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Listeriolysin S (LLS) is a thiazole/oxazole-modified microcin (TOMM)
produced by hypervirulent clones of Listeria monocytogenes. LLS
targets specific gram-positive bacteria and modulates the host in-
testinal microbiota composition. To characterize the mechanism of
LLS transfer to target bacteria and its bactericidal function, we first
investigated its subcellular distribution in LLS-producer bacteria.
Using subcellular fractionation assays, transmission electron micros-
copy, and single-molecule superresolution microscopy, we identified
that LLS remains associated with the bacterial cell membrane and
cytoplasm and is not secreted to the bacterial extracellular space.
Only living LLS-producer bacteria (and not purified LLS-positive bac-
terial membranes) display bactericidal activity. Applying transwell
coculture systems and microfluidic-coupled microscopy, we deter-
mined that LLS requires direct contact between LLS-producer and
-target bacteria in order to display bactericidal activity, and thus
behaves as a contact-dependent bacteriocin. Contact-dependent ex-
posure to LLS leads to permeabilization/depolarization of the target
bacterial cell membrane and adenosine triphosphate (ATP) release.
Additionally, we show that lipoteichoic acids (LTAs) can interact
with LLS and that LTA decorations influence bacterial susceptibility
to LLS. Overall, our results suggest that LLS is a TOMM that displays
a contact-dependent inhibition mechanism.

Listeriolysin S (LLS) | bacteriocin | Listeria monocytogenes (Lm) | contact-
dependent inhibition (CDI) | microfluidic microscopy

Listeria monocytogenes (Lm) is a gram-positive foodborne
pathogen responsible for listeriosis, a disease characterized
by meningitis in the newborn, bacteremia in immunocompro-
mised or elderly individuals, and abortions in pregnant women
(1, 2). To date, the most severe human listeriosis outbreaks have
been associated with a subset of Lm lineage I strains (3, 4).
These hypervirulent strains harbor a biosynthetic gene cluster
that encodes for the small peptide Listeriolysin S (LLS) (3, 5).
Though initially proposed to be a virulence factor via its hemolytic
activity (3), it has since been shown that LLS is a weak hemolytic
factor that does not display cytotoxic effects on eukaryotic cells,
does not induce specific immune cell responses, and has no impact
on cellular infection by Lm (6). Instead, LLS is a bacteriocin that
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targets several gram-positive bacterial species in vitro including
Lactococcus lactis as well as hypovirulent Lm strains, and pro-
motes intestinal colonization by Lm in vivo through modulation of
the host gut microbiota composition (7, 8).

Biosynthetic gene clusters similar to the LLS operon (shown in SI
Appendix, Fig. S1A4) are widely conserved in different bacterial phyla
(9). They encode for 1) a prepeptide (unmodified peptide) (SI
Appendix, Fig. S1B), 2) an ATP-binding cassette transporter (ABC
transporter) that exports the toxin once it is posttranslationally
modified, 3) an immunity protein, and 4) an enzymatic complex
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hibition mechanism.
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that allows the posttranslational modification (PTM) of the toxin
with thiazole, oxazole, and/or methyl-oxazole heterocycles (10).
This family of thiazole/oxazole-modified microcins (TOMM:s)
includes microcin B17 (MccB17) from Escherichia coli, streptoly-
sin S (SLS) from Streptococcus pyogenes, and plantazolicin (PZN)
from Bacillus methylotropicus (10-12). MccB17 is an antimicrobial
peptide that targets E. coli and acts as a DNA gyrase inhibitor
(13), while PZN displays narrow activity against Bacillus anthracis
through bacterial membrane depolarization and association with
cardiolipin microdomains (11). In contrast, SLS is a major cytotoxic
and hemolytic virulence factor produced by group A S. pyogenes
(14, 15), which targets erythrocytes, leukocytes, platelets, and sub-
cellular organelles, and can display lytic activity against bacterial
protoplasts (16-19).

We have previously shown that LLS kills specific gram-positive
bacteria (7) but its mechanism of action remains unknown. In the
present study, we demonstrate that LLS remains localized to the
bacterial cell membrane of LLS-producer bacteria and exerts its
killing mechanism via direct contact between LLS-producer and
-target bacteria, impairing membrane integrity of target bacteria
and inducing membrane depolarization. Our previous findings
identified a key role for LLS in the modulation of the host
microbiota by Lm hypervirulent strains. Our present work sug-
gests that hypervirulent Lm may outcompete bacteria by means
of LLS in a contact-dependent manner.

Results

LLS Is Associated with the Cell Membrane of LLS-Producer Bacteria.
We have previously demonstrated that LLS is not expressed
in vitro, and that its production is detected only in vivo within the
intestine of infected animals (7). To identify in vitro conditions
that mimic the intestinal environment leading to LLS expression,
we performed a screen exposing the Lm F2365 strain to libraries
of molecules that mimic or are homologous to components
present in the gastrointestinal tract, and we monitored LLS ex-
pression using a green fluorescent protein (GFP) reporter. We
also performed cocultures of Lm F2365 with previously identi-
fied target bacterial species to explore whether target bacteria
could be the LLS-activating signal. We did not find any molecule
or condition that triggers LLS production in vitro. Therefore, to
assess LLS activity, we introduced the constitutive promoter
pHELP upstream of the LLS operon in the F2365 strain, a
technique previously employed by Cotter and colleagues (3). The
strain F2365:pHELP (designated as LLS™) expresses all the
genes of the LLS operon (SI Appendix, Fig. S1C). While there is
a potential caveat associated with the constitutive expression of
LLS, there was no detectable effect on growth nor were there
any morphological changes in the LLS™ strain as compared with
the parental Lm.

