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Summary
The bacterial pathogen Listeria monocytogenes (Lm) evades the antimicrobial mechanisms of
macrophages by escaping from vacuoles to the cytosol, through the action of the cytolysin
listeriolysin O (LLO). Because of heterogeneities in the timing and efficiency of escape, important
questions about the contributions of LLO to Lm vacuole identity and trafficking have been
inaccessible. Expression of cyan fluorescent protein (CFP)-labelled endocytic membrane markers in
macrophages along with a yellow fluorescent protein (YFP)-labelled indicator of Lm entry to the
cytosol identified compartments lysed by bacteria. Lm escaped from Rab5a-negative, lysosome-
associated membrane protein-1 (LAMP1)-negative, Rab7-positive, phosphatidylinositol 3-
phosphate [PI(3)P]-positive vacuoles. Lm vacuoles did not label with YFP-Rab5a unless the bacteria
were first opsonized with IgG. Wild-type Lm delayed vacuole fusion with LAMP1-positive
lysosomes, relative to LLO-deficient Lm. Bacteria prevented from expressing LLO until their arrival
into LAMP1-positive lysosomes escaped inefficiently. Thus, the LLO-dependent delay of Lm
vacuole fusion with lysosomes affords Lm a competitive edge against macrophage defences by
providing bacteria more time in organelles they can penetrate.

Introduction
Macrophages play a vital role in the innate immune response by internalizing and destroying
pathogenic microbes by phagocytosis. Sequential interactions of the phagosome with the
endocytic pathway lead to changes in the lipid and protein composition of its membrane
(Desjardins et al., 1994) and generation of molecules important for host defence, including
reactive oxygen and nitrogen intermediates (Shiloh et al., 1999). Eventually the phagosome
fuses with lysosomes, intracellular compartments that contain hydrolases which destroy the
phagosomal contents.

To successfully invade and replicate within macrophages, some intracellular pathogens employ
mechanisms to avoid destruction in the harsh environment of lysosomes. The facultative
intracellular pathogen Listeria monocytogenes (Lm) survives within macrophages by
producing a cholesterol-dependent, pore-forming cytolysin, listeriolysin O (LLO), which
perforates Lm-containing phagosomes (Lm vacuoles) and allows the bacteria to escape into the
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nutrient-rich macrophage cytosol (Portnoy et al., 1988; Tweten et al., 2001). After a period of
growth in the cytosol, the bacteria recruit and polymerize host cell actin. Rocket-shaped tails
of filamentous actin (F-actin) propel the bacteria into neighbouring cells, where the infectious
cycle begins again (Cossart and Lecuit, 1998). Actin nucleation by cytosolic Lm is commonly
used as an indicator of Lm escape (Jones and Portnoy, 1994).

Listeriolysin O is essential for Lm virulence. Lm lacking LLO (hly Lm) fail to escape vacuoles
within macrophages and are avirulent (Portnoy et al., 1988). LLO acts on the Lm vacuole soon
after infection. Initial pore formation by LLO occurs within 5 min after internalization of the
bacteria (Beauregard et al., 1997), and escape of Lm to the macrophage cytosol occurs within
30 min of internalization (Myers et al., 2003). Therefore, characterization of Lm vacuoles
during the first 30 min after infection should reveal essential features of Lm survival in
macrophages.

The extent to which Lm vacuoles interact with the endocytic pathway of macrophages may be
important for Lm pathogenesis. Modification of vacuole maturation, particularly inhibition of
fusion with lysosomes, is a common strategy among intracellular pathogens such as
Mycobacteria tuberculosis and Salmonella typhimurium (Deretic and Fratti, 1999; Hashim et
al., 2000). Vacuoles containing live hly Lm displayed accelerated fusion with early endosomes
and delayed fusion with lysosomes, compared with vacuoles containing heat-killed Lm
(Alvarez-Dominguez et al., 1997). Prolonged maintenance of the early endosome marker
Rab5a and the late endosome marker Rab7 on Lm vacuoles may have delayed fusion with
lysosomes (Alvarez-Dominguez et al., 1997; Alvarez-Dominguez and Stahl, 1999).
Alternatively, there is evidence that activation of Rab5a on Lm vacuoles decreases bacterial
escape (Prada-Delgado et al., 2005).

In addition to its role in perforating membranes for Lm escape into cytosol, LLO could influence
the dynamics of Lm vacuole maturation. This issue is difficult to address experimentally. The
simplest approach of using fluorescence microscopy of fixed cells to colocalize bacteria with
markers of endocytic compartments is complicated by several factors. First, and most
importantly, present methods for distinguishing vacuolar from cytosolic Lm identify cytosolic
bacteria by their recruitment of F-actin, a process that occurs long after bacteria escape from
the vacuole. By the time cytosolic bacteria can be identified, they are unlikely to still be
associated with the vacuolar compartments from which they escaped. Second, the timing of
Lm escape varies between 15 and 30 min after infection, so there is no one time point to fix
cells for analysis. Third, only some of the vacuoles are perforated, while others retain Lm and
may continue to later stages of vacuole maturation (de Chastellier and Berche, 1994). Because
the timing of maturation may vary between those that are lysed and those that are not, the two
populations of vacuoles must be distinguished.

Issues of heterogeneity in phagosome maturation dynamics have been addressed using live cell
imaging. The progressive interactions between phagosomes containing IgG-coated
erythrocytes and endocytic compartments were observed in live cells using yellow fluorescent
protein (YFP) chimeras of endocytic markers (Henry et al., 2004). However, applying this
technology to study Lm vacuole maturation still requires a method to mark Lm when they have
gained access to cytosol but not yet shed their vacuolar membranes.

