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Readily utilizable sugars down-regulate virulence gene expression in Listeria monocytogenes, which has led to
the proposal that this regulation may be an aspect of global catabolite regulation (CR). We recently demon-
strated that the metabolic enzyme a-glucosidase is under CR in L. monocytogenes. Here, we report the cloning
and characterization from L. monocytogenes of an apparent ortholog of ccpA, which encodes an important
mediator of CR in several low-G1C-content gram-positive bacteria. L. monocytogenes ccpA (ccpALm) is pre-
dicted to encode a 335-amino-acid protein with nearly 65% identity to the gene product of Bacillus subtilis ccpA
(ccpABs). Southern blot analysis with a probe derived from ccpALm revealed a single strongly hybridizing band
and also a second band of much lower intensity, suggesting that there may be other closely related sequences
in the L. monocytogenes chromosome, as is the case in B. subtilis. Disruption of ccpALm resulted in the inability
of the mutant to grow on glucose-containing minimal medium or increase its growth rate in the presence of
preferred sugars, and it completely eliminated CR of a-glucosidase activity in liquid medium. However,
a-glucosidase activity was only partially relieved from CR on solid medium. These results suggest that ccpA is
an important element of carbon source regulation in L. monocytogenes. Nevertheless, utilizable sugars still
down-regulate the expression of hly, which encodes the virulence factor hemolysin, in a ccpALm mutant,
indicating that CcpA is not involved in carbon source regulation of virulence genes.

When the gram-positive, facultative intracellular human
pathogen Listeria monocytogenes is grown in the presence of
utilizable sugars, expression of its virulence genes is down-
regulated (37, 44). However, sugars do not affect the level of
the PrfA protein, the positive regulator of virulence determi-
nants in L. monocytogenes. Based on these results, Milenbachs
et al. proposed that regulation of virulence genes by sugars
may represent an aspect of global catabolite control and could
occur by modifying the activity of PrfA (37). This is consistent
with the observation that a mutation in PrfA results in the
deregulated expression of hly in the presence of utilizable sug-
ars and other environmental factors (3, 5, 46). There is some
evidence that PrfA requires an additional factor(s) (called
PrfA-associated factor or Paf) for full activity in vivo (12, 46).
Paf activity is present not only in pathogenic Listeria species,
but also in the nonpathogenic soil organism Bacillus subtilis
(4). Ripio et al. proposed a model in which environmental
signals regulate PrfA-dependent virulence gene expression by
altering the level or activity of Paf, thereby controlling the
activation state of PrfA (46). The presence of Paf activity in
both Bacillus and Listeria species implies that Paf has cellular
roles other than regulation of virulence gene expression and
could be subject to more general global regulatory controls,
like catabolite regulation (CR), in response to environmental
signals that modulate the activity of genes not necessarily in-
volved in virulence.

In addition to its important role in the utilization of carbon
sources, CR is known to influence diverse aspects of cell phys-

iology in both gram-positive and gram-negative bacteria (15,
48, 49). Expression of virulence factors in several pathogenic
bacteria (7, 35, 57) and important developmental processes
like the initiation of sporulation in B. subtilis (15, 52) are under
CR. However, the primary mechanisms that mediate CR in
gram-negative and gram-positive bacteria are quite different.
In gram-negative bacteria two global mechanisms of CR are
known. The best-characterized mechanism involves the posi-
tive regulator cyclic AMP receptor protein (CRP) and its reg-
ulatory ligand cyclic AMP (10). The other mechanism is me-
diated by the catabolite repressor/activator (Cra) protein,
which was initially characterized as the fructose repressor,
FruR, in gram-negative enteric bacteria (43). In the low-G1C-
content gram-positive bacteria, the predominant mechanism of
CR involves transcriptional repression mediated by the catab-
olite control protein A (CcpA), a DNA-binding protein that
belongs to the LacI-GalR family of transcription regulators
(18, 22). A cis-acting element, called catabolite responsive el-
ement or CRE, has been identified in genes under CcpA reg-
ulation. CRE is a 14-bp region of dyad symmetry with the
consensus sequence TG(A/T)NANCGNTN(A/T)CA, where N
is A, G, C, or T (59). Specific binding of CcpA to CRE has
been demonstrated by gel mobility shift assays and DNase
footprinting analysis, strongly suggesting that CcpA exerts its
effect on gene expression by its binding to CRE (16, 27–29). A
key role in CR is also played by HPr, one of the components
of the phosphoenolpyruvate:sugar phosphotransferase (PTS)
sugar uptake system. HPr can be phosphorylated at the Ser-46
residue by an ATP-dependent HPr kinase. HPr(ser-P), but not
free HPr, can bind to CcpA in vitro, and this interaction is
dependent on high concentrations of fructose-1,6-bisphos-
phate (FBP), one of the intermediates of the glycolytic path-
way (11, 27). Thus, the following model for CR in low-G1C-
content gram-positive bacteria has been proposed: glucose or
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other rapidly metabolized sugars generate metabolic interme-
diates like FBP via the glycolytic pathway, metabolic interme-
diates activate the ATP-dependent HPr kinase that phosphor-
ylates HPr at Ser-46, HPr(Ser-46) forms a complex with FBP
and CcpA, and the complex binds to CRE in catabolite-re-
pressed genes and blocks transcription initiation by RNA poly-
merase (22).

