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Listeriamonocytogenes is aGram-positive intracellular bacte-
rial pathogen that colonizes the cytosol of eukaryotic cells.
Recent transcriptomic studies have revealed that intracellularL.
monocytogenes alter expression of genes encoding envelope
components. However, no comparative global analysis of this
cell wall remodeling process is yet known at the protein level.
Here, we used high resolution mass spectrometry to define the
cell wall proteome of L.monocytogenes growing inside epithelial
cells. When compared with extracellular bacteria growing in a
nutrient-rich medium, a major difference found in the pro-
teome was the presence of the actin assembly-inducing protein
ActA in peptidoglycan purified from intracellular bacteria.
ActA was also identified in the peptidoglycan of extracellular
bacteria growing in a chemically defined minimal medium. In
this condition,ActAmaintains itsmembrane anchoringdomain
and promotes efficient bacterial entry into nonphagocytic host
cells. Unexpectedly, Internalin-A, which mediates entry of
extracellular L. monocytogenes into eukaryotic cells, was identi-
fied at late infection times (6h) as an abundant protein in the cell
wall of intracellular bacteria. Other surface proteins covalently
bound to the peptidoglycan, as Lmo0514 and Lmo2085, were
detected exclusively in intracellular and extracellular bacteria,
respectively. Altogether, these data provide the first insights
into the changes occurring at the protein level in the L. monocy-
togenes cell wall as the pathogen transits from the extracellular
environment to an intracytosolic lifestyle inside eukaryotic
cells. Some of these changes include alterations in the relative
amount and themode of association of certain surface proteins.

The cell wall is the major interface of the bacterial cell with
the environment. This macromolecular structure acts as a plat-
form in which processes central for bacterial physiology, such
as nutrient transport, protein secretion, assembly of organelles
required for motility, and adhesion to biotic and abiotic sur-

faces, take place (1). The chemistry of the cell wall is based on a
giantpeptidoglycanmacromoleculeofrepeatedN-acetylglucos-
amine-N-acetylmuramic disaccharide units cross-linked by
peptidic side chains bound to theN-acetylmuramic moiety (2).
In Gram-positive bacteria, this peptidoglycan scaffold is deco-
rated with proteins, polysaccharides, and teichoic acids, which
associate by rather varied mechanisms, including covalent and
noncovalent bonds (3, 4). In Gram-positive bacteria, the cell
wall reaches a thickness of 20–80 nm and contacts the external
milieu (2, 3).
Many surface proteins of Gram-positive bacterial pathogens

anchored to the cell wall play essential roles in the infection
process (3, 5, 6). Pioneering studies performed in Staphylococ-
cus aureus unraveled the presence of surface proteins cova-
lently bound to the peptidoglycan that allow the pathogen to
avoid the host immune response (7). Subsequent data obtained
in other Gram-positive bacterial pathogens reinforced the
important role of the cell wall in the interaction with the host
and the dynamic nature of this structure in terms of the number
and type of molecules expressed at a certain time and location
(7, 8).
One of the major goals in deciphering the biology of these

pathogens is to define the number and type of proteins located
in the surface at a certain time or environment. Proteomics
based studies have recently identified many novel surface pro-
teins annotated as new bacterial genome sequences became
available (9). The combination of gel-free and gel-based pro-
teomic approaches has provided insights on metabolic adapta-
tion and environmental sensing (10). Two-dimensional gel-
based proteomics is commonly used to assess changes in
proteins levels in response to environmental changes and to
analyze post-translationalmodifications and degradation rates.
Instead, gel-free proteomics is mostly applied to identify bacte-
rial proteins located in the envelope, including those inserted in
the membrane or directly associated to the peptidoglycan
(reviewed in Ref. 9).
Gram-positive bacteria of the genus Listeria contain a large

variety of surface proteins that associate with the cell wall (5).
Bacteria belonging to this genus carry the largest family of pro-
teins predicted to be covalently anchored to the peptidoglycan
upon cleavage of a C-terminal LPXTG sorting motif (3). More
than 40 genes encoding LPXTG proteins have been annotated
in every Listeria genome sequenced to date (11–13). This fea-
ture is shared by nonpathogenic and pathogenic species. Some
LPXTG proteins and other surface proteins with predicted
noncovalent association to the cell wall are found exclusively in
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pathogenic species of the genus, as the intracellular pathogen
Listeria monocytogenes (14). Many of these proteins are impor-
tant virulence factors involved in promoting entry of the bacte-
ria into the host cell (reviewed in Refs. 5, 15, 16).
Our previous gel-free proteomics studies, based on nano-

liquid chromatography coupled to mass spectrometry, identi-
fied a total of 13 LPXTG proteins strongly associated to the
peptidoglycan of L.monocytogenes growing in brain-heart infu-
sion (BHI)2medium (17, 18). Such analyseswere possible due to
the covalent anchoring of these proteins to the peptidoglycan,
which facilitates the co-purification of these molecules upon
extensive boiling of envelope material in SDS-containing solu-
tions. Although not yet addressed in L. monocytogenes, it is
assumed that changes in environmental conditions should lead
to modification in the repertoire of LPXTG proteins anchored
to the peptidoglycan. Of interest, differences in the type of vir-
ulence-related proteins synthesized by L. monocytogenes have
been reported in BHI-rich medium compared with a minimal
medium containing distinct fermentable or nonfermentable
carbohydrates (19). For instance, the activity of the master vir-
ulence regulator of L. monocytogenes PrfA, which controls
expression of functions involved in virulence such as the lis-
teriolysin LLO and the phospholipases PlcA and PlcB (15, 20,
21), differs in these distinct growth conditions (19). PrfA also
modulates the expression of surface proteins, including pro-
teins bearing an LPXTG-sorting motif, GW-rich modules, and
the membrane protein ActA, which induces host actin assem-
bly (15, 20, 21).
The aim of this study was to exploit the most recent pro-

teomic tools to detect changes in the L. monocytogenes cell wall
proteome. Highly sensitive gel-free proteomic technology,
based on high resolution mass spectrometry (LTQ Orbitrap
MS), was used to define the cell wall proteome of intracellular
bacteria growing inside eukaryotic cells. This proteome was
compared with that of the infecting extracellular bacteria.
Besides the identification of novel LPXTG proteins, such as
Lmo0514, other surface proteins not previously known to
strongly associate with peptidoglycan were detected. This was
the case of the actin-binding protein ActA. Such ActA-pepti-
doglycan association was observed in intracellular bacteria and
in bacteria growing in a chemically defined minimal medium.
Of note, the association ofActA to the peptidoglycanwas found
in growth conditions in which the bacteria use this protein to
invade cultured nonphagocytic eukaryotic cells. Conversely, a
surface protein used by L. monocytogenes for entry into eukary-
otic cells as the invasin Internalin-A (InlA) was enriched in the
cell wall of intracellular bacteria at late post-infection times.
Altogether, these data unravel for the first time the cell wall
proteome of aGram-positive bacterial pathogen growing inside
eukaryotic cells and are consistent with major remodeling of
the L. monocytogenes cell wall as the bacteria adapt to grow in
the eukaryotic cytosol.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The L. monocyto-
genes serotype 1/2a strains used in this study were EGDe, with
genome sequenced (12), and the isogenic mutant derivatives
�inlA2, �inlB2, and �actA2 (22, 23). The L. monocytogenes
strain P14-A, which carries a gain-of-function variant of PrfA
resulting in overexpression of actA and other virulence genes of
the PrfA regulon (24), was also used. Bacteria were grown at
37 °C in BHI medium. When indicated, the chemically defined
minimal medium IMM (25) supplemented with 17.9 �M ferric
citrate (C6H5O7Fe) was used.
Isolation of Intracellular L. monocytogenes for Cell Wall Pro-

