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Zusammenfassung

ATP-binding cassette (ABC)-Transporter erfiillen eine Vielzahl von Funktionen in allen
Bereichen des Lebens. Die wichtigsten Funktionen prokaryotischer ABC-Transporter sind die
Aufnahme von Néhrstoffen aus der Umwelt, aber auch der Transport von Zuckern und Lipiden
uber die Zellmembran und die Entgiftung antimikrobieller Substanzen. Ein Transporter,
welcher mehrere solcher antimikrobieller Verbindungen exportiert, wird als Multi-Drug-
Resistance (MDR)-Transporter bezeichnet, da der Export solcher Verbindungen die Resistenz
gegen die jeweiligen antimikrobiellen Substanzen vermittelt.

Listeria monocytogenes ist ein grampositives Bakterium, welches in vielen ¢kologischen
Nischen in der Natur vorkommt, und zeitgleich ein Krankheitserreger des Menschen, der oral
aufgenommen wird und schwere Symptome hervorrufen kann. Zwanzig bisher nicht
charakterisierte ABC-Typ MDR-Transporter wurden in silico im L. monocytogenes Genom
identifiziert und die Promotoren ihrer Gene mit lacZ fusioniert. Stimme, die diese Konstrukte
trugen, wurden auf Promotor-Induktion durch sekundare Metaboliten, die von Kompetitoren
von L. monocytogenes im Boden ausgeschieden werden getestet. Der Promotor, der die
Expression der Im01964-Imo1962-Gene steuert, wurde durch das Makrodiolid Tartrolon B
induziert. Die Tartrolon B-Resistenz von L. monocytogenes war von den Imo1964-Imo1963-

Transportergenen abhéngig, und das Operon wurde in das tim-Operon umbenannt.

Ein Tartrolon-B-Suppressor-Screen fiihrte zur Isolierung von Stdimmen mit einem inaktiven
clpP2-Allel, die hochgradig resistent gegen Tartrolon B waren. Die hohe Resistenz war jedoch
vom Vorhandensein der timAB-Gene abhangig. Weitere Experimente deuteten darauf hin, dass
der Grund fiir die Tartrolon-B-Resistenz von Stdammen, die ein dysfunktionales ClpXP2- und
ClpCP2-Proteasom besitzen, in der Akkumulation von SpxA1l, einem Transkriptionsregulator,

liegt, welcher vermutlich weitere Gene, die zur Tartrolon B-Resistenz beitragen, aktiviert.



Summary

ATP binding cassette (ABC) transporters fulfill a wide variety of functions in all domains of
life. The most important functions of prokaryotic ABC transporters are the uptake of nutrients
from the environment, but also the transport of sugars and lipids and the detoxification of
antimicrobial compounds. A transporter exporting a variety of such antimicrobial compounds
is called an multi drug resistance (MDR) transporter, since its export of such compounds is

mediating resistance to the respective molecules.

Listeria monocytogenes is a gram-positive bacterium and a food-borne pathogen, which can
cause severe symptoms upon ingestion. Twenty so far uncharacterized ABC-type MDR
transporters were identified in silico in the L. monocytogenes genome, and their respective
promoters fused to the lacZ reporter gene to monitor their induction by secondary metabolites
secreted by natural competitors of L. monocytogenes present in the soil. The promoter
controlling the expression of the Im01964-Im01962 genes was induced by the macrodiolide
tartrolon B, which is toxic to gram-positive bacteria. The tartrolon B resistance of L.
monocytogenes was dependent on the Imo01964-Imo1963 transporter genes and the operon

renamed to the tim operon.

A tartrolon B suppressor screen led to the isolation of strains with an inactive clpP2 allele,
which were highly resistant to the drug. However, the high-level resistance was dependent on
the presence of the timAB genes. Further experiments demonstrated that the reason for the
tartrolon B resistance-gain of strains carrying a dysfunctional ClpXP2 and CIpCP2 proteasome
was caused by the accumulation of SpxA1l, a transcriptional regulator, which probably activates

genes involved in detoxification of tartrolon B.



1 Introduction

1.1 Listeria monocytogenes
1.1.1 General characteristics

The microbe Listeria monocytogenes, first described as Bacterium monocytogenes in 1926 by
the group around E.G.D. Murray as they investigated a plague affecting rabbits (Murray et al.,
1926) is part of the genus of Listeria. This genus consists of 28 recognized species (spp.)
(https://www.bacterio.net/genus/listeria), which fall into four subgroups, namely the Listeria
sensu stricto spp., Paenilisteria, Mesolisteria und Murraya (Orsi & Wiedmann, 2016). Listeria
belong to the class of the Bacilli (Sivalingam et al., 1992, Nyarko & Donnelly, 2015) and the
phylum of Bacillota, formerly known as Firmicutes (Gibbons & Murray, 1978, Collins et al.,
1991, Oren & Garrity, 2021). This phylum is restricted to gram-positive bacteria with a low
G+C content in their DNA (Lightfield et al., 2011) and contains physiologically and
morphologically diverse types of bacteria, which mostly vary in their shape and ability to
sporulate (Briggs et al., 2012). L. monocytogenes is a rod-shaped species, which is motile
through its peritrichous flagella between 24°C and 28°C and is unable to form spores (Farber
& Peterkin, 1991). The bacterium is about 0.5 pum in width and 1 um to 1.5 um in length (Matle
et al., 2020). The Listeria spp. can grow at temperatures between -0.4 to 45°C, with a growth
optimum at 37°C (Matle et al., 2020). Like most other oxygen-exposed species, Listeria spp.
are catalase-positive, meaning they can protect themselves from oxidative damage by
decomposing hydrogen peroxide to water and oxygen. However, catalase negative strains have
also been reported (Cepeda et al., 2006). Unlike in the well-studied B. subtilis species, the citric
acid cycle is incomplete in Listeria species, since it is lacking the ketoglutarate dehydrogenase,

succinyl-CoA synthetase and succinate dehydrogenase (Kim et al., 2006a).