Since ccpA homologs have also been identified and charac-
terized in Bacillus megaterium (24), Staphylococcus xylosus
(13), Lactobacillus pentosus (34), and Lactobacillus casei (39),
it appears that CcpA-mediated CR is a common theme in
many low-G1C-content gram-positive bacteria. Disruption of
the ccpA gene has pleiotropic effects on cell growth and en-
zyme regulation, as evidenced by the relief of sugar repression
of several enzymes, slow growth rates on preferred carbon
sources, and poor growth on minimal medium (MM) (18, 22).
Nevertheless, considerable evidence points towards the exis-
tence of other mechanisms of CR in low-G1C-content gram-
positive bacteria. In S. xylosus, CR of the activities of several
enzymes mediated by glucose kinase has been demonstrated
(58). In B. subtilis, a homolog of CcpA called CcpB can medi-
ate CR when cells are grown on solid medium or in liquid
medium without vigorous agitation (10). In B. subtilis, the reg-
ulation of the levanase operon is mediated both by CcpA-HPr
and by a second independent pathway (36). In Streptococcus
mutans, disruption of regM, a gene with homology to ccpA of
other bacteria, paradoxically increases repression of several
catabolite-controlled enzyme activities instead of relieving it
(55). Thus, important differences in mechanisms of CR exist
among low-G1C-content gram-positive bacteria, underscoring
the importance of studying this phenomenon in bacteria other
than B. subtilis.

To address the hypothesis that central pathways of CR
might mediate carbon source regulation of virulence genes
in L. monocytogenes, we sought first to establish whether a ho-
molog of ccpA exists and is responsible for regulating glucose
repression of catabolic enzymes. We show here that a ccpA
homolog is present in L. monocytogenes. Moreover, we dem-
onstrate that a ccpALm mutant recapitulates the same range of
phenotypes observed in a ccpABs mutant, including growth
impairment on glucose-containing MM and abrogation of CR
for the glucose-repressed enzyme a-glucosidase. Nevertheless,
we observed no detectable effect on glucose repression of hly
expression in the ccpALm mutant. Thus, if global pathways of
CR influence the regulation of virulence genes in L. monocy-
togenes, they must do so through a mechanism that does not
involve ccpA.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli DH5a mcr[f80d
lacZDM15 recA1 endA1 gyrA96 thi-1 hsdR17 (rK

2 mK
1) supE44 relA1 deoR

D(lacZYA-argF)U169 mcr] (Gibco BRL) was used for all cloning. L. monocyto-
genes strains were grown on brain heart infusion (BHI) (Difco Laboratories,
Detroit, Mich.) or Luria-Bertani (LB) medium. Cultures grown in LB medium
were buffered with 100 mM 3-(N-morpholino)propane-sulfonic acid (MOPS)
(pH 7.0 or 7.4). Ampicillin was used at a concentration of 100 mg/ml, and chlor-
amphenicol and neomycin were each used at 5 mg/ml. The MM used was a mod-
ification of the Listeria minimal medium described previously (42) and contained
100 mM MOPS (pH 7.4), 4.82 mM KH2PO4, 11.55 mM Na2HPO4, 1.7 mM
MgSO4, 1% (55 mM) glucose, 1 mg of thiamine/ml, 0.5 mg of riboflavin/ml, 0.5 mg
of biotin/ml, 0.005 mg of thioctic acid/ml, and 0.1 mg each of leucine, isoleucine,
valine, methionine, arginine, cysteine, and glutamine per ml. Sugar supplements
were added to cultures or plates at a final concentration of 25 mM.

For calculation of doubling times, overnight cultures grown in LB medium
buffered with 100 mM MOPS (pH 7.4) were subcultured at 1:50 in the same
medium with or without each sugar (25 mM) and incubated at 37°C in a shaking
water bath. Samples (1 ml) were collected at 30-min intervals from logarithmic-
phase cultures, and the optical density at 600 nm was determined on a Shimadzu
UV-1201 spectrophotometer.

