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Summary

Listeria monocytogenes (Lm) evade microbicidal
defences inside macrophages by secreting a pore-
forming cytolysin listeriolysin O (LLO), which allows
Lm to escape vacuoles. LLO also inhibits Lm vacuole
fusion with lysosomes, which indicates LLO alters
vacuole chemistry prior to release of Lm into cyto-
plasm. Using fluorescent probes to measure mem-
brane permeability, calcium and pH, we identified
small membrane perforations in vacuoles containing
wild-type but not LLO-deficient (hly-) Lm. The small
membrane perforations released small fluorescent
molecules and persisted for several minutes before
expanding to allow exchange of larger fluorescent
molecules. Macropinosomes and hly- Lm vacuoles
acidified and increased their calcium content
([Ca*],.c) within minutes of formation; however, the
small perforations made by LLO-expressing bacteria
increased vacuolar pH and decreased [Ca?*],.. shortly
after infection. Experimental increases in vacuolar pH
inhibited Lm vacuole fusion with lysosomes. The tim-
ing of perforation indicated that LLO-dependent
delays of Lm vacuole maturation result from disrup-
tion of ion gradients across vacuolar membranes.

Introduction

Phagocytosis of microbes into a membrane-enclosed
compartment is the first step of many in the macrophage’s
response to infection (Underhill and Ozinsky, 2002). The
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fate of microbes depends on host cell functions that mod-
ify the phagosomal lumen, including acidification, fusion
with endosomes and lysosomes, and delivery of microbi-
cidal molecules (Desjardins et al.,, 1994; Meresse et al.,
1999; Vieira et al., 2002; Luzio et al., 2003; Scott et al.,
2003). An acidic pH is necessary for optimal activity of
lysosomal enzymes (Mellman et al., 1986; Kornfeld and
Mellman, 1989). Many pathogens survive the harsh envi-
ronment of the phagosome by inhibiting maturation, halt-
ing acidification, or escaping into the cytosol (Duclos and
Desjardins, 2000; Sansonetti, 2001; Scott et al., 2003).

Listeria monocytogenes (Lm) evade phagosomal deg-
radation in macrophages by forming holes in the phago-
somal membrane that allow the bacteria to enter the
cytosol. Escape from the phagosome (Lm vacuole)
depends on the secreted cholesterol-dependent cytolysin
(CDC) listeriolysin O (LLO) (Portnoy et al., 1988; Cossart
etal., 1989; Gedde et al., 2000). Mutants lacking LLO
(hly- Lm) cannot escape from macrophage vacuoles, and
Bacillus subtilis engineered to secrete LLO are capable of
escaping vacuoles (Bielecki et al., 1990). Lm escape can
be inhibited by alkalinization of the phagosome using
bafilomycin A1, an inhibitor of vacuolar ATPases (Beaure-
gard et al., 1997). This may be due to the acidic pH opti-
mum for cytolytic activity by LLO (Portnoy et al., 1992), or
to other pH-dependent processes that affect LLO function
indirectly.

It is uncertain how LLO allows bacterial entry from
vacuoles into cytoplasm. The mechanism may be similar
to that proposed for membrane lysis by the CDC perfrin-
golysin O (PFO) (Rossjohn etal, 1997; Heuck et al.,
2003). PFO monomers bind to cholesterol-containing
membranes, oligomerize (20—80 monomers), then insert
into the membrane to form a 20-30 nm diameter pore.
Subsequent cell lysis by PFO is presumed to occur as a
consequence of colloid osmotic pressure. Analogous pro-
cesses may occur inside Lm vacuoles.

Listeria monocytogenes escape is enhanced by two
bacterial C-type phospholipases, termed PIcA and PicB
(Smith et al., 1995). Lm mutants deficient in a phosphati-
dylinositol-specific phospholipase C (PIcA), escape from
vacuoles less frequently than wild-type Lm (Smith et al.,
1995). Mutants in PIcB, a broad-range phospholipase C,
accumulate in double-membrane vesicles formed after the
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bacterium invades a neighbouring cell, indicating a role
for PIcB in escape from secondary phagosomes during
cell-to-cell spread (Vazquez-Boland et al., 1992). Mutants
lacking both PIcA and PIcB have a reduced frequency of
escape from the phagosomal compartment when com-
pared with single mutants and wild-type Lm (Smith et al.,
1995). It has been suggested that the PIcA functions in
coordination with LLO to activate host cell pathways that
facilitate escape (Wadsworth and Goldfine, 2002).
Accordingly, delivery of PIcA via the pores formed by LLO
could facilitate subsequent steps in the escape process.

The timing of LLO-mediated Lm escape from the vacu-
ole has been estimated by several methods. Timed addi-
tion of bafilomycin A1 to Lm-infected macrophages
showed that escape could be inhibited for up to 30 min
after infection (Myers et al., 2003). When pH was mea-
sured in Lm vacuoles using a small, fluorescent dye (524
MW), the acidic vacuoles increased pH rapidly, 10—15 min
after infection, and just before the probe was released into
cytoplasm (Beauregard et al., 1997). A method that mea-
sured access of vacuolar Lm to fluorescent proteins
expressed in macrophage cytoplasm indicated that, as
early as 15 min after infection, LLO created openings
large enough to exchange proteins (Henry et al., 2006).
These studies indicate that LLO works soon after arrival
of Lm into a vacuole, and that Lm escape proceeds by
expansion of small perforations. However, it remains
undetermined whether that expansion happens abruptly
or in stages.

Recent studies indicate that LLO slows the maturation
of vacuoles prior to escape of Lm into macrophage cyto-
plasm (Henry et al., 2006). A YFP-chimera of a phage cell
wall-binding domain (CBD-YFP), expressed in the cyto-
plasm, detected bacteria which became exposed to the
cytosolic space. Vacuoles containing wild-type Lm did
not fuse with lysosome-associated membrane protein-1
(LAMP1)-positive compartments as quickly as did vacu-
oles containing hly- Lm. This LLO-dependent inhibition of
Lm vacuole maturation was evident even before LLO had
created openings in membranes large enough to admit
CBD-YFP. This is consistent with recent studies showing
that streptolysin O, a CDC from group A Streptococcus,
inhibits phagosome—lysosome fusion in epithelial cells
(Hakansson et al., 2005). The mechanism by which LLO
inhibits lysosome fusion remains undetermined.