Here we describe a new indicator of Lm escape that uses a YFP chimera of the cell wall-binding
domain (YFP-CBD) of the Lm phage endolysin Ply118 (Loessner et al., 2002). Expression of
YFP-CBD within the macrophage cytosol identified cytosolic bacteria shortly after escape.
Methods for classification of endocytic compartments were used in conjunction with YFP-
CBD to distinguish behaviours of subpopulations of bacteria inside macrophages.
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We analysed the progression of Lm vacuoles through the endocytic pathway and the escape of
Lm to the cytosol. RAW 264.7 macrophages expressed YFP-CBD along with one of several
cyan fluorescent protein (CFP)-labelled chimeras of endocytic pathway markers. Live cell
imaging of macrophages infected with wild-type Lm identified recently perforated vacuoles as
those containing both CFP-labelled membrane markers and YFP-CBD-positive bacteria.
Employing YFP-CBD as an early indicator of escape not only revealed differences in the
maturation of Lm vacuole subpopulations, but also identified the compartments permissive to
Lm escape. Internalized Lm did not occupy Rab5a-positive compartments, but instead moved
directly into late endosomal compartments. Vacuoles containing wild-type Lm delayed fusion
with lysosome-associated membrane protein-1 (LAMP1)-positive lysosomes, relative to those
containing hly Lm. This delay resulted in perforation of Rab7-positive, phosphatidylinositol
3-phosphate [PI(3)P]-positive, LAMP1-negative vacuoles. Although wild-type Lm perforated
their vacuoles before fusion with LAMP1-positive lysosomes, Lm expressing LLO under the
control of an inducible promoter [inducible LLO (iLLO)] perforated LAMP1-positive
compartments, although very inefficiently. Thus, the LLO-dependent delay in vacuolar
maturation facilitates Lm escape by increasing the duration of Lm residence in penetrable
compartments.

Results
YFP-CBD was an indicator of Lm vacuole escape

The cell wall-binding domain (CBD) from the Lm phage endolysin Ply118, which binds to a
carbohydrate ligand in Lm cell walls with high affinity (Loessner et al., 2002), was developed
into a probe for Lm escape to the cytosol. Green fluorescent protein (GFP)-tagged CBD could
label both wild-type and hly Lm when purified and mixed with bacteria in solution (Fig. 1A
and B). The CBD was cloned into a mammalian expression vector containing YFP. YFP-CBD
expressed in macrophages was present in the cytosol and the nucleus (Fig. 1C and D). To verify
that YFP-CBD could be used as an indicator of Lm vacuole escape, macrophages expressing
YFP-CBD were infected with wild-type, fluorescent Lm. Phase-contrast and fluores-cence
images of infected cells were acquired 10 and 30 min after infection. YFP-CBD expressed
inside infected macrophages did not label vacuolar Lm shortly after infection (Fig. 1C).
However, by 30 min after infection, bacteria decorated with YFP-CBD could be detected (Fig.
1D). Bacteria that appeared to be in the macrophage cytosol were brightly labelled with YFP-
CBD, while bacteria within vacuoles were not. To verify that YFP-CBD was a marker of
cytosolic Lm, the actin polymerization by YFP-CBD-positive Lm was measured in cells
expressing both YFP-CBD and CFP-actin. YFP-CBD-positive Lm labelled with CFP-actin 90
min after infection (Fig. 1E).

The timing of YFP-CBD acquisition by cytosolic bacteria was compared with the timing for
F-actin recruitment. While Texas Red (TR)-phalloidin labelled wild-type bacteria 45 min after
infection, YFP-CBD-positive bacteria were detected as early as 15 min after infection (Fig. 2).
Mutant hly Lm never labelled with YFP-CBD, consistent with earlier studies showing that these
bacteria do not gain access to macrophage cytosol (Jones and Portnoy, 1994). This time-course
experiment demonstrated that YFP-CBD provided a more direct and timely assay for Lm
vacuole perforation and escape than actin nucleation.

Membrane marker localization to compartments lysed by Lm
YFP-CBD was used in conjunction with fluorescent markers of the endocytic pathway to
identify the compartments perforated by Lm. The endocytic markers included CFP-Rab5a,
CFP-Rab7, LAMP1-CFP and CFP-2xFYVE, which binds to PI(3)P (Gillooly et al., 2000;
Stenmark et al., 2002). The overexpression of these CFP chimeras did not alter Lm vacuole
maturation and escape. The rate of wild-type Lm exposure to YFP-CBD was similar in
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macrophages expressing CFP chimeras or untagged CFP (data not shown). Macrophages were
co-transfected with YFP-CBD and one of the CFP-tagged markers of endocytic compartments.
Cells were infected for 3 min with wild-type Lm, washed free of extracellular bacteria, then
phase-contrast, YFP and CFP images of infected cells were taken at regular intervals (Fig. 3).
Within 5 min of infection, intravacuolar bacteria were evident as phase-dense rods inside phase-
bright vacuoles (Fig. 3A). The bacteria were present in a phase-bright vacuole between 5 and
17 min, after which the vacuole became phase-dark. The phase-bright to phase-dark transition
was taken to indicate vacuole perforation. The endocytic compartment in which the bacteria
resided was identified by CFP-Rab7 labelling (Fig. 3B). Coincident with the phase-contrast
transition, Lm were decorated with YFP-CBD (Fig. 3C). Bacteria remained associated with
the CFP-Rab7-positive vacuole subsequent to vacuole lysis, as indicated by YFP-CBD (Fig.
3B and C).

The presence of Lm in endocytic compartments during the acquisition of YFP-CBD labelling
allowed identification of the compartments lysed by Lm. Endosomal marker recruitment was
quantified by measuring the average CFP fluorescence intensity in a small region including
the bacterium (Ip) and dividing it by the average CFP fluorescence intensity of the entire cell
(Ic). When the intensity of the phagosome (Ip) equalled the intensity of the cell (Ic) (i.e. Ip/Ic
= 1.0), the marker was considered not to be enriched on the phagosome. Control macrophages
expressing untagged CFP consistently showed Ip/Ic values of 1.0 (Fig. 4A). Ip/Ic values for
Lm vacuoles significantly greater than 1.0 signified localization of a CFP chimera to the
phagosome. Coincident measurement of YFP-CBD recruitment to bacteria allowed
discrimination of CFP chimera recruitment to vacuoles perforated by Lm (CBD-positive, or
CBD+) and intact vacuoles containing CBD-negative (CBD−) Lm.