Amplification of the ccpALm gene by PCR. The degenerate primers CcpA-01R
(59 GARGCNAAYGTNWSIATGGC 39; based on the amino acid sequence
EANVSMA from the B. subtilis CcpA protein, GenBank accession no. 143024)
and CcpA-04L (59 CKCATNGCIACNGCNCC 39; based on the amino acid se-
quence GAVAMR) were used to amplify the putative ccpALm homolog. Ambi-
guity codes are as follows: R represents A or G, Y represents T or C, N repre-
sents G, A, T, or C, W represents A or T, S represents C or G, and K represents
G or T. PCR amplification was carried out as described previously (25).

Construction of pCON1-CCPA and disruption of the ccpALm gene. A 615-bp
internal ccpALm fragment was PCR amplified from chromosomal DNA with the
primers CcpA-05R (59 GTACGGATCCAAGATATTGCGA 39) and CcpA-06L
(59 GCATGAATTCTGTATTGTTGCTTGT 39). Incorporation of two mis-
matched bases in the primers (CC in GGATCC and the G and C in GAATTC)
resulted in BamHI and EcoRI recognition sites (underlined) in CcpA-05R and
CcpA-06L, respectively. The purified PCR product was digested with the two
enzymes, ligated to similarly digested and purified pCON1 plasmid DNA (3), and
transformed into E. coli with selection for ampicillin resistance. The resultant
plasmid, pCON1-CCPA, was then transformed into the E. coli conjugation donor
strain S17-1 and conjugated into L. monocytogenes 10403S as previously
described (1). pCON1-CCPA, which has the temperature-sensitive origin of
replication from plasmid pE194ts, was integrated into the L. monocytogenes
chromosome by shifting an early-log-phase culture growing at the permissive
temperature (30°C) to the nonpermissive temperature (41°C) for 3 h. The culture
was diluted appropriately and plated onto BHI plates containing 5 mg of chlor-
amphenicol/ml at 41°C. Integration of the vector at the ccpALm locus in this
strain was confirmed by PCR amplification with primers flanking the cloned
region followed by sequencing of the amplified product. The ccpALm mutant was
named JB15 (10403S ccpA::pCON1).

To rescue sequences upstream of the insertion of pCON1-CCPA, chromo-
somal DNA was prepared from JB15 and digested to completion with XbaI, an
enzyme that recognizes a sequence within the polylinker of pCON1-CCPA. After
heat inactivation of the enzyme, the digested DNA was diluted, added to a
ligation reaction mixture to favor self-ligation of DNA molecules, and trans-
formed into E. coli. Plasmid DNA isolated from transformants was screened by
restriction analysis, and the sequence of the rescued region was determined.
Sequence from downstream of the pCON1-CCPA insertion was determined by
sequencing of PCR products amplified by nested PCR with specific upstream
primers based on the ccpALm sequence and random downstream primers. The
sequence of the entire ccpALm coding region was then determined by directly
sequencing the PCR products on both strands.

Transduction of hly-gus-neo cassette into JB15. The hly-gus-neo cassette was
introduced into JB15 by transduction from AML73 (3) by using the L. monocy-
togenes bacteriophage LMUP35 (20). One hundred microliters of phage dilution
in TM buffer (10 mM Tris-HCl [pH 7.5], 10 mM MgSO4) was mixed with an
equal volume of mid-logarithmic-phase culture of AML73 and incubated at
room temperature for 40 min. Molten LB soft agar (3 ml) containing 10 mM
MgSO4 and 10 mM CaCl2 was then added to each tube, and the mixture was
poured over a plate of LB agar (containing 10 mM MgSO4 and 10 mM CaCl2)
and incubated overnight at room temperature. Phages were recovered the next
day by adding 5 ml of sterile TM buffer to the plates and leaving them overnight
at room temperature. Phage stocks were sterilized by passing them through a
0.2-mm-pore-size filter, and their titers were determined. For transduction into
JB15, 1 ml of culture (at a concentration of 108 CFU/ml) was centrifuged and the
cell pellet was resuspended in 100 ml of BHI broth. The suspension was mixed
with 107 PFU of phage and incubated at room temperature for 40 min. Molten
BHI soft agar (3 ml) containing 10 mM sodium citrate, pH 7.5, was added to the
cell-phage mix and poured onto BHI plates containing 10 mM sodium citrate, pH
7.5, and 5 mg each of neomycin and chloramphenicol per ml. Plates were incu-
bated at 37°C for 2 days, and colonies were picked onto fresh BHI-citrate plates
containing neomycin and chloramphenicol. Colonies that had acquired the hly-
gus-neo cassette were nonhemolytic on blood-agar plates, blue on 5-bromo-4-
chloro-3-indolyl-b-D-glucuronide (X-gluc) (United States Biological, Swamp-
scott, Mass.) plates, neomycin resistant, and chloramphenicol resistant due to the
cat gene carried on pCON1 inserted at the ccpALm locus.