Production of antibodies against the biologically functional
LLS represents a challenge due to the putative PTMs of the
mature LLS form and due to its small size (4.9 kDa including the
leader peptide and 2.3 kDa without it). Therefore, to label LLS,
we generated LLS-FLAG and -hemagglutinin (HA) constructs in
the LLS* background strain (7). We confirmed that the LLS
constructs were fully functional, since they retained bactericidal
activity against target bacteria (SI Appendix, Fig. S24) and dis-
played weak hemolytic activity comparable to that of the pa-
rental strain (SI Appendix, Fig. S2B). To study LLS distribution
within bacteria and in the extracellular environment, we per-
formed a fractionation experiment as previously described (20),
leading to the separation of the bacterial cytoplasm, membrane,
and cell wall as well as the supernatant. An LLS™ strain without
tags was used as a negative control (Fig. 14 and SI Appendix, Fig.
S2C). Our results clearly demonstrate that in our growth con-
ditions, LLS is detected only in the bacterial cell membrane and
cytoplasm, and is neither secreted in the supernatant nor asso-
ciated with the bacterial cell wall (Fig. 1 4 and B). To determine
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Fig. 1. LLS is not actively secreted and is located at the cell membrane. (A)
Localization of LLS by fractionation experiments. Western blot analysis was
performed on a strain expressing LLS* (negative control) and a strain
expressing LLS™-FLAG (FLAG at the C terminus). Proteins were fractionated
into four compartments: supernatant (SN), cell wall (CW), membrane (M),
and cytoplasm (CY). InlA, ActA, EF-Tu, and InlC were used as controls
for fractionation. Equivalent amounts of each fraction, corresponding to
100 pL of bacterial culture, were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and submitted to immuno-
detection using the indicated antibodies. Data from one representative ex-
periment out of the three performed are shown. Pre-LLS FLAG, unmodified
LLS peptide. (B) LLS SN and M fractions were immunoprecipitated on a strain
expressing LLS* (negative control) and a strain expressing LLS*-FLAG by using
magnetic beads coupled to anti-FLAG antibodies. Equivalent amounts of
each fraction, corresponding to 2.5 mL of bacterial culture, were separated
by SDS-PAGE and submitted to immunodetection using the anti-FLAG anti-
body. Input (In) was from the membrane fraction. Data from one repre-
sentative experiment out of the three performed are shown. The prestained
protein standards (Stds) are shown (Left) with the respective molecular mass
in kDa. (C) Location of LLS by TEM. An anti-HA colloidal gold-coupled an-
tibody was used to detect LLS on a strain expressing LLS*-HA (HA at the
C terminus). (C, Insets) Enlargement of areas of LLS detected at the inter-
nal side of the membrane (arrows) and external side of the membrane
(arrowheads) and cytoplasm (asterisks). (Scale bars, 200 nm.) (D) Quantifi-
cation of the total labeling (%) of LLS* (negative control) and LLS*-HA in the
CW, M, and CY compartments obtained from TEM shown in C. Positive
signals in the M and CY of the LLS*-HA sample are significantly different
from background noise present in the LLS* sample. Error bars show SEM. Mul-
tiple t tests were performed to compare different compartments. M: ***P =
0.000143; CY: ****p = 0.000069. LLS* n = 106; LLS*™-HA n = 59.

whether absence of LLS detection in the supernatant is due to its
very low abundance, we performed an immunoprecipitation as-
say to concentrate the supernatant of the LLST-FLAG strain.
These data confirm the total absence of LLS in the supernatant
and its presence in the membrane and cytoplasmic fraction
(Fig. 1B). In the cytoplasm, we detect a band of ~6 kDa corre-
sponding to the expected molecular mass of a monomeric tagged
LLS prepeptide, but we also detect a higher—-molecular mass
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smear (between 50 and 250 kDa) which we hypothesize to be the
LLS posttranslational heterocyclic molecule (Fig. 14). This
smear is observed using both the LLS*-FLAG and -HA con-
structs (Fig. 14 and SI Appendix, Fig. S2C), suggesting that it is
specific for the LLS structure. Since our fractionation protocol
involves bacterial overnight incubation with mutanolysin, to ex-
clude the possibility that the observed smear is a product of LLS
degradation, we lysed bacteria without fractionation and without
overnight incubation. We confirmed the presence of the LLS
smear using this milder preparation (SI Appendix, Fig. S2D).
To investigate whether the high-molecular mass smear cor-
responds to the LLS posttranslational heterocyclic molecule, we
performed a bacterial subcellular fractionation assay with the
tagged and nontagged LLS™ strains upon deletion of the /IsB
gene, which encodes a putative subunit of the LLS posttransla-
tional machinery (3) and is required for the biological activity of
LLS (6). The high-molecular mass smear is indeed absent in the
LLS*-FLAGAIIsB strain (SI Appendix, Fig. S3A4), suggesting that
it corresponds to an LLS molecule that has been posttransla-
tionally modified. Interestingly, the 6-kDa band corresponding to
the monomeric tagged LLS prepeptide also disappears in the
LLS*-FLAGAIIsB strain (SI Appendix, Fig. S34). To determine
whether deletion of the /IsB gene leads to polar effects, we
performed a qRTPCR of the LLS operon genes in the tagged
and nontagged LLS™ strains. The deletion of the llsB gene did
not cause expression defects on the upstream or downstream
genes of the operon (SI Appendix, Fig. S3B), suggesting that the
llIsA gene is normally transcribed but, in the absence of functional
posttranslational machinery, the LLS prepeptide could be un-
stable. To verify whether LLS PTM occurs in the cytosol prior to
export, we intended to block LLS export by deleting the LLS
leader peptide (SI Appendix, Fig. S1B) or by mutating specific
motifs present in the LLS leader peptide that have been proved
to be essential for substrate recognition by the PTM complex
(21). However, mutants of the LLS leader peptide were not vi-
able in the LLS™ strain. We therefore attempted to block LLS
export by mutating the putative ABC-like transporter system
encoded by the lIsGH genes present in the /Is gene cluster (SI
Appendix, Fig. S1A4). Interestingly, a double-AllsGH mutant is
viable in an F2365 wild-type background in which LLS is not
produced but the mutant is not viable in an LLS* Lm strain that
constitutively expresses LLS. The failure to obtain these mutants
suggests that once LLS is produced, it must be translocated through
the membrane in order to avoid intoxication of producer cells.
We then analyzed the LLS subcellular location with imaging
approaches. While an immunofluorescence assay failed in detect-
ing LLS*-HA at the bacterial surface, quantitative immunogold
transmission electron microscopy (TEM) confirmed that LLS*-
HA is detected in both the cytoplasm and at the membrane of
producer bacteria (Fig. 1 C and D). Moreover, a set of LLS-
associated gold particles appeared to localize on the outer side of
the membrane (Fig. 1C), suggesting that LLS could be exposed on
the bacterial surface. To examine the localization of fluorescently
tagged LLS at high spatial resolution, we turned to dual-color
superresolution with two single-molecule localization microscopy
methods: We used transiently binding Nile red dyes (22) to image
the cell membrane with PAINT (23), and AF647 dyes coupled to
anti-HA tag antibodies to image LLS*-HA by dSTORM (24).
While LLS*-HA cannot be detected at the surface of intact
bacteria (SI Appendix, Fig. S4), when the cell wall is digested with
mutanolysin LLS*-HA is visible as discrete clusters of localiza-
tions on the exposed bacterial cell membrane (Fig. 24). We an-
alyzed the images to quantify the number of LLS clusters per
bacterium and their location relative to the cell membrane
(Fig. 2 B-D). In negative control bacteria (nontagged LLS* Lm),
we detected only 4 nonspecific clusters in the vicinity of 197 an-
alyzed cells (2%), whereas in LLS*-HA Lm, we detected 119 LLS
clusters for 357 analyzed bacteria (33%). While 71% of cells have
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no detected LLS clusters, we counted one, two, or three clusters in
22,5, and 1% of bacteria (Fig. 2D). We further calculated the
distance of each LLS cluster to the membrane, as determined
by fitting an ellipse to the Nile red localizations (Fig. 2B), and
obtained an average distance of 3 nm, much smaller than the
PAINT/dSTORM resolution, consistent with a localization of LLS
clusters at the membrane of producer bacteria (Fig. 2C). Overall,
our results indicate that LLS is not actively secreted to the bac-
terial extracellular space but rather primarily localized to the
membrane of LLS-producer bacteria (Fig. 2C).

