JOURNAL OF BACTERIOLOGY, Nov. 1995, p. 6469-6476
0021-9193/95/$04.00+0
Copyright © 1995, American Society for Microbiology

Vol. 177, No. 22

Differential Activation of Virulence Gene Expression by PrfA,

the Listeria monocytogenes Virulence Regulator
BRIAN SHEEHAN, 't ANDRE KLARSFELD,' TAREK MSADEK,? aANp PASCALE COSSART'*

Unité des Interactions Bactéries-Cellules' and Unité de Biochimie Microbienne,?
Centre National de la Recherche Scientifigue URA 1300,
Institut Pasteur, Paris 75015, France

Received 6 July 1995/Accepted 1 September 1995

PrfA is a pleiotropic activator of virulence gene expression in the pathogenic bacterium Listeria monocyto-
genes. Several lines of evidence have suggested that a hierarchy of virulence gene activation by PrfA exists. This
hypothesis was investigated by assessing the ability of PrfA to activate the expression of virulence gene fusions
to lacZ in Bacillus subtilis. Expression of PrfA in this heterologous host was sufficient for activation of
transcription at the hly, plcA, mpl, and actA promoters. Activation was most efficient at the divergently
transcribed hly and plcA promoters. The putative PrfA binding site shared by these promoters is perfectly
symmetrical and appears to represent the optimum sequence for target gene activation by PrfA. The activation
of actA and mpl expression was considerably weaker and occurred more slowly than that observed at the hly and
plcA promoters, suggesting that greater quantities of PrfA are required for productive interaction at these
promoters. Interestingly, expression of an inld-lacZ transcriptional fusion was very poorly activated by PrfA in
B. subtilis, suggesting that other Listeria factors, in addition to PrfA, are required for PrfA-mediated activation
at this promoter. Further support for the involvement of such factors was obtained by constructing and
analyzing a prf4 deletion mutant of L. monocytogenes. We observed that, in contrast to that of the other genes

of the PrfA regulon, expression of inl4 is only partially dependent on PrfA.

Listeria monocytogenes is a ubiquitous, gram-positive, facul-
tative intracellular bacterium. It is responsible for infrequent,
but often serious, opportunistic infections in humans and an-
imals. L. monocytogenes is capable of invading and multiplying
within a wide range of phagocytic and nonphagocytic mamma-
lian cells. Its intracellular lifestyle is characterized by rapid
phagolysosomal lysis and bacterial multiplication in the eu-
karyotic cytoplasm. The bacteria can spread within tissues by
passing directly from an infected cell to adjacent cells by a
mechanism involving actin-based bacterial propulsion. A num-
ber of genes involved in Listeria pathogenesis have been iden-
tified (reviewed in references 6, 7, 39, and 41). These genes
include Aly, which encodes a pore-forming cytolysin, the first
virulence determinant described in L. monocytogenes (re-
viewed in reference 8); plcA and plcB, which encode respec-
tively, a phosphatidylinositol-specific phospholipase and a
broad substrate-range phospholipase (21, 22); mpl, which en-
codes a polypeptide homologous to metalloproteases from
other bacterial pathogens (12, 34); actA, which encodes a sur-
face protein required for actin assembly (13, 27); and inlA4,
which encodes a protein, internalin, required for entry of L.
monocytogenes into cultured epithelial cells (20). All of these
genes, with the exception of inl4, are clustered at a single locus
consisting of three transcriptional units (Fig. 1), and all are
coordinately regulated by PrfA, the transcriptional activator
encoded by the prfA gene (4, 15, 33).

The prfA gene lies downstream from, and is cotranscribed
with, plcA (Fig. 1). As PrfA activates transcription from the
plcA promoter, prfA positively regulates its own expression. In
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addition to the 2.2-kb plcA-prfA transcript, prf4 is also ex-
pressed as a monocistronic message originating from promot-
ers in the intergenic prfA-plcA region. Transposon insertions
within the prf4 structural gene increase transcription from the
latter prf4 promoters, suggesting that prf4 also negatively reg-
ulates its own synthesis (17, 18). Gel retardation analysis with
purified PrfA and a DNA fragment containing the &ly pro-
moter has demonstrated that PrfA is a sequence-specific DNA
binding protein (18, 40a). Although the precise mechanism of
transcriptional activation-repression by PrfA is not known, sig-
nificant homologies have recently been observed between the
27-kDa PrfA protein and members of the CAP-FNR family of
pleiotropic transcription regulators (23, 29, 41). As many other
bacterial pathogens, the expression of virulence genes in L.
monocytogenes is environmentally modulated and is subject to
growth phase and thermal regulation (30, 33, 38).

Several observations suggest that PrfA interacts differen-
tially at its various target promoters. Blocking readthrough
transcription of prfA from the plcA promoter had a significantly
greater effect on expression of the phospholipase activity en-
coded by plcB than on listeriolysin levels (3). Freitag et al. (18)
found that reduced expression of prfA allowed sufficient ex-
pression of listeriolysin for phagolysosome lysis in infected
cells, yet the cytoplasmic bacteria were unable to nucleate
actin, suggesting that actA expression was more severely af-
fected. However, it is also possible that the levels of listerioly-
sin required to fulfill its physiological role are much lower than
those of ActA.

A 14-bp dyad-symmetric sequence plays a crucial role in the
interaction of PrfA with its target promoters. The PrfA-depen-
dent activation of hly expression in Bacillus subtilis was abol-
ished by point mutations in that sequence located between the
divergently transcribed hly and plcA genes (19). It had been
previously proposed, on the basis of sequence conservation
(15, 35, 45), that the similar regions of dyad symmetry centered
at approximately —40 in the mpl, actA, and inl4 promoters
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FIG. 1. Coordinate regulation of virulence gene expression by PrfA in L.
monocytogenes. The putative PrfA binding sites are represented by solid squares.
The proposed negative regulation of the intergenic prf4 promoters by PrfA (17,
18) is represented by the broken line. Note that PrfA is shown functioning as a
dimer; this, although not formally proven, is considered highly likely on the basis
of the homologies between PrfA and members of the CAP family of transcrip-
tional regulators. Fragments used as probes for Northern blot analysis are rep-
resented by the bracketed lines above the corresponding genes.

