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Abstract
Cells permeabilized by the bacterial pore-forming toxin streptolysin O (SLO) reseal their plasma
membrane in a Ca2+-dependent manner. Resealing involves Ca2+-dependent exocytosis of
lysosomes, release of acid sphingomyelinase and rapid formation of endosomes that carry the
transmembrane pores into the cell. The intracellular fate of the toxin-carrying endocytic vesicles,
however, is still unknown. Here, we show that SLO pores removed from the plasma membrane by
endocytosis are sorted into the lumen of lysosomes, where they are degraded. SLO-permeabilized
cells contain elevated numbers of total endosomes, which increase gradually in size while
transitioning from endosomes with flat clathrin coats to large multivesicular bodies (MVBs).
Under conditions that allow endocytosis and plasma membrane repair, SLO is rapidly
ubiquitinated and gradually degraded, in a process sensitive to inhibitors of lysosomal hydrolysis
but not of proteasomes. The endosomes induced by SLO permeabilization become increasingly
acidified and promote SLO degradation under normal conditions, but not in cells silenced for
expression of Vps24, an ESCRT-III complex component required for the release of intraluminal
vesicles into MVBs. Thus, cells dispose of SLO transmembrane pores by ubiquitination/ESCRT-
dependent sorting into the lumen of late endosomes/lysosomes.
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Pore-forming toxins are an important class of bacterial virulence factors, which promote
plasma membrane damage, pathogen escape from phagosomes or translocation of bacterial
effectors into the cytosol (1). The cholesterol-dependent cytolysins (CDCs) contribute to the
pathogenesis of a large number of Gram-positive bacteria by binding to the cell surface,
oligomerizing and penetrating the membrane to form a large proteinaceous pore (2,3).
Streptolysin O (SLO) is a CDC produced by Streptococcus pyogenes that has been
extensively used as a permeabilization tool in cell biological studies (4,5). Interestingly, it
recently became clear that although mammalian cells can remain permeabilized after
exposure to high concentrations of SLO, a Ca2+-dependent repair mechanism present in
mammalian cells actively removes SLO pores from the plasma membrane, promoting full-
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cell resealing at lower doses of the toxin (6,7). This repair mechanism is initiated by Ca2+

influx through the transmembrane pores, an event that triggers exocytosis of lysosomes (8,9)
and extracellular release of the lysosomal enzyme acid sphingomyelinase. The hydrolytic
activity of acid sphingomyelinase on the outer leaflet of the plasma membrane triggers a
rapid form of endocytosis, which internalizes the pores and promotes plasma membrane
repair (7,10). These findings led to a model proposing that cleavage of sphingomyelin head
groups by secreted acid sphingomyelinase generates ceramide-enriched microdomains on
the plasma membrane, leading to the formation of endocytic vesicles that carry the SLO
pores into the cell (10).

The role of endocytosis in the repair of wounds caused by pore-forming proteins was
subsequently confirmed in distinct systems, including Caenorhabditis elegans, and
mammalian targets of the cytotoxic lymphocyte protein perforin (11,12). However, despite
these advances, the intracellular fate of large transmembrane proteinaceous pores after
internalization is still unknown. In this study, we investigate in detail the fate of SLO pores
inserted into the membrane of NRK cells, and show that the toxin is ubiquitinated, travels
through the endocytic pathway and is ultimately degraded after being sorted into the lumen
of late endosomes/lysosomes.

Results and Discussion
Cell permeabilization by SLO pores induces formation of vesicles that traffic through the
endocytic pathway

Earlier studies detected a rapid form of endocytosis in cells wounded in the presence of
Ca2+, and showed that this process is required for the internalization of plasma membrane
lesions and cell resealing (7,10). To investigate the intracellular fate of these injury-induced
endocytic vesicles, we examined cells permeabilized or not by the pore-forming toxin SLO
in the presence of BSA-gold as an endocytic tracer. Figure 1 shows transmission electron
microscopy (TEM) images of newly formed endocytic vesicles observed at various time-
points. At 1 min, SLO-treated cells contained numerous large and irregular endosomes,
when compared to control cells. After 5 min in SLO-treated cells, the tracer was present
within larger endosomes showing flat electron-dense coats and low amounts of intraluminal
vesicles. At this point, these endocytic vesicles were larger in size but similar in morphology
to endosomes observed in control cells. These endosomes strongly resembled the endosomal
vesicles shown in numerous studies to contain flat clathrin coats, and proposed to be
involved in protein sorting toward lysosomes (13–15). At 15 min, BSA-gold-positive
endosomes in SLO-treated cells were on average larger, and contained more internal
vesicles than endosomes present in control cells not exposed to SLO. After 30 min, large
BSA-gold-containing endosomes were observed in both SLO-treated as well as control cells,
with a morphology typical of multivesicular bodies (MVBs) (16).

These results suggested that SLO-induced endosomes, although more numerous and larger
than the endocytic vesicles normally observed in control cells, might also be following the
classical progression from early endosomes to MVBs. Quantification of the average number
of BSA-gold-positive vesicles over time revealed that SLO permeabilization significantly
enhanced endosome formation (Figure 1B), consistent with previous reports (7). The
average area of the endosomes formed in SLO-treated cells was also larger when compared
to control cells (Figure 1C), consistent with an increased number of newly formed
endosomes maturing and trafficking through the endocytic pathway.