Increasing pH inhibits fusion of phagosomes and endo-
somes with lysosomes (Gordon et al., 1980; Mellman
et al., 1986; Tapper and Sundler, 1995; van Weert et al.,
1995; van Deurs et al., 1996). Although vacuolar calcium
levels are unknown, calcium has been implicated in endo-
some fusion (Colombo et al., 1997; Luzio et al., 2003).
Depletion of vacuolar calcium blocked endosome fusion
and maturation of the vacuole (Peters and Mayer, 1998;
Holroyd et al., 1999; Pryor et al., 2000). Accordingly, we

hypothesize that the small perforations made by LLO early
in infection increase pH and decrease Ca*" levels within
the vacuole, consequently inhibiting vesicle fusions nec-
essary for vacuole maturation.

The level of calcium within phagosomes and endo-
somes has been difficult to measure due to the pH-
dependence of fluorescent calcium indicators. In the
cytoplasm, where the pH remains constant at 7, calcium
is maintained at low resting levels (= 100 nM) (Berridge
et al., 2000). In vacuolar compartments, where pH varies,
measurement of Ca?* requires correction of Ca?*-sensitive
fluorophores by coincident measurement of pH (Chris-
tensen et al., 2002). Such measurements indicated that
lysosomal calcium was 600 uM. Concentrations of cal-
cium in macropinosomes have not been reported.

We show here that LLO-dependent perforation of the
vacuolar membrane initially creates pores that allow
release of a small probe [Lucifer Yellow (LY), molecular
weight 522] into cytoplasm but retain larger probes for
several minutes (fluorescent dextrans, average molecular
weight 10 000). This size selectivity allowed vacuolar
retention of dextrans labelled with fluorescent indicator
dyes, and measurement of free calcium and pH in mac-
ropinosomes and Lm vacuoles. Measurements of individ-
ual organelles revealed early effects of LLO on pH and
calcium levels within Lm vacuoles. Thus, for a brief period
before the bacterium gains complete access to cytoplasm,
LLO makes small perforations that allow exchange of
small molecules, including protons and calcium ions,
which inhibit vacuole fusion with lysosomes.

Results
Listeriolysin O perforates Lm vacuoles before lysing them

Previous experiments that used hydroxypyrene trisul-
phonic acid (HPTS; 524 MW) to measure pH detected
perforation of the Lmvacuole as an increase in pH followed
shortly by release of HPTS into cytoplasm (Beauregard
etal., 1997). It was unclear from those studies whether
release of HPTS occurred through small perforations or
more complete disruptions of the vacuolar membrane. To
characterize the transitions of membrane disruptions by
LLO during Lm escape, we measured the timing of release
from the Lm vacuole of two pH-insensitive fluorescent
probes of different size: Texas Red dextran (TRDx; average
molecular weight 10 000) and LY (molecular weight 522).
Lm vacuoles retained TRDx for 25 min or longer after
infection (Fig. 1). However, vacuoles containing wild-type
Lm, but not those containing LLO-deficient Lm (hly-), lost
LY before TRDx (Fig.1). As LY escaped the vacuolar
compartment, its fluorescence increased in the cytosol,
indicating that LY was lost by perforation rather than by
vacuole merger into larger endocytic compartments. It was
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Fig. 1. Retention of larger probes in perforated
vacuoles. Macrophages were infected for 3 min
with Lm in the presence of Texas Red dextran
(TRDx; average molecular weight 10 000) and
Lucifer Yellow (LY; molecular weight 522).
Excess probes and Lm were washed away, Lm
vacuoles were located by phase-contrast, and
then fluorescence images of LY and TRDx were
taken every 2 min.

NS

A and B. Showing representative wild-type and
hly- Lm vacuoles, respectively, at the indicated
times after infection.

C and D. The fluorescence intensity of each
fluorophore was measured in the vacuole over
time. TRDx was retained within Lm vacuoles
for =25 min. The increase in TRDx fluores-
cence in C was due to a decrease in vacuole
size without loss of TRDx. LLO-mediated per-
foration of vacuolar membranes was indicated
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more difficult to distinguish these possibilities for the loss
of TRDx from vacuoles.

Our goal was to characterize the role of LLO, PIcA and
PlcB in early perforation and escape of Lm vacuole. It is
not known how PIcA and PIcB contribute to Lm escape
from vacuoles. Using a phalloidin-binding assay to detect
cytosolic bacteria (Jones and Portnoy, 1994), we mea-
sured the abilities of wild-type Lm and various mutant
strains (hly, plcA-, plcB-, plcA-plcB-, hly-plcA-plcB-) to
reach the cytosol in J774 macrophages (Table 1). On aver-
age, wild-type Lm escaped the vacuole 86% of the time,
whereas strains lacking LLO (hly- and hly-plcA-plcB-)
never escaped. Mutants lacking PIcA or PlcB escaped less
frequently than wild-type Lm (P <0.05, T-test), but simi-

Table 1. Vacuole escape and perforation by Lm.

LY lost before TRDx

Escape Time of  LY-TRDx
Vacuole frequency® Frequency® LY loss® interval®
Macropinosomes  NA 0/19 - -
hly- Lm 0* 0/30 - -
hly-plcA-plcB- Lm  0* 0/9 - -
Wild-type Lm 85+5 27/54 1515 9+4
plcA- Lm 70*+6 11/22 1515 5+3
plcB- Lm 68" +7 12/19 14+5 7£3
plcA-plcB- Lm 57*+8 7116 17+5 9+4

*Significantly different from wild-type Lm (P < 0.05).

a. The fraction of Lm-infected macrophages that contained TR-phal-
loidin-positive bacteria (100 x mean + SD from nine experiments).
b. The number of time-course experiments in which LY was lost from
the vacuole before TRDx, divided by the number of time-course
experiments recorded.

c. The average time in minutes after the addition of fluorophores when
LY was lost selectively from the vacuole.

d. The interval of time between loss of LY and TRDx when the event
occurred within 30 min.