(Fig. 2) are involved in the coordinate regulation of virulence
gene expression. Sequence variability within these putative
PrfA sites has led to the suggestion that PrfA may recognize or
interact differentially with these promoters, lending an addi-
tional level of control to the system (18, 35). Thus, increases in
PrfA levels would result in sequential activation of PrfA-de-
pendent genes. To test this “PrfA-site hierarchy” model di-
rectly, we studied the activation of virulence gene expression
by PrfA in a heterologous host, B. subtilis. Our results support
the notion of differential activation by PrfA and strongly sug-
gest that this differential activation is determined by the target
promoter sequences themselves. Furthermore, our analysis in-
dicates that other L. monocytogenes factors, in addition to
PrfA, are involved in the activation of inl4 expression.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this work are described in Table
1. Escherichia coli MC1061 and DH5«F’ (Bethesda Research Laboratories) were
used as hosts for recombinant plasmids. All strains were grown in Luria-Bertani
broth (40) or brain heart infusion broth (BHI; Difco) supplemented with the
following antibiotics as required: ampicillin, 50 pwg/ml; chloramphenicol, 5 pg/ml;
erythromycin, 5 pg/ml; kanamycin, 5 pg/ml; phleomycin, 0.8 wg/ml.

Transformation. Plasmids were transformed into E. coli strains made compe-
tent by treatment with CaCl, and into B. subtilis strains by a one-step procedure
(28). Plasmids were introduced into L. monocytogenes strains by electroporation
by a modification of the method described by Michel et al. (36). Briefly, a
saturated overnight culture of L. monocytogenes was diluted 1/100 in BHI and
incubated at 37°C with agitation until the absorbance at 600 nm (A4q,) of the
culture approached 0.2. Penicillin G (Sigma) was then added to a final concen-
tration of 0.12 pg/ml, and growth was continued as before for a further 2 h.
Bacteria (100 ml) were harvested by centrifugation at 3,200 X g for 20 min,
washed once in an equal volume of ice-cold electroporation buffer (816 mM
sucrose, 3 mM MgCl,) and twice in 0.5 volume of ice-cold electroporation buffer,
and then resuspended in a final volume of 1 ml. Electroporation was performed
with 100 wl of bacteria mixed with 1 pg of DNA at 2.4 kV, 25 pF, and 200 ). The
electroporated cells were immediately removed from the cuvette, transferred to
2 ml of prewarmed BHI, and incubated at 37°C with agitation for 1 to 2 h.
Aliquots (200 wl) were then plated on antibiotic-containing BHI agar. Transfor-
mants generally appeared after 2 days at 37°C. The efficiency of transformation
varied considerably, depending on the plasmid used, and was maximal (approx-
imately 5 X 10%/p.g) with pMK4 (42).

Construction of promoter fusions. To monitor gene expression, we con-
structed transcriptional fusions between the promoter regions of the various
prfA-activated genes and the lacZ reporter gene contained in expression vector
pAZ7. Plasmid pAZ7 (Fig. 3a) is a derivative of translational fusion plasmid
PACT7 (47) in which the truncated lacZ gene from pAC7 was replaced with the
lacZ gene and B. subtilis ribosome-binding site from pHT304'lacZ (43). Plasmid
PAZT7 carries the ColE1 replicon from pBR322 for replication in gram-negative
hosts but does not replicate in gram-positive bacteria. Sequences from the B.
subtilis amyE gene flank the promoterless lacZ gene and the divergently tran-
scribed kanamycin resistance determinant in pAZ7, facilitating single-copy inte-
gration of the lacZ cassette at the amyE locus by homologous recombination,
selecting for kanamycin resistance.
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The divergently transcribed hly and plcA promoters were isolated on a ca. 2-kb
Sau3A fragment from pLis3 (9) and cloned into the BamHI site of pAZ7 to
create pVGF1 (hly-lacZ) and pVGF2 (plcA-lacZ; Fig. 3b). Similarly, the pro-
moter for the mpl gene was isolated as a 1.4-kb Sau3A fragment from pLis3 and
cloned into the BamHI site of pAZ7 to generate pVGF3. inl4-lacZ fusion
plasmid pVGF4 was constructed by introducing a 946-bp HinclI-Bg/II promoter-
bearing fragment from pPE2 (20) into pAZ7 digested with Smal and BamHI.
The promoter located upstream from the actA4 and plcB genes was isolated from
pactA1, a pPBR322-derived plasmid harboring a 2.7-kb, actA-containing HindII1
insertion (27). pactA1 was digested with EcoRI and BsaAl to release a 400-bp
fragment, containing 25 bp of pBR322 sequences between the HindIII and
EcoRlI sites. This fragment was subcloned into EcoRI-Smal-digested pAZ7 to
create pACTLACI. Strains of E. coli and B. subtilis harboring this plasmid
produced high levels of B-galactosidase, independently of the PrfA status of the
cell (data not shown). Much of this activity may have originated from the
pBR322 tet promoter which lies between the EcoRI and HindIII sites of pBR322
(and, consequently, pACTLAC1). Thus, to remove these sequences, the actA
promoter was further subcloned into pDG793 (16) on a 400-bp HindIII-BamHI
fragment (pACTLAC2). pVGF5, the actA-lacZ fusion used in the studies de-
scribed below, was constructed by digesting pACTLAC2 with EcoRI and BamHI
and ligating the purified 400-bp actA promoter fragment to appropriately di-
gested pAZ7 (Fig. 3).

Construction of L. monocytogenes AprfA. To delete the prfA gene in L. mono-
cytogenes 1LO28, sequences flanking prf4 were cloned into E. coli vector pBlue-
script KS+. Sequences downstream from prf4 were cloned on a 1.8-kb Kpnl-
EcoNI fragment from pLis29 (33). This region, which contains the previously
described prs gene and the 3’ end of the fms gene, was cloned into pBluescript
KS+ digested with Kpnl and Hincll (pBprs). Sequences upstream from prfA4 were
isolated on a 1.3-kb EcoRI-HinclI fragment from pLis8 (35) and cloned into the
unique EcoRI and Smal sites of pBprs to generate plasmid pBAprfA. To permit
allele exchange in L. monocytogenes, the LO28-derived sequences were sub-
cloned from pBAprfA into thermosensitive shuttle vector pGhost5 (32) by diges-
tion with KpnI and NotI. The resultant plasmid, pGAprfA4, was transformed into
LO28 by electroporation as described above. The thermosensitive origin of
replication carried by pGhost5 permits plasmid replication in L. monocytogenes
at 37°C but not at 42°C. Homologous recombination, followed by plasmid elim-
ination, was obtained by overnight growth of cultures at the restrictive temper-
ature in the presence of antibiotic, followed by growth (18 h) at the permissive
temperature in the absence of antibiotic selection. Finally, suitable dilutions were
plated onto Columbia agar containing 5% sheep blood and incubated for 48 h at
the restrictive temperature. Colonies of recombinant bacteria carrying deletions
in prfA were readily identifiable because of the absence of prf4-regulated hemo-
lysin activity in these strains. Plasmid absence in these strains was verified by
screening for erythromycin resistance, and the presence of the deletion was
confirmed by Southern blotting. The strain was designated BUG802. It lacks prf4
sequences between nucleotides 298 and 1009 according to the numbering of
Mengaud et al. (33). The deleted sequence contains all but the first 8 amino acids
of PrfA.

