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Listeria monocytogenes requires listeriolysin O (LLO) and ActA, the products of kly and actA4, respectively, to
establish a productive intracellular infection. LLO is essential for vacuolar lysis and entry into the cytosol,
while ActA is required for bacterial spread to adjacent cells. We have used a transcriptional reporter gene
system to compare the expression of act4 and kly during intracellular growth to that during growth in broth
cultures. The hly and act4 genes were transcriptionally fused to Escherichia coli lacZ and Bacillus pumilus cat-86
(cat), and the fusions were integrated in single copies into the L. monocytogenes chromosome. A chloramphen-
icol resistance assay indicated that the hly fusion but not the act4 fusion was significantly activated in
Luria-Bertani (LB) broth, and this finding correlated with LLO and ActA levels detectable in broth cultures.
Quantitation of promoter activity on the basis of [3-galactosidase activity revealed up to 10-fold-higher level of
expression of the hly fusion relative to the act4 fusion in LB broth. In contrast, both fusions were active in the
cytosol of J774 cells, and the activity of the act4 fusion was approximately 3-fold higher than that of the hly
fusion under these conditions. However, quantitative immunoprecipitation of ActA and LLO from infected
J774 cells demonstrated approximately 70-fold more cytosolic ActA than cytosolic LLO. Finally, in comparison
to induction in broth cultures, act4 was highly induced (226-fold) and kly was moderately induced (20-fold) in
J774 cells. Collectively, these results indicate that act4 and hly are differentially regulated in response to the
growth environment and that both genes are preferentially expressed during intracellular growth. Further,
while the lower level of production of ActA than of LLO in broth can be accounted for by transcriptional
regulation, the relative abundance of intracellular ActA compared to that of intracellular LLO is a function of

additional, possibly host-mediated, factors.

Listeria monocytogenes is a facultative intracellular bacterial
pathogen which replicates in the cytosol of mammalian cells.
Several bacterial proteins have been shown to play a role in the
intracellular growth cycle (reviewed in reference 29). Listerio-
lysin O (LLO, encoded by Aly) is a pore-forming cytolysin
which mediates lysis of the phagosomal membrane, allowing
bacterial access to the cytosol, where replication begins. Once
bacteria are in the cytosol, a surface protein, ActA (encoded by
actA), mediates the formation of polarized actin tails that pro-
pel the bacteria toward the cytoplasmic membrane. At the
membrane, bacteria become enveloped in filopodium-like
structures which are recognized and engulfed by adjacent cells.
This process results in the formation of double-membrane
vacuoles from which the bacteria rapidly free themselves by the
cooperative action of two bacterial phospholipases, phosphati-
dylinositol-specific phospholipase C and broad-range phospho-
lipase C (encoded by plcA and plcB, respectively) (34), and
LLO (11). Once in the cytosol of the adjacent cell, L. mono-
cytogenes repeats the cycle, and the infection is propagated. All
of these gene products, along with a metalloprotease, Mpl
(encoded by mpl), are expressed under the control of a tran-
scriptional regulator, PrfA (encoded by prfA).

L. monocytogenes requires LLO and ActA to establish a
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productive infection in vivo and in cultured mammalian cells
(10, 16, 17, 30). These proteins, which function in vacuolar lysis
and actin-based motility, respectively, are clearly associated
with growth in the mammalian cell environment and have no
known role in the extracellular growth of L. monocytogenes.
Nevertheless, it is clear that LLO is produced by wild-type L.
monocytogenes 10403S growing in vitro in a variety of media
(14, 16, 22). Paradoxically, it has not been possible to demon-
strate the presence of LLO in infected-cell lysates by conven-
tional methods of immunodetection. Villaneuva et al. (36)
reported the detection of cytosolic LLO, but only under con-
ditions in which the 26S proteasome, the multicatalytic pro-
tease complex present in the cytosol of mammalian cells (12),
was inhibited. This finding suggests that the amount of LLO
present in the cytosol is controlled, at least in part, by host
cell-mediated degradation. In support of this idea, an internal
LLO peptide, LLO 91-99, has been found in association with
major histocompatibility complex class I molecules on the sur-
face of L. monocytogenes-infected cells (25). In direct contrast
to the production of LLO, the production of ActA is minimal
in bacteriologic media, but ActA is the most abundant surface
or secreted bacterial protein detected during intracellular
growth (3). These observations suggest that environmental sig-
nals specifically associated with the intracellular environment
activate the expression of actA.

In this report, the basis for the apparent differential expres-
sion of LLO and ActA during L. monocytogenes growth in vitro
and in the mammalian cell cytosol is further investigated. Us-
ing a reporter gene system, we found that the observed differ-
ential expression of LLO and ActA by L. monocytogenes cul-
tured in vitro is controlled at the level of transcription. Further,
in comparison to bacterial growth in vitro, we found that the
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expression of actA4 and, to a lesser extent, Aly is induced during
growth in the intracellular environment. Finally, we demon-
strated the production of LLO by bacteria actively growing in
the cytosol in the absence of proteasome inhibitors and, using
quantitative immunoprecipitation, provided evidence that
transcriptional regulation alone cannot account for the high
levels of ActA relative to LLO present in the cytosol of in-
fected macrophages.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The wild-type L. monocytogenes iso-
late used for these studies, 10403S, belongs to serotype 1, is resistant to 1 mg of
streptomycin per ml, and has a 50% lethal dose for BALB/c mice of 3.3 X 10
The Bacillus subtilis host for plasmid constructions was BD170 (28). The Esch-
erichia coli host for plasmid constructions was HB101. L. monocytogenes was
cultured in Luria-Bertani (LB) or brain heart infusion (BHI) broth. E. coli and
B. subtilis were cultured in LB broth.

