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Secretion Chaperones PrsA2 and HtrA Are Required for Listeria
monocytogenes Replication following Intracellular Induction of

Virulence Factor Secretion

Jana K. Ahmed, Nancy E. Freitag

Department of Immunology and Microbiology, University of lllinois at Chicago, Chicago, Illinois, USA

The Gram-positive bacterium Listeria monocytogenes transitions from an environmental organism to an intracellular pathogen
following its ingestion by susceptible mammalian hosts. Bacterial replication within the cytosol of infected cells requires activa-
tion of the central virulence regulator PrfA followed by a PrfA-dependent induction of secreted virulence factors. The PrfA-in-
duced secreted chaperone PrsA2 and the chaperone/protease HtrA contribute to the folding and stability of select proteins trans-
located across the bacterial membrane. L. monocytogenes strains that lack both prsA2 and htrA exhibit near-normal patterns of
growth in broth culture but are severely attenuated in vivo. We hypothesized that, in the absence of PrsA2 and HtrA, the in-
crease in PrfA-dependent protein secretion that occurs following bacterial entry into the cytosol results in misfolded proteins
accumulating at the bacterial membrane with a subsequent reduction in intracellular bacterial viability. Consistent with this
hypothesis, the introduction of a constitutively activated allele of prfA (prfA*) into AprsA2 AhtrA strains was found to essentially
inhibit bacterial growth at 37°C in broth culture. AprsA2 AhtrA strains were additionally found to be defective for cell invasion
and vacuole escape in selected cell types, steps that precede full PrfA activation. These data establish the essential requirement
for PrsA2 and HtrA in maintaining bacterial growth under conditions of PrfA activation. In addition, chaperone function is re-
quired for efficient bacterial invasion and rapid vacuole lysis within select host cell types, indicating roles for PrsA2/HtrA prior
to cytosolic PrfA activation and the subsequent induction of virulence factor secretion.

he Gram-positive bacterium Listeria monocytogenes habitually

exists in soil and decomposing plant matter (1-3) but can
cause severe invasive disease in animals and humans following the
ingestion of contaminated food (4, 5). The successful transition of
L. monocytogenes from the outside environment to life within the
mammalian host is dependent upon the activation of PrfA, a tran-
scriptional activator which regulates the majority of the gene
products associated with bacterial virulence (6-9). Full activation
of PrfA occurs following entry of L. monocytogenes into the cytosol
of infected-host cells, with PrfA-dependent gene products facili-
tating the major steps of L. monocytogenes pathogenesis that in-
clude intracellular replication, actin-based bacterial motility, and
spread to adjacent cells (10, 11). Following cell entry, the escape of
L. monocytogenes from host cell vacuoles is mediated by three
PrfA-dependent gene products: the cholesterol-dependent pore-
forming cytolysin listeriolysin O (LLO) and two phospholipases
(PIcA and PlIcB) (12-15). Within the cytosol, L. monocytogenes
recruits and polymerizes host cell actin through the expression of
a PrfA-dependent bacterial surface protein known as ActA, en-
abling bacterial movement into adjacent cells (16, 17). Activation
of PrfA within the cytosol has been suggested to occur as a result of
PrfA binding to glutathione (18); in addition, mutant forms of
PrfA have been identified that are constitutively active in the ab-
sence of any environmental signal (known as prfA* mutations)
(19-24). A number of prfA* mutations have been reported, and
some of them (such as the L-to-F change at position 140 encoded
by prfA [prfA L140F] and prfA G145S) appear to phenocopy the
levels of PrfA activation achieved within the cell cytosol in vivo
(18, 24, 25).

Overall, PrfA activation leads to a dramatic increase in the
synthesis of numerous secreted proteins that are required for L.
monocytogenes pathogenesis (25). These proteins are thought to be
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translocated in an unfolded state across the cell membrane (26—
28), with protein folding occurring within the highly charged and
solvent-accessible environment located between the cytoplasmic
membrane and the peptidoglycan cell wall (29). Two proteins
whose secretion is upregulated following PrfA activation, PrsA2
and HtrA, have been identified as residing in this environment
and assist with the folding and stability of secreted proteins as they
are translocated across the bacterial membrane (25, 30, 31). PrsA2
is a secreted cis-trans prolyl isomerase and foldase and has been
shown to be necessary for the full activity of at least two virulence
factors which facilitate phagosome escape during host infection:
LLO (encoded by hly) and the broad-spectrum phospholipase
PlcB (31, 32). HtrA, also known as DegP in Escherichia coli, is a
temperature-regulated serine protease that can also act as a chap-
erone (33). For E. coli HtrA, the protease function is active at
elevated temperatures (37°C), while a conformational change at
lower temperature prevents accessibility of the serine in the active
site; thus, the chaperone function of HtrA is dominant at low
temperatures (33, 34). HtrA is linked to the heat shock response
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TABLE 1 Bacterial strains used in this study

Description or relevant genotype or Reference
Strain phenotype or source
NF-L100 Wild-type 10403S 60
NF-1340 Ahly (DP-12161) 61
NF-L1124 NF-L100 actA-gus-neo-plcB 43
NF-L1166 NEF-L100 actA-gus-neo-plcB prfA* L140F 43
NF-L1605 AhtrA 37
NF-L1651 AprsA2::erm 32
NF-L1634 AhtrA AprsA2::erm 30
NF-L3611 NF-L100 prfA* This work
NF-L3612 NE-L1605 prfA* AhtrA This work
NF-L3613 NF-L1651 prfA* AprsA2:erm This work
NF-L3614 NF-L1634 prfA* AhtrA AprsA2::erm This work