Preparation and analysis of RNA from L. monocytogenes. To prepare total L.
monocytogenes RNA, approximately 1.5 X 10'° bacteria (i.e., 10 ml of a culture
at an A4 of 1) grown in Luria-Bertani broth were resuspended in 1 ml of 15 mM
NaCl-1.5 mM Na citrate and centrifuged at 13,000 X g. The pellet was resus-
pended in 1 ml of 10 mM Na,HPO,~20% sucrose (pH 7.2) containing 4 mg of
lysozyme and incubated at 37°C for up to 60 min. Protoplasts were pelleted at
4,000 X g for 5 min. They were lysed with 0.5 ml of 4 M guanidinium isothio-
cyanate-25 mM Na citrate-0.5% Sarkosyl per sample. Samples were further
treated as previously described (5). Finally, the RNA was dissolved in 50 to 100
wl of sterile diethyl pyrocarbonate-treated water and stored at —70°C.

Northern (RNA) blot analysis. RNA samples (6 ng) were denatured in RNA
sample buffer by heating to 65°C for 5 min and separated on a 1% agarose gel
containing 2.2% formaldehyde for approximately 6 h. The RNA was transferred
to Hybond-N (Amersham) by capillary blotting and hybridized with 3*P-labelled
DNA probes (Megaprime; Amersham). The plcA probe contained 696 bp of

Pohly 5'- C 2 EEIENFNISNIT ~ BNEIEWNIN C G - (Nj;) - A - (Ny3p) -ATG-3'
pplica 5'- C G NOREENSNERN ~ 2 (LN T G - (Nj,) - A - (Nyg) -TTG-3'
pmpl 5'~ A A PESNSNIGEN~ » RN By~ G - (N3,) - A - (Nyge) -ATG-3'
pactad 5'- G A EUENENIGEN 7 2 BALIINGC 2 G - (Njp) - T - (Nyzq)-GTG-3'
pinla 5'- G G ARYRNPNIPNIT » » [JRIRIFNNT T - (Ny;) - A - (Ngy) ~GTG-3"

pprfa 5'- A 6 CHEFNCEN ~ FEIRNG T T 2 - (N3g) - A ~ (N3;) -ATG-3'

FIG. 2. Comparison of the putative PrfA binding sites. The 14-bp palin-
dromic regions are delineated by the inverted arrows above the sequences. Base
pair substitutions relative to the hly-plcA palindromes are shown, as are the
distances between the inverted repeats and the transcriptional start points (+1)
and initiation codons of each gene. Pprf4 corresponds to the prfA P2 promoter
identified by Freitag et al. (18), while Pinl4 refers to P,inlA, which was identified
by Dramsi et al. (15).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype or description”

Reference or source

L. monocytogenes strains

LO28 Virulent wild-type strain (serotype 1/2c) 46
BUGS02 LO28AprfA This study
B. subtilis strains

QB4503 B. subtilis 168trpC2 sacP::Cm" 10

BUG1170 B. subtilis 168trpC2 sacP::Cm" amyE::plcA-lacZ This study
BUG1195 B. subtilis 168trpC2 sacP::Cm" amyE::hly-lacZ This study
BUG1196 B. subtilis 168trpC2 sacP::Cm" amyE::actA-lacZ This study
BUG1197 B. subtilis 168trpC2 sacP::Cm" amyE::mpl-lacZ This study
BUG1198 B. subtilis 168trpC2 sacP::Cm" amyE::inlA-lacZ This study
BUG1171 BUG1170 Pspac-prfA4 This study
BUG1199 BUG1195 Pspac-prfA4 This study
BUG1203 BUG1196 Pspac-prf4 This study
BUGI1210 BUG1197 Pspac-prfA This study
BUGI1214 BUG1198 Pspac-prfA This study
BUG1218 QB4503(pAZ7) This study

Plasmids
PAZ7 lacZ transcriptional fusion vector incorporating spol/G ribosome-binding site; pBR322 This study
replicon, does not replicate in gram-positive hosts; lacZ flanked by amyE; Ap" Km"

pVGF1 pAZ7 with Phly on 2.1-kb BamHI-Sau3A insert from pLis3 This study
pVGF2 PAZ7 with PplcA on 2.1-kb BamHI-Sau3A insert from pLis3 This study
pVGF3 pAZ7 with Pmpl on 1.4-kb Sau3A insert from pLis3 This study
pVGF4 PAZ7 with PinlA on 946-bp HinclI-BglII insert from pPE2 This study
pVGF5 PAZ7 with PactA on 400-bp EcoRI-BamHI insert from pACTLAC2 This study
pspac-prfA IPTG-inducible Pspac-prfA fusion; does not replicate in gram-positive hosts; Ap" Cm" Ph* 19

pDG793 Transcriptional fusion-suicide vector for integration at B. subtilis thrC locus; Ap" Em" 16

pBluescript KS+ Cloning vector; Ap* Stratagene
pBprs pBluescript KS+ with #ms and prs genes on 1.8-kb Kpnl-EcoNI fragment from pLis29 This study
pBAprfA pBprs with plcA on 1.3-kb EcoRI-Hincll fragment from pLis8 This study
pGAprfA pGhost5 with 2.1-kb kpnI-Notl fragment from pBAprfA This study
pGhost5 Thermosensitive suicide vector; Em* Appligene

¢ Abbreviations: Ap, ampicillin; Cm, chloramphenicol; Em, erythromycin; Km, kanamycin; Ph, phleomycin.

plcA, beginning 30 bp upstream from the initiation codon of the gene, the
actA-plcB probe extended from nucleotides 2625 to 2988 (45), the 2.2-kb inlA
probe comprised sequences encoding amino acids 36 to 766 of the revised
Internalin sequence (14), and the prfA4 probe extended from nucleotides 321 to
690 (33). Filters were prehybridized (for at least 45 min) and hybridized (for at
least 2 h) at 67.5°C by using the Rapid Hybridization System (Amersham). They
were washed at the same temperature, once in 2X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS), once in 1X
SSC-0.1% SDS, and twice in 0.7 X SSC-0.1% SDS, for a total time of at least 1
h. Gene expression was quantified by densitometric scanning of appropriately
exposed autoradiograms with a Bio-Rad GS-670 imaging densitometer.