Out of the 28 Listeria species, L. monocytogenes is the only species able to frequently infect
both animals and humans, while L. ivanovii has been shown to be an animal pathogen, infecting
mostly ruminants like sheep, although rare cases of human infections with L. ivanovii have been
reported (Cummins et al., 1994, Guillet et al., 2010). However, containment of the spread of L.

monocytogenes specifically is crucial for limiting the infection rate of humans with Listeria

spp.
1.1.2 Occurrence in environmental habitats and on food products

L. monocytogenes can live in the environment and covers its nutritional requirements by uptake
of organic material present in the soil or on plants (Freitag et al., 2009). This saprophytic
lifestyle enables L. monocytogenes to colonize several environmental niches. The bacterium is
mostly found in the soil and on plants, but also in saline and non-saline waters (Weis & Seeliger,
1975, Gartley et al., 2022). Although L. monocytogenes is unable to form spores, it shows a
high tolerance to various stress factors, like its ability to grow at low temperatures or in high
sodium chloride conditions of up to 10% and in a broad pH range between 4.4 and 11 (Walker,
1987, Vasseur et al., 1999, Saklani-Jusforgues et al., 2000, Gardan et al., 2003, Begley et al.,
2006). The ability of the bacterium to cope with these stress factors is key for its widespread
natural occurrence, but also for its survival in various food processing facilities. L.
monocytogenes can enter these facilities by contaminating unprocessed crops, fruits or
vegetables or by infection of farm animals. While farm animals usually get infected by eating
contaminated food, wild birds regularly spread L. monocytogenes to agricultural land through
their feces (Konosonoka et al., 2012). L. monocytogenes usually occurs on food, which has not
been heated to a point of over 72°C, since this temperature has been shown to effectively kill
the bacterium (Mackey & Bratchell, 1989, Selby et al., 2006). It has also been shown, that L.

monocytogenes can survive the harsh conditions in some food processing applications like the



low pH present in fermentation processes or the high salt present in some meat products (Bucur
et al., 2018). Consequently, cases, where L. monocytogenes was found on processed fruits and
vegetables, in dairy products and on all sorts of processed meat and fish are constantly being
reported (Beuchat, 1996, Swaminathan & Gerner-Smidt, 2007, Kuttappan et al., 2021,

Simonetti et al., 2021, Halbedel et al., 2023, Madad et al., 2023).

1.1.3 Clinical Aspects

L. monocytogenes is an opportunistic pathogen and the cause of listeriosis, a disease first
reported in 1929 that is mainly acquired through consumption of contaminated food (Nyfeldt,
1929, Farber & Peterkin, 1991). Over the years, the disease has become increasingly prevalent
all throughout the world and, due to its high fatality rate of up to 30% (Lecuit, 2005), it is a
notifiable disease in several countries, including Germany and the United States. However, a
high bacterial titer of 10° bacteria is required for otherwise healthy individuals to experience
symptoms such as a non-invasive gastroenteritis (Schlech 111 et al., 1983, Radoshevich &
Cossart, 2018). The main risk groups for L. monocytogenes infections are people with a
weakened immune system, such as the elderly or immunosuppressed patients, but also pregnant
women and newborns (Gellin & Broome, 1989). In these vulnerable groups, even a low
infection dose of 102-10* ingested bacteria can be sufficient for L. monocytogenes to enter the
bloodstream, causing an invasive listeriosis (Radoshevich & Cossart, 2018). This invasive
listeriosis can lead to severe symptoms such as sepsis or bacterial meningitis, and in patients
with a weak immune system, even a low infection dose of 102-10* ingested bacteria can cause
such severe symptoms (Radoshevich & Cossart, 2018). The primary organs being infected by
L. monocytogenes are the liver and the spleen, however, since L. monocytogenes is also able to
breach the blood-brain barrier, the brain can also get infected (Ghosh & Higgins, 2018, Chavez-

Arroyo & Portnoy, 2020). The placenta is also susceptible for L. monocytogenes infection,



leading to premature birth or miscarriage, while newborns can display symptoms of sepsis,

asphyxia, pneumonia or meningitis (Smith et al., 2009, Girmaet al., 2021, Johnson et al., 2021).

For a patient infected with L. monocytogenes, the treatment of choice are antibiotics. The
standard therapy for L. monocytogenes infections is based on a B-lactam antibiotic, most
commonly penicillin and ampicillin, which is often combined with an aminoglycoside like
gentamycin (Olaimat et al., 2018). However, alternative antibiotics like cotrimoxazole, several
fluoroquinolones, rifampicin, vancomycin or the combination of a sulfonamide like
sulfamethoxazole with trimethoprim are also used (Jones & MacGowan, 1995, Charpentier &
Courvalin, 1999, Baquero et al., 2020). The antibiotic dosage, in which antibiotics need to be
taken is mostly dependent on the severity and the types of symptoms of a patient, where brain
abscesses require the highest dosage of antibiotic treatment, and ranges between 3 to 6 weeks

(Jones & MacGowan, 1995).

1.1.4 Infection cycle

While L. monocytogenes is taken up by macrophages passively through phagocytosis, it needs
certain virulence factors to infect other mammalian cell types like the epithelial cells in the
intestine (Hamon et al., 2006). The expression of these virulence genes is controlled by the
transcriptional activator PrfA. PrfA controls the level of the surface proteins internalin A (InlA)
and internalin B (InIB), which are essential for successful invasion of epithelial cells (Dramsi
et al., 1995, Gaillard et al., 1996). InlA is anchored to the peptidoglycan on the bacterial cell
wall and binds to the epithelial receptor protein E-cadherin on the host cell, mediating invasion.
InIB is retained on the cell surface by non-covalent interactions with the bacterial cell wall,
from where it interacts with the multifunctional protein gC1g-R, a Met receptor tyrosine kinase
as well as glycosaminoglycans (Ghebrehiwet et al., 1994, Braun et al., 2000, Shen et al., 2000,

Jonquieres et al., 2001, Wampler et al., 2004, Phelps et al., 2018). These two internalin proteins



are necessary and sufficient in promoting L. monocytogenes internalization into several cell

types (Lecuit et al., 1997).

Once L. monocytogenes is inside the host cell, PrfA induces the expression of virulence genes
encoded on the Listeria Pathogenicity Island 1 (LIPI-1) (Vazquez-Boland et al., 2001,
Hadjilouka et al., 2018, Quereda et al., 2018). This LIPI-1 locus is essential for growth within
the host cell and only present in the invasive Listeria spp. L. monocytogenes and L. ivanovii
and the weakly hemolytic L. seeligeri, but not in other non-hemolytic Listeria (Gouin et al.,
1994). One gene encoded on LIPI-1, that is essential for virulence is the hly gene, which encodes
for listeriolysin O (LLO). LLO is disrupting the vacuole carrying phagocytosed or internalized
L. monocytogenes cells, releasing the bacteria into the host cell (Mengaud et al., 1987, Cossart
et al., 1989). This step is essential for subsequent replication and cell-to-cell spread of L.
monocytogenes cells, as disruption of hly leads to a substantial decrease in intracellular
replication rate (Gaillard et al., 1987, Cossart et al., 1989). Vacuolar escape of L.
monocytogenes is also accomplished by the two phospholipases PICA and PlcB. Just like the
hly gene, their respective genes are located on LIPI-1 and thus controlled by PrfA (Quereda et
al., 2018). These phospholipases are responsible for the cleavage of phosphatidylinositol (PICA)
and phosphatidylcholine (PIcB), which are phospholipids present in the vacuolar membrane
(Smith et al., 1995). Consequently, a mutant lacking the plcAB genes shows a significantly

decrease in plaque-size and intracellular growth rate in human cell lines (Smith et al., 1995).