Construction of pLCR. A transcriptional reporter plasmid containing tandem
promoterless lacZ and cat-86 genes was generated by in vivo recombination in B.
subtilis as follows. Plasmid pTV53 (37) was used as a source of the promoterless
Bacillus pumilus cat-86 gene (1). The BamHI site upstream of cat-86 was elim-
inated by digestion with BamHI, treatment with the Klenow fragment of DNA
polymerase, and religation of the blunt-ended DNA. B. subtilis PY256 harboring
plasmid pTV30 (28) was transformed with pTV53 lacking the BarmHI site by the
method of Cutting and Vander Horn (8). The presence of a weak cryptic pro-
moter upstream of lacZ in pTV30 (28) allowed selection for the desired pTV30-
cat-86 recombinants (pTV30cat) on a low level of chloramphenicol (3 pg/ml) at
30°C. The pE194 origin of replication in pTV30cat was replaced with a temper-
ature-sensitive derivative of the origin of replication from the broad-host-range
plasmid pWVOI1 (18), which replicates in gram-positive and gram-negative bac-
teria at temperatures of <35°C, as follows. Plasmid pTV1OK (13), which carries
the pWVOlts origin of replication and a kanamycin resistance gene that func-
tions in both gram-positive and gram-negative bacteria (35), was used to trans-
form B. subtilis harboring pTV30cat. Among the products of in vivo recombina-
tion was plasmid pTV30catts, which was isolated by selection for kanamycin (10
pg/ml), erythromycin (1 pg/ml), and lincomycin (25 pg/ml) resistance at 28°C.
Standard cloning techniques were used to remove approximately 4.5 kb of DNA
containing a Tn917 sequence by partial digestion of pTV30catts with Xbal,
religation of linear DNA in the 12-kb size range, and transformation of E. coli
HB101 to kanamycin resistance (40 pg/ml). The resulting plasmid was further
modified by cloning a 400-bp PCR-generated fragment containing the #7pA tran-
scription terminator (7) into the Ncol and BamHI sites upstream of lacZ, yield-
ing plasmid pLCR.

Cloning of L. monocytog virulence gene promoters into pLCR. DNA frag-
ments containing the Aly (920-bp) and actA (1,191-bp) promoters were amplified
from L. monocytogenes genomic DNA with the following primer pairs: for Aly,
5'-TTTATGTGGATCCATTAACATTTGT-3' and 5'-GGGGATCCTTCACT
GATTGCGCC-3', and for actd, 5'-CGGGATCCTGAAGCTTGGGAAGCA
G-3' and 5'-GGGGATCCAAGAAGCATTGGCGTC-3'; primers contained
BamHI recognition sequences at the 5 ends (underlined) to allow cloning of the
PCR products into the unique BamHI site upstream of lacZ in pLCR. Clones
containing the Aly and actA promoters in the forward orientation and a clone
containing the act4 promoter in the opposite orientation with respect to the
transcription of lacZ and cat were constructed.

Transformation of L. monocytogenes with pLCR constructs and integration
into the chromosome. Recombinant plasmids were used to transform L. mono-
cytogenes by electroporation (27), with kanamycin (15 pg/ml) selection at 28°C.
pLCR promoter constructs were integrated via homologous recombination be-
tween cloned promoter-containing fragments and the corresponding regions on
the chromosome. This process was accomplished by growing the strains at 37°C,
a nonpermissive temperature for pLCR replication, in the presence of 15 ug of
kanamycin per ml. Integration was confirmed by Southern blotting with probes
derived from the hly and actA promoter regions.

Intracellular chloramphenicol resistance assay. Monolayers of J774 cells
grown on coverslips as described previously (30) were infected for 1 h with 2.5 X
10° bacteria from stationary-phase BHI cultures. Since car-86 is an inducible
antibiotic resistance gene (1), a subinhibitory concentration of chloramphenicol
(0.5 pg/ml) was present in the cell culture medium at the time of infection and
for the duration of the assay. After 1 h, monolayers were washed and fresh
medium was added. At 1.5 h after infection, 50 pg of gentamicin per ml was
added to kill extracellular bacteria. Chloramphenicol (10 pg/ml) was added at
various times postinfection. Growth in the presence and absence of chloram-
phenicol was measured at various times by lysing monolayers and plating the
lysates on LB agar to determine the number of CFU as previously described (30).

In vitro chloramphenicol resistance assay. Bacteria from stationary-phase
BHI cultures were washed and subcultured 1:100 in LB medium (pH 7.4) buff-
ered with 50 mM morpholinepropanesulfonic acid (MOPS) and containing 15 p.g
of kanamycin and 0.5 ug of chloramphenicol per ml. Cultures were grown at
37°C with aeration to an optical density at 600 nm (ODy) of approximately 0.1,
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at which time 10 pg of chloramphenicol per ml was added. Cultures were grown
for an additional 5 h, after which ODy, readings were taken to measure relative
levels of bacterial growth in the presence and absence of chloramphenicol.