DNA sequencing and analysis. DNA sequencing was carried out by the meth-
od of Sanger et al. (51) by using the fmol thermal cycling sequencing system
(Promega Corporation, Madison, Wis.). Custom-synthesized oligonucleotides
were purchased either from DNAgency, Aston, Pa., or the University of Georgia
Molecular Genetics Instrumentation Facility and end labeled with [g-32P]ATP (Am-
ersham, Arlington Heights, Ill.). Sequencing reactions were carried out on both
strands of PCR products amplified from the L. monocytogenes chromosomal
DNA. Protein and DNA sequences were analyzed with the MacVector software
program (Kodak Scientific Imaging Systems, New Haven, Conn.) and the GCG
software package (Genetics Computer Group, Madison, Wis.).

DNA preparation and Southern blot analysis. Isolation of chromosomal DNA
and Southern blot analysis were performed by standard techniques (50). A
615-bp internal ccpALm fragment to be used as the probe was amplified by PCR
from chromosomal DNA, labeled with [32P]dCTP with a Prime-a-Gene labeling
kit (Promega), and purified with a Sephadex G-50 quick spin column (Boehr-
inger Mannheim, Indianapolis, Ind.). Hybridization was carried out overnight at
55°C, after which the membrane was washed three times with 23 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate
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(SDS) at room temperature and three times with 13 SSC and 0.1% SDS at 37°C
and placed against a PhosphorImager screen.

a-Glucosidase and b-glucuronidase assays. a-Glucosidase activity was as-
sayed as described previously (8). b-Glucuronidase activity was assayed in sam-
ples collected from cultures that were 1 h into stationary phase as described
previously (26). The specific activities of both enzymes are expressed as nano-
moles of p-nitrophenol formed per minute per milligram of total protein. Protein
concentration was measured by the modified method of Bradford (6), using the
Bio-Rad protein assay reagent with bovine serum albumin as the standard.

Nucleotide sequence accession number. The ccpA sequence from L. monocy-
togenes 10403S has been deposited in the GenBank database and assigned the
accession no. AF076520.

RESULTS

Identification and cloning of ccpA from L. monocytogenes.
Based on sequences of CcpA homologs available in the Gen-
Bank database, degenerate PCR primers were designed to
amplify possible homologs of ccpA from L. monocytogenes
chromosomal DNA. Several primer pairs were tested. A band
approximately 0.9 kb in size was obtained with the primer pair
CcpA-01R and CcpA-04L (see Materials and Methods). The
PCR product was purified and sequenced. An incomplete open
reading frame (ORF) with base composition including 37.7%
G1C content was identified. This value is consistent with
the overall G1C content of 37 to 39% reported earlier for
L. monocytogenes chromosomal DNA (47). A search of the
GenBank database revealed over 60% identity of the trans-
lated sequence of the ORF with the CcpA proteins from
B. subtilis and B. megaterium, suggesting that the product was
derived from a true homolog of the ccpABs gene.

To confirm that the PCR-amplified fragment was from the
chromosome of L. monocytogenes, we amplified a 615-bp frag-
ment with the L. monocytogenes-specific primers CcpA-05R
and CcpA-06L, labeled the fragment with [32P]dCTP, and used
it as a probe in Southern blot analysis of chromosomal digests
prepared with six different restriction enzymes. The probe con-
sistently hybridized strongly with a single DNA band in each
lane, indicating that a putative ccpALm homolog had been am-
plified and was not a contaminant. Interestingly, a low-strin-
gency Southern blotting revealed a second band, of much
lower intensity, in each lane, indicating the presence of another
sequence closely related to the ccpALm sequence (Fig. 1).

These data are consistent with results reported for B. subtilis,
in which additional ccpA-like genes are known to exist (9).

To disrupt the chromosomal ccpALm locus, the 615-bp in-
ternal ccpALm fragment was cloned into the integrational vec-
tor pCON1, conjugated into strain 10403S, and forced into the
chromosome by Campbell integration by shifting to the non-
permissive temperature (Fig. 2A and B). Since pCON1 has a
ColE1 origin of replication and the bla gene which confers
ampicillin resistance, rescue of sequences adjacent to the site
of integration was possible. A 1.1-kb fragment from the region
upstream of ccpALm was isolated after digestion with XbaI and
cloning in E. coli as described in Materials and Methods (Fig.
2C). We were unable to rescue sequences downstream from
the site of vector insertion by this method. However, nested
PCR with specific primers based on the ccpALm sequence and
nonspecific downstream primers enabled us to amplify and
determine the sequence of a region extending about 300 bp
downstream of the putative stop codon of the ccpALm ORF.