NA, not applicable.

© 2005 The Authors
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larly to each other. Strains lacking both plcA and plcB
showed a decrease in their ability to escape from vacuoles
compared with wild-type Lm, which further indicated a
contribution of the phospholipases to efficient Lm escape.

Measurement of the times after infection that LY or
TRDx were lost from vacuoles indicated an early, size-
selective perforation of the Lm vacuolar membranes by
LLO. In approximately half of the vacuoles containing LLO
(wild-type, plcA-, plcB-, plcA-plcB- Lm vacuoles) LY was
lost before TRDx, whereas vacuoles lacking LLO (macro-
pinosomes, hly- Lm vacuoles, hly-plcA-plcB- Lm vacu-
oles) failed to release LY prior to TRDx (Table 1 and
Fig. 2). In those instances when LY was lost prior to TRDXx,
the LY loss occurred between 8 and 28 min after infection.
The perforations remained small enough to exclude TRDx
for variable lengths of time, often exceeding the 30 min
observation period. Most macropinosomes and hly- or hly-
plcA-plcB- Lm vacuoles lost TRDx after 30 min, whereas
wild-type, pIcA-, plcB-, plcA-plcB- Lm vacuoles usually
lost TRDx before 30 min. The loss of TRDx from the Lm
vacuole could represent larger perforations or fusion of
the vacuoles with large endocytic compartments. PLC-
deficient Lm vacuoles showed similar timing of loss for LY
and TRDx in comparison to wild-type Lm vacuoles. Thus,
during the first 20 min after infection, about the time Lm
vacuoles begin to fuse with LAMP1-positive compart-
ments (Henry et al., 2006), vacuolar LLO created mem-
brane perforations small enough to release LY.

Measurements of pH and calcium in macropinosomes
and Lm vacuoles

The pH-dependent affinities of fluorescent calcium-
sensitive probes preclude simple ratiometric fluorescence
measurement of vacuolar calcium. However, in compart-
ments of variable pH, it is possible to measure both pH

Journal compilation © 2005 Blackwell Publishing Ltd, Cellular Microbiology, 8, 781-792
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and calcium and to use the pH data to correct the calcium-
probe’s binding affinity (Christensen et al., 2002). Those
methods were used to measure pH and calcium in indi-
vidual macropinosomes and Lm vacuoles (Fig. 3).

Fig. 2. Perforation and lysis of Lm vacuoles. Lucifer Yellow (LY) was
released before Texas Red dextran (TRDx) in an LLO-dependent
manner. Macrophages were infected with Lm plus LY and TRDx for
3 min, and then external bacteria and probes were washed away.
Average fluorescence intensities of LY and TRDx were measured in
phagosomes over a 30 min period. Horizontal bars represent individ-
ual vacuoles for each Lm strain. Dark grey bars represent the pres-
ence of both LY and TRDx within the compartment, starting at the
time of the experiment. The transition from a dark grey bar to white
represents loss of both LY and TRDx at the time indicated (if the
vacuoles retained both dyes after 30 min, the bar is shown up to
30 min). The transitions from dark to light grey bars represent the
times when LY was lost from the compartment but TRDx was still
present. The transition from light grey bar to white represents the loss
of TRDx from a compartment that had already lost LY (if this event
occurred after 30 min, the bar is shown up to 30 min).

Calcium concentrations are low in the cytosol
(=100 nM) and high in lysosomes (= 0.6 mM) (Chris-
tensen et al,, 2002), but unknown for Lm vacuoles and
macropinosomes. Thus, before the effects of LLO on vac-
uolar pH and calcium could be measured, it was first
necessary to characterize changes in pH and calcium in
endocytic compartments lacking LLO. Macropinosomes
and non-perforated Lm vacuoles (containing hly- Lm)
were measured during the first 30 min after their forma-
tion. Consistent with earlier studies (Tsang et al., 2000),
macropinosomes acidified from pH 7.0-4.5, indicating a
rapid accumulation of protons (pH=-log [H*]; Fig. 4A).
Macropinosomes showed a corresponding accumulation
of calcium from 10 to 100 uM (Fig. 4B), indicating that
macropinosomes first lose calcium after internalizing
extracellular medium (1 mM calcium), then accumulate it
as the organelle matures. Vacuoles containing hly- Lm or
hly-plcA-plcB- Lm showed similar patterns of acidification
and increasing [Ca?*],. (Fig. 4). These data indicated that,
as in lysosomes (Christensen et al., 2002), calcium con-
centrations in macropinosomes and hly- Lm vacuoles are
coordinated with the regulation of pH.

pH and calcium levels are altered early in Lm vacuoles

We hypothesized that the first small holes made by LLO
in Lm vacuoles allow equilibration of protons and calcium
between vacuoles and cytoplasm, consequently disrupt-
ing ion gradients necessary for vacuole fusion with
lysosomes. To determine whether LLO perforations alter
vacuolar ion concentrations early enough to affect vacu-
ole fusion with lysosomes, we measured pH and [Ca?"] .
in LLO-positive Lm vacuoles at various times after
infection. Because the large fluorescent dextrans were
retained in perforated vacuoles longer than small dyes,
pH and [Ca"),,, could be measured well into the escape
process. Vacuoles containing each Lm strain were mea-
sured up to 25 min post infection, at which time it
became difficult to locate vacuoles (Fig. 6C). The dimin-
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Fig. 3. Images used to measure vacuolar pH and calcium. Macrophages were infected for 3 min with Lm plus mixtures of fura dextran, Oregon
green dextran and fluorescein dextran, and then washed free of bacteria and probes. Five images were then collected in rapid succession: phase-
contrast and 510 nm fluorescence, excited at 340 nm, 380 nm, 440 nm, 485 nm. The ratio of 510 nm fluorescence from excitation 340/380 and
excitation 485/440 were converted into calcium and pH, respectively, based upon calibrations. Shown are representative images of an Lm vacuole
(phase-bright vacuole with phase-dense rod inside, arrow) and two macropinosomes (phase-bright vacuoles, arrowheads).

