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I. ABBREVIATIONS
°C

degree celsius

µM

micromolar

µM

microliter

A

adenine

abi system

abortive infection system
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actin-assembly-induced protein

Amp

ampicillin

ATc

anhydrotetracycline

BHI

brain heart infusion broth

Blast

Basic Local Alignment Search Tool

bp

base pair

C

cytosine

CBD

cell wall binding domain

ClpAP

clip protease AP

Cm

chloramphenicol

CRISPR

clustered regularly interspaced short palindromic repeats

csn1

CRISPR-associated endonuclease

DNA

deoxyribonucleic acid

ds

double stranded

EDTA

Ethylenediaminetetraacetic acid

ery

erythromycin

MS

mass spectrometry

G

guanine

GFP

green fluorescent protein

HGFP

His-tagged GFP

hly

gene for listeriolysin O

hr

hour

inl

internalin

IPTG

isopropyl-ß-D-thiogalactopyranoside

kDA

kilodalton

LB

Lauria Broth

LC

LB supplemented with CaCl2

iii

min

minutes

ml

milliliter

mM

millimolar

MMC

mitomycin C

MOI

multiplicity of infection

mRNA

messenger RNA

Ni-NTA

nickel-nitrilotriacetic acid

OD

optical density

PBS

phosphate-buffered saline

PBST

phosphate-buffered saline containing Tween-20

PCR

polymerase chain reaction

pfu

plaque forming units

plcA

phospholipase C

Ply

phage lysin

PMA

Phorbol 12-myristate 13-acetate

pmol

pico mol

Prfa

positive regulatory factor A

PtK2

rat-kangaroo (Potorous tridactylis) epithelial kidney cells

RFU

relative fluorescent units

rha

rhamnose

RNA

ribonucleic acid

RTqPCR

reverse transcription quantitative real-time PCR

SDS-Page

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

sigB

sigmaB

SOE

splicing by overlap extension

spp.

species

SPR

surface plasmon resonance

SraP

serine-rich surface protein

T

thymine

TA

toxin antitoxin

TB

tryptose broth

Tris

tris(hydroxymethyl)-aminomethane

TRITC

Tetramethylrhodamine B isothiocyanate

U

uracil

WSLC

Weihenstephan Listeria Collection
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II. SUMMARY
Toxin-antitoxin (TA) systems are small genetic elements, originally identified on plasmids. In
general, these modules consist of two small genes encoding for a stabile toxin and its labile
counterpart. Plasmid-encoded TA modules contribute to plasmid maintenance by selective killing of
plasmid free daughter cells. This process of post-segregational killing is based on differences in
protein stability. After plasmid loss, the level of the degradation-prone antitoxin is reduced, which
liberates the toxin. Depending on the TA system, important cellular processes are targeted which
may result in cell death. Homologs to the several known plasmid-encoded TA systems can also be
found in the chromosomes of bacteria and archaea, however, their distinct role remains elusive.
Functions like the stabilization of conjugative transposons or temperate bacteriophages are
obvious, however location of TA loci randomly distributed in the chromosome indicate a role
despite the stabilization of integrated elements. Based on the observation that free-living bacteria
generally contain much more TA modules than obligate intracellular organisms, it is strongly
believed that TA loci are stress responsive elements representing an alternative survival strategy of
bacterial populations under various conditions.
Listeria monocytogenes is a Gram positive, rod-shaped pathogenic bacterium well adapted to life in
soil and in mammalian host cells. Listeria can survive diverse environmental stresses and due to
their remarkable ability to adapt to and manipulate mammalian hosts for their requirements, Listeria
has become an useful model organism to study host-pathogen interactions. The alternative sigma
factor sigB is one of the key players for survival of the harsh environmental conditions to where
Listeria is exposed. Within the sigB operon, a putative mazEF-like system was identified in Listeria.
The location of the two genes within the sigB operon indicates a role in the stress response
regulation. The aim of this thesis was to investigate and understand the role of this putative
mazEF-like system in L. monocytogenes - programmed cell death inducer, stress modulator or
selfish element – regarding its survival during stress exposure and pathogenicity.
Stringent and tight regulation of gene expression is a prerequisite for the investigation of gene
function in bacteria. As controlled induction systems are rare in Listeria but essential for
determination of the role of the putative mazEF-system, the TetR-regulatory system was adapted
to L. monocytogenes. Stringency and induction ability was tested using gfp as a reporter molecule.
Repression efficiency was found to be dependent on the amount of TetR present in the cell with
99% repression efficiency by using the synthetic promoter Pt17. Verification of the TetR-dependent
regulatory efficiency intracellularly was performed using controlled expression of actA and
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detection of Listeria movement within Ptk2 epithelial kidney cells. In contrast to other systems, fast
and strong induction was also observed within eukaryotic cells. Obtained data thereby confirmed
the applicability of the TetR system in Listeria and allowed further usage during the characterization
of the TA system.
In the study conducted here, evidences for the functionality of the mazEF-like system in Listeria
were provided. Both genes, lmo0887 and lmo0888 encoding the putative TA system, were found to
be upstream of sigB and transcribed within a polycistronic operon including the alternative sigma
factor. Tiling array analysis revealed that sigB was apparently not affected by the deletion of both
genes. However, the TA loci seem to influence the sigB regulon, as 26 out of 54 putative sigB
regulated genes were found to be suppressed in the mutant. Various experiments where Listeria
and its mutants were exposed to stress however, could not assign a distinct role to the system.
Detailed analysis of the role of the single genes was further performed using the TetR-regulatory
system. Toxin induction was shown to induce persistence and increased survival during nutrient
starvation in a mazEF-negativ background. Though, overexpression or deletion of genes does not
reflect conditions found in nature where e.g. MazE is prone to be degraded specifically by
proteases. Therefore, controlled gene regulation of mazE enabled us to create optimal conditions
closer to the transcriptional or post-translational modifications by which MazE is regulated.
Liberated MazF had several effects on growth and morphology but only exhibited moderate toxicity
in Listeria. Following inactiviation of the antitoxin gene, we could show that mazE is neither
essential for survival nor affects pathogenicity of L. monocytogenes.
MazF was demonstrated to process RNA. A synthetic RNA oligonucleotide was designed and MS
analysis was applied to determine the specific recognition site of MazF. The cleavage at
UAC(A/C)U sequences could be verified. Beyond cleavage of mRNA, rRNA was also targeted by
the toxin MazF. SPR analysis revealed strong binding affinities between the proteins which was
further confirmed by inhibition of RNA degradation by co-incubation of MazE and MazF.
Phages are the natural enemies of bacteria and are enrolled in evolutionary processes. Infection by
phages is one of the most likely “stress” bacteria are exposed to within their ecological niches.
Studying the effect of mazEF on phage infection, we found that MazF has a remarkable impact on
the infection ability of the temperate bacteriophage A118. Further studies revealed that MazF, due
to its specific endoribonuclease activity, seem to intervene in A118 infection and regulation of
lysogeny. Consequently, reconstruction of all mutants in a L. monocytogenes strain devoid of any
prophages was performed to be able to exclude bias by the A118 like prophage present in EGDe.
Similar data were thereby obtained when compared to EGDe. Free MazF resulted in increased
plaque forming ability of the temperate phages A118 and A006, whereas for the lytic phage P70,
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reduced infectivity was observed. During screening of the WSLC1001 genome for phage regulatory
elements, a type II CRISPR-cas system was identified, which contains several UAC(A/C)U
cleavage sites. qPCR analysis revealed altered RNA levels of the CRISPR-associated
endonuclease csn1 gene in the presence of MazF. The data obtained provided evidence that MazF
is able to modulate the expression of CRISPR elements by specific RNA cleavage. To verify if this
could mediate changes in phage infection diverse CRISPR related deletion mutants were
constructed. Altered regulation of csn1 also resulted in significant fewer plaques for P70 compared
to A118, where plaque formation was increased. These results are comparable with the data
obtained when free MazF was present in the cell.
Overall, the results presented here provide insights into the role of the mazEF-like system in
Listeria with respect to its survival in its natural environment. Connection of mazEF to the
regulation of CRISPR elements further increases the complexity of networks TA modules are
involved in. The versatileness of TA modules is challenging, and much more research has to be
performed to fully understand the importance of TA modules for bacteria.
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III. ZUSAMMENFASSUNG
Toxin-Antitoxin (TA) Systeme sind weitverbreitete Genelemente bestehend aus einem stabilen
Toxin und seinem durch Protease leicht abbaubaren Antitoxin. Ursprünglich wurden TA Systeme
auf Plasmiden entdeckt und sind verantwortlich für deren Stabilität in der Zelle. Kommt es während
der Zellteilung zum Plasmidverlust, findet die Transkription beider Gene in der Zelle nicht länger
statt. Durch den raschen, Protease-abhängigen Abbau des Antitoxins kommt es folglich zur
Freisetzung des Toxins. Dieses kann entsprechend an seinen Zielmolekülen binden, essentielle
zelluläre Prozesse stören und dadurch den Zelltod induzieren (post-segregational killing).
Homologe zu Plasmid-basierenden TA Modulen wurden auch im Genom verschiedenster
Bakterien und Archaebakterien gefunden, jedoch ist die Rolle dieser nicht eindeutig definiert. Da
die TA Systeme an verschiedenen Orten im Genom der Bakterien gefunden werden können, wird
vermutet, dass sie neben der Stabilisierung von Transposon-Elementen oder Prophagen weitere
Funktionen übernehmen. Die Tatsache dass freilebende Bakterien, welche sich entsprechend an
ihre Umwelteinflüsse anpassen müssen eine höhere Anzahl an TA Systemen enthalten als obligate
intrazelluläre Pathogene lässt die Vermutung zu, dass diese Systeme in der Stressantwort der
Bakterien auf äussere Einflüsse involviert sind.
Listeria monocytogenes ist ein Gram-positives, stäbchenförmiges, krankheitserregendes Bakterium
und Auslöser von Listeriose. L. monocytogenes ist ubiquitär verbreitet und ausserordentlich gut an
seine Umwelt angepasst. Seine Fähigkeit verschiedenste Stressbedingungen zu überleben sowie
sich intrazellulär anzupassen und zu vermehren führte dazu, dass L. monocytogenes zu einem
Modellorganismus für das Studium von Wirt-Pathogen Interaktion verwendet wird. Ein wichtiger
Regulator für die Anpassung an veränderte Umwelteinflüsse ist der alternative sigma Faktor sigB.
Die Analyse des sigB Operons in L. monocytogenes führte zur Identifizierung eines mazEFähnlichen TA Systems. Durch die Lokalisation innerhalb des sigB operons wird ein Einfluss auf die
Stressantwort in Listeria vermutet. Ziel der vorliegenden Arbeit war die Charakterisierung des
mazEF-ähnlichen TA Systems hinsichtlich seiner Eigenschaften bezüglich der Stressantwort und
Pathogenität von L. monocytogenes.
Als Grundlage für die Untersuchung von speziell toxischen Genen und deren Einfluss auf die Zelle
werden regulierbare und induzierbare Promotorsysteme benötigt. Nur eine geringe Anzahl solcher
Systeme sind für Listerien bekannt und bieten die entsprechende regulatorische Effizienz. Auf
Grund dessen wurde im ersten Teil der Arbeit das TetR-basierte Promotorsystem für Listerien
etabliert. Mittels GFP als Reportermolekül wurde die Effizienz der Aktivierung und Repression des
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Promoters untersucht. Die Stärke des detektieren Fluoreszenzsignals variierte abhängig von der
Menge an TetR in der Zelle. Durch die Verwendung des starken synthetischen Pt17 Promotors
konnte so im Vergleich zum Rhamnose abhängigen Promotor Prha eine Repression von 99 %
erreicht werden. Aktivierung durch die Zugabe von 0.4 µM Anhydrotetracycline (ATc) führte zu
ausreichender Genexpression. Die Funktionalität des Promotorsystems, die Genexpression zu
aktivieren und zu reprimieren, wurde zusätzlich in Zellkultur unter Verwendung der PtK2 Zelllinie
getestet. Der Aktinnukleationsfaktor ActA, welcher die Bewegung von L. monocytogenes
intrazellulär gewährleistet, fungierte hierbei als Reporter. Abhängig von TetR und der Menge an
zugebenen ATc zur Aktivierung des Promotors konnte die Bildung von Aktinschweifen beobachtet
werden. Ohne die Zugabe von ATc wurde keine Aktin rekrutiert, was die starke Repression des
Promotors und dessen Funktionalität intrazellulär aufzeigt. Auf Grund der Eigenschaften und der
Robustheit des TetR-basierten Genexpressionsystems konnte im Folgenden das mazEF-ähnliche
TA System in Listerien untersucht werden.
Durch Genomvergleiche von Listeria spp. mit anderen Gram-positiven Organismen wie B. subtilis
und S. aureus konnte ein mazEF-ähnliches System, codiert durch die Gene lmo0887 und lmo0888,
identifiziert werden. Beide Gene befinden sich innerhalb des sigB Operons und werden
entsprechend polycistronisch mit sigB und seinen Regulatoren transkribiert. Tiling-Array Daten
zeigten dass die Deletion beider Gene keinen Einfluss auf sigB hat, jedoch auf die Transkription
verschiedenster Gene die durch sigB reguliert werden, verändert. Insgesamt 26 der 52 im sigB
Regulon enthaltenen Gene werden durch die Deletion von mazEF herunterreguliert. Die
Durchführung verschiedenster Versuche zur Bestimmung des Einflusses von mazEF auf die
Stressantwort von Listerien jedoch zeigten keinen direkten Einfluss. Betrachtet man aber die
Komplexität des Systems und die Vielzahl von Bedingungen denen Listerien ausgesetzt sein
können, ist es möglich dass die entsprechende Voraussetzung für die Aktivierung und den Einfluss
des mazEF Systems noch nicht getestet wurden.
Im zweiten Teil der Arbeit wurden die einzelnen Proteine, MazE und MazF, aufgereinigt und auf
ihre Funktionalität untersucht. MazF konnte als Endoribonuklease identifiziert werden, welche die
spezifische Schnittstelle UAC(C/A)U erkennt und schneidet. Durch die Überproduktion von MazF in
L. monocytogenes konnte nicht nur mRNA sondern auch rRNA als Zielmolekül identifiziert werden.
Die Verwendung von Oberflächenplasmonenresonanzspektroskopie erlaubte weiterhin die
Bestimmung einzelner Affinitätskonstanten und die Bestätigung der MazE/MazF Interaktion. Diese
wurde zusätzlich noch in RNAse-Inhibitions-Versuchen verifiziert.
Im letzten Teil der Arbeit wurde das mazEF-System noch in Bezug auf seinen Einfluss während
der Phageninfektion untersucht. Betrachtet man die Vielzahl an Phagen in der natürlichen
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Umgebung von Bakterien und die Wichtigkeit der entsprechenden Abwehrsysteme für das
Überleben der Population, könnten entsprechende TA Systeme, ob durch Zelltod oder Dormanz,
sicherlich in entsprechende Abwehrprozesse involviert sein.
Ein Überschuss von MazF führte zur erhöhten Plaquebildung des temperenten Phage A118. Um
den Einfluss von MazF auf die Lysogenie von A118 zu untersuchen wurde WSLC1118 verwendet,
welcher den intakten A118 trägt. Prophageninduktion durch Mitomycin C und zusätzliche
Produktion von MazF hatte einen signifikanten Einfluss auf die Anzahl Phagen im Überstand. Da
L. monocyotgenes EGDe einen A118-ähnlichen Phagen in seinem Genom trägt, wurden die
weiteren Versuche in einem L. monocytogenes Stamm durchgeführt, welcher keine relevanten
Prophagen beinhaltete (WSLC1001).
Durch die Verwendung dieses Stammes konnte ausgeschlossen werden, dass vorhergehend
beobachtete Phänotypen auf den integrierten Prophagen zurückzuführen sind. Die Deletion von
mazEF beziehungsweise die Überexpression von mazF hatten auch hier signifikanten Einfluss auf
die

Infektiösität

Vermehrungszyklus

verschiedenster
des

Phagen

Phagen.

Interessanterweise

unterschiedliche

Einflüsse

konnten
detektiert

abhängig
werden.

vom
Durch

Genomanalysen von WSLC1001 konnte ein Typ II CRISPR-cas System identifiziert werden,
welches zusätzlich noch eine hohe Anzahl von MazF Erkennungssequenzen beinhaltete. MazF
Überproduktion führte zur signifikanten Verminderung der RNA level der CRISPR-associated
Endoribonuklease csn1. Um die Annahme, dass die durch MazF verringerte CRISPR-Funktion
einen Einfluss auf die Phageninfektion ausübt, zu bestätigen, wurden verschiedenste CRISPRMutanten hergestellt. Deletion oder die Herunterregulierung von csn1 führte entsprechend der
Hypothese zur verminderter Plaquebildung für Phage P70 und vermehrten Plaquebildung für A118.
Zusammenfassend bietet diese Arbeit eine solide Grundlage für die weitere Untersuchung des
mazEF-ähnlichen Systems in Listerien, besonders hinsichtlich dessen Einflusses auf die
Infektiösität und Vermehrung verschiedenster Phagen. Die Verbindung von mazEF zu CRISPR
Elementen ist nur ein weiterer Hinweis auf die Komplexität der TA Systeme und deren Bedeutung
für das Überleben von Bakterien in ihrer natürlichen Umgebung.
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Introduction

1. INTRODUCTION
1.1

Listeria monocytogenes

L. monocytogenes was originally described by Murray et al. in 1924 [1]. First confirmed isolations
from infected individuals were made in 1929 followed by initial description of the organism [2]. The
genus Listeria belongs to the phylum Firmicutes with low G+C-content. The genus Listeria contains
8 species: L. monocytogenes, L. innocua, L. welshimeri, L. ivanovii, L. seeligeri, L. grayi [3],
L. rocourtiae and L. marthii [4, 5]. Among those, only L. monocytogenes and L. ivanovii are
pathogenic and responsible for severe illnesses in humans or animals, respectively [3].
L. monocytogenes is a Gram-positive, non-sporeforming organism [2], which is well adapted to life
in diverse environments. It has been isolated from soil, silage, groundwater, sewage and vegetation
[6]. The bacterium can adapt to and survive harsh environmental conditions including high
concentrations of salt, acidic pH, limited oxygen, antimicrobial agents, and a wide range of
temperatures by modulation of transcriptional factors. This remarkable adaptability also allows
survival of food processes and growth at refrigeration temperatures [7]. Considering the high
mortality rate of about 20-30 %, although occurrence of listeriosis is low, it makes
L. monocytogenes

to

a

potential

health

threat

organism

[3].

Since

some

decades,

L. monocytogenes is also used as a model for infection biology and intracellular parasitism [8-10]
for understanding host-pathogen interactions and bacterial adaptation to mammalian hosts [11].

1.2

Listeriosis and the pathogenicity of L. monocytogenes

L. monocytogenes is a ubiquitous pathogen and its intracellular lifestyle and its ability to cross three
tight barriers (intestinal, blood-brain, feto-placental) in the human host is the main reason for the
diverse clinical manifestations of the infection. The disease, listeriosis, is acquired by ingesting
contaminated food products [11]. L. monocytogenes has been isolated from different food sources
including milk and dairy products, meat products, seafood, vegetables, and other ready to eat foods
but is also found in natural, urban, and farm environments [12]. Listeria is an opportunistic
pathogen mainly affecting immunocompromised individuals [9] but represents a significant cause of
food-related mortality [13]. In average, it was shown that five to nine annual exposures to
L. monocytogenes occur per individual, with carriage lasting between one and four days [13]. Two
forms, perinatal listeriosis and listeriosis in adults can be distinguished, though the predominant
clinical forms correspond to the infection of the central nervous system [1]. Listeriosis in general is
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Introduction
characterized by meningitis, meningo-encephalitis, materno-fetal and perinatal infections but also
by febrile gastroenteritis [9]. Invasion of L. monocytogenes via the placenta and infection of the
fetus leads to abortion or the birth of a baby stillborn fetus with generalized infection and a high
mortality. Less frequently, infection can also occur late-neonatal accompanied by meningitis,
gastroenteritis and pneumonia. In adults, Listeria infection affects the central nervous system
accompanied by severe changes in consciousness, movement disorders and in rare cases also
paralysis of the cranial nerves [1]. Among the L. monocytogenes strains, serovars 1/2a, 1/2b and
4b are responsible for almost 100 % of the human listeriosis cases [14].
The route of L. monocytogenes infection starts by the uptake of contaminated food products.
Crossing the intestinal barrier, the pathogen traverses the epithelial cell layer and, if not detected
by the immune system, disseminates to the bloodstream and lymphnodes. Primarily, replication of
L. monocytogenes occurs inside splenic and hepatic macrophages, and epithelial or dendritic cells.
L. monocytogenes is able to escape from the phagolysosome and can spread to neighboring cells.
If the host is not able to develop an appropriate immune response to clear the bacteria, they will
keep on multiplying, re-enter the bloodstream and consequently cause a potentially severe
systemic infection [14].
On cellular level, adhesion, invasion, replication and cell spreading is dependent on several
mechanisms and virulence factors, with PrfA as main activator of Listeria virulence expression
(reviewed by Cossart and Toledo-Arana (2008) [9] and Camejo et al. 2011 [14]). The various steps
of the cell infection cycle are depicted in Figure 1.

Figure 1: L. monocytogenes infection cycle
L. monocytogenes is an intracellular pathogen able to spread within eukaryotic cells. After adhesion and
penetration of the mammalian cell, Listeria cells escape from the vacuole compartment, multiply and recruit
actin for their intracellular movement. When present at the cell border, bacteria push the membrane and form
protrusions which allow invasion of neighboring cells. After escape from the new formed two-membrane
vacuole, a new cycle starts [9] (from Tilney and Portnoy [15]).
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Adhesion and entry of bacteria into the cell are the first critical steps during infection. Efficient
adherence activates host cell signaling pathways and facilitates cell invasion. Depending on the cell
type, different proteins are involved in the adhesion process. The adhesion protein Lap (alcohol
acetaldehyde dehydrogenase) and its interaction with the host receptor Hsp60 for example was
shown to promote bacterial adhesion to intestinal cells, whereas the proteins Ami exhibiting Nacetylmuramoyl-L-alanine amidase activity and LapB (SrtA-anchored LPXTG protein) facilitate
adhesion to human or mammalian epithelial cells, respectively. Furthermore, FbpA, a fibronectinbinding protein increases adherence of L. monocytogenes to epithelial cells as well as the Dalanylation of the LTAs which were also shown to contribute to cell adhesion and virulence. Once
attached to the host cell, the entry into non-professional phagocytes is induced by the interaction of
several bacterial surface proteins with specific host receptors. In contrast to macrophages, were
Listeria engulfment is mostly driven by the host cell [14]. The best studied mediators of Listeria
infection are the internalins InlA and InlB. Both proteins interact with specific receptors on the host
cell surface. InlA binds to E-cadherin only, whereas several receptors are recognized by InlB
(gC1qR/p32, Met/HGFR (hepatocyte growth factor receptor) and GAGs (glycosaminoglycans)) [9].
Interaction was also found for Vip-Gp96 which is crucial for Listeria invasion of eukaryotic cells.
Other proteins like P60, GtcA, MprF (multiple peptide resistance factor), were further found to be
involved in the cell entry process as their isogenic deletion mutants were shown to have reduced or
impaired penetration ability. Listeriolysin O (LLO), mainly involved in bacterial vacuole evasion, as
well promotes a more efficient entry by inducing influx of calcium ions [14]. In the cell, Listeria is
entrapped within a vacuole. To resist intravacuolar killing Listeria has evolved several strategies.
The production and SecA2-dependent secretion of a cytoplasmic superoxide dismutase (MnSOD)
and the de-acetylation of N-acetylglucosamine residues of the peptidoglycan prevent initial
phagosomal killing [9]. Subsequently, LLO mediates the escape from the vacuole. Acidification of
the vacuole activates LLO, which beyond other mechanisms, bind to the membrane and
oligomerize
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respectively, as well as proteins which help in folding of translocated proteins (e.g. PrsA2) or signal
peptidases (e.g. SipZ, Lsp) [14]. After about 30 minutes, Listeria can be found in the cytosol and
starts replicating [9] using glucose-1-phosphate for its energetic requirements [14]. The hexose
phosphate transporter protein Hpt mainly mediates proliferation, nonetheless, other proteins like
the lipoate ligase LplA1, the protein Fri for iron storage, or the oligopeptide transporter OppA were
described as necessary for efficient intracellular multiplication. Notable, 29 regulatory RNAs,
including small non-coding antisense RNAs are differently expressed intracellularly, and deletion of
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those sRNAs were even found to attenuate Listeria growth in mouse and insect infection models
[14]. Intracellular movement and cell-to-cell spread allows the Listeria cells to hide from the immune
system and avoid the contact with antibodies or bactericidal compounds [11]. L. monocytogenes
ActA is responsible for the polymerization of actin filaments at one pole by mimicking activity of
WASP family proteins and interaction with Arp2/3. ActA contains several functional domains which
allows not only interaction with WASP family proteins, but also with proteins belonging to
ENA/VASP protein family required for directional and speed regulations [14]. The so formed actin
tail propels the bacterium randomly through the cell [11]. When present at the cell membrane,
internalin C inhibits Tuba and N-WASP activity and thereby contributes to the formation of
protrusions followed by the invasion into a neighboring cell [14]. Lysis of the second vacuole is then
mediated by lecithinase PlcB and also LLO, allowing a new cycle of replication [9].

1.3

The stress response of L. monocytogenes and the role of sigmaB

L. monocytogenes outbreaks are frequently associated with the consumption of contaminated
ready-to-eat food [16]. Although the incidence of human listeriosis is very low [1], it has a quite high
mortality rate of 25-30 % [16]. L. monocytogenes exists in the environment and gains access to the
human food chain either directly or through zoonotic diseases [13]. The pathogen was also further
reported to persist in food-processing environments [17] and recontaminates food after heat
processing [18]. The minimum infection dose to cause severe illness in humans is not exactly
known and depends on several factors [2]. The infection dose also varies depending on the
susceptibility of the host [1]. Post-contamination and multiplication in food products to reach levels
to cause human disease depends on the ability to survive and multiply in diverse environments
[19]. Survival and adaption of the pathogen to changing environmental and energy conditions is
mediated by the alternative sigma factor B (sigB, σB) [20], which regulates the expression of most
environmental stress factors [21], contributes to the resistance of acid, osmotic and energy stress,
and plays an important role for survival during stationary phase [22]. Sigma factors are dissociable
subunits of the RNA polymerase. In response to environmental signals, these alternative sigma
factors bind to the core RNA polymerase and enables the rapid redirection of transcription [23]. In
total, the L. monocytogenes genome encodes for five sigma factors [24], σA, σB, σC, σH and σ54
which were all found to play a role in the adaption to different stresses [25]. Diverse studies were
conducted to investigate the σB regulon of L. monocytogenes. Compared to a ∆sigB null mutant,
transcript levels of > 100 genes were found positively regulated by σB [22, 23]. A partial summary of
the regulatory network SigB is involved in is depicted in Figure 2.
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Figure 2: Partial network of L. monocytogenes transcription regulators

Interaction network of L. monocytogenes transcriptional regulators σB (green), σL (purple), PrfA (orange), HrcA
(red) and CtsR (blue) based on microarray and macroarray data. Solid lines: direct regulation of genes by
given regulators; broken lines indicate indirect regulation; target arrows indicate positive regulation, and target
stops negative regulation; loops indicate autoregulation. Different geometrical shapes are used to differentiate
between transcriptional regulators (gray rounded squares), genes that regulate a transcriptional regulator (blue
rounded rectangles), genes regulated by a single transcriptional regulator (orange) and gene functions e.g.
virulence genes (hexagons), stress-response genes (squares), or metabolism genes (circles). Genes arranged
in vertical columns represent operons (from Chaturongakul (2008)) [19].

A recent study of Chaturongakul (2011) revealed a considerable overlap among regulons with the
majority co-regulated by σB including cross connections between other transcriptional regulators
like prfa, hrcA, mcsA, clpC and hfq. Hfq regulates small RNAs, which increases the regulatory
network σB is involved [26].
Survival of osmotic stress for example is mediated by three transport systems that enable the
efficient uptake of osmoprotectants like betaine and carnitine. Carnitine uptake is predominantly
facilitated by OpuC. Transcription of opuCA-opuCB-opuCC-opuCD operon encoding OpuC was
shown to σB-dependent, whereas the genes encoding for the two betaine transporters BetL and
Gbu seem to be at least partial independent on the transcriptional regulator [25]. Importance of σB
during bile salt stress was recently investigated by Zhang et al. (2011) and was shown to be
essential for the survival particular at high levels of bile (3%) [27]. These data also correlate well
with the study of Hain et al. (2008), showing the dependency of bilEAB and bsh to σB [28].
L. monocytogenes σB is also involved in the response to changes in environmental pH, mainly
through the activation of the GAD acid resistance system [25], but also by direct or indirect
regulation of repair proteins and chaperon activities (GroEL, Clp ATPases, DnaK) [25].
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Furthermore, the transcription of the main virulence-related gene prfa is under control of the two
sigma factors σA and σB, which maintains efficient transcription under a wide variety of conditions
[25]. Other regulators like HrcA and CtsR (negative regulators involve in heat shock stress), CodY
(nutrient response regulator), AgrA (temperature dependent regulator involved in virulence), and
alternative σ-factors are as well involved in stress-response regulation. These data support the
existence of a complex regulatory network L. monocytogenes can fine-tune its gene expression in
response to rapidly changing environmental conditions [29].
Not much is known about the expression and the regulation of sigB in response to changing
environmental conditions in L. monocytogenes. However, the sigB operon of B. subtilis was already
studied extensively and similar regulatory mechanisms can be assumed [25]. The operon of
L. monocytogenes similar to the one of B. subtilis consists of eight genes, the SigB regulator
proteins (RsbR, RsbS, RsbT, RsbU, RsbV, RsbW) and SigB (Figure 3) [21, 25]. Recently, ToledoArana et al. proposed a sigB operon structure (operon 136) including two genes upstream of rsbR,
lmo0887 and lmo0888 [8].