Sequence analysis of the ccpALm gene. Nucleotide sequence
analysis of the ccpALm locus revealed a 1,005-bp ORF, with a
putative start codon (ATG) at position 178 (Fig. 3A) and stop
codon at position 1179. A putative ribosome binding site,
GGAGAG, is located 9 bp upstream of the apparent initiation
codon. A putative 210 sequence, TAAAAT, with one differ-
ence from the canonical 210 sequence, is centered 27 nucle-
otides upstream of the putative start codon. The cognate 235
sequence, TTTACA, containing one mismatch with the con-
sensus 235 sequence, is 17 bp upstream of the 210 sequence.
Interestingly, a sequence resembling that of CRE is located 47
bp upstream of the putative start codon, partially overlapping
the putative 235 sequence. The CRE-like sequence matches
the consensus CRE sequence proposed by Weickert and
Chambliss (59) at 13 of 14 positions (Fig. 3B). A potential rho-
independent transcription terminator was identified 247 bp
downstream from the ccpALm stop codon.

The ccpALm ORF is predicted to encode a protein of 335
amino acids with a calculated Mr of 36,900. The deduced
amino acid sequence has 79.8% similarity to CcpA from
B. subtilis (64.5% identity), with perfect conservation of the
residues constituting the helix-turn-helix motif at the N termi-
nus of the protein (Fig. 4). A high degree of identity was also
observed with the B. megaterium (62%) and S. xylosus (55%)
CcpA homologs. In every case, the degree of similarity was
much higher at the N termini than at the C termini of the
proteins. Significant but much weaker homology of the
L. monocytogenes CcpA protein was also found with other
members of the LacI-GalR family of proteins (data not shown)
(19).

Our sequence information indicated no ORF likely to be
transcribed with this gene immediately downstream from
ccpALm. In both B. subtilis (17) and B. megaterium (21), two
ORFs (homologous to motA and motB from E. coli) are
present immediately downstream from ccpA and appear to be
cotranscribed with it. To investigate directly the possibility that
the L. monocytogenes homolog might be part of a polycistronic
operon, we performed Northern blot analysis with total RNA
prepared from strain 10403S grown in LB medium with or
without maltose or glucose. In every case, we detected a 1.4-kb
transcript, indicating that the ccpALm gene is expressed as a
monocistronic message (data not shown).

Growth characteristics of the ccpALm mutant. The effect of
ccpA disruption on growth characteristics was studied by com-
paring the growth of the ccpALm mutant JB15 with that of the
parental wild-type strain 10403S on glucose-containing MM
plates. The plates were incubated at 30°C, since even the wild-
type strain was found to grow poorly at 37°C on solid medium

FIG. 1. Southern blot analysis of L. monocytogenes chromosomal DNA with
a ccpALm probe. Chromosomal DNA (3 mg in each reaction) was digested with
six different restriction enzymes (X, XbaI; K, KpnI; P, PstI; H, HindIII; B,
BamHI; and E, EcoRI) and subjected to agarose gel electrophoresis. After
transfer to membrane, the DNA was probed with a [32P]dCTP-labeled 615-bp
ccpALm fragment.
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and not at all in liquid MM (20). After 4 days of growth at
30°C, JB15 grew very poorly on MM plates compared to
10403S (Fig. 5A). On the other hand, JB15 grew well on the
rich medium, BHI agar (Fig. 5B).

We compared the doubling times of JB15 and 10403S in LB
medium supplemented with various sugars. Although JB15
demonstrated a longer lag phase, its doubling time was similar
to that of the wild-type strain in LB medium alone (data not
shown). While doubling times of 10403S decreased from 44
min to approximately 36 min on addition of 25 mM (each)
glucose, fructose, or cellobiose, the doubling times of the mu-
tant in the presence of these sugars were nearly the same as in
LB medium without added sugars. In all cases, the final cell
densities reached by both strains were similar, indicating that
JB15 was capable of utilizing these sugars (data not shown).

CR of a-glucosidase in the ccpALm mutant. We showed
recently that activity of the metabolic enzyme a-glucosidase in
L. monocytogenes is inducible by maltose and subject to catab-
olite control in the presence of the repressing sugars glucose,
fructose, and cellobiose (3). Egeter et al. have demonstrated
that a-glucosidase activity is relieved from CR in an S. xylosus
ccpA mutant (13). To test if the regulation of this enzyme in
L. monocytogenes was also mediated by ccpA, we assayed a-
glucosidase activity in JB15 and 10403S. For 10403S, the ad-
dition of either glucose, fructose, or cellobiose at a concentra-
tion of 25 mM to LB medium containing 25 mM maltose
resulted in more than a fourfold decrease in a-glucosidase
activity (Fig. 6). For JB15, while a-glucosidase activity was
slightly lower than that of 10403S in LB medium containing
maltose, almost complete derepression was observed in the
presence of repressing sugars. Thus, these results strongly sug-
gest that ccpALm mediates CR of a-glucosidase in liquid me-
dium. We also constructed a strain, JB178, in which pCON1
was integrated into the L. monocytogenes 10403S chromosome

immediately downstream of the ccpA coding region. Growth
characteristics and a-glucosidase regulation of JB178 were
found to be similar to those of the wild-type strain (data not
shown). We conclude from these results that the phenotype of
JB15 is manifested due to disruption of ccpA and not because
of a polar effect on downstream genes.