(52°C) and survival at elevated temperatures (44°C) in E. coli,
although its expression is not increased upon heat shock in L.
monocytogenes (35, 36). HtrA is required for bacterial fitness un-
der conditions such as osmotic, acid, and oxidative stress and for
survival following exposure to antibiotic (puromycin, penicillin)
(35-37). PrsA2 also contributes to resistance to penicillin and
other antibiotics as well as osmotic and pH stress (38, 39), pre-
sumably reflecting a role for PrsA2 in cell wall synthesis and/or
homeostasis (40), whereas the principal role of HtrA seems to be
degradation of proteins under stressful conditions (36). The target
proteins for the chaperone function of HtrA in Listeria are un-
known; however, activity of LLO appears to be independent of
HtrA (37).

Despite the fundamental importance of protein secretion for
bacterial virulence, much remains unknown regarding the me-
chanics of protein folding and the regulation of protein activity at
the Gram-positive membrane—cell wall interface. PrsA2 and HtrA
have both been shown to contribute to L. monocytogenes patho-
genesis (30, 32); however, the identities of their substrates and the
mechanisms by which these chaperones contribute to protein
folding, activity, and/or degradation remain to be determined. L.
monocytogenes mutants containing single deletions of either htrA
or prsA2 are significantly compromised for virulence in mice,
while the AprsA2 AhtrA double deletion mutant appeared essen-
tially avirulent with no detectable bacterial colonies recovered
from target organs (30). While growth of the AprsA2 AhtrA dele-
tion mutant was similar to that of wild-type strains in rich broth
culture, growth of the mutant in J774 macrophage-like cells was
severely restricted (30). These results suggest that HtrA and PrsA2
are dispensable for growth under laboratory conditions but are
essential for bacterial life within host cells. Given that PrfA activa-
tion within the cytosol of infected-host cells results in dramatic
increases in bacterial protein secretion, we hypothesized that the
functions of PrsA2 and HtrA are required for secreted protein
folding and activity as well as full bacterial viability under condi-
tions of PrfA activation within the cytosol. We therefore took
advantage of the constitutively activated PrfA phenotype of prfA*
strains to assess the requirement for PrsA2 and HtrA activity in the
context of PrfA activation.

MATERIALS AND METHODS

Strains, media, and culture conditions. All bacterial strains used in this
study are listed in Table 1. L. monocytogenes strain 10403S (NF-L100) was
used as a wild-type control and parent strain for mutants. All strains were
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grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit,
MI) or Luria-Bertani (LB) broth (Invitrogen Corp., Carlsbad, CA) with
agitation at 37°C unless specifically stated otherwise. The prfA* (prfA
L140F) allele was introduced into L. monocytogenes strains by bacterio-
phage transduction as previously described (24, 41, 42). Briefly, 107 to 10®
PFU of Listeria phage U153 lysates (41) prepared from strain NF-L1166
(prfA L140F actA-gus-neo-plcB) (43) were mixed with 10® CFU of mid-log
strain NF-L100 (wild type [WT]), NF-L1605 (AhtrA), NF-L1651
(AprsA2::erm), or NF-L1634 (AhtrA AprsA2:erm). The transductants
were identified by selection for neomycin resistance (10 pg/ml) and a blue
colony appearance on BHI agar containing 50 p.g/ml 5-bromo-4-chloro-
3-indolyl-B-p-glucuronic acid (X-Gluc). The antibiotic neomycin was
added to growth media for all experiments with prfA* mutants at a final
concentration of 10 pg/ml.

Bacterial growth curves, CFU, colony size determination, and via-
bility assessment. Bacterial growth was measured in BHI broth beginning
with a 1:20 dilution of an overnight culture into fresh BHI broth. The
absorbance at an optical density at 600 nm (ODg,,) was measured in a
spectrophotometer to determine growth each hour. Counting of CFU was
done by 10-fold dilutions in H,O followed by plating onto LB agar and
overnight incubation at 37°C for enumeration. Colony sizes were deter-
mined on BHI agar after 24 h of growth at 37°C. Bacterial cell viability was
assessed by using the Live/Dead BacLight bacterial viability kit according
to the manufacturer’s instructions (Invitrogen Corp.). Strains were grown
overnight at 30°C, diluted 1:20 into fresh BHI medium, and grown for 6 h
at 37°C. Cell cultures (1 ml) were washed twice in phosphate-buffered
saline (PBS) before staining. Images were taken using a Zeiss Axio Imager
A2 microscope.

Measurement of B-glucuronidase activity. 3-Glucuronidase (GUS)
activity was measured as previously described (22) with minor modifica-
tions. Briefly, L. monocytogenes cultures grown overnight at 30°C or 37°C
in BHI broth were diluted 1:50 and grown with shaking at 30°C or 37°C for
24 h. The ODg,, was measured for each time point (3h, 5h, 7h,and 24 h),
and two 500-pl culture aliquots were collected. Bacterial cells were recov-
ered by microcentrifugation at 8,000 X g for 3 min, and the supernatants
were removed. Bacterial pellets were resuspended in 100 .l (aliquot 1) or
1 ml (aliquot 2) of ABT buffer (0.1 M potassium phosphate [pH 7.0], 0.1
M NaCl, 0.1% Triton X-100). GUS activity was measured as described but
with 4-methylumbelliferyl-B-p-glucuronide instead of 4-methylumbil-
liferyl-B-p-galactoside (Sigma) (44).