Lm lysed compartments labelled with CFP-Rab7 or CFP-2xFYVE
Wild-type and hly Lm were present in vacuoles labelled with CFP- or YFP-Rab7 between 5
and 30 min after infection (Fig. 4B and C). The Ip/Ic ratios for vacuoles containing hly Lm were
approximately 1.5 from 5 to 30 min after infection (Fig. 4B). Intact vacuoles containing wild-
type Lm (CBD-negative) displayed Ip/Ic ratios of 1.5–2.2 (Fig. 4C). The levels of Rab7 on both
intact wild-type and hly Lm vacuoles remained relatively constant. All Lm vacuoles observed
were labelled with YFP- or CFP-Rab7 at each time point. YFP-CBD-positive wild-type Lm
were detectable between 15 and 30 min after infection (Fig. 2). Ip/Ic of YFP-CBD-positive
bacteria were ~1.5 at 15–20 min after infection, after which the ratio decreased to 1 (Fig. 4D).
The high Ip/Ic for CFP-Rab7 when bacteria began to acquire YFP-CBD indicated lysis of Rab7-
positive vacuoles by wild-type Lm. The colocalization of CFP-Rab7 with YFP-CBD decreased
at 25–30 min after infection, possibly due to displacement of the bacteria from their lysed
vacuoles.

PI(3)P was recognized by YFP- or CFP-tagged tandem FYVE domains (YFP- or
CFP-2xFYVE) (Gillooly et al., 2000; Stenmark et al., 2002). YFP-2xFYVE labelled hly Lm
vacuoles at 5–30 min after infection (Fig. 5A). The marker was also present on intact (CBD-
negative) wild-type Lm vacuoles over the same time period (Fig. 5B). All Lm vacuoles were
positive for YFP- or CFP-2xFYVE. CFP-2xFYVE localized to CBD-positive bacteria at 15–
20 min after infection, then decreased (Fig. 5C). The colocalization of CFP-2xFYVE and YFP-
CBD at 15–20 min indicated the presence of PI(3)P on vacuoles perforated by wild-type
bacteria.

CFP-Rab5a was absent from Lm vacuoles
Neither YFP-Rab5a nor CFP-Rab5a localized to Lm vacuoles from 5 to 30 min. The Ip/Ic ratios
in cells expressing YFP- or CFP-Rab5a were near to 1 from 5 to 30 min after infection,
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indicating absence of this marker from Lm vacuoles (Fig. 6A and B). CFP-Rab5a was also not
present on vacuoles containing CBD-positive Lm (Fig. 6C).

It was possible that YFP-Rab5a was present on Lm vacuoles transiently and before the earliest
time point measured. To test this possibility, phase-contrast and YFP images were collected
during internalization of Lm into YFP-Rab5a-expressing RAW 264.7 or J774 macrophages.
YFP-Rab5a was not present on wild-type Lm vacuoles during internalization or the first few
minutes subsequent to vacuole formation in either cell line (Fig. 7A).

YFP-Rab5a localized to newly formed phagosomes containing IgG-opsonized erythrocytes in
RAW 264.7 macrophages (Henry et al., 2004). Thus, the stimulation of Fc receptors by Lm
might localize YFP-Rab5a to Lm vacuoles. The internalization of IgG-opsonized Lm was
observed in YFP-Rab5a-expressing RAW 264.7 macrophages. YFP-Rab5a did localize
transiently to vacuoles containing IgG-opsonized Lm (Fig. 7A and B).

Rab5Q79L localization to Lm vacuoles did not inhibit escape
The absence of Rab5a from Lm vacuoles could have facilitated Lm escape. To determine
whether forced localization of Rab5a to vacuoles could inhibit Lm escape, we analysed Lm
vacuoles in macrophages expressing CFP-Rab5Q79L. This mutant form of CFP-Rab5a is
locked in the GTP-bound state and is recruited to membranes (Roberts et al., 2000). YFP- or
CFP-Rab5Q79L was present on large endocytic vesicles within macrophages, and localized to
vacuoles containing hly and wild-type Lm (Fig. 6A and B). Ip/Ic ratios were significantly greater
than 1.0 from 5 to 20 min after infection. The decline in Ip/Ic values at 25 min may be due to
fusion of vacuoles with late endosomes and lysosomes. YFP-CBD-positive bacteria were
associated with CFP-Rab5Q79L at 15–20 min, signifying the perforation of CFP-Rab5Q79L-
labelled vacuoles by wild-type Lm (Fig. 6C). Moreover, expression of CFP-Rab5aQ79L did
not affect the rate of Lm exposure to YFP-CBD (data not shown). Thus, localization of CFP-
Rab5Q79L to Lm vacuoles did not inhibit escape of bacteria to the cytosol.

Wild-type Lm perforated vacuoles before fusion with LAMP1-positive compartments
Vacuoles containing hly bacteria acquired LAMP1-YFP from 15 to 25 min after infection, as
indicated by Ip/Ic values near 1.5 (Fig. 8A). The acquisition of LAMP1-CFP by vacuoles
containing wild-type Lm was delayed relative to hly vacuoles. Intact vacuoles containing wild-
type Lm (CBD-negative) did not show LAMP1-CFP labelling until 25 min (Fig. 8A), indicating
that wild-type Lm delayed fusion with LAMP1-CFP-positive compartments. Furthermore,
LAMP1-CFP did not colocalize with YFP-CBD even at later time points (Fig. 8B), indicating
that Lm perforated its vacuole before merging with LAMP1-labelled compartments. Thus, even
before it created perforations large enough to admit YFP-CBD, LLO delayed Lm vacuole
maturation.

Inefficient perforation of LAMP1-positive compartments
It was possible that the normal timing of LLO activity caused perforation of the vacuoles before
fusion with LAMP1-positive compartments, but that Lm was nonetheless capable of
perforating LAMP1-positive compartments. To examine the efficiency of perforation at later
stages of Lm vacuole maturation, the timing of LLO production was manipulated
experimentally by placing transcriptional control of LLO under an isopropyl-β-D-
thiogalactopyranoside (IPTG)-inducible promoter and incorporating the construct into the
chromosome of hly Lm (Dancz et al., 2002). In the absence of IPTG, the iLLO Lm were trapped
in vacuoles and could not escape to the cytosol (Fig. 9A and C). Addition of 10 mM IPTG to
iLLO Lm immediately before infection yielded less efficient vacuole perforation than wild-
type Lm, but similar kinetics (Fig. 9A). Addition of IPTG to macrophages at 10 min after
infection resulted in delayed perforation, and induction of LLO at 30 min resulted in greatly
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reduced and delayed perforation. Approximately 0.5% iLLO Lm were CBD-positive at 90 min
(Fig. 9A).