Recently Chauvaux et al. reported that CR of gnt and xyl
operons is relieved only partially in ccpABs mutants grown on
solid medium or in liquid cultures with little agitation. A mu-
tation in a second gene, called ccpB, is required for full relief
of CR under these conditions (9). To test if JB15 also exhibited
only partial deregulation on solid medium, we used the chro-
mogenic substrate X-a-D-glucoside (5-bromo-4-chloro-3-in-
dolyl-a-D-glucopyranoside) to assay a-glucosidase activity on
plates. Both the 10403S and the JB15 spots were blue on LB
agar containing 25 mM maltose and 100 mg of X-a-D-gluco-
side/ml, indicating full expression of a-glucosidase (data not
shown). When 25 mM glucose was incorporated in the me-
dium, the 10403S spot was white; this result was expected due
to the repression of a-glucosidase activity by glucose. Interest-
ingly, JB15 was neither completely white (like the wild-type
strain) nor as blue as in the absence of glucose, suggesting that
a-glucosidase was only partially relieved from CR on solid
medium in this strain (data not shown).

Disruption of ccpALm does not affect carbon source regula-
tion of hly-gus. Several laboratories have shown that the pres-
ence of utilizable sugars in the medium results in downregu-
lation of virulence genes in L. monocytogenes (37, 41, 44). We
carefully examined the quantitative effects of various sugars on
hly expression using AML73. This strain has the hly promoter
fused to the gusA gene from E. coli, allowing colorimetric mea-
surement of hly promoter activity (3). As shown in Fig. 7A, a
correlation exists between how well a sugar stimulates growth
and its extent of negative regulation of hly-gus expression.

FIG. 2. Disruption of the gene and rescue of adjacent sequences. (A) A 615-bp internal ccpA fragment (open box) was PCR amplified from the L. monocytogenes
chromosome with the primers CcpA-05R and CcpA-06L, cloned into the integrational vector pCON1, and conjugated into L. monocytogenes. (B) Shift of the
pCON1-CCPA-containing strain to the non-permissive temperature forced integration of the vector into the chromosome at the ccpA locus, resulting in the truncation
of the gene after codon 279 (arrow). (C) Sequences from upstream of the integrated vector were rescued by extracting chromosomal DNA from the mutant, digesting
it with XbaI, and cloning it directly in E. coli. bla, b-lactamase gene; cat, chloramphenicol acetyltransferase gene; oriT, mobilization signal from plasmid RP4; pE194
ts, replication origin derived from plasmid pE194ts; ColE1, replication origin derived from pUC18.
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Sugars such as glucose, fructose, and cellobiose, which result in
significant decreases in doubling times when added to LB me-
dium at a concentration of 25 mM, also result in the most
severe repression of hly-gus expression. Other sugars decrease

doubling times only slightly (maltose) or not at all (trehalose).
However, maltose and trehalose are clearly utilized by L. mono-
cytogenes, as evidenced by the increase in final cell densities
reached after 10 h of growth (Fig. 7A). Maltose and trehalose

FIG. 3. (A) Nucleotide sequence of the ccpALm gene. The deduced amino acid sequence is given in single-letter code below the DNA sequence. The putative start
codon is shown in bold type, and the stop codon is indicated by an asterisk. A potential ribosome-binding site (RBS) is underlined. Putative 210 and 235 sequences
are double underlined. A CRE-like sequence partially overlapping the putative 235 sequence is indicated by dashed inverted arrows. A possible factor-independent
transcription terminator is marked with solid inverted arrows. The site of truncation of the ccpA coding sequence in JB15 is indicated with an arrowhead. (B)
Comparison of the CRE-like sequence in the ccpALm promoter region with the CRE consensus sequence (59). Ambiguity codes are as follows: W denotes A or T and
N denotes A, C, G, or T. Vertical bars indicate matching bases.