Protein extraction, SDS-PAGE, and Western blot analysis. Secreted
proteins were isolated from culture supernatants, and surface-associated
fractions were isolated from whole bacterial cells as previously described
with minor modifications (25, 38). In brief, 20-ml cultures of each L.
monocytogenes strain were grown to mid-log phase (3 to 4 h for Western
blot analysis) or late log phase (6.5 h) and stationary phase (24 h) (for
Coomassie blue-stained sodium dodecyl sulfate [SDS]-polyacrylamide
gels) in BHI broth at 30°C or 37°C with shaking and normalized by ad-
justing cultures to equivalent OD, values before protein fractionation.
Proteins present in the culture supernatants were precipitated with 10%
trichloroacetic acid (TCA) (Fisher Scientific), and the pellets were washed
with ice-cold acetone and resuspended in 200 pl of 2X SDS boiling buffer
(Bio-Rad). Surface-associated proteins were extracted by boiling of the
bacterial pellet in 200 pl of 2X SDS boiling buffer (Bio-Rad). To extract
proteins from the cytoplasm, bacterial cells were recovered by centrifuga-
tion and resuspended in 1 ml of PBS or 1 ml of buffer (5% SDS, 10%
glycerol, 50 mM Tris [pH 6.8]) (24-h samples). Twenty milligrams of
lysozyme (Sigma-Aldrich, St. Louis, MO) was added, and samples were
incubated at 37°C for 30 min. Prior to sonication with five repeated 1-min
bursts and 1-min cooling on ice, 10 l of 100X protease inhibitor cocktail
set III (Calbiochem, Millipore) was added. After sonication, 50 pl of
B-mercaptoethanol was added to the 6.5-h samples as well as a toothpick
tip full of bromphenol blue (Sigma-Aldrich). One hundred microliters of
2X SDS boiling buffer (Bio-Rad) was added to 100 .l of the 24-h samples.
All samples were boiled for 5 min before being subjected to SDS-poly-
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acrylamide gel electrophoresis (PAGE) (45). For detection of PrsA2 and
HtrA, 15 pl of the isolated membrane-associated proteins were separated
using SDS-PAGE. Protein samples were transferred onto polyvinylidene
difluoride (PVDF) membranes. HtrA and PrsA2 were detected using a
1:200 dilution of affinity-purified polyclonal antibodies directed against
purified PrsA2- or HtrA-derived peptides in 1X PBST (phosphate-buff-
ered saline solution plus 0.05% Tween 20), followed by incubation with a
1:2,500 dilution of a polyclonal goat anti-rabbit secondary antibody con-
jugated to alkaline phosphatase (SouthernBiotech, Birmingham, AL).
Bands were visualized colorimetrically with the addition of 10 ml of a
BCIP/NBT Plus solution (SouthernBiotech, Birmingham, AL) (BCIP
stands for 5-bromo-4-chloro-3-indolylphosphate, and NBT stands for
nitroblue tetrazolium). Image] software was used to determined densi-
tometry (http://imagej.nih.gov/ij/).

Bacterial intracellular growth assays. Bacterial intracellular growth
assays in mouse macrophage-like cells (J774), Potoroo tridactylis kidney
epithelial cells (PtK2), human colon epithelium cells (Caco2), human
kidney epithelium cells (Henle), and human colon epithelium cells (HTB-
38) were performed as previously described (24, 32). In brief, monolayers
of mammalian cells were grown on glass coverslips to confluence and
infected with bacterial strains with a multiplicity of infection (MOI) of
100:1 except for J774 for which an MOI of 0.1:1 was used. The bacterial
cultures were grown without shaking at 37°C overnight, except the AhtrA
AprsA2 prfA* mutant, which was grown at 30°C due to the severe growth
defect at 37°C. One hour postinfection (p.i.), monolayers were washed
three times in Dulbecco’s phosphate-buffered saline (DPBS) (Cellgro Me-
diatech Inc.), and fresh medium was added, followed by 5 pg/ml of gen-
tamicin to kill extracellular bacteria. At the time points indicated in the
figures, coverslips were removed and lysed in 2 ml of sterile H,O to release
intracellular bacteria for enumeration of CFU.

Measurement of bacterial association with host cell actin. For assess-
ment of bacterial association with host cell actin as monitored by fluores-
cence microscopy, coverslips were prepared as previously described (46)
with minor modifications. The cells were fixed by covering the coverslip
with 3.2% formaldehyde in PBS followed by 0.1% Triton X-100 treat-
ment. Filamentous host cell actin was stained with Alexa Fluor 488 phal-
loidin (Invitrogen Corp.). Bacterial cells were stained with Listeria-spe-
cific polyclonal antibody (BD Biosciences), followed by a secondary goat
anti-rabbit antibody conjugated to rhodamine. DNA-containing nuclei
were visualized with 4’,6'-diamidino-2-phenylindole (DAPI) (ProLong
Gold antifade reagent; Life Technologies). Images were taken using a Zeiss
Axio Imager A2 microscope.