To determine the maturation rate of the SLO-induced endosomes, we quantified the number
of internal vesicles in TEM sections and classified them into early endosomes (based on the
presence of less than five intraluminal vesicles and flat clathrin coats (15)) or late
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endosomes/MVBs (based on the presence of more than six intraluminal vesicles (17)). As
expected, the average number of internal vesicles per endosome profile increased over time
in both SLO-treated and control cells, reflecting the traffic of internalized BSA-gold through
the endocytic pathway. The average number of internal vesicles in BSA-gold-positive
endosomes was significantly higher in SLO-treated cells than in control cells (Figure 2A).
When endosomes displaying flat dense coats and less than six intraluminal vesicles (Figure
2D) were quantified as percentage of total vesicles, in SLO-treated cells there was also a
progressive increase in the number of vesicles with early endosome features over time,
followed by a sharp decrease between 15 and 30 min (Figure 2B). These results indicate that
endocytic vesicles induced by SLO permeabilization enter and exit the early endosomal
stage of maturation within a period of 30 min after their formation. This finding is consistent
with a relatively faster transit rate of vesicles carrying SLO pores through the endocytic
pathway. In control cells not exposed to the toxin, the numbers of early endosomes remained
stable between 15 and 30 min, suggesting a slower maturation process. Quantification of the
percentage of late endosomes/MVBs showed that after 15 min a higher fraction of the
endocytosed BSA-gold was present in endosomes containing numerous intraluminal
vesicles, and the occasional multilamellar structures that are typical of late stages of
endosomal maturation (Figure 2C,E). One potential mechanism that may be responsible for
the larger size and faster maturation rate of endosomes carrying SLO is Ca2+ release from
the lumen of toxin-permeabilized endosomes, as luminal Ca2+ is known to play an important
role in traffic through the late endocytic pathway (18).

SLO is endocytosed and travels along the endosomal pathway to MVBs/lysosomes
To follow the localization of SLO during cell permeabilization and resealing, a green
fluorescent protein (GFP)-tagged SLO construct was generated and shown to have full pore-
forming activity (Figure S1), comparable to untagged SLO (7). Cells were permeabilized
with GFP-SLO in medium containing Ca2+ (conditions that allow pore removal by
endocytosis and cell resealing (7)), and examined using cryo-EM immunostaining using
anti-GFP antibodies. GFP-SLO was initially observed associated with the plasma
membrane, and subsequently in intracellular vesicles, which increased in size over time
(Figure 3A). Between 15 and 30 min after permeabilization, GFP-SLO was detected in
association with large endosomes containing multiple intraluminal vesicles. At those later
time-points, GFP-SLO was detected either at the limiting membrane or on the membrane of
intraluminal vesicles (Figure 3A, 15 and 30 min). These observations suggest that plasma
membrane-associated SLO enters late endosomes, and may be sorted into the lumen of
MVBs/lysosomes.

The relative localization of GFP-SLO between the plasma membrane and the intracellular
environment was quantified from the total GFP-SLO staining detected by cryo-EM
immunostaining. When cells were fixed immediately after pre-incubation with GFP-SLO at
4°C for 5 min, >55% of the total cell-associated toxin was detected at the plasma membrane.
When the temperature was elevated to 37°C in the presence of Ca2+ for various time-points
after the initial permeabilization, the fraction of GFP-SLO located at the plasma membrane
decreased to about 10% between 1 and 5 min, with a concomitant rapid increase in the
fraction detected intracellularly (Figure 3B). These results indicate that after pore formation
GFP-SLO rapidly leaves the plasma membrane and moves to an intracellular location,
consistent with the detection of the toxin in endocytic vesicles (Figure 3A). The distance of
intracellular GFP-SLO to the plasma membrane was quantified over time (Figure 3C), and
the results show that SLO progressively moves away from the plasma membrane toward a
perinuclear site, in a pattern that is typical of the progression along the endosomal pathway
from early to late endosomes/MVBs (19).
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A recent study proposed that SLO pores are removed from the plasma membrane through
blebbing, and not by endocytosis (20). Indeed, cells permeabilized by SLO and other pore-
forming proteins show intense blebbing, as documented in an earlier study from our
laboratory (7). However, Keyel et al. (20) neglected to mention that Idone et al. (7) had
addressed in detail the role of blebbing in SLO pore removal, and ruled it out based on the
extensive experimental evidence. Time-lapse imaging revealed that blebs induced by SLO
are not shed, but rapidly retract as the cells reseal (7). This observation is fully consistent
with earlier findings, showing that bleb retraction is driven by reassembly of the actin
contractile cortex (21). Importantly, disassembly of the cortical actin cytoskeleton with
cytochalasin D eliminated blebbing after SLO permeabilization, but endocytosis and plasma
membrane repair proceeded normally (7). In view of these findings, it is likely that the bleb
shedding reported by Keyel et al. (20) resulted from the non-physiological conditions of the
study, which in some experiments included fixation with formaldehyde and/or
glutaraldehyde prior to exposure to SLO.