Cell-to-Cell Contact between LLS-Producer and -Target Bacteria
Favors LLS Bactericidal Activity. To understand the mechanism of
LLS transfer between LLS-producer and -target bacteria, we first
assessed the potential bactericidal activity of LLS* fractions on
L. lactis, which we previously demonstrated to be LLS-sensitive
(7). We incubated L. lactis for 24 h with supernatant, cell-wall,
membrane, and cytoplasmic fractions isolated from LLS™ Lm.
However, none of these fractions displayed bactericidal activity
on L. lactis (Fig. 34), suggesting that active bacterial metabolism
is required for LLS activity. In agreement with this, exposure of
L. lactis to LLS* Lm inactivated by different methods (boiling,
antibiotic treatment, or ultraviolet [UV] light exposure) pre-
vented L. lactis killing (Fig. 34).

Since our results demonstrate that LLS is not released to the
bacterial extracellular environment, we suspected that LLS ac-
tivity might be dependent on proximity or direct contact between
LLS-producer and -target bacteria. To evaluate whether LLS
activity requires bacterial cell-to-cell contact, LLS* Lm and L.
lactis were cocultivated using a transwell system in which bacteria
are separated by a porous membrane (Fig. 3B). We compared
two different transwell systems with different membrane pore
sizes: 0.4 and 8 pm. The 0.4-pm membrane allows the diffusion of
media and molecules secreted by the bacteria, while the 8-pm
membrane allows bacterial passage through the pore and thus
direct contact of whole bacteria. Interestingly, we solely observed
the bactericidal effect of LLS when using the 8-um membrane
system (Fig. 3B), suggesting that direct contact between LLS-
producer and -target bacteria favors LLS bactericidal activity.
Indeed, this activity was absent using the 0.4-um system, or when
target bacteria were incubated with the negative control strain
LLS™ (AllsA) (Fig. 3B), arguing against the alternative hypoth-
esis that reduction of L. lactis numbers could be due instead to
dilution of target bacteria through the 8-pm porous membrane.

In the above experiments, we cannot exclude the possibility
that LLS could form high-molecular mass aggregates that do not
cross the 0.4-pm membranes. To rule out this possibility and to
further characterize the LLS killing effect on target bacteria, we
performed single-cell time-lapse microscopy employing a micro-
fluidic culture system (25) (Fig. 44) in which we cocultured the
target Lm 10403S strain constitutively expressing GFP (26) to-
gether with LLS* (or the negative control LLS™) Lm constitu-
tively expressing the tdTomato reporter. We used 10403S bacteria
as a target because the antagonistic effect of LLS was previously
assessed in in vitro cocultures using this hypovirulent Lm strain
(7), and also because the F2365 and 10403S cells have similar
growth rates (SI Appendix, Fig. S5). Interestingly, an increase in
the GFP fluorescence was detected in the contact points between
the producer (LLS*-tdTomato) and the target (10403S-GFP)
bacteria but not between the Alls4 (LLS™ tdTomato) and the target
bacteria (Fig. 4 B and C). Furthermore, we observed that only when
the target bacteria encounter the producer LLS* strain (and not the
LLS™) do the producer bacteria dominate over time (Fig. 4D).

We hypothesized that the increase in the GFP fluorescence in
the target bacteria could be attributed to the accumulation of the
GFP inside cells, due to a halted bacterial growth. To investigate
this hypothesis, the 10403S-GFP growth rate and doubling time
were measured from image sequences. Our results confirm that
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Fig. 2. Superresolution imaging of LLS*-HA distribution at the cell membrane. Dual-color superresolution PAINT/dSTORM microscopy was performed on a
strain expressing LLS* (negative control; Left) and a strain expressing LLS*-HA (Right). (A) Protoplasts were fixed and imaged in the DAPI channel (blue). The
bacterial membrane was imaged using PAINT with Nile red dye (green). LLS was imaged using dSTORM microscopy with an AF647-conjugated anti-HA
monoclonal antibody (red). The images show a large field of view (scale bars, 5 um) and a magnified view of the dashed white box (scale bars, 1 pm). (B)
Ellipses are fitted to Nile red localizations to outline the membrane of manually selected cells. LLS clusters and their centroids were determined from A647
localizations. (Scale bars, 500 nm.) (C) Distribution of signed Euclidian distances between AF647 clusters and ellipses (clusters inside the ellipse have negative
distances; clusters outside have positive distances). Mean signed distance is 3 nm. (D) Distribution of the number of LLS clusters per cell: 71% of cells have no
LLS cluster; 22, 5, and 1% of bacteria have 1, 2, and 3 LLS clusters, respectively. Data are from n = 357 cells in three fields of view.

the bacterial growth is arrested for target cells that are in direct
contact with the LLS™ bacteria (Fig. 54). This is not observed when
target bacteria are physically distant from producer cells, or when
they are in contact with LLS™ (Alls4) bacteria (Fig. 54), demon-
strating that the growth arrest of target cells is dependent upon di-
rect contact with bacteria producing LLS. Indeed, the £ constant for
target cells in direct contact with the LLS" strain was 0.0097 min ™",
with an average doubling time of 110 min. In contrast, the k constant
of target cells, either not in contact with producer cells or in contact
with LLS™, was 0.02 min™", with an average doubling time of 40 min,
which is expected for rich media—grown Lm.