FIG. 4. Alignment of L. monocytogenes CcpA with three other CcpA proteins. The B. subtilis (B_sub; GenBank accession no. 115950), B. megaterium (B_meg;
accession no. 1168844), and S. xylosus (S_xyl; accession no. 3023459) CcpA proteins are compared with the deduced L. monocytogenes (L_mon) CcpA sequence.
Positions identical in at least two of four sequences are shaded gray. Residues constituting the helix-turn-helix (HTH) domain at the N terminus are marked with a
line. The alignment was performed with the Pileup program of the GCG software package.
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affect hly-gus expression significantly less (3- to 5-fold decrease
in doubling times) than glucose, fructose, or cellobiose (10- to
25-fold decrease in doubling times). Sucrose and galactose are
not utilized by L. monocytogenes and do not regulate hly-gus
expression. Similar results were also obtained on plate as-
says with X-gluc (5-bromo-4-chloro-3-indolyl-a-D-glucuronide)
used as a chromogenic substrate (data not shown).

Since the disruption of ccpALm had effects on growth, dou-
bling times in the presence of preferred carbon sources, and
CR of a-glucosidase, we wondered whether the mutation
would also relieve the carbon source regulation of hly-gus.
We used the L. monocytogenes phage LMUP35 to transduce
the hly-gus-neo cassette from AML73 to JB15 (resulting in
the strain JB153). We then assayed b-glucuronidase activity in
JB153. While there was a 35% decrease in the level of expres-
sion of hly-gus in strain JB153 compared to that in AML73, the
relative extent of down-regulation by sugars was not affected in
this strain (Fig. 7B). Therefore, we conclude from these data
that CcpA does not mediate carbon source regulation of vir-
ulence genes in L. monocytogenes.

DISCUSSION

In this communication, we report the identification, cloning,
and characterization of a ccpA homolog from L. monocyto-
genes. The deduced amino acid sequence encoded by the gene
was found to have a high degree of similarity to that of B. sub-
tilis CcpA, with perfect conservation of the residues constitut-
ing the helix-turn-helix domain. Disruption of ccpALm resulted
in pleiotropic effects on cell growth and regulation, which is
indicative of the important role CcpA plays in CR in this or-
ganism. However, ccpALm does not appear to mediate carbon
source regulation of hly-gus, suggesting that other, as yet un-
identified, factors are involved in down-regulating virulence
genes in L. monocytogenes in the presence of utilizable sugars.

Sequence analysis of the region upstream of ccpALm re-

vealed an ORF encoding a putative protein with approximately
68% identity with the B. subtilis aroA gene product (GenBank
accession no. X65945) (2). The aroA gene encodes 3-deoxy-D-
arabino-heptulosonate-7-phosphate synthase and is located
upstream of ccpA in both B. subtilis and S. xylosus (accession
no. X95439) (13). Immediately downstream from ccpA in
B. subtilis and B. megaterium are two ORFs which show signif-
icant homology to the flagellar motor proteins from E. coli,
motA and motB. Although the functions of these genes are not
known, mutations disrupting them do not affect either motility
or CR (18, 24). The genetic arrangement in S. xylosus, Strep-
tococcus mutans, and L. casei appears to be different, since
these organisms do not contain the two downstream ORFs (13,
39, 55). Our results indicate that L. monocytogenes also lacks
these sequences, since we did not find any ORF in the se-
quenced region extending 300 bp downstream of ccpALm.
Northern hybridization analysis did not reveal any ccpALm
transcript longer than 1.4 kb. Furthermore, JB178, in which
pCON1 is integrated into the chromosome immediately
downstream of ccpA, had the wild-type phenotype. Therefore,
ccpALm appears to be monocistronic, and the phenotype of
JB15 is due to the disruption of ccpA and not a gene down-
stream of it.

Regulation of ccpA expression has been studied in several
organisms. Its expression appears to be constitutive in B. sub-
tilis (18), B. megaterium (24), and L. casei (39). However, in
S. xylosus, there are two promoters upstream of ccpA (13).
Transcription from one of these promoters is repressed when
cultures are grown in the presence of glucose. This regulation
is dependent on CcpA itself, since it is abolished in a ccpA
mutant. Interestingly, there is a CRE-like sequence found just
upstream of the ribosome-binding site of the S. xylosus ccpA
gene, indicating that this autogenous regulatory loop may be
affected by CcpA binding to its own promoter. We have iden-
tified a CRE-like sequence that has a single mismatch with the

FIG. 5. Growth of strains 10403S and JB15 (10403S ccpA::pCON1) on de-
fined medium. The wild-type strain 10403S is on the left and JB15 is on the right
in both panels. (A) Glucose-containing MM plate showing growth of the two
strains after 4 days of incubation at 30°C. (B) Streaks made on BHI agar at the
same time as on the plate shown in panel A, after 48-h incubation at 30°C.