To confirm that the internalized GFP-SLO was trafficking to late endosomes/lysosomes, we
performed double immunostaining of GFP and Lamp1 (a marker of late endosomes/
lysosomes) in cells pretreated with GFP-SLO and further incubated for 30 min (Figure 3D).
At that time-point extensive colocalization of GFP-SLO (10 nm gold) with Lamp1 (5 nm
gold) was observed on large multivesicular endosomes. These findings support the view that
SLO traffics to late endosomes/lysosomes after being removed from the plasma membrane
by endocytosis.

Endosomes carrying SLO mature into acidic compartments where the toxin is degraded
Having determined that internalized SLO traffics into late endosomal/lysosomal structures,
we next assessed the intracellular fate of the toxin. After pretreatment with GFP-SLO, cells
were incubated at 37°C for increasing periods of time under conditions that promote
endocytosis and cell resealing (Ca2+-containing medium) or conditions that do not allow
pore internalization (Ca2+-free medium), followed by cell lysis, pulldown of total GFP-SLO
with GFP-Trap® agarose beads and western blot. In the presence of Ca2+, the amount of
cell-associated GFP-SLO was progressively reduced. In contrast, in Ca2+-free conditions,
there was significantly less loss in GFP-SLO over time (Figure 4A,B). This suggests that
under conditions that promote plasma membrane repair after SLO pore formation the toxin
is gradually degraded intracellularly, in agreement with the observed trafficking of SLO
from toxin-induced early endosomes to MVB/lysosomal compartments (Figure 3D). The
kinetics of SLO degradation is consistent with the cryo-EM immunostaining data in Figure
3, which shows the arrival of SLO in large perinuclear endocytic compartments containing
luminal vesicles by 15–30 min.

In agreement with the view that internalized SLO is degraded in late endosomes/lysosomes,
we found that the endosomes induced by cell permeabilization with SLO became
increasingly acidified over time, acquiring the conditions necessary for protein degradation.
Cells permeabilized with SLO were allowed to endocytose DQ Red-BSA, a self-quenched
BODIPY dye conjugated to BSA that requires hydrolytic cleavage in an acidic compartment
to generate a highly fluorescent product (22). Confocal microscopy revealed a progressive
increase in the level of DQ-BSA fluorescence within intracellular vesicles after increasing
periods following SLO permeabilization (Figure 4C,D), consistent with the larger number of
endosomes formed in these cells becoming acidified and hydrolytic over time. As
dequenching of DQ-BSA requires residence in acidified compartments, the overall kinetics
of fluorescence increase was delayed, relative to the kinetics of SLO degradation (Figure
4A). Nonetheless, a significant increase in DQ-BSA fluorescence was detectable in SLO-
treated cells as early as 30 min after treatment, which is consistent with degradation kinetics
of GFP-SLO. Treatment with bafilomycin A (BafA), a v-ATPase inhibitor that blocks
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endosomal acidification, led to a strong reduction in DQ-BSA fluorescence confirming that
cleavage of this dye requires arrival in acidic compartments (Figure 4C,D). In agreement
with the conclusion that the amount of DQ-BSA cleavage reflects the extent of endocytosis
after SLO pore formation, we found that the intracellular accumulation of dequenched DQ-
BSA increases proportionally to the dose of SLO added to cells. After pretreatment with
SLO and DQ-BSA followed by a chase of 2 h (to allow full dequenching of DQ-BSA after
arrival in late endosomes/lysosomes), the total cell-associated fluorescence intensity
increased steadily from 70 to 250 ng/mL SLO (Figure 4E).

To confirm that SLO is degraded in late endosomes/lysosomes, we performed GFP-SLO
pull-down assays after 5 and 30 min in cells pretreated or not with lysosomal inhibitors
(concanamycin A and leupeptin) or a proteasome inhibitor (MG132). In untreated cells, the
amount of cell-associated GFP-SLO was markedly reduced at 30 min (Figure 4F), consistent
with the period required for the toxin to enter late endosomal/lysosomal compartments
(Figure 3A–D), where degradation occurs. However, in cells treated with lysosomal
inhibitors SLO levels remained high after 30 min, whereas treatment with a proteasome
inhibitor allowed degradation (Figure 4F). Taken together, these results strongly suggest that
SLO entering cells during plasma membrane repair traffics into the lumen of acidic late
endosomes, where it is degraded by lysosomal enzymes. Interestingly, heptamer complexes
of the pore-forming protein alpha-toxin were also reported to be internalized by mammalian
cells and traffic to late endosomes, but their loss from cells was not blocked by lysosomal
inhibitors (23). The degradative route followed by SLO pores may be linked to their ability
to form large pores and trigger Ca2+ influx and Ca2+-dependent repair, as resealing after
permeabilization with the significantly smaller alpha-toxin pores was described to be Ca2+

independent (23). These observations are consistent with the distinct signaling pathways
triggered after attack by alpha-toxin or SLO (24,25).