After lysis of the vacuole, L. monocytogenes is able to replicate within the host cell. Once inside
the cytosol of the host cell, the protein ActA has been shown to be essential for actin-
polymerization and hence movement of L. monocytogenes within the host cell and cell-to-cell
spread, which also enables L. monocytogenes to infect different tissues (Pistor et al., 1994). Just

like the genes mentioned above, actA is also encoded in LIPI-1 (Disson et al., 2021). By



spreading to a different cell, L. monocytogenes is enclosed by a secondary vacuole consisting
of a lipid bilayer. Here, PIcA and PIcB work together to lyse the inner membrane, while LLO
is responsible for the lysis of the other membrane, allowing a new infection cycle to begin

(Pizarro-Cerda et al., 2016).

During this infection cycle, L. monocytogenes faces several different types of stresses, which

are summarized below.

1.2 Stress factors experienced by L. monocytogenes in the
environment and during infection

1.2.1 Stress factors during infection

1.2.1.1 Acidity

Upon ingestion of contaminated food, L. monocytogenes enters the stomach of the host, where
it faces a highly acidic pH value of around 1.5 (Beasley et al., 2015). The importance of this
barrier in killing L. monocytogenes has been shown by the fact, that patients treated with proton
pump inhibitors, which raise the pH in the stomach, are more susceptible to Listeria infections
(Kvistholm Jensen et al., 2017). There are intrinsic mechanisms within the bacteria that
contribute to its survival in the stomach, which revolve around increasing the pH within the cell
by indirectly exporting protons to the outside of the cell. This is accomplished by two systems
that depend on the antiporters GadT1/2 and ArcD, which are only active at pH values below
5.0 (Ryan et al., 2009, Karatzas et al., 2012): The GadT1/2 antiporters import glutamate to the
cytoplasm, where it is converted by the GadD1-3 decarboxylases to y-aminobutyrate. This
conversion is done via a decarboxylation reaction, which consumes an intracellular proton and
hence raises the pH of the cell. The y-aminobutyrate is then being exported in exchange for

another glutamate (Cotter et al., 2001, Cotter et al., 2005). The ArcD antiporter imports



arginine, which is being converted to an acidic arginine derivate, namely ornithine, in the
cytoplasm. Ornithine is then being exported in exchange for another arginine. The basic
ammonia, which was cleaved off in this reaction reacts with protons in the cytoplasm and

therefore also raises the intracellular pH (Ryan et al., 2009).

L. monocytogenes has another operon designated for dealing with acidic stress, which encodes
genes for the FoF1 ATPase. This ATPase is capable of synthesizing ATP aerobically using the
protons passing into the cell in an acidic environment and use the generated ATP as an energy

source to pump out the protons anaerobically (Cotter et al., 2000).

1.2.1.2 Osmolarity

High concentrations of salts are stress factors, which L. monocytogenes faces in the intestine of
a host (Davis et al., 2019, Quereda et al., 2021). The water loss within the cell, which would be
caused by this high osmolarity can be counteracted by importing certain osmolytes, which
increase the osmolarity within the cytoplasm and hence stabilize the lowered turgor pressure
within the cell upon exposure to high salt concentrations (Csonka, 1989). There are three main
osmolytes, which help L. monocytogenes survive these conditions, namely glycine betaine,
carnitine and proline (Beumer et al., 1994). Import of glycine betain can be accomplished by
two specific transporters, namely GbuAB and BetL, both of which have been shown to vastly
increase glycine betaine levels in L. monocytogenes cells (Sleator et al., 1999, Ko & Smith,
1999). Carnitine can also be imported by GbuAB, but also by another importer named OpuC
(Angelidis & Smith, 2003). Consequently, deletion of the mentioned transporters have been
shown to negatively affect growth rates of L. monocytogenes in high salt concentrations

(Wemekamp-Kamphuis et al., 2002).



1.2.1.3 Bile

Bile acids are present in the duodenum, and have been shown to lead to bacterial protein
aggregation and cell wall damage (Cremers et al., 2014). In L. monocytogenes, resistance to
bile salts is mediated by the bsh gene, which encodes for a bile salt hydrolase, catalyzing the
cleavage of amide bonds present in conjugated bile salts (Begley et al., 2005, Bourgin et al.,
2021, Quereda et al., 2021). There are also several other factors, which have been shown to
impact bile resistance, like the pva and the btIB gene, however the precise roles of these genes
have been weakly studied (Begley et al., 2005). Additionally, the bilE-operon is encoding for
a system excluding bile from L. monocytogenes cells, as a mutant lacking the bilE locus shows

a ~30% decreased level of the bile acid chenodeoxycholic acid (Sleator et al., 2005).

1.2.1.4 Host microbiota

In the intestine, L. monocytogenes also faces host microbiota, which provide a line of defense
against the pathogen. The bacteriocin-producing Lactobacilli and several Clostridiales, both of
which are known gut colonizers, have been shown to be of special importance in inhibiting L.
monocytogenes growth, mostly by secreting so-called bacteriocins, which are toxins inhibiting
growth of different bacterial species (Bien et al., 2013, Becattini et al., 2017). However, L.
monocytogenes can also secrete bacteriocins itself to battle competitors in the intestine. The
most important L. monocytogenes bacteriocin is listeriolysin S, which promotes colonization of
L. monocytogenes through its antimicrobial properties. Listeriolysin S has also been shown to
be produced specifically in the intestine of orally infected mice (Quereda et al., 2017, Lee,

2020).



1.2.2 Stress factors in the environment
1.2.2.1 Temperature

Although L. monocytogenes does not possess an extremely high tolerance to heat, it could be
shown that the bacterium is more resistant to higher temperatures than other non-spore-forming
pathogens like E. coli or Salmonella (Huang, 2004, Sallami et al., 2006). Upon exposure to
higher temperatures, L. monocytogenes induces the expression of heat-shock genes. There are
different classes of heat-shock genes, with class | and class 111 being the ones most specific to
heat (Bucur et al., 2018). Class | heat-shock genes encode for intracellular chaperones, which
are needed for the stabilization of proteins and the reassembly of misfolded proteins. Some
genes encoding for these class | heat-shock proteins are grpE, dnaK, dnaJ, groES and groEL,
all of which are controlled by the transcriptional repressor HrcA (Grandvalet et al., 1998,
Hanawa et al., 2000). Class |1l heat-shock genes encode for the caseinolytic protease ClpP2
and their adaptor proteins ClpC and CIpE and are also induced at elevated temperatures to deal

with the increased rate of misfolded proteins by proteolytic degradation (Nair et al., 2000).

L. monocytogenes also possesses a system of cold shock proteins (Csps), which is induced at
low temperature. Csps are nucleotide-binding proteins, which may act as RNA chaperones that
melt secondary structures of mMRNAS to enable an efficient protein translation rate under cold
conditions (Muchaamba et al.,, 2021). There are three Csps encoded within the L.
monocytogenes genome, namely cspA, cspB and cspD. Among these, csSpA appears to be the

most critical one, as its expression is elevated at the highest rate at 4°C (Schmid et al., 2009).