teomic Analysis—The human epithelial cell line JEG-3 (ATCC
HTB-36), obtained from a choriocarcinoma of placenta, was
selected for these studies. JEG-3 cells express InlA and InlB
receptors and are efficiently invaded by L. monocytogenes (26).
These cells were propagated in Eagle’s minimal essential
medium (MEM) containing 10% (v/v) fetal bovine serum (FBS),
4mM L-glutamine, and nonessential amino acids in BioDish-XL
plates (BDBiosciences, product 351040) to reach�80% conflu-
ency (�5.6 � 107 epithelial cells). At this stage, the epithelial
cells contained in five BioDish-XL plates were infected for 50
min with L. monocytogenes EGDe strain grown overnight in
BHI medium at 37 °C in static nonshaking conditions. Before
infection, bacteria were centrifuged and suspended in tissue
culture medium. The multiplicity of infection used in these
assays was 10:1 (bacteria/epithelial cell). Noninternalized bac-
teria were removed by one wash with pre-warmed phosphate-
buffered saline (PBS), pH 7.4. Fresh MEM, 10% FBS medium
containing 50 �g/ml gentamicin was added. At 2 h post-infec-
tion, gentamicin concentration was lowered to 10 �g/ml by
appropriate dilution with pre-warmed MEM, 10% FBS
medium. At 6 h post-infection, the infected JEG-3 cells were
washed three times with PBS, pH 7.4, and lysed in 10 ml of
boiling 1% SDS per BioDish-XL plate. The material remaining
in the plate was collected with additional 10 ml of boiling 1%
SDS. The 20-ml solution was centrifuged at 40,000� g, 30 min,
at 30 °C, and the supernatant was discarded. The pellet was
resuspended in 1 ml of PBS, pH 7.4, and washed once at
30,000 � g, 10 min, at room temperature. The pellet for each
BioDish-XL plate was finally suspended in 200 �l of PBS. This
sample was pooled with those obtained from the remaining
four BioDish-XL plates and centrifuged at 30,000 � g, 10 min,
4 °C. The pellet, containing intracellular L. monocytogenes, was
kept at �80 °C. JEG-3 cells contained in a total of 100 Bio-
Dish-XL plates were infected in 20 independent experiments.
These pellets, enriched in intracellular bacteria, were further
pooled and resuspended in 20 ml of PBS, pH 7.4, containing a
mixture of protease inhibitors (Roche Applied Science) and
DNase 100�g/ml. Bacteria were lysed in three passes through a
French press. Unbroken cells were removed by centrifugation
(5,000 � g, 5 min, 4 °C) and cell envelopes obtained by centrif-
ugation of supernatant at a high speed (140,000 � g, 45 min,
4 °C). The envelopes contained in the pellet were resuspended
in 1.5ml of PBS, pH 7.4, and gentlymixed with 1.5ml of boiling
8% SDS. The SDS-insoluble material, enriched in peptidogly-
can and strongly associated proteins, was collected by centrif-

2 The abbreviations used are: BHI, brain-heart infusion medium; IMM, chemi-
cally defined minimal medium; SRM, selective reaction monitoring; MEM,
Eagle’s minimal essential medium; LLO, listeriolysin-O.
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ugation at high speed (300,000 � g, 20 min, 30 °C) and washed
three times with 2.5 ml of warm distilled water. This purified
peptidoglycan material was digested with modified trypsin
(sequencing grade, Promega, Madison, WI) as described previ-
ously (18). The resulting peptide mixture was lyophilized and
kept at �20 °C.
Preparation of Peptidoglycan fromBacterial Cultures for Pro-

teomic Analysis—Peptidoglycan was purified from L. monocy-
togenes EGDe grown in laboratory media as described previ-
ously (18). Briefly, 1011 bacteria grown to stationary phase in
BHI or IMM media were spun down by centrifugation
(10,000 � g, 10 min, 4 °C) and resuspended in 20 ml of PBS, pH
7.4, containing amixture of protease inhibitors (Roche Applied
Science) and 100 �g/ml DNase. Bacterial lysis, preparation of
envelope material, peptidoglycan purification, and trypsin
digestion were performed as described above for intracellular
bacteria. The resulting peptide mixture was lyophilized and
kept at �20 °C.
Protein Identification by Liquid Chromatography-Tandem

Mass Spectrometry and Data Processing—The tryptic peptide
mixtures obtained from peptidoglycan material collected from
intracellular or extracellularL.monocytogeneswere dissolved in
0.5% acetic acid in water. This solution was cleaned up with
cartridges that trap remaining SDS (Michrom BioResources,
Auburn, CA) as described previously (18). Peptides were then
injected onto a C-18 reversed phase nano-column (100 �m
inner diameter � 12 cm, MediterraneaTM Sea, Teknokroma)
and analyzed in a continuous acetonitrile gradient consisting of
0–40% B in 90 min and 50–90% B in 1 min (B � 95% acetoni-
trile, 0.5% acetic acid). A flow rate of �300 nl/min was used to
elute peptides from the reverse phase nano-column to an emit-
ter nanospray needle for real time ionization and peptide frag-
mentation on an LTQ-Orbitrap XL ETD mass spectrometer
(Thermo Fisher Scientific, San Jose, CA). An enhanced FT res-
olution spectrum (resolution� 60,000) followed by theMS/MS
spectra from the most intense five parent ions were analyzed
along the chromatographic run (130 min). Dynamic exclusion
was set at 0.5 min. For protein identification, tandem mass
spectra were extracted, and charge state was deconvoluted by
Proteome Discoverer version 1.0. All MS/MS samples were
analyzed using SEQUESTTM (ThermoFisher Scientific, version
1.0.43.2) and X! Tandem (The GPM, version 2007.01.01.1).
Sequest was set up to search an in-house-generated protein
database (Listeria_EGDe.fasta, 2846 entries) obtained from the
genome sequence entry of L. monocytogenes strain EGDe
(accession number NC_003210.1) and assuming the digestion
enzyme trypsin. As compilation software, Protein Discoverer
version 1.0was used. X! Tandemwas set up to search a subset of
the Listeria_EGDe database also assuming trypsin. Sequest and
X! Tandem were searched with a fragment ion mass tolerance
of 0.80 Da and a parent ion tolerance of 15 ppm. Oxidation of
methionine was specified in Sequest and X! Tandem as variable
modification. Scaffold (version Scaffold_3_00_03, Proteome
Software Inc., Portland,OR)was used to validateMS/MS-based
peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 95.0%
probability as specified by the Peptide Prophet algorithm (27).
Protein identifications were accepted if they could be estab-

lished at greater than 95%probability and contained at least two
identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm (28). Proteins that contained sim-
ilar peptides and could not be differentiated based on
MS/MS analysis alone were grouped to satisfy the principles
of parsimony. The entire set of MS data were compiled using
the Scaffold program and is available as supplemental mate-
rial (CompleteMSdata_BHI_IMM_intracellular).
Selective Reaction Monitoring (SRM) Experiments by Triple-

quadrupole Tandem Mass Spectrometry—For these experi-
ments, tryptic peptide mixtures were analyzed with a hybrid
triple-quadrupole mass spectrometer (4000 Q-Trap system,
Applied Biosystems). The samples were injected onto a C-18
reversed phase nano-column (100�m inner diameter� 12 cm,
MediterraneaTM Sea, Teknokroma) and analyzed in a continu-
ous acetonitrile gradient consisting of 0–40% B in 95 min,
50–90% B in 1 min (B � 95% acetonitrile, 0.5% acetic acid).
Multiply charged monoisotopic masses from the Listeria pep-
tides of interest were selected to be monitored in the quadru-
pole Q1, whereas the corresponding diagnostically derived
fragment ions (yielded in the collision-induced dissociation
taken place within quadrupole Q2) were targeted in the third
quadrupole (Q3). After the SRM analyses of selected pairs (Q1/
Q3), an enhanced resolution scan (for charge and mass deter-
mination) and an enhanced product ion scan (for sequence col-
lision-induced dissociation fragmentation) were analyzed
along the chromatographic run (130 min). The parameters
used for the combined analysis were as follows: collision energy
for SRM scans 50 V, de-clustering potential 120, entrance
potential 10. The ion spray voltagewas set to 3000, the interface
heater temperature was 130, the curtain gas 20, and the colli-
sion gas was set to high. For protein identification, all MS/MS
spectra were searched against MSDB database using the Ana-
lyst 1.5.1 software (Applied Biosystems).
Subcellular Fractionation and Western Blot Analyses of Pep-

tidoglycan-associated Proteins in Extracellular and Intracellu-
lar L. monocytogenes—Fractions containing cytosolic, mem-
brane, and cell wall proteins of L. monocytogenes grown
overnight at 37 °C in BHI or IMM media were obtained as
described previously (29). Peptidoglycan-associated proteins
were obtained by two methods depending on the sample as
follows:muramidase (Cellosyl) treatment of previously purified
peptidoglycan material (30) or, alternatively, mutanolysin
treatment on intact bacteria (17). Cellosyl and mutanolysin are
N-acetylmuramidases isolated from different Streptomyces
species that cleave the �(1–4)-O-glycosidic bond between
N-acetylmuramic acid and N-acetylglucosamine moieties.
Unless otherwise indicated, Cellosyl treatment was used to
characterize proteins associated with peptidoglycan in subcel-
lular fractionation experiments involving mechanical rupture
of bacteria (30). To compare levels of peptidoglycan-associated
proteins in intracellular and extracellular bacteria and, due the
much lower amount of bacteria obtained from inside eukary-
otic cells, bacterial fractionation was avoided, and instead
mutanolysin was used to digest peptidoglycan in intact cells.
Control experiments performed in extracellular bacteria indi-
cated that no difference in the relative amount of representative
cell wall-associated proteins, as InlA, was observed when using