ishing number of measurable compartments was proba-
bly due either to fusion of vacuoles with other endocytic
compartments or to membrane perforation and release of
dextrans by LLO. Because of the heterogeneity of vacu-
ole perforation by LLO (Table 1 and Fig. 2), many vacu-
oles containing wild-type, plcA-, plcB-, or plcA-plcB- Lm
reported pH and [Ca*],. similar to hly-plcA-plcB- Lm
vacuoles, whose values are indicated in Fig.5 by grey
lines marking one standard deviation (SD) from the
mean. This required that we look for LLO-dependent
changes in pH and calcium among a subset of Lm vacu-
oles. Early after infection many vacuoles containing LLO-
positive Lm showed higher pH and lower [Ca?*],,, than
the control vacuoles (Fig. 5), indicating that early perfora-
tions were allowing the equilibration of pH and calcium

with cytoplasm. To quantify the deviations of this subset
of vacuoles from the normal patterns of vacuole acidifica-
tion and calcification, we measured at different times
after infection the fraction of Lm vacuoles whose values
for pH were greater than one SD from the mean for hly-
plcA-plcB- Lm vacuoles, as well as the fraction of Lm
vacuoles whose [Ca®'],.. Were lower than one SD from
the mean for hly-plcA-plcB- Lm vacuoles. This method
was not informative for times up to 10 min post infection,
because during that interval the normal acidification of
hly-plcA-plcB- Lm vacuoles created a wide range of val-
ues (Fig. 6A and B). However, between 10 and 15 min
after infection, a larger fraction of the vacuoles containing
LLO-positive Lm showed higher pH than did vacuoles
lacking LLO (Fig.6A and B). Of control vacuoles (hly-

759 A 1079 g Fig. 4. pH and calcium measurements in mac-
704 -+ - ropinosomes and Lm vacuoles. Macrophages
’ o 10+ were pulse-labelled with fluorescent probes for
6.5 = 2 min (macropinosomes) or 3 min plus Lm (Lm
- 6.0 “E. : vacuoles). Cells were then washed free of
S . 104 probes and bacteria, then images were
i s recorded at the indicated times (after the addi-
5.0+ Q4 tion of the probes).
4.5+ A and B. Showing pH and calcium concentra-
A0 ik 107 tions, respectively, in macropinosomes; each
0 5 10 15 20 25 30 135 0 point represents one macropinosome.
Time (min) C and D. Cumulative measurements of pH (C)
and calcium (D) are shown for 3 min intervals
(mean + SEM) of macropinosomes (solid black
759 ¢ 1025 line), hly- Lm (dotted black line) and hly-plcA-
7.0- plcB- Lm (dotted grey line), measured as in A
¥ 1044 and B. pH decreased and calcium levels
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7.5 103+ Fig. 5. pH and calcium measurements in Lm
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plcA-plcB- Lm), 12-14% had pH more than one SD
above the mean. In contrast, 31% of wild-type Lm vacu-
oles fell into this category, increasing to 53% in the
period between 15 and 20 min post infection (Fig. 6A).
Measurements of [Ca?"],,. in wild-type Lm and hly-plcA-
plcB- Lm showed similar patterns, consistent with the
hypothesis that wild-type Lm were capable of lowering
[Ca*]y Wwithin minutes of entering macrophages
(Fig. 6B). Although strains lacking PIcA and/or PIcB
showed patterns similar to wild-type Lm, they consis-
tently had a smaller fraction of vacuoles causing the dis-
ruption in pH and [Ca®",.. This indicated that PIcA and
PlcB may have a small contribution to the early perfora-
tion of the vacuole. Together these data demonstrate
that, in a subpopulation of Lm vacuoles, membrane per-
forations by LLO changed pH and [Ca*'],, at a time that
preceded inhibition of lysosome fusion.

Increasing Lm vacuolar pH inhibited lysosome fusion

We hypothesize that the small perforations made by LLO
inhibited lysosome fusion by increasing pH and decreas-

ing calcium. Accordingly, Lm vacuole fusion with lysos-
omes should be inhibited by treatments that increase pH
of acidic compartments. Lysosomes were labelled by
incubating macrophages with TRDx for 30 min, washing
away excess dye, and then chasing overnight. TRDx-
loaded macrophages were infected with hly- Lm for 3 min
and fusion with lysosomes was detected over the next
30 min by scoring TRDx-positive Lm vacuoles (Fig. 7A).
hly- Lm vacuoles began to fuse with lysosomes after 10—
15 min (Fig. 7B). Increasing pH of acidic compartments
using NH,CI or Bafilomycin A, inhibited lysosome fusion
with hly- Lm vacuoles.

This also predicted an inverse correlation between Lm
vacuole pH and fusion with lysosomes. pH was measured
in coordination with lysosome fusion by infecting TRDx-
loaded macrophages with wild-type Lm and pH-indicator
probes. In Lm vacuoles measured 10-30 min after infec-
tion, those with higher pH showed decreased fusion with
lysosomes (Fig. 7C). This is consistent with a mechanism
in which the small perforations made by LLO inhibited
fusion with lysosomes by disrupting gradients of pH and
calcium across Lm vacuolar membranes.
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Fig. 6. Listeria monocytogenes vacuole pH and calcium levels com-
pared with hly-plcA-plcB- Lm vacuoles. Lm strains containing LLO
created more vacuoles with a higher pH and lower [Ca?"],,, levels than
did strains lacking LLO. pH and [Ca?'],, data obtained from vacuoles
of the indicated Lm strains are compared with the data from control
hly-plcA-plcB- Lm vacuoles.

A. The percentage of vacuoles with pH greater than that defined by
the +1 SD line obtained from hly-plcA-plcB- Lm (upper window), for
5-10, 11-15, 16—20 or 21-25 min after infection.