1.2.2.2 UV light

UV light is used in various food processing methods to kill off pathogens by causing damage
to their DNA. As a consequence, DNA repair pathways like the nucleotide excision repair
(NER) pathway increase in importance upon exposure of L. monocytogenes to UV light. In this
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pathway, the UvrA protein is of great importance and cells lacking uvrA become more
susceptible to UV light (Kim et al., 2006b). It has been hypothesized, that a plasmid encoded
gene named uvrX is also involved in mediating resistance to UV light (Anast & Schmitz-Esser,
2021). While L. monocytogenes is more resistant to UV light than E. coli, no precise
mechanisms regarding resistance to UV light has been revealed (Beauchamp & Lacroix, 2012).
However, UV induced stress is not being regulated by the oB-dependent stress response, which
is involved in coping with other stress factors like temperature, acidic pH or high osmolarity

(Gayan et al., 2015, Quereda et al., 2021).

1.2.2.3 Antibiotics

As mentioned previously in chapter 1.1.3, antibiotics are used in the clinical context to deal
with L. monocytogenes infections. However, L. monocytogenes also faces antibiotic exposure
in its natural habitats, where other bacterial species secrete antimicrobial compounds to battle
competitors (Cornforth & Foster, 2013). Both of these factors lead to a constant selection
pressure of L. monocytogenes to develop resistance against these antibiotics and strains carrying
antibiotic resistances are frequently isolated from food products as well as in clinical settings
(Charpentier & Courvalin, 1999, Walsh et al., 2001, Yiicel et al., 2005, Arslan & Ozdemir,
2008, Baquero et al., 2020). In principle, L. monocytogenes can be intrinsically resistant to
certain types of antibiotics, which lack affinity to the target structure in L. monocytogenes cells
(Luque-Sastre et al., 2018). However, most resistance mechanisms are acquired by mutations
of chromosomal genes, which weakens the affinity of the antimicrobial agent to its target
structure, or by acquisition of resistance genes from plasmids or conjugative transposons
(Charpentier et al., 1999) originating from other bacterial species. Genes encoding for multi
drug resistance (MDR) transporters constitute an important class of antibiotic resistance genes

and can either be intrinsically encoded in the L. monocytogenes genome or acquired through
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the acquisition of mobile genetic elements (Collins et al., 2010, Muller et al., 2014, Hauf et al.,
2019). MDR transporters pump the antibiotic to the outside of the cell, hence mediating
resistance (Godreuil et al., 2003). In gram-positive bacteria, MDR transporters belong to four
different classes: (1) the major facilitator superfamily (MFS), (2) the small MDR (SMR)
transporters, (3) the multidrug and toxic extrusion (MATE) transporters and (4) the ATP
binding cassette (ABC)-type MDR transporters. While the three first mentioned types of MDR
transporters all use transmembrane cation gradients as energy source for compound extrusion,
the ABC-type MDR transporters energize compound export by ATP hydrolysis (Lubelski et

al., 2007).

1.3 ABC-type MDR transporters
1.3.1 Domain organisation

Although there are several subclasses of ABC transporters, their main constitution is very
similar. An ABC transporter consists of four membrane-associated domains, two of which are
highly hydrophobic and consist of six to twelve transmembrane helices (forming a permease
unit), and two domains located at the cytoplasmic side of the membrane, which form the ABCs
(Higgins, 1992). ATP transporters can be assembled in various ways. If the ATPase and
permease are encoded on the same gene, a simple dimerization of these two polypeptides is
sufficient to form the transporter. However, more complex ways, like heterodimerization of
different ATPase or transmembrane domains, are also possible when the ATPase and permease
subunits are encoded as separate polypeptides (Holland & Blight, 1999). ABC transporters can
transport a wide range of substrates such as lipids, sugars or nutrients (Ekiert et al., 2022, Webb
et al., 2008, Lewis et al., 2012). The main difference between ABC importers and exporters is
that the importers use a soluble substrate binding protein to capture the ligand. This protein is

either soluble in the periplasm, bound to the membrane via a protein anchor or directly fused to
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the transporter (Swier et al., 2016). After binding of this protein to its substrate, this complex
binds to the importer and the substance is being imported (Locher, 2004). The topology of ABC

transporters is summarized in Fig. 1-1A.

1.3.2 Structural motifs

The ABC domains are well conserved in the ABC transporter family, with sequence identities
between 30% and 50%, even when comparing bacterial to eukaryotic ABCs. This conservation
is linked to several common motifs required for the conserved tertiary structure and the

mechanism of ATP hydrolysis (Wilkens, 2015).

In general, ABC domains can be divided into two conserved subdomains: The catalytic core
domain consists of two B-sheets and seven a-helices, which fold into a characteristic tertiary
structure. The second subdomain, the signaling domain consists of five a-helices (Schmitt et
al., 2003). The catalytic core contains most of the conserved motifs of ABC domains: The
phosphate binding loop (P-loop), also known as the Walker A motif, is a glycine-rich sequence
followed by a lysine and either a serine or threonine is required for nucleotide binding (Saraste
et al., 1990). This binding only occurs in conjunction with the Walker B motif, which consists
of four hydrophobic amino acids, followed by an aspartic acid residue (Walker et al., 1982).
The Q-loop contains a highly conserved glutamine (Q) and is required for coupling of substrate
binding to the catalytic cycle, as a transporter carrying dysfunctional Q-loops has been shown
to retain affinity for its substrate, but is unable to trigger export mechanisms (Jones & George,
2002, Zolnerciks et al., 2014). Finally, a H- and a D-loop, consisting of a conserved histidine
(H) and an aspartic acid (D) residue, respectively, are also required for ATP binding and
hydrolysis, since they make direct contacts with the nucleotide (Buchaklian & Klug, 2006,
Westfahl et al., 2008, Aittoniemi et al., 2010). The function of the signaling domain is defined

by the coupling of the catalytic core domain to the transmembrane domain (Holland & Blight,
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1999). However, it also contains a highly conserved LSGGQ sequence, which, when mutated
negatively affects ATP binding and hydrolysis (Schmees et al., 1999). Fig. 1-1B shows a
schematic representation of the mentioned key structural motifs in an ABC domain needed for

nucleotide binding and hydrolysis.