Cell Wall Proteome of Intracellular Listeria

OCTOBER 7, 2011 • VOLUME 286 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 34677

http://www.jbc.org/cgi/content/full/M111.230441/DC1
http://www.jbc.org/cgi/content/full/M111.230441/DC1


either Cellosyl ormutanolysin to digest the peptidoglycan (data
not shown). For the case of intracellular bacteria, JEG-3 epithe-
lial cells grown in five BioDish-XL plates were infected with L.
monocytogenes EGDe strain up to 6 h post-infection as afore-
mentioned. After three washes with 20 ml of PBS, pH 7.4, the
infected cells were lysed in a total volume of 20 ml of a 1% SDS
boiling solution (31). Upon centrifugation at 40,000 � g, 30
min, room temperature, the pellet containing intracellular bac-
teria was washed once with PBS, pH 7.4, and further resus-
pended in 0.5 ml of TS buffer (10 mM MgCl2, 10 mM Tris-HCl,
pH 6.9, 0.5 M sacarose). Mutanolysin (Sigma) 40 �g/ml, RNase
250�g/ml, and amixture of protease inhibitors (RocheApplied
Science) were added. The sample was then incubated overnight
at 37 °C under shaking conditions. The next day, the sample
was centrifuged (30,000 � g, 15 min, 4 °C), and the supernatant
containing peptidoglycan-associated proteins was processed
forWestern blot analysis as described previously (17). Identical
mutanolysin digestion conditions were followed to release pep-
tidoglycan-associated proteins from extracellular bacteria.
Antibodies used included the following: mouse monoclonal
antibody anti-InlA (clone I4-4); mouse monoclonal antibody
anti-InlB (clone B4-6); mouse monoclonal anti-ActA (clone
M119); and rabbit polyclonal sera recognizing the LPXTG pro-
teins Lmo0130, Lmo0160, Lmo0610, Lmo0514, Lmo0610, and
Lmo0880. These latter antiserawere obtained by immunization
of rabbits with purified recombinant His6-tagged LPXTG pro-
teins overproduced in Escherichia coli BL21. The details of this
immunization will be published elsewhere. Protein separation
by SDS-PAGE and Western immunoblotting were performed
as described previously (29).
Infection of Eukaryotic Cell Lines and Determination of Inva-

sion Rates—The epithelial cell lines HeLa (ATCC CCL-2) and
Vero (ATCC CCL-81) of human and monkey origin, respec-
tively, were used. NRK-49F (ATCC CRL-1570) rat fibroblasts
were also included as representative of other nonphagocytic
cell type. HeLa and Vero cells were propagated in MEM con-
taining 10% FBS. NRK-49F fibroblasts were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) 5% FBS containing 4
mM L-glutamine. The L. monocytogenes strains were grown
overnight at 37 °C in BHI medium or the chemically defined
medium IMM in static nonshaking conditions. Under these
conditions, the culture reaches an optical density of�1.0 (�109

bacteria/ml) in BHI and �0.8 in IMM. Prior to infection, bac-
teria were spun down at 6,000 � g, 2 min at room temperature,
resuspended in the appropriate tissue culture medium, and
added at a m.o.i. of 10:1 (bacteria/eukaryotic cell). Co-incuba-
tion of bacteria and eukaryotic cells wasmaintained for 60min.
Noninternalized bacteria were removed by one wash with pre-
warmedHanks’ balanced salt solution, pH 7.4. Fresh tissue cul-
turemedium containing 100�g/ml gentamicin was then added
to kill extracellular bacteria. Incubation was prolonged for
another 60min, the time in which infected cells were lysed with
100 �l of 1% Triton X-100–0.1% SDS for 5 min at room tem-
perature. Upon addition of 400 �l of PBS, pH 7.4, the mixture
was plated onto BHI-agar plates using appropriate dilutions.
The invasion rate was calculated as the ratio of viable intracel-
lular bacteria versus the bacteria present in the inoculum used

to infect the cultured cells. The infection assays were repeated
in a minimum of three independent experiments.
Transmission Electron Microscopy—Samples were prepared

fromL.monocytogeneswild-type strain EGDebacteria grown to
exponential or stationary growth phases in BHI or minimal
medium IMM at 37 °C. The cells were spun down gently and
suspended in 1 ml of solution of fixative (2% solution of glutar-
aldehyde in 0.4 M HEPES buffer, pH 7.2) for 2 h at room tem-
perature. The cells were further spun down, suspended in 0.4 M

HEPES buffer, and kept at 4 °C. These cells were further dehy-
drated, embedded in LR-White resin, sectioned, and contrasted
as described previously (32). Samples were visualized at 80 kV
in a JEOL1200EX electron microscope.
Immunofluorescence Analysis—To analyze ActA location in

the cell surface, bacteria were grown in BHI-rich medium or
minimal medium IMM at 37 °C to stationary phase (OD �2.0).
Bacteria were washed twice in PBS, pH 7.4, and fixed in 3%
paraformaldehyde for 10 min at room temperature. Antibody
labeling was performed essentially as described previously (33).
Primary antibodies used included the aforementioned anti-
InlA and anti-ActA antibodies and, in addition, a rabbit poly-
clonal serum recognizing Listeria proteins that co-purify with
peptidoglycan (30). Secondary antibodies included goat anti-
mouse Alexa-488 (green fluorescence) and goat anti-rabbit
Alexa-594 (red fluorescence). Samples were examined in a
Leica fluorescence inverted microscope DMI 6000B.
Statistical Analysis—Data were analyzed with the GraphPad

Prism 5.0 software (GraphPad Inc., San Diego) using two-way
analysis of variance with Bonferroni’s post-test. A p value lower
than 0.05 was considered significant.

RESULTS

Identification of Surface Proteins in Cell Wall of Intracellular
L. monocytogenes by High Resolution Mass Spectrometry (MS)—
To identify cell wall-associated proteins in intracellular L.
monocytogenes, peptidoglycanwas isolated at 6 h post-infection
from wild-type strain EGDe growing inside human epithelial
cells (see “Experimental Procedures”). High resolution MS of
the tryptic peptide mixture obtained from this material led to
the unequivocal identification of 53 proteins (supplemental
Table S1). The most abundant classes identified in this pro-
teome included surface proteins covalently bound to pepti-
doglycan such as those bearing the LXPTG motif, the two sor-
tase-B substrates Lmo2185 and Lmo2186 (34), and enzymes
related to peptidoglycan metabolism (Table 1). A total of 15
LPXTG proteins covalently bound to the peptidoglycan were
identified in the cell wall of intracellular bacteria (Table 1).
Interestingly, a surface protein not previously reported to be
associated with the peptidoglycan, the actin assembly-inducing
protein ActA, and the secreted protein listeriolysin-O (LLO)
were also identified by proteomics in the peptidoglycan isolated
from intracellular bacteria with 19 and 11 unique peptides,
respectively (Table 1). These data suggested that these two pro-
teins, known in extracellular bacteria to be anchored to the
membrane (ActA) or secreted (LLO), could associate with the
cell wall during the intracellular phase of the infection. To test
this hypothesis, peptidoglycan-associated proteins were identi-
fied by high resolution MS in peptidoglycan isolated from