Figure 3: The conserved sigB operon in L. monocytogenes and B. subtilis
Genes belonging to the sigB operon according to O`Byrne et al. are indicated as open arrowheads, with sigB
itself in dark grey. Terminators are indicated as stem loop structures, promoters as angled arrowheads.
Percentages between indicate amino acid sequence identity (from O`Byrne (2008)) [25].

The σB activity is regulated by post-translational protein-protein interactions of, or with the Rsb
proteins as well as by σB autoregulation on transcriptional level [7]. The current model for
L. monocytogenes σB regulation is based on the regulation found in B. subtilis (Figure 4) [25].
In absence of stress stimuli, the anti-sigma factor RsbW interacts with σB and prevents binding to
the RNA polymerase [30]. Association of RsbW to σB is dependent on the phosphorylation state of
the anti-anti-sigma factor RsbV [31]. In growing cells, not exposed to stress conditions, RsbV
mainly exists in its phosphorylated form, which allows RsbW binding to σB [25]. Sensing of stress
signals activates the RsbU phosphatase which dephosphorylates RsbV. Dephosphorylation of
RsbV results in a partner switch from RsbW-σB to RsbV-RsbW, liberating σB which triggers the
activation of the σB operon. Stress dependent activation of RsbU is further dependent on RsbT, a
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paralogue of RsbW. RsbT possesses kinase activity toward its RsbR and RsbS substrates within
the stressosome [31]. In unstressed cells, RsbT is bound to the stressosome, preventing its
interaction with RsbU. Environmental stress results in phosphorylation of the stressosome, RsbT is
released, which then functions as a positive regulator of the RsbU phosphatase [31]. In B. subtilis,
environmental stress like temperature and osmolarity triggers the activation of SigB via the RsbU
phosphatase. In contrast, energy stress (e.g. carbon starvation and ATP depletion) influences the
activity of SigB via RsbP [25]. However, whether these activations also occur in L. monocytogenes
remains to be discovered [31].

Figure 4: Model for regulation of sigB activity in L. monocytogenes
The regulation of sigB is not well understood for L. monocytogenes, yet. However, it is supposed
that regulation mechanisms are similar to B. subtilis. The SigB activity and its binding capacity is
mainly regulated by RsbW. RsbW is inactivated by binding to RsbV in its dephosphorylated state,
catalyzed by RsbU. The RsbU activity is in-turn regulated by modulating the phosphorylation state
of the upstream proteins, RsbR and RsbS (from O`Byrne (2008) [25].
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1.4

L. monocytogenes persistence

Persister cells represent a subpopulation of cells that are in or entering into a dormant, non-dividing
state [32], allowing long-term survival in human hosts, in food or food matrixes [12]. No clear
evidence of persistent infection of humans with L. monocytogenes has been published, however,
persistence of the pathogen for months to several years within food processing and farm
environments, or meat fish, diary, and RTE products has been reported [12].
A recent study of Knudsen et al. investigated whether L. monocytogenes can form persisters and
how these numbers of persisters are influenced. It was shown that a subpopulation of dormant
L. monocytogenes cells can survive treatment with norfloxacin and gentamicin and that the number
of persisters was dependent on the growth phase. Different than expected, the alternative stress
response regulator σB was not involved in the process of persister formation [32]. The enzyme
triphenylmethane reductase (TMR) was also suggested to have a putative role for environmental
persistence of L. monocytogenes [33]. Cell wall-deficient Listeria cells were found not only to be
resistant against cell wall targeting antibiotics [34] but also to be able to persist in phagocytes [35].
Although it has been hypothesized that diverse resistant mechanisms and biofilm formation do
contribute to Listeria persistence [33], the molecular mechanisms are not well understood [12].

1.5

Inducible systems for controlled gene expression in Listeria

Inducible promoter systems for tunable gene expression are one the most important tools not only
for biotechnology applications, but also for investigation of gene functions in bacteria [36].
Especially for research on L. monocytogenes switching form a saprophyte to a pathogen [8] and as
model for intracellular pathogenesis and cell-mediated immunity [37], controllable gene expression
is a prerequisite for understanding of the involved molecular mechanisms. In general, transposon
or deletion mutants are constructed to investigate putative effects of the gene of interest. This
approach, however, is often condemned to failure due to the complete or partial loss of gene
function. Inducible systems thereby allow the precise control of gene expression and the
identification of determinants involved in growth, survival and pathogenesis [37].
Compared to E. coli or B. subtilis, were several inducible systems have been established, inducible
gene expression systems in Listeria are rare and may often suffer from promoter leakiness [36].
Only two inducible systems are described. Dancz et al. adapted the lac repressor/operator system
of E. coli to specifically induce genes in Listeria [37]. This IPTG-dependent Pspac promoter was
found to allow tight regulation of Listeria gene expression [37], but leaky repression in absence of
the inducer was also observed [38]. Based on the demand of having tightly controllable gene
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expression systems available, a rhamnose inducible promoter system was recently established for
Listeria. However, as rhamnose is not actively transported by mammalian cells, the system is not
applicable for the induction of genes intracellularly. Hence, promoter repression in the cytosol of
mammalian hosts would be useful for the development of attenuated vaccine vectors [36].
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1.6

Toxin-Antitoxin Systems

Programmed cell death (PCD) in eukaryotes, termed apoptosis, is a well-known phenomenon and
essential for embryonic development, maintenance of cell homeostasis and removal of damaged
cells during stress and infection [39]. PCD is not only common in eukaryotes but can also be found
in bacteria. Indeed, the existence of PCD in bacteria seems to be counterintuitive for evolutionary
processes as such. However, rather than solely as unicellular organism, bacteria often live in
biofilms where PCD is beneficial for the whole species for example by providing nutrients [40].
Toxin-antitoxin systems (TA systems) can regulate cell growth and cell death under various stress
conditions by inhibition of key molecules of essential cellular processes (see 1.6.3) [39]. TA
systems are extremely abundant in free-living prokaryotes, but are usually not present in restricted
and obligate host-associated organisms, with exception for the obligate intracellular pathogens
Rickettsia conorii and Coxiella burnetii [41]. The action of TA systems relies on differential stability
of the two components [42], with proteolysis and neutralization of the antitoxin as one of the key
elements in toxin activation [43]. Up to now, five different TA systems are known, which are
described below. Activation of TA modules in general occurs stochastically, after distinct
environmental stimuli [43], or like the type I TA systems hok/sok, symER and, tisAB-istr1 by the
SOS response [44, 45]. In earlier studies, TA systems were only described as selfish entities as
they can maintain themselves in bacterial populations by their encoded toxicity [46]. Nowadays, it is
obvious that TA systems are involved in essential cellular processes [47], not essential for normal
growth but advantageous for cell survival in natural habitats [39]. TA systems can also be found in
archaea and fungal genomes [39], which make them even more exciting to elucidate the
advantages for organisms harboring these modules.
1.6.1

Classification of Toxin-Antitoxin systems

Toxin-Antitoxin systems are small genetic elements consisting of a toxin and its antidote. All toxins
discovered so far are proteins, while depending on the class of TA-system (I-V), the antitoxin is
either a protein or a small RNA [48]. In general, Type I and III TA systems encode small RNA
antitoxins which counteract toxin activity by RNA-RNA binding, or by direct interaction with its toxic
target. Type II toxin neutralization is based on direct protein-protein interaction whereas in type IV,
the antitoxin is able to protect the toxin target directly. In type V, toxins are inhibited translationally
by the endoribonuclease activity of the antitoxin targeting the toxin RNA [49] (Figure 5). In the
following chapters, characteristics of the different modules will be described in more detail.
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Figure 5: Funcional classes of canonical TA systems
General overview on the five different toxin-antitoxin systems classified based on the mechanism of the
antitoxin (from Markovski and Wickner (2013) [50]).

1.6.1.1 Type I
Type I TA systems are found on both, plasmids and chromosomes. In contrast to the modules II-V,
in the type I module, the antitoxins are mainly encoded on the opposite strands of the toxin [51].
Beyond stabilization of chromosomal segments and integrative elements, type I systems can
prevent phage spreading within a bacterial population [47]. Type I antitoxins are small unstable
RNAs (sRNA) which work by base-pairing with the mRNA of the toxin thereby preventing
translation of the mRNA [48]. Typically, type I TA systems are encoded in tandem repeats. The
encoded toxic proteins contain less than 70 amino acids in length and harbor a transmembrane
region and a small C-terminal region rich in polar and aromatic residues [52]. PSI-BLAST and
TBLASTN searches allowed prediction of type I TA systems in 774 bacterial chromosomes. Results
obtained suggested that otherwise than type II systems, type I modules are distributed by lineagespecific duplication [52]. As only a limited number of type I TA systems are investigated in detail,
the exact function of type I toxins is not solved. Parallels to phage holins suggest their function in
killing by forming pores, but similarities to small hydrophobic proteins were also found, assuming
their mode of action by affecting ribosome stalling [52]. As an example, TisB was shown to interfere
with the cytoplasmic membrane resulting in inhibition of ATP synthesis [39]. The hok-sok encoded
TA system was the first type I system discovered which is involved in plasmid partitioning (see
chapter 1.6.2.1) [51]. Here, regulation takes place by involvement of a third gene called mok, which
itself is regulated by the antitoxic RNA of sok [48]. Other examples of type I TA systems are listed
in Table 1. SymE-SymR thereby is an atypical type I module known to be SOS responsive. symE
encodes an RNAse potentially involved in the clearance of damaged RNAs [47]. Recently, a new
Type I TA system named ralR/ralA was identified. The ralR antitoxin interacts via base-pairing by
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16 complementary nucleotides to the coding region of ralA which is further dependent on Hfq. RalR
functions as a non-specific endonuclease cleaving methylated and unmethylated DNA [53].
Table 1: Characteristics of type I TA systems
Hosts and properties of known type I TA systems. Depending on the system, the antitoxin is encoded on the
opposite strand and can be found on plasmids and chromosomes or exclusively plasmids (from Fozo et al.
[51]).

1.6.1.2 Type II
Compared to the other TA systems, the members of type II are probably the most abundant and
best described systems [54]. Type II modules are distributed throughout bacterial and archeael
genomes, and the amount of TA loci within one chromosome can vary between 0 and < 50. The
type II TA system database (http://bioinfo-mml.sjtu.edu.cn/TADB/) provides access to the
genomes` TA locus repertoire within 1240 prokaryotic organisms [55]. Type II systems are grouped
into 8-14 families based on similarity and gene structure. Hybrid systems exist where the toxin of
one class interacts with the antitoxin of another class resulting in classification of toxin (13) and
antitoxin (20) superfamilies [48].
In the type II TA system, both the toxin and the antitoxin are small proteins, and protein-protein
interaction results in neutralization of the toxic activity [48]. The transcriptional autoregulation
mechanism of type II TA operons is based on the stoichiometric ratio of toxin and antitoxin
(“conditional cooperativity”). On molecular basis, the regulation is dependent on the affinity
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switches of toxin to antitoxin, allosteric communication between the DNA binding and toxin binding
domains and the steric hindrance of TA complexes, respectively. At low toxin:antitoxin ratios, the
toxin can act as a corepressor with the ability to act as a derepressor if the concentrations increase
[43]. Examples were also shown where promoter activity is regulated by global transcriptional
regulators [56] or proteins which are co-produced within the TA operon, respectively [48].
Non-canonical type II TA modules differ from the typical systems in four main points. Antitoxins can
either be found downstream of the toxin gene (e.g., the higBA and mqsRA) or lack the binding
properties responsible for autoregulation of the operon (mazEF of S. aureus [43] or B. subtilis [57]).
A third subgroup is described by three-component TA modules, where a third regulator is involved
in the regulation of the operon or the neutralization of the toxic activity (e.g., the ω-ε-ζ module from
S. pyogenes). Interestingly, a single protein was found in Ralstonia eutopha harboring truncated
toxin and antitoxin domains, but its role and function remains unclear [43].
The far most studied type II modules are the mazEF, relBE, hipBA, mqsRA, phd/doc and vapBC
[47]. As examples, the mazEF and relBE addiction modules will be described here in more detail.
The mazE and mazF genes were first described as an addiction module in 1996, including the
hypothesis of mazEF regulated induction of programmed cell death. In E. coli, both genes are
located in the relA operon and were found to be partly homologous to pemIK of plasmid R100. In
earlier studies it was postulated that induction of the stringent response and increased ppGpp
levels reduce transcription of mazEF. Based on stability differences of MazE and MazF, MazF can
exert its toxicity which results in cell death [58]. However, as pointed out below, the debate if
mazEF induce cell death is still ongoing [59].
The mazEF genes in E. coli are regulated by two different promoters mainly active in exponentially
growing cells. Activity of the promoters itself is weakly autoregulated by MazE, but efficiently
regulated by the complex of MazE and MazF binding to an “alternating palindrom” in the promoter
region [60]. Reduction of promoter activity is observed under thymine starvation and thereby
triggers mazEF-mediated cell death [61]. Translational inhibitors (rifampicin, chloramphenicol,
spectinomycin) can also induce mazEF-mediated cell death by inhibiting the de novo synthesis of
MazE and reduction of its cellular levels [62].
The programmed cell death phenomenon in E. coli was shown to be dependent on the level of
MazE [62], but also on the density of the bacterial culture, cell-to-cell communication and the
existence of an extracellular quorum sensing molecule called EDF (extracellular death factor) [59,
63]. Rather than the induction of cell death, MazF was also proposed to confer to a reversible state
of bacteriostasis. Induced bacteriostasis by ectopic production of MazF can be resumed by coproduction of MazE, however only within a distinct time (point of no return) [64]. Recently, the work
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puplished by Tripathi et al. (2014) supports the theory of MazF-induced bacteriostasis and persister
formation. By the use of an inactive, active-site mutant of MazF to induce its native promoter,
growth arrest and increased survival during antibiotic stress was observed [65].
MazF of E. coli cleaves mRNA between A and C residues at the ACA sequences [66] producing a
2`,3`-cyclic phosphate upstream of the cleavage site and a free 5`OH group in the downstream
fragment [67]. The enzymatic mechanism is sequence specific and dependent on the existence of
a 2`OH upstream of the ACA motif, with similarities to the cleavage of phosphodiester linkages by
ribonuclease A [68]. In contrast to RelE, active MazF inhibits translation in a ribosome independent
manner [66].
Its antidote MazE consists of a structured N-terminal dimerization domain and, if not bound to
MazF an intrinsically unstructured C-terminal MazF binding domain [43, 64]. Structural analysis of
the MazE/MazF module by Kamada et al. revealed a linear heterohexamer composed of alternating
toxin and antidote homodimers (MazF2-MazE2-MazF2) [69]. It was further proposed that the
unstructured C-terminal region of MazE, which is highly negatively charged, might mimic the singlestranded RNA structure. Binding to MazF by the negatively charged MazE disturbs MazF RNAbinding ability and thus blocks its endoribonuclease activity [64].
Related mazEF-like systems were also identified in Gram-positive organisms. In contrast to E. coli,
mazEF is mainly located upstream of the general stress factor sigmaB (σB). The locational
differences may indicate that similar systems contribute to different stress regulons in different
organisms [58]. Besides findings of mazF orthologes in B. subtilis (ydcE) and S. aureus, organisms
can be found with paraloges containing two (Clostridium acetobutylicum, Shewanella putrefaciens
and Deinococcus radiodurans), three (Enterococcus faecalis) or even seven (Mycobacterium
tuberculosis) mazF-like genes [58].
The genome of S. aureus contains one mazEF-like TA module, located directly upstream of sigB
operon. Full activity of sigB is dependent on the mazEF promoter (PmazE), which is, otherwise than
in E. coli, not autoregulated. PmazE is positively regulated by SarA, a transcriptional regulator of
virulence expression in S. aureus [56]. Originally, enzymatic cleavage specificity of MazF was
described for U-rich VUUV` (V and V` are A, C, or G) sequences [70] but was later replaced by a
more stringent pentad sequence UACAU [71]. Similar to E. coli, overproduction of MazF does not
result in immediate cell death and the induced toxicity can be counteracted by co-production of
MazE. Hence, transcriptional and translational activity can be detected also after toxin induction
[70]. Ectopic expression of MazF results in cleavage of important virulence factors (sraP) and was
therefore supposed to serve as an anti-virulence strategy. However a distinct role for the mazEF
system in S. aureus was not assigned, yet [72]. Similar results regarding toxicity and cleavage
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specificity were also obtained for the non-pathogenic staphylococci strain S. equorum, indicating a
role for mazEF modules beyond pathogenicity [73].
EndoA of B. subtilis shares homologies to MazF of E. coli (25 % identity, 38 % similarity) [74], and
MazF of S. aureus with 62.8 % identity and 79.3 % homology, respectively [75]. EndoA is encoded
by the B. subtilis ydcE (ndoA) located downstream of the gene for its antitoxic counterpart ndoAI
(ydcD) [76], both located immediately upstream of sigB [58]. As described for S. aureus MazF,
EndoA specifically recognizes the five-base sequence UACAU [75] but tolerates substitutions at the
position of the purine bases, but not at the position of the pyrimidines [57]. The mazEF-like system
of B. subtilis was also described to be involved in the stress response. Depending on the stress
B. subtilis is exposed to, mazEF can lower or raise stress mediated killing [76].
TA systems were also found to be cross-activated in response to the production of other toxins.
Increase of MazF activates the relBEF operon and dependent on the stress condition, induction of
mazEF is dependent on relBE [77]. Cross talk even occurs between different types of TA systems
as shown for MqsR which enriches the toxin mRNA ghoT from the type V GhoT/GhoS TA module
[78]. This possible transcriptional cross-activation indicates the complex network TA systems are
involved in [77].
The relBE system is also widely distributed in bacteria and archea [59]. As mazF, relE encodes a
cytotoxin which inhibits growth resulting in viable but non proliferating cells [79]. Its toxicity is
counteracted by RelB, which itself or in complex with RelE (RelB2RelE) autoregulates the
transcription of the relBEF operon [80, 81]. As described for mazEF, binding of the RelBE complex
to its operator is controlled by the RelB/RelE ratio, not by the total amount of the proteins [81].
Transcription of relBE is induced during amino acid starvation. The mechanism is dependent on
activity of the Lon protease, which regulates metabolic turnover of RelB, independent on ppGpp
[82]. Conditional cooperativity was also observed for transcriptional regulation of relBE and thereby
prevents random toxin activation and ensures fast translational recovery after starvation [83]. Both
genes are also involved in plasmid maintenance [80]. RelE toxins, in contrast to its MazF like
counterparts act as a ribosome-dependent endoribonuclease and degrade mRNA after the
transcripts enter the A site of the ribosome [84, 85]. Cleavage of E. coli RelE is usually observed in
the 5` region of the target mRNA between the second and third nucleotide of codons or in between.
Related RelE-like toxins of other species do also not harbor cleavage specificity but prefer
cleavage upstream of purines between the second and the third position of codons. The similarities
between the different species and the low cleavage specificity emphasize evolutionary adaption
after distribution of the addiction module by horizontal gene transfer [85].
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The prevalence of mazEF, relBE and higBA type II systems was recently also confirmed for clinical
isolates of the methicillin-resistant S. aureus (MRSA) and Pseudomonas aeruginosa (PA) [86].
Furthermore a relationship between the presence of vancomycin resistance and of mazEF in the
genome was described [87]. Although the functions of chromosomal located type II systems are not
elucidated [59], impact on pathogenicity, persister formation and multidrug resistance seem to be
obvious.

1.6.1.3 Type III
The type III TA systems were recently identified to function as abortive infection mechanisms, with
the ability to protect bacteria against bacteriophage infection [88]. 125 putative type III TA loci are
divided into three families, based on the protein sequence homology [89]. In contrast to type I
(RNA-RNA) and type II (protein-protein), type III toxins are inhibited by interaction with antitoxic
small RNA pseudoknots [47].
The defining member is the ToxI-ToxN module, originally discovered in the phytopathogen
Pectobacterium atrosepticum [47]. Characterization of the module in E. coli revealed that
production of ToxN is bacteriostatic, and co-production of toxI, a repetitive untranslated RNA, can
resuscitate the cells from dormancy [88]. Inhibition of toxic activity of ToxN is a result of the
formation of a heterohexameric assembly of three ToxN proteins, interspersed by three ToxI sRNA
pseudoknots [48]. Interestingly, ToxN of the type III TA module toxI/toxN shares 3D structure
similarity to the type II toxins Kid, MazF and CcdB, although sequence similarity is low [48, 90].
Sequence specificity analysis revealed that depending on the host, ToxN preferentially cleaves
AAA^(U/G) or A^AAAA sequences and generates a 2`-3`-cyclic phosphate and a 5`OH on the
cleavage products [67]. Expression of toxIN is driven by a single promoter [90], regulated by a
transcriptional terminator located between toxN and toxI [91], with most expression terminating
after toxI [88]. Beyond the functional link to antiviral abortive infection, toxIN is also involved in
plasmid stabilization [91].

1.6.1.4 Types IV and V
The regulation of the type IV module is quite unusual for TA systems, as no direct interaction
between the toxin and the antitoxin takes place. Instead, the toxin directly interacts with its targets
and the antitoxin counteracts the toxin by stabilizing its specific objectives [48]. The YeeU (CbeA)CbtB and CptA-CptB TA modules directly affect cellular morphology and division by inhibition of
ATP-dependet polymerization of MreB and the GTP-dependent FtsZ polymerization, respectively
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[54, 92, 93]. CbtA thereby is bifunctional, with its amino-terminus responsible for FtsZ interaction
and the carboxy-terminus for MreB interaction [54]. YeeU protects both, MreB and FtsZ through
direct binding and enhances the bundling of their filaments [92]. A recent study discovered that the
AbiE phage resistance system function via a novel Type IV TA system and provided a link between
Abi and TA systems. The toxin protein (AbiEii) acts as a GTP-binding NTase, transferring the
nucleotide to a target which results in growth inhibition. AbiEii toxicity is neutralized by the DNAbinding protein AbiEi, which autoregulates the abiE operon. As typical for type IV modules, no
direct interaction was observed for AbiEii and AbiEi [94].
In the type V TA system, the antitoxin protein also harbors a RNAse activity and prevents toxicity
by specific cleavage of the toxin mRNA [48]. The only representative so far is the ghoT/ghoS
module. GhoT acts as a membrane lytic peptide [47] that increases persistence by damaging the
cell membrane and produces a ghost-cell phenotype. The antitoxin GhoS is an endoribonuclease
able to cleave the ghoT transcript at 5`-UNNU(A/C)N(A/G)(A/U)A(A/U)-3` and thereby inhibits
translation and toxicity, respectively. Compared to other antitoxins, no autoregulation was found for
the antitoxin GhoS. Structural analysis of GhoS revealed ferredoxin-like fold similar to the CRISPRassociated-2 sequence specific endoribonuclease suggesting its evolutionary purpose as posttranscriptional regulator for controlling cell growth and preventing phage infection [95]. Recently,
Wang and colleagues (2013) described the mechanism of GhoT activation by the type II TA module
MqsR/MqsA. As ghoT mRNA lacks the specific cleavage site 5`-GCU of MqsR, enrichment of ghoT
mRNA and protein levels occur under conditions of MqsR activation. As ghoS mRNA contains
three MqsR cleavage sites, it is more prone for degradation which liberates GhoT to exert its
effects on the cell membrane and thereby increases persister formation [78].
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1.6.2

Cellular Effects of Toxin-Antitoxin Systems

1.6.2.1 Plasmid maintenance by post-segregational killing
Toxin antitoxin systems, formerly also known as addiction modules, were originally identified on
plasmids responsible for the postsegregational killing (PSK) effect. Addiction modules were named
by the property of the cell to be addicted to antitoxin production, and therefore to the continued
presence of TA genes [46, 96]. Plasmids can be highly beneficial to host bacteria by allowing them
to persist in ecological niches, by harboring pathogenic properties or antibiotic resistances. The
segregational stability of plasmids is not only achieved by partitioning proteins but also by some
addiction modules. After loss of plasmid or other extrachromosomal elements, the module confer
an advantage on plasmid-retaining cells by reducing the competitiveness of their plasmid-free
counterparts [97]. As the antitoxin is not replenished after loss, rapid degradation releases its toxic
counterpart leading to the killing of plasmid-free cells [59, 96]. Through this genetic relationship,
bacterial cells are forced to maintain the genetic addiction modules to be transferred. Only
continuous production of the antitoxin allows survival and ensures integrity of the bacterial
population (Figure 6) [46, 98].

Figure 6: Principal of postsegregational killing
TA systems ensure the prevalence of plasmids within a bacterial population by postsegregational killing (PSK,
PSK+ plasmid in purple). Left panel: plasmid transfer into the daughter cells allows normal growth. The loss of
plasmid results in degradation of the labile antitoxin by specific proteases which liberate the toxin, resulting in
cell death of the plasmid free bacteria. Converse, without an addiction module located on the plasmid, plasmid
can be lost without any further consequences (right panel; from [46]).

Engelberg-Kulka and Glaser described several addiction modules located on plasmids (ccdAB,
kis/kid, pemI/K, parDE) and prophages (phd-doc) which have been intensively studied so far. The
ccdAB (control cell death) module was the first module found to be responsible for killing after
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plasmid loss. The locus consists of two genes, where CcdB toxicity can be counteracted by its
unstable antidote CcdA [96]. The CcdB toxin poisons the covalent gyrase-DNA complex [99],
resulting in a gyrase-mediated double-stranded DNA break. CcdB further induces the SOS
pathway, causes cell filamentation and formation of anucleate cells [96, 100]. As common for
addiction modules, also the ccdAB operon was found to be negatively autoregulated at the level of
transcription by the CcdAB complex [96].
The parD and pem addiction modules located on the plasmids R1 and R100, respectively are
identical and encode the two genes kis/kid (killing suppression and killing determinant) and pemI/K
(plasmid emergency maintenance inhibitor or killing) [101]. The Kid/PemK toxin has been shown to
exhibit sequence-specific endoribonuclease activity which only cleaves singe stranded RNA at the
5` or 3`side of the UAH (H is C, A or U) followed by inhibition of protein synthesis [102]. The operon
is autoregulated and complexes that contain similar molar Kis:Kid concentrations bind to the
operator most effectively. Structurally, Kis/Kid proteins are related to MazEF [99]. Kid/PemK targets
DnaB and toxicity of Kid/PemK is counteracted by stable complex formation with Kis/PemI. In
contrast to the expected role of killing plasmid-free segregants, Jensen and Gerdes suggested celldivision inhibition as primary effect of the pem system rather than killing [101].
The phd (prevention of host death) and doc (death on curing) [96, 101] addiction module stabilizes
the plasmid prophage P1 which exist as a low copy number plasmid after lysogenic infection of
E. coli [96, 99]. In contrast to chromosomal encoded TA systems discussed below, Doc does not
cleave mRNA. In fact, mRNA is significantly stabilized upon Doc induction. Indeed, doc expression
results in rapid cell-growth arrest accompanied by inhibition of translation without significant
perturbation of transcription or replication. The effect of cell killing is prevented by the expression of
phd. The Phd protein builds a heterotrimer complex of two Phd and one Doc polypeptide, thereby
inhibiting toxin activity of Doc. Furthermore, Phd and also the Phd-Doc (2:1) complex autoregulate
antitoxin–toxin module transcription [103]. Recently, Cruz et al. were able to describe the mode of
action of P1 Doc by demonstrating that P1 is able to phosphorylate the translation elongation factor
and GTPase, elongation factor (EF)-Tu at a conserved site of the protein and thereby blocks
translation elongation [104].
The best studied type I TA system found on plasmid R1 is the hok/soc addicion module. The hok
gene product is a potent cell killing protein by leading to cell content leakage and the formation of
ghost cells [47]. Hok toxicity is neutralized by RNA-RNA duplex formation with the complementary
anti-sense RNA sok resulting in RNase III-mediated degradation [47]. The hok mRNA is
extraordinarily stable, while the sok-RNA is rapidly degraded with a half-life of only 30s [47, 105].
The mechanism of postsegregational killing (PSK) can be explained by the differential decay of the
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hok and sok-RNA's: In newborn plasmid free cells the prolonged persistence of the hok mRNA
leads to synthesis of the Hok protein, thus ensuring a rapid and selective killing of these cells [105].