The small number of CBD-positive iLLO Lm observed after treatment of macrophages with
IPTG at 30 min (Fig. 9A) may have resulted from a low percentage of LLO-producing Lm,
due either to limited access of IPTG to Lm vacuoles or to decreased viability of Lm inside those
vacuoles. Attempts to detect LLO in vacuoles by immunofluorescence were not successful.
Instead, the efficiency of protein synthesis induced by IPTG was inferred using hly Lm that
produce GFP [inducible GFP (iGFP) Lm] using the same IPTG-inducible promoter as found
in the iLLO strain. GFP production was detected by immunofluorescence staining with an anti-
GFP antibody, as GFP fluorescence may not be observed until 90 min to 4 h after protein
synthesis (Zimmer, 2002). iGFP Lm treated with IPTG in broth stained positive for GFP within
10 min after adding IPTG (Fig. 9B). iGFP Lm in macrophages treated with IPTG at 10 min
after infection began to stain positive for GFP by 30 min (Fig. 9B). Treatment of infected
macrophages with IPTG at 30 min led to GFP synthesis in 15–29% of bacteria (Fig. 9B). The
reduction in the number of GFP-positive bacteria at 120 min may have been caused by
degradation of bacteria within vacuoles. Comparison of the 90 min time points in Fig. 9A and
B shows that prolonged Lm residence in vacuoles diminished its ability to escape more than
its ability to respond to IPTG. Thus, LLO perforated early endocytic compartments more
efficiently than late-stage endocytic compartments.

We next determined whether the late-stage vacuoles perforated by iLLO Lm were LAMP1-
positive. In the absence of IPTG, vacuoles containing iLLO Lm acquired LAMP1-CFP by 20
min (Fig. 9C). Although many iLLO Lm resided in LAMP1-positive vacuoles at 60 min, some
bacteria were present in LAMP1-negative compartments. Only the iLLO Lm in LAMP1-
negative vacuoles became CBD-positive (Fig. 9D). Induction of LLO at 30 min, a delay that
should have allowed all of the bacteria to reach LAMP1-positive compartments, showed a very
limited level of escape; 0.5% of the intracellular bacteria were CBD-positive at 90 min (Fig.
9A). However, those few CBD-positive iLLO Lm had perforated LAMP1-CFP-positive
vacuoles (Fig. 9E). Thus, LAMP1-positive vacuoles may be perforated by Lm, but that
perforation is very inefficient. The ability of Lm to delay arrival into LAMP1-positive
compartments therefore facilitated Lm escape.

Discussion
A new method for detecting Lm escape into the cytosol allowed novel questions regarding the
contributions of LLO to Lm vacuole maturation to be addressed. Decoration of Lm by cytosolic
YFP-CBD occurred while bacteria were still enveloped by their perforated vacuoles. CFP-
labelled membrane markers characterized those newly lysed vacuoles as late endosomal,
LAMP1-negative organelles. The coincident localization of membrane markers and CBD was
transient; by 25 min after infection, YFP-CBD-positive bacteria were no longer associated with
CFP-labelled vacuolar membranes (Figs 4D and 5C). Recently lysed vacuoles could not be
identified using F-actin accumulation by Lm as a measure of escape, as TR-phalloidin staining
of cytosolic bacteria occurred no sooner than 45 min after infection (Fig. 2). As an early
indicator of escape, YFP-CBD allowed discrimination of the different maturation pathways of
Lm vacuole subpopulations. Vacuoles that were perforated (CBD-positive) matured differently
from intact vacuoles (CBD-negative). Vacuoles containing CBD-negative wild-type or hly
Lm acquired LAMP1-CFP, but vacuoles containing CBD-positive Lm did not (Fig. 8). The
measurement of Lm escape with YFP-CBD will allow further analyses of Lm vacuole
dynamics.

Localization of YFP-CBD-positive bacteria in PI(3)P-, Rab7-positive vacuoles classified the
compartment of escape as a late endosome. This Rab5a-negative, LAMP1-negative, PI(3)P-
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positive, Rab7-positive compartment persisted from internalization until vacuole perforation
(Figs 4 and 5). In contrast, in phagosomes containing opsonized erythrocytes the analogous
stage of maturation was more transient (Henry et al., 2004). The prolongation of the PI(3)P-,
Rab7-positive stage of Lm vacuole maturation facilitated Lm escape. The pH of late endosomal
vacuoles is optimal for LLO activity, as the cytolysin is most active between pH 5.5 and 6.0
(Portnoy et al., 1992;Conte et al., 1996;Beauregard et al., 1997).

Absence of the early endosome marker YFP- or CFP-Rab5a from Lm vacuoles in both RAW
264.7 and J774 macrophages (Figs 6 and 7) is at odds with earlier studies that indicated roles
for Rab5a in Lm vacuole maturation in J774 macrophages (Alvarez-Dominguez and Stahl,
1999;Prada-Delgado et al., 2001). However, neither study illustrated the localization of Rab5a
to Lm vacuoles. Rab5a may be excluded from Lm vacuoles due to an absence of GTP-exchange
mechanisms necessary for its association with Lm vacuole membranes (Prada-Delgado et al.,
2005). The overexpression of Rab5Q79L, which is locked in the GTP-bound state, bypassed
this step and Rab5Q79L localized to Lm vacuoles (Fig. 6). Lm may actively inhibit Rab5 GTP
exchange, or Lm entry into macrophages may not involve activation of Rab5 guanine nucleotide
exchange factors (GEFs). The localization of Rab5a to Lm vacuoles upon stimulation of Fc
receptors by IgG-opsonized Lm (Fig. 7) indicated that Lm did not block Rab5 GTP exchange.
Rather, the receptors normally stimulated during Lm phagocytosis by macrophages may not
activate Rab5 GEFs.