Cell Wall Proteome of Intracellular Listeria

34678 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 40 • OCTOBER 7, 2011

http://www.jbc.org/cgi/content/full/M111.230441/DC1
http://www.jbc.org/cgi/content/full/M111.230441/DC1


extracellular bacteria growing exponentially in BHImedium. A
total of 170 protein species was identified in this case (supple-
mental Table S1). Similarly to the cell wall proteome obtained
in intracellular bacteria, many of the most abundant proteins
identified in extracellular bacteria were proteins covalently
bound to peptidoglycan or involved in peptidoglycan metabo-
lism (Table 1). Together with the SrtB substrates Lmo2185 and
Lmo2186, a total of 17 LPXTGproteinswere identified in extra-
cellular bacteria. However, neither ActA nor LLO were identi-
fied in the cell wall of extracellular bacteria growing in BHI,
despite the fact that in this condition the bacteria produce both
surface proteins (see below). The comparison of cell wall
proteomes between intracellular and extracellular bacteria
revealed other differences, especially in the LPXTG protein
profile. For example, the LPXTG protein Lmo0514 was identi-
fied exclusively in intracellular bacteria (Table 1). This obser-
vation indicated that synthesis of Lmo0514 could respond to
signals found by the bacteria in the eukaryotic cytosol. Con-
versely, the LPXTG proteins Lmo0331, Lmo0333, and
Lmo2085 were detected only in extracellular bacteria (Table
1). This comparative proteomic analysis also allowed us to
differentiate a subset of “abundant” LPXTG proteins in the
cell wall of L. monocytogenes, which were identified with a
high coverage irrespective of the growth condition analyzed.
These include Lmo0130, Lmo0160, Lmo0263 (InlH), Lmo0433
(InlA), Lmo0880, Lmo1666, and Lmo2714 (Table 1). Given the

function of InlA in promoting entry of extracellular bacteria
into eukaryotic cells (16), it was rather unexpected to identify
this protein in the surface of intracellular bacteria 6 h after
entry. Taken together, these proteomic data favored the exis-
tence of substantial changes in the cell wall proteome of L.
monocytogenes when bacteria grow in the cytosol of epithelial
cells.
InlA Protein Is Up-regulated by Intracellular Bacteria—A

transcriptomic study performed by Chatterjee et al. (35)
showed up-regulation of the inlA gene in bacteria upon infec-
tion of murine macrophages. This finding was in line with the
known up-regulation of the PrfA regulon occurring in intracel-
lular bacteria, which mediate lysis of the phagosomal mem-
brane and cell-to-cell spread of the pathogen (20, 21). Our
proteomic analyses were also in concordance with the tran-
scriptomic data. Thus, InlA was identified in the cell wall of
intracellular bacteria with a protein coverage of 50% of the full-
length polypeptide, whereas such coverage was of 38% in extra-
cellular bacteria (Table 1). We hypothesized that such differ-
ence in the identification rate could reflect distinct protein
levels in the cell wall. To test this assumption, extracts contain-
ing surface proteins associated with the peptidoglycan were
prepared from intracellular and extracellular bacteria using the
mutanolysin-digestion procedure (see “Experimental Proce-
dures”). The levels of the LPXTG proteins Lmo0514, InlA,
Lmo0610, and Lmo0880 were determined by Western blot. In

TABLE 1
Surface and virulence-related proteins of L. monocytogenes EGDe strain identified by high resolution MS in the cell wall of bacteria growing in
the cytosol of JEG-3 epithelial cells (intracellular, 6 h post-infection) or in BHI medium (extracellular)

Protein Function Mass

Intracellular (6 h,
epithelial cells)

Extracellular (BHI
medium)

Unique
peptides Coverage

Unique
peptides Coverage

Da % %
Lmo0130 Similar to 5-nucleotidase, putative peptidoglycan-bound

protein (LPXTGmotif)
82,511 12 22.0 15 22.0

Lmo0160 Putative peptidoglycan-bound protein (LPXTG motif) 62,374 14 36.0 10 22.0
Lmo0262 Internalin G (InlG) 53,323 2 4.5 2 5.9
Lmo0263 Internalin H (InlH) 58,683 8 23.0 13 33.0
Lmo0327 Similar to cell surface proteins (LPXTG motif) 146,726 4 4.0 2 1.3
Lmo0331 Similar to internalin proteins, putative peptidoglycan-bound

protein (LPXTG motif)
69,488 2 5.1

Lmo0333 Similar to internalin proteins, putative peptidoglycan-bound
protein (LPXTG motif). Internalin I (InlI)

191,652 4 2.9

Lmo0433 Internalin A (inlA) 86,497 36 50.0 21 38.0
Lmo0435 Putative peptidoglycan-bound protein (LPXTG motif) 219,391 2 1.8 2 2.4
Lmo0514 Similar to internalin proteins, putative peptidoglycan-bound

protein (LPXTG motif)
66,033 13 31.0

Lmo0610 Similar to internalin proteins, putative peptidoglycan-bound
protein (LPXTG motif)

62,843 5 13.0 5 11.0

Lmo0842 Putative peptidoglycan bound protein (LPXTG motif) 222,364 3 1.9 6 4.6
Lmo0880 Similar to wall-associated protein precursor (LPXTG motif) 49,879 16 47.0 21 48.0
Lmo1413 Similar to internalin, putative peptidoglycan-bound

protein (LPXTG motif)
48,248 3 7.3 2 5.0

Lmo1666 Peptidoglycan linked protein (LPXTG) 184,529 8 6.3 12 8.9
Lmo2085 Putative peptidoglycan-bound protein (LPXTG motif) 60,458 11 21.0
Lmo2178 Putative peptidoglycan-bound protein (LPXTG motif) 175,077 4 3.3 6 5.4
Lmo2714 Peptidoglycan-anchored protein (LPXTG motif) 34,669 11 38.0 20 58.0
Lmo2185 Unknown, sortase-B substrate 63,381 9 26 30 53.0
Lmo2186 Unknown, sortase-B substrate 22,267 4 30 11 49
Lmo0202 Listeriolysin O (LLO) precursor 58,689 11 30.0
Lmo0204 Actin assembly-inducing protein precursor (ActA) 70,351 19 34.0
Lmo0582 P60 extracellular protein, invasion-associated protein Iap-

containing LysM-modules
50,340 5 17.0 6 17.0

Lmo1941 Unknown, LysM domain-containing protein 25,836 2 10.0 1 5.9
Lmo2505 Peptidoglycan lytic protein P45 (Spl) 42,712 9 26.0 3 10.2
Lmo2691 Similar to autolysin, N-acetylmuramidase-containing LysM

domain
63,574 3 9.8 3 11.3
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concordance with the proteomic data, we observed that
Lmo0514 was produced exclusively by intracellular bacteria
and that the amount of InlA slightly increased in these bacteria
(Fig. 1). In contrast, the levels of both Lmo0610 and Lmo0880
remained constant in extracellular and intracellular bacteria.
These data confirmed that intracellular bacteria alter the rela-
tive amounts of some LPXTG proteins covalently bound to the
peptidoglycan with respect to extracellular bacteria growing in
BHI medium.
Characterization of Cell Wall Proteome of L. monocytogenes

Grown in a Chemically Defined Minimal Medium—As part of
the proteomic studies performed in intracellular L. monocyto-
genes, we sought to find extracellular conditions mimicking the
intracellular infection in terms of a roughly similar composition
of peptidoglycan-associated proteins. This was of significance
because it could allow us to perform biochemical studies
requiring large amounts of peptidoglycan, technically difficult
to obtain from intracellular bacteria. For this purpose, bacteria
were grown at 37 °C in the chemically defined medium IMM
described to be optimal for growing Listeria (25). Examination
at the electron microscope of bacteria grown in BHI and IMM
media denoted drastic morphological differences in the cell
wall. Thus, bacteria in BHI medium exhibited a uniform cell
wall type irrespective of the growth phase (Fig. 2A), whereas

those bacteria grown in minimal medium IMM contained an
electro-densematerial associated with the cell wall in exponen-
tial phase and a thick cell wall decorated with electro-dense
material in stationary phase (Fig. 2B). These differences sug-
gested that the structure of the cell wall could differ in these two
growth conditions and, as a result, the type and relative abun-
dance of surface proteins associatedwith it. To test this hypoth-
esis, peptidoglycan was purified from bacteria growing in min-
imal medium IMM and the cell wall proteome defined by high
resolution MS. A total of 249 proteins was identified in this
growth condition. As expected, many of the most abundant
proteins corresponded to LPXTG proteins, sortase-B sub-
strates, and peptidoglycan hydrolases (supplemental Table S1).
Despite identifying more proteins than in the peptidoglycan of
bacteria growing in BHI medium or intracellular bacteria, the
LPXTGprotein repertoire in bacteria growing in IMMmedium
was less varied as only 10 protein species of this family were
identified (Fig. 3). Interestingly, InlA predominated in the cell

FIGURE 1. L. monocytogenes located in the cytosol of eukaryotic cells con-
tain increased levels of the LPXTG proteins InlA and Lmo0514 associated
with the cell wall. L. monocytogenes wild-type strain EGDe was used to infect
JEG-3 epithelial cells for 6 h. A fraction enriched in proteins strongly bound to
peptidoglycan in intracellular bacteria was prepared upon digestion of pep-
tidoglycan with mutanolysin (see “Experimental Procedures”). Peptidogly-
can-associated proteins were also obtained following the same digestion
procedure from bacteria grown in BHI medium to the stationary phase (extra-
cellular). Shown are the Western assays performed to detect the LPXTG pro-
teins InlA, Lmo0514, Lmo0610, and Lmo0880. The cell wall extracts loaded in
the different cases corresponded to 8 � 108 and 1.3 � 108 bacteria in extra-
cellular and intracellular samples, respectively. Note that, considering this
�6-fold difference in total bacterial protein, the cell wall of intracellular bac-
teria contains higher amounts of InlA and Lmo0514.