Transfection of PtK2 cells and detection of vacuole perforation. A
mammalian expression vector containing a fusion of the yellow fluores-
cent protein (YFP) to a cell wall binding domain (CBD) of the phage
endolysin Ply118 which binds specifically to the L. monocytogenes cell wall
was transfected into PtK2 cells as previously described (47). An MOI of
25:1 was used for infection of PtK2 cells with the wild-type strain, while an
MOI of 200:1 was used for the AhtrA AprsA2::erm and Ahly mutants to
increase the chances of detecting rare events of vacuole perforation.
Fluorescence staining was conducted as described above except that host
cell actin was stained with Alexa Fluor 350 phalloidin (Invitrogen Corp.).

Measurement of LLO-associated hemolysis and PlcB-associated
phospholipase activity. Hemolytic activity was measured as previously
described with minor changes (48). Briefly, stationary-phase bacterial cul-
tures were diluted 1:10 into LB medium and grown at 37°C for 5 h with
shaking. The ODy,, was determined, and 1 ml of each culture was nor-
malized to equivalent OD, values and centrifuged at 8,000 X g for 5 min.
Twofold serial dilutions of the supernatants were incubated with PBS-
washed sheep erythrocytes (Cocalico Biologicals Inc., Reamstown, PA)
for 30 min at 37°C. After incubation, erythrocytes were recovered by cen-
trifugation to measure 50% lysis by visual inspection.

plcB-dependent phospholipase production was visualized using Bril-
liance Listeria selective agar plates containing lecithin (Oxoid). Agar was
poured into petri dishes, and after solidification of the medium, 5 ! of
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bacterial overnight cultures (30°C) were spotted onto the surface of the
plate and incubated at 30°C for 48 h, and the zones of enzymatic phos-
pholipase activity were measured.

Statistical analyses. The nonpaired Student ¢ test was used for statis-
tical analyses.

RESULTS

PrfA activation in the absence of the PrsA2 and HtrA secretion
chaperones compromises bacterial growth. High-level activa-
tion of PrfA normally occurs following entry of L. monocytogenes
into the host cell cytosol, a situation which complicates efforts to
directly assess the impact of PrfA activation on bacterial physiol-
ogy. As an alternative method for assessing the effects of PrfA
activation on bacteria lacking PrsA2 and/or HtrA, we took advan-
tage of prfA* mutations that result in the constitutive activation of
PrfA to levels that are comparable to those occurring within in-
fected cells (18, 19, 22-25). L. monocytogenes NF-L1166 contains
the constitutively activated prfA L140F allele in place of wild-type
prfA in the bacterial chromosome together with a closely linked
actA transcriptional fusion to both a neomycin resistance gene
(neo) and gus encoding B-glucuronidase (GUS), thereby placing
the expression of neo and gus under the regulation of the PrfA-
dependent actA promoter (43). prfA* actA-neo-gus was intro-
duced into AhtrA, AprsA2::erm, and AhtrA AprsA2::erm strains by
phage U153 transduction and selection for neomycin-resistant
blue transductants on plates containing 10 pg/ml neomycin and
50 pg/ml 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid (X-
Gluc).

While colonies of the AhtrA AprsA2::erm double deletion mu-
tant exhibited a noticeable growth defect on BHI plates when
grown at 37°C, AhtrA AprsA2::erm prfA* transductants were pro-
foundly impaired for growth at 37°C and formed tiny neomycin-
resistant blue colonies (Fig. 1A). Examination of bacterial growth
in broth culture indicated that mutant strains containing wild-
type prfA or prfA* exhibited similar growth characteristics at 30°C;
however, growth of AhtrA AprsA2::erm prfA* strains was severely
impaired at 37°C (Fig. 1B). Growth of the single chaperone dele-
tion mutants was similar in the presence of wild-type prfA or prfA*
at 30°C and 37°C (Fig. 1B). The prfA*-associated growth defect at
37°C was not immediately apparent, as cultures grown first at
30°C for 3 h and then shifted to 37°C did not immediately exhibit
reduced growth (Fig. 1C, green line), but when inoculated and
allowed to grow overnight at 37°C, the defect became readily ap-
parent (Fig. 1D, red line). AhtrA AprsA2:erm prfA* cultures
grown overnight at 30°C exhibited growth defects following 4 to 5
h of growth at 37°C (Fig. 1D, blue line), and when these cultures
were diluted into fresh medium and incubations continued at
37°C, bacterial growth appeared to cease (Fig. 1D, black line).
Incubation of AhtrA AprsA2::erm prfA* cultures overnight at 37°C
followed by dilution into fresh medium and growth at 30°C re-
sulted in an extended lag phase before growth was apparent (Fig.
1C, red line). The reductions in optical density observed for AhtrA
AprsA2::erm prfA* cultures incubated at 37°C were consistent with
decreased numbers of viable cells as indicated by plating for bac-
terial CFU (Fig. 1E) and by monitoring bacterial membrane in-
tegrity (Fig. 1F and G). Taken together, these results indicate that
the introduction of constitutively activated PrfA confers a growth
defect to strains lacking the PrsA2 and HtrA chaperones under
conditions of rapid cell growth (37°C). The delay observed be-
fore the growth defect becomes apparent following the shift to
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FIG 1 L. monocytogenes AhtrA AprsA2::erm prfA* mutants exhibit pronounced growth defects at 37°C. (A) Colony sizes determined on BHI agar after 24 h of
growth at 37°C. At least five colonies were measured from two independent experiments. Values that were statistically significantly different (P < 0.0001) by the
t test are indicated by a bar and four asterisks. WT, wild type. (B) Bacterial growth as determined by optical density measurement at 600 nm at 30°C and 37°C at
the indicated time points. (C and D) Bacterial growth of AhtrA AprsA2::erm prfA* at 30°C (C) and 37°C (D). (C) Growth at 30°C from an overnight inoculum
culture grown at 37°C or 30°C and a temperature shift from 30°C to 37°C at 3 h. (D) Continuous growth at 37°C from an overnight inoculum culture grown at
37°C or 30°C are shown. The latter culture (blue line) was diluted 1:20 and grown again for 8 h at 37°C (black line). (E) Overnight cultures of the wild-type prfA*
strain and the AhtrA AprsA2::erm prfA* mutant were grown at 30°C or 37°C, diluted 1:20, and grown at 37°C for 6 h. Every hour, a sample was taken, serially
diluted, and plated for enumeration of CFU per milliliter. Data are representative of the data from two independent experiments. (F) Live/Dead staining of
wild-type prfA* and AhtrA AprsA2::erm prfA* mutants. Overnight cultures were grown at 30°C, diluted 1:20 into fresh medium, and grown for 6 h at 37°C.
Micrographs are representative of at least three independent experiments. (G) Enumeration of bacteria from Live/Dead staining. Data summarize results from
at least three independent experiments. For each experiment, at least 30 bacteria were counted from 5 to 10 independent fields.