Toxin-Antitoxin systems are not only found on plasmids, but also in the chromosome of bacteria
and are thought to be part of a flexible genome [46]. However, their distinct role in cell physiology is
still under debate and different roles were assigned [106].

1.6.2.2 Role of chromosomally located Toxin-Antitoxin Systems
As described above, the role of addiction modules located on plasmids is obvious. They ensure
plasmid stabilization and are responsible for killing of cells after plasmid loss. However,
homologues of plasmid based TA systems were also identified on the chromosomes (cTA systems)
and seem to fulfill different functions [97]. Beyond the stabilization of integrative conjugative
elements which is similar to the stabilization of extrachromosomal elements, TA modules are also
known to control biological functions including growth control, defense against phages, biofilm
formation, persistence, programmed cell death, and the overall stress response [47] (Figure 7).
Beyond the stabilization of chromosomal elements, TA systems can also serve as anti-addiction
modules and provide immunity against the process of postsegregational killing of newly acquired
plasmids or integrative elements [55, 107].

Figure 7: TA system regulation and their influence on biological functions by targeting
essential cellular processes
The TA-promoter is mostly negatively autoregulated by the antitoxin itself or in complex with its cognate toxin.
Protease-dependent degradation of the antitoxin releases the toxin, which can act on several cellular targets
(transcription, translation, ATP synthesis, peptidoglycan synthesis, and cytoskeleton). As a result, TA systems
influence several biological functions e.g. growth control, persistence and stress response.
T; toxin, AT; antitoxin, P; protease
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A recent study of van Acker et al. (2014) describes the various influences of toxin overexpression
on growth, persistence and biofilm formation and that most, but not all TA modules contribute to
persistence in Burkholderia cenocepacia [108]. Persister cells are defined as cells that entered a
dormant, multidrug-tolerant state. Those cells are not drug resistant, as reinoculation of survivors
results in repeated lysis and only a small new subpopulation of cells survive [109]. Persister
formation seems to be produced by a stochastic process with fluctuations in the concentrations of a
small number of proteins responsible for the formation thereof [110]. Biofilms serve as a protective
habitat for persisters [109] which exhibit tolerance to antibiotics and imparting survival to the
population. This small subpopulation of cells is known to be largely responsible for recurring of
infections [108, 111]. Biofilms do have a major impact on health of humans and are linked to
several diseases e.g. endocarditis, urinary tract infections and cystic fibrosis [109]. The
understanding of biofilm formation by multicellular communities would not only be an important step
for medical issues but also for engineering applications [106].
TA modules, e.g. RelE and MazF can induce bacterial stasis by cleaving mRNA which inhibits
translation. The first gene linked to persister formation was hipA which, not otherwise than
overproduction of RelE and MazF, causes multidrug tolerance [44]. Studies revealed that HipA is a
member of the phosphatidylinositol 3/4-kinase superfamily and can phosphorylate the translation
elongation factor EF-Tu at the Thr382.This is required to induce dormancy since phosphorylated EFTu can no longer bind to aminoacyl-tRNA. HipB located in the same locus functions as a repressor
for the hipAB operon and counteracts the toxicity by covalent binding to the toxin [112, 113].
Deletion of hipA, mazF or relE, although they are involved in persister formation and induction of
dormancy, do not produce a phenotype [113]. As TA systems are involved in persister formation,
they exert influence on biofilm formation. In this context, toxins even appear to be protective for the
survival of the population [111]. MqsRA (motility quorum sensing regulator) [78] was the first TA
system identified which influences biofilm formation of E. coli [47, 106] by cross-talks between the
quorum-sensing system and the regulation of motility [47]. MqsR specifically cleaves mRNA at 5`GCU sites and leads to enrichment of mRNAs that code for stress-associated proteins. Inactivation
of MqsR results in reduced persister formation and vice versa. Similar results were also obtained
for the TisAB/IstR-1 TA system [78].
Difficulties in studying the effect of single TA deletions orginate from the fact that most of them
often do not produce discernible phenotypes as bacteria contain multiple homologous TA systems
with similar functions [44, 65]. In E. coli, only gradually deletion of different TA systems (∆5)
reduced biofilm formation. Here, the reduction of cell lysis by the deletion of the toxins mazF and
yafQ were identified as the main reason [106].
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Bacteria can protect themselves against phage infection by the alteration of surface molecules,
inhibition of DNA injection, or CRISPR loci. In the recent years, also TA systems were discovered
to influence phage infection and replication [114]. Mainly, type III TA systems have been shown to
abort phage infection [47]. ToxIN as part of the type III TA module is known to impart phage
resistance by acting as an abortive infection system. Only a small number of cells harboring ToxIN
can be infected by phages and if, the amount of released particles is significant reduced [115].
Similar roles were also proposed for the type I hok-sok and the type II mazEF system [42].
Recently, a new type II TA module rnlA-rnlB was discovered which was shown to confer phage
resistance [116]. After T4 infection, RnlB is degraded and RnlA becomes activated followed by
degradation of the T4 mRNA and termination of infection [117].
Programmed cell death of a subpopulation can be beneficial for a bacterial population and supports
the theory of bacterial multicellularity [63]. However, if cTA systems induce programmed cell death
(PCD) or the formation of bacterial persisters is still controversially discussed. Various studies at
least indicate that some TA modules mediate cell death under distinct conditions, but the formation
of dormant bacteria upon stress conditions was also often observed [48]. A recent study of the
mazEF TA system in E. coli even showed MazF dependent generation of persisters rather than the
induction of cell death [65].

1.6.2.3 Anti-cell death genes of bacteriophages
Phages can be described as selfish entities and therefore had to evolve systems preventing cell
death during infection [96]. Phages can avoid cell death by antitoxin mimicry, protease inhibition or
hijacking of TA system [54].
Phage λ expresses an anti-cell death gene λrexB during lysogeny, which prevents starvationinduced mazEF and phd-doc mediated cell death [96, 118]. Dmd, a protein encoded by T4 phage
can mimic the antitoxin RnlB. Direct interaction of Dmd with RnlA counteracts its toxicity and allows
normal phage replication [117]. Upon ФTE escape, sequencing of the phage genome revealed
several additional sequences very similar to the 36 nucleotide sequence of the active toxI antitoxin
pseudoknot. In one case, ФTE was even found to have incorporated an exact copy of toxI by
recombination. Adaption of ФTE to its toxIN containing hosts by molecular mimicry of toxI actively
inhibits ToxN and abortive infection. These cases highlight the possibility of bacteriophages to
develop and express molecules that ensures viral replication. Notably, incorporation of antitoxin-like
sequences does also influence the evolutionary outcome. Populations of ФTE variants, for
example, can replicate throughout toxIN carrying cells which results in outpacing the sensitive
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wildtype strains. Futhermore, bacteriophage mediated dissemination of the toxIN into new host
could begin forcing alterations to the microbial community [114].
1.6.3

Toxin activities and their cellular targets

Toxin proteins of different TA systems target a variety of cellular processes and interfere with a
multitude of mechanisms essential for bacterial growth [39]. Although only a few examples of the
different toxins will be described here, it will reflect the huge diversity of mechanisms how toxins
can interfere with main cellular processes (Table 2).
Many toxins function as endoribonucleases targeting mRNA or rRNA in a ribosome dependent or
independent manner [48]. Others were described to inhibit ATP production [39], interrupt
membrane integrity or cell wall synthesis [119]. How TA systems can regulate on the transcriptional
and posttranscriptional level was recently reviewed by Bertram et al. (2014) [119].
MazF, one of the best studied toxins of the mazEF TA module is a ribonuclease which specifically
cleaves mRNA [48]. It was shown that beyond cleavage of mRNA, 16s rRNA of E. coli is also
targeted by MazF. Cleavage of the ACA triplet leads to loss of 43 nucleotides at the 3`terminus
including the anti-Shine-Dalgarno sequence required for initiation of translation. The modified
ribosomes, the so called “stress-ribosomes” then selectively translate leaderless mRNAs (lmRNA).
LmRNAs are generated by specific cleavage of MazF at ACA triplets at or closely upstream of the
start codon AUG. Based on the generation of these specific MazF dependent stress adaptation
mechanisms, E. coli can selective produce a subclass of proteins required for survival [120].
Recently, MazF-mt6 was shown to cleave the 23s rRNA at the ribosomal A site and act among
others by destabilization of the 50S-30S ribosomal subunit association [121] leading to shut-down
of translation activity [119].
Alternatively, inhibition of translation can occur by direct binding of the toxin molecules to ribosomal
subunits [48]. The Doc protein of the phd/doc module generally inhibits translation by interaction
with the 30S subunit [103], whereas RatA, another toxin of E. coli binds to the 50S subunit to block
its association to the 30S subunit. Active RatA inhibits translation initiation but does not affect
already assembled ribosomes [122]. Inhibition by Doc was found to be analogous to the antibiotic
hygromycin B indicating similar target sites at the 30S-50S ribosome interface [39]. Recent findings
provided evidence that the containing Fic domain in P1 Doc, albeit they typically possesses
adenylylations, functions as protein kinase adding a single phosphate group to the essential
translation factor EF-Tu. Phosphorylation of the translation elongation factor EF-Tu prevents its
binding to amino-acylated transfer RNA and is sufficient for overall translation inhibition [104].
Phosphorylation of EF-Tu was also proposed to confer HipA-mediated persistence. Instead,

31 | P a g e

Introduction
tRNAGlu-bound glutamyl-tRNA synthetase (GltX) was found to be phosphorylated by HipA which
inhibits aminoacylation. Consequently, accumulation of uncharged tRNAGlu occurs which results in
stimulation of ppGpp mediated persister formation [123].
Type I toxins in general cause inhibition of ATP production [39]. They encode for small,
hydrophobic proteins that seem to function like holins by introducing pores into the cell membrane
[48, 124]. TisB was recently found to produce clusters of anion-selective pores in lipid bilayers
[124]. Ectopic hok expression is followed by leakage of the cellular content and consequently cell
death [47]. Similar effects are observed for the type V toxin GhoT. GhoT is a small highly
hydrophobic protein and induction causes the formation of ghost cells [48]. TA toxins of type IV
inhibit cell growth and division through direct interaction with its cytoskeletal targets FtsZ and MreB
[39, 48].
In contrast to the disruption of the cell by targeting cell compartments, members of the CcdB and
ParE families influence replication by inhibition of gyrase A (gyrA) [125]. Both toxins seem to act in
a similar way by stabilizing the gyrase-DNA complex and prevention of strand passage [39].
Gyrase poisoning induces DNA double strand breaks, SOS response and cell death [48].
Although the knowledge about TA systems has increased in the past 30 years, many scientific
questions remain [48]. Considering the growing availability of new genome sequences [126], novel
systems will reveal new functions, resulting in an even longer list of mechanisms TA systems may
execute. Regarding their biotechnological applications discussed below, new methods are required
for the identification and characterization of new TA systems [48].
Table 2: List of selected well characterized TA systems, their cellular targets and affected
processes
(from Unterholzner et al (2013) [48])
toxin
Hok

antitoxin/molecular
species
Sok/RNA

type

toxin activity

I

integrates into the inner cell membrane

SymE

SymR/RNA

I

mRNA cleavage

translation

CcdB

CcdA/protein

II

inhibition of DNA gyrase

replication

MazF

MazE/protein

II

translation

Kid

Kis/protein

II

ribosome-independent mRNA and rRNA
cleavage
ribosome-independent mRNA cleavage

RelE

RelB/protein

II

cleavage of ribosome-bound mRNA

VapC

VapB/protein

II

cleavage of tRNA

fMet

cellular
process
ATP synthesis

translation
translation
translation

Doc

Phd/protein

II

binds to the 30s ribosomal subunit

translation

RatA

RatB/protein

II

binds to the 50S ribosomal subunit

translation

HipA

HipB/protein

II

phosphorylation of EF-Tu

translation

ζ

ε/protein

II

ToxN

ToxI/RNA

III

phosphorylation of UDP-Nacetylglucosamine
RNA cleavage

peptidoglycan
synthesis
?

YeeV

YeeU/protein

IV

inhibition of FtsZ and MreB polymerization

cytoskeleton

GhoT

GhoS/protein

V

integrates into the inner cell membrane

ATP synthesis
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1.6.4

Application of TA systems

Toxin-antitoxin systems play an important role in plasmid maintenance and the regulation of
important cellular processes to ensure bacterial survival during stress conditions [47]. Outside their
primary role in controlling bacterial gene expression [119], the functions of TA systems have been
explored for molecular cloning applications [127], protein production [48] or gene therapy against
cancer and AIDS [128].
Positive selection vectors exploit TA systems and have been shown to reduce the time-consuming
step of selecting those vectors circularized with an insert. TA-based vectors express a gene
product toxic for its host. Insertion of the foreign DNA disrupts the gene sequence and toxicity is
relieved and only permits growth of bacteria with insert-bearing plasmids [127].
Inactivation or degradation of the selective pressure antibiotic by resistant bacteria was observed to
be the main reason for plasmid loss and low protein production yields [129]. Cells without plasmids
overgrow their plasmid-containing counterparts and protein production is reduced. Introduction of a
TA system can be used to maintain the selection pressure also after antibiotic depletion. Toxin
activation followed by plasmid loss decreases the growth rate. Consequently, enrichment of protein
producing cells increase protein amount and thereby the efficiency of the protein production [48,
129].
TA genes are present in the most important bacterial pathogens [130] and can therefore be
considered as targets for the development of antibacterial drugs [48]. As the regulation of TA
systems is fine-tuned [98], development of compounds that interfere or disrupt complex formation
(Figure 8 A and B), respectively, stimulate proteolytic antitoxin degradation (Figure 8 C) or inhibit
transcription of the TA operon (Figure 8 D) would result in artificial toxin activity and induction of cell
death [48, 130]. Targeting the TA system must be highly efficient due to the considerable drawback
of persister cell formation [48]. Therefore, a broad knowledge of the targeted TA systems is
essential as well as the identification and characterization of the molecules pretended to use for
toxin activation [130].
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Figure 8: Mechanisms for direct or indirect artificial activation of TA based toxins to kill
bacteria
Several mechanisms can be used for artificial activation of toxins for pathogen control. Depending on the
antibacterial drug (orange fused rings) used, either a direct (green coloured background) or indirect (red
coloured background) toxin activation can be achieved (from Williams and Hergenrother (2012)) [130].
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2. AIM OF STUDY
The main object of this PhD thesis was the characterization of the Listeria toxin-antitoxin system,
the study of its regulation and the determination of its role in the biology of L. monocytogenes. The
focus has been on the question whether this system promotes programmed cell death, a dormancy
state or modulates the stress response of L. monocytogenes.
To establish a basis for the investigation of the TA system the first aim was to adapt the TetRdependent regulatory system for controlled gene expression in Listeria. This allowed fast and
stringent control of mazE and mazF expression to monitor their influences during various
conditions. Single and double mutants lacking mazE, mazF or both were further constructed to
investigate the proposed relationship of these genes to the stress response of L. monocytogenes
when exposed to several stress conditions (antibiotics, high/low temperature, high/low salt
conditions, DNA damage).
In the second part, the properties of the single proteins were determined. To assess their functions
and to characterize MazE and MazF, both proteins were overproduced in E. coli, as single protein
and in case of MazF as complex with its cognate antitoxin. Complex formation studies using SPR
were used to determine the affinities of both proteins and gave valuable information about their
interaction. Putative endoribonucease acitivity of MazF was studied by RNA degradation assays.
For the determination of the specific cleavage site of MazF a novel method using a synthetic RNA
oligonucleotide and mass spectrometry was verified. For MazF target gene identification, we
establisehd a RNA isolation method and subsequent primer placement allowed determination of
toxin-mediated gene cleavage.
To ascertain the role of the mazEF-like system for infectivity of L. monocytogenes, gentamicin
protection and flourescence staining assays were performed in macrophages and epithelials cells.
Determination of survivor cells and fluorescence microscopy was performed aiming to assess the
influence of mazEF in L. monocytogenes pathogenicity. Phage infection is a frequent happening for
bacteria in their natural habitats. Regarding the mazEF-dependent influence during phage infection,
different well-known phages were used for infection.
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TetR-dependent expression of actA is fine-tuned and
revealed unipolar localization of ActA at cell poles of
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Summary

Molecular tools for target gene expression are essentially needed for molecular microbiology. Here,
we describe the establishment of TetR-dependent promoter system in L. monocytogenes, which
allows for stringent controlled target gene expression. Using the synthetic Pt17 promoter high
amounts of soluble TetR could be produced. The suitability of TetR to control gene expression in
L. monocytogenes was demonstrated using gfp reporter strains and anhydrotetracycline (ATc) as
an inducer. To ascertain the functionality of this system in intracellular L. monocytogenes an actA
deletion mutant was complemented by cloning actA under TetR control. In intracellular
L. monocytogenes, induction of actA revealed regular actin-tail formation two hours post induction.
Before L. monocytogenes moved intracellular ActA was randomly incorporated into the bacterial
surface and re-located at the older cell pole.
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Introduction

Listeria monocytogenes is a Gram-positive, non-spore forming, rod shaped, facultative intracellular
bacterium and the causative agent of listeriosis, a severe disease characterized by meningitis,
meningo-encephalitis, materno fetal and perinatal infections [1-4]. L. monocytogenes mainly infects
immunocompromised individuals and the infection is exclusively transmitted to humans via
contaminated food. Therefore L. monocytogenes is regarded as an important food-borne pathogen
[1,5]. The pathogenicity and virulence of L. monocytogenes have been thoroughly studied [2,5]. In
addition the bacterium became a model organism in cellular microbiology and various applications,
such as live vaccine developments [6,7]. Because L. monocytogenes also features a saprophytic
lifestyle much effort is currently being undertaken to understand the ecology of Listeria in the
environment [8]. Examples include the interaction with predatory protozoa and its ability to enter
into a cell wall deficient L-form state [9-11].
In L. monocytogenes the switch between the saprophytic and virulent life styles is controlled by the
regulatory PrfA protein [8]. PrfA is a DNA-binding protein and activates the expression of the main
listerial virulence factors such as inlAB (internalins A and B), actA (actin polymerization), hly and
plcA (listeriolysin O and phospholipase C) [12,13].
ActA is a membrane anchored protein and asymmetrically located at a single cell pole of
L. monocytogenes [4,14]. Together with recruited host cell proteins ActA polymerizes actin
filaments [15]. Actin polymerization allows for intracellular motility of L. monocytogenes in infected
host cells and enables cell-to-cell spread of the pathogen in organs or tissues [16,17]. The
polarized distribution of ActA is related to the bacterial cell division cycle with less ActA at the
septal cell wall compartment compared to the posterior cell pole [17]. So far only little is known
about the reorganization and the establishment of asymmetric polarized protein distribution.
However, for Shigella flexneri, Bacillus subtilis and L. monocytogenes models for the distribution of
membrane-anchored proteins across the cell have been described [17,18]. Positioning of the ActA
protein is likely a consequence of differential cell growth rates, protein secretion and degradation
during growth [17].
The characterization of bacteria depends on the availability of genetic tools. To manipulate
L. monocytogenes these tools are adequate for standard cloning approaches, the generation of
gene knock out mutants and for transposon mutagenesis. However, only a few plasmids are
currently available for the specific induction of target gene expression. Examples are i) pLIV and
derivatives

thereof

which
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use

of

the

LacI

repressor

and

isopropyl-β-D-1-
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thiogalactopyranoside (IPTG) based induction from a highly active PSPAC promoter [19] and ii) pLF1
which applies the recently described Prha promoter that can be specifically induced upon the
addition of rhamnose [20]. As an alternative TetR / tetracycline based expression vectors represent
a promising tool due to major advantages in the characterization of virulence genes in vivo [21].
The corresponding plasmids have been developed for several different organisms and are applied
in both, bacteria [22-24] and eukaryotes [25,26], but have not been available for L. monocytogenes
yet.
Tetracycline is a bacteriostatic broad spectrum antibiotic. It is a small polyketide that specifically
binds to the 30S subunit of bacterial ribosomes thereby inhibiting binding of newly incoming
aminoacyl-tRNA molecules and thus protein biosynthesis [27,28]. Enterobacteriaceae can become
resistant against tetracycline after acquisition of an effective tetracycline efflux pump [29]. The
corresponding genes are originally located on the transposable element Tn10 [28]. Here tetA
encodes a transmembrane protein which exchanges protons for tetracycline-Mg2+ complexes by an
antiport mechanism. Overexpression of tetA causes a massive perforation of the cell membrane
and consequently the loss of the membrane potential and cell death [30]. Therefore, expression of
tetA is strictly controlled by TetR, an allosteric DNA binding repressor protein [31]. Binding of TetR
to its operator (tetO) is highly specific and very sensitive to induction with tetracycline or derivatives
thereof [26]. In its active form TetR binds to the tetO operator as a dimer thereby preventing
transcription of tetA. If tetracycline is supplied, it binds to TetR and after conformational changes
TetR leaves tetO. Finally, expression of tetA takes place and the bacteria are rendered resistant
against the antibiotic [32,33].
In this study we established TetR-controlled gene expression in L. monocytogenes to exploit its
stringent regulatory properties, and report its use to specifically induce particular target genes by
the addition of anhydrotetracycline, a less toxic derivative of tetracycline [26]. Moreover, we
illustrate that expression of actA can be specifically induced in intracellular L. monocytogenes and
that the ActA protein was asymmetrically distributed at the bacterial cell poles after induction.
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Experimental procedures

Bacterial strains and culture conditions
L. monocytogenes strain EGDe was routinely cultivated in half strength Brain Heart Infusion broth
(1/2 BHI) at 30°C. Chloramphenicol (10 μg/ml), erythromycin (7.5 μg/ml) or rhamnose (10 mM) was
added to the culture when appropriate. Anhydrotetracyclin (ATc) was applied to specifically induce
gene expression under TetR control in varying amounts. Escherichia coli XL1-blue MRF’
(Stratagene) was used for cloning purposes and was routinely cultured in LB broth at 37°C with the
addition of chloramphenicol (10 μg/ml) or erythromycin (300 μg/ml). All strains used in this study
are summarized in Table S1.

Cloning procedures and transformation
For cloning, plasmids pPL2, pLF4, pAUL-A, and pLEB599 were used (Table S1). Plasmid pLF4
was applied in order to place gfp expression under PflaA/tetO control (yielding pLMT3) and under
Pxyl/tetO control (yielding pLMT5), respectively. Fluorescence was monitored to analyze repression
and induction performances of TetR. For functional complementation analysis of an actA deletion,
actA was cloned under control of Pxyl/tetO in pPL2 (pLMT8). Suitability of TetR-dependent gene
regulation was tested in infected PtK2 cells in vitro.
To express tetR in L. monocytogenes, pAUL-A and the recently described rhamnose promoter
(Prha) were used [20]. Both, pAUL-A and Prha, were applied to avoid background expression of tetR
in E. coli which causes difficulties during the cloning procedure (personal communication
R. Bertram). The multiple cloning site of pAUL-A is flanked by the phage λ oop RNA terminator t0
and the E. coli rrnB tandemly repeated terminators T1T2. In combination with Prha background
expression of tetR could be prevented [20,34]. All primers used for cloning are summarized in
Table S2. Prha, PflaA and actA were amplified from L. monocytogenes genomic DNA, and Pxyl/tetO
were amplified from pWH105 [23]. For the construction of a TetR dependent PflaA, the tetO
sequence was incorporated into the corresponding oligonucleotide used for amplification. tetR was
initially amplified from plasmid pWH119 derived from Wolfgang Hillen (Friedrich-Alexander
Universität Erlangen, Germany).
For amplification of the desired DNA fragments the PHUSION DNA polymerase (Finnzymes,
Finland) was used. All amplified DNA fragments and vectors were cut using appropriate
endonucleases and purified by standard phenol/chloroform/iso-amylalcohol (25:24:1) extraction
followed by ethanol precipitation. Vectors were dephosphorylated using shrimp alkaline
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phosphatase (Fermentas). Ligation reactions were incubated at 16°C overnight in a water bath
using T4 DNA ligase (Fermentas). The ligation reactions were later used to transform E. coli XL1blue MRF’ by electroporation (2.5 kV, 25 µF, and 200 Ω). Positive clones were identified by colony
PCR using primers flanking the multiple cloning sites of the applied vectors. The corresponding
plasmids were isolated by a standard alkaline lyses method and ethanol precipitation and were
sent to GATC Biotech AG (Konstanz, Germany) for sequence analyses. Finally positive plasmids
were used to transform L. monocytogenes by electroporation (2.2 kV, 25 µF, and 200 Ω).
For the constitutive expression of tetR, the synthetic Pt17 promoter was used. This promoter was
amplified from pRAB2 [24] and blunt ligated with plasmid pLEB599 (kindly provided by T. Takala,
University of Helsinki, Finland). In this case the ligation reaction was used to directly transform
L. monocytogenes by electroporation (2.2 kV, 25 µF, and 200 Ω).

Expression, isolation and detection of TetR in L. monocytogenes
Under control of Prha, expression of tetR was induced by the addition of 10 mM rhamnose to a
growing culture of L. monocytogenes. For constitutive expression, tetR was cloned under control of
Pt17. Western Blot analysis was applied to quantify TetR production. L. monocytogenes was grown
to mid log phase in a 20 ml culture and harvested by centrifugation for 10 min at 5000 g and 4 °C.
The pellet was washed three times in ice cold Tris-HCl (20 mM, pH 7.5) and finally resuspended in
250 µl thereof. The bacteria were disrupted by silica bead beating using the Fastprep FP 120 Bio
101 apparatus (Thermo Savant, Germany) according to the manufactures recommendations. The
lysate was kept on ice and finally centrifuged to remove cellular debris and beads for 15 min at
2000 g and 4 °C. The remaining supernatant was then stored at 4 °C. To determine the protein
concentration the BCA protein assay reagent (Thermo scientific pierce, USA) was applied. The
assay was performed according to the manufacturer’s instruction. The samples were then
separated by SDS-PAGE using 60 µg of raw protein extract. 2 ng of purified TetR protein were
loaded as a positive control. The iBlot® Blotting system (Invitrogen) was used to transfer the
proteins onto a nitrocellulose membrane. The membrane was washed twice with 1% (w/v) skim
milk powder in TBS (10 mM Tris, 150 mM NaCl) and blocked overnight with 5% (w/v) skim milk
powder in TBS. Rabbit polyclonal antibodies against TetR(BD) (Seqlab, Göttingen, Germany) were
used in a dilution of 1:10000 followed by the HRP labelled secondary goat anti rabbit IgG antibody
(1:2500, Calbiochem, VWR, CH). Binding of the secondary antibody was analyzed applying an
appropriate volume of LumiGLO Reserve Chemiluminescent Substrate Kit (Bioconcept).
Chemiluminescence was finally detected using the Kodak image station 2000R (Kodak).
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Fluorescence assays
Expression of the gfp reporter gene was determined using a confocal laser scanning microscope
(TCS SPE, Leica, Germany) and a fluorescence multititer well plate reader (VICTOR3TM, Multilabel
Counter, PerkinElmer, USA). In any case overnight cultures were adjusted to an OD600nm of 1.0 and
were washed three times with PBS prior to the analyses. For spectrophotometry 200 µl of the
bacteria suspension were pipetted into a single well of a black 96 well plate. Each strain was
analyzed in triplicates and the experiment was independently repeated three times. For excitation
λ485nm was applied and emitted light of λ535nm was detected. For statistical analyses the Student’s Ttest was applied (with P < 0.05 and P < 0.01, respectively).