The transmembrane domain is the domain determining the substrates for an ABC transporter
(Wilkens, 2015). In order to transport a wide variety of substrates, the transmembrane domains
display poor homologies even within related organisms. The membrane spanning domains
consist of multiple hydrophobic a-helices and can vary in their conformation, number of
transmembrane a-helices and size, which classifies them as Type | ABC importers, Type Il

ABC importers or ABC exporters (Locher, 2009). However, all a-helices are oriented in a

A Exporters Importers

@ubstrate binding protein

substrate

periplasm
transmembrane transmembrane
domains domains
e — cytoplasm
ATP binding /& | TP binding
domains \ J domains
substrate
Walker A signature motif D-loop
GXXGXGK(S/T) LSGGQ D
en{ Il T B I - coor
Q OO H
Q-loop Walker B H-loop

Figure 1-1: Schematic structure and motifs of ABC transporters. (A) lllustration of the structure of an ABC
exporter (left side) and an importer (right side). An ABC transporter consists of two ATP binding domains located
in the cytoplasm (brown) and two transmembrane domains (blue). Importers need an additional substrate binding
protein (green), which binds to the substrate of the importer to function. (B) Schematic representation of an ATP
binding domain. Key structural motifs for nucleotide binding and the catalytic mechanism are marked in various
colors and the name and protein sequence of each motif is indicated.
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specific way, so they form a pore, that is open to the outside of the cell in the case of an ABC

importer or to the cytoplasm when the transporter functions as an exporter (Wilkens, 2015).
1.3.3 Transport mechanism

The diverse topology of different types of transmembrane domains, as well as the varying size
of substrates and their different chemical properties are the main reasons as to why detailed
transport mechanisms vary strongly between ABC transporters. Thus, in the following only the

basic, conserved steps of substrate transport are being discussed.

The catalytic cycle of an ABC transporter starts with the binding of the substrate, or the
substrate binding proteins (in the case of importers), to the transmembrane domain. Afterwards,
two molecules of ATP bind to their binding sites on the ABC domains, inducing a
conformational change within these domains, which leads to their dimerization (Hellmich et
al., 2015). This conformational change in the ABC domain is transmitted to the transmembrane
domain through interactions at their shared interface (Dawson & Locher, 2006). For this, the
coupling helices of the transmembrane domains are of special importance, as they contact key
nucleotide-binding domains on the ABC domain (Dawson & Locher, 2006). These
conformational changes lead to opening of the ABC transporter on its trans-site and substrate
transport. After ATP hydrolysis, the ABC domains lose their affinity to each other, which leads
to the release of ADP, phosphate and the substrate on the other side of the membrane, and the

transporter resets to its apo state (Wilkens, 2015).
1.3.4 Substrate binding site of ABC-type MDR transporters

An antibiotic is being exported by an ABC-type MDR transporter by binding to the binding site
on the transporter, followed by conformational changes in the ABC and transmembrane

domains. However, the exact mechanisms of antibiotic binding are still unclear and may also
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vary between different MDR transporters. In principle, antibiotic binding could occur by
capturing the antibiotic when it is already present in the cell, or the drug could be extruded
directly upon diffusion of the molecule into the membrane (Bolhuis et al., 1997). While a
general detoxification mechanism, where the antibiotic is being exported from the cytoplasm
has been proposed (Altenberg et al., 1994), there is increasing evidence, that an MDR
transporter can bind its substrate when it is still present within the cell membrane, where most
antibiotics don’t have the opportunity to implement their toxic activities (Bolhuis et al., 1996b,
Nishino et al., 2021, Dickey et al., 2023). The detoxification of antibiotics directly from the
membrane has been studied in detail for the L. lactis MDR transporters LmrA and LmrP using
the hydrophobic fluorescent membrane substrate diphenylhexatriene, which can be directly
exported by both transporters from the inner leaflet of the lipid bilayer to the outside of the cell
(Bolhuis et al., 1996a, Bolhuis et al., 1996b). Therefore, these types of MDR transporters are
often referred to as “hydrophobic vacuum cleaners” that detect and expel drugs as they enter
the plasma membrane (Gottesman & Pastan, 1993, Bolhuis et al., 1996a, Poelarends et al.,
2002). These data are consistent with the fact, that the substrate binding cavity in the well-
studied S. aureus MDR transporter SAV1866 (PDB: 2HYD) is not exposed to the cytoplasm

(Dawson & Locher, 2006).
1.3.5 Transcriptional regulation of expression of MDR transporter genes

In general, gene expression must be fine-tuned in order to save energy and other resources and
to prevent accumulation of unneeded substances in the cell (Bervoets & Charlier, 2019).
Exposure of a bacterium to antimicrobials is usually transient, making MDR transporters only
necessary when the drug that the transporter can export is present. Thus, prokaryotes have

evolved regulatory mechanisms for expression of their MDR transporter genes.
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While a system in B. subtilis has been reported, in which the expression of the blt and bmr MDR
transporter genes is activated by a transcriptional activators called BItR and BmrR respectively
(Ahmed et al., 1995), expression of most MDR transporter genes are regulated by repressor
proteins, which bind to the operator region of the transporter genes. An antibiotic can act as a
ligand for this repressor, preventing the repressor from binding to the operator, which controls
expression of the transporter genes (Wex et al., 2021). Often times, this repressor protein is
encoded in the same operon as the transporter. Several systems have been described following

this principle, out of which two are exemplarily mentioned here:

The LmrCD transporter was initially identified as an exporter of daunomycin (Lubelski et al.,
2004, Lubelski et al., 2006). The ImrCD genes were found to be regulated by LmrR, a repressor
protein encoded in the same operon as LmrCD. Structural biology experiments showed an
interaction of daunomycin with LmrR, which prevents LmrR from binding to its operator site,
inducing the expression of the ImrCD genes in the presence of daunomycin (Madoori et al.,

2009).

A similar system has been reported for the ImrAB operon in B. subtilis. In this system, ImrB
encodes the MDR transporter and ImrA a transcriptional repressor. The binding of the repressor
protein LmrA to the ImrAB promoter was shown in vitro (Murata et al., 2003, Yoshida et al.,
2004). However, while LmrB is mediating resistance against lincomycin and puromycin,
neither antibiotic is able to induce the operon (Murata et al., 2003). Instead, repression of the
ImrAB genes is relieved in presence of flavonoids like quercetin, fisetin and catechin (Hirooka

et al., 2007).

1.3.6 ABC-type MDR transporters in L. monocytogenes

There are several MDR transporters in L. monocytogenes, which share this type of regulatory
mechanism. Using the TransportDB 2.0 database (Elbourne et al., 2017), 22 putative ABC-type
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MDR transporters can be identified in the L. monocytogenes EGD-e genome. Substrate
identification has only been accomplished for two out of these 22 ABC-type MDR transporters.
One of these transporters is encoded by the anrAB genes. The AnrAB transporter has been
identified via a transposon mutagenesis and subsequent identification of mutants which were
sensitive to nisin. Nisin is an antimicrobial peptide produced by Lactococcus lactis using the
nisSABTCIPR gene cluster (Kuipers et al., 1993, Collins et al., 2010). As an multi drug
transporter, AnrAB also mediates resistance to bacitracin, a non-ribosomally synthesized
dodecyl peptide antibiotic synthesized by various Bacillus strains and gallidermin, an
antimicrobial peptide produced by Staphylococcus gallinarum (Kellner et al., 1988, Konz et
al., 1997). The anrAB genes are being controlled by the VirR regulator and are induced upon
exposure of L. monocytogenes to bacitracin or nisin, enabling an efficient detoxification of all

antibiotics (Mandin et al., 2005, Jiang et al., 2019).