37°C suggests that, under conditions of rapid growth, the 37°C culture back to 30°C is consistent with the observation
AhtrA AprsA2::erm prfA* mutant accumulates a toxic sub-  that most cells within the 37°C population are not viable (Fig.
stance(s) and/or gradually experiences a cellular modification  1E to G); thus, the outgrowth of a minority of viable cells must
that impairs bacterial growth. The extended lag phase that oc-  occur before an appreciable increase in optical density can be
curs before bacterial growth resumes following the shift of the  detected.
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Proteinsisolated from lysed bacterial cells (sonicated), surface-associated proteins, and secreted proteins from supernatants. All cultures were normalized
to an equal volume of a solution with an ODy, of 0.5 before treatment. The cultures were then subjected to fractionation, separation of proteins by
SDS-PAGE, and staining with Coomassie blue. Overnight cultures were grown at 30°C, diluted 1:20 into fresh medium, and grown for 6.5 h at 37°C; the
growth defect of the AhtrA AprsA2::erm prfA* mutant at 37°C prevented the use of this temperature for the growth of overnight cultures for these assays.
Images shown are representative of at least three independent experiments. WT, wild type; Mut, AhtrA AprsA2::erm prfA* mutant. (B) PrfA activity was
assessed based on the expression of a transcriptional fusion reporter gene (gus, encoding B-glucuronidase [GUS]) located between actA and plcB. Both
actA and plcB are directly dependent on PrfA for expression, and thus, GUS activity serves as a readout of PrfA activity. The assay was performed with the
wild-type (WT) and prfA L140F (WT prfA*) strains grown at 30°C and 37°C at the time points indicated. Two independent experiments were performed,
and means are shown with error bars representing the standard deviations.

Gross examination of proteins associated with the surface of
bacterial cells by SDS-PAGE indicated that the AhtrA AprsA2::
erm prfA* mutant exhibited changes in the abundance and di-
versity of protein species associated with the cell surface in
comparison to the wild-type strain following growth at 37°C
(Fig. 2A). Noticeable were both the absence of some prominent
species as well as an increase in protein species spanning a
variety of molecular masses (Fig. 2A). These changes could
reflect protein released and associated with the bacterial mem-
brane as a result of cell lysis and/or an accumulation of proteins
reflecting folding and secretion defects due to the absence of
the secretion chaperones.

The 37°C growth defect associated with prfA* strains lacking
PrsA2 and HtrA does not reflect temperature-dependent changes
in PrfA* activity. It has been previously demonstrated that the
expression of prfA is subject to temperature-dependent regulation
based on the formation of secondary structure that inhibits trans-
lation in the prfA mRNA directed by the prfA P1 promoter at 30°C
(49, 50). Transcripts directed by the prfA P2 promoter do not
contain the mRNA thermosensor, and it is not clear whether tran-
scripts initiating from the upstream plcA promoter exhibit tem-
perature-dependent translation (50). To determine whether tem-
perature-dependent regulation of PrfA* synthesis and activity
contributed to the growth defect of AhtrA AprsA2::erm prfA*
strains observed at 37°C but not at 30°C, activity of PrfA* was
assessed by measuring PrfA*-dependent GUS activity associated
with the actA-neo-gus transcriptional reporter gene fusion (43).
Strains containing wild-type prfA exhibited a modest induction of
GUS activity during bacterial growth at 37°C in comparison to
growth at 30°C; however, no difference in GUS activity was ob-
served for prfA* cultures grown at either 30°C or 37°C (Fig. 2B),
indicating that temperature-dependent posttranscriptional con-
trol of prfA* does not play a major role in regulating PrfA* activity.
Temperature-dependent differences in PrfA* activity are there-
fore not responsible for the growth defects of the AhtrA AprsA2:
erm prfA* mutants grown at 37°C versus 30°C. Instead, it would
appear that PrfA*-dependent high-level expression of secreted
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proteins under conditions of rapid bacterial growth act together to
confer the growth defect observed for strains lacking the PrsA2/
HtrA chaperones.