Cell culture, PtK2 cell infections and fluorescence labeling
The rat kangaroo, Potorous tridactylis, kidney epithelial cell line PtK2 was grown routinely in
minimal essential medium Eagle (with Earle′s salts and reduced NaHCO3) supplemented with 1 %
non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine and 10 % fetal calf serum
(FCS) (37 °C, 5 % CO2). Two days prior infection, 1 x 105 PtK2 cells per 300 µl medium were
seeded on µ-slide 8 well chamber slides (ibiTreat, IBIDI, Germany).
For infection L. monocytogenes were grown overnight at 37 °C in steril filtered BHI. LMT13 was
grown with and without 0.4 µM ATc to obtain cultures with different actA expression levels. Cells
were washed three times with pre-warmed media without FCS (infection medium) and infection
was performed with 1 x 107 cells/ml. When appropriate, 10 µg/ml chloramphenicol and
5 µg/ml erythromycin was added to the culture to maintain plasmids. Infected cultures were
centrifuged for 10 min at 300 rpm (30 °C) and incubated for 2 hours at 37 °C, 5 % CO2. Then cells
were washed three times with pre-warmed media supplemented with 10 % FCS and
25 µg/ml gentamycin was added to prevent extracellular growth of the bacteria. To induce actA
expression, 0.4 µM ATc was added to the culture at predetermined time points (at infection, 2, 3,
and 4 hours post infection (p.I.)). Five hours post infection, cells were washed three times with prewarmed PBS and fixed with 3.7 % formaldehyde/PBS solution for 10 min. Auto-fluorescence of
formaldehyde was quenched using 50 mM Tris solution. PtK2 cells were permeabilized for 2 min
using 0.2 % (w/v) Triton X-100/PBS, washed extensively with PBS and staining with HCBD-P35
[35,36] (60 µg/ml) , Phalloidin-TRITC (0.1 µg/ml) and Hoechst (50 µg/ml) for 30 min at 37 °C.
Fluorescence was then inspected using a confocal laser scanning microscope (TCS SPE, Leica,
Germany).
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To monitor ActA localization in intracellular L. monocytogenes, infection was performed as
described above, but without induction of actA expression. Two hours post infection, actA
expression was induced with 0.4 µM ATc and fixation and staining of intracellular Listeria was
performed after 15, 30, 45, 60 and 90 min.
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Results

High level expression of tetR in L. monocytogenes
To express tetR in L. monocytogenes, the rhamnose dependent promoter Prha [20] and the
synthetic and constitutive active promoter Pt17 [37] were applied. tetR was successfully cloned and
expressed under control of both, Prha and Pt17, respectively. As demonstrated by western blot
analyses of crude protein extracts TetR proteins were produced in high amounts in
L. monocytogenes. Depending on the promoter used the amount of soluble TetR proteins varied
significantly. Strongest expression was evident under Pt17 control. Under control of Prha, tetR
expression relied on the amount of rhamnose used for induction. 10 mM rhamnose seemed to be
sufficient for high level tetR expression, because application of 100 mM rhamnose did not further
increase the tetR expression level. Under Pt17 control tetR expression was approximately 50-fold
higher compared to expression under Prha control (Fig. 1).

Figure 1. Western blot analyses of TetR production in L. monocytogenes.
Determination of the total amount of TetR produced by the different promoters using western blot analysis. C:
2 ng purified TetR was loaded as a positive control; 1-4: tetR expression under control of Prha; 1: not induced;
2: induced with 1 mM rhamnose; 3: induced with 10 mM rhamnose; 4: induced with 100 mM rhamnose 5:
empty vector control pLEB; 6: tetR expression under control of the constitutively active Pt17 promoter. The
TetR protein is indicated by an arrow.

Target genes under TetR control can be specifically induced with anhydrotetracycline in
L. monocytogenes
To monitor induction performances of TetR, suitable reporter strains were constructed and applied
in vitro (Table S1). In these strains the expression of the gfp reporter gene is controlled by the
PflaA/tetO (LMT02) or the Pxyl/tetO promoter (LMT07), which contains one or two copies of the tetO
operator sequence, respectively. L. monocytogenes LF005 [20] which expressed the gfp reporter
gene constitutively served as a positive control. As a negative control strain LMT01 lacking any
promoter to drive gfp expression was used. Expression from tetO containing promoters was verified
by fluorescence using the VICTOR3TM Multilabel Counter and by fluorescence microscopy (Fig. 2).
Both reporter strains applied, e.g., LMT02 and LMT07, exhibited bright fluorescence. Generally,
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native expression of flaA is temperature dependent, because flaA is repressed at 37°C by the
MogR repressor [38]. However, the PflaA/tetO promoter was constitutively active and independent of
temperature in strain LMT02 (data not shown). Highest relative fluorescence units were achieved
by strain LMT07.

Figure 2. Expression of gfp under control of different promoters.
Panel A: Phase contrast and fluorescence microscopy of reporter strains used. Panel B: quantitation of
relative fluorescence (RFU) of GFP in reporter strains. Application of the PxyltetO promoter revealed highest
fluorescence in L. monocytogenes strain LMT07.

The two reporter strains were transformed with the corresponding tetR expression plasmids, e.g.,
pLMT6 and pLMT7, respectively, yielding strains LMT05 and LMT06 (Table S1). When tetR
expression was induced by the addition of rhamnose in strain LMT05, fluorescence was
significantly reduced (Fig. 3). Reduction of fluorescence was clearly rhamnose dose dependent,
because the higher the applied rhamnose concentration was, the more profound was the decrease
in fluorescence. Hence, gfp was more efficiently repressed by increasing amounts of TetR. The
addition of 10 mM rhamnose reduced Gfp fluorescence most efficiently and revealed a reduction of
80 % compared to the non-induced cells. To re-establish fluorescence in LMT05 addition of only
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50 nM anhydrotetracycline (ATc) to the bacteria was sufficient to induce gfp expression again in
tetR expressing cells (Fig. 4). ATc induction restored fluorescence to 90% if tetR was under Prha
control compared to LMT05 without tetR expression.

Figure 3. Rhamnose-induced dose-dependent response of gfp repression by increasing
amounts of TetR in strain LMT05.
Panel A, top row: phase contrast microscopy; bottom row: fluorescence microscopy. ATc served to facilitate
expression of gfp through TetR inhibition. Panel B: quantitation of relative fluorescence (RFU) of GFP in
rhamnose-induced and ATc-induced bacteria.

Because gfp repression should be increased by higher amounts of cytosolic repressor proteins, the
synthetic Pt17 promoter was used for tetR expression (see Fig. 1). Higher production of TetR in
LMT06 and LMT11, respectively, turned out to reduce fluorescence by 99 % (Fig. 4). Again gfp
expression was re-established by the addition of the ATc inducer in a dose dependent manner.
After applying 400 nM ATc, gfp expression was not further enhanced, e.g., higher concentrations of
ATc did not yield a further increase in fluorescence. In addition application of more than 500 nM
ATc was not possible, because higher ATc concentrations were toxic to L. monocytogenes (data
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not shown). In strain LMT06 and LMT11, respectively, addition of 400 nM ATc revealed induction of
fluorescence to approximately 80% of the niveau of the tetR negative strain (Fig. 4).

Figure 4. ATc-induced dose-dependent response of gfp expression in LMT06 and LMT11
Panel A, top row: phase contrast microscopy; bottom row: fluorescence microscopy. Panel B: quantitation of
relative fluorescence (RFU) of GFP in ATc-induced bacteria.
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TetR regulated genes can be induced in intracellular L. monocytogenes
In order to investigate the suitability of the TetR dependent gene expression during host cell
infection, strain LMT13 was constructed. In this strain, actA is repressed by TetR. To induce actA
expression ATc was again applied and actin tail formation was determined by fluorescence
microscopy. As illustrated in Fig. 5, actin tails were detected in EGDe wild-type bacteria, whereas
the ∆actA deletion mutant was not able to recruit actin from the cytosol of infected cells.
Complementation of actA deletion was achieved by cloning actA under control of Pxyl/tetO. In strain
LMT12, which did not encode tetR, the bacteria recruited actin and formed intracellular actin tails
like wild type bacteria. If tetR was expressed in strain LMT13, actA was repressed in non-induced
bacteria. Therefore, actin tails were not formed. In contrast actin tail formation was evident in
intracellular bacteria induced before the bacteria were given to the cells (t=0).
In order to test if actA can also be induced in intracellular L. monocytogenes we provided ATc at
different time intervals to the cells. We found that induction of actA also resulted in actin-tail
formation post infection. Bacteria which were intracellular induced 4 h post induction recruited actin
to their surface, although induction was performed only for one hour prior fixation and staining.
However, one hour of induction was not sufficient to redistribute the actin to the cell pole of
L. monocytogenes. Hence actin tails were not observed. If the bacteria were induced intracellular
for two hours or longer, actin tails were clearly visible (Fig. 5).

Figure 5. Tetracycline-induced actA expression in intracellular L. monocytogenes during
PtK2 infection.
Intracellular induction and repression efficiency was tested using TetR dependent actA expression within PtK2
epithelial kidney cells. At different time points (see figure), 0.4 µM ATc was added and recruitment of actin was
investigated by fluorescence microscopy.
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The TetR system allows stringent and immediate control of actA expression in vitro
We further wanted to investigate the rapidity of induction of gene expression by ATc. Therefore, we
induced actA expression 2 hours post infection. Fixation, permeabilization and staining were
performed 15, 30, 45, 90 and 120 min post induction. Already 15 min after induction, some bacteria
started to recruit actin at their surface (Fig. 6) indicating that ActA was incorporated into the
bacterial cell wall. The longer actA was induced, the more actin was recruited to the bacteria, as
indicated by a higher degree of fluorescence. 90 min after induction, we noticed the localization of
actin more frequently at the old poles and less at the division site of the cell (indicated by arrows in
Fig 6). Therefore, intracellular L. monocytogenes exhibit a time-dependent asymmetric distribution
of ActA to the poles. 120 min post induction, actin based movement and intracellular spreading of
L. monocytogenes was evident.

Figure 6. Time dependent distribution of ActA on L. monocytogenes inside PTK2 epithelial
cells.
Recruitment of actin based on induction of actA revealed fast and strong induction of the TetR dependent
promoter. Synthesis of ActA and recruitment of actin was monitored 15, 30, 45, 90 and 120 min post induction
in PtK2 cells. Asymmetric distribution of ActA on the bacterial cell surface appeared 90 min after induction as
indicated by arrows.
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Discussion
The availability of regulatory gene expression systems represent a valuable tool for the analysis of
microorganisms in the post genomic and post transcriptomic area. While genome and
transcriptome analysis provided great insights into genes expressed under certain culture
conditions, many identified ORFs have not been studied yet. Here, inducible gene expression might
enable the analysis of otherwise silenced or repressed genes. Generally, inducible gene
expression vectors for L. monocytogenes already exist, but their use is rather limited because
repression of the target gene is either not absolutely stringent, or expression cannot be induced
intracellularly [19,20].
In particular the TetR-dependent regulatory gene expression seems to be a powerful tool for the
induction of target genes, because it features stringent and immediate control of gene expression.
Moreover, this system is not known to be dependent of the nutritional status of the bacterium, e.g.,
catabolite repression as shown for Plac [39] and Prha [20] does not interfere with TetR based gene
expression. In general, the Tet system is rather prominent and was already applied for functional
studies in several Gram positive and Gram negative prokaryotes [31]. Here we successfully
transferred and established the TetR system in L. monocytogenes. With regard to Listeria a
promising attribute of the TetR system is that genes can be specifically controlled even if
L. monocytogenes is located intracellular within an infected host cell.
In contrast to the leakiness observed for the TetR-system in Staphylococcus aureus [24], strong
expression of TetR from the Pt17 promoter repressed gene expression from the Pxyl/tetO promoter to
a not detectable level in L. monocytogenes. Quantification of residual fluorescence revealed 0.1%
background fluorescence, e.g., 809 RFU. Applying the PflaA/tetO promoter no background
fluorescence was observed (Fig. 4). Moreover, we noticed that repression and induction
performances of the TetR protein were dependent on the amount of TetR present in the cell’s
cytosol. If the concentration of TetR was elevated, gene repression was tighter and a higher
concentration of ATc was needed for gene induction. ATc dose-dependent and fine-tuned induction
of gene expression offers the possibility to establish different protein amounts [24] and circumvents
false interpretation of protein localization results, because anomalous protein production can lead
to unwanted protein accumulation, e.g., the production of inclusion bodies [40].
Although we successfully expressed tetR in L. monocytogenes, we were not able to clone revTetR
genes [23] under Pt17 control (data not shown). This variant of TetR was originally obtained by
extensive mutagenesis to generate various changes in TetR function. In particular variants with
changed inducer specificity or reversed activity have been constructed. The latter proteins exhibit
altered allostery and were termed revTetR. Hence, revTetR proteins respond differently to the
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inducer because the drug acts as a co-repressor [41]. Application of revTetR for controlled gene
expression in L. monocytogenes might represent a further interesting option. However, this issue
needs further investigation.
Recently Travier et al. demonstrated the role of ActA in aggregation and biofilm formation by
L. monocytogenes. Here ActA was shown to mediate colonization and persistence in the gut
lumen, resulting in an increased dissemination of L. monocytogenes into the environment [42]. We
also observed aggregation of strain LMT12 and also LMT13 after ATc induction, but not in noninduced bacteria (data not shown). In fact sedimentation of induced bacteria was dependent on the
concentration of ATc given to the cells. Strain LMT13 cultured with less ATc showed reduced
aggregation and slower sedimentation compared to the culture grown with 0.4 µM ATc (data not
shown). These findings already demonstrated the functionality of the TetR system to fine-tune actA
expression in L. monocytogenes. Previous studies showed polarized, asymmetrical distribution of
ActA on the surface of L. monocytogenes when the bacteria were grown in batch culture [4,16].
The polarization of ActA is essential for actin-based motility and successful infection by
L. monocytogenes [17]. Several studies were performed to clarify the regulated shift from helical to
polar localization of cell-wall anchored proteins [18] and the re-localization of ActA [16,17]. The
application of the TetR system enabled us to induce actA in intracellular L. monocytogenes cells
and to visualize ActA distribution during the infection process. After 90 – 120 min of synthesis of
actin tails and intracellular movement of L. monocytogenes was clearly visible. Time dependent
induction allowed continuous investigation of ActA incorporation and its distribution over the surface
of L. monocytogenes. At early states of induction, ActA was evenly distributed over the bacterial
cell wall. Prolonged incubation and division of Listeria within the epithelial cells revealed a redirection of ActA to the older cell poles. This phenomenon was already described previously [4].
Hence, application of the Tet system does not interfere with the native locomotion of ActA proteins
at the listerial cell wall. In 2006 a model was proposed in which the polarization of ActA is a direct
consequence of the different cell wall growth rates along the bacterium, protein secretion- and
degradation rates and bacterial growth [17]. However, previous studies to investigate the
distribution of ActA in Listeria were always performed either during expression of actA already prior
infection [4] or by labeling using the fluorescence marker RFP [17]. However, results obtained by
fluorescence tagging should be interpreted carefully as improper localization is not always
reflecting native protein location [40]. Time dependent induction by addition of ATc to produce
native proteins could therefore be more representative.
L. monocytogenes is still being used as a model organism to develop live attenuated vaccines for
human therapy [6,43]. However, this is a challenging task, because the attenuated bacteria need to
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be able to persist intracellular and to express recombinant antigens for immune therapy. Moreover,
the expression of foreign antigens should be regulated and should only take place after the
attenuated bacteria entered the cytosol of an infected host cell [43]. This requirement can be met
by the application of tetracycline or ATc based induction of gene expression during live vaccination.
Tetracycline is a broad spectrum antibiotic that can easily enter human cells. It is registered as a
drug for human therapy [44]. In combination with a suitable engineered listerial live vaccination
strain the TetR system could be a promising tool for vaccination studies.
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Supplementary data
Table S1: Strains and plasmids used in this study.
Strain or plasmid

Relevant characteristic

Reference

E.coli
∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1
recA1 gyrA96 relA1 lac [F′ proAB lacIqZ∆M15 Tn10 (Tetr)]

Stratagene

EGDe

wild type

J. Kreft

EGDe∆actA

actA deletion mutant, derivative of EGDe

XL1-Blue MRF'
L. monocytogenes

1001 derivative, tRNA

Arg

LMT01

1001 derivative, tRNA

Arg

LMT02

EGDe derivative, tRNAArg::PflaAtetOgfp

LMT03

EGDe derivative, tRNA

LF005

LMT04

::Phypgfp
::gfp

J. Kreft
[20]
This work
This work

Arg

This work

Arg

This work

Arg

EGDe derivative, tRNA

::PflaAtetOgfp, pAUL-A
::PflaAtetOgfp, pLEB599

LMT05

EGDe derivative, tRNA

::PflaAtetOgfp, pLMT6

This work

LMT06

EGDe derivative, tRNAArg::PflaAtetOgfp, pLMT7

This work

LMT07
LMT08
LMT09

Arg

This work

Arg

This work

Arg

This work

Arg

EGDe derivative, tRNA

EGDe derivative, tRNA

EGDe derivative, tRNA

::PxyltetOgfp
::PxyltetOgfp, pAUL-A
::PxyltetOgfp, pLEB599

LMT10

EGDe derivative, tRNA

::PxyltetOgfp, pLMT6

This work

LMT11

EGDe derivative, tRNAArg::PxyltetOgfp, pLMT7

This work

LMT12
LMT13

Arg

This work

Arg

This work

EGDe∆actA derivative, tRNA
EGDe∆actA derivative, tRNA

::PxyltetOactA
::PxyltetOactA, pLMT7

Plasmids
pPL2
pAUL-A
pLEB599

cat cat; E. coli/L. monocytogenes shuttle vector; thermosensitive
ori for Listeria
cat ermC; E. coli/L. monocytogenes shuttle vector;
thermosensitive ori for Listeria
ermC; E.coli/L. monocytogenes shuttle vector

[45]
[34]
T. Takala

pWH105

pHT304 derivative, Pxyl/tetO with two tetO operator sequences

[23]

pWH119

pHT304 derivative, PxlyA/tetO tetR

[23]

pRAB2

pCX19 derivative, cat Pt17 tetR

[24]

pLF4

pPL2 derivative, gfp

[20]

pLF5

pPL2 derivative, Phypgfp

[20]

pLMT1

pPL2 derivative, PflaAgfp

This work

pLMT2

pPL2 derivative, PflaAtetO

This work

pLMT3

pPL2 derivative, PflaAtetOgfp

This work

pLMT4

pPL2 derivative, PxyltetO

This work

pLMT5

pPL2 derivative, PxyltetOgfp

This work

pLMT6

pAUL-A derivative, PrhatetR

This work

pLMT7

pLEB599 derivative, Pt17tetR

This work

pLMT8

pPL2 derivative, PxyltetOactA

This work
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Table S2: Oligonucleotides used in this study. Introduced RBS is shown in bold, restriction
endonuclease cleavage sites are underlined.
oligonucleotide

sequence 5`- 3`

remarks

P.2850 f2

attgcggtacctattccgtgataatttgg

KpnI

P.2850 r

aaacggccgactcattttagttaagcgc

EagI

PtetO fwd

aaagagctcgttatactaaaagtcgtttgttgg

SacI

PtetO rev

aaacggccgccttgtttgttagtaagcttgg

EagI

PflaA f

atatagagctcagaacaaaagagcaaacgt

SacI

PflaA tetO r

aaacggccgctctatcaatgatagaggctttattatatcttcatttttttaaaa

EagI, tetO

tetR fwd

aaacggccgaggaggtgatcacatatgtctagatta

EagI, XbaI RBS

tetR rev

aaagtcgactcagactatttgcaacagtgccgt

SalI

actA fwd

ttttttctgcagaggagggagtataagtgg

PstI, RBS

actA rev

ttttttgtcgactcaagcacatacctagaacc

SalI

Pt17_2(pRAB2)

aaagagctcgccaccatgtttct

SacI

N16

atcaaaacatacgctcttatc

[45]

PL95

acataatcagtccaaagtagatgc

[45]
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Figure S1: Scheme of rhamnose (rha) and anhydrotetracyclin (ATc) induced gene
expression by TetR in the L. monocytogenes reporter strains
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Summary

Toxin-antitoxin (TA) systems are widespread among bacteria and are known to be involved in
stress response, virulence and persistence. Among the type II TA modules, mazEF of E. coli is one
of the best described systems. Alignments of genome sequences of several Listeria species evince
the existence of a putative mazEF like system encoded by lmo0887/0888 within the sigB operon.
We show that deletion of both genes does not influence growth. Though, tiling array analysis
elucidated that not the general stress response regulator sigB, but its regulon is affected by the
deletion. We further demonstrate that ectopic expression of MazFEGDe induces a dormant stage,
rather than cell death with constant CFU counts for several hours. The induction of the dormancy
attends with increased survival under restrictive growth conditions. We further determine the
recognition sequence of MazFEGDe by using a synthetic RNA oligonucleotide and mass
spectrometry analysis revealing cleavage specificity for UAC(C/A)U. Using surface plasmon
resonance measurement strong interaction with a nanomolar equilibrium affinity of MazEEGDe to
MazFEGDe was monitored. The data obtained during this study clearly describe the functionality of
the mazEF-like system in L. monocytogenes and its putative role during survival in nutrient limited
environments.
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Introduction

Listeria monocytogenes is a Gram-positive, nonsporeforming, facultatively anaerobic rod (Farber
and Peterkin 1991) and has been implicated as the causative agent of food-borne listeriosis
(Farber and Peterkin 1991, Cossart and Toledo-Arana 2008, Toledo-Arana, Dussurget et al. 2009).
Listeria is well adapted to its environment and is found ubiquitously distributed in soil, silage,
groundwater, sewage and vegetation (Freitag, Port et al. 2009, Toledo-Arana, Dussurget et al.
2009). The pathogen is able to survive temperatures from - 0.4 to 50 °C (Farber and Peterkin
1991), and acidic conditions as well as high osmolarity (Becker, Cetin et al. 1998, WemekampKamphuis, Wouters et al. 2004). The ability to rapidly adapt to changing conditions in the
environment is crucial for survival of the bacteria and is mainly mediated by the alternative sigma
factor B (σB) (Becker, Cetin et al. 1998, Hain, Hossain et al. 2008). Whole genome-based
transcriptional profiling revealed that genes comprising the σB regulon in L. monocytogenes encode
solute transporters, cell-wall proteins, general stress proteins, and transcriptional regulators which
are involved in the adaption to a distinct stress Listeriae are exposed to (Hain, Hossain et al. 2008).
σB itself is regulated posttranslational by a complex system of phosphatases and kinases encoded
by rsb genes (Ferreira, Gray et al. 2004, van der Veen and Abee 2010) present in the same operon
as σB (Chaturongakul and Boor 2004, Toledo-Arana, Dussurget et al. 2009).
Another possibility for bacteria to adapt to and survive stress conditions is to response by the
activation of so called toxin-antitoxin systems (TA systems). Toxin-antitoxin loci (TA loci) were
originally discovered due to their ability to stabilize plasmids by post-segregational killing (PSK) as
a consequence of differences in stability of the toxin and the antitoxin. The degradation of the
antitoxin after plasmid loss liberates the toxin, which prevents growth of plasmid-free cells (Pandey
and Gerdes 2005). TA systems can also be found on chromosomes and are known to be present in
almost all free-living prokaryotes, often in surprisingly high numbers. As the abundance of TA loci in
obligate intracellular organisms which multiply in stable environmental conditions is quite low, it
indicates their putative role during adaption processes (Gerdes, Christensen et al. 2005, Pandey
and Gerdes 2005). Although TA systems may not be essential for growth, they are constitutively
expressed and thought to enable cells and communities to react on sudden environmental changes
(Yamaguchi, Park et al. 2011). In general, TA systems are classified into five different systems,
depending on the mechanism of the antitoxin (Schuster, Park et al. 2013). Type I systems consist
of a small hydrophobic polypeptide which has been shown to disturb the cytoplasmic membrane
(Unoson and Wagner 2008). The toxin activity is inhibited by a RNA-antitoxin (antisense), which
can bind to its cognate toxin mRNA, followed by degradation (Yamaguchi, Park et al. 2011). Type II
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TA systems are the most extensively studied systems so far. Typically, all systems are encoded by
an operon of two small genes, where the antitoxin is mainly located upstream of its toxin. The
function of the toxin is suppressed by complex formation with the cognate antitoxin. Under stress
conditions, the less stable antitoxin is degraded which liberates the toxin (Yamaguchi, Park et al.
2011). Although the main features of the Type II TA systems are quite conserved, different toxin
activities were identified (Bernard and Couturier 1992, Liu, Zhang et al. 2008, Neubauer, Gao et al.
2009, Mutschler, Gebhardt et al. 2011, Syed, Koyanagi et al. 2011, Syed and Levesque 2012). In
the Type III TA systems, the antitoxins are small processed RNAs that antagonize their cognate
protein toxins by direct interaction (Short, Pei et al. 2012). Recently, two new TA systems, Type IV
and V, were discovered. The toxin of YeeU-CbtA system (Type IV TA system) of Escherichia coli
was shown to affect cellular morphology and division by direct interaction with target molecules
(Masuda, Tan et al. 2012) whereas in the Type V TA system, GhoS was shown to be a sequence
specific endoRNase that cleaves ghoT mRNA, preventing its translation and its toxicity. GhoT, like
the toxins of the Type I systems, acts as a membrane lytic protein, can lead to cell death and
increases persister formation (Wang, Lord et al. 2012). The mazEF system, belonging to the type II
TA systems, is well characterized in E. coli (Zhang, Zhang et al. 2003) and was also found in Gram
positive organisms. In contrast to E. coli however, both genes were found located directly upstream
of the sigB operon (Pellegrini, Mathy et al. 2005, Fu, Donegan et al. 2007, Schuster, Park et al.
2013). In Staphylococcus aureus the promoter (PmazE) but not the mazEF module has influence on
sigB expression and the response to environmental and antibiotic stresses (Donegan and Cheung
2009). The ndoAI TA system of B. subtilis was found to mediate protective effects but also
enhanced stress-mediated killing depending on the stress the bacteria are exposed to (Wu, Wang
et al. 2011). In general, the physiological functions of the chromosomally located TA systems are
not well understood yet, but there are several indices, that TA systems are stress responsive
elements, which inhibit cell growth or lead to cell death by targeting a key molecule in cellular
processes (Aizenman, Engelberg-Kulka et al. 1996, Buts, Lah et al. 2005, Engelberg-Kulka, Hazan
et al. 2005, Wu, Wang et al. 2011).
Genome alignments revealed putative mazEF-like systems in all Listeria isolates from which
complete or partial genome sequences are available. The mazF-like toxin and the mazE-like
antitoxin were found directly upstream of the sigB operon just as described in S. aureus (Fu,
Donegan et al. 2007), S. equorum (Schuster, Park et al. 2013) and B. subtilis (Pellegrini, Mathy et
al. 2005). Close relationship found between B. subtilis and Listeria species (Glaser, Frangeul et al.
2001) indicate a similar role of the system within the listerial chromosome. Here we describe that
lmo0887 and lmo0888 encode a functional TA system in Listeria with homologies to the known
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mazEF system. We were able to demonstrate that induction of the toxin mazF does not result in
cell death, but induces dormancy which mediates increased survival during starvation conditions. In
addition, we found an aberrant phenotype upon toxin induction. We further provide data that
MazFEGDe exhibits a sequence-specific endoribonuclease activity with cleavage specificity for
UAC(A/C)U in vitro, which also seems to target listerial rRNA. The cleavage activity can be
inhibited by its antitoxin. Interaction was further assayed using surface plasmon resonance, which
confirmed strong binding affinities. The data provided here indicate that L. monocytogenes contain
a functional TA system which is not essential for growth but favorable under restrictive conditions.
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Experimental procedures

Bacterial strains and media
Bacterial strains and plasmids used in this study are listed in Table 1. E. coli XL-1 blue MRF` cells
used for general cloning procedures were routinely grown in Luria-Bertani (LB) broth at 37 °C.
Antibiotics

were

added

depending

on

the

resistance

marker

(ampicillin;

100 µg/ml,

chloramphenicol; 10 µg/ml, erythromycin; 300 µg/ml). L. monocytogenes EGDe and its derivatives
were grown in one half brain heart infusion (1/2 BHI) broth at 30 °C with agitation. Transformants of
Listeria were grown in 1/2 BHI broth supplemented with the appropriate antibiotics (Cm; 10 µg/ml,
Ery 5 µg/ml). If needed, 0.1 µM anhydrotetracycline (ATc) was added to induce TetR dependent
mazF expression of the promoter Pxyl/tetO.
Table 1: Strains and plasmids used in this study
Strain or plasmid
E. coli
Xl-1 blue MRF`

Relevant characteristics

Reference
Source

∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1
q

r

or

Stratagene

gyrA96 relA1 lac [F′ proAB lacI Z∆M15 Tn10 (Tet )]
BL21(DE3)Gold
L. monocytogenes
EGDe
EGDe∆mazEF
EGDe∆mazE::gfpmazE
EGDe∆mazF::gfpmazF
Plasmids
pETDuet
pHGFP
pKSV7

-

–

–

+

r

E. coli B F ompT hsdS(rB mB ) dcm Tet gal λ(DE3) endA Hte

Novagene

wild type
EGDe, ∆lmo0887 and ∆lmo0888
EGDe, exchange of mazE by N-terminal gfp tagged mazE
EGDe, exchange of mazF by N-terminal gfp tagged mazF

J. Kreft
This work
This work
This work

encodes two multiple cloning sites (MCS), each of which is preceded by a
T7 promoter, operator and ribosome binding site (rbs), used to coexpress two different target genes
gfp-mut2 cloned into BamHI–SacI site of pQE30; produces 6xHis-tagged
GFP

Merck Millipore

lacZα` multiple cloning site, temperature sensitive origin of replication,
r

r

amp in E. coli, cm in L. monocytogenes
pAUL-A

lacZα` multiple cloning site, temperature sensitive origin of replication,
r

r

ery in E. coli, ery in L. monocytogenes
pLEB599
pWH105
pHGFPTEVMazE
pLMT7
pET19b
pETDuet-1(His)6MazFMazE
pETDuet-1Avi(His)6MazFBirA
pKSV7∆mazEF
pLEBtoxon/off
pET19bmazF
pAULAgfpmazE
pAULAgfpmazF

78 | P a g e

r

ermC ; E.coli / L. monocytogenes shuttle vector
Pxyl/tetO containing plasmid, two tetO sites integrated

(Loessner,
Kramer et al.
2002)
(Smith
and
Youngman
1992)
(Chakraborty,
LeimeisterWachter et al.
1992)
T. Takala
(Kamionka,
Bertram et al.
2005)
This work

mazE-like gene containing a TEV cleavage site, cloned into SacI/SalI
cloning site of pHGFP
pLEB599 derivative, Pt17tetR
N-terminal His-Taq sequence with integrated enterokinase site
Plasmid for co-production of (His)6MazFEGDe and MazEEGDe

Manuscript I
Novagen
This work

Plasmid engineered for production of biotinylated MazF

This work

r

pKSV7 with lmo0887/0888 flanking regions, cam
pLEB599 derivative harboring the inducible TetR expression system,
MazF induction by addition of ATc
pET19b derivative for production of (His)6MazF
pAULA derivative for chromosomal exchange of mazE by gfpmazE
pAULA derivative for chromosomal exchange of mazF by gfpmazF

This work
This work
This work
This work
This work

Description of a type II toxin-antitoxin system in L. monocytogenes
General cloning procedures
The effect of MazF production in L. monocytogenes was studied by an inducible TetR dependent
expression system (Manuscript I). Pt17tetR was amplified from pLMT7 using the primer pair P20
and P21 (Table S1). The TetR dependent promoter Pxyl/tetO was amplified from pWH105 (Kamionka,
Bertram et al. 2005) using P18 and P19. L. monocytogenes EGDe genomic DNA was used to
amplify lmo0888 (mazF) with the primers P16 and P17. The amplified fragments were digested
according to their integrated restriction sites. Subsequent ligation allowed the amplification of the
Pt17tetR/Pxyl/tetOmazF fragment using the primer pair P21/P17 and ligation into EcoRV digested
pLEB599 to generate pLEBtoxon/off.