Extracellular B-galactosidase assay. Bacteria from stationary-phase BHI cul-
tures were washed and subcultured 1:100 in buffered LB medium (pH 7.4)
containing 15 g of kanamycin per ml. After various periods of growth at 37°C
with aeration, an ODg, reading was taken and B-galactosidase activity was
measured essentially as described by Youngman (37), but with the following
modifications. Bacteria in 0.10 or 0.25 ml of culture were pelleted and resus-
pended in 50 .l of phosphate-buffered saline (PBS) (pH 8.0)-0.1% Triton X-100.
Ten microliters of 4-methylumbelliferyl-B-p-galactopyranoside (MUG) was
added, and tubes were incubated for 60 to 100 min at room temperature. The
extent of conversion of MUG to the fluorescent product 4-methylumbelliferone
by B-galactosidase was measured with a Sequoia-Turner model 450 fluorometer.
Units of B-galactosidase activity were calculated as described previously (37) but
were normalized to CFU rather than ODgg,. The number of CFU per milliliter
of culture was extrapolated from a standard curve which related CFU per
milliliter at hourly time points during bacterial growth in buffered LB medium to
ODgo-

Intracellular B-galactosidase assay. J774 cells were seeded into 60-mm dishes
and infected as described above for the intracellular chloramphenicol resistance
assay, except that chloramphenicol was not present. Monolayers were washed
and lysed 5 to 6 h after infection by scraping cells into 200 ul of PBS (pH
8.0)-0.1% Triton X-100. Twenty microliters of MUG was added to 100 wl of
lysate, and samples were incubated for 60 to 100 min at room temperature.
B-Galactosidase activity was measured as described above for the extracellular
assay. A series of 60-mm dishes in which monolayers were seeded onto glass
coverslips was set up in parallel. At the time of the assay, monolayers on three
coverslips per sample were lysed, and the number of CFU per coverslip was
determined by plating the lysates on LB agar. The total number of CFU per dish
was extrapolated by multiplication by a factor which corrected for the area of the
coverslip relative to that of the 60-mm dish. Units of B-galactosidase activity,
normalized to the number of CFU per dish, were calculated as described previ-
ously (37).

Production of ActA and LLO in vitro. Bacteria from stationary-phase BHI
cultures were inoculated 1:100 into buffered LB broth and incubated at 37°C with
aeration. After 5.5 h, bacteria in 10 ml of culture were pelleted and washed twice
with PBS. Bacterial pellets were resuspended in 100 wl of 2X sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) buffer (0.06 M Tris
[pH 6.8], 2% SDS, 10% glycerol, 10% 2-mercaptoethanol, 0.01% bromophenol
blue) and boiled for 5 min. L. monocytogenes is resistant to lysis under these
conditions; therefore, this treatment solubilizes ActA and other membrane pro-
teins (3). Supernatant proteins, including LLO, were precipitated on ice with
10% trichloroacetic acid for 1 h, pelleted, and resuspended in 100 pl of 1X
SDS-PAGE buffer containing 0.1 N NaOH. All samples were boiled for 5 min
prior to being subjected to SDS-PAGE (8% polyacrylamide). Proteins were
visualized by staining of the gel with Coomassie brilliant blue. Western blotting
was performed as previously described (20).

Detection of ActA and LLO produced in J774 cells. Monolayers of J774 cells
seeded into 60-mm dishes were infected with 3.3 X 10° L. monocytogenes 10403S
organisms. Monolayers were washed after 30 min, and 5 pg of gentamicin per ml
was added after an additional 30 min. At 5 h after infection, the medium was
replaced with methionine-free Dulbecco minimal essential medium (DMEM)
containing 10% dialyzed fetal calf serum, 225 pg of cycloheximide per ml, 30 g
of anisomycin per ml, and 5 pg of gentamicin per ml. After 30 min, monolayers
were pulse-labeled for 1 h with 200 p.Ci of 3*S-methionine (Express®>S protein
labeling mix; NEN Research Products, Boston, Mass.), washed, and lysed with 1
ml of RIPA buffer (150 mM NaCl, 50 mM Tris-HCI [pH 8.0], 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS) containing phenylmethylsulfonyl fluoride (1
mM), aprotinin (0.3 uM), leupeptin (1 uM), pepstatin A (1 nM), and EDTA (10
mM). Immunoprecipitation was performed as previously described (3) with
monoclonal anti-LLO antibody B3-19 (24), a kind gift from Pascale Cossart, or
polyclonal anti-ActA antibody. Immunoprecipitated samples were boiled and
loaded on 8% polyacrylamide gels. Following SDS-PAGE, gels were processed
for autoradiography and phosphorimaging analysis.

To determine the efficiency of immunoprecipitation of ActA from infected
J774 cells, duplicate monolayers were infected and labeled as described above.
At 5.5 h postinfection, one monolayer was lysed with 2X SDS-PAGE buffer and
all labeled proteins, including ActA, were resolved by SDS-PAGE. The other
monolayer was lysed with RIPA buffer, and ActA was immunoprecipitated.
Samples containing total and immunoprecipitated proteins were subject in par-
allel to SDS-PAGE, autoradiography, and phosphorimaging analysis. The effi-
ciency of immunoprecipitation was determined by dividing the value obtained
from phosphorimaging analysis of immunoprecipitated ActA by that for the total
ActA protein.