The implications of Rab5a exclusion from Lm vacuoles are not known. The absence of Rab5a
from Lm vacuoles may enhance Lm survival within macrophages. Overexpression of Rab5a
in J774 macrophages enhanced intracellular killing of Lm (Prada-Delgado et al., 2001). One
method by which macrophages can control Lm infection is through retention of bacteria within
vacuoles (Portnoy et al., 2002). Our results demonstrated that overexpression of CFP-Rab5a
or CFP-Rab5Q79L did not prevent Lm escape in RAW 264.7 macrophages (Fig. 6C).
Furthermore, the efficiency of escape in cells expressing YFP-Rab5a, YFP-Rab5Q79L or YFP-
Rab5S34N (a dominant-negative Rab5 mutant) was similar to that in untransfected control
cells (data not shown). Alternatively, Rab5a may enhance macrophage killing of Lm through
a mechanism other than inhibition of vacuolar escape (Prada-Delgado et al., 2001).

Escape of Lm to the cytosol was facilitated by delayed fusion of Lm vacuoles with LAMP1-
positive lysosomes. Wild-type Lm vacuoles fused more slowly than hly Lm vacuoles with
LAMP1-positive compartments (Fig. 8A), allowing wild-type Lm to escape from vacuoles
before acquisition of LAMP-1 (Fig. 8B). Vacuoles containing wild-type Lm fused more slowly
with lysosomes than hly Lm vacuoles, further indicating that LLO delays vacuole maturation
(data not shown). The cholesterol-dependent cytolysin streptolysin O prevented internalization
of group A Streptococcus into lysosomes in epithelial cells, indicating that evasion of lysosomal
killing may be a common function among cholesterol-dependent cytolysins (Hakansson et
al., 2005).

Listeriolysin O perforated late-stage vacuoles inefficiently. Although Lm containing LLO
under the control of an IPTG-inducible promoter could perforate LAMP1-positive
compartments 90 min after infection (Fig. 9E), very few did so (Fig. 9A). Based on the
responsiveness of iGFP to IPTG, it appeared that induction of LLO synthesis did not occur
within all iLLO Lm vacuoles. However, this factor cannot account entirely for the inefficient
escape of iLLO Lm at late time points. Thus, LAMP1-positive compartments inhibited vacuolar
escape. LAMP-1 is a transmembrane protein, with a large, heavily glycosylated luminal
domain (Peters and von Figura, 1994). The barrier created by LAMP-1 and other lysosomal
membrane proteins may hinder the insertion of LLO into the phagosomal membrane, thus
inhibiting escape. Alternately, the lysosomal proteases such as cathepsin D could inhibit LLO
function (Prada-Delgado et al., 2005), or vacuoles at late stages may be depleted of cholesterol
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and therefore less susceptible to cholesterol-dependent LLO. Regardless of the mechanism, it
is clear that Lm benefits from the LLO-dependent delay of arrival into LAMP1-positive
compartments.

How does LLO slow vacuole maturation? The delay was evident even in CBD-negative
vacuoles containing wild-type Lm; an indication that LLO altered maturation well before
vacuolar membranes were perforated enough for YFP-CBD labelling. Before Lm vacuole lysis
and escape, LLO forms small pores in the vacuole, which cause an elevation of vacuolar pH
and a decrease in intravacuolar calcium (L.M. Shaughnessy, A.D. Hoppe, K.A. Christensen
and J.A. Swanson, submitted). An acidic pH is necessary for vacuole maturation (Gordon et
al., 1980; Mellman et al., 1986; van Weert et al., 1995). Calcium has also been implicated in
endosome fusion with lysosomes. Depletion of calcium from endocytic compartments has been
shown to block fusion with lysosomes (Peters and Mayer, 1998; Pryor et al., 2000). The release
of calcium and protons from the vacuole may account for the LLO-mediated alteration of
vacuole maturation.

Listeriolysin O is an extraordinary cytolysin. Its action is largely restricted to vacuoles, with
little collateral damage incurred by infected host cells (Glomski et al., 2002). The
compartmentalization of LLO activity is necessary for Lm virulence (Glomski et al., 2003).
Lm require the hospitable cytosolic environment of host cells for survival (Portnoy et al.,
2002). Escaping before fusion with lysosomes would prevent the contents of perforated
lysosomes from spilling into the cytosol, maintaining the habitable cytosolic environment. The
ability of LLO to delay Lm arrival into LAMP1-positive compartments represents a novel
survival mechanism for an intracellular pathogen.

Experimental procedures
Bacteria

Listeria monocytogenes (Lm) wild-type strain 10403S, mutant hly strain DP-L2161 (gifts of
D. Portnoy, University of California, Berkeley, CA), iLLO strain DH-L388 (Dancz et al.,
2002) and iGFP strain were maintained on brain–heart infusion (BHI) agar plates. One bacterial
colony was added to BHI broth, shaken overnight at room temperature, diluted 1:5 the
following morning and shaken at 37°C for 90 min. Bacteria were washed with Ringer’s buffer
(155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM NaH2PO4, 10 mM Hepes and 10 mM glucose,
pH 7.2) three times before addition to macrophages. For Lm opsonization, washed Lm were
opsonized with 5 μl of Difco Listeria O Type 1 Antiserum (Becton, Dickinson and Co., Sparks,
MD) for 30 min at 37°C, and then washed once with Ringer’s buffer.

Construction of the iGFP Lm strain
Plasmid pDH1038 harbouring the gfpmut2 gene under control of the constitutive HyperSPO1
promoter (Shen and Higgins, 2005) was digested with EagI and SalI to remove a promoterless
gfp containing DNA fragment. The gfp DNA fragment was ligated into the inducible expression
vector pLIV2 (Higgins et al., 2005) that had been previously digested with EagI and SalI. The
resulting plasmid, pDH1269, containing the gfpmut2 gene under control of the IPTG-inducible
SPAC/lacOid promoter (Dancz et al., 2002), was electroporated into hly Lm (DP-L2161) to
generate an iGFP Lm strain (DH-L1271). Electroporation was performed as previously
described (Lauer et al., 2002) and resulted in site-specific integration of the iGFP vector within
the tRNAArg locus of the hly Lm strain.