FIGURE 2. Different growth conditions result in morphological changes in
L. monocytogenes cell wall. The wild-type strain EGDe was grown in BHI
medium (A) or chemically defined minimal medium IMM (B). Bacteria were
collected at an OD � 0.25 (exponential phase) or after a 16-h cessation of
growth (stationary phase). Samples were processed for transmission electron
microscopy as described under “Experimental Procedures.” Arrows indicate
electron dense material located in the outer surface of the cell wall that is
evident only in bacteria growing in IMM medium. Scale bars, 100 and 200 �m
as indicated.
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wall of bacteria growing in minimal medium IMM because it
was the protein identified by MS with the highest coverage.
This accounted for the identification of 569 amino acids of the
800 amino acids that constitute the full-length of the InlA pro-
tein (73% coverage). Considering the processing of this protein
at the signal peptide (N terminus) and the cleavage of the
LPXTGmotif (C terminus), the coverage of the mature protein
form covalently bound to the peptidoglycan reached 77%. This

extremely high coverage of InlA in bacteria growing inminimal
medium IMMdenoted the abundance of InlA in this particular
growth condition (Fig. 3).
Interestingly, ActA and LLO were also identified in the cell

wall of bacteria growing in minimal medium IMM. In this case,
protein coverages of 23% (ActA) and 14% (LLO) were obtained
by MS (Fig. 3). These data suggested that the peptidoglycan of
bacteria growing in minimal medium IMM might differ in
structural terms to that synthesized by bacteria growing in BHI.
Such changes could facilitate a stronger association of LLO and
ActA to the peptidoglycan, as it was observed in intracellular
bacteria (Table 1). However, differences must also exist in the
environment found by L. monocytogenes in the minimal
medium IMM and the cytosol of eukaryotic cells. Thus,
Lmo0514, an LPXTG protein produced by intracellular bacte-
ria (Table 1, Fig. 1), was not detected by proteomics in the
peptidoglycan of extracellular bacteria growing in minimal
medium IMM (Fig. 3). Another example was Lmo0842, an
LPXTG protein identified in intracellular bacteria and bacteria
grown in BHI but not in minimal medium IMM (Fig. 3). Over-
all, these data indicated that the cell wall of L. monocytogenes
growing inminimalmedium IMMmight share only a few struc-
tural featureswith that of intracellular bacteria. These common
features could support the abundance of InlA and the associa-
tion to the cell wall of LLO and ActA.
The coverage at which high resolution MS identifies a con-

crete polypeptide is considered proportional to the relative
abundance of the protein. To assess this, we were interested in
comparing this type of estimation using alternative methods. A
total of five LPXTG proteins identified with higher coverage by
MS (range 15–70%) were analyzed by immunological methods
using specific sera (Fig. 4). To this aim, we used antibodies
against the LPXTG proteins Lmo0130, Lmo0160, Lmo0610,
Lmo0880, and InlA. Western analysis demonstrated that
although all the proteins were detected in the cell wall extracts,
the respective signals slightly varied depending on the protein
species analyzed (Fig. 4). A representative example was that of
Lmo0610, easily detected by Western blot but exhibiting the
lowest identification rate among the set of proteins tested (Fig.
4). Differences in the affinity of the antisera used may in part
account for the diverse immunological signal found. Other fac-
tors include the specific location of the LPXTG protein in the
peptidoglycan, which could affect the rate at which the protein
is released upon enzymatic digestion of this macromolecule. It
is worth noting that LPXTG proteins of L. monocytogenes
released from the peptidoglycan upon digestion with murami-
dases are not visible by Coomassie or silver staining (data not
shown). This fact hampers the evaluation of the relative abun-
dance of these proteins by their direct visualization in gels.
Overall, these observations indicate that, although not totally
overlapping, high resolution MS and immunological methods
can provide semi-quantitative estimation of the relative abun-
dance of LPXTG proteins covalently anchored to the
peptidoglycan.
ActA Associates with Peptidoglycan of Bacteria Growing in

Minimal Medium IMM Maintaining Its Membrane Anchor—
ActA is a surface protein of 639 amino acids with a membrane
spanning region close to its C terminus that encompasses resi-

FIGURE 3. Profile of L. monocytogenes surface proteins identified by pro-
teomics in the cell wall of intracellular and extracellular bacteria. Cell wall
extracts were prepared from intracellular bacteria after 6 h post-infection of
JEG-3 epithelial cells or from extracellular bacteria grown in BHI or minimal
medium IMM to stationary phase. These extracts were processed for high
resolution MS to identify proteins associated with the peptidoglycan. Indi-
cated is the coverage obtained in the three conditions (intracellular, BHI, and
IMM) for surface proteins covalently bound to the peptidoglycan, including
members of the LPXTG family and the two sortase-B (SrtB) substrates
Lmo2185 and Lmo2186. The PrfA-regulated proteins ActA and LLO are also
shown. LPXTG proteins with differential expression in some of the conditions
tested are shown as gray bars and those identified with a high coverage in the
three experimental conditions as hatched bars. InlA and ActA are highlighted
as black bars.
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dues 613–635. To our knowledge, association of ActA to the
peptidoglycan has not been previously reported. Based on this,
we investigated whether this putative ActA-peptidoglycan
association was specific. Increased production of the protein

could potentially lead to unspecific retention into the cell wall
during the purification procedure. However, we also reasoned
that varied interactions of ActA with cell wall components
could take placewhen bacteria grow inmarkedly different envi-
ronmental conditions such as the cytosol of eukaryotic cells and
laboratory media. Of note, several authors have reported the
production in laboratory media of multiple ActA-derived
breakdown products resulting from cleavage at defined sites
(36, 37). Considering this fact, we assessed whether the ActA
polypeptide identified by proteomics could display a different
envelope association compared with ActA molecules present
either in the extracellular milieu or in the membrane but not
bound to the peptidoglycan. The level of ActAwas examined in
subcellular extracts containing proteins present in cytosol,
membrane, cell wall (peptidoglycan), or culture supernatant.
These extracts were prepared from extracellular bacteria grow-
ing in BHI or minimal medium IMM.Western assays shown in
Fig. 5A revealed that ActA is produced at higher levels in min-
imalmedium IMMand that the protein is presentmostly in the
membrane and in the extracellularmedium. Interestingly,most
of the ActA produced by the bacteria in BHI medium appeared
to be secreted. This latter result suggested that someproteolytic
activity could act on ActA to release the protein from its mem-
brane anchor. Proteolytic activity acting on ActA was also evi-
dent in minimal medium IMM, in which several breakdown
products were easily detected in the supernatant fraction (Fig.
5A).
In concordance to the proteomic data (Fig. 3 and supplemen-

tal Table S1), theseWestern assays also showed increased levels
of InlA in the peptidoglycan fraction in IMM compared with
BHImedium (Fig. 5B). InlA was also detected in higher relative
amounts in the supernatant of IMMcultures (Fig. 5B). Remark-
ably, a surface protein such as InlB, which lacks a membrane
anchor domain and associates weakly to the cell wall via inter-
action of its GW modules to lipoteichoic acids (38), was also
produced at higher levels in minimal medium IMM. In this
case, InlB was mainly present in the extracellular milieu as
breakdown products (Fig. 5C). Of note, InlB is positively regu-
lated by PrfA, as are InlA and ActA. However, both the pro-
teomic data (supplemental Table S1) and theseWestern assays

FIGURE 4. Comparison of relative abundance estimated by high resolu-
tion MS and individual Western data for five LPXTG proteins identified
with high coverage in proteomics: Lmo0130, Lmo0160, Lmo0610,
Lmo0880, and InlA. Cell wall extracts were prepared from L. monocytogenes
EGDe strain grown in minimal medium IMM to stationary phase. Note that for
an equal volume of sample loaded in the gel (internal control represented by
levels of Lmo0160 protein), distinct intensities are observed in the Western
assays performed with the corresponding anti-Lmo0130, anti-Lmo0160, anti-
Lmo0610, anti-Lmo0880, and anti-InlA antisera. Note the differences
observed in comparative terms with the rest of the proteins for the case of
Lmo0610, detected as a very abundant protein in the Western assay but with
a lower coverage in proteomics. Sizes of the molecular weight markers used
are also indicated.