B. The percentage of vacuoles with [Ca®],,, levels less than that
defined by the —1 SD line obtained from hly-plcA-plcB- Lm (lower
window), for 5-10, 11-15, 16—20 or 21-25 min after infection.

C. The total number of vacuoles collected during each time interval.

Discussion

This work demonstrates that LLO causes small perfora-
tions in membranes of newly formed Lm vacuoles that
persist for variable periods before expanding into larger

© 2005 The Authors
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membrane disruptions. Release of small molecules from
vacuoles through these small perforations may afford Lm
protection in an otherwise harsh environment, by prevent-
ing accumulation of ions or microbicidal compounds. Con-
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Fig. 7. Increase in Lm vacuole pH inhibits lysosome fusion. Lysos-
omes were labelled by incubating macrophages with TRDx for 30 min,
washing away excess dye, and then chasing overnight. TRDx-loaded
macrophages (untreated, treated with NH,ClI, or treated with BAF)
were infected with wild-type or hly- Lm (plus pH probes where indi-
cated) for 3 min. The average fluorescence intensities of the phago-
some (Ip) and of the cell (Ic) were measured over time in individual
cells, and the ratio Ip/Ilc was calculated.

A. Top panel shows representative phase-contrast and TRDx images
of positive lysosome fusion with Lm vacuole and bottom panel shows
negative lysosome fusion with Lm vacuole.

B. The Ip/Ilc measurement of lysosome fusion of hly- Lmin untreated,
treated with NH,ClI, or treated with Bafilomycin A; macrophages indi-
cated that lysosome fusion required acidification.

C. pH correlated inversely with lysosome fusion in wild-type Lm vac-
uoles measured 10-30 min after infection.
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sistent with this mechanism, we show here that vacuolar
LLO increases pH and decreases [Ca*'],,, early enough
to inhibit Lm vacuole fusion with lysosomes.

Persistent small perforations in Lm vacuoles

Listeriolysin O-dependent early perforation of mem-
branes was indicated by differential release of small (LY)
and large (TRDx) probes from vacuoles containing LLO-
expressing Lm. Early perforation was also indicated by
an increase in pH and a decrease in calcium con-
centration in the Lm vacuole, consistent with the equili-
bration of protons and calcium ions across vacuolar
membranes.

Our data suggest that pore-formation by LLO differs
from the mechanism proposed for PFO (Rossjohn et al.,
1997; Heuck et al.,, 2003). If, like PFO, LLO made 20—
30 nm diameter pores in the membrane, then both LY
and TRDx should have been released concurrently or in
rapid succession. The slow, sequential departure of LY
and TRDx demonstrated that a small perforation persists
for about 5 min before expanding into a larger pore. Bac-
terial phospholipases did not appear to influence the
early perforation, as neither plcA-, plcB- nor plcA-plcB-
Lm vacuoles differed from wild-type Lm vacuoles in the
frequency or timing of selective LY release. The phos-
pholipases may contribute to later stages in the escape
process, such as the expansion of larger pores into
membrane disruptions that allow bacteria to enter the
cytosol.

Calcium and pH in macropinosomes and phagosomes

Calcium is a key second messenger in host cells and has
been shown, along with pH, to be an important regulator
of many cell processes (Berridge et al., 2000). We found
that in both macropinosomes and LLO-deficient Lm vac-
uoles, pH decreased and [Ca®,,, increased at similar
rates (Fig.4). Macropinosomes attained low [Ca?"].
(2 uM) within 5 min of their formation, suggesting that
much of the millimolar calcium captured from the extracel-
lular medium is released into the cytosol just after macro-
pinosomes form. The rapid rise in [Ca®*7,, that follows
macropinosome formation, reaching 70 uM within 30 min
and 600 uM by 2 h (Christensen et al., 2002), indicates
that calcium is then pumped back into the vacuolar
compartment.

We consider it unlikely that the fura dextran captured
inside macropinosomes lowers [Ca?'],,. of nascent mac-
ropinosomes. Christensen et al. showed that at low pH
the affinity of fura dextran for calcium is decreased. The
number of calcium-binding sites on internalized fura mol-
ecules (160 uM at 1 mg mI™" fura dextran; ~1.6 fura moi-

eties per molecule of 10 kDa dextran) is much less than
the number of calcium ions captured from extracellular
medium (2 mM calcium). In addition, the optimal [Ca?"]
measurement using fura dextran is within one log unit of
the pH-sensitive K. We were able to make the majority
of calcium measurements within the optimal range and we
discarded the minority that fell outside.

The high levels of calcium measured in endosomes
are consistent with previous studies implicating calcium
in endosome and lysosome fusion. Calcium depletion
from endocytic compartments inhibits their maturation
and fusion with lysosomes (Peters and Mayer, 1998;
Holroyd et al., 1999; Pryor et al., 2000). Acidic pH is also
necessary for vacuole maturation. Studies of lysosomal
pH and calcium indicated that the proton gradient across
endosomal membranes was necessary to sustain high
concentrations of calcium in lysosomes (Christensen
et al., 2002). This dependence of [Ca®],.. on vacuolar
pH may explain why conditions that elevate pH of acidic
compartments inhibit phagosome-lysosome fusion
(Gordon et al., 1980; Mellman et al., 1986; Tapper and
Sundler, 1995; van Weert et al., 1995; van Deurs et al.,
1996).