Virulence assays. The 50% lethal dose of strain LO28 and that of prf4 mutant
BUGS02 were determined after intravenous injection of pathogen-free female
C3H mice as described previously (26).

B-Galactosidase assays. B-Galactosidase production in B. subtilis strains was
measured by a fluorimetric assay with the substrate 4-methylumbelliferyl-B-p-
galactopyranoside (Sigma). B. subtilis strains were grown in 25 ml of Luria-
Bertani broth with appropriate antibiotics at 37°C to an A4 of 0.1 to 0.2. The
cultures were divided equally, and isopropyl-B-p-thiogalactopyranoside (IPTG)
was added to one culture to a final concentration of 1 mM. Incubation was
continued at 37°C, and aliquots (0.2 to 1 ml, depending on the strain) were
removed and immediately frozen in liquid nitrogen. After thawing, the assay was
performed as previously described (26).

RESULTS

PrfA activates L. monocytogenes virulence gene promoters in
B. subtilis. PrfA is both necessary and sufficient, in the context
of a heterologous B. subtilis host, for activation of transcription
at the ily promoter (19). To determine whether this is true for
other PrfA-regulated genes, the ability of PrfA to activate all
known PrfA-regulated promoters (hly, plcA, mpl, actA, and
inlA) was assessed in B. subtilis.

Plasmid pAZ7 and the fusion constructs pVGF1 to pVGF5

were transformed into B. subtilis QB4503 (168trpC2 sacP::Cm";
10) by the method of Kunst and Rapoport (28). Since these
plasmids are unable to replicate in gram-positive hosts, selec-
tion for Km" allowed the isolation of strains in which the
integration cassettes (depicted in Fig. 3) had recombined onto
the chromosome by homologous recombination at the amyE
locus. The prfA4 gene product was supplied in B. subtilis under
the control of the IPTG-inducible Pspac promoter. The IPTG-
inducible plasmid Pspac-prfA4 (19) was integrated into the chro-
mosome of each of the B. subtilis strains described above by a
single recombination event between the pC194-derived chlor-
amphenicol resistance determinant on the plasmid and the
chloramphenicol cassette in the sacP gene (Table 1 is a list of
the strains used and their genotypes). Thus, in all of the strains,
both the regulatory gene (prfA) and the putative target se-
quences are present in single copies on the B. subtilis chromo-
some (Fig. 4). As the sacP operon is not expressed in the
absence of sucrose (10), expression of prf4 in this system
should originate exclusively from the synthetic Pspac pro-
moter. In our experiments, transcriptional activation was mea-
sured as the difference in lacZ expression between IPTG-in-
duced prfA-proficient cells and prfA-deficient cells, as we (and
others [19]) observed that even in the absence of IPTG, resid-
ual expression of prf4 from the uninduced Pspac promoter was
sufficient to cause some activation of the ily and plcA promot-
ers.

The activity of lacZ fusions with a subset of PrfA-activated
promoters (hly, plcA, mpl, and actA) was significantly increased
following prf4 induction in B. subtilis (Fig. 5 and Table 2). The
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FIG. 3. (a) Physical map of plasmid pAZ7. This vector allows the construc-
tion of transcriptional fusions with lacZ and single-copy integration at the B.
subtilis amyE locus. The ribosome-binding site (RBS) from the B. subtilis spoVG
gene ensures efficient expression of B-galactosidase in gram-positive hosts.
Unique and other relevant restriction sites are shown. (b) Schematic represen-
tation of L. monocytogenes promoter-lacZ fusions in pAZ7. The integration
cassette flanked by amyE sequences is shown. Putative PrfA binding sites are
shown by inverted arrowheads. The truncated amyE sequences are designated
amyE*. The aphAIIl kanamycin resistance gene is transcribed divergently from
lacZ, and the spoVG ribosome-binding site is represented by the shaded box
immediately upstream from lacZ. Distances between the putative PrfA-regulated
promoters and lacZ are as follows: Py, 1,449 bp; Ppc, 560 bp; Py, 1,013 bp;
Pin1a, 6609 bp; P, a, 393 bp. Restriction site abbreviations: B, BamHI; Bg, BgllI;
E, EcoRI; H, Hincll; S, Sau3A; Sm, Smal. Only Listeria-derived sequences are
shown to scale.

magnitude of transcriptional activation and the time course of
the effect were not identical at all promoters and were in the
relative order plcA > hly > actA = mpl (Fig. 5 and Table 2).
The plcA and hly promoters were most affected by prf4 expres-
sion. Less than 30 min after induction of prfA, transcription at
both of these promoters was increased over 70-fold (Fig. 5a
and b and Table 2). At later time points, expression of the
plcA-lacZ fusion was 1,000-fold higher in the presence of prfA
than in its absence. Expression of B-galactosidase from the
hly-lacZ fusion was consistently 200- to 300-fold higher in
PrfA-producing cells (Fig. 5a). The hly-lacZ construct was the
most highly expressed virulence gene fusion to lacZ in B. sub-
tilis; the lower induction of hly expression in B. subtilis relative
to plcA reflects higher basal expression from the Aly promoter
(Table 2).

J. BACTERIOL.

Significant activation of transcription at the act4 and mpl
promoters occurred 60 to 120 min following the induction of
prfA expression with IPTG (Fig. 5c and d). The magnitude of
transcriptional activation in the presence of PrfA (5- to 11-fold
for both promoters) was considerably less than that observed
for the Aly and plcA promoters. Note that of the five lacZ fusions
tested, mpl-lacZ had the highest basal (PrfA-independent) ac-
tivity (Table 2). Interestingly, transcription of the inlA-lacZ
fusion was poorly activated by PrfA in B. subtilis. Expression of
B-galactosidase from the inld-lacZ fusion was maximally in-
duced only two- to threefold by the presence of prf4 in B.
subtilis (Fig. Se and Table 2), demonstrating that, in this con-
text, PrfA alone is insufficient to activate expression from the
inlA promoter.