Since LLO is not detectable in the population of metabolically labeled bacte-
rial proteins produced in J774 cells (36, 23), the efficiency of immunoprecipita-
tion of LLO was determined with in vitro-labeled LLO. Specifically, exponential-
phase bacteria (ODgq, 1.0) from 10 ml of BHI culture were pelleted, washed,
and resuspended in 1.5 ml of methionine-free DMEM. After 30 min at 37°C in
5% CO,, bacteria were labeled for 1 h with 24 wCi of 3S-methionine, and
proteins from 900 pl of supernatant were precipitated for 1.5 h on ice with 25 pg
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FIG. 1. Construction of transcriptional reporter vector pLCR. Plasmids pTV53 and pTV30, which provided the promoterless B. pumilus cat-86 gene and the E. coli
lacZ gene with an upstream spol/G ribosome binding site (rbs) and a BamHI site, respectively, were described previously (28, 37). Plasmid pTV1OK (13) provided the
kanamycin resistance gene (kan), a type III aminoglycoside phosphotransferase derived from Streptococcus faecalis (35), and the pWVOlss origin of replication, a
temperature-sensitive derivative of the origin of replication from Lactococcus lactis plasmid pWVOL1 (18). Plasmid pTV30cat was isolated from B. subtilis by selection
for chloramphenicol resistance at 30°C following recombination between plasmids pTV30 and pTV53. Similarly, pTV30catts was isolated by selection for kanamycin
resistance at 28°C following recombination between plasmids pTV30cat and pTV1OK. Details of plasmid construction by in vivo recombination in B. subtilis are
described in Materials and Methods. pLCR was generated in two conventional cloning steps by partial Xbal digestion and religation of pT'V30catts followed by insertion
of a PCR-generated fragment containing the #pA terminator (7) into the Ncol and BamHI sites. X, Xbal; E, EcoRI; K, Kpnl; P, PstI; N, Ncol; B, BamHI. E, N, and

B are unique restriction sites in pLCR.

of bovine serum albumin per ml and 10% trichloroacetic acid. Labeled proteins
were pelleted and resuspended in PBS. One half of the sample was used to spike
a lysate of J774 cells, and LLO was immunoprecipitated. The immunoprecipi-
tated LLO was subjected, along with the other half of the labeled protein sample,
to SDS-PAGE and phosphorimaging analysis. The efficiency of immunoprecipi-
tation of LLO was determined as described above for ActA.

RESULTS

Construction of reporter gene vector pLCR. In order to
monitor the activity of L. monocytogenes virulence gene pro-
moters, pLCR, containing tandem promoterless lacZ and
cat-86 (hereafter referred to as cat) reporter genes, was con-
structed (Fig. 1). Features of this vector include (i) a unique
BamHI site upstream of lacZ and cat for cloning L. monocy-
togenes promoter fragments, (ii) a kanamycin resistance gene
for selection in both E. coli and L. monocytogenes, and (iii) a
temperature-sensitive origin of replication derived from the
broad-host-range plasmid pWVO1 (18), which replicates in E.

coli and L. monocytogenes at an optimum temperature of 28°C
and fails to replicate at temperatures of >35°C. In the pres-
ence of kanamycin, L. monocytogenes transformed with pLCR
containing cloned promoter fragments can be selected at 28°C,
and clones with integrated pLCR can be selected at 37°C.
Construction of L. monocytogenes strains carrying inte-
grated lacZ-cat transcriptional fusions to virulence gene pro-
moters. DNA fragments (approximately 1 kb) containing L.
monocytogenes virulence gene promoters were cloned into the
BamHLI site upstream of lacZ and cat. Three constructs were
made; two constructs contained the hly and act4 promoters
cloned in the forward orientation with respect to the transcrip-
tion of lacZ and cat, and a control construct contained the actA
promoter cloned in the opposite orientation with respect to the
transcription of the reporter genes. Transformation of L.
monocytogenes 10403S followed by growth of transformants at
37°C in the presence of 15 ng of kanamycin per ml selected for
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FIG. 2. Schematic of pLCR fusion constructs integrated into the L. monocytogenes chromosome. (A) Integration of pLCR by homologous recombination between
the cloned Aly promoter-containing fragment (kly’) and the corresponding region of the L. monocytogenes chromosome, yielding strain DP-L.2986. (B and C) Integration
structures which resulted from recombination between the act4 promoter-containing fragment (actA") cloned in the forward (B) and reverse (C) orientations with
respect to the transcription of lacZ and cat and the corresponding region of the L. monocytogenes chromosome, yielding strains DP-L2989 and DP-1.2812, respectively.
Broken lines represent plasmid sequences, and solid lines represent flanking chromosomal regions. Arrows depict promoter positions and the direction of transcription
for each of the indicated genes. Stem and loop structures represent transcriptional terminators.

clones with integrated copies of each construct, as depicted in
Fig. 2. Southern blotting with probes derived from the A4ly and
actA regions indicated that the initial strains constructed in this
manner contained more than one copy of pLCR integrated in
tandem into the chromosome. Further passage of the strains at
28°C (a permissive temperature for plasmid replication) in the
absence of kanamycin, followed by screening of individual col-
onies by Southern blotting, allowed for the isolation of clones
containing a single integrated copy of pLCR (data not shown).
Stable integration of pLCR in DP-12986 (phly::lacZ-cat), DP-
L2989 (pactA::lacZ-cat), and DP-L2812 (reverse-orientation
pactA::lacZ-cat) was demonstrated by repeated passages at
37°C in the presence of kanamycin. Note that in strain DP-
L2989, the integration of pLCR places lacZ and cat down-
stream of the chromosomal mpl promoter as well as the cloned
actA promoter. Therefore, transcription of reporter genes in
this strain may originate from one or both promoters, which
are referred to as the actA/mpl promoters.