FIGURE 5. Subcellular distribution of distinct surface proteins of L. monocytogenes in bacteria grown in BHI or IMM media. Shown are cytosol (Cyt),
membrane (Mb), peptidoglycan (PG), and culture supernatant (Sn) extracts of wild-type strain EGDe grown in BHI or minimal medium IMM to stationary phase
(overnight culture). The panels indicate the distribution of the following: A, ActA (a membrane protein having a stretch of hydrophobic residues in its C
terminus); B, InlA (an LPXTG protein covalently bound to peptidoglycan); and C, InlB (a protein that associates with the lipotheicoic acids via its GW modules).
Extracts were adjusted to the same number of bacteria (5 � 108 cfu) with the following exceptions: cytosolic fractions, which were 5-fold diluted, and
peptidoglycan fractions, 20-fold concentrated for the cases of ActA and InlB. Note the increased production of ActA, InlA, and InlB in bacteria growing in
minimal medium IMM. These three proteins are positively regulated by PrfA. Indicated are the sizes of the molecular weight markers used.
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indicated that InlB does not strongly associate with the pepti-
doglycan in any of the conditions tested. These biochemical
assays discarded an unspecific retention of ActA into the pep-
tidoglycan lattice. Thus, InlB was not retained in the pepti-
doglycan despite being also produced at high levels in the min-
imal medium IMM.
To definitively discard the possibility of an effect in the iden-

tification of ActA in the peptidoglycan linked to the high levels
at which the protein is produced inmedium IMM, we prepared
envelope material from L. monocytogenes strain P14-A, known
to overexpress the PrfA regulon in BHI medium, including the
actA gene (24). The levels of ActA were determined in mem-
brane fractions obtained from EGDe strain grown in BHI or
IMMmedia and from the P14-A strain grown in BHI medium.
As expected, Western assays revealed a higher amount of full-
length ActA in the membrane of P14-A compared with EGDe
in minimal medium IMM (Fig. 6A). No ActA was visible in
EGDe grown in BHI (Fig. 6A). Interestingly, ActA was identi-
fied by proteomics at a much larger extent in the peptidoglycan
of EGDe strain grown in minimal medium IMM (Fig. 6B). This
was evident considering the high number of peptides and inde-
pendent identifications of each peptide that were obtained by
high resolution MS in the respective peptidoglycan extracts
(Fig. 6B). Taken together, these data demonstrate that the iden-
tification of ActA in the cell wall is not a consequence of an
increase of the protein content present in the envelope. On the
contrary, such identification may reflect a new mode of associ-
ation to peptidoglycan adopted by a fraction of the population
of ActA molecules only under certain growth conditions.
ActA Polypeptide That Associates with Peptidoglycan Is

Anchored to the Membrane—Although ActA was unequivo-
cally identified with 21 unique peptides and 46% sequence cov-
erage in the peptidoglycan of bacteria growing in IMMmedium
(Fig. 6B), none of the tryptic peptides detected overlapped with
the stretch of hydrophobic residues at positions 613–635;
TLILAMLAIGVFSLGAFIKIIQL. Targeted proteomics by SRM
of ActA-derived tryptic peptides was used to gain insights on

the topology and size of the ActA form that associates with the
peptidoglycan. Samples were prepared from EGDe bacteria
growing in IMM and BHI media. Four distinct ActA peptides
mapping at different regions of the protein were monitored by
SRM (Fig. 7A) as follows: (i) one peptide was positioned close to
the N terminus of the protein (residues 48–60); (ii) two pep-
tides covered residues 463–474 and 570–583; and (iii) one pep-
tide of residues 606–631 overlapped part of the hydrophobic
stretch (EEPGNHTTLILAMLAIGVFSLGAFIK) (Fig. 7B). As
controls, four additional tryptic peptides of two LPXTG pro-
teins (two from InlA and InlH, each) were also monitored (Fig.
7C). MS/MS spectra from all the peptides monitored by SRM
are shown as supplemental material (supplemental Fig. S1). In
agreementwith the data obtained byWestern analysis (Fig. 6A),
the SRM analysis demonstrated that none of the four ActA
peptides monitored were detected in peptidoglycan purified in
BHI medium, although all of them were identified in pepti-
doglycan samples prepared from bacteria growing in minimal
medium IMM (Fig. 7B). This latter result supported the idea
that the ActA form that associates with peptidoglycan is teth-
ered to the membrane. InlA and InlH tryptic peptides were
identified in peptidoglycan prepared from bacteria grown in
BHI and IMM media (Fig. 7C). Altogether, the SRM data con-
firmed that the ActA form that associates with the peptidogly-
can is anchored to the membrane.
ActA Exposure in the Cell Surface Correlates to the Amount of

Protein Produced by L. monocytogenes—Previous studies have
shown that ActA is not detected on the bacterial surface of L.
monocytogenes growing in BHI medium (39). Our proteomic
data suggested that ActA may adopt a distinct envelope loca-
tion in minimal medium IMM, which could translate in differ-
ent exposure on the bacterial surface. To test this hypothesis,
ActA distribution was examined by immunofluorescence
microscopy in intact EGDe bacteria. For this analysis, we also
include the P14-A strain grown in BHI, which overproduces
ActA (Fig. 6A) but has not much ActA associated with the pep-
tidoglycan (Fig. 6B). ActAwas accessible to antibody labeling in

FIGURE 6. Association of ActA with peptidoglycan is not dictated by the relative amount of ActA present in the membrane. Membrane protein extracts
were prepared from L. monocytogenes strain EGDe grown in BHI or IMM media to stationary phase and from strain P14-A, which overproduces ActA, in BHI
medium. In parallel, peptidoglycan material was isolated and processed for high resolution MS proteomics as described under “Experimental Procedures.”
A, relative levels of ActA detected in the membrane fraction by Western assay; B, ActA peptides identified by high resolution MS in peptidoglycan purified from
bacteria grown in the distinct conditions. Indicated are the peptide sequence and the number of independent identifications for each peptide. Note that
despite the higher content of ActA detected in the membrane of strain P14-A, the protein is identified with a lower rate than in peptidoglycan prepared from
EGDe bacteria grown in minimal medium IMM.
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EGDe strain grown inminimal medium IMM and P14-A strain
grown in BHI, being barely detected in EGDe collected from
BHI medium (Fig. 8). The signal observed for ActA was more
intense in the case of the P14-A strain, which correlates with a
higher level of ActA in the envelope (Fig. 6A). A similar obser-
vation was found for InlA and also visualized with a stronger
signal in P14-A (Fig. 8). This difference may account for the
overexpression of PrfA-regulated genes reported to occur in
the P14-A strain (24). Altogether, these data suggest that expo-
sure of ActA on the bacterial surface may be facilitated by an
increase of the relative levels of this surface protein and not by
a concrete mode of association to the cell wall.