Loss of PrsA2 increases HtrA secretion during growth in
broth culture and in the presence of PrfA activation. L. monocy-
togenes mutants that lack both PrsA2 and HtrA secretion chaper-
ones exhibit dramatic reductions in bacterial intracellular growth
within tissue culture cells and a greater than 10”-fold reduction in
bacterial burdens in target organs in mouse models of infection
(30); these defects are more extensive than those observed for
bacterial mutants that lack only one of the two chaperones (com-
pared to the ~10*-fold target organ burden reduction for the
AprsA2 mutant and 10°-fold burden reduction for the AhtrA mu-
tant). Similarly, introduction of the constitutively activated prfA*
allele into single chaperone deletion mutants had much less of a
negative impact on bacterial growth than the introduction of
prfA* into the double mutant (Fig. 1). These results suggest that
each secreted chaperone may exhibit some degree of functional
overlap with respect to protein folding and secretion under
conditions of PrfA activation. HtrA protein levels have been
shown to increase in response to a variety of stress conditions
(35); thus, we speculated that the loss of either HtrA or PrsA2
might induce a stress that would increase the expression of the
other chaperone. Western blot analysis using antibodies di-
rected against HtrA and PrsA2 in the presence and absence of
prfA* indicated no significant increase in the levels of PrsA2 in
the absence of functional HtrA (Fig. 3). In contrast, the levels of
HtrA protein increased severalfold in strains lacking functional
PrsA2 (Fig. 3). These results indicate that L. monocytogenes re-
sponds to the lack of PrsA2 by increasing levels of secreted HtrA;
however, the loss of functional HtrA does not result in a comple-
mentary increase in PrsA2 secretion, suggesting distinct mecha-
nisms of chaperone regulation. Alternatively, it is possible that the
loss of HtrA induces less of a stress response than the loss of PrsA2.

AhtrA AprsA::erm strains exhibit cell type-dependent de-
fects in vacuole escape. Previous experiments using mouse J774
macrophage-like cell lines indicated that the double deletion
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FIG 3 HtrA abundance increases in strains lacking PrsA2. (A) Western blot
analysis of surface-associated HtrA and PrsA2 proteins from AprsA2 and
AhtrA mutants, respectively. Proteins were isolated from mid-log-phase cul-
tures grown for 3 to 4 h with shaking at 30°C or 37°C. Bacterial cultures were
normalized to equal volumes of a solution with an ODy, of 0.5 before protein
extraction. The HtrA and PrsA2 proteins were detected with antibodies against
PrsA2 (o PrsA2) or HtrA (o HtrA). Images shown in panel A are representative
of at least three independent experiments. The density of protein bands was
measured using Image] software. (B) Fold change of HtrA and PrsA2 expres-
sion in mutants compared to the wild type (WT) or prfA* (WT prfA¥). The
values for the mutants that were significantly different (P < 0.05) from the
values for the wild type are indicated by an asterisk.

chaperone mutant AhtrA AprsA2::erm strain was severely im-
paired for intracellular replication (30). It was unclear from these
experiments whether bacteria were delayed and/or defective for
escape from host cell vacuoles, or alternatively if the growth defect
occurred as a result of PrfA activation following bacterial entry
into the cytosol. AhtrA AprsA2::erm prfA* strains were defective
for growth in broth culture at 37°C (Fig. 1); however, this growth
defect became evident only after several hours of growth (>5 h)
after the cultures were shifted from 30°C to 37°C. Interestingly,
AhtrA AprsA2::erm prfA* cultures grown overnight at 30°C and
then used to infect J774 cells exhibited an immediate intracellular
growth defect, consistent with either a vacuole escape defect or
defective replication within the cytosol (Fig. 4A). The AhtrA
AprsA2::erm double mutant was found to be similarly compro-
mised for growth within a variety of different cell types, including
Potoroo tridactylis rat kidney epithelial cells (PtK2) and human
kidney epithelial cells (Henle) (Fig. 4B and D). The significantly
compromised intracellular growth defect of the AhtrA AprsA2:
erm double mutant with prfA* was also evident when the wild type
and single mutants with prfA* were grown at 30°C before infec-
tion, the temperature required for successful propagation of
AhtrA AprsA2::erm prfA* strains in broth culture (see Fig. S1in the
supplemental material). Interestingly, comparable numbers of the
AhtrA AprsA2::erm mutant with or without prfA* were observed in
comparison to the wild type and single mutants in human colonic
epithelial cells (Caco2 cells) with a very modest defect in invasion and
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intracellular replication evident for the AhtrA AprsA2::erm mutant
with prfA* (Fig. 4C).

Entry of L. monocytogenes into the cytosol can be detected
based on the ability of the bacterium to associate with host cell
actin and stimulate actin polymerization (51). Examination of
infected cells using fluorescence-based microscopy at 5 h postin-
fection indicated that the AhtrA AprsA2::erm double mutant failed
to form any detectable actin tails in J774, PtK2, or Henle cells (Fig.
5A, B, and D), even after extended periods of incubation in PtK2
cells of up to 24 h (Fig. 6A and B). In contrast, mutants lacking
both PrsA2 and HtrA chaperones were fully capable of cell inva-
sion and vacuole escape as indicated by actin association in human
Caco2 cells (Fig. 5C), although actin association and assembly
were delayed, as indicated by the reduction in actin tails, but an
increased number of bacteria associated with actin clouds, the
precursor of actin-based motility (Fig. 6C). The ability of the
AhtrA AprsA2::erm mutant to invade host cells, escape from
host cell vacuoles, and polymerize host cell actin in Caco2 cells
did not appear to reflect properties of colonic cell lines in gen-
eral, as the mutant exhibited reduced invasion of another hu-
man colon cell line (HTB-38) (Fig. 6D) and failed to polymer-
ize actin (Fig. 6E).