PrfA regulation of virulence gene expression in L. monocy-
togenes. The activation of virulence gene expression by PrfA
has been documented from the study of a variety of L. mono-
cytogenes strains defective in PrfA expression because of trans-
poson insertions or spontaneous deletions of prf4 coding se-
quences (4, 18, 31, 33). Intrigued by the apparent inability of
PrfA to activate transcription of an inlA-lacZ fusion in B.
subtilis, we decided to construct a complete deletion of the prfA
coding sequences in L. monocytogenes and to examine the
effect of such a lesion on virulence gene activation. prfA-de-
fective strain BUGS802, a derivative of wild-type strain LO28,
was constructed as described in Materials and Methods. RNA
was isolated from the wild-type and deletion mutant strains at
various points during in vitro growth and hybridized with
probes derived from plcA (strongly activated by PrfA in B.
subtilis), actA (intermediate activation), and inl4 (poor activa-
tion). The expression of the prf4 gene (in LO28) was moni-
tored by using a prfA-specific probe (see Materials and Meth-
ods). The previously described growth phase regulation of
virulence gene expression is apparent in Fig. 6 (15, 33). In the
wild-type strain, maximum expression of the prfA-regulated
plcA, actA-plcB, and inlA genes occurs in exponential-phase
cultures and corresponds to maximum transcription of the prf4
gene (Fig. 6). In the AprfA strain, transcripts originating from
the plcA and actA promoters were virtually undetectable, dem-
onstrating an absolute requirement for PrfA for expression.
Compared with that in the wild type, transcription of these
genes in the mutant strain was reduced more than 100-fold

i

)
Hij Lac repressor

cat__sacP”
|

Listeria
promoter sequences

Bacillus subtilis

FIG. 4. Heterologous expression system. The main features of this system are
described in the text. Expression of prfA is repressed by binding of the consti-
tutively expressed Lac repressor to its operator site in the Pspac promoter.
Addition of TPTG causes a conformational change in the repressor, allowing
transcription of prfA to proceed. Plasmid Pspac-prf4 was integrated at the cat-
mutated sacP gene of B. subtilis QB4503, while the Listeria promoter-lacZ con-
structs were integrated by recombination at the amyE locus. Truncated gene
fragments are indicated by asterisks.
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FIG. 5. Effects of prfd on Listeria promoter-lacZ expression in B. subtilis.
Expression of prfA was induced at time zero by addition of IPTG to 1 mM, and
B-galactosidase activity was measured at the times indicated as described in
Materials and Methods. A single representative experiment is shown for each of
the five fusions tested; similar curves were obtained in at least two independent
experiments. B-Galactosidase activity is given as 10° fluorescence units per hour
per bacterium. A, hly-lacZ; B, plcA-lacZ; C, mpl-lacZ; D, actA-lacZ; E, inlA-lacZ.

(plcA) and more than 20-fold (act4), as judged by densitomet-
ric scanning of the blots.

In L. monocytogenes, exponential-phase expression of the
inlAB locus was enhanced 10- to 15-fold in the presence of prf4
(compare Fig. 6, lanes 1 and 2). However, in the early station-
ary phase, considerable inlAB expression was observed in
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AprfA mutant BUGS802 (Fig. 6, inl4 panel, lane 4). Thus, while
the inlAB locus requires PrfA for maximal expression in expo-
nentially growing cultures of L. monocytogenes, our results
demonstrate that inl4 expression is only partially dependent on
PrfA, with significant PrfA-independent inlAB transcription.
The AprfA mutant has severely reduced virulence. Previous
analyses of the role of PrfA in the virulence of L. monocyto-
genes have employed a variety of strains carrying transposon-
induced or spontaneously occurring mutations in the prf4
gene (4, 31, 33). We assayed the virulence of wild-type strain
LO28 and its isogenic prfA mutant strain, BUGS802, in the
well-characterized mouse model of infection. The prf4 defect
in BUGS802 resulted in severe attenuation of virulence after
intravenous infection, the 50% lethal dose increasing by 4
orders of magnitude, from 8 X 10> to more than 8 X 107.

DISCUSSION

The results presented here demonstrate that a hierarchy of
virulence gene activation by PrfA exists. Previous work has
shown that in a heterologous B. subtilis host, PrfA is necessary
and sufficient for activation of hly expression (19). We have
confirmed these findings and extended them to include the
promoters for the plcA, actA, and mpl genes. In contrast, PrfA
alone is not sufficient for activation of the inl4 promoter in B.
subtilis. The finding that considerable inl4 expression occurs in
the absence of prf4 in L. monocytogenes BUG802, but not in B.
subtilis, further reveals a role for additional, Listeria-specific
factors in the regulation of inl4 expression.

In B. subtilis, activation of transcription occurred most rap-
idly at the divergently transcribed hly and plcA promoters. The
putative PrfA-binding site shared by these promoters is per-
fectly symmetrical and may represent the optimum sequence
for transcriptional activation by PrfA. Thus, low PrfA concen-
trations would be sufficient for activation at the hly-plcA pro-
moter, whereas activation at the act4 and mpl promoters may
require the accumulation of greater amounts of PrfA. This
differential activation may be due to the single base substitu-
tions in the putative PrfA target sites present in these promot-
ers (Fig. 2), which may either reduce the affinity of PrfA for
these promoters or affect the ability of bound PrfA to activate
gene expression. Significantly, activation of transcription at the
plcA promoter switches on an autocatalytic circuit causing
rapid accumulation of prf4-encoding mRNA and ultimately
resulting in the differential induction of target gene expression.
Such a system would allow sequential activation of virulence
genes during the course of L. monocytogenes infection, with
factors involved in phagolysosomal lysis being expressed earlier
in the infectious cycle than those required for actin nucleation
and cell-to-cell spread (17-19). While such a model is consis-
tent with the in vitro data, it may well be an oversimplification
of the regulatory events which occur in vivo. It has been shown
that ActA is the bacterial protein most highly expressed during

TABLE 2. L. monocytogenes virulence gene activation by PrfA in B. subtilis

Mean B-galactosidase sp act®

Genotype hly-lacZ plcA-lacZ mpl-lacZ actA-lacZ inlA-lacZ
30 min 180 min 30 min 180 min 30 min 180 min 30 min 180 min 30 min 180 min
Pspac-prfA 165 225 553 200 6.1 36.4 4.8 10.1 1.2 2.4
Control (no prf4) 1.9 0.7 0.8 0.21 3.8 59 0.9 0.9 1.4 0.8
Mean activation ratio = SEM 85+ 16 320+ 73 74 =11 950 + 140 1.68*+0.1 61x10 54=*x03 109*+08 08x01 29=x02