After endocytosis, SLO assembled into transmembrane pores is ubiquitinated and sorted
by the ESCRT complex into the lumen of lysosomes for degradation

The initial permeabilization of cells exposed to SLO in the presence of Ca2+, followed by
removal of the toxin by endocytosis (7), indicates that SLO enters cells in the form of
transmembrane pores which initially reside in the plasma membrane and are subsequently
incorporated into the limiting membrane of endosomes (Figure 3A–D). Thus, to allow
degradation in the acidified lysosomal lumen (Figure 4A–F), it would be necessary for SLO
to be recognized by a cellular machinery capable of sorting the toxin pore into the lumen,
while preserving the integrity of the compartment. To examine this issue, we determined if
SLO was modified by ubiquitin, the classical signal that determines processing of membrane
proteins along the endocytic pathway (26,27). To this end, we used the ubiquitin association
domain (UBA) (28,29) coupled to agarose to pulldown the total fraction of ubiquitinated
proteins in cell lysates, and analyzed this fraction for the presence of SLO. Immunoblots
detected GFP-SLO in the fraction of ubiquitinated proteins 1 min after cell permeabilization
and plasma membrane repair. The amounts of SLO present in this fraction decreased
rapidly, indicating that the ubiquitination step occurs at early stages after cell
permeabilization. In the absence of Ca2+, a condition that does not promote SLO
endocytosis and plasma membrane resealing, only trace amounts of SLO were detected in
the total fraction of ubiquitinated proteins (Figure 5A, upper panel). This suggests that the
Ca2+-dependent plasma membrane repair process, which involves rapid formation of
endocytic vesicles and toxin internalization (7,10), is necessary for the early ubiquitination
of SLO. The specificity of this assay in detecting ubiquitinated SLO was confirmed by
parallel pulldowns using a mutated UBA domain (Figure 5A, lower panel). In addition,
pulldown of GFP-SLO using GFP-Trap agarose followed by immunoblot with anti-ubiquitin
antibodies showed the same pattern observed with UBA pulldowns: ubiquitinated GFP-SLO
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was present 1 min after SLO permeabilization in the presence of Ca2+, while significantly
reduced amounts were observed in the absence of Ca2+ (Figure 5B). This result confirms
that SLO is directly ubiquitinated, shortly after internalization.

At the level of early endosomes, ubiquitinated membrane proteins can be recognized and
processed by the ESCRT complex, which is involved in sorting ubiquitinated proteins into
the intraluminal vesicles of MVBs for degradation (30). The ESCRT complex acts through
the sequential recruitment and action of several proteins designated as ESCRT-0, -I, -II and -
III, which are essential for the proper sorting of membrane proteins into the vesicles that
invaginate into the luminal space of MVBs (31,32). To determine the involvement of this
pathway in the sorting and degradation of SLO, we used small interfering RNA (siRNA)
duplexes to silence expression of VPS24, a member of the ESCRT-III complex that is
required for the final step of releasing intraluminal vesicles containing membrane proteins
into the MVB lumen (33,34). Strong knockdown of Vps24 was achieved in comparison with
control siRNA (Figure 5C). These Vps24-depleted cells were still able to reseal their plasma
membrane after SLO permeabilization in the presence of Ca2+, as determined in propidium
iodide (PI) exclusion assays (results not shown). After pretreatment with GFP-SLO, pull-
down assays were performed to assess the level of degradation of SLO after 5, 15 and 30
min. The progressive degradation of GFP-SLO that is observed in control cells was strongly
inhibited after treatment with Vps24 siRNA (Figure 5C,D). Thus, Vps24 is required for the
lysosomal degradation of SLO trafficking through the endocytic pathway, similar to what
has been reported for endogenous membrane proteins (33). These results suggest that
ubiquitin added to SLO promotes its recognition by the ESCRT machinery, resulting in
sorting of the toxin into the lumen of MVBs for degradation. This conclusion is reinforced
by our frequent observation of flat dense lattices resembling clathrin coats in SLO-induced
endosomes (Figures 1 and 2), which are thought to represent sites where ubiquitinated
membrane proteins are recognized by ESCRT-0 components (14). The Vps24 requirement
for SLO degradation reinforces the view that the toxin is trafficking intracellularly as a
transmembrane pore, as Vps24 is not essential for fluid-phase transport between early
endosomes and lysosomes (33).