Chloramphenicol resistance in LB broth and in J774 cells.
The activity of the Aly and actA/mpl promoter fusions in LB
broth was assessed by measuring bacterial growth in the pres-
ence and absence of chloramphenicol. As shown in Fig. 3,
growth of DP-L2986 was equivalent in the presence and ab-
sence of chloramphenicol, indicating that the Aly promoter is

active during bacterial growth in LB broth. In contrast, DP-
L2989 grew normally in the absence of chloramphenicol but
failed to reach levels of growth significantly greater than that of
the control strain in the presence of chloramphenicol, suggest-
ing that the actA and mpl promoters are relatively inactive
during growth in LB broth.

To assay for virulence gene expression during intracellular
growth, the ability of strains to replicate in J774 cells in the
presence of chloramphenicol was measured (Fig. 4). Both
strains grew equally well in the presence and absence of chlor-
amphenicol, indicating that the Aly and actA/mpl promoters are
active during intracellular growth. The control strain, DP-
L2812, failed to grow in the presence of chloramphenicol but
grew normally in the absence of chloramphenicol. The dou-
bling times of all three strains in J774 cells were similar to that
of wild-type 10403S, indicating that the integration of pLCR
constructs in these strains did not cause intracellular growth
defects (data not shown).

These results suggest that ily and act4 are differentially
transcribed in response to the growth environment. ily is ex-
pressed during intracellular growth as well as in broth cultures,
while actA is significantly activated only in the intracellular
environment.
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FIG. 3. Promoter activity in LB broth as measured by chloramphenicol re-
sistance. L. monocytogenes DP-1.2986, DP-L2989, and DP-1.2812 carrying the hly,
actA, and control reverse-orientation act4 promoter fusions, respectively, were
cultured in buffered LB broth in the absence (light bars) or presence (dark bars)
of 10 pg of chloramphenicol per ml. After 5 h, bacterial growth was assessed by
measuring the ODg,. The data represent the mean * standard deviation for
three individual experiments. The addition of increasing doses of chloramphen-
icol at the onset of L. monocytogenes 10403S culturing in LB broth and mea-
surement of the ODgq, at various time points demonstrated an MIC of 5 pg/ml
(data not shown).

B-Galactosidase activity in LB broth and in J774 cells. The
activity of the hly and actA/mpl promoter fusions during bac-
terial growth in LB broth was quantitated by assaying for the
product of the lacZ gene, B-galactosidase. As shown in Fig. 5,
the actA/mpl promoter fusion was not completely inactive in
LB broth, as suggested by the chloramphenicol resistance as-
say, but rather was activated to low levels relative to the hly
promoter fusion. Transcription mediated by the hly promoter
was 4- to 10-fold higher than transcription mediated by the
actA/mpl promoters over 8 h of growth in LB broth.

We next quantitated promoter activity during intracellular
growth. J774 cells were infected with L. monocytogenes, and
after 5 to 6 h of growth, bacterial numbers in the cytosol
reached 1 X 107 to 3 X 107 CFU per monolayer and bacteria
were in log-phase growth (Fig. 4). J774 cells were lysed, and
B-galactosidase activity was measured. Since there was some
variability associated with this assay, four individual experi-
ments are reported in Table 1. In contrast to the results ob-
tained with LB broth, the activity of the actA/mpl promoter
fusion was on average three-fold higher than the activity of the
hly promoter fusion in J774 cells.

The number of units of B-galactosidase activity produced by
DP-1.2986 and DP-1.2989 in J774 cells after approximately 5 h
of growth (Table 1), a time point which corresponds to the log
phase (Fig. 4), was divided by the number of units of 3-galac-
tosidase activity produced in LB broth at the log phase (4 h)
(Fig. 5). The results indicated that the transcription of actA4 is
highly induced in the intracellular environment compared to
broth. The level of transcription of the actA/mpl promoter
fusion was 226-fold higher in J774 cells than in LB broth (mean
+ SD of 31.7 = 8.4 U in J774 cells and 0.14 = 0.02 U in LB
broth). In comparison, transcription of the 4ly promoter fusion
was also induced in the intracellular environment, but only
20-fold relative to that in LB broth (10.8 + 4.3 U in J774 cells
and 0.53 = 0.11 U in LB broth).

LLO and ActA production during growth in LB medium.
Reporter assays indicated that Aly is transcribed to higher lev-
els than actA in vitro. Consistent with these results, the 58-kDa
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FIG. 4. Promoter activity in J774 cells as measured by chloramphenicol re-
sistance. Monolayers of J774 cells grown on glass coverslips were infected with
DP-L2986, DP-L2989, or DP-L2812. Chloramphenicol (10 wg/ml) (cm) was
added at 2.5 h postinfection. Monolayers were lysed at the indicated time points,
and the number of bacteria per coverslip was determined. Results are expressed
as the mean number of bacteria * the standard deviation for three coverslips per
time point. One of three experiments with similar results is shown. The MIC of
chloramphenicol for L. monocytogenes 10403S grown in J774 cells was deter-
mined to be 5 ug/ml by measuring the number of CFU per monolayer in the
presence and absence of increasing doses of chloramphenicol at various time
points after infection (data not shown).