“ B-Galactosidase activities represent the mean values obtained in two to five independent experiments, after 30 and 180 min of IPTG induction.
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FIG. 6. Northern blot analysis of virulence gene expression in L. monocyto-
genes LO28 and its isogenic Aprf4 derivative, BUG802. RNA was prepared from
cultures of wild-type LO28 (prfA™) or BUG802 (prfA) grown in Luria-Bertani
broth and harvested at the following time points: 2 h (4o of 0.2 to 0.3, expo-
nential phase [exp]); 3.5 h (440 Of 0.5 to 0.7, early stationary phase [e/s]); 7 h
(Agoo of 0.6 to 0.7, stationary phase [stat]). mRNA sizes were derived from the
positions of the 16S and 23S bacterial rRNAs present in the samples (short
arrows), as well as from the 18S and 28S rRNAs of a mouse RNA sample run in
parallel (not shown). The probe used is indicated below each panel. The two
smaller prfA transcripts, originating from promoters in the plcA-prfA4 region, were
described by Camilli et al. (3). The 3.1-kb band in the plcB panel corresponds to
the actA-plcB transcript. Additional bands may reflect instability of mpl-encoding
mRNAs (1). The relative intensity of the two inl4-hybridizing mRNAs is differ-
ent from that reported previously (15), and this may be due to differences in
RNA preparation protocols. Note that in samples in which a given mRNA is
strongly expressed, the corresponding probe may appear to hybridize at positions
immediately below the rRNA bands.

intracellular growth in J774 macrophages (1, 2). However,
other factors, including mRNA stability (1), may also account
for high ActA levels in vivo, and it is unknown whether this
intracellular induction of act4 expression is PrfA dependent.
We have recently reported that a transcriptional fusion be-
tween promoters in the intragenic plcA-prfA region and lacZ is
equally well expressed during growth in vitro (BHI) and in vivo
(J774 macrophages), while in contrast, expression of the PrfA-
dependent plcA promoter is strongly induced during intracel-
lular growth (26). This uncoupling between expression of the
monocistronic prfA4-specific mRNA and the activation of prfA-
dependent gene expression suggests a role for additional reg-
ulatory components (and/or posttranslational modification of
PrfA) in the intracellular induction of plcA, and possibly actA,
expression (see below).

The existence of accessory regulatory factors is suggested by
our studies on the activation of inl4 expression in B. subtilis
and L. monocytogenes. The inability of PrfA to significantly
activate transcription from the inl4 promoter in B. subtilis con-
trasts with the situation observed in L. monocytogenes, where
inlAB expression in the exponential phase is 10- to 15-fold
higher in the presence of PrfA. It should be noted that under
the conditions of the present work, PrfA levels observed on
immunoblots are at least fivefold lower in B. subtilis than in L.
monocytogenes (our unpublished results). The putative PrfA
target site in the inl4 promoter contains three base substitu-
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tions relative to the hly-plcA PrfA site, and interaction of PrfA
with this imperfect target sequence may require either the
higher levels of PrfA reached in listeriae or another Listeria-
specific factor(s) absent from the B. subtilis system. Moreover,
inlA expression in L. monocytogenes is only partially dependent
on PrfA. The existence of additional regulatory elements con-
tributing to inl4 expression may be inferred from the finding
that considerable transcription of the inl4B locus occurs in
AprfA mutant strain BUGS802. This prf4A-independent expres-
sion is maximal during the early stationary phase of growth and
may originate from a sigma 28 consensus promoter identified
upstream from the putative PrfA-dependent inl4 promoter(s)
(15). Internalin-mediated invasion of cultured intestinal epi-
thelial cells is known to be maximal in the exponential phase,
suggesting that this PrfA-independent transcription of inl4
plays only a minor role in the invasive phenotype, at least for
this cell type. Indeed, the Aprf4A mutant strain was found to be
50- to 100-fold less invasive than wild-type LO28 in a standard
Caco?2 cell infection assay (15a).

Recently, sequences resembling the putative PrfA-binding
site have been identified in the intergenic plcA-prfA region, and
a direct role for PrfA in autorepression (with implications for
virulence gene activation) through interaction with this se-
quence has been proposed (29). We investigated the ability of
PrfA to modulate the expression of transcriptional and trans-
lational fusions of this promoter region to lacZ in our heter-
ologous system. Preliminary experiments indicate that induc-
tion of PrfA expression has no negative effect on expression of
the prfA-lacZ fusions in B. subtilis, suggesting that PrfA does
not interact directly with this sequence or that if it does, sig-
nificantly higher concentrations of PrfA, or additional factors,
are required for stationary-phase repression of PrfA-depen-
dent gene expression. We have recently analyzed prf4 point
mutations which affect the activating function of PrfA, and,
when introduced into L. monocytogenes, result in altered PrfA
levels (40a). These mutations do not alter the levels of the
monocistronic prfA transcripts, making questionable the role
of PrfA in the negative regulation of its own expression.

In addition to the growth phase regulation of virulence gene
expression, PrfA-dependent genes are also modulated by tem-
perature and the plant-derived disaccharide cellobiose. Growth
of listeriae at low temperatures inhibits transcription of the
major virulence determinants (30). Similarly, growth of list-
eriae in the presence of 5 to 10 mM cellobiose represses tran-
scription of the hly and plcA genes (38). Intriguingly, expres-
sion of the monocistronic prfA-specific message is unaffected
by these environmental stimuli (26, 30). This uncoupling of
prfA transcription from virulence gene activation and our find-
ings on the poor activation of inl4 expression by PrfA in a
heterologous host indicate that virulence gene regulation in L.
monocytogenes is mediated by a network of regulatory compo-
nents including PrfA. This theme of hierarchical activation of
virulence genes is found in other pathogenic bacteria including
Bordetella pertussis, Shigella flexneri, Vibrio cholerae, and the
gram-positive bacterium Staphylococcus aureus (11, 24, 25, 37,
44).

The pivotal role of prf4 in virulence gene expression is
highlighted by the severe attenuation of prf4-defective bacteria
in the mouse model of infection. Nonetheless, it seems likely
that virulence gene regulation by PrfA in L. monocytogenes
requires the recruitment of additional Listeria factors, at least
for activation of transcription at the inl4 promoter and for
stationary-phase repression of prf4, and PrfA target gene, ex-
pression. The inlA-lacZ fusion described in this report could be
used to clone these additional Listeria factors in B. subtilis.
Such accessory factors lend an additional level of control to the
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system and may help to explain why, in response to certain
environmental stimuli, it is possible to activate virulence genes
without increasing monocistronic prf4 message levels.