Remarkably, LLS-target cells that had more than one LLS™-
producer cell surrounding them were more likely to have their
growth arrested and to die (Fig. 5B). We also found that LLS-
target cells in contact with LLS*-producer cells are unable to di-
vide, and shrink before experiencing lysis (Fig. 5C). Together, our
results indicate that the LLS can exert a contact- and concentration-
dependent growth inhibition mechanism on target cells impeding
their cell division.
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LLS Induces Cell-Membrane Permeabilization Exclusively of Target
Cells that Are in Direct Contact with LLS-Producer Bacteria. To
identify the molecular mechanisms underlying the LLS contact-
dependent bactericidal activity, we investigated whether LLS
could impair peptidoglycan or cell-membrane integrity. To in-
vestigate a potential impact of LLS on peptidoglycan, we per-
formed click chemistry followed by flow cytometry analysis.
Briefly, target cells (L. lactis) were incubated overnight with
3-azido-p-alanine (ADA) to allow its incorporation into the
peptidoglycan and then target bacteria were washed and cocul-
tivated with LLS™ or LLS* Lm. Afterward, target bacteria were
labeled by click-chemistry reaction (reactive with ADA) to an-
alyze the fluorescence intensity of target cells by flow cytometry.
The fluorescence intensity of labeled target cells is proportional
to the ADA incorporated into the peptidoglycan. The fluores-
cence intensity levels of target bacteria incubated with LLS™ or
LLS* were equivalent (SI Appendix, Fig. S6), suggesting that the
peptidoglycan structure was intact and that LLS does not affect
the integrity of peptidoglycan.
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Fig. 3. LLS bactericidal activity requires cell-cell contact between a pro-
ducer and target bacteria. (A) Survival of target bacteria when cocultured
with Lm fractions with erythromycin (Ery) or UV light—killed bacteria, and
with live Lm. Target bacteria were incubated for 24 h in BHI with LLS-
producer bacteria (LLS*) or LLS mutant bacteria (LLS™) live cells or frac-
tions, or inactivated bacteria. CFU, colony-forming unit. (B) A coculture was
performed using the split-well setup shown (Left). The membrane separat-
ing the producer bacteria (LLS* or LLS™) from the target bacteria had a pore
size of 8 or 0.4 pm. Data from one representative experiment out of the
three performed are shown. Error bars show SEM. Multiple two-tailed un-
paired t tests were performed. **P = 0.004066 (A), **P = 0.002921 (B); n = 3.

To investigate whether LLS could modify cell-membrane
permeabilization, we carried out time-lapse microfluidic micros-
copy and added SYTOX blue dye, which exclusively penetrates
and stains cells that have lost their membrane integrity (27). Since
brain heart infusion (BHI) quenches the SYTOX signal, after the
first 3 h of cell growth in BHI medium, we performed the per-
fusion of SYTOX with phosphate-buffered saline (PBS), which
stopped bacterial growth due to the lack of nutrients. Using this
setup, we found that SYTOX exclusively stains 10403S target cells
that are in direct contact with LLS* bacteria, whereas 10403S
target cells that are not in contact with LLS producers remain
unstained (Fig. 6 A and B). Interestingly, once the producer and
the target bacteria are in intimate contact, the LLS permeabiliza-
tion effect is not immediate and requires an incubation period
from 1 to 2 h after the addition of the SYTOX dye (Fig. 6B). This
is consistent with the timing of GFP accumulation in target cells
that are in direct contact with LLS-producer cells (Fig. 4 B and C),
where the bactericidal effect also takes place from 1 to 2 h after the
contact. As observed in Fig. 4C, the activity of LLS is lost over
time, probably due to the lack of nutrients upon SYTOX/PBS
perfusion. When performing a recovery assay by perfusing BHI
and SYTOX a second time, bacteria restart growing and LLS re-
sumes its activity (SI Appendix, Fig. S7). This assay confirms that
LLS activity requires actively growing bacteria and suggests that
LLS requires an energy-dependent transport mechanism. These
results are consistent with our previous observations showing that
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inactivated producer cells display no LLS-associated bactericidal
activity (Fig. 34).

The increase in cell-membrane permeability is a sign of
membrane damage and/or pore formation that could lead to the
release of small molecules such as adenosine triphosphate (ATP)
(28). We decided therefore to measure the release of ATP into
the supernatant of L. lactis cocultivated with LLS™ or LLS™ Lm.
We detected an increase in the ATP levels released into the
supernatant of L. lactis cells cocultivated with LLS* Lm com-
pared with the ATP levels of L. lactis cocultivated with LLS™ Lm
(SI Appendix, Fig. S8). This result therefore supports our hy-
pothesis that LLS causes cell-membrane permeabilization of
target bacteria. Taken together, these results demonstrate that LLS
prevents target cell division and growth in a contact-dependent
manner, leading to cell-membrane permeabilization and small-
molecule leakage.

LLS Induces Target Cell-Membrane Depolarization. The efflux of ions
or small molecules such as ATP as a consequence of cell-
membrane permeabilization leads to the dissipation of the pro-
ton motive force by altering the transmembrane potential and pH
gradient, leading to cell death (28). To directly assess the LLS
impact on the membrane potential of target cells, membrane de-
polarization assays were performed (Fig. 74). We used the voltage-
dependent dye DiBAC,(3) that upon cell depolarization can enter
cells and stain the cellular membranes (29). L. lactis was coculti-
vated with LLS™- or LLS -tdTomato Lm and DiBAC4(3) was
added followed by fluorescence quantification. As a positive con-
trol, we used the bacteriocin nisin that induces cell-membrane
depolarization of our L. lactis that lacks the nisin operon (Fig. 74).
Upon coculture with LLS* cells, around 20% of target L. lactis
displayed an increase in DiBACy(3) fluorescence, whereas L. lactis
cocultured with LLS™ cells or cultured alone did not (Fig. 7 B and
(). The percentage of target depolarized cells increased after
4 and 6 h of cocultures with producer cells (around 40 and 70%,
respectively) (Fig. 7B). Also, the DiBAC,(3) fluorescence in-
creased over time when target cells were exposed to producer cells
(Fig. 7C). We conclude therefore that LLS is able to induce
membrane depolarization in target cells.