LLO protein was easily detectable in the secreted protein frac-
tion of L. monocytogenes grown in LB broth, while ActA, a
97-kDa surface protein, was undetectable (data not shown) or
was detectable as only a faint band in the SDS-extractable
protein fraction (Fig. 6). A strain of L. monocytogenes (SLCC-
5764) which produces elevated levels of all virulence proteins,
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FIG. 5. Promoter activity in LB broth as measured by a 3-galactosidase assay.
L. monocytogenes DP-1.2986 (dark bars), DP-L2989 (hatched bars), and DP-
L2812 (see below) carrying the hly, actA, and control reverse-orientation actA
promoter fusions, respectively, were cultured in buffered LB broth, and B-galac-
tosidase activity was measured at the indicated time points. Results are expressed
as units of B-galactosidase activity per 107 CFU per minute. DP-L2812 back-
ground activity, which in no case exceeded 0.08 U, was subtracted from each
value. The circles indicate ODg values for DP-1.2986 and DP-L.2989, which
were identical over 8 h of growth. The data represent the mean * standard
deviation for three individual experiments.

including ActA, in vitro (5), and its isogenic actA deletion
mutant, DP-L1955 (20), were included as controls to indicate
the position of the ActA protein upon migration through 8%
polyacrylamide. Western blotting analysis indicated that the
kinetics of LLO and ActA production in LB broth correlated
with the B-galactosidase activity time course shown in Fig. 5,
providing evidence that the activity of the hly and actA tran-
scriptional fusions accurately reflects the regulation of the nat-
ural genes (data not shown).

LLO and ActA production during growth in J774 cells. The
results above indicate that while Aly expression is greater than
actA expression in broth cultures, the converse is true in the
cytosol of J774 cells. We next wished to evaluate the relative
amounts of LLO and ActA produced during bacterial growth

TABLE 1. Promoter activity during bacterial growth in J774 cells

DP-L2986 DP-1L2989
Expt B-Galactosidase B-Galactosidase
activity ! 0; '(‘:lf;’U/ activity 107 dC}I: U/

(U107 CFU/miny (U107 CFU/min) s
1 13.6 2.4 31.1 1.5
2 7.1 2.6 21.2 1.6
3 15.4 1.8 41.8 1.0
4 7.1 2.6 32.9 1.4
Mean * SD¢ 10.8 £ 4.3 31.7 £ 8.4

“ Background activity, derived from DP-L.2812-infected monolayers, was sub-
tracted from each value. B-Galactosidase activity derived from DP-L2812-in-
fected monolayers never exceeded the endogenous B-galactosidase activity pro-
duced by uninfected J774 cells.

> The number of CFU per dish was determined by lysing infected J774 cells
grown on coverslips in duplicate dishes and plating a portion of the lysate on LB
agar. The total number of CFU per dish was extrapolated by multiplication by a
factor which corrected for the area of the coverslip relative to that of the 60-mm
dish.

¢ Derived from four individual experiments. The P value, determined by Stu-
dent’s ¢ test, for a comparison of the values shown was <0.01.
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FIG. 6. SDS-PAGE of L. monocytogenes secreted and membrane-anchored
proteins produced in LB broth. Wild-type L. monocytogenes 10403S was grown in
buffered LB broth for 5.5 h, and secreted proteins (lanes 1 and 2) from 10 ml of
culture were precipitated with trichloroacetic acid and resuspended in SDS-
PAGE sample buffer. Membrane-anchored proteins (lanes 3 to 6) were extracted
from bacterial pellets by boiling for 5 min in SDS-PAGE sample buffer. Eighty
percent of each sample was subjected to SDS-PAGE, and the gel was stained
with Coomassie brilliant blue. Lane 1, 10403S; lane 2, DP-L2161 (10403SAhly)
(14); lane 3, 10403S; lane 4, DP-L1942 (10403SAactA) (3); lane 5, SLCC-5764
(5); lane 6, DP-L1955 (SLCC-5764AactA) (20). Arrows indicate the positions of
LLO and ActA. Lanes M show molecular mass standards (kilodaltons [kd]).