Disruption of ion gradients by vacuolar LLO

Localized release of calcium in the vicinity of the vacuolar
membrane and during critical stages of the maturation
sequence is thought to be responsible for fusion (Vieira
et al., 2002). We hypothesize the delocalized release of
calcium by LLO inhibits fusion events. Our results provide
a possible mechanism by which LLO stalls Lm vacuole
fusion with lysosomes. Some wild-type Lm vacuoles devi-
ated from the patterns of acidification and calcification
seen in LLO-deficient Lm vacuoles, indicating that LLO
perforations of membranes allowed ions to equilibrate with
the cytosol. The ion release occurred early enough to
affect fusion of vacuoles with lysosomes. Consistent with
earlier studies, we found that inhibiting acidification of the
Lm vacuole inhibited lysosome fusion. Moreover, in the
period when hly- Lm vacuoles fuse with lysosomes (10—
30 min post infection), vacuolar pH correlated inversely
with lysosome fusion. This indicates that efflux of H" and
Ca?*" into the cytoplasm disrupts proton and calcium con-
centration gradients necessary for vacuole fusion with the
lysosomes (Fig. 8). By analogy, this could also explain
how streptolysin O inhibits fusion of vacuoles containing
Streptococcus pyogenes with lysosomes in epithelial cells
(Hakansson et al., 2005).

The small perforations made by LLO may also protect
vacuolar Lm from reactive oxygen species (ROS). This
protection could occur by direct leakage of ROS from Lm
vacuoles, preventing them from reaching microbicidal
concentrations. Alternatively, membrane perforations
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Fig. 8. Small perforations inhibit Lm vacuole maturation. In macro-
phage vacuoles, Lm secretes LLO, which creates small perforations
in vacuolar membranes that allow exchange of calcium, protons and
small dyes (LY and HPTS) into the cytosolic space. Subsequent
expansion creates larger perforations that allow exchange of macro-
molecules (TRDx and CBD-YFP, cell-binding domain from Lm phage)
and the eventual delivery of the bacterium into the macrophage
cytosol. Transitions in Lm vacuole permeability are indicated by the
vertical arrows; and the molecules that can exchange across mem-
branes at each stage are indicated at corresponding positions on the
left. Lysosome fusion with vacuoles can inhibit LLO function, but
disruption of ion gradients by LLO inhibits fusion of Lm vacuoles with
lysosomes. Moreover, LLO requires vacuole acidification to perforate
membranes but increases vacuolar pH after small perforations have
formed. These variable and counteracting activities may explain the
heterogeneities in the timing and efficiency of Lm escape.

could inhibit other ion concentration changes that result
from ROS generation by the NADPH oxidase (Reeves
etal.,, 2002).

Heterogeneities of Lm vacuoles

The interactions between Lm and macrophages are highly
variable. Only some of the bacteria entering macrophages
escaped vacuoles into cytosol. Half of the vacuoles con-
taining LLO-expressing Lm exhibited the selective deple-
tion of LY and TRDx. This heterogeneity of Lm escape
may occur because some bacteria arrive in vacuoles
better prepared to deliver LLO. Alternatively, it may reflect
variations in the vacuolar compartment dynamics, or in
the macrophage’s ability to deliver ROS into the vacuolar
lumen (Myers et al., 2003).
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Experimental procedures
Reagents

The ionophores ionomycin, valinomycin and nigericin and the
fluorophores Texas Red-phalloidin (TR-P), TRDx, LY, DAPI, fura
dextran, Oregon green dextran, fluorescein dextran (dextran;
MW = 10 kDa) were obtained from Molecular Probes (Eugene,
OR). Bafilomycin A; (BAF) was obtained from Calbiochem (La
Jolla, CA).

Bacterial strains

The L. monocytogenes wild-type strain DP-L10403, hly- deletion
strain DP-L2161, plcA- deletion strain DP-L1552, plcB- deletion
strain DP-L1935, plcA-plcB- deletion strain DP-L1936, hly-plcA-
plcB- deletion strain DP-L2319 used in this study were gifts from
Daniel Portnoy (University California, Berkeley).

Bacterial preparation

Listeria monocytogenes were grown overnight at room tempera-
ture in brain heart infusion (BHI) broth. They were subcultured
the next day and grown for ~1 h to an ODg, of 0.500 at 37°C.
Sub-cultured bacteria (1 ml) were washed three times in Ringer’s
buffer (RB; 155 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,,
2 mM NaH,PO,, 10 mM Hepes and 10 mM glucose, pH 7.2).

Cell culture

J774A.1 macrophages were obtained from ATCC (Manassas,
VA), and grown in Dulbecco’s modified Eagle medium (DMEM,
Invitrogen, Carlsbad, CA), with 10% heat-inactivated FBS (Invit-
rogen) and 100 unitml™ of penicillin/streptomycin mixture
(Sigma Chemical, St Louis, MO), at 37°C with 5% CO,. Cells
were plated the day before the experiment onto 25 mm cover-
slips, in six-well plates, at 2 x 10° cells per well, unless other-
wise stated.

Phagosome escape assay

Macrophages were plated onto 13 mm coverslips at a density of
5 x 10* cells per coverslip in a 24-well plate and incubated over-
night. Macrophages were washed twice with RB and incubated
with DMEM and 10% FBS without antibiotics at 37°C for 30 min.
Lm were added to macrophages (multiplicity of infection ~0.1) for
15 min at 37°C. Coverslips were washed four times with RB and
incubated with DMEM, 10% FBS and 25 ug ml~" gentamicin for
90 min. Coverslips were washed four times with RB and fixed for
15 min at room temperature with cytoskeletal fix (30 mM HEPES,
10 mM EGTA, 0.5 mM EDTA, 5 mM MgSO,, 33 mM potassium
acetate, 5% polyethylene glycol 400 and 4% paraformaldehyde).
Cells were then washed three times with phosphate-buffered
saline (PBS) and 2% goat serum, permeabilized with 0.3% Triton
X-100 in PBS for 5 min at room temperature, washed three
times and incubated for 15 min in PBS and 2% goat serum plus
TR-P (2 U mlI™" from a 200 U ml™" stock in methanol) and 4,6-
diamidino-2-phenylindole (DAPI; 2 ug ml™ from a 100 ug ml™’
stock in water). They were then mounted on glass slides with
Prolong Antifade (Molecular Probes). For each coverslip, 50
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infected macrophages (i.e. containing DAPI-positive bacteria)
were scored for the presence of escaped bacteria, as indicated
by labelling of DAPI and TR-P.