Exposure to LLS Promotes Noncanonical ATP Production in Target
Cells. To further characterize the mechanism of action of LLS,
we performed mass spectrometry-based proteomics of 10403S
target bacteria cocultivated with LLS™ or with LLS™ Lm. Near
1,000 proteins (approximately half of the Lm proteome) were
identified in our analysis. When comparing target bacteria cocul-
tivated with LLS™ and with LLS™, 13 proteins were significantly
up-regulated and 2 unknown proteins were down-regulated in
target cells (SI Appendix, Fig. S94 and Table S4). Additionally, 18
proteins were exclusively present in target cells in the presence of
LLS* bacteria (SI Appendix, Table S4), while 28 proteins were
exclusively present in target cells in the presence of LLS™ bacteria
(SI Appendix, Table S5).

Remarkably, exposure to LLS leads to a metabolic switch in
target cells that favors production of ATP, minimizing simulta-
neously ATP consumption (SI Appendix, Fig. S9B). For example,
in the presence of LLS* Lm, target 10403S bacteria overproduce
pyruvate oxidase, butyryl transferase, and butyrate kinase, which
are enzymes that support ATP production at the substrate level
(SI Appendix, Fig. S9B) under conditions of membrane depo-
larization (30). The methyl-glyoxal shunt enzymes are also favored
in the presence of LLS, restoring inorganic phosphate levels (nec-
essary for ATP production) under conditions of phosphate limita-
tion (31) (SI Appendix, Fig. S9B). The production of ATP precursors
was additionally favored through induction of 1) the noncanonical
nucleoside triphosphate pyrophosphatase RdgB, which produces
guanosine monophosphate and adenosine monophosphate precur-
sors from inosine triphosphate and xanthosine 5'-triphosphate
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Fig. 4. LLS inhibits the growth of target cells over time. (A) Schematic representation of microfluidics experiments. Top and side views of the assembled
microfluidic device used for single-cell time-lapse microscopy (1). Lm LLS-producer bacteria (LLS*) and Lm LLS mutant bacteria (LLS™) express tdTomato
constitutively and Lm target bacteria express GFP constitutively from an integrative plasmid (2). Bacteria are trapped between the coverslip and a semi-
permeable membrane, fed by diffusion of medium, and imaged every 15 min during 10 h (3). Microcolonies of the target and producer bacteria are seg-
mented (mask 1 and mask 2) to obtain the intersection between them (mask 3) which is the signal region of interest (sROI). The reference ROI (ROI, mask 4)
includes the target bacteria not in contact with LLS* or LLS™ bacteria. The ratio (R) between the ROIs (R = sROI/rROI) was analyzed over time. (B) Time-lapse
microscopy snapshots of LLS* or LLS™ (tdTomato) and target bacteria (GFP) over time. Data from one representative experiment out of the two performed are
shown. (B, Insets) Enlargement of areas of LLS* in contact with target bacteria; arrowheads show areas where the GFP fluorescence increased. (Scale bars,
3 0pm.) (C) Quantification of green fluorescence intensity of target bacteria in contact with LLS* or LLS™ bacteria obtained from R (shown in A) represented as
max ratio. Multiple unpaired t tests with Holm-Sidak correction were performed. P values are significant from 8 h, 15 min (**P < 0.01); LLS" n=7; LLS* n=13.
(D) Quantification of the target cell total area over time. The area is normalized according to the area occupied by LLS* or LLS™ bacteria. The area is rep-
resented as a percentage of the snapshot total area. Multiple unpaired t tests with Holm-Sidak correction were performed. P values are significant from 6 h,
45 min (**P < 0.01) and from 8 h, 30 min (****P < 0.0001); LLS™ n = 26; LLS* n = 33. Error bars show SEM.

(SI Appendix, Fig. S9B) (32), 2) an adenosine diphosphate (ADP)
ribose pyrophosphatase, allowing the deconjugation of ADP sug-
ars (33), and 3) the nucleotide exchange factor GrpE, able to disso-
ciate ADP from the nucleotide-binding DNaK cleft (34). Reduction
of ATP consumption is exemplified by the overproduction of the
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dihydroxyacetone kinase Dhal,, which uses a phosphoprotein in-
stead of ATP as a phosphoryl donor (35). Altogether, these results
show that in the presence of LLS, target cells adapt their metab-
olism to phosphate limitation and counteract the ATP efflux and
loss of membrane potential.
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Fig. 5. LLS arrests the cell division of target cells in a contact-dependent
manner. (A) Growth rate of target bacteria in contact or not with LLS*
bacteria or in contact with LLS™ bacteria represented in min~" (k constant).
(B) Growth rate of target bacteria in contact with one LLS™ bacterium (one
contact site) or more LLS* bacteria (more than one contact site) represented
in min~" (k constant). The bacteria in contact with one LLS* bacterium rep-
resent 30.5% of the population and do not die. The bacteria in contact with
more LLS* bacteria represent 69.5% of the population and die. The bacterial
growth rate (k constant) was calculated by fitting an exponential curve to
size measurements over the lifetime of the cells. Data from one represen-
tative experiment out of the two performed are shown. Error bars show
SEM. Multiple two-tailed unpaired t tests were performed. ****P < 0.0001
(A), **P = 0.0053 (B). (C) Representative time-lapse microscopy snapshots of
LLS* or LLS™ (tdTomato) and target bacteria (GFP) over time showing the
shrinking (arrowheads and white squares) and lysis (arrows) of target cells in
contact with LLS*.