in the cytosol of J774 cells. However, with conventional meth-
ods of detection, LLO has been difficult to demonstrate in
lysates of infected cells. Villanueva et al. (36) provided evi-
dence that LLO secreted by cytosolic bacteria is degraded by
the proteasome. In that study, LLO could be immunoprecipi-
tated from infected J774 cell lysates only when an inhibitor of
the proteasome was present during infection. Upon optimiza-
tion of our infection and metabolic labeling protocols (see
Materials and Methods for details), we were able to directly
compare the steady-state levels of cytosolic LLO and ActA.
Using monoclonal anti-LLO antibody B3-19, and in the ab-
sence of proteasome inhibitors, we were able to immunopre-
cipitate LLO from metabolically labeled 10403S-infected J774
cell lysates after 5.5 h of bacterial growth in the cytosol (Fig. 7).
We observed two LLO bands (Fig. 7, lane 1), one comigrating
at 58 kDa with in vitro-labeled LLO (lane 3) and a smaller
species, which was likely a product of proteolytic degradation.
As a control to demonstrate that the bands immunoprecipi-
tated by the anti-LLO antibody were indeed LLO, we used
strain DP-L2817, in which chromosomal LLO has been re-
placed by perfringolysin O (PFO) in a 10403S background.
PFO is a related cytolysin which has a slightly lower molecular
mass (54 kDa) and which, like LLO, allows L. monocytogenes
to escape from vacuoles (15). It is important to note that
DP-L2817 produces a mutant PFO molecule which, unlike
wild-type PFO, is not toxic for host cells (15); therefore, we
were able to achieve an infection level similar to that of 10403S
at the time of lysis (data not shown). As illustrated in Fig. 7,
lane 2, we did not observe a 58-kDa band in lysates of DP-
L2817-infected cells, indicating that the bands detected in
10403S lysates (lane 1) were indeed LLO. However, we did
observe a faint band at 54 kDa, indicating that anti-LLO an-
tibody B3-19 weakly cross-reacts with PFO (Fig. 7, lane 2).
Similarly, ActA was immunoprecipitated with a polyclonal an-
ti-ActA antibody. As reported previously (3), ActA migrates as
three bands, with the two slower-migrating species represent-
ing phosphorylated forms (Fig. 7, lane 4). The negative control
for this immunoprecipitation was J774 cells infected with DP-
L1942 (Fig. 7, lane 5), from which act4 has been deleted (3).
The relative levels of intracellular LLO and ActA depicted
in Fig. 7 by autoradiography were quantitated by phosphorim-
aging analysis. First, it was determined that both the anti-LLO
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FIG. 7. Immunoprecipitation of LLO and ActA from L. monocytogenes-in-
fected J774 cells. Bacterial proteins were metabolically labeled during growth in
J774 cells or in vitro and immunoprecipitated with monoclonal anti-LLO anti-
body B3-19 (lanes 1 to 3) or polyclonal anti-ActA antibody 2553 (lanes 4 and 5).
Lanes 1 and 4, 10403S-infected J774 cells; lane 2, DP-L2817
(10403S::pfoH438Y)-infected J774 cells; lane 3, supernatant from 10403S cul-
tured in vitro as described in Materials and Methods; lane 5, DP-L1942
(10403SAactA)-infected J774 cells. An autoradiograph depicting one of two
experiments with similar results is shown. The exposure times for the visualiza-
tion of ActA and LLO by autoradiography were 18 h and 7 days, respectively. For
quantitation of ActA and LLO as described in Results, the gel was scanned with
a Molecular Dynamics PhosphorImager, and the resulting images were analyzed
with ImageQuant software (Molecular Dynamics). Numbers at left are in kilo-
daltons.

and the anti-ActA antibodies precipitated approximately 25%
of the available protein by our protocol (see Materials and
Methods; data not shown). Taking into account that LLO and
ActA have four and nine methionines, respectively, the results
indicated that approximately 70-fold more ActA than LLO was
present in the cytosol of infected J774 cells. As shown in Table
1, transcriptional control accounted for approximately three-
fold more intracellular act4 expression than hly expression.
Therefore, our results indicated that additional mechanisms,
possibly mediated by host cells, control the relative levels of
ActA and LLO produced during intracellular growth.

DISCUSSION

The results of this study demonstrate differential regulation
of two essential virulence genes, LLO and ActA, during L.
monocytogenes growth in vitro and in the cytosol of mammalian
cells. Whereas LLO was produced both in broth cultures and
in the cytosol, ActA was efficiently produced only in the cy-
tosol. Further, ActA was present in significantly larger quan-
tities than LLO in the cytosol, and our results indicate that
while this finding was due in part to transcriptional control, it
is clear that other factors play a significant role in regulating
the levels of cytosolic ActA compared to LLO.

hly and actA, like all of the known L. monocytogenes viru-
lence genes, are under the control of PrfA, which activates
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transcription by binding to 14-bp palindromic DNA sequences
in the —35 promoter regions of these genes (6, 9, 21, 32). PrfA
interacts with perfect palindromic sequences in the hly and
plcA promoter regions, while upstream of act4 and mpl, PrfA
binds to sequences with single-base-pair substitutions which
create imperfect palindromes. It has been postulated that due
to a high-affinity interaction with the perfect palindromic se-
quences of the Aly and plcA promoters, the activation of 4ly and
plcA requires less PrfA than the activation of actA and mpl (9,
33). In this scenario, the Aly and plcA promoters would be
activated more readily under conditions in which PrfA is lim-
iting than the mpl and actA promoters. Support for this heirar-
chical model of virulence gene expression was provided by use
of transcriptional lacZ fusions expressed under the control of
isopropyl-B-D-thiogalactopyranoside (IPTG)-inducible PrfA
in a heterologous B. subtilis host (33). In that study, ily was
activated more efficiently and with faster kinetics than actA in
broth cultures. Similar results were obtained in a study in
which the L. monocytogenes p60 gene expressed from a multi-
copy plasmid was used as a transcriptional reporter (4).