Ratiometric imaging

Experiments used an inverted fluorescence microscope (Nikon
TE300, Japan) equipped with transmitted light and mercury arc
lamp with epifluorescence illumination. The excitation filter wheel
(Lambda 10-2, Sutter Instruments, Novato, CA) held filters to
measure pH and calcium (340 HT15, 380 HT15, 440 AF21, 485
DF22; Omega Optical, Brattleboro, VT). A dichroic mirror set
(XF2031: 505DRLPXR, Omega Optical), with a long pass emis-
sion filter in the cube (510 nm) was used for all pH and calcium
experiments.

Different excitation filters (436 DF10, 575 DF25, omega opti-
cal) and dichroic mirror (XF2044: 490-575DBDR, omega optical)
were used to measure perforation of the phagosomal compart-
ment. In the perforation experiments, a green emission filter (535
RDF45, omega optical) was used for 436 nm excitation and a red
emission filter (645 RDF75, omega optical) was used for 580 nm
excitation. Lysosome fusion was measured using excitation filter
(S580/20x, Chroma Technology, Rockingham, VT), dichroic mir-
ror (86006bs, Chroma Technology) and emission filter (S630/
60 m, Chroma Technology). A cooled CCD camera (Quantix
Photometrics, Tucson, AZ) collected images and Metamorph
software (Universal Imaging, West Chester, PA) controlled the
equipment and image processing.

Measurement of vacuole perforation by Lm

Macrophages on a coverslip were washed three times with RB.
The coverslip was placed in a Leiden chamber (Harvard Appa-
ratus, Cambridge, MA) and kept in RB at 37°C throughout the
experiment. RB-washed macrophages were infected with a
100 pl mixture of Lm, TRDx (0.5 mgml™) and LY (0.5-1 mg
ml™") for 3 min (macropinosomes were labelled similarly, but with-
out inclusion of Lm). After infection, cells were washed thoroughly
with RB (30 times). Lm-infected macrophages were located by
phase-contrast optics and macropinosomes by their green fluo-
rescence. Three images were taken every 2 min for 30 min
[phase-contrast, excitation (exc.) 436 nm/emission (em.) 510 nm
(LY) and exc. 575 nm/em. 640 nm (TRDx)]. The images were
corrected for bias, background and shading (see below), then
regions of a fixed size were drawn around vacuoles and the
average fluorescence intensities were transferred to a Microsoft
Excel spreadsheet. The loss of dye was scored as a decrease
of fluorescence to background levels.

Fluorescent labelling of macropinosomes and Lm
vacuoles for pH/Ca?* measurements

On the microscope, macropinosomes were labelled by pulsing
macrophages for 2 min with a 100 pl mixture of 1 mg mI™" fura
dextran (calcium-sensitive fluorophore), 0.3 mg ml™" fluorescein-
dextran (pH-sensitive fluorophore, pKa = 6.4) and 0.3 mg mI™" of
Oregon green-dextran (pH-sensitive fluorophore, pKa =5.0). Lm
vacuoles were labelled by pulsing macrophages for 3 min with a
100 pl mixture of Lm, 1 mg ml~' fura dextran, 0.3 mg ml™" fluores-
cein-dextran and 0.3 mg mI™" Oregon green-dextran. The cells

were promptly washed with RB to remove extracellular dye and
Lm.

Measurement of pH and calcium using ratiometric
fluorescence microscopy

Following labelling and infection, images of fluorescently labelled
phagosomes and macropinosomes were collected in the micro-
scope. Lm vacuoles were located by phase-contrast; macropino-
somes were located by fluorescence (exc. 485 nm, em. 510 nm).
A phase-contrast image and four fluorescence images (exc.
485 nm, 440 nm, 380 nm, 340 nm; em. 510 nm) were collected
at various times within 30 min of the addition of the probes. The
340 nm and 380 nm images were used to measure calcium and
the 440 nm and 485 nm images were used to measure pH.
Exposure times were 2 s for the 340 nm and 380 nm, and 200 ms
for the 440 nm and 485 nm images. Background signals in the
primary images were corrected in three steps before converting
the images to maps representing pH or Ca®". First, a bias image
was taken by collecting images without a sample in place. A small
signal was measured on the camera in the 340 nm and 380 nm
images, probably due to some excitation light breakthrough. At
440 nm and 485 nm, however, the bias image simply represented
read bias of the CCD camera. These bias images were sub-
tracted from all data images. Second, a fluorescent background,
due to adsorption of dye to the coverslip, was determined by
measuring the fluorescence in cell-free regions of the bias-cor-
rected images, that value was subtracted from the bias-corrected
data images. Third, a shading correction was made to correct for
the lamp’s uneven illumination across the field. The shading
correction image was obtained by collecting images of a solution
of fluorescent probes sandwiched between two coverslips sepa-
rated by broken coverslip fragments. Bias-background corrected
data images were then corrected for the illumination pattern
observed in the shading images to give a flat image [Corrected
Image = (Max value of Shade Image) x (Acquired Image/Shade
Image)] (Hoppe et al., 2002).

The conversion of fluorescence images to pH/Ca?" values was
applied uniformly using an in-house processing routine devel-
oped in Metamorph. The bias-background-shading corrected
images of 340 nm, 380 nm, 440 nm, 485nm were added
together into an ‘Add’ image, and then regions-of-interest were
identified. The ‘Add’ image was intensity thresholded to identify
fluorescent compartments. The threshold was used to make
binary masks for the original images. For each intracellular com-
partment, a circular region-of-interest was drawn and the average
fluorescence intensity was measured inside the mask and
exported to Excel. In Excel, the 485 nm intensity was divided by
440 nm intensity for each organelle, giving the 485/440 ratio that
could be converted to pH using the pH calibration. The 340 nm
and 380 nm images were corrected for fluorescence bleed-
through by fluorescein and Oregon green, obtained from the
bleed-through calibration (explained below). The corrected
340 nm intensity was divided by the corrected 380 nm intensity.
The 340/380 ratio was then converted into calcium concentration
using the equation and values obtained by the calcium calibration
(explained below).