Generation of L. monocytogenes in frame deletion mutants by homologous recombination
The L. monocytogenes EGDe∆mazEF mutant was constructed according to the procedure
described in (Eugster, Haug et al. 2011) using the suicide vector pKSV7 (Smith and Youngman
1992). Briefly, L. monocytogenes EGDe DNA was used as a template to amplify the 500 bp
flanking regions of lmo0887/lmo0888. The upstream region of lmo0887 was amplified using primers
P1 and P2 (AB), while P3 and P4 (CD) were used to generate the 500 bp fragment downstream of
lmo0888. The resulting fusion product (~1000 bp) was subsequently ligated into pKSV7.

Implications of MazF overproduction in L. monocytogenes
The effect of toxin overproduction was studied using the TetR dependent system for inducible
expression of MazF. pLEBtoxon/off enabling the induction of MazF by the addition of ATc was
transformed into EGDe∆mazEF generating EGDe∆mazEF[pLEBtoxon/off]. At OD600nm ~ 0.4, MazF
production was induced by the addition of 0.1 µM ATc. Effect of MazF production on survival in 1/2
BHI and in the chemical defined medium MCDB 202 (Combrouse, Sadovskaya et al. 2013) was
verified by OD measurements and the determination of colony forming units (CFU) at different time
points. As toxin induction resulted in altered cell morphology, analysis of the cell wall surface was
performed using the C-terminal cell wall binding domain (CBD) of phage A511 fused to GFP. The
binding of the fluorescent protein HGFP-CBD511 was carried out as described in (Loessner,
Kramer et al. 2002). To investigate the effect of toxin induction on the rRNA of L. monocytogenes,
RNA extraction of induced and not induced (control) cultures were carried out as described before
(Loessner, Schneider et al. 1995). The purified RNA was analyzed on a 3.5% TBE-Urea/0.3 %
agarose-PAGE and stained by ethidium bromide.
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Production and purification of proteins
The pETDuet system was used for co-production of (His)6MazFlmo - MazE in E. coli. MazE was
amplified from the EGDe genome with the primers P22/P23 and subsequently cloned into the
second multiple cloning site (MCS) of pETDuet. For mazF, we used the previously cloned
pET19bmazF (primer pair P24/P25) and excised the (His)6mazF sequence via NcoI and BamHI.
The fragments were purified by gel extraction and ligated into pETDuetmazE (2nd) to generate
pETDuet-1(His)6MazF-MazE.

Production

of

proteins

was

performed

in

BL21(DE3)Gold.

Coproduction of (His)6MazF and MazE was induced for 4 h in the presence of 1 mM isopropylthiogalactopyranoside (IPTG) in LB-PE pH 7.8. The cells were harvested by centrifugation and
lysed using the French press. The (His)6MazF-MazE complex was immediately purified by Ni-NTA
affinity chromatography. (His)6MazF was further purified from the His6MazF/MazE complex as
described previously (Zhang, Zhang et al. 2003, Fu, Donegan et al. 2007). In brief, MazE was
dissociated from the (His)6MazF-MazE complex by washing with 5M guanidine-HCl. (His6)MazF
was eluted from the Ni-NTA column by 250 mM imidazole and refolded by dialyzing against the
following buffers for 12 h each; (i) 1 x PBS, pH 7.4, 5 mM DTT, 0.1 % Triton X-100; (ii) 1 x PBS, pH
7.4, 5 mM DTT; (iii) 1 x polymix buffer (5 mM magnesium acetate, 5 mM ammonium chloride,
95 mM potassium chloride, 0.5 mM calcium chloride, 5 mM potassium phosphate, pH 7.4, 1 mM
DTT); and (iv) 1x polymix buffer, 20 % glycerol. The authenticity of the protein was verified by
matrixassisted laser desorption-ionization (MALDI)-MS (FGCZ Zurich).
Production of MazE was performed in pHGFP (Loessner, Kramer et al. 2002) with an integrated
tobacco etch virus (TEV) protease cleavage site for post-translational in vitro cleavage. The
appropriate base triplets for the amino acid sequence ENLYFQG were introduced into the forward
primer of mazE. After amplification of mazE using primer pair P7 and P8, mazE was cloned into
pHGFP and transformed into Xl-1 blue MRF` to obtain pHGFPTEVmazE. Synthesis of the GFPfusion protein was performed overnight at 19 °C after induction with 0.5 mM IPTG at OD600nm 0.6.
(His)6GFPTEVMazE was purified via NiNTA resin and subjected to TEV protease cleavage at 17 °C
overnight. 100 U of protease were used for 1 mg of protein. For the further purification procedure,
the cleavage mixture was dialyzed against 1 x PBS pH 8.0 followed by loading on a new NiNTA
column. The His-tagged GFP and the TEV protease were bound to the column, the flow through
containing the native MazE was collected and analyzed.
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In vitro labelling of MazE and MazF in L. monocytogenes
Localization studies of MazE and MazF were performed by N-terminal fusion of gfp to mazE and
mazF, respectively, by homologous recombination using the suicide vector pAULA (Chakraborty,
Leimeister-Wachter et al. 1992). For the construction of pAULAgfpmazF, primer pairs P26/P27 (AB
fragment), P28/P29 (CD fragement) and P30/P31 (EF fragment) were used to amplify fragments.
The fragments AB and EF were amplified from the EGDe genome, while pLF2 (Fieseler, Schmitter
et al. 2012) served as template for the amplification of gfp. Fragments AB and CD were fused by
overlap extension PCR to generate the AD fragment. The purified AD fragment was fused via the
integrated BamHI site to fragment EF, to generate AF. The temperature sensitive vector pAUL-A
and the AF fragment were digested with EcoRI/HindIII and used for construction of
pAUL-AgfpmazF. A similar procedure was performed for pAUL-AgfpmazE. The AB fragment was
amplified using P32/P33, CD using P34/P29 (template pLF2) and fragment EF by amplification with
P35/P31. Fusion PCR was used to generate AD, followed by BamHI directed ligation to fragment
EF. The amplified and purified AF fragment was digested with BamHI and HindIII restriction
endonucelases and cloned into pAUL-A.

Western Blot analysis
Overnight cultures of Listeria were diluted in 30 ml to an OD600nm of ~0.03 (~1:60) and grown to late
exponential phase at different temperatures. The cultures were centrifuged for 10 min at 5000 g
and 4 °C. The pellet was washed once, resuspended in 250 µl of PBS and added to some silica
beads (about 2.5 fold of pellet weight). For cell disruption, Retsch mill (Retsch MM301) was used
three times for one minute with a frequency of 30 sec-1. To avoid heating of the sample and
destruction of proteins, the cells were stored on ice for 30 seconds after every step. The lysate was
centrifuged for one minute at 5000 g and the supernatant was transferred into a new tube. To
remove all remaining beads and cell debris the lysate was again centrifuged for 15 min at 2000 g
(4 °C) and the supernatant was transferred into a new sterile tube. To determine the concentration
of proteins BCA Protein Assay Reagent (Thermo Scientific Pierce, USA) was used. The assay was
performed according to manufacturer´s instructions. Western Blot analyses of MazE and MazF
were performed indirectly by using an α-green fluorescence protein, rabbit IgG fraction (Invitrogen
#A31851) antibody. Detection of GFP was performed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE) using 30 μg of L. monocytogenes protein extract on a 16.5 % Tris
Tricine gel. The gel was run at 125 V for about two hours and then transferred into ddH2O to
remove the SDS. The proteins were transferred using the iBlot™Gel Transfer Device (Invitrogen)
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and the iBlot®Gel Transfer Stacks, Nitrocellulose, regular (Invitrogen). After blotting, the membrane
was washed 2 times with 1% skim milk powder in TBS-T (0.05 %) and blocked one hour with 5%
skim milk powder in TBS-T at room temperature. Prior to addition of the primary antibody, the
membrane was washed twice with TBS-T. The primary antibody was incubated for one hour in a
PBS solution (pH 8.0) at room temperature. After washing the membrane two times with TBS-T
(1 min) and three times for 10 min, the 1:4000 diluted secondary antibody was added in 1% skim
milk powder/TBS-T and incubated for another 45 min. Finally the membrane was washed three
times with TBS-T solution and twice with TBS. Antibodies were detected with the appropriate
volume of LumiGLO Reserve Chemiluminescent Substrate Kit (Bioconcept). For detection the
Kodak Image Station 2000r was used. Typical exposure time for chemiluminescent detection was
one min.

RNA protection assay
RNase activity and MazF inhibition assays were assessed with purified ribosomal RNA of
L. monocytogenes EGDe. Ribosomal RNA was purified according to (Oh and So 2003). For the
cleavage inhibition assay, 1 µg of RNA and different ratios of MazE and MazF were incubated in
nuclease buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM DTT) for 30 min and loaded on a 1
% agarose gel.

Cleavage of synthetic RNA by MazF
The cleavage site was identified by using a synthetic RNA oligonucleotide (sequence (5'-3'):
GAACGAACUAAAUGAUGCAGUUACCUAUACAUGAC) and 15 pmol of MazF. The cleavage
reaction was performed at 37 °C. At different time points, samples were removed and RNAse
activity was stopped by the addition of 2x TBE-urea sample buffer (Biosciences #786-474) and
sample denaturation at 95 °C for five minutes. For the resolution of the 35 base RNA fragment and
the resulting cleavage products, a 20 % denaturing Urea Polyacrylamide Gel (Urea-PAGE) was
used. 4.2 g urea was dissolved in 7.5 ml Polyacrylamid:Bisacrylamide 40 % (19:1) solution
including 670 µl of 10 x TBE buffer. For polymerization, 80 µl of APS (10 %) and 4 µl of TEMED
were added and poured into a 10 x 10 cm gel chamber. Polymerization was allowed for at least
30 min and the gel was run at 100 V for about two hours in 1 x TBE. The synthetic RNA
oligonucleotide and its cleavage fragments were detected by silver straining according to Blum et
al. (Blum, Beier et al. 1987) with minor modifications. Depending on the band intensity, the
development process was adapted (> 10 min). For determination of the MazF cleavage site,
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processed RNA was purified after 60 min using the Oligo Clean and Concentrator™-5 (Zymo
Research D4060) and sent for MS-Analysis to the Functional Genomics Center Zurich (FGCZ,
University of Zurich, Switzerland).

Surface plasmon resonance (SPR) measurements
The interaction analysis between MazE and MazF was investigated using the Biacore X device
equipped with a SPR sensorchip SAD 500m (Xantec). Biotinylated (His)6MazF was produced by
co-production of the E. coli biotin ligase (BirA) and mazF harboring a biotin-tag for efficient
biotinylation. birA was amplified with primer pair P14 and P15 from the BL21(DE3)Gold genome
and cloned into the second MCS of pETDuet. To generate a double stranded biotin-tag
(GLNDIFEAQKIEWHE) which was fused to mazF for biotinylation, 10 µl (100 µM) of P9 and P10
oligonucleotides were mixed with 80 µl annealing buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl,
1 mM EDTA pH 8.0) and boiled for 10 min. After cooling down to room temperature, the dsDNA
was ligated to mazF (P12/P13) in a ratio of 1:1 and subsequently amplified by PCR with P9 and
P12. The fusion product was digested with the appropriate restriction endonucleases and ligated
into the first MCS of pETDuetbirA. The resulting pETDuet-AvimazF-birA plasmid was then
transformed into BL21(DE3)Gold and used for overexpression according to Cull and Schatz (Cull
and Schatz 2000). About 7000 response units (RU) biotinylated-(His)6MazF were immobilized on
flow cell 2 (FC 2) via biotin-streptavidin interaction in PBS buffer pH 8.0. FC 1 and FC 2 were
blocked with biotin (100 µg/ml) for 10 min (flow rate 5 µl/min). MazE was diluted to different
concentrations (50-2500 nM) in running buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 0,005 %
Tween 20, 1 mM fresh DTT). Regeneration of both flow cells was performed with 2 M NaCl until a
stable baseline was observed. The response of the reference flow cell was subtracted from the
response of the MazF flow cell. Sensograms were fitted to a model of 1:1 binding (Langmuir
binding) using BIAevaluation software Version 3 to calculate rate constants.
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Results

The sigB operon contains two genes with homologies to the mazEF type II TA system
In Gram positive bacteria, the mazEF locus was found to be located directly upstream of the sigB
operon (Mittenhuber 1999, Park, Yamaguchi et al. 2011). Investigations of the operon structure in
L. monocytogenes demonstrated polycistronic transcription of the two genes lmo0887 and lmo0888
encoding a putative TA system within the sigB operon (Toledo-Arana, Dussurget et al. 2009). In
silico analysis was used to compare the sigB operon of different Listeria strains to known mazEF
containing Gram positive organisms. The mazEF-like system was found in all Listeria species.
Pairwise comparison of MazE and MazF, respectively within these species revealed close
sequence identity (> 94 % for both proteins) except for the recently identified L. fleischmannii
(73.12 % MazE, 87.07 % MazF), L. rocourtiae (68.82 % MazE, 84,87 % MazF), and
L. weihenstephanensis (66.68 % MazE, 84.87 % MazF), respectively. However between
L. rocourtiae and L. weihenstephanensis high sequence identity for MazE (94.62 %) and MazF
(95.80 %) was observed. Pairwise comparison of MazE and MazF of L. monocytogenes EGDe to
its homologues in B. subtilis, S. aureus and S. equorum revealed high amino acid identities
regarding MazF (77.78 %, 62.81 % and 63.11 %) and less conserved sequence identity for MazE
(37.63 %, 17.71 % and 19.39 %). In comparison to MazE/MazF in E. coli, listerial homologs were
only found to be 10-12 % (MazE) and 24-29 % (MazF) identical, respectively.

Deletion of the mazEF-like genes does not influence sigB however influences the sigB regulon
Following identification of the mazEF-like genes in all Listeria species, we constructed an in frame
deletion mutant of both genes lmo0887 and lmo0888 in L. monocytogenes EGDe. No differences
were observed as we compared the growth behavior of this mutant and its wildtype strain at
different temperatures (data not shown). Gene expression and tiling array analysis were used to
compare the transcriptome of the EGDe∆mazEF to EGDe. In total, 277 genes were found to be
differently regulated, with 156 up- and 121 downregulated genes in the mutant strain. The majority
of genes found to be up- or downregulated mainly belong to three clusters of orthologous groups
(COG) of cell motility (38 genes), amino acid and carbohydrate transport (33 genes) and
metabolism (73 genes). Interestingly, although sigB was not detected to be differently expressed in
the mutant strain, 26 genes belonging to the sigB regulon comprising of 54 genes in total
(Kazmierczak, Mithoe et al. 2003) were found to be downregulated (Table 2). Furthermore, four
sRNAs and three asRNAs recently described by Wurtzel et al. (2012) (Wurtzel, Sesto et al. 2012)
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were identified to be expressed differently in the mutant. Tiling array analysis showed that LhrA
was highly upregulated (fold change (FC) 4.59), whereas Rli127, Rli33-1 and Rli33-2 were found to
be downregulated (FC -10.20, FC -5.94 and FC - 3.76). Anti0605 (FC -5.62), anti0647/0648
(FC -6.19/-27.28) and anti0677 (FC -13.93) were all found to be downregulated in the
EGDe∆mazEF strain.
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Table 2: Log(FC) of differently regulated genes of the sigB regulon
Summary of the differently regulated genes of the sigB regulon in the EGDe∆mazEF mutant compared to the EGDe wildtype strain detected by gene expression and tiling array
analysis.

lmo0263
lmo0433
lmo0434
lmo0669

Gene Expression
LOG(FC)
∆mazEF vs EGDe
-4.243
-2.236
-1.877
-3.560

Tiling array
LOG(FC)
∆mazEF vs EGDe
-4.432
-2.573
-2.008
-4.070

lmo0784
lmo0794
lmo0880
lmo0895
lmo0994
lmo1425
lmo1426
lmo1427
lmo1428
lmo1433
lmo1694
lmo1883
lmo2085
lmo2157
lmo2205
lmo2230
lmo2269
lmo2434
lmo2463
lmo2485
lmo2570
lmo2602
lmo2673

-3.424
-2.534
-2.691
-0.080
-2.903
-1.760
-2.409
-2.610
-2.645
-2.935
-3.775
-1.703
-3.089
-2.762
-2.309
-2.134
-2.884
-2.868
-1.563
-1.885
-3.474
-3.122
-1.617

-4.041
-3.596
-2.510
- 0.84
-3.944
-2.276
-2.696
-2.604
-2.706
-3.001
-4.193
-2.775
-3.079
-3.953
-2.823
-3.641
-2.938
-4.167
-2.285
-2.720
-3.609
-3.769
-3.794
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Strand
+
+
+
+

Description
inlH
inlA
inlB
-

+
+
+
+
+
+

sigB
opuCD
opuCC
opuCB
opuCA
sepA
-

Internalin H (LPXTG motif)
Internalin A (LPXTG motif)
Internalin B (GW modules)
oxidoreductase, short-chain dehydrogenase/reductase family
PTS system, mannose-specific IIB component (EC 2.7.1.69) / PTS system, mannose-specific
IIA component (EC 2.7.1.69)
Rrf2-linked NADH-flavin reductase
Putative peptidoglycan bound protein (LPXTG motif) Lmo0880 homolog
RNA polymerase sigma factor SigB
FIG00774070: hypothetical protein
Osmotically activated L-carnitine/choline ABC transporter, permease protein OpuCD
Osmotically activated L-carnitine/choline ABC transporter, substrate-binding protein OpuCC
Osmotically activated L-carnitine/choline ABC transporter, permease protein OpuCB
Osmotically activated L-carnitine/choline ABC transporter, ATP-binding protein OpuCA
Glutathione reductase (EC 1.8.1.7)
conserved hypothetical protein
Chitinase (EC 3.2.1.14)
Putative peptidoglycan bound protein (LPXTG motif) Lmo2085 homolog
alkyl sulfatase (EC 3.1.6.-)
Phosphoglycerate mutase (EC 5.4.2.1)
arsenate reductase
hypothetical protein
Glutamate decarboxylase (EC 4.1.1.15)
FIG00774322: hypothetical protein
PspC domain protein, truncated
FIG00774889: hypothetical protein
FIG00774355: hypothetical protein
Universal stress protein family
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Ectopic MazF expression induces dormancy and increases survival during restrictive growth
conditions
As we couldn`t detect morphological or phenotypical differences after deletion of mazEF, we were
wondering if ectopic expression of mazF influences growth and survival of L. monocytogenes.
Induction of mazF at early exponential growth phase in the ∆mazEF strain resulted in growth
retardation followed by total inhibition of cell division (Fig. 1A). As CFU counts stayed constant over
several hours, we assume that induction of mazF results in dormancy rather than cell death.
Interestingly, toxin induction at late exponential phase (OD > 0.8) did not influence growth (data not
shown). Different GFP-labelled cell wall binding proteins (HGFP-CBD) were used to assess the
influence of toxin production on the cell morphology (Fig. 1B). As a consequence of toxin
production we observed the absence of septa and cell elongation.

Figure 1: MazFlmo induction at exponential phase results in dormancy and reduced septum
formation
Overnight cultures of EGDe∆mazEF transformed with pLEB599 (control) or its derivative pLEBtoxon/off for
inducible expression of mazF by ATc were diluted 1:200 and grown at 37 °C. A: Investigation of MazF toxicity
in L. monocytogenes EGDe∆mazEF. Three hours post inoculation, MazF production was induced by the
addition of 0.1 µM ATc. Cell growth and toxicity, respectively, was assayed by determination of the number of
colony forming units. B: HGFP-CBD511 staining of EGDe and its derivative EGDe∆mazEF[pLEBtoxon/off] with
and without ATc for toxin induction.
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The induction of a dormant state attends with reduced nutrient requirements due to low metabolic
activity and allows long time survival without extended period of division (Kaprelyants, Gottschal et
al. 1993, Dennis, Ehrenberg et al. 2004). We compared the survival of Listeria cells in restrictive
medium with and without toxin expression (Fig. 2). Toxin induction increases survival by two orders
of magnitude in defined restrictive medium compared to the wildtype and its isogenic mutant.
Slightly better survival was observed for the non-induced strain harboring the plasmid for inducible
toxin expression probably due to promoter leakiness.

Figure 2: Induction of MazF increases survival in MCDB202 based defined medium
Overnight cultures of L. monocytogenes and its derivatives were washed three times in PBS pH 8.0 and
inoculated 1:100 in supplemented MCDB202 medium. At t=0, 0.1 µM of ATc was added to the
EGDe∆mazEF[pLEBtoxon/off] strain to induce MazF. As indicated in the graph, the number of colony forming
units was determined at different time points to investigate the influence of MazF induction on long term
survival of the strains (n=3).

MazE localizes at the cell pole whereas MazF is homogenously distributed in the cell
To analyze PmazE dependent protein production and the localization of the proteins, we further
constructed an N-terminal GFP fusion of each protein via homologous recombination. At higher
temperatures, single spots of GFPMazE were found on the cell pole, whereas no GFP signal could
be detected at temperatures below 30 °C (Fig. 3A, a). In contrast, homogenous distribution of
GFPMazF was observed at all temperatures tested (Fig. 3A, b). The amount of the proteins
produced by PmazE was verified by Western Blot analysis using an anti-GFP-antibody. In
accordance with the theory of TA-systems, similar ratios of GFPMazE to GFPMazF (ratio 1:1) were
detected (Fig. 3B).
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Figure 3: Protein localization and Western Blot analysis of N-terminal MazE- and MazFGFP
fusion proteins
Localization pattern of MazE and MazF in L. monocytogenes was peformed using N-terminal GFP-tagged
proteins constructed via homologous recombination. Cells of EGDe∆mazE::gfpmazE (a) or
EGDe∆mazF::gfpmazF (b) were grown at different temperatures as indicated in the figure and investigated by
fluorescence microscopy (A). Polar localization of GFPMazE is indicated by arrows. B: Western Blot analysis
of protein lysates generated from EGDe∆mazE::gfpmazE (a) and EGDe∆mazF::gfpmazF (b) grown at the
temperatures indicated, using an anti-GFP-antibody.

Cleavage of listerial rRNA by MazFEGDe can be counteracted by co-incubation with MazEEGDe
Influence of MazF on growth of L. monocytogenes could only be observed after toxin induction in
the early exponential growth phase. As the number of ribosomes in a growing bacterial culture
increases nearly directly proportional to the growth rate (Dennis, Ehrenberg et al. 2004) with a
maximum rate at the exponential phase, we wondered whether MazF targets listerial rRNA and
thereby disturbs ribosome assembly resulting in growth inhibition. A specific cleavage pattern was
observed after co-incubation of purified listerial rRNA with MazFEGDe. If MazE was added to MazF
in a ratio of at least 2:1, cleavage inhibition was observed (Fig. 4A). We further investigated if the
cleavage of rRNA could also be observed after toxin induction in a growing bacterial culture. Total
RNA preparation and subsequent polyacrylamide gel electrophoresis revealed differences in the
band pattern depending on the presence of MazF. After 3.5 hours, a slightly visible band was
observed below the 16s rRNA band (Fig. 4B, No. 3 and 4), which increased in density over time
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(Fig. 4B No. 6 and 7, indicated by an arrow). We further noticed a second band, which in contrast
to the toxin induced strains, disappeared after 7 hours.

Figure 4: MazF exhibits endoribonuclease activity and is inhibited by MazE
A: Isolated RNA of L. monocytogenes EGDe was incubated with either MazE, MazF or both proteins at
different ratios. Complex formation was allowed for 15 min at 37 °C prior to RNA addition. Cleavage reactions
were performed for additional 15 min at 37 °C. C: 16s/23s rRNA; 1: 16s/23s rRNA + 15 pmol (His)6MazF;
2: 16s/23s rRNA + 15 pmol MazE; 3-5: 16s/23s rRNA + MazE:MazF ratio 1:1 (3), 2:1 (4) and 4:1 (5); Ma: 1 kb
ladder (Fermentas).B: Ethidium bromide staining of purified listerial total RNA after 3.5 and 7 hours. 1: total
RNA of EGDe∆mazEF; 2-4: total RNA of EGDe∆mazEF[pLEBtoxon/off] after 3.5 hours; 5-7: total RNA of
EGDe∆mazEF[pLEBtoxon/off] after 7 hours; 1,2,5: control without ATc; 3,6: toxin induction at t=0 hours; 4,7:
toxin induction at t=1 hours.

Surface plasmon resonance measurements reveal strong binding of MazFEGDe and MazEEGDe
To address the question of interaction of both proteins, affinities were measured using surface
plasmon resonance analysis. As both proteins are small (MazE: 10.605 kDa; MazF: 12.742 kDa),
chemical coupling was not applicable. Instead, directed immobilization of MazF via specific biotinstreptavidin interaction was used. Due to stability issues, MazE was produced as a GFP fusion and
posttranslationally processed using TEV protease to obtain native MazE molecules as analytes.
Determination of interaction kinetics was performed using different concentrations of MazE (50 to
2500 nM). The result of the different association and dissociation cycles is depicted in Fig. 5A. Data
were fitted using a Langmuir 1:1 model with calculated rate constants listed in Fig. 5B. The
equilibrium dissociation constant KD (6.96 x 10-8 M) in the lower nM range indicates the strong
interaction of MazE and MazF.
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Figure 5: Kinetic measurements of MazE and MazF interaction by using surface plasmon
resonance
50 µl of biotinylated (His)6MazF (0.02 µg/ml) were immobilized on a SPR sensorchip SAD 500M and used for
concentration dependent MazE binding measurements. Increasing concentrations of the analyte MazE (50 to
2500 nM) were used to determine kinetics of MazE and MazF binding. In between, 1M NaCl was used for
regeneration. (A) Sensogram of response differences (flow cell 2 - flow cell 1) of the different measurements.
(B) Calculated rate constants of fitted data of the different measurements.