If SLO traffics into late endosomes/lysosomes as a multimer assembled as a transmembrane
pore, one prediction is that endosomes carrying the toxin would only be able to reach the
low pH required for degradation after the pores are sorted into MVB intraluminal vesicles.
To investigate this question, we performed DQ-BSA uptake assays in control and Vps24-
depleted cells, treated or not with SLO (Figure 5E,F). In cells not exposed to SLO, which
undergo constitutive endocytosis, no significant difference was observed between control
and Vps24-depleted cells. This result indicates that the endocytosis of DQ-BSA and the
acidification necessary for DQ-BSA dequenching is not impaired in the absence of Vps24
[Figure 5E (left panels),F], consistent with previous findings (33). Following SLO treatment,
the DQ-BSA fluorescence intensity was markedly increased in cells treated with control
siRNA, as previously shown in Figure 4C. However, in Vps24-depleted cells, SLO
treatment did not increase DQ-BSA fluorescence, which remained at levels seen in cells not
exposed to SLO [Figure 5E (right panels),F]. These results suggest that in the absence of
Vps24, SLO pores remain at the limiting membrane of endosomes, impairing compartment
acidification and hydrolase activity. The conclusion that SLO pores on the limiting
membrane of endosomes account for the inhibition in acidification is supported by a prior
report that FITC-EGF-containing endosomes in Vps24-depleted cells show the same low pH
as control cells (33). However, as knockdown of Vps24 leads to smaller endosomes lacking
intraluminal vesicles of a homogeneous size (32,33), the reduction in dequenched DQ-BSA
accumulation may also be related to changes in endosomal morphology. It is noteworthy
that changes in lipid composition have also been linked to the formation of intraluminal
vesicles in MVBs (35), but there is evidence that an acidic luminal pH may be required for
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this process (36,37). As the presence of a pore in the limiting membrane of endosomes is
predicted to impair acidification, it is conceivable that the SLO sorting process we observed
relies primarily on the ESCRT complex machinery, which may still be capable of promoting
luminal vesicle formation in the absence of full acidification.

Previous work showed that the endocytic process that follows cell permeabilization with
SLO is a result of Ca2+-triggered exocytosis of the lysosomal enzyme acid
sphingomyelinase (10). Thus, in principle, not all endosomes induced by SLO
permeabilization would have to carry SLO pores, as ceramide-enriched domains generated
on the outer leaflet of the plasma membrane by acid sphingomyelinase might be formed in
the vicinity of permeabilization sites, and generate endocytic vesicles through inward
budding (10). However, our observations in Vps24-depleted cells appear to indicate that
under our experimental conditions pores were present on most SLO-induced endosomes, as
silencing of the component required for sorting of the pore into the lumen of MVBs reduced
the level of DQ-BSA fluorescence to levels comparable to those observed without the toxin.

Taken together, our results reveal the mechanism by which cells ultimately dispose of
transmembrane toxin pores inserted into their plasma membrane. This cellular recovery
process can be separated into two phases: (i) the rapid formation of endocytic vesicles that
remove toxin pores from the plasma membrane (7,10) and (ii) the ubiquitination of SLO and
maturation of the toxin-induced endosomes, which leads to partition of the transmembrane
pores into the lumen of MVBs and degradation (see model in Figure 6). Our findings extend
previous reports showing that exogenous pathogen proteins can be recognized by the
cellular ubiquitination machinery (38,39) and demonstrate that ubiquitinated transmembrane
bacterial toxins functionally interact with components of the ESCRT pathway.

Materials and Methods
Cells and antibodies

NRK cells were cultured at 37°C in 5% CO2 in high glucose DMEM containing 10% heat-
inactivated FBS and penicillin/streptomycin (Invitrogen). Immunoblot and immuno-EM
assays were performed using rabbit anti-GFP to detect GFP-SLO (Invitrogen), rabbit anti-
ubiquitin (Abcam), rabbit anti Vps24 (Santa Cruz Biotechnology), mouse anti-actin (Sigma)
and mouse anti-Lamp1 monoclonal antibodies (mAb) (LYIC6; provided by I. Mellman,
Genentech).

Drug treatments
Cells were treated in DMEM containing 10% FBS with 250 nM concanamycin A (Sigma)
and 100 μM leupeptin (Sigma) or 10 μM MG132 (American Peptide Company) for 2 h at
37°C followed by GFP-SLO permeabilization and toxin intracellular degradation assays.

Transcriptional silencing of Vps24
NRK cells (50% confluency) in 75-cm2 flasks containing reduced serum DMEM without
penicillin/streptomycin were transfected with Lipofectamine siRNA Max (Invitrogen) and
960 pmol of medium content control or Vps24 stealth siRNA duplexes, according to the
manufacturer’s instructions (Invitrogen). After 48 h of transfection, cells were permeabilized
with GFP-SLO and analyzed for intracellular degradation or DQ-BSA uptake.

Cell permeabilization and repair assay
SLO and GFP-SLO were purified from BL21 Escherichia coli expressing 6× histidine-
tagged toxin, as previously described (7). GFP-SLO was constructed by inserting GFP N-
terminal to SLO into pTrcHisA-SLO (plasmid containing SLO carrying a cysteine deletion
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that eliminates the need for thiol activation, provided by R. Tweeten, University of
Oklahoma), using the same engineered SaII sites previously described for the generation of
Cherry-SLO (7). Prior to exposure to the toxin, cell monolayers (60% confluence) were
washed at 4°C with Ca2+-free DMEM (containing Mg2+ and 10 mM EGTA), followed by
two more washes in Ca2+-free DMEM. GFP-SLO was bound to target cells in Ca2+-free
DMEM for 5 min at 4°C, and pore formation followed by plasma membrane repair was
triggered by replacing the medium with 37°C DMEM containing or not 1.8 mM Ca2+, for
various periods of time. In all experiments, cells were treated with concentrations of GFP-
SLO that allowed extensive permeabilization without inducing cell loss (concentrations
ranged from 70 to 250 ng/mL).