Cell culture
RAW 264.7 and J774A.1 macrophages were grown in Dulbecco’s modified Eagle medium
(DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine
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serum (FBS, Invitrogen), and 100 unit ml−1 penicillin/streptomycin mixture (Sigma-Aldrich,
St Louis, MO) at 37°C with 5% CO2. During live microscopic observation, the live cells were
maintained at 37°C on a heated stage in Ringer’s buffer.

YFP and CFP constructs
Polymerase chain reaction (PCR)-amplified coding sequences of Rab5a (provided by Philip
Stahl, Washington University, St Louis, MO) and Rab7 (gift from Angela Wandinger-Ness,
University of New Mexico, Albuquerque, NM) were subcloned into pEYFP-C1 and pECFP-
C1 vectors (Clontech, Palo Alto, CA) to create YFP-Rab5a, CFP-Rab5a, YFP-Rab7 and CFP-
Rab7. 2xFYVE, containing two linked FYVE finger domains from hepatocyte growth factor-
regulated tyrosine kinase substrate (supplied by Harald Stenmark, Norwegian Radium
Hospital, Oslo, Norway), was subcloned into pEYFP-C1 and pECFP-C1 to create
YFP-2xFYVE and CFP-2xFYVE. LAMP-1 (provided by Norma Andrews, Yale University
School of Medicine, New Haven, CT) was inserted into pEYFP-N1 or pECFP-N1 (Clontech,
Palo Alto, CA) to create LAMP1-YFP and LAMP1-CFP. The C-terminal CBD of Listeria
phage endolysin Ply118 (Loessner et al., 2002) was cloned into pEYFP-C1 to create YFP-
CBD. CFP-actin was purchased from Clontech. All constructs were verified by sequencing.

RAW 264.7 cells were transfected with Fugene 6 (Roche, Indianapolis, IN), as per
manufacturer’s instructions. All DNA used for transfection was prepared with a MaxiPREP
kit (Qiagen, Valencia, CA).

His-tagged GFP (HGFP)-CBD was purified and used to label Lm as previously described
(Loessner et al., 2002).

Phagosomal escape assays
The percentage of bacteria that escaped from vacuoles was determined by modification of a
method previously described (Jones and Portnoy, 1994; Myers et al., 2003). Briefly, RAW
macrophages were plated on 13 mm diameter circular coverslips, infected with Lm [multiplicity
of infection (moi) ~1] for 10 min at 37°C in DMEM, 10% FBS (time zero was defined as the
time of addition of bacteria), and washed with Ringer’s buffer. Infection resulted in <1
bacterium per macrophage. Cells were incubated for an additional 5–80 min, fixed for 15 min
and permeabilized. All permeabilized cells were incubated for 15 min with DAPI (2 μg ml−1,
Molecular Probes, Eugene, OR) and non-transfected cells were also incubated with TR-
phalloidin (2 U ml−1, Molecular Probes). Cells were washed with PBS and goat serum and
mounted on glass slides with Prolong Antifade (Molecular Probes).

For Figs 2 and 7, Lm escape was quantified by scoring the number of infected macrophages
containing CBD-positive or TR-phalloidin-positive Lm. This scoring method corrected for
Lm replication in the macrophage cytosol at late time points. For each coverslip, 50
macrophages with DAPI-labelled bacteria were scored for colocalization of bacteria with
filamentous actin or YFP-CBD. In the remaining figures, escape was quantified by scoring the
number of YFP-CBD-positive Lm.

For morphological detection of YFP-CBD labelling in macrophages (Fig. 1C and D), Lm were
labelled for 15 min with 3 μl ml−1 SNARF-1 carboxylic acid, acetate, succinimidyl ester
(Molecular Probes) solution in DMSO, then washed three times with Ringer’s buffer before
infection of YFP-CBD-expressing macrophages (for 3 min at 37°C). Phase-contrast, YFP and
RFP (i.e. SNARF1 fluorescence) images were collected at regular intervals. Excitation filters
(S492/18×, S580/20×, Chroma Technology) and emission filters (S535/30m, S630/60m,
Chroma Technology) were used along with a dichroic mirror (86006bs, Chroma Technology)
to separately image YFP and SNARF-1. A phase-contrast image, YFP image (492 excitation,
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535 emission) and SNARF-1 image (580 excitation, 630 emission) were taken of YFP-CBD
macrophages infected with red-labelled Lm (SNARF-1) at different times after infection.

Localization of Lm within endocytic compartments
Macrophages were plated on 25 mm circular coverslips (3 × 105 cells per coverslip) overnight,
and then placed on a temperature-controlled stage mounted on the inverted fluorescence
microscope. Imaging employed two filter wheels, shutters to control light exposure, selective
dichroic mirrors for viewing both YFP and CFP (Omega Optical, Brattleboro, VT) and cooled
CCD camera (Photometrics). For determination of time-courses for Lm vacuole maturation,
transfected cells were pulsed with wild-type or hly Lm for 3 min (moi ~5), washed four times
with Ringer’s buffer, and phase-contrast, YFP fluorescence and CFP fluorescence (when
applicable) images of infected cells were acquired every 2–5 min for 30 min. When observing
bacterial uptake, washed Lm were added to transfected cells (moi ~1) and phase-contrast and
YFP fluorescence images were collected at 15 s intervals for 10 min.

For experiments with strain DH-L388 (iLLO), macrophages were infected for 5 min with DH-
L388 and washed four times with Ringer’s buffer. Infected macrophages were treated with 10
mM IPTG at 10 min or 30 min after infection, or left untreated. Phase-contrast, YFP
fluorescence and CFP fluorescence images of infected cells were taken every 10 min for 90–
100 min.

Primary fluorescence images were background-corrected by subtracting the mean intensity
measured from a cell-free region. The dynamics of YFP or CFP chimeras on Lm vacuoles were
analysed quantitatively by measuring the mean YFP or CFP intensities in a circular region
placed over the phagosome (Ip), as well the mean intensities within a region drawn around the
entire cell (Ic). Dividing these values to obtain the phagosome ratio (Ip/Ic) allowed for
comparison of vacuoles between cells of varying YFP or CFP chimera expression level.
Colocalization of CFP chimeras with YFP-CBD was determined by drawing a region around
a bacterium in the phase-contrast image, transferring the region to the CFP chimera and YFP-
CBD images, measuring Ip, and then subsequently measuring Ic.