MazF is an endoribonuclease with a cleavage specificity for UAC(C/A)U
Close amino acid relationship between MazFEGDe and MazFBs or MazFSa (77.78 % and 62.81 %
identity) point to similar cleavage specificity throughout those organisms. To investigate the
ribonuclease activity of MazFlmo, we designed a RNA oligonucleotide harboring the putative five
base recognition sequence UACAU and the one base aberrant sequence UACCU. Time dependent
cleavage of MazF affirms fast and specific endoribonuclease activity (Fig. 6A). Within 10 minutes of
MazF exposure, about 90 % of the 35 base oligonucleotide was processed to three distinct
fragments implying the recognition of more than one site. Mass spectrometry of cleavage products
after 60 min of incubation revealed the recognition of both putative cleavage sites, UACCU and
UACAU (Fig 6B). and cleavage after the first U of the five base sequences UAC(A/C)U.
Comparison of obtained mass results to calculated values further indicate specific cleavage at the
3`-side phosphodiester bond.
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Figure 6: Determination of the MazF cleavage site by using a synthetic RNA oligonucleotide
and mass spectrometry
A:
Time
dependent
cleavage
of
a
synthetic
RNA
oligo
(GAACGAACUAAAUGAUGCAGUUACCUAUACAUGAC) by 15 pmol of (His)6MazF on a 25 % TBE-Urea
PAGE stained by silver. At different time points (as indicated in the figure), samples were removed, mixed with
2 x TBE Urea loading dye, boiled for 5 min at 95 °C and put on ice until all samples were removed. Silver
staining was used to detect the cleavage products. Ma: microRNA Marker.
B: Mass spectrometry analysis of (His)6MazF cleavage after 60 min. Different fragments were detected
according to the cleavage at U^ACCU (7135 Da (A) and 4068.6 Da (B)) and U^ACAU (7135 Da (A), 1876.7
Da (D) and 2187.4 Da (C)).
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Discussion

Toxin-antitoxin systems are diverse and widespread among bacteria (Van Melderen and Saavedra
De Bast 2009) and can be found in Gram negative and Gram positive bacteria (Mittenhuber 1999).
As more genome sequences become available, in silico analyses of the gene(s) of interest are
possible, revealing relationship between species and can provide insight into the biology of an
organism (Ma, Geng et al. 2013). Using homology searches for the mazEF locus of E. coli,
orthologs of the system were found in Gram positive organisms mainly located upstream of the
sigB operon. It was already assumed earlier that the location of the mazEF-like TA systems in
these organisms indicate their association with different stress response regulons (Mittenhuber
1999). Here, we performed in silico analysis throughout the genus Listeria and showed that all
Listeria species contain homologues of the mazEF system of E. coli. TA systems were previously
described to influence pathogenesis (Ramirez, Dawson et al. 2013) but they can also be influenced
by transcriptional virulence regulators (Donegan and Cheung 2009). Although the mazEF like
genes are located directly downstream of the dal gene, which was shown to be important for full
virulence of L. monocytogenes (Thompson, Bouwer et al. 1998) we assume no influence of mazEF
on the pathogenicity of L. monocytogenes. This is substantiated by the findings that not only the
pathogenic species of Listeria contain mazEF-like genes, but also the non-pathogenic strains
L. innocua, L. seeligeri and L. welshimeri. However, close homology to described TA systems of
other Gram positive organisms (Pellegrini, Mathy et al. 2005, Donegan and Cheung 2009, Wu,
Wang et al. 2011) indicates a role in stress adaptation and survival.
Listeria does have remarkable ability to adapt to and survive diverse environmental conditions
which was formerly assigned to sigB and its regulon (Mujahid, Orsi et al. 2013). The two genes
lmo0887 and lmo0888 were found directly upstream of the rsb genes within the sigB operon
(Toledo-Arana, Dussurget et al. 2009). Deletion of both genes had no influence on the expression
of sigB or its regulators, however tiling array data clearly showed its influence on the expression of
genes belonging to the sigB regulon. Contradictory to the theory that mazEF has an impact on the
stress response by influencing the sigB regulon, only two conditions were found which influence
expression of lmo0888 (mazF), namely in minimal medium and BHI where oxidative stress was
induced by menadione (internal communication P. Cossart). Regarding the constitutive expression
of both genes under normal growth conditions (log expression around four), one would consider
them to be indispensable or at least necessary for regular bacterial multiplication. Deletion of both
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genes however did not have any effect on growth and survival and their role in L. monocytogenes
remains open to question.
Fundamental mechanism for induction of dormancy and persistence are not well understood, yet.
Beyond their ability to tolerate antibiotics (Lewis 2012), dormant bacteria exhibit a reversible state
of low metabolic activity which allows survival for a long time without growth and multiplication
(Kaprelyants, Gottschal et al. 1993). As shown by others, induction of MazF can lead to dormancy
by targeting important cellular components like mRNA (Syed, Koyanagi et al. 2011), 16s rRNA
(Vesper, Amitai et al. 2011), or 23s rRNA (Schifano, Edifor et al. 2013) which results in inhibition of
protein synthesis, cell growth arrest and shut down of the cellular metabolism (Syed, Koyanagi et
al. 2011). Ectopic expression of MazF in L. monocytogenes was also found to induce dormancy
rather than cell death in a mazEF negative background. We further could demonstrate that the
induction of MazF increases the survival of L. monocytogenes under restrictive conditions.
Conclusively, rRNA was degraded by MazF, justifying increased survival due to reduced metabolic
activity. However, if we compared the survival rates between EGDe and its mutant, no significant
differences were observed within the investigated time frame. TA systems are involved in a
complex network which was recently described by the findings of cross-activation of individual
bacterial TA systems (Kasari, Mets et al. 2013). As more than one TA system can be found in
L. monocytogenes EGDe (TADB: http://bioinfo-mml.sjtu.edu.cn/TADB/ (Shao, Harrison et al. 2010))
we assume compensation of the deletion of mazEF. Redundancy of TA systems is consistent with
the data found in E. coli, where the deletion of any one of 10 TA loci had no effect on bacterial
persistence in presence of antibiotics, but successive deletion of five or more of these loci had
(Norton and Mulvey 2012). As mazF downregulation was found in minimal media, it could also
explain the fact that deletion of mazEF had no influence on the survival in defined medium over
time. Simultaneously, we found increased survival rates by ectopic toxin induction, raising the
question if under non-laboratory restrictive conditions activation of endogenously encoded toxin
occurs.
High amino acid identity was found for MazF of L. monocytogenes when compared to MazF of
B. subtilis or S. aureus. Investigation of the cleavage specificity evinces the recognition of the same
pentad sequence as found for other Gram positive bacteria (Zhu, Inoue et al. 2009, Park,
Yamaguchi et al. 2011). Beyond the UACAU sequence, we also observed cleavage of the UACCU
pentad sequence. The recognition and cleavage of one-base aberrant sequences was also
described elsewhere (Zhu, Inoue et al. 2009, Park, Yamaguchi et al. 2011, Schuster, Park et al.
2013).
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Regarding interaction ability of MazE and MazF, we used surface plasmon resonance
measurements to gain insight into the interaction kinetics of MazEEGDe and MazFEGDe. Consistent
with the data described for RelB and RelE interaction (Overgaard, Borch et al. 2009), a dissociation
constant in the nano molar range was observed, attending strong binding affinities between both
proteins. The dependency of growth on the interaction of MazE and MazF was further observed
during our GFP-labelling studies. Impaired or at least decreased functionality of GFP-MazE was
found at elevated temperatures and consequently resulted in growth retardation and cell
elongation. Besides this, we also found that C-terminal fusion of gfp to mazE resulted in cell death
while we performed the homologous recombination at 42 °C. The strong interaction and the
necessity of protein interaction for normal growth behavior emphasize the functionality of the
mazEF system in L. monocytogenes.
Acknowledgements
We thank Nina Sesto and Christophe Becavin (Unité des Interactions Bactéries-Cellules, Inserm
U604, INRA USC2020 Institut Pasteur, Paris) for providing their expertise while performing and
analyzing the transcriptome of the mazEF deletion strain and are thankful to Ralph Bertram and
Christopher Schuster (University of Tübingen, Department of Microbial Genetics, Germany) who
conducted to this research by their helpful advices. We are grateful to Serge Chesnov (FGCZ,
University of Zurich, Switzerland) for mass spectrometry measurements.

95 | P a g e

Description of a type II toxin-antitoxin system in L. monocytogenes

Literature
Aizenman, E., H. Engelberg-Kulka and G. Glaser (1996). "An Escherichia coli chromosomal
"addiction module" regulated by guanosine [corrected] 3',5'-bispyrophosphate: a model for
programmed bacterial cell death." Proc Natl Acad Sci U S A 93(12): 6059-6063.
Becker, L. A., M. S. Cetin, R. W. Hutkins and A. K. Benson (1998). "Identification of the gene
encoding the alternative sigma factor sigma(B) from Listeria monocytogenes and its role in
osmotolerance." Journal of Bacteriology 180(17): 4547-4554.
Bernard, P. and M. Couturier (1992). "Cell killing by the F plasmid CcdB protein involves poisoning
of DNA-topoisomerase II complexes." J Mol Biol 226(3): 735-745.
Blum, H., H. Beier and H. J. Gross (1987). "Improved Silver Staining of Plant-Proteins, RNA and
DNA in Polyacrylamide Gels." Electrophoresis 8(2): 93-99.
Buts, L., J. Lah, M. H. Dao-Thi, L. Wyns and R. Loris (2005). "Toxin-antitoxin modules as bacterial
metabolic stress managers." Trends Biochem Sci 30(12): 672-679.
Chakraborty, T., M. Leimeister-Wachter, E. Domann, M. Hartl, W. Goebel, T. Nichterlein and S.
Notermans (1992). "Coordinate regulation of virulence genes in Listeria monocytogenes requires
the product of the prfA gene." J Bacteriol 174(2): 568-574.
Chaturongakul, S. and K. J. Boor (2004). "RsbT and RsbV contribute to sigmaB-dependent survival
under environmental, energy, and intracellular stress conditions in Listeria monocytogenes." Appl
Environ Microbiol 70(9): 5349-5356.
Combrouse, T., I. Sadovskaya, C. Faille, O. Kol, Y. Guerardel and G. Midelet-Bourdin (2013).
"Quantification of the extracellular matrix of the Listeria monocytogenes biofilms of different
phylogenic lineages with optimization of culture conditions." J Appl Microbiol 114(4): 1120-1131.
Cossart, P. and A. Toledo-Arana (2008). "Listeria monocytogenes, a unique model in infection
biology: an overview." Microbes Infect 10(9): 1041-1050.
Cull, M. G. and P. J. Schatz (2000). "Biotinylation of proteins in vivo and in vitro using small peptide
tags." Methods Enzymol 326: 430-440.
Dennis, P. P., M. Ehrenberg and H. Bremer (2004). "Control of rRNA synthesis in Escherichia coli:
a systems biology approach." Microbiol Mol Biol Rev 68(4): 639-668.
Donegan, N. P. and A. L. Cheung (2009). "Regulation of the mazEF toxin-antitoxin module in
Staphylococcus aureus and its impact on sigB expression." J Bacteriol 191(8): 2795-2805.
Engelberg-Kulka, H., R. Hazan and S. Amitai (2005). "mazEF: a chromosomal toxin-antitoxin
module that triggers programmed cell death in bacteria." J Cell Sci 118(Pt 19): 4327-4332.
Eugster, M. R., M. C. Haug, S. G. Huwiler and M. J. Loessner (2011). "The cell wall binding domain
of Listeria bacteriophage endolysin PlyP35 recognizes terminal GlcNAc residues in cell wall
teichoic acid." Mol Microbiol 81(6): 1419-1432.
Farber, J. M. and P. I. Peterkin (1991). "Listeria monocytogenes, a food-borne pathogen." Microbiol
Rev 55(3): 476-511.
Ferreira, A., M. Gray, M. Wiedmann and K. J. Boor (2004). "Comparative genomic analysis of the
sigB operon in Listeria monocytogenes and in other Gram-positive bacteria." Curr Microbiol 48(1):
39-46.
Fieseler, L., S. Schmitter, J. Teiserskas and M. J. Loessner (2012). "Rhamnose-inducible gene
expression in Listeria monocytogenes." PLoS One 7(8): e43444.

96 | P a g e

Description of a type II toxin-antitoxin system in L. monocytogenes
Freitag, N. E., G. C. Port and M. D. Miner (2009). "Listeria monocytogenes - from saprophyte to
intracellular pathogen." Nat Rev Microbiol 7(9): 623-628.
Fu, Z. B., N. P. Donegan, G. Memmi and A. L. Cheung (2007). "Characterization of MazF(Sa), an
endoribonuclease from Staphylococcus aureus." Journal of Bacteriology 189(24): 8871-8879.
Gerdes, K., S. K. Christensen and A. Lobner-Olesen (2005). "Prokaryotic toxin-antitoxin stress
response loci." Nat Rev Microbiol 3(5): 371-382.
Glaser, P., L. Frangeul, C. Buchrieser, C. Rusniok, A. Amend, F. Baquero, P. Berche, H. Bloecker,
P. Brandt, T. Chakraborty, A. Charbit, F. Chetouani, E. Couve, A. de Daruvar, P. Dehoux, E.
Domann, G. Dominguez-Bernal, E. Duchaud, L. Durant, O. Dussurget, K. D. Entian, H. Fsihi, F.
Garcia-del Portillo, P. Garrido, L. Gautier, W. Goebel, N. Gomez-Lopez, T. Hain, J. Hauf, D.
Jackson, L. M. Jones, U. Kaerst, J. Kreft, M. Kuhn, F. Kunst, G. Kurapkat, E. Madueno, A.
Maitournam, J. M. Vicente, E. Ng, H. Nedjari, G. Nordsiek, S. Novella, B. de Pablos, J. C. PerezDiaz, R. Purcell, B. Remmel, M. Rose, T. Schlueter, N. Simoes, A. Tierrez, J. A. Vazquez-Boland,
H. Voss, J. Wehland and P. Cossart (2001). "Comparative genomics of Listeria species." Science
294(5543): 849-852.
Hain, T., H. Hossain, S. S. Chatterjee, S. Machata, U. Volk, S. Wagner, B. Brors, S. Haas, C. T.
Kuenne, A. Billion, S. Otten, J. Pane-Farre, S. Engelmann and T. Chakraborty (2008). "Temporal
transcriptomic analysis of the Listeria monocytogenes EGD-e sigmaB regulon." BMC Microbiol 8:
20.
Kamionka, A., R. Bertram and W. Hillen (2005). "Tetracycline-dependent conditional gene knockout
in Bacillus subtilis." Appl Environ Microbiol 71(2): 728-733.
Kaprelyants, A. S., J. C. Gottschal and D. B. Kell (1993). "Dormancy in non-sporulating bacteria."
FEMS Microbiol Rev 10(3-4): 271-285.
Kasari, V., T. Mets, T. Tenson and N. Kaldalu (2013). "Transcriptional cross-activation between
toxin-antitoxin systems of Escherichia coli." BMC Microbiol 13: 45.
Kazmierczak, M. J., S. C. Mithoe, K. J. Boor and M. Wiedmann (2003). "Listeria monocytogenes
sigma B regulates stress response and virulence functions." J Bacteriol 185(19): 5722-5734.
Lewis, K. (2012). "Persister cells: molecular mechanisms related to antibiotic tolerance." Handb
Exp Pharmacol(211): 121-133.
Liu, M., Y. Zhang, M. Inouye and N. A. Woychik (2008). "Bacterial addiction module toxin Doc
inhibits translation elongation through its association with the 30S ribosomal subunit." Proc Natl
Acad Sci U S A 105(15): 5885-5890.
Loessner, M. J., K. Kramer, F. Ebel and S. Scherer (2002). "C-terminal domains of Listeria
monocytogenes bacteriophage murein hydrolases determine specific recognition and high-affinity
binding to bacterial cell wall carbohydrates." Mol Microbiol 44(2): 335-349.
Loessner, M. J., A. Schneider and S. Scherer (1995). "A new procedure for efficient recovery of
DNA, RNA, and proteins from Listeria cells by rapid lysis with a recombinant bacteriophage
endolysin." Appl Environ Microbiol 61(3): 1150-1152.
Ma, Z., J. Geng, L. Yi, B. Xu, R. Jia, Y. Li, Q. Meng, H. Fan and S. Hu (2013). "Insight into the
specific virulence related genes and toxin-antitoxin virulent pathogenicity islands in swine
streptococcosis pathogen Streptococcus equi ssp. zooepidemicus strain ATCC35246." BMC
Genomics 14: 377.
Masuda, H., Q. Tan, N. Awano, K. P. Wu and M. Inouye (2012). "YeeU enhances the bundling of
cytoskeletal polymers of MreB and FtsZ, antagonizing the CbtA (YeeV) toxicity in Escherichia coli."
Mol Microbiol 84(5): 979-989.

97 | P a g e

Description of a type II toxin-antitoxin system in L. monocytogenes
Mittenhuber, G. (1999). "Occurrence of mazEF-like antitoxin/toxin systems in bacteria." J Mol
Microbiol Biotechnol 1(2): 295-302.
Mujahid, S., R. H. Orsi, P. Vangay, K. J. Boor and M. Wiedmann (2013). "Refinement of the Listeria
monocytogenes sigmaB regulon through quantitative proteomic analysis." Microbiology 159(Pt 6):
1109-1119.
Mutschler, H., M. Gebhardt, R. L. Shoeman and A. Meinhart (2011). "A novel mechanism of
programmed cell death in bacteria by toxin-antitoxin systems corrupts peptidoglycan synthesis."
PLoS Biol 9(3): e1001033.
Neubauer, C., Y. G. Gao, K. R. Andersen, C. M. Dunham, A. C. Kelley, J. Hentschel, K. Gerdes, V.
Ramakrishnan and D. E. Brodersen (2009). "The structural basis for mRNA recognition and
cleavage by the ribosome-dependent endonuclease RelE." Cell 139(6): 1084-1095.
Norton, J. P. and M. A. Mulvey (2012). "Toxin-antitoxin systems are important for niche-specific
colonization and stress resistance of uropathogenic Escherichia coli." PLoS Pathog 8(10):
e1002954.
Oh, E. T. and J. S. So (2003). "A rapid method for RNA preparation from Gram-positive bacteria." J
Microbiol Methods 52(3): 395-398.
Overgaard, M., J. Borch and K. Gerdes (2009). "RelB and RelE of Escherichia coli form a tight
complex that represses transcription via the ribbon-helix-helix motif in RelB." J Mol Biol 394(2):
183-196.
Pandey, D. P. and K. Gerdes (2005). "Toxin-antitoxin loci are highly abundant in free-living but lost
from host-associated prokaryotes." Nucleic Acids Res 33(3): 966-976.
Park, J. H., Y. Yamaguchi and M. Inouye (2011). "Bacillus subtilis MazF-bs (EndoA) is a UACAUspecific mRNA interferase." FEBS Lett 585(15): 2526-2532.
Pellegrini, O., N. Mathy, A. Gogos, L. Shapiro and C. Condon (2005). "The Bacillus subtilis ydcDE
operon encodes an endoribonuclease of the MazF/PemK family and its inhibitor." Mol Microbiol
56(5): 1139-1148.
Ramirez, M. V., C. C. Dawson, R. Crew, K. England and R. A. Slayden (2013). "MazF6 toxin of
Mycobacterium tuberculosis demonstrates antitoxin specificity and is coupled to regulation of cell
growth by a Soj-like protein." BMC Microbiol 13(1): 240.
Schifano, J. M., R. Edifor, J. D. Sharp, M. Ouyang, A. Konkimalla, R. N. Husson and N. A. Woychik
(2013). "Mycobacterial toxin MazF-mt6 inhibits translation through cleavage of 23S rRNA at the
ribosomal A site." Proc Natl Acad Sci U S A 110(21): 8501-8506.
Schuster, C. F., J. H. Park, M. Prax, A. Herbig, K. Nieselt, R. Rosenstein, M. Inouye and R.
Bertram (2013). "Characterization of a mazEF Toxin-Antitoxin Homologue from Staphylococcus
equorum." J Bacteriol 195(1): 115-125.
Shao, Y., E. M. Harrison, D. Bi, C. Tai, X. He, H. Y. Ou, K. Rajakumar and Z. Deng (2010). "TADB:
a web-based resource for Type 2 toxin-antitoxin loci in bacteria and archaea." Nucleic Acids Res.
Short, F. L., X. Y. Pei, T. R. Blower, S. L. Ong, P. C. Fineran, B. F. Luisi and G. P. Salmond (2012).
"Selectivity and self-assembly in the control of a bacterial toxin by an antitoxic noncoding RNA
pseudoknot." Proc Natl Acad Sci U S A.
Smith, K. and P. Youngman (1992). "Use of a new integrational vector to investigate compartmentspecific expression of the Bacillus subtilis spoIIM gene." Biochimie 74(7-8): 705-711.

98 | P a g e

Description of a type II toxin-antitoxin system in L. monocytogenes
Syed, M. A., S. Koyanagi, E. Sharma, M. C. Jobin, A. F. Yakunin and C. M. Levesque (2011). "The
chromosomal mazEF locus of Streptococcus mutans encodes a functional type II toxin-antitoxin
addiction system." J Bacteriol 193(5): 1122-1130.
Syed, M. A. and C. M. Levesque (2012). "Chromosomal bacterial type II toxin-antitoxin systems."
Can J Microbiol 58(5): 553-562.
Thompson, R. J., H. G. Bouwer, D. A. Portnoy and F. R. Frankel (1998). "Pathogenicity and
immunogenicity of a Listeria monocytogenes strain that requires D-alanine for growth." Infect
Immun 66(8): 3552-3561.
Toledo-Arana, A., O. Dussurget, G. Nikitas, N. Sesto, H. Guet-Revillet, D. Balestrino, E. Loh, J.
Gripenland, T. Tiensuu, K. Vaitkevicius, M. Barthelemy, M. Vergassola, M. A. Nahori, G. Soubigou,
B. Regnault, J. Y. Coppee, M. Lecuit, J. Johansson and P. Cossart (2009). "The Listeria
transcriptional landscape from saprophytism to virulence." Nature 459(7249): 950-956.
Unoson, C. and E. G. Wagner (2008). "A small SOS-induced toxin is targeted against the inner
membrane in Escherichia coli." Mol Microbiol 70(1): 258-270.
van der Veen, S. and T. Abee (2010). "Importance of SigB for Listeria monocytogenes static and
continuous-flow biofilm formation and disinfectant resistance." Appl Environ Microbiol 76(23): 78547860.
Van Melderen, L. and M. Saavedra De Bast (2009). "Bacterial toxin-antitoxin systems: more than
selfish entities?" PLoS Genet 5(3): e1000437.
Vesper, O., S. Amitai, M. Belitsky, K. Byrgazov, A. C. Kaberdina, H. Engelberg-Kulka and I. Moll
(2011). "Selective translation of leaderless mRNAs by specialized ribosomes generated by MazF in
Escherichia coli." Cell 147(1): 147-157.
Wang, X., D. M. Lord, H. Y. Cheng, D. O. Osbourne, S. H. Hong, V. Sanchez-Torres, C. Quiroga,
K. Zheng, T. Herrmann, W. Peti, M. J. Benedik, R. Page and T. K. Wood (2012). "A new type V
toxin-antitoxin system where mRNA for toxin GhoT is cleaved by antitoxin GhoS." Nat Chem Biol.
Wemekamp-Kamphuis, H. H., J. A. Wouters, P. P. de Leeuw, T. Hain, T. Chakraborty and T. Abee
(2004). "Identification of sigma factor sigma B-controlled genes and their impact on acid stress,
high hydrostatic pressure, and freeze survival in Listeria monocytogenes EGD-e." Appl Environ
Microbiol 70(6): 3457-3466.
Wu, X., X. Wang, K. Drlica and X. Zhao (2011). "A toxin-antitoxin module in Bacillus subtilis can
both mitigate and amplify effects of lethal stress." PLoS One 6(8): e23909.
Wurtzel, O., N. Sesto, J. R. Mellin, I. Karunker, S. Edelheit, C. Becavin, C. Archambaud, P. Cossart
and R. Sorek (2012). "Comparative transcriptomics of pathogenic and non-pathogenic Listeria
species." Mol Syst Biol 8: 583.
Yamaguchi, Y., J. H. Park and M. Inouye (2011). "Toxin-antitoxin systems in bacteria and archaea."
Annu Rev Genet 45: 61-79.
Zhang, J., Y. Zhang and M. Inouye (2003). "Characterization of the interactions within the mazEF
addiction module of Escherichia coli." J Biol Chem 278(34): 32300-32306.
Zhu, L., K. Inoue, S. Yoshizumi, H. Kobayashi, Y. Zhang, M. Ouyang, F. Kato, M. Sugai and M.
Inouye (2009). "Staphylococcus aureus MazF specifically cleaves a pentad sequence, UACAU,
which is unusually abundant in the mRNA for pathogenic adhesive factor SraP." J Bacteriol
191(10): 3248-3255.

99 | P a g e

Description of a type II toxin-antitoxin system in L. monocytogenes

Supplementary data
Table S1: Primers used in this study
Restriction sites are underlined, integration of an artificial ribosomal binding site (RBS) optimized for
recognition in L. monocytogenes is shown in italic.
Initial

Oligonucletide

P1

∆mazEF A (HindIII)

TTTTTTAAGCTTACGAGAATGGGTTGCAAC

P2

∆mazEF B

GGATGGATTAGTGTCACACCCCCAAAG

P3

∆mazEF C

GGGTGTGACACTAATCCATCCTAAAAAAATAAC

P4

∆mazEF D (BamHI)

TTTTTTGGATCCGTAACAAAATGAATTGGC

P5

P27

ATCAGAATTCGTCTCGGTATTCGTACGACTG

P6

P30

ATCACTGCAGGATTTCTGGTCTAATACCTACAAGC

P7

mazE_TEV_fwd SacI

TTTTTGAGCTCGAAAACCTGTATTTTCAGGGCGTGTTAGAGAAAGAAAATCGG
ATG

P8

P37

CTCTGTCGACTTAACCTCCTAAAATACTAATATTC

P9

aviTag fwd

CAGCCAGGATCCGGCGGGTGGCGGTCTGAACGACATCTTCGAGGCTCAGAAA
ATCGAATGGCACGAAG

P10

aviTag rev

GAGCTCGAATTCTTCGTGCCATTCGATTTTCTGAGCCTCGAAGATGTCGTTCA
GACCGCCACCCGCCG

P11

aviTag fwd (BamHI)

ACTAGGATCCGGCGGGTGGC

P12

P36

ATCTGTCGACTTAAAATTCTACTACTCCTAG

P13

mazF fwd EcoRI

TTCTATGAATTCGTGTTAGAGAAAGAAAATCG

P14

birA fwd NdeI

GGAATTCCATATGAAGGATAACACCGTGCCAC

P15

birA rev XhoI

ACCAGACTCGAGTTATTTTTCTGCACTACGCAG

P16

mazF fwd (EagI, RBS)

AAACGGCCGAGGAGGTGTCAATGGCTGATGGTGAAGCGTGG

P17

mazF rev XhoI

TTTTTTCTCGAGTTAAAATTCTACTACTCCTAGAC

P18

Pxyl/tetO fwd

AAAGAGCTCGTTATACTAAAAGTCGTTTGTTGG

P19

Pxyl/tetO rev

AAACGGCCGCCTTGTTTGTTAGTAAGCTTGG

P20

Pt17_2(pRAB2) SacI

AAAGAGCTCGCCACCATGTTTCT

P21

tetR rev

AAAGTCGACTCAGACTATTTGCAACAGTGCCGT

P22

mazE fwd NdeI

GGAATTCCATATGGTGTTAGAGAAAGAAAATC

P23

mazE rev XhoI

TTTTTTCTCGAGTTAACCTCCTAAAATAC

P24

mazF fwd NdeI

GGAATTCCATATGCTGATGGTGAAG

P25

P36

ATCTGTCGACTTAAAATTCTACTACTCCTAG

P26

dMazF A (EcoRI)

TTTTTGAATTCAGGTAACTTGTTTGTTAAATGAGCG

P27

gfp fusI rev

CTCCTTTACTCATCCATTAACCTCCTAAAATAC

P28

gfp fus fwd

GGAGGTTAATGGATGAGTAAAGGAGAAGAAC

P29

gfp rev –TAA (BamHI)

TTTTTTGGATCCTTTGTATAGTTCATCCATGCCATG

P30

P38_N

CTATGGATCCCTGATGGTGAAGCGTGGTGACG

P31

dE_D (HindIII)

TTTTTTAAGCTTTATGTTGATACGCGTTGTTTGTAG

P32

PmazEF500

AAAGAGCTCTGGGTTGCAACGTTAC

P33

PmazE_gfpfus_rev

CTCCTTTACTCATGTGTCACACCCCCAAAG

P34

PmazE_gfpfus_fwd(gfp)

CTTTGGGGGTGTGACACATGAGTAAAGGAGAAGAAC

P35

P35

CTATGGATCCGTGTTAGAGAAAGAAAATC
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Abstract

Toxin-antitoxin systems are highly abundant in free-living prokaryotes, but barely found in obligate
intracellular bacteria. Beyond their role of stabilizing plasmids, chromosomal located TA loci are
linked to mechanisms that help the bacteria to cope with environmental or nutritional stresses.
L. monocytogenes is well known for its remarkable adaption ability to stress and its intracellular
lifestyle. Stress adaption and the transcriptional regulation thereof is mainly referable to the
alternative transcription factor sigB. At least two type II TA systems can be found in Listeria but not
much is known about their impact on cell physiology and pathogenicity. However, location of the
mazEF-like TA system within the sigB operon indicates its influence on stress management. Here
we report that downregulation of the antitoxin mazE in L. monocytogenes results in an aberrant
phenotype with cell elongation and growth retardation. For the first time, we demonstrate that the
antitoxic mazE sequence can be deleted and thereby show that excess of MazF only exhibit
moderate toxicity in Listeria. Although mazEF does not contribute to virulence in L. monocytogenes
EGDe, we provide evidence on its impact on phage infection and lysogeny. We further describe
that depending on the phage lifestyle, harboring a mazEF system is beneficial for the cell. We
identified the CRISPR-cas system as a target for MazF and provide data that altered CRISPR gene
expression influences phage infection. The results depicted here thereby illustrate some important
characteristics of mazEF in L. monocytogenes. Beyond its influence on growth we demonstrate its
regulatory efficiency. The linkage to the CRISPR-cas system further increases the importance to
understand the role of the chromosomal located TA systems in bacteria and exhibit their
remarkable regulatory capabilities. Especially regarding the abundance of bacteriophages within
the natural environment of Listeria, modulation of phage replication can be crucial for survival of
L. monocytogenes in its ecological niches.
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Introduction

