pU (FAM) and pR
(Table 3) DNA/protein interaction assays (between the sole MalR protein and the FAM-labeled PCR
products), and DNase digestions were performed as previously described (22).

TABLE 3 Primers used in this study

Primer Sequence 5= ¡ 3= Description or gene name

PmdxE-mH_for AATCTTTTTCCAATTCGCTTTC Amplification of PE prior to clone
into the pGEM-T Easy vectorPmdxE-I_rev ACTTTAAACAAACAGTATGTTATTTATAAC

PmdxE-mH_rev GCAGTGTTCATTTAATTCTCTCC Amplification of PH prior to clone
into the pGEM-T Easy vectorPmdxE-I_for AAGTGGTGTATACCACTAATTAAGC

PmdxE-mH_for (Cy5) AATCTTTTTCCAATTCGCTTTC Amplification of labeled PEH

PmdxE-mH_rev GCAGTGTTCATTTAATTCTCTCC
pU (Cy5) TGTAAAACGACGGCCAGT Amplification of labeled PE, PH,

and gus fragmentpR (M13rev) CAGGAAACAGCTATGACC

Used for RT-qPCR
ef_1345L ATGCCTTCCTTTCTGGCCCT mdxE
ef_1345R CCATTGCCAAAATCAATGGT
ef_1347L CAACCAGGTGTCCCTTGTCT mmdH
ef_1347R TGCTGATTTTCCTCCCAAAC
ef_0006L GATGGGGAAATCAGGGATTC gyrA
ef_0006R TCTTTTCCATTCGGCATTTC
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SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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