ACKNOWLEDGMENTS

We thank G. Rapoport and the members of his laboratory for
enthusiastic support during the initial stages of this project, P. Goos-
sens for help with the virulence assays, E. Gouin and J. Mengaud for
providing DNA probes, D. Portnoy for providing plasmid Pspac-prfA4,
P. Stragier for providing plasmid pDG793, S. Dramsi for sharing un-
published data, and C. J. Dorman for use of the imaging densitometer.
B.S. thanks S. Hunt for much support and encouragement.

B.S. was supported by a Bridge postdoctoral fellowship from the
European Union, by the Société de Secours des Amis des Sciences and
by the Fondation pour la Recherche Médicale. This study received
support from DRET contract 93-109, INSERM CRE 93013, CNRS
URA 1300, and the Institut Pasteur.

REFERENCES

1. Bohne, J., Z. Sokolovic, and W. Goebel. 1994. Transcriptional regulation of
prfA and PrfA-regulated virulence genes in Listeria monocytogenes. Mol.
Microbiol. 11:1141-1150.

2. Brundage, R. A,, G. A. Smith, A. Camilli, J. Theriot, and D. A. Portnoy. 1993.
Expression and phosphorylation of the Listeria monocytogenes ActA protein
in mammalian cells. Proc. Natl. Acad. Sci. USA 90:11890-11894.

3. Camilli, A,, L. Tilney, and D. Portnoy. 1993. Dual roles of plcA in Listeria
monocytogenes pathogenesis. Mol. Microbiol. 8:143-157.

4. Chakraborty, T., M. Leimeister-Wichter, E. Domann, M. Hartl, W. Goebel,
T. Nichterlein, and S. Notermans. 1992. Coordinate regulation of virulence
genes in Listeria monocytogenes requires the product of the prf4 gene. J.
Bacteriol. 174:568-574.

5. Chomczinski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

. Cossart, P. 1995. Bacterial actin based motility. Curr. Opin. Cell Biol. 7:94—
101.

7. Cossart, P., and C. Kocks. 1994. The actin based motility of the intracellular
pathogen Listeria monocytogenes. Mol. Microbiol. 13:395-402.

. Cossart, P., and J. Mengaud. 1989. Listeria monocytogenes: a model system
for the molecular study of intracellular parasitism. Mol. Biol. Med. 6:463—
474.

9. Cossart, P., M. F. Vicente, J. Mengaud, F. Baquero, J. C. Perez-Diaz, and P.
Berche. 1989. Listeriolysin O is essential for the virulence of Listeria mono-
cytogenes: direct evidence obtained by gene complementation. Infect. Im-
mun. 57:3629-3636.

10. Débarbouillé, M., M. Arnaud, A. Fouet, A. Klier, and G. Rapoport. 1990. The
sacT gene regulating the sacPA operon in Bacillus subtilis shares strong
homology with transcriptional antiterminators. J. Bacteriol. 172:3966-3973.

11. DiRita, V. J., C. Parsot, G. Jander, and J. J. Mekalanos. 1991. Regulatory
cascade controls virulence in Vibrio cholerae. Proc. Natl. Acad. Sci. USA
88:5403-5407.

12. Domann, E., M. Leimeister-Wichter, W. Goebel, and T. Chakraborty. 1991.
Molecular cloning, sequencing, and identification of a metalloprotease gene
from Listeria monocytogenes that is species specific and physically linked to
the listeriolysin gene. Infect. Immun. 59:65-72.

13. Domann, E., J. Wehland, M. Rohde, S. Pistor, M. Hartl, W. Goebel, M.
Leimeister-Wichter, M. Wuenscher, and T. Chakraborty. 1992. A novel
bacterial gene in Listeria monocytogenes required for host cell microfilament
interaction with homology to the proline-rich region of vinculin. EMBO 1J.
11:1981-1990.

14. Dramsi, S., P. Dehoux, and P. Cossart. 1993. Common features of Gram-
positive bacterial proteins involved in cell recognition. Mol. Microbiol.
9:1119-1122.

15. Dramsi, S., C. Kocks, C. Forestier, and P. Cossart. 1993. Internalin-medi-
ated invasion of epithelial cells by Listeria monocytogenes is regulated by the
bacterial growth state, temperature and the pleiotropic activator, prfA. Mol.
Microbiol. 9:931-941.

15a.Dramsi, S., B. Sheehan, A. Klarsfeld, and P. Cossart. Unpublished data.

16. Fleury-Guerout, A. M., N. Frandsen, and P. Stragier. Unpublished.

17. Freitag, N. E., and D. A. Portnoy. 1994. Dual promoters of the Listeria
monocytogenes prfA transcriptional activator appear essential in vitro but are
redundant in vivo. Mol. Microbiol. 12:845-853.

18. Freitag, N. E., L. Rong, and D. A. Portnoy. 1993. Regulation of the prf4
transcriptional activator of Listeria monocytogenes: multiple promoter ele-
ments contribute to intracellular growth and cell-to-cell spread. Infect. Im-
mun. 61:2537-2544.

19. Freitag, N. E., P. Youngman, and D. A. Portnoy. 1992. Transcriptional

f=a)

oo

DIFFERENTIAL GENE ACTIVATION BY L. MONOCYTOGENES PrfA 6475

activation of the Listeria monocytogenes hemolysin gene in Bacillus subtilis. J.
Bacteriol. 174:1293-1298.

20. Gaillard, J.-L., P. Berche, C. Frehel, E. Gouin, and P. Cossart. 1991. Entry
of L. monocytogenes into cells is mediated by internalin, a repeat protein
reminiscent of surface antigens from gram-positive cocci. Cell 65:1127-1141.

21. Goldfine, H., N. C. Johnston, and C. Knob. 1993. Nonspecific phospholipase
C of Listeria monocytogenes: activity on phospholipids in Triton X-100-mixed
micelles and in biological membranes. J. Bacteriol. 175:4298-4306.

22. Goldfine, H., and C. Knob. 1992. Purification and characterization of Listeria
monocytogenes phosphatidylinositol-specific phospholipase C. Infect. Im-
mun. 60:4059-4067.