LTA Can Interact with LLS and LTA Decorations Influence Bacterial
Susceptibility to LLS. We next investigated molecular determi-
nants which could impact transfer and sensitivity to LLS. The
membrane-bound TOMM SLS can be extracted from the mem-
brane of S. pyogenes by carrier molecules, such as lipoteichoic
acids (LTAs) (36, 37). Since our results show that LLS is also a
membrane-bound molecule, we explored whether LLS interacts
with purified LTA from Staphylococcus aureus, a bacterial species
sensitive to the activity of LLS (7). As shown in SI Appendix, Fig.
S104, upon incubation of Lm with S. aureus LTA, only bacterial
extracts from LLS™ and LLS*-FLAG cells (but not from LLS™
cells) display a hemolytic phenotype associated with LLS activity
(81 Appendix, Fig. S2B), suggesting that LTA is able to extract LLS
from the Lm cell membrane (SI Appendix, Fig. S104). When using
the hemolytic extracts from LLS*-FLAG cells to perform an
immunoprecipitation, we detected a high-molecular mass smear
similar to that of the LLS*-FLAG present in cell-membrane
fractions (SI Appendix, Fig. S10B). These results suggest that
LTA is able to behave as a carrier molecule and can extract LLS
from Lm. However, these extracts do not display bactericidal ac-
tivity (S Appendix, Fig. S11).

LTA is a molecule that can display diverse decorations that
influence bacterial net surface charge as well as cell-wall density
(38). To explore whether LTA decorations might impact sus-
ceptibility to LLS, we assessed the bactericidal activity of LLS
on the LLS-sensitive Lm EGD strain (7), as well as on its iso-
genic ditA mutant, which cannot modify its LTA with p-alanine
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decorations (39). In bacterial coculture experiments, both strains
were found to be susceptible to LLS™ Lm; however, the ditA
mutant showed increased susceptibility to LLS compared with
the wild-type EGD strain (SI Appendix, Fig. S12). Our results
therefore suggest that LTA decorations influence the suscepti-
bility of target bacteria to LLS.

Discussion

Human listeriosis outbreaks are often caused by hypervirulent
Lm lineage I strains characterized by the presence of the LLS
biosynthetic cluster (3, 4), suggesting that LLS might be a critical
determinant for listeriosis severity. LLS belongs to the TOMM
family, which is present in pathogenic and nonpathogenic bac-
teria (9) with a diversity of functions such as cytotoxins (10, 21)
or bacteriocins (7, 11, 12). The conservation and evolution of
these biosynthetic clusters suggest that they present an advantage
for the survival of pathogenic and symbiotic bacteria in very
specific and different niches. In the case of Lm, we previously
demonstrated that the presence of the LLS biosynthetic cluster
represents an advantage in the gastrointestinal tract through
modulation of the host microbiota composition, facilitating the
colonization of the intestinal niche to allow further invasion of
deeper tissues (7). In the present work, we explored the molec-
ular mechanisms of action of LLS on target bacteria.

Furthermore, by employing subcellular fractionation assays,
immunogold-labeling TEM, and superresolution microscopy, we
demonstrate that LLS is primarily associated with the bacterial
cell membrane and to a lesser extent with the cytoplasmic
compartment of LLS-producer bacteria. An LLS high-molecular
mass smear (present in the cytoplasm and at the cell membrane)
is dependent on putative PTMs. The presence in the LLS op-
eron of the genes lsB/lisY/llsD, which encode for a putative
cyclodehydratase—dehydrogenase complex, suggests that LLS is
posttranslationally modified with oxazole, thiazole, or methyl-
oxazole heterocycles (10). Moreover, our previous results upon
deletion of the lIsB gene indicate that the LLS PTMs are critical
for its biological activities (6). The LLS prepeptide displays 18
residues that can harbor PTMs (SI Appendix, Fig. S1B), puta-
tively making LLS one of the most complex TOMM:s. Despite
our extensive efforts using mass spectrometry approaches, we
have not been able to identify the structure of the mature, bio-
logically active LLS. Solving the structure of the mature LLS will
be critical to better understand not only its bactericidal mecha-
nism of action but also its processing and transport from pro-
ducer to target bacteria.

Our results indicate that LLS is not secreted in the culture
medium of LLS-producer cells. However, LLS can be extracted
from the bacterial membrane by yeast RNA core (3) or S. aureus
LTA. Interestingly, while these fractions retain hemolytic activity,
they do not display bactericidal activity. Similarly, purified bacte-
rial membrane fractions containing LLS are nonbactericidal, and
only metabolically active Lm display the capacity to kill target
bacteria in a contact-dependent manner. Other cell-associated
bacteriocins have been previously reported, including the bovicin
HCS from Streptococcus bovis, which can be extracted from the
bacterial surface (40-42). However, these molecules do not dis-
play contact-dependent inhibition (CDI) mechanisms and their
purification can be achieved without loss of bactericidal activity.
At present, we ignore why LLS purified fractions or membranes
are nonbactericidal. We speculate that the LLS structure is altered
in these fractions, hampering recognition by receptors/carriers at
the surface of target bacteria and/or inhibiting translocation to the
target bacterial cell membrane, which has been identified in our
work as a potential target compartment. We hypothesize therefore
that the specific environment at the interphase between meta-
bolically active LLS-producer bacteria and -target cells provides
the conditions that allow transfer of a functional mature LLS
molecule.
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LLS induces cell-membrane permeabilization of the target bacteria that are in contact with LLS-producer bacteria. (A) Time-lapse microscopy enlarged

snapshots of LLS* or LLS™ and target bacteria over time. Lm LLS-producer bacteria (LLS*) and Lm LLS mutant bacteria (LLS™) express tdTomato constitutively
and Lm target bacteria express GFP constitutively from an integrative plasmid. BHI medium was perfused for 3 h and then SYTOX blue dye was diluted in PBS
and added after 2 h to label dying bacteria. (B) Quantification of SYTOX fluorescence intensity of target bacteria in contact with LLS* or LLS™ bacteria
obtained from R (shown in Fig. 3A) represented as mean of the SYTOX signal. Data from one representative experiment out of the two performed are shown.
(Scale bars, 2 pm.) Error bars show SEM. Multiple unpaired t tests with Holm-Sidak correction were performed. P values are significant from 4 h, 15 min

(****P < 0.0001); LLS™ n = 26; LLS* n = 32.

From our study, LTA appears to be a bacterial surface de-
terminant that contributes to susceptibility to LLS. The fact that
purified LTA is able to extract LLS from the Lm membrane
indicates that LTA can behave as a carrier for LLS. However,
purified LTA-associated LLS is not bactericidal. These results
open the way to the suggestion that upon intimate contact be-
tween LLS-producer and -target cells, LLS might use target
bacterial LTA as a receptor/carrier for natural delivery. We also
observed that changes in LTA decorations influence the bio-
logical activity of LLS, as absence of p-alanylations increases the
susceptibility to the bacteriocin. The lack of p-alanine modifi-
cation in the LTA leads to higher bacterial surface electroneg-
ativity (38), suggesting that net surface charges might influence
LLS susceptibility, as it has been previously reported for anti-
microbial peptides such as bacitracin, colistin, polymyxin B, nisin,
and gallidermin (39). However, other pleiotropic effects of the
AdltA mutation, including changes in cell-wall density, could also
impact LLS susceptibility. The study of the potential role of LTA
as a natural target of LLS deserves further investigation in future
studies.