Ip/Ic values for YFP-Rab5a in experiments in which Lm uptake was observed were temporally
aligned by vacuole formation. This was determined in phase-contrast images by the movement
of Lm from the phase-dark extracellular environment to the phase-bright vacuolar environment.
A sharp rise in grey values surrounding the bacteria marked this transition (Hoppe and
Swanson, 2004). Vacuole formation was set to 3 min and all ratio data were aligned by this
time point.

Ip/Ic values for all experiments were compared with Ip/Ic values for Lm vacuoles in
macrophages expressing untagged CFP, a fluorescent marker that did not localize to Lm
vacuoles. If the Ip/Ic values from cells expressing fluorescently tagged Rab5a, Rab7, 2xFYVE
or LAMP-1 were significantly greater than Ip/Ic values from cells expressing CFP, then the
marker was considered localized to the phagosome. Significant differences between the data
were determined using Student’s t-test.

Processed images were prepared for presentation using Adobe Photoshop and Adobe Premiere
(Adobe Systems, San Jose, CA).

Immunofluorescence staining for GFP synthesis
Macrophages were plated on 13 mm circular coverslips (5 × 104 cells per coverslip) overnight,
infected with washed iGFP Lm for 5 min, washed with Ringer’s buffer and incubated for an
additional 5–115 min. Infected macrophages were treated with 10 mM IPTG at 10 min or 30
min after infection, or left untreated. After incubation, cells were fixed for 30 min with 4%
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paraformaldehyde, 0.05% glutaraldehyde, 20 mM Hepes and 0.2 M sucrose, and permeabilized
with PBS, 0.3% Triton. Synthesis of GFP was determined by staining cells with DAPI and a
mouse anti-GFP antibody (Sigma-Aldrich). The primary antibody was detected with the Alexa
Fluor 594 Signal Amplification Kit for Mouse Antibodies (Molecular Probes), as per the
manufacturer’s instructions. The production of GFP by iGFP Lm in BHI broth was determined
by adding 10 mM IPTG to overnight cultures of bacteria, incubating at 37°C and fixing bacteria
at 10–30 min intervals. Bacteria were stained with mouse anti-GFP and then Alexa Fluor 594
antibodies and DAPI. Bacteria were centrifuged onto 13 mm coverslips at 700 r.p.m. for 5 min
iGFP Lm and infected cells were mounted on glass slides with Prolong Antifade (Molecular
Probes). For each coverslip, 100 DAPI-labelled bacteria were scored for Alexa Fluor 594
staining.
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Fig. 1.
YFP-CBD as a marker of Lm delivery into cytosol.
A and B. Epifluorescence images of (A) wild-type Lm and (B) hly Lm decorated with HGFP-
CBD after incubation with the purified fluorescent protein.
C and D. Phase-contrast (left), SNARF-labelled Lm (middle) and YFP-CBD fluorescence
(right) images. (C) Cells viewed at 10 min after infection contained bacteria in phase-bright
vacuoles (arrows) which were not labelled with YFP-CBD. (D) Cells viewed 60 min after
infection showed some bacteria labelled with YFP-CBD (arrows).
E. YFP fluorescence image of a RAW 264.7 macrophage showing YFP-CBD-positive
cytosolic Lm (left) with corresponding labelling by CFP-actin (asterisks).
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Fig. 2.
YFP-CBD marked cytosolic Lm within 15 min of infection. Macrophages were infected with
wild-type or hly Lm for 3 min and washed, resulting in <1 bacterium per macrophage. Infected
cells were incubated further and fixed at the indicated time points. Bacteria were identified by
DAPI staining; cytosolic bacteria were identified by their labelling with either YFP-CBD or
TR-phalloidin. At each time point >200 infected cells were scored for the presence of YFP-
CBD or TR-phalloidin. YFP-CBD labelled wild-type Lm (black circles) between 15 and 30
min, while TR-phalloidin stained wild-type Lm (grey circles) 45–120 min after infection. YFP-
CBD did not decorate hly Lm (open circles) at any time. Each data point represents the mean
± standard error of the mean (SEM) of four experiments.
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Fig. 3.
YFP-CBD allowed identification of compartments lysed by Lm. Macrophages were co-
transfected with YFP-CBD and CFP-Rab7. Cells were infected with wild-type Lm, then phase-
contrast, YFP and CFP images of infected cells were taken at 2 min intervals. Each column
contains component images of one time point, indicated in (A) as the time, in minutes, after
the start of infection.
A. Phase-contrast images show two bacteria in a phase-bright vacuole between 5 and 17 min,
after which the vacuole became phase-dark.
B. CFP-Rab7 labelling of this vacuole illustrated that the vacuole collapsed after 17 min, but
fluorescence persisted. CFP fluorescence appeared to increase over time due to movement of
the vacuole within the focal plane.
C. Coincident with collapse of the vacuole, the bacteria acquired YFP-CBD. From these images
it was apparent that bacteria were present in a Rab7-positive compartment during escape to the
cytosol.
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Fig. 4.
Lm lysed compartments labelled with Rab7. The average fluorescence intensity of the
phagosome (Ip) was divided by the average fluorescence intensity of the entire cell (Ic) to
produce the cell-normalized phagosome fluorescence (Ip/Ic). Each symbol represents the mean
values of >45 vacuoles measured in multiple experiments.
A. Ip/Ic ratios for Lm vacuoles in macrophages expressing CFP were near 1.0 from 5 to 30 min.
These values were compared as a negative control to all further experiments (grey dotted line
in subsequent panels).
B and C. (B) hly Lm and (C) YFP-CBD-negative, wild-type Lm resided in Rab7-positive
vacuoles between 5 and 30 min after infection, as indicated by Ip/Ic values significantly higher
than those in cells expressing CFP (P < 0.01). One hundred per cent of Lm vacuoles were Rab7-
positive.