The failure of the AhtrA AprsA2::erm mutant to polymerize
actin in most cell types examined could reflect either a defect in
actin assembly, a defect in vacuole escape, or defects in both ac-
tivities. PrsA2 function has been associated with stability and ac-
tivity of the pore-forming hemolysin LLO as well as with efficient
processing of the PlcB phospholipase, of which both contribute to
vacuole escape (12-15). Significant levels of secreted LLO were
detected in the supernatant fractions of AhtrA AprsA2::erm mu-
tants with and without prfA* (Fig. 7E). PlcB phospholipase activ-
ity was greatly reduced on Brilliance Listeria agar plates for the
AhtrA AprsA2:erm mutant but only modestly affected for the
AhtrA AprsA2::erm mutant with prfA* (Fig. 7F). As both single
prsA2 and htrA mutants are capable of efficient vacuole escape
based on their kinetics of intracellular replication (Fig. 4), we ex-
amined whether the presence of at least one of the secretion chap-
erones is required for vacuole escape by examining the ability of
AhtrA AprsA2::erm double mutant to perforate host cell vacuoles.
PtK2 cells were transfected with a mammalian expression vector
containing a fusion of the yellow fluorescent protein (YFP) to a
cell wall binding domain (CBD) of the phage endolysin Ply118
that binds specifically to the L. monocytogenes cell wall (47). Henry
et al. have previously shown that the YFP-CBD fusion protein is
constitutively expressed in the host cytosol and nuclei of trans-
fected tissue culture cells and colocalizes with L. monocytogenes
only after the bacteria have perforated the vacuole (47). For a
negative control for vacuole perforation, we included a Ahly mu-
tant that lacks LLO and fails to perforate host vacuoles (52). Sim-
ilar to the Ahly mutant, strains lacking the PrsA2 and HtrA secre-
tion chaperones were unable to perforate the vacuole by up to 5 h
postinfection (Fig. 7A to D). Thus, although the AhtrA AprsA2:
erm double chaperone mutant exhibits detectable levels of LLO
and PlcB activity when grown in broth culture and remains viable
for several hours at 37°C, the mutant is still defective for vacuole
perforation and escape within most infected cells, thereby indicat-
ing a requirement for at least one of the two secretion chaperones
to promote lysis of the host cell vacuole in many, but not all, cell

types.
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DISCUSSION

The HtrA and PrsA2 secretion chaperones have both been thought
to be involved in stress resistance and virulence; however, their
roles have often appeared to be nonoverlapping and/or non-
equivalent (30, 32, 35, 36, 38). L. monocytogenes strains lacking
prsA2 are at least 100-fold-less virulent than htrA deletion strains
are, and the mutants differ in secreted protein profiles as well as
levels of resistance to various stresses (30, 35, 36, 39). Our studies
of single and combined prsA2 and htrA deletion mutations indi-
cate that both chaperones contribute to bacterial fitness under
conditions of rapid growth in the presence of PrfA activation, such
as would be anticipated to occur during host cell infection. The
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growth of the AhtrA AprsA2::erm double chaperone mutant
was only slightly impaired at 37°C in the absence of PrfA acti-
vation, indicating that it is PrfA activation and the associated
increase in the translocation of secreted proteins across the
bacterial cell membrane that compromises bacterial fitness.
The activities of PrsA2 and HtrA thus play crucial and comple-
mentary roles to promote L. monocytogenes survival during host
infection.

The 37°C temperature-associated growth defect for AhtrA
AprsA2::erm prfA* strains was not immediately apparent follow-
ing the shift from 30°C to 37°C but rather developed over several
hours of continued incubation. The expression levels of PrfA-de-
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*, P <0.05; **, P < 0.005. (C) Quantification of host cell actin tails and clouds associated with L. monocytogenes wild-type and AhtrA AprsA2::erm mutant in
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pendent gene products by constitutively active PrfA* appears to be  given that the decrease in growth rate observed for strains lacking
similar at either 30°C or 37°C (Fig. 2B); thus, we hypothesize thatitis  both secretion chaperones occurs only after several hours (Fig.
the increase in protein secretion combined with conditions of rapid ~ 1D). Likewise, AhtrA AprsA2::erm prfA* cultures that have been
bacterial growth that compromises L. monocytogenes fitness. In-  incubated overnight at 37°C exhibit a prolonged lag phase before
triguingly, a similar temperature-dependent growth defect at growth initiates, suggesting that cells must either overcome con-
37°C has been observed for E. coli strains lacking both DegP  ditions of growth inhibition before growth can resume and/or
(HtrA) and a periplasmic protein chaperone known as Skp (53).  alternatively that only a small minority of cells remain viable. Our
In E. coli, DegP has increased protease activity at 37°C (33),and it results are thus consistent with a model in which PrsA2 contrib-
has been suggested that the absence of the chaperone Skp leads to  utes to the folding and stabilization of proteins as they translocate
the accumulation of unfolded proteins in the periplasm, which  across the bacterial membrane and that HtrA assists in this process
normally would be degraded by DegP (53). We hypothesize thata  so as to avoid the accumulation of misfolded proteins at the mem-
similar accumulation of misfolded or unfolded proteins at the brane-cell wall interface.