As mentioned, our microfluidic and microscopy experiments
indicate that the contact-dependent (and also concentration-
dependent) activity of LLS is initially associated with growth
arrest of target bacteria (based on k constant measurements) and
then leads to target membrane permeability and depolarization
(based on fluorescent measurements of compartment-specific
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dyes). As opposed to other bacteriocins such as nisin (43),
which alter peptidoglycan integrity and lead to bacterial explo-
sion, our imaging experiments indicate that LLS-sensitive bac-
teria do not explode, as their signal gradually fades away as the
bacterial content is emptied. This observation is congruent with
our click-chemistry results indicating that LLS does not alter the
peptidoglycan integrity, and also with our fluorescent and ATP
measurements indicating that LLS alters target membrane per-
meability. Our proteomics results further suggest that the cell
membrane may be the primary target of LLS activity, as target
bacteria exposed to LLS display a metabolic switch to compensate
for ATP leakage by increasing ATP production while minimizing
ATP consumption. No other pathways such as peptidoglycan re-
pair or DNA replication are modified in target bacteria upon LLS
exposure. In this context, it is highly tempting to speculate that
LLS might behave as a pore-forming bacteriocin.

Contrary to our observations concerning the LLS killing
mechanism, previously studied TOMMs have not been reported
to display CDI. Indeed, MccB17 (the prototypical TOMM) from
E. coli is a secreted bacteriocin (12). SLS from S. pyogenes is also
detected in bacterial supernatants (14, 15). For clostridiolysin S and
plantazolicin from Clostridium perfiingens and B. methylotropicus,
respectively, the mechanism of transfer from producer to target
bacteria has not been studied so far (11, 44). The only previously
reported bacteriocin that displays a CDI mechanism is the two-
peptide bacteriocin CdzC/CdzD from the gram-negative bacterium
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LLS causes cell-membrane depolarization of target bacteria. (4) Three-dimensional reconstructed snapshots showing target bacteria (L. /actis) cul-

tivated alone or with nisin (5 pM), and target bacteria cocultivated with LLS™ or LLS* bacteria after different times of coculture. DiBAC4(3) (2.5 pM) was added
to BHI when bacteria were inoculated. (B) Percentages of depolarized target cells over time represent the % of target cells that yielded higher DiBAC4(3)
fluorescence intensity levels compared with target cells cultivated alone. (C) Quantification of DiBAC,4(3) fluorescence intensity of target bacteria is repre-
sented as a mean ratio (normalized to the background DiBAC,[3] fluorescence levels). Data from one representative experiment out of three performed are
shown. (Scale bars, 1 um.) Error bars show SEM. Multiple unpaired t tests were performed. Significant P values are indicated by asterisks (*P < 0.05, ***P <

0.001, ****P < 0.0001).

Caulobacter crescentus, which forms insoluble aggregates that are
retained on the outer membrane of producer cells (45). This bac-
teriocin, unrelated to TOMMs, uses a type I secretion system and
an adhesion system encoded elsewhere in the genome, displaying a
CDI mechanism against other gram-negative bacteria that lack the
immunity protein CdzI (45). In gram-positive bacteria, CDI has
been described for LXG domain proteins secreted by a type VII
secretion system; however, these proteins can be detected in the
bacterial supernatant, which is not the case for LLS (46).

The potential advantages of a CDI mechanism for LLS-
producing bacteria are diverse. Within a complex environment
such as the intestinal lumen in which hypervirulent Lm produce
LLS to outcompete gut microbiota, the proximity between Lm
and target bacteria can ensure effective killing and minimal LLS
loss (45). As reported before, CDI systems could also limit non-
producer “cheater” cells to benefit from secreted products (47).
Alternatively, it could also be hypothesized that in vivo there are
carrier molecules that allow the diffusion of LLS to distant loca-
tions. Testing this hypothesis should be the objective of future
investigations. In any case, our present work identifies critical and
unique features of the LLS bactericidal mechanism that open the
way to better understand how this bacteriocin contributes to the
hypervirulence of Lm.

Materials and Methods

Cocultures and Split-Well Coculture Bacterial Assays. Coculture assays were
performed for 24 h statically at 37 °C in microaerophilic conditions (6% O,
and 5 to 10% CO,) as previously described (7). Briefly, 5 x 10’ bacteria from
overnight (ON) cultures were inoculated into 5 mL of fresh BHI either alone
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or in coculture with another strain as indicated. At 24 h after inoculation,
cultures were serially diluted and plated on BHI and Oxford agar plates
(Oxoid). Experiments were performed three times independently.

For the split-well coculture assays, 6-well polystyrene plates were used
with Millicell hanging inserts (PET membrane, 0.4- or 8-um pore size). The
cocultured strains were split into the upper and lower chambers. In total,
1 mL of BHI broth was added to the upper chamber and 1 x 107 of each
strain was inoculated from ON cultures. Plates were covered with a lid and
incubated for 24 h statically at 37 °C in microaerophilic conditions.