Calibrations for macropinosomes and Lm vacuole pH were
obtained as described previously (Beauregard et al., 1997; Chris-
tensen et al.,, 2002) with minor changes. To clamp vacuolar pH,
a mixture of 10 uM nigericin, 10 uM valinomycin and pH calibra-
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tion buffer (130 mM KCI, 1 mM MgCl,, 15 mM Hepes, 15 mM
MES), at pH 7.2, was added to dye-labelled macrophages for
10 min. The four component images were then collected from
approximately 50 fluorescent macropinosomes. The buffer was
then replaced with new nigericin, valinomycin and calibration
buffer, at pH 6.5, and after 10 min 50 more macropinosomes
were imaged. This process was repeated using calibration solu-
tions at pH 6.0, 5.5, 5.0, 4.5 and 4.0. The average 485/440 ratio
from approximately 50 macropinosomes (pulse-labelled with flu-
orescein, Oregon green and Fura dextran for 10 min) was plotted
against pH; the best fit line was used to convert the experimental
485/440 ratios (macropinosomes and Lm vacuoles) to pH. For
any given pH, the measurable range of free calcium was one log
above and below the Kp. Thus, fura-dextran could report tens of
micromolar calcium in the acidic organelles. We excluded all
organelles outside of the 2-log dynamic range of calcium con-
centrations allowed at each pH, and this eliminated only about
5% of the organelles. We found that repeated exposure of cells
to excitation light for calcium imaging inhibited perforation and
escape, which precluded quantitative time-lapse microscopic
studies. Instead, image series’ were collected from different cells
at various times post infection, and the timing of changes in pH
and vacuolar calcium ([Ca®'],..) were inferred from the population
of measured organelles.

Fluorescence excitation spectra often overlap. As such, linear
correction factors can be applied to separate out these compo-
nents (Hoppe et al., 2002). The only intensity wanted in the
340 nm and 380 nm channel is that from fura dextran. However,
Oregon green dextran and fluorescein dextran, when excited at
340 nm and 380 nm, have a small but significant emission at
510 nm. The bleed-through calibration was done in the same
manner as the pH calibration, except that fluorescent macropi-
nosomes were obtained by pulsing macrophages with only the
pH-sensitive fluorophores (0.3 mg ml™' Oregon green dextran
and 0.3 mg ml™" fluorescein dextran). After transfer of pinosome
fluorescence from the bias-background-shading corrected
images to an excel spreadsheet, two functions of pH were cal-
culated to relate the amount of fluorescence observed at exc.
340 nm and exc. 380 nm to that observed at exc. 440 nm and
exc. 485 nm [a(pH) = hao/lsao; B (PH) = hgo/liao]. In experimental
compartments (where fura, Oregon green and fluorescein
were present), the oo and B constants were subtracted, in a pH-
dependent manner, from the fluorescence observed at 340 nm
(h40) @and 380 nm (/g0) Wavelengths to give the accurate corrected
fluorescence observed for fura dextran alone (lesao = lzao — 00X a0}
loaso = lsgo — BX laao)-

To calibrate vacuolar calcium, macropinosomes were fluores-
cently labelled as described previously, using fura dextran, Ore-
gon green dextran and fluorescein dextran. To clamp the cells at
pH 7.2, a mixture of 10 uM nigericin, 10 uM valinomycin and pH
calibration buffer with a pH of 7.2, was added for 10 min. To clamp
at low calcium, a mixture of 10 uM ionomycin, 10 mM EGTA, in
calibration buffer at pH 7.2 was added to the cells for 5 min. The
five images were then taken to measure the calcium within the
macropinosomes at low calcium (Ry;,). To clamp at high calcium,
a mixture of 10 uM ionomycin, 10 mM Ca?, in pH calibration
buffer at pH 7.2 was added to cells for 5 min. Images were then
taken to measure calcium within the macropinosomes at high
calcium (Rna). Values for R, Rmax @and Q (the ratio of the
fluorescence of the unbound probe at low and high calcium at
380 nm excitation, respectively) were used to calculate calcium
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concentration according to the method described previously
using the equation [Ca®*]=Kpx QX [(R— Ruin)/(Rmax— R)]
(Grynkiewicz et al., 1985). The K for fura dextran was obtained
from previous measurements (Christensen et al., 2002) and was
based upon the pH measured in each organelle.

To achieve a normal distribution, which is necessary to calcu-
late the SD, the pCa®" = —log [Ca?"] was calculated. The average
and SD were then obtained from the pCa® values, the
average + 1 SD was calculated, and then converted back into
[Ca*] by taking the antilog (10/~PC2%),

Measurement of Lm vacuolar lysosome fusion

Lysosomes were labelled by incubating macrophages with
50 ug mI~" TRDx for 30 min, washing away excess dye, and then
chasing overnight. On the microscope, TRDx-loaded macroph-
ages were infected with hly- Lm for 3 min, and then excess
bacteria were washed away. Lm vacuoles were found through
phase-contrast and then subsequent phase-contrast and fluores-
cence images (580 exc. and 630 em.) were taken over a 30 min
period. Macrophages were either untreated, treated with 10 mM
NH,CI (made fresh for each coverslip and added 5 min before
and throughout experiment), or treated with 500 nM BAF (added
to macrophages 1 h before experiment). The average intensities
in the TxRed images of the Lm vacuole (Ip) and of the entire cell
(Ic) were measured and the ratio of Ip/Ilc was calculated for each
vacuole. Ip/lc > 1.0 indicated vacuole fusion with lysosomes.

When measuring pH and lysosome fusion, lysosomes were
loaded with TxRed, then macrophages were infected with either
wild-type or hly- Lm plus pH probes (0.3 mg ml™" fluorescein
dextran and 0.3 mg ml~' Oregon green dextran) for 3 min and
then washed away. Lm vacuoles were located by phase-contrast
optics and then subsequent phase-contrast and fluorescent
images (580 exc. and 630 em; 440 exc. and 510 em; 485 exc.
and 510 em.) were taken over a 30 min period. Lysosome fusion
and pH were measured as stated above.
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