Henry et al. Page 17

Cell Microbiol. Author manuscript; available in PMC 2006 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



D. YFP-CBD-positive, wild-type Lm displayed Ip/Ic ratios greater than 1.5 for CFP-Rab7 from
15 to 20 min, demonstrating that Lm lysed compartments labelled with CFP-Rab7.
The bars indicate SEM.
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Fig. 5.
PI(3)P on vacuoles lysed by Lm.
A and B. YFP- or CFP-2xFYVE-labelled vacuoles containing (A) hly Lm and (B) YFP-CBD-
negative, wild-type Lm at 5–30 min. One hundred per cent of Lm vacuoles were 2xFYVE-
positive.
C. CFP-2xFYVE and YFP-CBD colocalized 15–20 min after infection, signifying the presence
of PI(3)P on vacuoles perforated by wild-type bacteria. At each time point >45 vacuoles were
measured.
The bars indicate SEM.
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Fig. 6.
Rab5 did not label Lm vacuoles, but localization of Rab5Q79L to Lm vacuoles did not prevent
escape.
A. While YFP-Rab5a did not localize to vacuoles containing hly Lm (closed circles), YFP-
Rab5Q79L was present from 5 to 20 min (open circles).
B. CFP-Rab5Q79L localized to CBD-negative, wild-type Lm vacuoles from 5 to 20 min (open
triangles), but CFP-Rab5a did not (closed triangles).
C. CFP-Rab5a was not associated with YFP-CBD-positive Lm at any time point measured
(closed diamonds). CFP-Rab5Q79L associated with CBD-positive Lm at 15–20 min (open
diamonds), demonstrating that Lm could lyse vacuoles labelled with Rab5Q79L. At each time
point >45 vacuoles were measured.
The bars indicate SEM.
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Fig. 7.
Rab5a was not present on Lm vacuoles, but did localize transiently to vacuoles containing IgG-
opsonized Lm.
A. The internalization of wild-type Lm was observed in RAW 264.7 (closed circles) or J774
macrophages (closed triangles). YFP-Rab5a was not associated with wild-type Lm vacuoles
during internalization or the first 5 min subsequent to internalization. YFP-Rab5a associated
transiently with vacuoles during entry of IgG-opsonized Lm into RAW 264.7 macrophages
(open circles).
B. YFP-Rab5a did not associate with vacuoles containing hly Lm (closed diamonds), but did
associate transiently with vacuoles containing IgG-opsonized, hly Lm (open diamonds). The
data were aligned by the timing of phase-bright vacuole formation, which was set at 3 min.
At each time point >15 vacuoles were measured. The bars indicate SEM.
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Fig. 8.
Wild-type Lm phagosomes showed delayed acquisition of LAMP1-CFP.
A. Vacuoles containing hly bacteria (open circles) acquired LAMP1-YFP from 15 to 30 min
after infection, as indicated by Ip/Ic values near 1.5. Ninety per cent of vacuoles were LAMP1-
positive at 15 min, and 100% of vacuoles were LAMP1-positive at 30 min. The acquisition of
LAMP1-CFP by vacuoles containing CBD-negative wild-type Lm was delayed relative to
hly phagosomes. Ip/Ic did not reach a value significantly higher than 1.0 until 25 min (P < 0.01).
Three per cent of vacuoles containing CBD-negative wild-type Lm were LAMP1-positive at
15 min, and 96% were LAMP1-positive at 30 min.
B. Lack of colocalization of LAMP1-CFP with YFP-CBD indicated that Lm escaped to the
cytosol before association with LAMP1-CFP labelled lysosomes. While Ip/Ic ratios for CBD-
negative, wild-type Lm were high from 25 to 30 min, Ip/Ic ratios for CBD-positive wild-type
Lm remained low (P < 0.01).
At each time point >45 vacuoles were measured. The bars indicate SEM.
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Fig. 9.
Perforation of LAMP1-positive compartments by LLO was inefficient.
A. Macrophages expressing YFP-CBD were infected with wild-type or iLLO Lm to produce
<1 bacterium per macrophage and were fixed at the indicated time points. Infected cells were
identified by DAPI staining and cytosolic bacteria were identified by YFP-CBD labelling.
YFP-CBD labelled wild-type Lm (grey circles) by 60 min. Escape of iLLO Lm treated with 10
mM IPTG before infection (IPTG 0′, black circles) was reduced relative to wild type. iLLO
Lm treated with IPTG at 10 min after infection (IPTG 10′, triangles) were present in the cytosol
at 60 min. iLLO Lm treated with IPTG at 30 min (IPTG 30′, diamonds) did not become CBD-
labelled until 90 min, at which point ~0.5% were YFP-CBD-positive. In the absence of IPTG
(open squares, partially obscured by IPTG 30′ data), no Lm were CBD-labelled. At each time
point >100 infected cells were scored for the presence of YFP-CBD. Each data point represents
the mean ± SEM of two experiments.
B. Overnight cultures of iGFP Lm or macrophages infected with iGFP Lm were fixed at the
indicated time points. Intracellular bacteria were identified by DAPI staining and GFP-
producing bacteria were identified by indirect immunofluorescence. iGFP Lm treated with
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IPTG in broth (black circles) stained positive for GFP by 10 min. iGFP Lm treated with IPTG
at 10 min after infection stained positive for GFP from 30 to 120 min (black triangles), whereas
iGFP Lm treated with IPTG at 30 min stained positive for GFP from 60 to 120 min (black
diamonds). iGFP Lm did not stain positive for GFP in the absence of IPTG treatment (open
squares). At each time point 100 bacteria were scored for Alexa Fluor 594 staining. Each data
point represents the mean ± SEM of two experiments.
C. Uninduced iLLO Lm acquired LAMP1-CFP by 20 min after infection, but did not decorate
with YFP-CBD at any time (open squares).
D. After treatment with IPTG at 10 min after infection, iLLO Lm escaped from LAMP1-CFP-
negative compartments at 60–90 min (closed triangles). Many CBD-negative vacuoles
acquired LAMP1-CFP as early as 20 min (open triangles).
E. In cells treated with IPTG at 30 min after infection, iLLO Lm perforated LAMP1-CFP-
positive vacuoles at 90–100 min (closed diamonds).
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