ActA Promotes Efficient Entry into Eukaryotic Cells Only
under Conditions inWhich It Associates with Peptidoglycan—A
previous study reported the capacity of ActA to promote entry
of L. monocytogenes into eukaryotic cells (40). This study how-
ever compared wild-type bacteria with mutants overproducing
the PrfA regulon and derivative strains lacking ActA. No com-
parison of wild-type and�actA strains was performed. Because
our proteomic analyses suggested that a fraction of ActA mol-
ecules might adopt distinct conformations in the cell wall, we
tested the role of ActA in bacterial invasion using different
growth media (BHI and IMM) and several nonphagocytic cell
lines, including fibroblasts NRK-49F and the epithelial cells

FIGURE 7. SRM analyses reveal in peptidoglycan material the presence of an ActA-derived tryptic peptide corresponding to the membrane hydro-
phobic region. A, ion pair transitions for tryptic peptides of diverse L. monocytogenes surface proteins monitored in the SRM experiments. Shown is the
identification by SRM of peptides corresponding to the following: B, ActA; and C, LPXTG proteins InlA and InlH. The SRM study was designed to identify four
different tryptic peptides of ActA (positions 48 – 60, 463– 474, 570 –583, and 606 – 631). The peptide encompassing residues 606 – 631 (EEPGNHTTLILAM-
LAIGVFSLGAFIK) contains part of the residues 613– 635 of the transmembrane region of ActA (TLILAMLAIGVFSLGAFIKIIQL). None the four ActA tryptic peptides
was identified in peptidoglycan samples prepared from bacteria grown in BHI medium. The data correspond to peptidoglycan prepared from wild-type strain
EGDe grown to stationary phase in the indicated media.
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HeLa and Vero. Mutants defective in the two major invasins of
L.monocytogenes, InlA and InlB,were also used for comparison.
The lack of ActA impacted minimally the invasion rate of bac-
teria growing in BHI medium, with a significant difference
detected only for the case of Vero cells. In this case, �actA
mutant bacteria invaded with an efficiency of �40% compared
with that shown by the wild-type strain (Fig. 9A). In contrast,
�inlA and �inlBmutants exhibited a drastic reduction of their
invasion rates when growing in BHI medium, and the only
exception was the behavior of the �inlA mutant in HeLa epi-
thelial cells (Fig. 9A). Strikingly, the invasion rate of the �actA
mutant decreased significantly when bacteria were grown in
minimal medium IMM. In this condition, lack of ActA resulted
in invasion rates of �5% compared with those shown by the
wild type in the three eukaryotic cell lines tested (Fig. 9B).
Growth in themedium IMMalso resulted in a low invasion rate
for the �inlB mutant, whereas �inlA bacteria displayed major
changes in the invasion rate only in NRK-49F fibroblasts (Fig.
9B). Altogether, these assays demonstrate a strong requirement
of ActA for L. monocytogenes invasion when bacteria are grown
under conditions favoring association of the protein to the
peptidoglycan.

DISCUSSION

To our knowledge, the work described here with L. monocy-
togenes represents the first analysis of a bacterial cell wall pro-
teome using high resolution mass spectrometry based on an
LTQ-Orbitrap MS system. This study also reports for the first
time the cell wall proteome of an intracellular bacterial patho-
gen growing in the cytosol of eukaryotic cells. Of note, a very
recent report describes protein expression profiles of three L.
monocytogenes strains growing inside macrophages using
standard multidimensional protein identification technology
(41). This study, however, focuses only on total protein extracts
and provides rather low identification rates, in the range of
45–80 protein species for total extracts prepared from intracel-
lular bacteria. In our case, the high resolution proteomic
approach used led to amuchhigher identification rate. Thus, 53

FIGURE 8. ActA exposure in bacterial cell surface to the amount of ActA
protein present in the membrane. L. monocytogenes P14-A (ActA-overpro-
ducing strain) and EGDe (wild-type) were grown to stationary phase in BHI or
minimal medium IMM, fixed in 3% paraformaldehyde, and processed for
immunofluorescence microscopy. Monoclonal mouse antibodies anti-InlA,
anti-ActA, and a polyclonal rabbit antibody raised against proteins strongly
bound to peptidoglycan (PG) were used. As secondary antibodies, goat anti-
mouse Alexa-488 (green) and goat anti-rabbit Alexa-594 (red) were used. The
red fluorescence was pseudo-colored to blue to better differentiate the two
labels in the overlay image. Note that ActA is clearly visible on the surface of
the overproducing strain P14-A, although it is visible at the poles of EGDe
bacteria grown in minimal medium IMM. No ActA was detected in EGDe bac-
teria grown in BHI. The surface distribution of the LPXTG protein InlA is shown
for comparison. Scale bar, 3 �m.

FIGURE 9. ActA is required for entry of L. monocytogenes EGDe into epi-
thelial and fibroblast cells when bacteria are grown in minimal medium
IMM. Infection of epithelial (HeLa and Vero) and fibroblast (NRK-49F) cells was
performed as described under “Experimental Procedures.” Shown are the
relative invasion values obtained at 2 h post-infection using bacteria grown in
the following: A, nutrient-rich BHI medium or B, minimal medium IMM. Strains
used included EGDe (wild-type) and isogenic �inlA, �inlB, and �actA
mutants. The data are the means � S.D. from three independent experi-
ments. *, p � 0.01– 0.05; ***, p � 0.001, by two-way analysis of variance with
Bonferroni’s post-test. For the inoculum in BHI medium, the average number
of viable intracellular bacteria counted in the three independent experiments
was (per 105 eukaryotic cells) as follows: 3.4 � 103 cfu (HeLa epithelial cells),
5.2 � 103 cfu (NRK-49F fibroblasts), and 1.5 � 104 cfu (Vero epithelial cells).
Values obtained with bacteria grown in minimal medium IMM were as fol-
lows: 1.15 � 106 cfu (HeLa epithelial cells), 9.6 � 104 cfu (NRK-49F fibroblasts),
and 6.15 � 105 cfu (Vero epithelial cells). Note the drastic reduction in inva-
siveness of the �actA mutant in bacteria growing in minimal medium IMM.
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proteins were identified in peptidoglycan purified from intra-
cellular bacteria upon extensive boiling of the envelope mate-
rial in SDS. Such a subcellular fraction contains mostly surface
proteins strongly associated with the cell wall. A high percent-
age of the proteins identified in this material corresponds with
surface proteins expected to be associated with peptidoglycan,
i.e. sortase substrates (covalently bound to the peptidoglycan)
and enzymes related to peptidoglycan metabolism. However,
most of the rest of identified proteins were predicted cytosolic
proteins that have been largely documented as “moonlighting”
proteins also displaying subcellular localization at the cell wall
(42). Examples are chaperons (DnaK), elongation factors (EF-Tu),
and diverse metabolic enzymes as enolase and glyceraldehyde-3-
phosphate dehydrogenase, among others. Indeed, most of the
moonlighting proteins we detected using this high resolutionMS
approach are coincident with the subproteome of L. monocyto-
genes reportedbySchaumburg etal. (42),whichextractedproteins
from the cell wall of bacteria grown in BHImedium.
The “intracellular cell wall proteome” defined here for L.

monocytogenes at 6 h post-invasionwas comparedwith those of
extracellular bacteria growing in two distinct laboratorymedia.
Amajor conclusion of this comparative studywas that L.mono-
cytogenes produces inside of the eukaryotic most of the LPXTG
proteins covalently bound to the peptidoglycan that are synthe-
sized by extracellular bacteria. This finding was at some extent
unexpected given the metabolic changes predicted to occur
during the intracytosolic growth compared with the growth in
BHI medium. For instance, only intracellular L. monocytogenes
utilize glycerol or glucose 6-phosphate instead of glucose as the
main carbon sources and produce oxalacetate predominantly
via carboxylation of pyruvate (43, 44). Despite this, a few differ-
ences were also observed in the proteome, especially concern-
ing the up-regulation of the LPXTG proteins InlA and
Lmo0514 in intracellular bacteria. The function of Lmo0514, a
protein carrying features of internalin proteins such as the leu-
cine-rich repeat (LRR) domains, is at present unknown.
Lmo0514 carries also two PKD repeats conferring immuno-
globulin-like folding properties (5, 45). Such characteristics
suggest that Lmo0514 could interact with other bacterial or
eukaryotic proteins once the bacteria colonize the eukaryotic
cytosol. In agreement with our proteomic data, previous tran-
scriptomic analyses revealed that bacteria growing inside
macrophages up-regulate the expression of the lmo0514 gene
(35). However, the same study reported in intracellular bacteria
up-regulation of other genes encoding LPXTGproteins, such as
lmo2085, for which we identified the protein only in the cell
wall of extracellular bacteria growing in BHI (Fig. 3). Up-regu-
lation of Lmo0514 in intracellular L.monocytogenes upon infec-
tion of JEG-3 epithelial cells also contrasts with other studies
monitoring global expression in L. monocytogenes during
mouse infection (46) or in Caco-2 epithelial cells (47). None of
these two studies reported changes in expression of the specific
gene lmo0514. Different infection conditions, the distinct
source of the epithelial cells used (JEG-3 from placenta and
Caco-2 from intestine), or even post-transcriptional regulatory
mechanisms acting differently in bacteria depending on the
type of cell colonized could account for these discrepancies.
However, our proteomic data were in concordance with the