23. Holm, L., C. Sander, H. Ruterjans, M. Schnarr, R. Fogh, R. Boelens, and R.
Kaptein. 1994. LexA repressor and iron uptake regulator from Escherichia
coli: new members of the CAP-like DNA binding domain superfamily. Pro-
tein Eng. 7:1449-1453.

24. Huh, Y. J., and A. A. Weiss. 1991. A 23-kilodalton protein, distinct from
BvgA, expressed by virulent Bordetella pertussis binds to the promoter region
of vir-regulated toxin genes. Infect. Immun. 59:2389-2395.

25. Janzon, L., and S. Arvidson. 1990. The role of the delta-lysin gene (hld) in
the regulation of virulence genes by the accessory gene regulator (agr) in
Staphylococcus aureus. EMBO J. 9:1391-1399.

26. Klarsfeld, A. D., P. L. Goossens, and P. Cossart. 1994. Five Listeria mono-
cytogenes genes preferentially expressed in infected mammalian cells: pleA,
purH, purD, pyrE and an arginine ABC transporter gene, arpJ. Mol. Micro-
biol. 13:585-597.

27. Kocks, C., E. Gouin, M. Tabouret, P. Berche, H. Ohayon, and P. Cossart.
1992. Listeria monocytogenes-induced actin assembly requires the act4 gene
product, a surface protein. Cell 68:521-531.

28. Kunst, F., and G. Rapoport. 1995. Salt stress is an environmental signal
affecting degradative enzyme synthesis in Bacillus subtilis. J. Bacteriol. 177:
2403-2407.

29. Lampidis, R., R. Gross, Z. Sokolovic, W. Goebel, and J. Kreft. 1994. The

virulence regulator protein of Listeria ivanovii is highly homologous to PrfA

from Listeria monocytogenes and both belong to the Crp-Fnr family of tran-

scription regulators. Mol. Microbiol. 13:141-151.

Leimeister-Wichter, M., E. Domann, and T. Chakraborty. 1992. The expres-

sion of virulence genes in L. monocytogenes is thermoregulated. J. Bacteriol.

174:947-952.

31. Leimeister-Wichter, M., C. Haffner, E. Domann, W. Goebel, and T.
Chakraborty. 1990. Identification of a gene that positively regulates expres-
sion of listeriolysin, the major virulence factor of Listeria monocytogenes.
Proc. Natl. Acad. Sci. USA 87:8336-8340.

32. Maguin, E., P. Duwat, T. Hege, D. Ehrlich, and A. Gruss. 1992. New ther-
mosensitive plasmid for gram-positive bacteria. J. Bacteriol. 174:5633-5638.

33. Mengaud, J., S. Dramsi, E. Gouin, J. A. Vazquez-Boland, G. Milon, and P.
Cossart. 1991. Pleiotropic control of Listeria monocytogenes virulence factors
by a gene which is autoregulated. Mol. Microbiol. 5:2273-2283.

34. Mengaud, J., C. Geoffroy, and P. Cossart. 1991. Identification of a novel
operon involved in virulence of Listeria monocytogenes: its first gene encodes
a protein homologous to bacterial metalloproteases. Infect. Immun. 59:
1043-1049.

35. Mengaud, J., M. F. Vicente, and P. Cossart. 1989. Transcriptional mapping
and nucleotide sequence of the Listeria monocytogenes hlyA region reveal
structural features that may be involved in regulation. Infect. Immun. 57:
3695-3701.

36. Michel, E., K. A. Reich, R. Favier, P. Berche, and P. Cossart. 1990. Atten-
uated mutants of the intracellular bacterium Listeria monocytogenes obtained
by single amino-acid substitutions in listeriolysin O. Mol. Microbiol. 4:2167—
2178.

37. Miller, J. F., C. R. Roy, and S. Falkow. 1989. Analysis of Bordetella pertussis
virulence gene regulation by use of transcriptional fusions in Escherichia coli.
J. Bacteriol. 171:6345-6348.

38. Park, S. F., and R. G. Kroll. 1993. Expression of listeriolysin and phosphati-
dylinositol-specific phospholipase C is repressed by the plant-derived mole-
cule cellobiose in Listeria monocytogenes. Mol. Microbiol. 8:653-661.

39. Portnoy, D. A., T. Chakraborty, W. Goebel, and P. Cossart. 1992. Molecular
determinants of Listeria monocytogenes pathogenesis. Infect. Immun. 60:
1263-1267.

40. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

40a.Sheehan, B., A. Klarsfeld, R. Ebright, and P. Cossart. Submitted for publi-
cation.

41. Sheehan, B., C. Kocks, S. Dramsi, E. Gouin, A. Klarsfeld, J. Mengaud, and
P. Cossart. 1994. Molecular and genetic determinants of the Listeria mono-
cytogenes infectious process. Curr. Top. Microbiol. Immunol. 192:187-216.

42. Sullivan, M. A, R. E. Yasbin, and F. E. Young. 1984. New shuttle vectors for
Bacillus subtilis and Escherichia coli which allow rapid detection of inserted
fragments. Gene 29:24-26.

43. Teixeira de Souza, M., M. M. Lecadet, and D. Lereclus. 1993. Full expression
of the cryllIA toxin gene of Bacillus thuringiensis requires a distant upstream
DNA sequence affecting transcription. J. Bacteriol. 175:2952-2960.

30.



6476 SHEEHAN ET AL. J. BACTERIOL.

44. Tobe, T., S. Nagai, N. Okada, B. Adler, M. Yoshikawa, and C. Sasakawa. cell spread. Infect. Immun. 60:219-230.
1991. Temperature-regulated expression of invasion genes in Shigella flexneri 46. Vicente, M. F., F. Baquero, and J. C. Perez-Diaz. 1985. Cloning and expres-
is controlled through the transcriptional activation of virB on the large sion of the Listeria monocytogenes haemolysin in E. coli. FEMS Microbiol.
plasmid. Mol. Microbiol. 5:887-893. Lett. 30:77-79.

45. Vazquez-Boland, J.-A., C. Kocks, S. Dramsi, H. Ohayon, C. Geoffroy, J. 47. Weinrauch, Y., T. Msadek, F. Kunst, and D. Dubnau. 1991. Sequence and
Mengaud, and P. Cossart. 1992. Nucleotide sequence of the lecithinase properties of comQ, a new competence regulatory gene of Bacillus subtilis. J.

operon of Listeria monocytogenes and possible role of lecithinase in cell-to- Bacteriol. 173:5685-5693.