PI membrane repair assay
Cells were cultured on coverslips at 60% confluence, treated for 5 min at 4°C with
increasing concentrations of GFP-SLO and shifted to 37°C with or without Ca2+ for 4 min
before adding 50 μg/mL PI (Sigma) for 1 min to assess pore formation and membrane
repair. Cells were then fixed with 4% Paraformaldehyde (PFA), DAPI stained and imaged
with a Zeiss Axiovert 200 using a 10× objective. Quantifications were performed by
counting all DAPI- and PI-stained nuclei in five random fields (>300 cells) and determining
the percentage of PI-positive nuclei in each field.

GFP-SLO pull-down assay
Cells were cultured to 60% confluence in 75-cm2 flasks, treated for 5 min at 4°C with GFP-
SLO and cell permeabilization and repair induced at 37°C with or without Ca2+ for various
time-points. Cells were washed in Ca2+-free cold PBS and solubilized in 1 mL of lysis
buffer containing Tris–HCl (20 mM), NaCl (300 mM), MgCl2 (1 mM), DTT (0.1 mM),
EDTA (5 mM), Triton-X-100 (1%) and protease inhibitor cocktail (Roche) for 30 min at
4°C. After centrifugation to eliminate nuclei, supernatants were separated in two fractions,
one saved as whole cell fraction (100 μL) and another (900 μL) that was incubated with 20
μL of GFP-Trap® agarose beads (Chromotek). After periods ranging from 4 h to overnight
at 4°C, the samples were centrifuged at 2000× g for 2 min at 4°C, the pellets washed twice
with washing buffer (lysis buffer without Triton-X-100) and resuspended in SDS sample
buffer and boiled at 95°C for 10 min before performing SDS–PAGE and western blot assays
with mouse anti-GFP mAbs.

UBA pull-down assay
Lysates of GFP-SLO-treated cells, prepared as described above for GFP-SLO pull-down
assays, were incubated with the UBA (Dsk2p-UBA-GST) domain (28) or a mutant version,
UBAmut (Dsk2p-UBAmut-GST) coupled to agarose beads (40 μL per sample, overnight at
4°C), to pull-down ubiquitinated proteins. Preparation of UBA domain/agarose beads was
performed as described (29). Samples were then washed twice with cold washing buffer,
resuspended in SDS sample buffer and boiled at 95°C for 10 min before performing SDS–
PAGE and western blot assays using rabbit anti-GFP antibodies (Invitrogen) to detect GFP-
SLO.

Western blot and densitometry
Following extraction and/or pulldown, proteins were separated on 8 or 10% polyacrylamide
gels by SDS–PAGE and blotted on nitrocellulose membranes using the Trans-Blot Transfer
system (Bio-Rad Laboratories) overnight at 30 V. After incubation with the primary
antibodies and peroxidase-conjugated secondary antibodies, detection was performed using
Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific) and the Fuji
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LAS-3000 Imaging System and Image Reader LAS-3000 software. Western blot
densitometry analysis was performed using ImageJ gel analysis tools.

DQ-BSA uptake assay and quantification of acidic compartments
Following exposure to GFP-SLO, cells were incubated for 10 min with 1 mg/mL DQ Red-
BSA (DQ-BSA, Invitrogen) in FBS-free DMEM at 37°C. After extensive washes with PBS,
samples were chased at 37°C in FBS-free DMEM containing or not 100 nM BafA (Sigma)
for 30 min, 1 or 2 h. After fixation with 4% PFA and DAPI staining, coverslips were imaged
with a Leica SPX5 confocal system with 63× N.A. 1.4 oil objective. Z stacks (0.13 μm Z
step between optical sections) of a minimum of five random fields (at least 250 cells) for
each time-point were imaged. Stacks of individual channels were then imported to Volocity
Suite (PerkinElmer), the total fluorescence intensity of the channel per microscopic field
was determined (intensity × voxel count) and the values were normalized by the number of
cells in each field (determined by DAPI staining).

Transmission EM
Cells treated with GFP-SLO for 5 min at 4°C and further incubated for various time-points
at 37°C in Ca2+/DMEM containing BSA-gold (OD of 520 nm = 200; (40)) were processed
for TEM as previously described (8). Quantifications were performed by counting all
vesicles containing BSA-gold in 16–57 cell sections/sample (which contained a total of
123–242 vesicles). Vesicle area was measured using the outline function of ImageJ, and the
number of gold particles and internal vesicles was quantified for each BSA-gold-positive
vesicle, in all vesicles found in the sections analyzed.