up-regulation of inlA and other PrfA-regulated genes as actA
was reported in this same series of transcriptomic studies (35,
46, 47). As a feature distinctive to our work, none of these for-
mer transcriptomic studies anticipated the abundance of InlA
with respect to most of the other LPXTG proteins in the cell
wall of intracellular bacteria. Our analysis was performed at 6 h
post-infection, so it is unlikely that the InlA identified by pro-
teomics corresponds to that present in the infecting bacteria.
For other intracellular bacterial pathogens, such as Salmonella
enterica, it has been shown that invasion-related functions are
activated in intracellular bacteria at late infection times to facil-
itate infection of neighbor cells upon extrusion from the
infected cell (48, 49). In contrast, the dissemination of intracel-
lular L. monocytogenes to neighbor cells proceeds with no
“extracellular phase,” which makes difficult to reconcile with
such model. Thus, the role of the InlA synthesized de novo by
intracellular bacteria remains totally unknown. Further work is
clearly needed to elucidatewhether the up-regulation of InlA in
intracellular bacteria is a phenomenon related (or not) to the
bacterial entry process.
Together with InlA, other LPXTG proteins easily identified

in the L. monocytogenes cell wall included Lmo0130, Lmo0160,
Lmo263 (InlH), Lmo0880, Lmo1666, and Lmo2714. With the
exception of Lmo1666, which has recently been shown to be a
new L. monocytogenes adhesion protein required for virulence
(50), and Lmo0263 (InlH), which also contributes to virulence
(51), the rest of these LPXTG proteins have orthologs in non-
pathogenic Listeria species such as Listeria innocua (12). This
fact suggests that the role of some abundant LPXTGproteins in
Listeria could be related to the maintenance of cell wall integ-
rity or other conserved physiological processes, such as nutri-
ent transport. In other Gram-positive bacteria such as S. aureus
and Bacillus anthracis, several proteins anchored covalently to
the peptidoglycan are known to form a heme transport system
for iron acquisition (52, 53). Further work could certainly focus
on these abundant LPXTG proteins of L. monocytogenes of
unknown function.
At present, we are uncertain as the reason why a relatively

small fraction of the 41 LPXTG proteins predicted to be
encoded in the genome of the L. monocytogenes strain EGD-e
(12) are detected with the most sensitive high resolution pro-
teomic technology known to date. Our analyses in intracellular
and extracellular bacteria identified a total of 18 distinct
LPXTG protein species (Fig. 3 and supplemental Table S1). In
some cases, additional LPXTG proteins were also identified
with a single peptide and fragmentation spectra of high quality
(data not shown). These proteins could be present in extremely
low amounts in the cell wall, close to the current threshold of
these sensitive proteomic technologies. A paradigmatic exam-
ple supporting this postulate is that of Lmo0320. This LPXTG
protein, also known as Vip, acts as an invasin promoting bacte-
rial entry (54). The mutant defective in this protein exhibits a
strong defect for entry in several cell lines and is attenuated in
virulence animal models (54). Strikingly, we have been unable
to detect this protein by high resolution MS in any of the con-
ditions tested, which favors the idea of Vip being an LPXTG
protein present in scarce amounts in the cell wall of L. monocy-
togenes. Attempts to detect this protein with anti-Lmo0320
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antibody in peptidoglycan of wild-type bacteria have also been
unsuccessful (data not shown). Nonetheless, the proteomic
analysis reported here provides a considerable increase in the
knowledge of this large family of LPXTG proteins of Listeria,
for which previous studies had identified a maximum of 13
distinct members (17, 18).
A major unexpected finding of our study was the identifica-

tion of surface and secreted proteins regulated positively by
PrfA, such as listeriolysin-O and ActA, in the peptidoglycan of
intracellular L. monocytogenes. Peptidoglycan purification
involves extensively boiling in 4% SDS, so the identification of a
certain protein in this material presumes a strong association
(covalent or not) that is not disrupted by this harsh detergent
treatment. Proper controls with other surface proteins of
known associationwith the cell wall, such as InlB, discarded the
possibility of unspecific retention of either listeriolysin-O or
ActA in the cell wall. Interestingly, these new protein-pepti-
doglycan associationswere reproduced in extracellular bacteria
growing in the chemically defined minimal medium IMM.
ActA contains a stretch of hydrophobic residues at its C termi-
nus, which is thought to tether the protein to themembrane (5).
The SRMdata indicated that theActA form that associateswith
the peptidoglycan still maintains its membrane anchorage.
ActA does not contain “cell wall association domains” as LysM,
GW, or WXL (5), so it is tempting to postulate that other fac-
tors, such as an interaction with yet unknown cell wall compo-
nents, are responsible forActA associationwith the peptidogly-
can. ActA is known to display discrete positioning at distinct
sites on the surface early after synthesis, which is followed by
redistribution in helices and further polarization (39). It is pos-
sible that during these changes in surface distribution, a small
population of ActA molecules establishes an association with
the peptidoglycan strong enough to allow co-purification in
boiling conditions. Differences in the relative amount of the
protein located in the membrane, as observed in minimal
medium IMMwith respect to BHI, might influence this associ-
ation and therefore affect the capacity of the bacteria to per-
form new activities. However, the experiments performed with
the ActA-overproducing strain P14-A discarded a direct corre-
lation between the amount of ActA present in the envelope and
the association of the protein to the peptidoglycan.Our data are
therefore consistent with a flexibility of ActA for adopting dis-
tinct conformations in the surface depending on the growth
conditions. It is also worth noting that our subcellular fraction-
ation analyses based on Western assays were unable to detect
ActA in purified peptidoglycan fractions. Given the strong evi-
dence obtained by high resolution MS of the presence of ActA
in this fraction, we hypothesize that at steady state only a small
fraction of the ActA molecules present in the envelope of L.
monocytogenes growing either in medium IMM or inside epi-
thelial cells might be associated with peptidoglycan. However,
this small fraction could accomplish distinct roles during infec-
tion or outside host cells. A precedent of this situation is found
for the S. entericamembrane protein InvH, required for proper
function of a specialized type III secretion machinery and for
which it was estimated that only �2% of the molecules were
associated with peptidoglycan (55). The disruption of such

interaction following changes in peptidoglycan structure com-
promised protein secretion (55).
An intriguing observation was the apparent lack of ActA in

the membrane or peptidoglycan fractions of the wild-type
EGDe strain growing in BHI (Figs. 5A and 6A). The �actA
mutant exhibited a slight reduction in the invasion rate when
growing in this nutrient-rich BHI medium (Fig. 9A). It is there-
fore possible that a low number of ActA molecules, hardly
detectable by Western analysis, may exist in the membrane of
bacteria growing in BHI medium. This postulate agrees with
observations reported by other authors (37). Likewise, the
�actA mutant was highly impaired in the ability to promote
invasion of epithelial and fibroblast cells when bacteria were
grown in IMM, a condition in which a fraction of ActA mole-
cules associates with peptidoglycan. Under identical growth
conditions, mutants defective in InlA or InlB also displayed a
strong defect in invasion (Fig. 9B). At present, we have no fur-
ther data supporting why the lack of different surface proteins
led to a defect in entry into a specific eukaryotic cell line. A
plausible explanation is that the absence of any of these proteins
has a deleterious effect on the amount or distribution of the
other invasin(s). In the case of the�actAmutant, we have, how-
ever, not found evidence supporting this fact for the case of
either InlA or InlB. This was tested by proteomic analysis of the
cell wall of the�actAmutant, which identified high amounts of
InlA (data not shown). Further microscopy and Western ana-
lyses revealed no difference in the exposure and surface distri-
bution of InlA in the �actA mutant. Similar findings were
obtained when determining the levels of InlB in membrane
fractions of the�actAmutant (data not shown). Based on these
observations, our interpretation for the requirement of ActA to
invade cultured cells is that under certain growth conditions,
such as the minimal medium IMM, the ActA molecules that
associate with the peptidoglycanmaymodulate the topology in
the cell wall of invasins as InlA or InlB by establishing direct or
indirect protein-protein interactions. We plan to test this pos-
tulate by searching for protein complexes involving these sur-
face proteins. Our findings are also consistent with studies
demonstrating the requirement of other surface proteins
besides InlA and InlB for efficient entry of L. monocytogenes
into eukaryotic cells (56).
In summary, our study provides the first insights into cell

wall proteome changes occurring during the intracellular infec-
tion of eukaryotic cells by L. monocytogenes. Our data also
account for novel protein-peptidoglycan associations not sus-
pected by analysis of the primary sequence, as it was the case of
ActA.
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