We confirmed these results by using single-copy transcrip-
tional fusions expressed under the control of endogenous PrfA
in L. monocytogenes. Our results indicated that Aly is activated
at levels up to 10-fold higher than actA4 in broth. In addition,
we extended the results of Sheehan et al. (33) by examining
promoter activity during intracellular growth. In contrast to the
in vitro situation, both act4 and hly were expressed at signifi-
cant levels in the cytosol, and we observed an approximately
threefold increase in the activity of the actA4 fusion relative to
the hly fusion in the cytosol. This threefold difference could
have been a result of actA transcription proceeding from both
the act4 and mpl promoters. In this regard, it is known that mpl/
transcription is activated in the cytosol, where its product plays
a role in processing the precurser form of PlcB (20). Results
from a number of recent studies have led to speculation that
PrfA can undergo a conformational change or associate with
itself or another molecule in response to its environment (2,
22, 31, 32). By changing conformation or assuming a higher-
order structure, PrfA could gain the capacity to interact dif-
ferentially with virulence gene promoters or to function both as
an activator and as a repressor, depending on the environmen-
tal conditions. As such, a mechanism for differential transcrip-
tion of Aly and actA would invoke changes in the quantity or
quality of PrfA protein produced by bacteria growing in broth
cultures and in the cytosol of mammalian cells.

The results of in vitro transcriptional reporter assays are
consistent with the relative amounts of LLO and ActA de-
tected in broth cultures. However, the relative amounts of
LLO and ActA detected in the cytosol could not be attributed
to control at the transcriptional level alone. While transcrip-
tion appears to account for only threefold more ActA expres-
sion than LLO expression, we were able to detect approxi-
mately 70-fold more ActA than LLO in the cytosol, indicating
an additional level of regulation in the production of these two
virulence factors. Our results are consistent with those of Vil-
lanueva et al., who demonstrated that cytosolic LLO could be
immunoprecipitated from infected cells only in the presence of
an inhibitor of the proteasome, suggesting that LLO is made in
the cytosol and then rapidly degraded (36). In contrast to LLO,
ActA is the most abundant surface or secreted bacterial pro-
tein detected in infected cells and has a relatively long half-life,
approximately 2.5 h (3, 23). Based on these data and evidence
that LLO is rapidly degraded in the cytosol, our results may be
explained largely by the relative resistance or susceptibility of
the two proteins to degradation by the proteasome or other
cytosolic proteases.
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Since we have not addressed message stability or transla-
tional regulation in this study, we cannot rule out a role for
these bacterial control mechanisms in the accumulation of high
levels of ActA relative to LLO in the cytosol. However, it is
intriguing to speculate that L. monocytogenes is so highly
adapted to life in the intracellular environment that it relies
primarily on the host cell to regulate the intracellular levels of
virulence proteins in such a way as to enhance its intracellular
growth and survival. Since LLO is a pore-forming toxin, its
rapid degradation in the cytosol may ensure that the host
cytoplasmic membrane remains intact during infection, allow-
ing L. monocytogenes to propagate without encountering anti-
microbial substances in the extracellular space. This interpre-
tation is supported by the observation that replacement of
chromosomal LLO with PFO, a related cytolysin from the
extracellular pathogen Clostridium perfringens, is toxic for host
cells (14). PFO has a half-life of more than 1 h in the cytosol,
and genetic selection for nontoxic PFO molecules led to the
isolation of mutants with a shorter intracellular half-life (15).
While the degradation of cytosolic LLO may benefit L. mono-
cytogenes, it is also advantageous to the host, as the release of
LLO 91-99, a nonameric peptide which associates with major
histocompatibility complex class I molecules, leads to the in-
duction of a cellular immune response (26). In fact, the ap-
pearance of LLO 91-99 in association with surface class I
molecules provided early evidence that LLO, which functions
in vacuolar lysis, is also produced in the cytosol. Our results,
along with those of Villanueva et al., (36) confirm that LLO
continues to be made by L. monocytogenes after it leaves the
phagocytic vacuole.

Studies described above in which LLO was replaced with
PFO, a cytolysin from a pathogen which has not adapted to the
intracellular lifestyle, support the notion that the apparent
intracellular instability of LLO is functionally relevant (14, 15).
Similarly, evidence that the intracellular stability of ActA is
also functionally relevant was recently obtained. L. monocyto-
genes expressing an ActA mutant molecule which is slightly
more susceptible to degradation in the cytosol has a significant
defect in its ability to spread to adjacent cells (23). Finally, an
example of the importance of regulation at the level of the host
cell was provided for the broad-range phospholipase PC-PLC.
The inactive precurser form of PC-PLC is processed to the
active form in Lamp1™ vacuoles, where it functions in bacterial
spread to adjacent cells, but is rapidly degraded in the cytosol
(20). Like that of LLO, the production of PC-PLC, a poten-
tially cytotoxic virulence protein, is regulated, at least in part,
by the host cell.

Finally, the transcriptional reporter system described in this
report may be of use for the isolation of novel L. monocyto-
genes virulence genes. A similar system based on intracellular
chloramphenicol selection was developed to identify novel Sal-
monella typhimurium genes induced in the intracellular envi-
ronment (19). Similarly, pLCR may be used to isolate novel L.
monocytogenes genes expressed preferentially in the intracel-
lular environment. Because of its relatively rapid intracellular
growth rate, we observed powerful selection for L. monocyto-
genes carrying fusions expressed in the mammalian cytosol over
L. monocytogenes carrying an inactive fusion after approxi-
mately 5 h of intracellular growth under chloramphenicol se-
lection conditions (Fig. 4). These experiments suggested that
L. monocytogenes is particularly amenable to this approach for
the isolation of genes which play a role in intracellular growth
and virulence.
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