The second MDR transporter which could be assigned with a substrate is the LieAB transporter.
LieAB is an exporter of aurantimycin A, a depsipeptide secreted by Streptomyces aurantiacus
(Grafe et al., 1995). Aurantimycin A was identified as a LieAB substrate by screening of a
natural compound collection containing ~700 naturally occurring substances induction of the
lieAB genes. For this screen, the lieAB promoter was fused to the lacZ reporter gene, which
enabled monitoring of promoter induction when exposing this strain to various substances
(Hauf et al., 2019). The transcriptional regulator of the lieAB genes is the LftR repressor. LftR
binds to the lieAB promoter via an imperfect palindromic sequence to repress lieAB
transcription (Hauf et al., 2021). The IftR gene is encoded together with IftS in the IftRS operon
(Hauf et al., 2019). While the function of LftS is unknown (Kaval et al., 2015, Hauf et al.,
2019), IftS is required for aurantimycin-dependent induction of the lieAB promoter (Hauf et al.,

2019).
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All of the species secreting the antibiotics which are detoxified by AnrAB or LieAB co-occur
with L. monocytogenes in the soil (Rey et al., 2004, Cavanagh et al., 2015, Komaki, 2023). This
suggests, that over time L. monocytogenes has evolved more, as of yet uncharacterized MDR
transporters, which export antimicrobials secreted by competitors in the soil, in marine habitats

or on plant surfaces.

1.4 Regulation of protein stability by controlled degradation
1.4.1 Proteases

While the tight transcriptional regulation of genes encoding MDR transporters has been well-
studied, the level of an MDR transporter within the cell can also be regulated by proteolytic
degradation. This was also observed in L. monocytogenes for the AnrAB transporter, which is

being degraded by the protease ClpP2 (Balogh et al., 2022).

Proteases are enzymes, which break down or hydrolyze peptides or proteins into smaller
fragments or individual amino acids (Razzaq et al., 2019). Proteases are essential enzymes in
all three domains of life responsible for the degradation of misfolded proteins and maintaining

protein homeostasis (Solanki et al., 2021).

The majority of bacterial proteases require energy to unfold proteins. This energy is often
generated by ATP-hydrolyzing enzymes, which attach to the protease and open its degradation
channel. Hence, these types of proteases are called “ATPase associated which cellular
activities” (AAA+) proteases (Sauer & Baker, 2011). All AAA+ proteases share some
conserved structural motifs. Cleavage of a peptide is performed in an active center on the inside
of the proteolytic complex, which is usually established by an assembly of protease monomers
into heptameric rings (Kim et al., 2022). The resulting topology allows the protease to form a

narrow substrate channel that is too small for properly folded proteins to enter, thus preventing
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the uncontrolled degradation of cellular proteins (Olivares et al., 2016). In order for a protein
to be degraded by such proteases, it needs to be recognized by an AAA+ ATPase, which then
unfolds and translocates the protein into the opened substrate channel of the protease (Kim et
al., 2022). These types of ATPases can recognize a substrate directly by N-terminally encoded
degradation tags or, or indirectly, where certain substrates first need to bind to an adapter protein

(Sauer & Baker, 2011, Kim et al., 2022).

There are multiple types of proteases, which are classified based on their catalytic mechanism.
Each protease functions in a similar manner, which is the cleavage of a peptide at its peptide
bond (Farady & Craik, 2010). For the commonly found serine and cysteine proteases, this is
accomplished by transfer of a proton from the hydroxy- or thiol- side chains of the respective
residue to a basic residue, which is usually a histidine. This reaction follows a nucleophilic
attack of the deprotonated serine or cysteine to the carbonyl carbon of the peptide bond, which
in the end leads to its hydrolysis (Radisky et al., 2006). One of the most crucial bacterial serine
proteases is the protease CIpP. ClpP proteases are a central determinants of proteolytic protein

turnover and are conserved in most bacteria and eukaryotes (Maupin-Furlow, 2011).
1.4.2 L. monocytogenes ClpP2

L. monocytogenes posesses two ClpP isoforms, namely ClpP1 and ClpP2. However, these ClpP
isoforms are only distantly related, since they only share a sequence identity of 42%. ClpP1
assembles into an inactive heptamer and only shows low sequence homology to ClpP proteins
from other organisms (Balogh et al., 2022). ClpP2 is biologically active and its special
importance for proteolysis, growth in high salt concentrations or at elevated temperatures and
for survival of L. monocytogenes inside macrophages and mice has been demonstrated (Gaillot
et al., 2000). While the reduced tolerance of a AclpP2 mutant to heat is mainly caused by the

increased importance of ClpP2 at higher temperatures, the impaired pathogenesis is caused by
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a lower level of listeriolysin O, which is essential for phagosomal escape (Gaillot et al., 2000,
Phelps et al., 2018). In other organisms, ClpP could be assigned with several other functions,
such as the acquisition of nutrients, biofilm formation, cell motility and antibiotic resistance

(Frees et al., 2014, Bhandari et al., 2018, Moreno-Cinos et al., 2019).

L. monocytogenes CIpP2 oligomerizes into a heptameric ring and can assembly with another
heptamer of either ClpP1 or ClpP2 to form a biologically active protease with 14 active sites
(Wang et al., 1997, Dahmen et al., 2015, Balogh et al., 2022). The catalytic center of ClpP2
consists of the three residues S98, H123 and D172, which mediate cleavage of the substrates
(Dahmen et al., 2015). For proteolytic cleavage, an ATPase bound to ClpP2 unfolds the target
protein under hydrolysis of ATP, and enters the unfolded protein into the opened degradation
channel, leading to protein degradation (Olivares et al., 2016, Moreno-Cinos et al., 2019). In L.
monocytogenes, three AAA+ ATPases are known to mediate ClpP2-dependent proteolysis,
namely ClpC, CIpE and ClpX (Rouquette et al., 1996, Nair et al., 1999, Gatsogiannis et al.,
2019, Aljghami et al., 2022). These ATPases can be specific for certain substrates but can also
act synergistically, allowing a fine-tuned control of protein homeostasis. While ClpX is
constitutively expressed and has been postulated to be the main ATPase for protein quality
control, ClpC and CIpE are under control of CtsR, a repressor protein which negatively
regulates the expression of several genes under non-stress conditions (Derré et al., 1999, Flynn
et al., 2001, Karatzas et al., 2003, Aljghami et al., 2022). A synergistic relationship between

ClpC and CIpE in cell division mechanisms has also been demonstrated (Nair et al., 1999).

The tight regulation of CIpP and its vital role in several cellular processes make the protease an
interesting target for antibiotics. A group of acyldepsipeptides (ADEPs) was isolated from
Streptomyces hawaiiensis and showed antimicrobial properties against Staphylococcus aureus

and Enterococcus faecalis (Brotz-Oesterhelt et al., 2005). ADEPs interact with CIpP directly
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and compete with the AAA+ ATPases for their binding site at the hydrophobic groove (Li et
al., 2010). Hence, the toxicity of ADEP is caused by mimicking the binding of an ATPase to
ClpP, constantly opening the degradation channel of the protease, leading to uncontrolled
proteolysis and bacterial cell death (Brotz-Oesterhelt et al., 2005, Kirstein et al., 2009).
However, ADEP resistant suppressors carrying inactivating mutations in clpP can frequently

be isolated in Bacillota (Malik et al., 2020).