Cryo-EM immunolabeling
Cells were treated as described above for TEM and fixed in 4% PFA, 0.25 M HEPES and
0.1% glutaraldehyde for 1 h. Samples were rinsed, resuspended in 10% gelatin, chilled and
trimmed to smaller blocks, placed in 2.3 M sucrose cryoprotectant overnight and frozen in
liquid nitrogen. The frozen blocks were trimmed on a Leica Cryo-EMUC6 UltraCut and 65–
70 nm sections were collected using the Tokuyasu method (41). The sections were collected
on a drop of sucrose, placed on a nickel formvar/carbon-coated grid and floated in a dish of
PBS prior to immunolabeling. For immunolabeling, grids were incubated with 0.1 M
ammonium chloride to quench untreated aldehyde groups and blocked on 1% fish skin
gelatin in PBS. Single-labeled grids were incubated with a primary rabbit anti-GFP antibody
(Invitrogen; 1:50) followed by 10-nm protein A gold (Utrecht-UMC). Double-labeled grids
were treated with an additional primary mouse anti-Lamp1 (LYIC6; provided by I.
Mellman, Genentech; 1:20), bridged with rabbit anti-mouse (JacksonImmuno; 1:200) and
incubated with 5-nm protein A gold. Grids were rinsed in PBS, fixed using 1%
glutaraldehyde, rinsed, transferred to a UA/methylcellulose, dried and viewed in an FEI
Tencai Biotwin electron microscope at 80 kV. Images were acquired using Morada charge-
coupled device and item (Olympus) software. Quantification was performed by counting all
GFP-SLO gold particles in 10–17 cell sections, which contained 175–500 gold particles.
Distances between gold particles and the plasma membrane were measured using the line
tool of ImageJ.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cell permeabilization with SLO induces formation of endosomes that increase in size
over time
Cells were incubated or not with 250 ng/mL SLO for 5 min at 4°C, washed and shifted to
37°C in the presence of Ca2+ for increasing periods of time in the presence of BSA-gold as
an endocytic tracer. A) Representative TEM images of endosomes containing BSA-gold
(arrowheads) at various time-points. BSA-gold-positive endosomes with flat electron-dense
coats on their limiting membrane (arrows) increase in size and acquire internal vesicles over
time. Bars = 100 nm. B) Quantification of BSA-gold-containing endosomes show a
significant increase in newly formed endosomes from 1 to 15 min after permeabilization in
SLO-treated cells, when compared to control cells. C) Endosome area is significantly larger
in SLO-treated cells from 1 to 15 min after permeabilization, when compared to control
cells. Results are expressed as mean ± SEM. **p < 0.01, unpaired Student’s t-test.
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Figure 2. SLO-induced endosomes gradually acquire features of early and late endosomes
Cells were treated as described in Figure 1. A) The average number of internal vesicles per
endosome profile increases over time in both control and SLO-permeabilized cells, but is
significantly higher after 15 and 30 min of SLO treatment, when compared to control cells.
Results are expressed as the mean ± SEM. **p < 0.01, unpaired Student’s t-test. B) The
percentage of early endosome-like vesicles (showing flat electron-dense coats and no more
than five intraluminal vesicles) is higher between 1 and 15 min after SLO permeabilization,
followed by a decrease after 30 min. C) The percentage of MVB-like vesicles (containing
six or more intraluminal vesicles) is higher after SLO permeabilization between 1 and 15
min, but is similar to control cells after 30 min. D) Representative TEM images of vesicles
containing BSA-gold (arrowheads) and showing morphological features of early endosomes,
after 5 min in control and SLO-treated cells. Arrows indicate electron-dense areas on the
limiting membrane reminiscent of flat clathrin coats characteristic of early endosomes. E)
Representative TEM images of vesicles containing BSA-gold (arrows) showing the
characteristic MVB/lysosome morphology, after 30 min in control and SLO-treated cells.
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The images show the numerous intraluminal vesicles and occasional multilamellar structures
inside endosomes. Bar = 100 nm.
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Figure 3. SLO is removed from the plasma membrane of permeabilized cells and traffics to
MVB/lysosomes
Cells were treated with 250 ng/mL GFP-SLO at 4°C for 5 min, washed and shifted to 37°C
in the presence of Ca2+ for increasing periods of time. Samples were then fixed and
processed for cryo-immuno EM and stained with anti-GFP and/or anti-Lamp1 antibodies. A)
Cryo-immuno EM localization of GFP-SLO (arrows) at the plasma membrane immediately
after permeabilization (0 min) and on increasingly larger endocytic vesicles over time (1–30
min). Bar = 100 nm. B) The percentage of the total SLO detected at the plasma membrane
decreases from ~ 60% at 0 min to about 12% as early as 5 min after cell permeabilization,
while a corresponding increase is seen in intracellular SLO. C) The distance (nm) of
intracellular SLO to the plasma membrane increases progressively over time.
Quantifications were performed in 10–17 cells containing 175–500 gold particles. Results
are expressed as the mean ± SEM. D) Representative cryo-immuno EM images of GFP-SLO
(10-nm gold) and Lamp1 (5-nm gold) staining in cells treated with GFP-SLO for 30 min.
GFP-SLO and Lamp1 staining colocalize on endosomal structures containing intraluminal
vesicles at 30 min after cell permeabilization and repair. Bar = 100 nm.
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Figure 4. SLO-induced endosomes mature into acidic compartments, where SLO is degraded by