Toxin-antitoxin (TA) systems were originally identified on plasmids involved in plasmid maintenance
and killing of plasmid free cells [1]. More recently, TA modules were identified on chromosomes of
bacteria and were assumed to be involved in the adaptation to different stress stimuli [1], indicated
by their different abundance in free living prokaryotes and obligate host-associated organisms [2].
Based on the activity of the antitoxin, TA modules are classified into five groups [3]. All toxins
identified so far are proteins, whereas depending on the TA type, the antitoxin can either be RNA
(type I and type III) or protein (type II, IV, and V) based. The types and functions of the different
systems were recently reviewed by Schuster and Bertram (2013) [4,5]. The exact biological role of
chromosomal located TA modules is not known, however they are implicated in functions like
bacterial persistence, inter-plasmid competition, can act as selfish elements [6] or were found to
protect bacterial cells in phage-containing environments through abortive infection (Abi) [7]. Abi
systems, like restriction-modification systems or CRISPR-Cas systems are mechanism crucial for
survival of bacteria in ecological niches to resist against the high amount of natural occurring
phages [8]. Influence on phage infection was not only found for the type III [9] and type IV TA
modules [10], but also for the well characterized type II mazEF-system of E. coli in which deletion
of mazEF had significant influence on bacteriophage P1 infection [11]. The numbers of TA systems
also seem to correlate with the virulence and pathogenicity of a bacterium as shown for
Mycobacterium tuberculosis harboring more than 60 TA systems compared to its nonpathogenic
counterpart having only two [12]. Similar findings were described for Salmonella Typhimurium
containing conserved TA systems only present in pathogenic bacteria but absent in non-pathogenic
species. The sehAB TA module for example was found to be important for the survival of
Salmonella in peripheral lymphoid organs [13]. Endoribonuclease activity of MazF also intervenes
with virulence by specific mRNA cleavage of targets e.g. SraP of S. aureus [3]. The mazEF module
can be found in a large number of bacteria and archaea [5]. The module has been described earlier
to induce bacterial programmed cell death [14]. Rather than cell death, mazF was found more
recently to induce bacteriostatic conditions from which cells could be resuscitated [15] and
subsequently was shown to be involved in persistence [16]. E. coli MazF is a ribosome
independent mRNA interferase whose activation is dependent on several stress mediated factors
[17] and the degradation of MazE by the ATP-dependent ClpAP serine protease [16]. Upon
activation, MazF inhibits translation [16].
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L. monocytogenes is a foodborne pathogen and exhibits two distinct lifestyles – saprophytism and
cytosolic parasitism – mediated by a complex regulatory network (regulators, small RNAs, noncoding RNAs) coordinating global transcriptional changes [18]. Adaptation to stress is mainly
mediated by the alternative sigma factor σB [19] regulating the transcription of its operon comprising
of 54 genes [20]. Within the sigB operon of EGDe, the two genes lmo0887 and lmo0888 were
recently described as a mazEF-like TA system, which itself does not influence sigB expression, but
changes the transcription of 26 genes of the sigB regulon (Manuscript I). As other MazF proteins
described in Gram positive organisms so far [21-23], listerial MazF preferentially cleaves
UAC(C/A)U sequences and modulates growth and survival of L. monocytogenes (Manuscript I).
Ectopic expression of MazF was found to induce bacterial stasis rather than cell death. Dormant or
persistent bacteria, respectively, are highly tolerant to killing by antibiotics and are the cause for reoccurrence of chronic infections [24]. L. monocytogenes was recently found to survive bactericidal
conditions by induction of persisters [25], but the relation to the mazEF-like TA system is still
elusive. Compared to B. subtilis, not much is known about the importance of the mazEF-like
system for Listeria cells exposed stress. For B. subtilis, it was shown that depending on the stress,
the mazEF system can either induce cell death or lowers lethality by the drug [26]. Aligments
revealed 77.78 % identity for MazF and 37.63 % for MazE, respectively (Manuscript I), which
indicate similar roles in these close related bacteria. As a sophisticated pathogen, we were
primarily interested in the role of the mazEF-like system in Listeria pathogenicity. We further
investigated the necessity of the system during bacteriophage infection, which are the natural
enemies of bacteria and the driving force for evolution and the survival of populations in distinct
ecological niches [8].
Here, we report that, although contradictory to the theory of TA systems, mazE is not essential for
growth and survival of L. monocytogenes under the conditions tested. Infection of THP-1
macrophages and PtK2 kidney epithelial cells was not affected by the deletion of the TA locus or by
single gene deletions. Interestingly, observed differences during phage infection could be linked to
alterations in CRISPR RNA levels. For the first time, the CRISPR-cas system was thereby
associated with altered phage infection ability in Listeria. We further provide evidence that the
mazEF-like system in Listeria is an alternative model for defending phage infection.
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Methodology

Bacterial strains and growth conditions
Bacterial strains and plasmid used in this study are listed in Table S1. Routinely, E. coli were grown
in LB broth supplemented with the appropriate antibiotics (ampr 100 µg/ml, eryr 300 µg/ml,
cmr 10 µg/ml). L. monocytogenes strains were generally grown in 1/2 BHI at 30 °C, except for the
infection of THP-1 and PtK2, where cells were grown at 37 °C. For infection of PtK2, Listeria was
inoculated in sterile filtered BHI for growth prior to infection. For plasmid maintenance, antibiotics
were added (eryr 5 µg/ml, cmr 10 µg/ml).
Construction of Listeria mutant strains
To construct Listeria mutant strains, different temperature sensitive plasmids were used [27-29].
Independent on the vector, flanking regions of the gene(s) to be deleted were amplified
(approximately 500 bp) using the Phusion DNA polymerase (Fermentas, # F-531L) with purified
chromosomal DNA of the appropriate strain and the primers listed in Table S2. The amplified
fragments were fused using splicing-by-overlap-extension PCR (SOE) [30] and subsequently
cloned via the integrated restriction sites into the appropriate suicide vector. All cloning procedures
were performed in E. coli Xl-1 blue MRF`. Following confirmation of sequence integrity, the shuttle
vectors were transformed into L. monocytogenes EGDe or WSLC1001, respectively according to
the protocol described in [31]. Allelic exchange was then performed as described in [30].
Frist attempts to construct a mazE deletion strain was performed by complementation of mazE by
pPL2Pxyl/tetOmazE and subsequent deletion of its original locus by pAULA∆mazE. To obtain TetR
dependent

regulation

of

Pxyl/tetO,

pLEBPt17tetR

was

transformed

into

the

EGDe∆mazE::pPL2Pxyl/tetOmazE (EGDeΔmazE-c). ATc (0.1 µM) was added to avoid TetR binding
to its operator site within the promoter.
For the exchange of the PCRISPR by the TetR regulated promoter PflaA/tetO flanking regions of the
promoter region (-9 to -373 bp of the csn1 start codon ATG) were amplified from the WSLC1001
genome. PflaA/tetO was amplified from pLMT2 (Manuscript I) (dPromEx_C and dPromEx_D). All three
fragments were fused by SOE and subsequently cloned into pAULA.
Cleavage of synthetic RNA by MazF
Cleavage site determination of MazF was performed as described in (Manuscript I). Briefly, 350 ng
of a synthetic RNA oligonucleotide was incubated with 15 pmol of purified MazF for 30 min at 37 °C
and subsequently loaded on a 20 % denaturing Urea-Polyacrylamide-Gel.
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Determination of phage plating efficiency
Efficiency of plating was assayed by determination of plaque forming units (pfu/ml) in the soft agar
overlay technique as described in [32,33]. Depending on the phage used, either the combination of
LC/LC or TB/TB was used for plates and soft agar, respectively. Serial 10-fold dilutions of phagestocks were made and added (10 µl) to 4 ml soft agar inoculated with 200 µl of listerial overnight
culture and poured on the appropriate plates. After overnight incubation at room temperature,
plaques were counted and efficiency of plating was calculated. Statistical analyses were performed
using GraphPad Prism.
Influence of MazF on phage induction
The plasmid pLEBtoxon/off (Manuscript I) was utilized to investigate the influence of MazF on the
inducibility of bacteriophage A118 of the lysogenized Listeria strain WSLC1118. Therefore,
pLEBtoxon/off was transformed into WSLC1118 according to [31]. Phage induction was performed as
described in [32] with minor modifications. Cells were inoculated in Tryptose Broth (TB) and grown
at 30 °C to OD600nm ~ 0.5. A volume of 2 ml of each culture was incubated with and without 0.5
µg/ml Mitomycin C (MMC) for 45 min at room temperature. Cells were collected by centrifugation,
washed twice with TB and further incubated for 3 hours at room temperature. Determination of
plate efficiency was performed as described in [32,33] on WSLC1001. Controls were grown without
ATc, whereas MazF was either induced at t=0 or 1 hour post inoculation.
DNA and RNA extraction
Listeria chromosomal DNA was extracted using the GenElute™ Bacterial Genomic DNA Kit
(Sigma-Aldrich #NA2110). For disruption of Listeria cells, endolysin treatment was used as
described in [34]. RNA extraction was performed as outlined in Toledo-Arana et al. (2009) [18] with
minor modifications. Briefly, 25 ml of cells were grown to mid exponential phase (OD600nm ~ 0.6)
and harvested by centrifugation in a 4 °C pre-cooled centrifuge (1 min, 6’600g). The supernatants
were discarded. Cells were washed once in PBS pH 7.5 and resuspended in 400 µL of Solution A
(10 % Glucose, 12.5 mM Tris pH 7.6, 10 mM EDTA). Additionally, 60 µL of 0.5 M EDTA was
added. Cell suspensions were transferred into prefabricated 2 ml tubes containing 0.1 mm glass
beads (LabForce #19-621) and 500 µL aqueous phenol (Carl Roth #A980.2). Bacteria were
mechanically lysed using the Retsch mill for 1 min (frequency: 30 s-1). After lysis, tubes were kept
on ice for 1 min and centrifuged (10 min, 14’000g, 4 °C). The aqueous phases were transferred to
2 ml tubes containing 1 mL Tri Reagent® (Sigma-Aldrich #T9424), mixed and incubated for 5 min at
room temperature. To each sample, 100 µL chloroform was added, gently mixed, further incubated
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for 3 minutes and centrifuged (10 min, 14’000g, 4 °C). The aqueous phases were transferred into
2 ml tubes containing 200 µL chloroform. The solutions were mixed and incubated for 5 min at
room temperature. After the incubation, the samples were centrifuged (5 min, 14’000g, 4 °C), and
the aqueous supernatants were transferred into new 2 mL tubes containing 500 µL isopropanol.
The precipitation step was incubated for 15-30 min at room temperature followed by centrifugation
(15-30 min, 14’000g, 4 °C). The supernatants were discarded and the RNA pellets were
resuspended in 87.5 µL RNase-free water. 10 µL of DNase Digestion Buffer and 2.5 µL of DNase I
stock solution (5Prime) were added to each sample and incubated for 60 min at room temperature.
After the DNA digestion, RNA clean up was performed according to the manufacturers` instructions
(RNeasy Plus Mini Kit, Qiagen #74134). Finally, RNA was eluted with 50 µl RNase-free water.
cDNA synthesis and qPCR
Before cDNA synthesis, contamination by residual DNA was excluded using PCR reaction. RNAs
were reverse transcribed using the TaqMan® Reverse Transcription Reagents Kit (Life technologies
#N8080234). For reverse transcription reaction, 350 ng of total RNA was used in a 50 µl reaction.
Following cDNA synthesis, 2 µl of the cDNA was used for the real-time PCR using SYBR® Green
Real-Time PCR Master Mix (Life Technologies, #4309155) with 0.4 µM (final concentration) of each
primer. 16s rRNA was used as a housekeeping gene to determine relative expression levels of the
single genes in the different mutant strains. Statistical analyses were performed using 2-way anova
analysis by the help of GraphPad Prism.
Virulence assays in THP-1 and PtK2 cell lines
Human THP-1 macrophages were infected as described in [35]. Briefly, approximately
5x105 cells/ml were seeded into a 24-well plate one day prior infection. Three µl/ml PMA (1 mg/ml)
was added per well to induce differentiation of the macrophages [36]. Listeria cells were incubated
overnight in 1/2 BHI at 37 °C and washed three times in pre-warmed PBS to remove traces of the
BHI. Infection was performed with 107 Listeria cells/ml (MOI of 20) for 1 hour. Infected
macrophages were washed three times with pre-warmed PBS and incubated further in medium
(RPMI 1640 supplemented with 10 % FCS) containing 25 µg/ml Gentamycin. Determination of
intracellular bacteria was performed by CFU counting 1 (t=0), 2, 4, 8, 12 and 24 hours post
infection. Therefore, ice-cold 0.5 % Triton-X 100 in MQ (v/v) was added to the wells, cells were
scraped off the bottom of each well, and resuspended and lysed by vigorous pipetting and
vortexing (20 times, 30 sec). The lysates were diluted and spotted on 1/2 BHI agar plates and
incubated overnight at 37 °C.
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The rat kangaroo, Potorous tridactylis, kidney epithelial cell line PtK2 was grown routinely in
minimal essential medium Eagle (with Earle′s salts and reduced NaHCO3) supplemented with
1 % non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine and 10 % fetal calf
serum (FCS) (37 °C, 5 % CO2). Two days prior infection, 1 x 105 PtK2 cells per 300 µl medium
were seeded on µ-slide 8 well chamber slides (ibiTreat, IBIDI, Germany). For infection,
L. monocytogenes strains were grown at 37 °C overnight in sterile filtered BHI. When appropriate,
10 µg/ml chloramphenicol and 5 µg/ml erythromycin was added to the culture to maintain plasmids.
Prior infection, Listeria cells were washed three times in infection medium (without FCS) and
107 cells/ml were used for infection. Infected cultures were centrifuged for 10 min at 300 rpm
(30 °C) and incubated for 2 hours at 37 °C, 5 % CO2. Cells were washed three times with prewarmed media supplemented with 10 % FCS. To prevent extracellular growth of the bacteria
25 µg/ml gentamycin was added. In case of toxin induction, 0.4 µM ATc was added to the culture at
predetermined time points (at infection or 2 hours post infection). Five hours post infection, cells
were washed three times with pre-warmed PBS and fixed with 3.7 % formaldehyde/PBS solution
for 10 min. Auto-fluorescence of formaldehyde was quenched using freshly prepared, pre-chilled
50 mM Ammoniumchloride (NH4Cl) solution. PtK2 cells were permeabilized for 2 min using 0.2 %
(w/v) Triton X-100/PBS, washed extensively with PBS and staining with HCBD-P35 [30,37]
(60 µg/ml), Phalloidin-TRITC (0.1 µg/ml) and Hoechst (50 µg/ml) for 30 min at 37 °C. Fluorescence
was inspected using a confocal laser scanning microscope (TCS SPE, Leica, Germany).
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Results

The antitoxin mazE is not essential for growth and survival of L. monocytogenes EGDe
To assess the role of the putative TA system on growth and survival of EGDe, we constructed a
strain for TetR dependent expression of mazE. As we expected toxicity or bacterial stasis during
the construction of the mazE deletion strain, complementation via the single copy plasmid pPl2 was
performed to ensure constitutive expression of mazE by Pxyl/tetO. Subsequent transformation of the
tetR containing plasmid allowed us to induce or repress the expression of mazE by ATc (Fig. 1A).
Growth of empty vector controls, strains with ATc and the effect of mazE repression was monitored
over 24 hours by OD measurement. The repression of mazE resulted in slight attenuation of
bacterial growth with an extended lag phase and a lower maximum OD compared to the controls at
all temperatures tested (Fig 1B). Normal growth behavior was observed for the empty vector
control strain and when medium was supplemented with ATc. Microscopic investigation of the
growing cultures further elucidated morphological changes of cells with free MazF (Fig 1C). We
further examined the chromosome distribution and the membrane integrity of these cells by
fluorescence microscopy. Interestingly, several well separated and segregated chromosomes were
found within the elongated cells but less structured septum formation (data not shown). Instead,
membrane accumulations randomly distributed within the cell membrane were observed. As only
moderate toxicity was monitored while mazE was repressed efficiently by TetR, we assumed that
mazE is not essential for growth and survival of L. monocytogenes EGDe. In order to confirm that,
we constructed a mazE deletion strain without complementation first. Growth behavior and
morphological changes were identical to the findings described while mazE was repressed (Fig
1D). In contrast to other TA systems described elsewhere [13], no lethal effect was found by the
deletion of the antitoxin mazE. Calculation of cell size was performed to estimate the impact of
mazE deletion on cell morphology. Although a mixed population of short and long cells were
observed, a significant cell elongation (about 3-fold) was calculated (Fig 1E). The data provided
here clearly demonstrate the dependency between mazE and mazF, but also show that mazE is
not implicit necessary for growth of L. monocytogenes even in presence of MazF.

111 | P a g e

The TA system in L. monocytogenes and its role during phage infection

Figure 1: Downregulation of mazE results in growth inhibition and cell elongation
Investigation of the influence of mazE on growth of L. monocytogenes was performed using the TetRdependent regulatory system. Transcription of mazE was regulated by the addition of ATc (A). (B) Growth
analysis of EGDe derivatives to investigate the influence of mazE repression on growth behaviour. Overnight
cultures of each strain were diluted 1:1000 in fresh 1/2 BHI with the appropriate antibiotics and growth was
monitored by OD measurement at different temperatures. Six hours post inocullum, cell morphology was
investigated by microscopy (C). (D) Microscopic investigation of a mazE deletion mutant grown at 30 °C. (E)
Size measurement of EGDe and EGDeΔmazE by calculation of the approximate surface area in pixel size.

Deletion of the mazEF does not influence virulence of L. monocytogenes
There is an increasing evidence for the influence of TA systems in pathogenicity and virulence of
bacteria [13]. As L. monocytogenes is a known pathogenic organism with a remarkable intracellular
lifestyle, we wondered if alterations in expression of either mazE or mazF influence its
pathogenicity. Therefore we generated various mutants where either both proteins (mazEF) or the
single components (mazE or mazF) were deleted. The effect of these deletions on survival and
multiplication intracellularly was investigated during infection of THP-1 macrophages and PtK2
kidney epithelial cells. We found that all deletion mutants were able to infect and multiply within the
human macrophages. Neither deletion of the TA module (EGDe∆mazEF) nor deletion of either the
toxin (EGDe∆mazF) or the antitoxin (EGDe∆mazE) had an influence on virulence of
L. monocytogenes (Fig 2A). Due to the elongated phenotype of EGDe∆mazE fewer cells were
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applied in the infection process, resulting in significant reduced total counts during the investigated
time-points. Calculation of the rate of multiplicity however demonstrated a slightly higher
multiplication rate of EGDe∆mazE compared to the wildtype during infection (Fig 2B). Examination
of the intracellular behavior was further performed in PtK2 kidney epithelial cells using fluorescent
staining techniques. Visualization of Listeria cells was performed by HCBD-P35 and PhalloidinTRITC was used for the detection of the actin tails. Independent on the mutant, we found
intracellular cells which recruited actin for their movement (Fig 2C). Interestingly, although the
epithelial cells were infected with elongated EGDe∆mazE cells, only bacteria which occur in their
normal shape were detected by fluorescence microscopy indicating a native down-regulation of the
toxin promoter. Trans-complementation of mazE resulted in an infection rate similar to the wildtype.

Figure 2: Deletion of mazE and mazF does not influence pathogenicity of L. monocytogenes
in THP-1 macrophages and Ptk2 cells
A: THP-1 cells were infected with L. monocytogenes EGDe and its derivatives and infection and multiplication
was monitored 1, 2, 4, 8, 12 and 24 hours post infection. EGDe: wildtype; EGDe∆mazEF: mazEF knock out;
EGDe∆mazF: mazF knock out; EGDe∆mazE: mazE knock out; EGDe∆mazE-c: trans-complemented mazE
using pPL2 and the constitutive active promoter Pxyl/tetO. Panel B: Calculation of the rate of multiplicity by
dividing the CFU/ml after x-hours by the initial counts (1 hr post infection) for each strain. C: Investigation of
intracellular behavior in Ptk2 cells of wildtype and mutant strains five hours post infection. Staining was
performed using Phalloidin-TRITC and CBD-P35. Pictures are representative for three independent
experiments. Statistical analysis was performed from three independent assays. P values: *, P < 0.05, ****,
P < 0.0001. Scale bar 10 µm.
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In a previous study we showed that ectopic expression of mazF in the EGDe∆mazEF strain
induces dormancy (Manuscript I) and were therefore interested if this would influence survival of
the intracellular Listeria cells. Toxin production by the addition of ATc in EGDe∆mazEF during
infection completely abolished multiplication and resulted in significant reduced survival rates (Fig
3A). Intracellular Listeria could hardly be found, only reduced actin recruitment to the cells and no
actin tail formation was observed (Fig 3B). We assume that the dormant cells were not able to
escape from the phago-lysosome followed by degradation of the intracellular Listeria. Even if
Listeria survived the lysosomal degradation process, without cell spreading Listeria were strongly
attenuated.
The results indicate that toxin expression would lower pathogenicity of L. monocytogenes.
However, downregulation or deletion of mazE does not abolish virulence and thereby indicates
intracellular promoter downregulation.

Figure 3: Ectopic expression of MazF results in attenuation of L. monocytogenes
Influence of ectopic MazF production was investigated in THP-1 macrophages and Ptk2 kidney epithelial cells.
Survival of L. monocytogenes derivatives in THP-1 was performed by gentamycin protection assay. After
several time points (1, 2, 4, 8, 12 and 24 hrs) cells were lysed and intracellular bacteria were counted by
determination of CFU/ml. Multiplication efficiency was calculated by dividing CFU/ml after x-hours by the initial
counts one hour post infection (A). Ptk2 kidney epithelial cells were used to visualize intracellular spreading of
Listeria by fluorescence microscopy four hours post infection using CBD-P35 and Phalloidin-TRITC (B).
Statistical analysis was performed using 2-way anova using three independent performed infection assays.
P values: **, P < 0.01, ***, P < 0.001. Scale bar 10 µm.
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The mazEF-like system influences infection and induction of phage A118
As described before, type III, IV and the mazEF TA systems were found to play a role in phage
resistance. To investigate the influence of mazEF during phage infection in L. monocytogenes
EGDe different phages (A511, P35, P40, P70, A118) were used to determine plaque forming
ability. Except for A118, no significant differences were observed. Interestingly, the amount of
plaques was found to be significant higher in strains with free or excess MazF arranged either by
deletion (EGDeΔmazE), downregulation of mazE (EGDeΔmazE-c[TetR]) or ectopic toxin induction
(EGDeΔmazEF[pLEBtoxon/off]), respectively (Fig 4A). Notable, even in the strain where dormancy
can be induced by the addition of ATc about 100 fold more plaques were detected. As the increase
in plaque forming ability was detected for all strains with an imbalanced ratio of MazF and MazE
(MazF > MazE) but neither in the ΔmazEF strain nor in the ΔmazF strains, we conclusively assume
direct influence of MazF toxicity on infection and replication of phage A118.

Figure 4: MazF influences A118 phage infection in EGDe and increases induction efficiency
by MMC
Effect of mazEF on the production of A118 phage particles was investigated by determination of plaqueforming units (pfu/ml) (A). EGDe was used as a reference (100 %) to calculate the influence of mazEF on
phage particle production. B) Influence of MazF on the efficiency of prophage induction by MMC assayed by
pfu/ml. C) Comparison of induction indices by calculating the ratio of PFU/ml in the induced vs. the uninduced
samples. Statistical analysis was performed by 2-way anova using three independent performed experiments.
P values: *, P < 0.05, **, P < 0.01, ****, P < 0.0001.
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A118 is a temperate phage located in the chromosome of WSLC1118. An A118-like prophage can
also be found in EGDe [38]. Excision capability of this prophage was recently described during
infection [38] and its potential influence on the experimental read out cannot be excluded. To test if
MazF does have direct influence on the inducibility of phage A118, we examined the effectiveness
of MMC in combination with and without MazF to induce the naturally lysogenic strain
L. monocytogenes WSLC1118 harboring phage A118 [39]. Lysates obtained after treatment of
each strain were tested for plaque forming units (PFU/ml) and induction indices were calculated as
the ratios of the number of PFU/ml in the induced versus the non-induced controls. The potential of
MMC to induce A118 was already described elsewhere with approximate 104 to 105 PFU/ml, but a
low induction index of 1.6 [32]. Similar results were obtained here, where we found 104 to 105
PFU/ml for strains without the induction of MazF. Notable, the addition of ATc to the growing
culture of A118 already slightly increased the induction efficiency of MMC. Induction of MazF by
ATc and subsequent treatment with MMC increased the amount of induced phages of one to two
orders of magnitude (Fig 4B). The later ATc was added to the growing culture, the lower was the
influence of MazF on the inducibility of A118 (average PFU/ml 3.945 x 106 (t=0) vs 6.657 x 105
(t=1)). Calculation of the induction indices revealed a 50- and 10-fold higher efficiency for phage
induction if MMC was applied and MazF was produced (Fig. 4C). Using WSLC1118 we
demonstrated that MazF does influence inducibility of A118. The data obtained in EGDe therefore
have weaknesses regarding their conclusiveness and might be not exclusively based on the activity
of MazF but also on excision of A118. This hypothesis was tested by re-construction of the mutants
described in EGDe in WSLC1001, which was recently sequenced and does not contain critical
prophages [40].

The mazEF-like system in L. monocytogenes WSLC1001
Aligments of the mazEF system of EGDe to the one of WSLC1001 revealed 100 % sequence
identity for mazE, and a single amino acid exchange within mazF (lysin70 (EGDe) to arginine70
(1001)). We also identified an insertion of an adenine in the non-coding region downstream of
mazF which results in a shift of the rsbR gene to the frame of mazEF. Construction of the deletion
mutants 1001∆mazEF, 1001∆mazF and 1001∆mazE was performed equivalent to EGDe using the
temperature sensitive vector pAULA.
To verify the constructed mutants we compared their characteristics regarding growth behaviour
and morphology (Fig 5A and B). The effects of single or double gene deletions were found to be
similar to those in EGDe. For the mazE antitoxin deletion, we found extended lag phase, reduced
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total OD (hemmed areas) and cell elongation, but less severe than in EGDe. Interestingly,
compared to EGDe, we found turbitity reduction after overnight incubation (Fig. 5C). Determination
of colony forming units revealed significant differences in CFU/ml of 1001ΔmazE compared to its
wildtype (Fig. 5D). Mutants without the toxin MazF showed increased survival for at least 72 hours.
Due to the different growth behavior of 1001∆mazE and EGDe∆mazE, we wondered if the amino
acid exchange within the mazF1001 gene changed the cleavage pattern of MazF resulting in
reduced toxicity. His6MazF1001 was overproduced in complex with MazE and purified as described
for (His)6MazFEGDe (Manuscript I). Cleavage analysis was performed with the synthetic RNA
oligonucleotide

(GAACGAACUAAAUGAUGCAGUUACCUAUACAUGAC).

As

a

control,

(His)6MazFEGDe was used. Comparison with the cleavage pattern of MazFEGDe and fragment size
dermination by MS confirmed the cleavage specificity of UAC(C/A)U also for MazF1001 (Fig 5D). The
amino acid exchange found in the gene sequence has no influence on the activity and specificity of
MazF in L. monocytogenes WSLC1001.