FIG. 6. CR of a-glucosidase in strains 10403S and JB15 (10403S ccpA::
pCON1) in liquid medium. Cells were grown at 37°C in LB medium buffered
with 100 mM MOPS (pH 7.0), supplemented with the indicated sugars (each, 25
mM). Specific activity of a-glucosidase was measured in exponentially growing
cells by using p-nitrophenyl-a-D-glucoside as the substrate. Mal, maltose; Glc,
glucose; Fru, fructose; Cel, cellobiose; wt, wild type. Each sample was analyzed
in triplicate, and the data represent the means and standard errors of the means
of three independent experiments.
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CRE consensus sequence proposed by Hueck et al. (23) locat-
ed 47 bp upstream of the putative ccpALm start codon. There-
fore, the interesting possibility exists that ccpALm expression
may also be autoregulated.

Studies with B. subtilis have indicated that the intracellular
signal linking carbon source availability and CcpA-mediated
regulation may be HPr(Ser-P) (seryl-phosphorylated form of
HPr) and that this interaction may be stimulated by one of the
intermediates of the glycolytic pathway, fructose 1,6-bisphos-
phate (11). In L. monocytogenes, a fructose-specific PTS uptake
system (of which HPr is one of the components) has been
demonstrated biochemically (38). Recently, the sequence of
L. monocytogenes ptsH (encoding HPr) and the partial se-
quence of ptsI (encoding enzyme I, another PTS component)
have been deposited in the GenBank database (accession num-
ber AF030824). Therefore, our results demonstrating the role
of CcpA in CR in L. monocytogenes raise the strong possibility
that CcpA-HPr-dependent global CR may be operative in this
organism.

While CcpA-HPr-mediated control is certainly an important
global regulatory pathway, mounting evidence suggests that it
is not the only mechanism responsible for CR in B. subtilis and
other low-G1C-content gram-positive organisms (30, 31, 36,
53). Moreover, it was shown recently that disruption of regM, a
ccpA homolog in S. mutans, not only had no effect on CR of
several enzymes but also paradoxically increased their repres-
sion by sugars (55). It is also becoming apparent that other
factors may interact with CcpA and/or HPr. Chauvaux et al.
recently demonstrated that on solid medium and in cultures
incubated with little agitation, a homolog of ccpABs, ccpB,
interacts with HPr(Ser-P) and mediates CR of gnt and xyl
operons along with CcpA (9). However, when cultures were
incubated with vigorous agitation, CcpA alone seemed to be
sufficient for CR. When we tested the regulation of the ccpALm
mutant on plates, we too found that glucose repression of
a-glucosidase was only partially relieved. This observation
makes it very likely that additional factors are involved in
a-glucosidase regulation in L. monocytogenes. The result is also
intriguing since low-stringency Southern blotting demonstrat-
ed two bands that hybridized to a ccpALm probe, suggesting
that there is at least one sequence closely related to ccpA in the
L. monocytogenes chromosome. It is tempting to speculate that
this sequence might be a ccpB homolog, since CcpA and CcpB
have about 30% amino acid identity in B. subtilis (9).

In several bacterial pathogens, including L. monocytogenes,
virulence genes are clustered on discrete regions of the chro-
mosome referred to as pathogenicity islands (33). This finding
suggests that bacterial pathogens evolved from related non-
pathogenic species by acquiring contiguous blocks of DNA
containing virulence genes (14). When the expression of genes
acquired by horizontal transfer is regulated in response to
environmental factors for which a broader regulatory mecha-
nism already exists, it is to be expected that regulation of the
acquired genes will employ or adapt to existing mechanisms.
For example, in Salmonella species, regulation of the virulence
operon spv is controlled not only by the plasmid-encoded vir-
ulence factor, SpvR, but also by the CRP-cyclic AMP complex,
the global catabolite regulator (40). Similarly, in Vibrio chol-
erae, the expression of cholera toxin and toxin-coregulated
pilus is also regulated by CRP-cyclic AMP (56). It is not to be
expected that an independent mechanism of catabolite control
would be reinvented for the specific purpose of modulating the
expression of the PrfA-controlled regulon in L. monocytogenes.
Therefore, it was surprising that disruption of ccpALm had a
significant effect on growth and catabolite control but not on
sugar regulation of virulence genes. Since expression of hly
is not controlled by CcpA, one possibility is that its expres-
sion is under regulation of another catabolite control path-
way in L. monocytogenes that remains to be defined. Another
possibility is that the regulator of virulence genes, PrfA, is itself
involved in sensing the presence of carbon sources. PrfA has
been shown to possess structural and functional homology with
the E. coli catabolite regulator, CRP (32, 54). PrfA is involved
in the regulation of uptake of at least one sugar, glucose-1-
phosphate (45). Furthermore, a single amino acid substitution
(Gly145Ser) in the PrfA sequence makes hly-gus expression
insensitive to negative control by sugars (3). Future experi-
ments designed to test these hypotheses should yield interest-
ing insights into this regulation.
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