membrane-cell wall interface becomes toxic for L. monocytogenes, HtrA and PrsA2 activities are indispensable for bacterial infection
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In the micrographs, Listeria is shown in red, phage cell wall binding domain fused to YFP is shown in green, and host cell filamentous actin is shown in blue. The
images shown are representative of two experiments. (D) Quantitation of bacteria in PtK2 host cells with (green) and without (red) colocalization with phage cell
wall binding protein from the host cytosol. (E) Measurement of LLO-associated bacterial hemolytic activity. Dilutions of bacterial culture supernatants were
assessed for their ability to lyse sheep’s red blood cells (RBCs) in vitro. The reciprocal of the supernatant dilution that resulted in 50% lysis of RBCs (hemolytic
units) was determined in a minimum of three independent experiments. The values are averages plus standard deviations (error bars). (F) The production of
PlcB-dependent phospholipase was assessed on Brilliance selective agar plates. Bacteria were spotted onto agar plates and incubated overnight at 30°C. The halo
or zone of opacity surrounding bacterial growth is indicative of PlcB activity. The experiment was repeated independently three times. The values that are
significantly different are indicated by bars and asterisks as follows: *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001.

of host cells, conditions under which PrfA activation normally oc-
curs. The contributions of the chaperones to bacterial intracellular
growth appear to extend beyond the requirement for viability under
conditions of PrfA activation, given that the growth defect takes sev-
eral hours to manifest, while the mutants appear almost immediately
compromised for intracellular growth. The intracellular replication
defect of the AhtrA AprsA2::erm mutant appears to result largely,
at least initially, from the failure of the mutant to mediate escape
from the host cell vacuole. The apparent severity of the vacuole
escape defect in several cell types is unexpected, given that reduced
but still substantial levels of active LLO and phosphatidylcholine-
preferring phospholipase C (PC-PLC) are secreted by the mutant
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(Fig. 7E and F). It has been previously shown that mutants ex-
pressing ~20% of wild-type LLO activity are still capable of effi-
cient vacuole escape (50). The failure to perforate vacuoles despite
substantial LLO and PC-PLC enzymatic activity in broth (~40%
of wild type) suggests that the environment of the vacuole may be
more stringent for protein folding and activity of LLO and PC-
PLC than conditions of broth culture. Interestingly, the AhtrA
AprsA2::erm mutant remains capable of escape from the vacuoles
of the human intestinal cell line Caco2 with only a slight delay
compared to wild-type bacteria. This suggests that the vacuoles of
these cells may be more permissive for bacterial escape; if so, this
does not appear to be a feature common to other human cell types
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or to other intestine- or colon-derived cell lines (Fig. 5 and 6). Cell
type-dependent differences in vacuole escape have been previ-
ously observed for other cell lines, such as the ability of L. mono-
cytogenes mutants lacking LLO to escape from the vacuoles of
human Henle epithelial cell lines (54) while remaining trapped in
other cell types (15, 48, 52). It is intriguing to speculate that per-
haps the permissiveness of a cell type for vacuole escape contrib-
utes to some degree to L. monocytogenes cell and/or tissue tropism
during infection.

PrsA2 functions as a foldase and catalyzes the cis-trans isomer-
ization of peptide bonds N terminal to polypeptide proline resi-
dues (38), and several target proteins have been identified (32),
while HtrA appears to be a broad-spectrum chaperone/protease
with specific protein targets yet to be identified in Listeria. Our
data revealed that L. monocytogenes increases HtrA abundance in
response to a lack of PrsA2 but that a similar increase in PrsA2 is
not detected in cells lacking HtrA. Similarly, it has been observed
that a reduction in prsA expression in Bacillus subtilis triggers an
increase in expression of htrA (55). In B. subtilis, htrA is regulated
by the CssR-CssS two-component system which senses the pres-
ence of extracytoplasmic misfolded proteins. In Listeria, the LisRK
two-component system has been linked to the transcriptional ac-
tivation of htrA (35), and the histidine kinase sensor LisK was
found to respond to membrane stress (56-58). The upregulation
of htrA in the AprsA2::erm mutant is independent of temperature
or PrfA activation and therefore might occur as a result of a gen-
eral membrane stress due to the absence of PrsA2. We speculate
that the combined chaperone-protease function of HtrA makes it
a more broadly functional stress response protein, whereas the
more substrate-specific chaperone functions of PrsA2 restrict its
overall utility as a stress-responsive chaperone. How prsA2 expres-
sion is regulated remains to be defined; it has been shown that
PrfA contributes to prsA2 expression; however, this regulation is
dispensable in vivo (59), suggesting that other mechanism exist for
the induction of prsA2 expression.

PrsA homologues are present in single and multiple copies in a
variety of Gram-positive bacteria, and HtrA can be found in both
Gram-positive and Gram-negative bacteria. It is possible that
these two secretion chaperones have evolved complementary
and perhaps interconnected roles in other Gram-positive bac-
teria. The essential requirement for at least one of the two
secretion chaperones to promote L. monocytogenes intracellular
growth serves to emphasize the demands placed upon the bacte-
rial cell as a result of increased virulence factor secretion and the
degree to which PrsA2 and HtrA contribute to protein folding and
stability and bacterial surface integrity during the process of mam-
malian host infection.
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