Figure 5: The homologue of EGDe mazEF is also functional in WSLC1001
Investigation of the influence of single or double deletions of mazEF in L. monocytogenes WSLC1001.
Overnight cultures of 1001 and its derivatives were diluted 1:1000 in 1/2 BHI and grown until mid-exponential
phase and used for microscopy (A) or for growth curve analysis at 30 °C (B). (C) After overnight incubation of
cultures grown at 30 °C turbidity reduction was monitored (1: 1001, 2: 1001∆mazEF, 3: 1001∆mazF,
4: 1001∆mazE) and subsequent determination of CFU/ml revealed increased cell death for 1001∆mazE (D).
(E) Determination of cleavage specificity of MazF1001 using a synthetic RNA oligonucleotide. Purified MazF
was incubated with RNA at 37 °C and analyzed on a 20 % PAGE followed by visualization using silver
staining.
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The mazEF-like system influences phage infection and cleaves CRISPR RNA
About 500 phages infecting Listeria have been identified so far, with most of them described as
temperate phages [41]. The majority of Listeria strains contains intact or cryptic prophages and
thereby influences phage infection [42]. As we aimed to investigate if the A118-like prophage in
EGDe influenced the results obtained, L. monocytogenes WSLC1001 and its mutants were infected
with different lytic and temperate phages to investigate the influence of mazEF. For three of the
phages tested, we found significant differences in plaque forming units depending on gene deletion
(Fig. 6A). Regarding the temperate phages A118 and A006, significant less plaque forming units
were observed for strains where the toxin mazF was deleted. Subsequent deletion of only the
antitoxin mazE, liberating MazF, showed the reversed effect. Interestingly, we noticed the opposite
effect when using the lytic phage P70. Here, significant more plaques were observed when mazF
was deleted, hence, less plaques were formed with free MazF. These results demonstrate the
ability of mazEF to intervene with phage multiplication and cell lysis. Furthermore, depending on
the type of the phage infecting the cell, the influence of mazEF differs.
Phage replication is not fully abolished by modulating the TA system, but mazEF seems to be
involved in the regulation of mechanism to counteract phage infection. A bacterial cell has several
phage resistance or antiviral mechanism, whether by preventing phage adsorption, preventing
phage DNA entry, abortive infection mechanism or cutting phage nucleic acids during replication
[8]. We searched for regulatory elements involved in phage infection in the genome of WSLC1001
harboring the cleavage site of the endoribonuclease MazF. Bioinformatic analysis of WSLC1001
revealed the existence of CRISPR (clustered regularly interspaced short palindromic repeats)
associated genes which, depending on the gene, harbor several UAC(C/A)U cleavage sites. To
investigate if MazF cleaves CRISPR RNA, primers were designed around the putative cleavage
sites. Cleavage of the recognition sequence by MazF thereby would be detected in reduced qPCR
signal. Control reactions of the upstream region were further used to verify the data. The CRISPRassociated endonuclease Cas9 (Csn1), a 4005 bp long gene was found to harbor nine UACAU and
six UACCU sites randomly distributed within the gene sequence. Similar gene expression levels
were detected between the constructed mutants and the wildtype with primer pairs located
upstream of the cleavage sites (prom, csn1 wo cs) (Fig 6B). For primers lying around the putative
cleavage sites (csn1 cs2-3, csn1 cs 4-6), significant differences were measured. Depending on
gene deletion, a higher or lower RNA level was found. If mazF was deleted, either in combination
with mazE or as single mutant, an increased RNA level was measured. Deletion of mazE and
liberated MazF (1001ΔmazE), respectively, resulted in significant reduction of measured RNA
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around the csn1 containing cleavage sites. We conclude here that MazF is able to modulate the
level of intact CRISPR RNA by specific cleavage and thereby modulates the protein level and the
functionality of the CRISPR system.

Figure 6: The mazEF system in WSLC1001 affects phage infection and modulates the level
of CRISPR RNA
Overnight cultures of WSLC1001 and its mazEF-derivatives were grown overnight at 30 °C and used for the
determination of PFU/ml using different phages (see legend of the figures) (A). (B) Determination of RNA level
of the CRISPR-associated gene csn1 within the control strain (1001) and its derivatives. RNA was isolated at
mid-exponential phase and the RNA level was measured using qPCR. 16s rRNA was used as the
housekeeping gene to normalize level of expression. Statistical analysis was performed using 2-way anova
including three independent performed experiments. P values: *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****,
P < 0.0001, n.s., not significant.
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The CRISPR system influences phage infection in L. monocytogenes WSLC1001
The correlation between MazF cleavage and CRISPR regulation, resulting in altered phage
infection ability, was further investigated by the construction of gene deletions within the CRISPR
operon. If we assume that liberated MazF cleaves csn1 RNA and thereby alters phage infection,
deletion of csn1 in WSLC1001 should show similar effects. We further deleted the whole CRISPR
operon (1001∆CrispR) and the CRISPR-associated gene cas1 (1001∆cas1). As there is a
difference between gene regulation and gene deletion, we further took advantage of the TetRdependent regulatory system and exchanged PCRISPR by the TetR dependent PflaA/tetO
(1001ΔPromEx). Thereby, we were able to downregulate the gene expression of csn1 by TetR
(1001ΔPromEx[pLEBPt17tetR]). Plaque forming ability of the phages A118 and P70 was tested on
the newly constructed deletion mutants and compared to the data obtained during infection of the
mazEF-mutant strains (Fig. 7A). Consistent with the previous stated hypothesis, we found that
deletion of csn1 results in significant higher plaque forming ability for phage A118, whereas in case
of P70, significant fewer plaques were found. The deletion of the whole operon or cas1 didn`t show
the expected effect, as we counted less plaques after infection with A118. But, for P70, both
mutants were found to significant reduce phage infection, comparable with the results for
1001∆mazE.
Next we investigated if there is a different experimental outcome depending on deletion or
downregulation of csn1. Promoter exchange allowed the repression and activation of gene
expression by TetR and ATc. Verification of the expression control by ATc was performed by RNA
extraction and qPCR analysis (Fig. 7B). We found only 8 to 15% promoter activity in the repressed
state and addition of ATc increased the gene expression to the base level. Guaranteed regulatory
efficacy then allowed us to investigate the influence on up or downregulation of csn1 on A118
infection. Repression by TetR (w/o ATc) resulted in significant more plaques compared to the
control strain (1001ΔPromEx). The addition of ATc and the subsequent activation of the promoter reestablished the reduced plaque forming ability to its corresponding control level (Fig. 7C).
The data clearly show the relation between phage infection and the CRISPR-cas system in
L. monocytogenes. Conclusively with the data obtained by deletion of the antitoxin mazE, we were
able to strengthen the hypothesis that MazF can influence the CRISPR activity by cleavage of csn1
RNA.
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Figure 7: The CRISPR system in WSLC1001 does influence A118 and P70 phage infection
The influence on gene deletions in the CRISPR operon on phage infection was investigated by determination
of PFU/ml using the temperate phage A118 and the lytic phage P70. Overnight cultures of the different strains
(induced/uninduced) grown at 30 °C and serial phage dilutions were used and assayed for plaque forming
units (A and C). (B) Verification of the repression and activation efficacy of the TetR dependent promoter used
for controllable csn1 expression by qPCR. RNA was isolated at mid-exponential phase and the RNA level was
measured using qPCR. rpoB was used as the housekeeping gene to normalize level of expression. Statistical
analysis was performed by 2-way anova using three independent performed experiments.
P values: *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001, ns, not significant.
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Discussion

TA systems generally consist of two small genes, a stable toxin and its labile antitoxic counterpart
[43]. Originally identified on plasmids to maintain their stability within the cell, TA modules are also
prevalent in chromosomes of bacteria and archaea [4]. Considering the diversity of the TA systems
within different species, it is not surprising that the modules are involved in versatile biological
processes. Beyond induction of persistence [16,44] and cell death [45,46] during stress conditions,
respectively, experimental evidence exists for their contribution in biofilm formation [47,48], phage
resistance [10,49] virulence regulation and pathogenicity [3,13,23,50]. For L. monocytogenes, a
functional mazEF-like TA module was recently described (Manuscript I). Here, we provided further
insights into the role of the mazEF-like TA module in Listeria. Due to the specific mechanism of
mazEF-like TA systems and their capability to induce cell death and persistence, the deletion of the
antitoxin mazE was not reported, yet. Although the ectopic overexpression of mazF is a common
tool to investigate its function [51], we performed TetR dependent repression and activation of
mazE to study the function of MazF. In mammalian cells, overexpression of balanced genes is
reported to affect protein folding, complex assembly and appropriate regulation of downstream
targets [52]. Similar effects cannot be excluded in bacteria. By using controllable gene expression,
MazF was still dependent on and regulated by its native promoter. Similar to mazE degradation by
proteases in nature, effect of toxin excess could be investigated by promoter repression. Only
moderate toxicity was found when mazE expression was downregulated or even after mazE
deletion in the L. monocytogenes strains EGDe and WSLC1001. As a result of liberated MazF, cell
elongation and growth inhibition was observed. Liberated MazF targets several important cellular
components affecting the translational machinery of bacteria [53,54] (Manuscript I). We assume
cellular elongation as a consequence of translational misregulation which is supported by the
findings of filamentation during treatment with the translation inhibitor chloramphenicol (data not
shown). Although it appears that deletion of mazE is contradictory to the common theory of TA
systems, removal of the antitoxins in other systems were already described elsewhere [13].
There are several indices that TA systems are involved in bacterial pathogenicity. Deletion of the
mazEF-like TA module located within the sigB operon was recently found to be partially involved in
the regulation of the sigB regulon (Manuscript I). The sigB transcriptionally regulator also influences
virulence [55,56] e.g. by controlling the expression of inlA and inlB [57]. Affecting the sigB regulon
by the deletion of mazEF had no influence on the pathogenicity of L. monocytogenes in
macrophages and epithelial kidney cells. Elongated Listeria cells with excess MazF even regain
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their normal cell shape during infection. Bacterial fitness is crucial for intracellular survival and
growth inhibition and induction of persistence would be a clear drawback during infection. We
therefore assume downregulation of mazF during infection. These findings are consistent with the
data of Neuhaus et al., where expression of lmo0888 (mazF) was found to be downregulated
following acid shock, which at least partially reflect infection [58]. However, in which the mazEF-like
TA system in L. monocytogenes influences pathogenicity and survival in animal models remains to
be clarified.
Bacteriophages outnumber bacteria by a factor of 10 [8,59]. Phages and their bacterial hosts are
involved in co-evolution where above all, phage resistant mechanism preserve bacterial
populations [8] and contribute to bacterial diversity [60]. Phage infection is also limited by
containing prophages, which confers immunity of the lysogens against infection of related phages
by the expression of λ-CI repressor-like protein [61]. Beyond resistance to phage infection, their
impact on cell physiology [59] and the bacterial phenotype [60] was also described. Induction of
bacteriophages from its lysogeny to the lytic phase (lysogenic induction) occurs after activation of
the SOS response [60] (e.g. Mitomycin C or UV light) and is a common tool to isolate new
bacteriophages [32]. As we found significant more plaques built during A118 infection in EGDe and
WSLC1001 when the cells contained free MazF, we wondered if MazF alters the lysogenization of
the temperate phage A118. Interestingly, we found that neither MazF nor Mitomycin significant
increase the induction efficiency of A118, but the calculated induction index was comparable to
previous data [32]. MazF production in combination with the induction of the SOS response by
Mitomycin C resulted in a significant higher yield of free phages and shows the remarkable impact
of MazF on phage induction and replication. One possible reason could be the specific
endoribonuclease activity of MazF and its cleavage specificity for UACAU sequences. Lysogeny is
controlled by the lysogeny control region responsible for maintaining the phage within the
chromosome. The analysis of this region in A118 (nucleotide region 21976 to 27878 [39]) revealed
putative cleavage sites within gp28, gp33, gp35 and the integrase. As the physiological events
which control lysogeny in L. monocytogenes A118 are not understood yet, and function of the
relevant proteins are not described, we only can guess its influence on the lysogenization. In λ
phage, the decision between lytic and lysogenic response is controlled by a complex fined tuned
system [62]. It could therefore also be possible that translation inhibition by MazF induction induced
a further stress response increasing the signal for induction of the lytic lifestyle of A118 by
disbalancing the interplay between the lysogenic control elements. As we wanted to exclude
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possible effects of prophage excision during performance of the experiments, we switched to a
L. monocytogenes strain lacking intact prophages (WSLC1001).
By reconstruction of the mutants in WSLC1001 we were able to verify the data achieved during
investigating the mazEF-like system in EGDe. Functionality of the TA system as well as the
moderate toxicity of MazF was confirmed. Though, we found slight differences in the morphology of
the mazE mutants as well as their long term survival. Genome alignments of WSLC1001 showed
high similarity to EGD, but less to EGDe. Interestingly, WSLC1001 was found to harbor a CRISPRCas-II-A system [40], whereas EGDe was described to be devoid of cas genes [63]. Latter was
recently described to maintain a PNPase dependent CRISPR system to be present in its genome
[63]. CRISPR-Cas systems are known to confer bacterial resistance against invading
bacteriophages and conjugative plasmids [63]. Regarding our results obtained during phage
infection studies, we were highly interested if the endoribonuclease MazF could possibly influence
the efficiency of CRISPR-Cas to prevent phage infection. Csn1/Cas9 protein of L. monocytogenes
was found to harbor nine UACAU and six UACCU recognition sequences randomly distributed
along the gene sequence. Cas9 is involved in in maturation of crRNAs and is required for cleavage
of double stranded target DNA [64]. As we detected a lower qPCR signal in cells with free MazF
and a higher signal in strains lacking the endoribonuclease, we considered MazF as regulatory
RNAse to modulate the amount of intact csn1 RNA. If one compared the infection of the temperate
phage A118 and the virulent phage P70, we further conclude that the CRISPR-regulatory system
and its influence depends on the phage which infects the cell. This was further supported by the
findings that deletion or downregulation of csn1 had no general effect on infection of phage A118
and P70. Rather than increasing the ability of both phages to infect and replicate within the cell, we
found a higher multiplicity of infection only for the temperate phage A118 and less plaques for the
virulent phage P70. Hypotheses were proposed which couple the antivirus immunity and the
programmed suicide/dormancy in bacteria. Induction of dormancy or cell death would prevent virus
reproduction and if immunity mechanisms by the CRISPR-Cas system fails, and TA systems could
jump into its role of preventing phage replication and bacterial population protection [65]. This could
be true for the lytic phage P70 where we found significant more plaque formation when MazF was
deleted. Excess of MazF leads to significant less plaque formation which can be considered as a
reason of dormancy or cell death during infection initiated by MazF. The effect on phage A118
however differs. If we compare the spacer sequences of the type II CRISPR-Cas system,
numerous Listeria phages are matched, also A118 and P70. Alignments revealed a 100% spacer
match for P70 and only 86% for A118. By the complexity of the CRISPR-system and its distinct
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recognition of invading DNA, we assume that A118 is not targeted by the CRISPR system in
L. monocytogenes WSLC1001. MazF cleavage of csn1 could further interfere with new spacer
acquisition, which might explain the higher amount of plaque formation. One further has to consider
the lysogenic lifestyle of A118. Fluctuations in protein, RNA, or other molecules within a cell can
influence the decision between phage replication and lysogeny [66]. Indeed, although MazF only
exhibits moderate toxicity in Listeria, it intervenes with translation and normal cell physiology.
Altered gene expression during phage infection could thereby influence the decision making of
lysogenic and lytic infection of A118. Moreover, putative MazF cleavage of genes controlling the
lysogeny could consequently affect the decision of phage lifecycle.
The presented study clearly demonstrated the versatile attributes of mazEF in L. monocytogenes.
Beyond its influence on survival under nutrient limitations which was described recently
(Manuscript I), we could show that the mazEF-system has a remarkable impact on phage infection
and replication lifestyle. This is supported by our findings that MazF increases induction efficiency
by Mitomycin C as well as its ability to modulate CRISPR RNA. Further findings of reduced plaque
formation of P70 while MazF is produced emphasize the advantageousness of mazEF systems in
bacteria. Protection of the population by induction of cell death or dormancy to prevent phage
spreading subsequently negates the theory of the selfishness of TA modules. To our knowledge,
we also described for the first time that the L. monocytogenes CRISPR-cas system influences
phage infection. Next, we have to solve the question how mazEF is activated during phage
infection, and to understand the signaling and mechanisms for modulation cell physiological
processes. Further, it will be essential to investigate Listeria in its natural environment where it is
challenged with different stresses and a variety of different phages.
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Supplementary data
Table S1: Strains and plasmids used in this study
Strain
E. coli
Xl-1 Blue MRF`

L. monocytogenes
EGDe
WSLC 1001
WSLC 1118
EGDe∆mazEF
EGDe∆mazE-c
EGDe∆mazE-c[TetR]
EGDe∆mazF
EGDe∆mazE
1001∆mazEF
1001∆mazE
1001∆mazF
1001∆csn1
1001∆PCRISPR::PflaAtetO
1001∆PCRISPR::PflaAtetO[TetR]

plasmids
pPL2

pAULA
pMAD

pPL2Pxyl/tetOmazE
pAULA∆mazEEGDe
pMAD∆mazFEGDe
pAULA∆mazEF1001
pAULA∆mazE1001
pAULA∆mazF1001
pAULA∆csn1
pAULA∆PCRISPR::PflaAtetO
pLEBPt17tetR
pLMT4
pLMT2
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Description

Source

∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thiq
1 recA1 gyrA96 relA1 lac [F′ proAB lacI Z∆M15 Tn10
r
(Tet )]

Stratagene

wild type
wild type
wild type
EGDe derivative, lmo0887 and lmo0888 deleted
EGDe∆mazE::pPl2Pxyl/tetOmazE
EGDe∆mazE::pPl2Pxyl/tetOmazE[pLEBPt17tetR] for inducible
expression of mazE by ATc
EGDe derivative, lmo0888
EGDe derivative, lmo0887 deleted
WSLC 1001 derivative, lmo0887 and lmo0888 deleted
WSLC 1001 derivative, lmo0887 deleted
WSLC 1001 derivative, lmo0888 deleted
WSLC 1001 derivative, deletion of CRISPR-associated
endonuclease 1 (csn1)
WSLC 1001 derivative, exchange of PCRISPR by TetR
dependent promoter PflaAtetO
WSLC 1001 derivative, exchange of PCRISPR by TetR
dependent promoter PflaAtetO, with [pLEBPt17tetR] for
inducible expression of the CRISPR operon

J. Kreft
[40]
[39]
Manuscript I
This study
This study

r

cm ; E. coli / L. monocytogenes shuttle vector, integrates
Arg
into tRNA gene of L. monocytogenes via site-specific
integration
lacZα` multiple cloning site, thermo sensitive origin of
r
r
replication, ery in E. coli, ery in L. monocytogenes
r
r
thermosensitive ori of replication, amp in E. coli, ery in
L. monocytogenes, harbors promoterless bgaB gene
encoding a
thermostable ß-galactosidase for colorimetric blue-white
discrimination of cells after plasmid loss
pPl2 derivative for TetR dependent expression of mazE
r
pAULA with lmo0887EGDe flanking regions, ery
r
pMAD with lmo0888EGDe flanking regions, ery
pAULA with mazEF1001(AX10_12970/AX10_12975)
r
flanking regions, ery
r
pAULA with mazEF1001(AX10_12970) flanking regions, ery
r
pAULA with mazEF1001(AX10_12975) flanking regions, ery
r
pAULA with csn1(AX10_07115) flanking regions, ery
pAULA with flanking regions of PCRISPR and integrated
PflaAtetO for TetR dependent regulation of the CRISPR
operon
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pPL2 derivative, PflaAtetO
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The TA system in L. monocytogenes and its role during phage infection
Table S2: Primers used in this study
primer
mazFEGDe deletion
dMazF A (EcoRI)
dMazF B
dMazF C
dmazEF D (BamHI):
mazEEGDe deletion
dE_A(BamHI)
dE_B
dE_C
dE_D(HindIII)
pPL2Pxyl/tetOmazE
mazE(EagI,RBS)
P37
mazEF1001 deletion
dEF A HindIII_1001
dEF C_1001
mazE1001 deletion
dE A BamHI_1001
mazF1001 deletion
dF C_1001
csn1 deletion
dcsn1 A
dcsn1 B
dcsn1 C
dcsn1 D
exchange PCRISPR by PflaAtetO
dPromex_A
dPromex_B
dPromex_C
dPromex_D
dPromex_E
dPromex_F

5`-3`sequence
TTTTTGAATTCAGGTAACTTGTTTGTTAAATGAGCG
TTTTAGGATGGACCATTAACCTCCTAAAATAC
GGAGGTTAATGGTCCATCCTAAAAAAATAAC
TTTTTTGGATCCGTAACAAAATGAATTGGC
TTTTTTGGATCCTTCATGTGAAAGAACTCG
TTAACCTCCTAAAGCCTCGTACCTGTAAGTAACAAC
TACGAGGCTTTAGGAGGTTAATGGCTGATG
TTTTTTAAGCTTTATGTTGATACGCGTTGTTTGTAG
AAACGGCCGAGGAGGTGGTGACACGTGTTAGAGAAAGAAAATC
CTCTGTCGACTTAACCTCCTAAAATACTAATATTC
TTTTTTAAGCTTGAGCGAGAATGGGTTGC
GGGTGTGACACTAATCCATCCTAAAAAAAATAAC
TTTTTTGGATCCATGGTTCATGTGAAAGAAC
GGAGGTTAATGGTCCATCCTAAAAAAAATAAC
TTTTTTGGATCCCCAGATAGTGAAGATTTATCTACG
CCACCCCATTTAATTCTTCATCCCTTCAAC
GGGATGAAGAATTAAATGGGGTGGCGGACAG
TTTTTTAAGCTTCGTTTTCTTGCTCTCTCG
TTTTTTGGATCCGGCTAGTCAGCAGTTATGAATG
GCTCTTTTTTGTTCTCTAAGAATATAATATAAATAAAAG
TATTCTTAGAGAACAAAAAAGAGCAAACGTTTG
TTCATATTCTTCACCTCCTTCTACATTTTTTAACCTAATAATG
GAAGGAGGTGAAGAATATGAAAAATCCGTACAC
TTTTTTAAGCTTCATACACCCCATCTACTGAGG

Table S3: qPCR primers used in this study
primer
prom fwd
prom rev
csn1 wo fwd 1
csn1 wo rev 1
csn1 f cs2-3
csn1 r cs2-3
csn1 f cs 4-6
csn1 r cs 4-6
16s rRNA fwd
16s rRNA rev
rpoB fwd
rpoB rev

5`-3`sequence
CGC CGA AAC AGC GCT AC
CTT CAT CCC TTC AAC CTG TTT TTA G
GAC ATC GGA ACT AAT TCA GTG G
CCA TCA TCA AAT AGT CTA ACA CCC
GGA GCT ATT CCG CAT CAA TTA C
CTT TGT CCT TTA GCT AAG GGA CC
CAAGTCTGCGGTAGATTTCATTG
CTGTTGTTTTTCCTGGCCTG
GATGCATAGCCGACCTGAG
GCTCCGTCAGACTTTCGTC
CGCGAATCAGTGAAGTACTTG
ATCCTCAATTGGCGAAATATC
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5.

CONCLUSION AND OUTLOOK

The aim of this thesis was to investigate and understand the role of a putative mazEF-like system
in L. monocytogenes: programmed cell death inducer, stress modulator or selfish element?
Although research has been performed for several decades and there was significant improvement
in understanding their part in protection bacterial communities, the distinct role of chromosomal
located TA systems is still somewhat elusive. As homology between TA modules is no evidence for
their role in a specific organism, research is highly challenging. Actually, the role of the best
characterized TA module, the mazEF-system of E. coli, was recently discovered to induce
dormancy and persistence, in contrast to cell death. This demonstrates that, depending on the
method used to investigate the system, results can differ and bring researchers on different paths.
There is not much known about persister formation in L. monocytogenes. Regarding its different
lifestyles and the ability to endure harsh environmental conditions, it is conceivable that dormancy
represents an alternative survival strategy. The aspect of dormancy is also highly relevant
regarding food-processing, and the survival of bacteria within food-products. Due to the reduced
metabolic activity during dormancy or growth retardation, bacteria may overcome distinct nutrition
limiting conditions and resuscitate when circumstances improve. As the mazEF system can be
found in all Listeria spp. and with the data provided here, mazEF could assume a regulatory role,
enabling Listeria to survive within their natural or food environment. To test this, the different
mutants constructed here may be further used to determine survival in natural habitats or
contaminated food-products.
Contradictory to the theory of mazEF-like TA modules, no lethal effect was found after deletion of
mazE. Antitoxins in general are specific for their toxic counterparts. But, studying the effect of a
single TA module is difficult due to bias by other TA systems located in the bacterial genome which
may cross-talk with each other. Here, only the mazEF TA locus was characterized in detail, but the
influence of the second type II TA module was not investigated. Sequential deletion could give
more insights into interaction of the two modules as well as their influence on L. monocytogenes
survival. Most likely, also other TA modules (type I, III, IV or V) are present in the Listeria genome.
In contrast to type II systems, no database is available which use algorithms for identification.
Therefore, module interaction has to be considered and has to bear in mind while interpreting the
data.
TA genes in general are constitutively expressed, to react on sudden environmental changes.
Sensing of stress and the induction of mazEF-mediated stress adaptation has to be fast to ensure
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bacterial survival. In an attempt to identify targets of MazF, evidence was provided which show
cleavage of both, rRNA and mRNA. Targeting rRNA essentially required for translation thereby
represents an ideal candidate for immediate growth control. Compared with antibiotics targeting the
translational machinery and subsequent increase in persister formation, the data suggest that
Listeria may reduce protein synthesis by MazF, and induce persistence. As further shown here, not
only rRNA but also mRNA is targeted by MazF. Harboring the target site of MazF does not imply a
“per se” cleavage of the RNA which makes it more challenging to elucidate the regulatory power of
the mazEF module. Even screening for UACAU motifs and calculation of stochastic or cumulative
occurrence using Perl scripts does not directly correlate with cleavage frequencies. Instead it
seems to occur depending on accessibility of the RNA target and has to be determined
experimentally.
One of the main findings obtained during this thesis work is that mazEF and toxin induction impacts
phage infection and CRISPR regulation. As phages outnumber bacteria of about 10-fold, any way
to protect themselves against phage infection is beneficial for bacterial survival and protection of
the population in the environment. Although it was found that MazF target csn1, no general effect
on the ability of phages to infect the cells was observed (Figure 9). However, depending on the
presence of mazEF or the single genes, respectively, significant changes were detected.

Figure 9: MazF targets csn1 RNA and thereby infleunces phage replication
(a) Activation of the CRISPR-cas system upon phage infection. (b) MazF activation by protease-dependent
degradation of MazE and recognition of UACAU target sequence within the csn1 mRNA by MazF. Cleavage of
csn1 RNA prevents mature protein production which alters phage recognition by the CRISPR “immune”
system and phage replication.

Even more interesting is the fact that depending on the phage lifestyle, mazEF and the CRISPRcas system influence infection differently. In general one would assume that altering the CRISPR
“immune” system by deletion or downregulation of essential genes provides improved conditions
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for the phages to multiply. Results depicted here clearly demonstrated, however, that phage
immunity by the CRISPR mechanisms can not be generalized. Different phages may also contain
several mechanisms to prevent recognition by the CRISPR-cas system, mutations of CRISPR
genes or defective regulations could interfere with immunity. Though, bacterial cells could react by
activating other mechanisms, e.g. TA systems, to prevent phage multiplication. The hypothesis of
mazEF being an alternative system to prevent phage infection when the CRISPR “immune” system
is inoperative does help to explain the findings obtained with bacteriophage P70 (Figure 10). If
MazF is liberated, although it cleaves csn1, it could target phage RNA. Degradation of the phage
RNA destroys phage replication and particle maturation. Although MazF is thereby also harmful for
the cell itself, this altruistic suicide induction helps to protect the surrounding bacterial population
and strength the theory of TA systems as selflessness bacterial elements.

Figure 10: MazF can serve as an alternative phage defense system
(a) Activation of CRISPR genes due to phage infection. Inactivation of CRISPR genes by mutation, deletion or
inhibition allows normal phage replication (b). If the CRISPR “immune” system is not able to inhibit phage
replication, TA systems come into play resulting in degradation of phage RNA which then abolishes phage
replication (c).

Compared to the strictly lytic phage P70, the temperate phages A006 and A118, seem to react
differently on free MazF. Beyond the influence on CRISPR activity, data were provided which
clearly demonstrate that MazF activity interferes with phage lysogeny. As seen from the
perspective of temperate phage evolution, positive selection of toxin cleavage sites within lysogeny
control regions may be beneficial for the phage. If phages begin lytic development during MazF
dependent induction of dormancy, or cell death enabling “deserting the sinking ship”, it maintains
their chances of infecting other more active cells. These co-evolution dynamics of bacterial phage
resistance mechanisms and evolutionary modification of the phage are common in nature, and
should also be looked at regarding the influence of TA modules. Another way to interpret data of
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MazF excess leading to higher plaque forming ability of temperate phages is by its general
endoribonuclease activity. Analyzing the phage genome within the lysogenic control region, it
became evident that MazF could also target genes within the region responsible for phage
integration. Hence, MazF, if by accidental dysregulation or on purpose, could interfere with phage
integration. For latter it could be argued by the intrinsic mechanism of bacteria to stabilize the
genome of the population by interfering with the lysogenic cycle and the preference being killed by
phages rather than integration of phage DNA into its genome (Figure 11). However, it seems to be
also realistic that the “positive” influence of MazF on the temperate phages A118 and A006 is
unintentionally. To further elucidate the impact of mazEF on phage infection, real time
measurements of mazEF expression during phage infection should be performed. Primer extension
analysis would help to identify genes which are cleaved definitively and would gain more insights
into the regulatory role of the TA module.

Figure 11: MazF influences lysogeny by RNA cleavage of key regulators
Temperate phages can be lytic (a) or can enter a latent state by turning off the lytic cycle and integration into
the hosts’ genome. Several genes are responsible for integration and maintenance of the lysogeny. Sequence
analysis revealed several MazF target sites within the lysogeny control region (red hemmed arrows). Cleavage
by MazF thereby interferes with induction of the lysogenic cycle and force the phage to reproduce actively
within the bacterial cell (b).

Overall, this thesis provided insights into new mechanisms how TA systems can influence bacterial
survival in the environment, and further emphasize the complex regulatory networks they are
involved in. Much more fascinating and challenging research has to be performed to uncover more
details how TA systems modulate the bacteria depending on their needs.
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