1.5 Aim of this study

Twenty so far uncharacterized ABC-type MDR transporters could be identified in silico in the
L. monocytogenes genome. The promoters controlling expression of their genes should be fused
to the lacZ reporter gene, with the intention to identify their respective substrates by screening
of natural compound libraries. Upon induction of a promoter by a specific compound, the genes
encoded in this operon should then be tested regarding their role in the secretion and in the

resistance against the compounds.
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2 Materials and Methods

2.1 Primers

Table 2-1 lists all primers used in this work. A total amount of 25 nmol of each primer was

ordered from Integrated DNA Technologies and resuspended in ddH-O to a final concentration

of 100 uM. Primers were stored at -20°C.

Table 2-1: List of primers used in this study.

name sequence purpose
SaH90 CGGGAAGCCCTGGGACG control of promoter insertion in
pBP117
SaH91 TGGCCTTCCTGTAGCCAGC control of promoter insertion in
pBP117

TE20 GATCTATCGATGCATGCCATGGTACCCGGGCGCGA  Imo0744 deletion US FW
GGAAACAGGCAACGC

TE21 GGCGATATCGGATCCATATGACGTCGACGCCACTG  Imo0744 deletion DS RV
CCTAAGGATGGG

TE22 GGAGAATAAATGCTGCAGTGACCCAACTAACAGAA Imo0744 deletion DS FW
AAGAGG

TE23 GTTGGGTCACTGCAGCATTTATTCTCCTACTTTCAA  Imo0744 deletion US RV
ATAGTATC

TE45 CCGCTCTAGAACTAGTGGATCCCCCGGGGCTACCG  Pimoosos in pBP117 FW
CGTCATCTGAATAATGCC

TE46 CGTTGTAAAACGACGGGGAATTCCATTTCTCCACTT  Pimoosos in pBP117 RV
CTTTCTATCATTTG

TE47 CCGCTCTAGAACTAGTGGATCCCCCGGGAATTAAA  Pimeora1 in pBP117 FW
AAATTTTTTAAAAGCAATAAAAAAACC

TE48 CGTTGTAAAACGACGGGGAATTCCATAATTTCCTCC  Pimeora1 in pBP117 RV
TTTCGCC

TE49 CCGCTCTAGAACTAGTGGATCCCCCGGGCGAGCCG  Pimgogzs in pBP117 FW
ACTTAGTTCTTC

TES50 CGTTGTAAAACGACGGGGAATTCCATTGCTTTCCCT  Pimoogzs in pBP117 RV
CCCTTTCTC

TE51 CCGCTCTAGAACTAGTGGATCCCCCGGGGGATGCT  Pimoisss in pBP117 FW
GTTGTAGATACTCTTGC

TE52 CGTTGTAAAACGACGGGGAATTCCATTGAATCAAC  Pimoisss in pBP117 RV
TCCATTCTTGTTCC

TE53 CGTTGTAAAACGACGGGGAATTCCATTTCCATACCT  Pimoza1s in pBP117 RV
CCTTACGTAATC

TE54 CCGCTCTAGAACTAGTGGATCCCCCGGGCGGTAAA  Pimgoais in pBP117 FW
GCTTCTTTTAATGCCCGCGC

TE66 CCGCTCTAGAACTAGTGGATCCCCCGGGCCGAACA  Pimoogss in pBP117 FW
AACTGGTGGTAAAAAAG

TE67 CGTTGTAAAACGACGGGGAATTCCATCTGGTTGCC  Pimoogss in pBP117 RV
TCCCTTTTTC

TE68 CCGCTCTAGAACTAGTGGATCCCCCGGGCCGAAAA  Pimooios in pBP117 FW
CCAATATGGAGTTGCG

TE69 CGTTGTAAAACGACGGGGAATTCCATTTTTTCACAT  Pimooios in pBP117 RV

CCTTTAATATTC
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TE70

TE71

TE72

TE74

TE75

TE76

TE77

TET78

TE79

TE8O

TE81

TE82

TES83

TES86

TE87

TE88

TE89

TE104

TE105

TE106

TE107

TE124

TE125

TE128

TE129

TE134

TE135

TE136

TE137

CTCTAGAACTAGTGGATCCCCCGGGGCTAGTCATT
AAGCATAACG
CGTTGTAAAACGACGGGGAATTCCAAACAACAATC
CCTCCCTTTTC
CTCTAGAACTAGTGGATCCCCCGGGGGAATTGAAA
AAATTACTTTTTACG
CTCTAGAACTAGTGGATCCCCCGGGCTAAACCGTC
CAAAGTTTATG
CGTTGTAAAACGACGGGGAATTCCATGTTCTCTCCT
CCACACTC
CTCTAGAACTAGTGGATCCCCCGGGGCGGTACAAA
AGATCAATGG
CGTTGTAAAACGACGGGGAATTCCAATTTACTCAC
CTCATCCTTTTG
CTCTAGAACTAGTGGATCCCCCGGGGGGGAACTTA
CGAATTTTAC
CGTTGTAAAACGACGGGGAATTCCATCTCTCCCCCC
GCTTTCATG
CTCTAGAACTAGTGGATCCCCCGGGCGGTGCGCCT
TGGTTAAAAG
GTAAAACGACGGGGAATTCCATCGGTTATACCAAC
TCC
CTCTAGAACTAGTGGATCCCCCGGGCCGTTAGATT
GGATTCAAGC
CGTTGTAAAACGACGGGGAATTCCATTCATTTCACC
CTTCCTG
CTCTAGAACTAGTGGATCCCCCGGGGGATTTGTAG
AAGTAGAAATTAAAC
CGTTGTAAAACGACGGGGAATTCCATGATTTTCCTC
CCTTGG
CTCTAGAACTAGTGGATCCCCCGGGGGGTTATCCTC
TTTTGGACC
CGTTGTAAAACGACGGGGAATTCCATTATTCCACCT
CTTTCAC
GATCTATCGATGCATGCCATGGTACCCGGGGAAAT
CGCAGAACAAGGTCAAGTCC
GATCTATCGATGCATGCCATGGTACCCGGGGAAAT
CGCAGAACAAGGTCAAGTCC
GATCTATCGATGCATGCCATGGTACCCGGGGAAAT
CGCAGAACAAGGTCAAGTCC
GATCTATCGATGCATGCCATGGTACCCGGGGAAAT
CGCAGAACAAGGTCAAGTCC
CCGCTCTAGAACTAGTGGATCCCCCGGGGTCTTTTT
CTCGGGTAGTTTGTATG
CGTTGTAAAACGACGGGGAATTCCATGTAATTGCT
GTCTCCTTATAA