Subcellular Fractionation. The Lm fractionation was performed as described
previously (20) with a few modifications. The cell-wall, membrane, and cy-
toplasm compartments were separated from 2 mL of stationary-phase culture
(ODggo 2). The bacteria were pelleted and filtered, and filtered supernatant
was precipitated at —20 °C ON with 16% trichloroacetic acid (TCA). The bac-
terial pellet was washed once with 2 mL of PBS and once with 2 mL of TS
buffer (10 mM Tris-HCl, pH 6.9, 10 mM MgCl,, and 0.5 M sucrose). Then the
bacteria were resuspended in 1 mL of TS buffer containing 45 pg mutanolysin
(Sigma) and cOmplete protease inhibitor mixture (Roche) ON statically at 37 °C
to digest completely the cell wall. Protoplasts were pelleted for 5 min at
15,000 x g and the cell-wall fraction was precipitated with TCA as indicated
before for the supernatant. The protoplasts were lysed by four freeze-thaw
cycles (liquid nitrogen and a water bath at 37 °C) in 100 pL of protoplast
buffer (100 mM Tris-HCl, pH 7.5, 100 mM NacCl, and 10 mM MgCl,). The
membrane and the cytoplasm fractions were centrifuged at 4 °C for 15 min
at 16,000 x g. The pellet corresponding to the membrane fraction was then
resuspended in 100 pL of 3-((3-cholamidopropyl) dimethylammonio)-1-pro-
panesulfonate (CHAPS) lysis buffer (30 mM Tris-HCl, pH 7.5, 150 mM Nacl,
and 1% CHAPS). The membrane fraction was sonicated (three cycles of 15 s,
20% amplitude).
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Immunogold Labeling and Transmission Electron Microscopy. Bacteria were
grown in BHI broth ON and the cultures were refreshed until the bacteria
reached an ODggonm Of 2. Strain Lm F2365 pHELP: /[sA-HA was used to detect
LLS and the strain without the tag Lm F2365 pHELP: /IsA was used as a
negative control. Bacteria were fixed with 2% paraformaldehyde + 0.1%
glutaraldehyde in PHEM buffer (60 mM Pipes, 25 mM Hepes, pH 7, 2 mM
MgCl,, and 10 mM ethylene glycol tetraacetic acid) for 2 h at room tem-
perature. After fixation, bacteria were washed with PHEM buffer and the
remaining free aldehydes were quenched with 50 mM NH4Cl in PHEM
buffer. Bacteria were pelleted down and embedded in 12% gelatin in PBS.
After solidification on ice, the bacterial pellet was cut into small cubes of
1 mm>. The cubes were incubated ON in 2.1 M sucrose in PBS and mounted
afterward on metal pins for plunge freezing in liquid nitrogen. Cryosections
with a nominal feed of 60 nm were cut with a Leica UC6/FC6 and picked up
with a 1:1 mixture of 2.1 M sucrose in PBS and 2% methylcellulose in water.
After thawing, the sections were deposited on 200-mesh copper grids
coated with a formvar and carbon film. Immunolabeling according to the
protein A gold method was done as described (48). The rabbit monoclonal
antibody anti-HA (clone 3F10; Roche; 1:100 dilution) and the rat anti-rabbit
conjugated antibody (Epitomics; 1:200) followed by protein A gold (10 nm;
CMC Utrecht) were used. Images were taken with a Tecnai G2 microscope
run at 120 kV, equipped with a Gatan US 4000.

Superresolution Microscopy. The superresolution microscopy (PAINT/dSTORM)
experiments were done on a custom-built microscope as described before
(49). The Nikon TiE Eclipse microscope body was equipped as described be-
fore (50). Briefly, the microscope was equipped with a 100x numerical ap-
erture 1.49 oil immersion objective lens, an ultrasensitive electron-multiplying
charge-coupled device (EM-CCD) camera (Andor iXon Ultra 888), and a couple
of dual-band-pass dichroic mirrors, and the attached laser box is composed of
four high-power lasers: a 405 nm—100 mWV laser (Oxxius), a 488 nm-500 mW
laser, a 561 nm-500 mW laser, and a 642 nm-500 mW laser (MPB Communi-
cations). The wavelength selection was done using an optoelectronic device
(AA Opto Electronic). For detailed methods and analysis of images, see
SI Appendix, Materials and Methods.

Microfluidics and Time-Lapse Microscopy. Time-lapse microscopy was per-
formed with an inverted Delta Vision Elite microscope (GE Healthcare)
equipped with a UPLFLN100X0O2/PH3/1.30 objective (Olympus). An environ-
mental chamber at 37 °C was used enclosing the optical components of
the microscope, the polydimethylsiloxane (PDMS) device, and the stage
(WeatherStation Precision Control; Applied Precision). Images were recorded
with a personal Delta Vision system equipped with a high-speed sCMOS
camera. The exposure time and illumination power settings were as follows:
phase contrast: 150 ms at 50% transmission (T); DAPI (excitation [Ex]: 360/40;
emission [Em]: 457/50): 100 ms at 32% T; fluorescein isothiocyanate (Ex: 475/
28; Em: 525/48): 100 ms at 32% T; and mCherry (Ex: 575/25; Em: 632/60):
100 ms at 32% T. Images were recorded for 10 h at 15-min intervals for
the SYTOX assays and at 8-min intervals for the growth rate assays. For the
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time-lapse microscopy, a customized microfluidic device was used as de-
scribed before with some modifications (25). For detailed methods and
analysis of images, see SI Appendix, Materials and Methods.

Membrane-Depolarization Assays and Fluorescence Microscopy. Cocultures
were prepared as indicated previously. The dye DiBAC4(3) was added to the
BHI medium (final concentration 2.5 pM) when the cocultures were pre-
pared. Nisin was used as a positive control (final concentration 5 uM). After
3, 4, and 6 h of coculture, bacteria were washed once and resuspended in
PBS, mounted on a glass coverslip with Fluoromount-G mounting medium
(Interchim), and dried in the dark at 37 °C for 30 min. Slides were observed
with an AxioObserver.Z1 inverted microscope (Carl Zeiss) equipped with a high-
speed CSU-X1 spinning-disk confocal system (Yokogawa) and an Evolve EM-
CCD camera (Photometrics). Images were acquired through a Plan-Apochromat
100x oil objective, using MetaMorph software (version 7.7.9.0). Stacks of 20
images were acquired every 200 nm in the z axis. Three-dimensional recon-
struction was performed on stacks with IMARIS software (Bitplane; Oxford In-
struments). Icy was used for image processing and analysis. For each condition
tested, at least 150 cells were marked as regions of interest (ROIs) manually by
using only one image of the Z stacks (better focused image). To quantify the
effects of depolarization, ROl mean pixel intensities of the GFP channel were
obtained and normalized to the background mean pixel intensities of the
GFP channel.

Statistics. The Shapiro-Wilk test was used to test the normal distribution of
datasets. Normally distributed data with equal group variances were expressed
as means + SEM. Statistical tests were performed using Prism 8.0 (GraphPad
Software) and differences were evaluated by an unpaired Student’s t test or
unpaired multiple t tests as indicated. The level of significance was set at *P <
0.05. Significant differences are represented by asterisks (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).

Data Availability. All study data are included in the article and/or S/ Appendix.
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