lysosomal enzymes
A and B) Cells were incubated with GFP-SLO (250 ng/mL) for 5 min at 4°C, washed and
shifted to 37°C in medium containing or not Ca2+ for increasing periods of time. Cell
extracts are then incubated with GFP-Trap for pulldown of total GFP-SLO and analyzed by
western blot. A) GFP-SLO immunoblot at increasing periods after cell permeabilization in
the presence (repair conditions) or absence (no repair conditions) of Ca2+. The amount of
cell-associated GFP-SLO decreases rapidly between 5 and 30 min in cells permeabilized in
the presence but not in the absence of Ca2+. B) Densitometric quantification of GFP-SLO
after various time-points in the presence or absence of Ca2+, expressed as percentage of the
amount detected at t = 5 min. Results are expressed as the mean ± SEM of eight independent
experiments. **p < 0.01, ***p < 0.001, unpaired Student’s t-test. C–E) Cells were incubated
with SLO for 5 min at 4°C followed by a 10-min incubation at 37°C with DQ-BSA and
chased for increasing periods of time. C) Representative images of cells treated or not with
250 ng/mL SLO and incubated with DQ-BSA, followed by a chase for 2 h in the presence or
absence of BafA. SLO treatment leads to a marked enhancement in DQ-BSA fluorescence,
reflecting the increased number of acidified late endocytic compartments. Blocking
acidification with BafA abolishes DQ-BSA fluorescence. DQ-BSA fluorescence is depicted
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in white and DAPI-stained nuclei in gray. Bar = 5 μm. D) Quantification of DQ-BSA
fluorescence intensity in control and SLO-treated cells over time. Exposure to SLO
progressively increases the fluorescence intensity of DQ-BSA over a 30-, 60- and 120-min
chase period, reflecting acidification of the endocytic compartments induced by the toxin.
The values reflect the mean fluorescence intensity of five independent microscopic fields
per sample. E) SLO permeabilization causes a dose-dependent increase in the fluorescence
intensity of endocytosed DQ-BSA after a 2-h chase. Results in (E and F) are expressed as
the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, unpaired Student’s t-test comparing
all samples to the untreated control. F) Control cells or cells treated with concanamycin A/
leupeptin or MG132 were incubated with GFP-SLO (250 ng/mL) for 5 min at 4°C, shifted to
37°C in medium containing Ca2+ for 5 or 30 min and processed for GFP pulldown and
immunoblot. Lysosomal, but not proteasome, inhibitors blocked GFP-SLO degradation.
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Figure 5. After endocytosis, SLO is ubiquitinated and sorted by the ESCRT complex into the
lumen of MVBs for degradation
A and B) Cells were incubated for 5 min at 4°C with 150 and 250 ng/mL GFP-SLO,
respectively, washed and shifted to 37°C in medium with or without Ca2+ followed by
solubilization and pulldown of ubiquitinated proteins using UBA-agarose (A) or pulldown
of GFP-SLO using GFP-Trap (B). A) Ubiquitinated GFP-SLO is detected by immunoblot
with anti-GFP antibodies after 1 min in the presence of Ca2+, and then decreases over time.
Without Ca2+ and in control UBAmut pulldowns, only trace amounts of ubiquitinated GFP-
SLO are detected. B) Ubiquitinated GFP-SLO is detected by immunoblot using anti-
ubiquitin after 1 min in the presence of Ca2+ and then decreases over time. Without Ca2+,
only a low amount of ubiquitinated SLO is detectable. C and D) Cells treated with control or
Vps24 siRNA were exposed to GFP-SLO, followed by pulldown and immunoblot to assess
GFP-SLO intracellular degradation. C) Immunoblot of GFP-Trap pulldowns shows GFP-
SLO degradation between 5 and 30 min in cells treated with control, but not Vps24 siRNA.
Immunoblot of cell extracts shows the depletion in Vps24 achieved with the specific siRNA,
and the similar amounts of actin detected after treatment with Vps24 or control siRNA. D)
Densitometric quantification of GFP-SLO at 15 and 30 min, expressed as percentage of the
amount detected at t = 5 min. Results are expressed as the mean ± SEM of three independent
experiments. **p < 0.01, *p < 0.05, unpaired Student’s t test. E and F) Cells treated with
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control or Vps24 siRNA were processed for DQ-BSA uptake as described in Figure 4C. E)
Acidic vesicles containing fluorescent DQ-BSA in cells treated with control or Vps24
siRNA, exposed or not to SLO. DQ-BSA fluorescence is depicted in white and DAPI-
stained nuclei in gray. Bar = 5 μm. F) Quantification of the experiment in (E) shows the
enhancement in DQ-BSA fluorescence intensity induced by SLO, and the significant
inhibition after treatment with Vps24 siRNA, compared to control siRNA. **p < 0.01,
unpaired Student’s t-test.
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Figure 6. Model for SLO pore endocytosis, trafficking and degradation within the endocytic
pathway
When SLO pores form on the plasma membrane, the Ca2+-dependent membrane repair
process is induced, promoting endocytosis and rapid ubiquitination of SLO (1 min).
Endocytic vesicles carrying ubiquitinated SLO initially show early endosomal features
including flat clathrin coats (5 min), and gradually mature into late endosomes/MVBs (15–
30 min). This maturation process involves removal of the toxin pores from the limiting
membrane, by a luminal budding mechanism dependent on the ESCRT-III complex
component Vps24. Sorting of SLO pores into the lumen of MVBs allows vesicle
acidification and SLO degradation (30 min).
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