CAAATCCAGATGCTATCACG

CAAATCCAGATGCTATCACG

GGCGATATCGGATCCATATGACGTCGACCTTGATTC
ATTTGCGCCTCTGACC
GATCTATCGATGCATGCCATGGTACCCGGGGTGTT
ATTTTGACTGTTTAGTAAC
TTTTCATCCATTACTGCAGCATGTTCTCTCCTCCAC
ACTC
GAGAGAACATGCTGCAGTAATGGATGAAAAACGAT
TAAAAAT
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Pimo16s2 in pBPll7 FW

Pimo16s2 in pBPll7 RV

Pimo1725 With Imo1725 in pBP117
FW

Pimo1g64 iN pBP117 FW

Pimo1ge4 in pBP117 RV

Pimo222s in pBPll7 FW

Pimo222s in pBPll7 RV

Pimoz241 in pBPll7 FW

Pimoz241 in pBP117 RV

Pimoz372 1N pBP117 FW

Pimozs72 1N pBP117 RV

Pimo274s in pBP117 FW

Pimo274s in pBP117 RV

Pimoz7s1 in pBP117 FW

Pimoz7s1 1N pBP117 RV

Pimo276s IN pBPll? FW

Pimo276s IN pBPll? RV
Imo0194/Imo0195 deletion US
FW

Imo0194/Imo0195 deletion DS
RV

Imo0194/Imo0195 deletion DS
FW

Imo0194/Imo0195 deletion US
RV

Pimooss7 IN pBPll? FW

Pimoose7 in pBPll? RV

control PCR for ImoQ0744
deletion
control PCR for ImoQ0744
deletion

Imo01963/Imo1964 deletion DS
RV
Im01963/Imo1964 deletion US
FW
Im01963/Imo1964 deletion US
RV
Imo01963/Imo1964 deletion DS
FwW



TE146

TE147

TE148

TE149

TE162

TE163

TE181

TE188

TE189

TE208

TE209

TE212

TE213

TE214

TE215

TE216

TE217

TE218

TE219

TE220
TE227

TE228

TE229

TE230

TE237

TE238

TE239

TE240

TE241
TE257

GGCGATATCGGATCCATATGACGTCGACGCAGAAC
TCGAAAAAGAAGTAC
GATCTATCGATGCATGCCATGGTACCCGGGGCTAA
AGGTAGTTATAATAAGAGTG
GGTATAACCGATGCTGCAGTAAAAAACCTGCGTGG
CTTAAG
GGTATAACCGATGCTGCAGTAAAAAACCTGCGTGG
CTTAAG

AGAAGTAAAAGTCACAGTAACAGC

GACAACTTTGTGAATTGTAATC

CGTTGTAAAACGACGGGGAATTCTCATTCATGGTT
GCGGCTCCT
GATGGCAGCTAGTTTAATATG

CGGATGGATCTGCAAATAAAC
CCACGACTAACGGTCTTAATG
CTATTATCGCTCTTTTTCCG

GGCGATATCGGATCCATATGACGTCGACCGAAATC
CATATCCATCATGAAATC
GATCTATCGATGCATGCCATGGTACCCGGGGTTTTT
TGGAAAATGATTGGG
GGATTTGGGCTCACTGCAGCATTATACTTTCAAATC
CTTTTTCTTA
GAAAGTATAATGCTGCAGTGAGCCCAAATCCTTTTT
TTAAC

CACCTTATTTATCGCGGCG

GCAGCACTAATTGGTGCGC

GATTCCTAGGATGGGTACCATGGAAGCAATTAAAG
TGGAG
GCTTGATAATTCGCGGCCGCTTATACTTTCAAATCC
TTTTTCTTATAAAG
GGGCAACAAACTAATGTGCAAC
GTAGAAGGAGAGTGAAACCCATGGAAGCAATTAA
AGTGGAGTCGC
CAAAGCATAATGGGATCGTCGACTTATACTTTCAA
ATCCTTTTTC
GTAGAAGGAGAGTGAAACCCATGGATGAAAAACG
ATTAAAAATTTTAG
CAAAGCATAATGGGATCGTCGACTCACTCGCCCAA
ATCCTTTTTTTC
CTTAATTCCAACAGTAATTAAACAAACTAGCCGCG
GTG
CACCGCGGCTAGTTTGTTTAATTACTGTTGGAATTA
AG
GGAGATATACATATGACTAGTATGGATGAAAAACG
ATTAAAAATTTT
TTTCGAACTGCGGGTGGCTCCACTCGCCCAAATCCT
TTTTTTC

GATCGAGATCTCGATCCCGCG
GTTGGTGCGATTGTTGGGATG
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Im02371/Imo2372 deletion US
FW
Imo02371/Imo2372 deletion DS
RV
Imo02371/Imo2372 deletion DS
FW
Im02371/Imo2372 deletion US

RV

control PCR for
Imo00193/Imo0194 deletion
control PCR for

Im00193/Imo0194 deletion
Pimo1725 With Imo1725 in pBP117
RV

control PCR for
Im01963/Im01964 deletion
control PCR for
Im01963/Im01964 deletion
control PCR for
Imo02371/Imo2372 deletion
control PCR for

Imo2371/Imo2372 deletion
Im01962 deletion DS RV

Im01962 deletion US FW

Im01962 deletion US RV

Imo01962 deletion DS FW

control PCR for 1Imo01962
deletion
control PCR for 1Imo01962
deletion

Im01963/Im01964 in pSG1154
Im01963/Im01964 in pSG1154

control of pSG1154 insertions
Im01963/Im01964 in pIMK3 FW

Im01963/Im01964 in pIMK3 RV
Im01962 in pIMK3 RV
Imo1962 in pIMK3 RV

clpP2 E9K mutation in pSW54
FwW

clpP2 E9K mutation in pSW54
RV

Im01962 in pET11a

Im01962 in pET11a

control of pET11a insertions

control PCR for Imo2468
(clpP2) deletion



TE271

TE277

TE278

TE366

TE367

TE368

TE369

TE370

TE371

TE375

TE376

TE379

TE380

TE383

TE384

TE387

TE388

TE389

TE390

TE391

TE392

TE393

TE394

TE397

TE398

TE400

TE401

TE402

TE403

GCATCAATAACTTGATAGAACGCATTAC

CTCTAGAACTAGTGGATCCCCCGGGGCTGAAGGCT
CTAACGTAGTAATCG
CGTTGTAAAACGACGGGGAATTCCATGAATGTTCT
CCTTCTGCTCC
GGCGATATCGGATCCATATGACGTCGACCCGTGAA
AATATTATCCTTCCTC
GATCTATCGATGCATGCCATGGTACCCGGGGCAGG
TGTTTTCTCGCTTCTTGG
ATGACGTTATTTGACCTGCAGTAATAAAAAGAAGC
CCTCTAACC
GCTTCTTTTTATTACTGCAGGTCAAATAACGTCATC
TGAGTCGCCC

GTCCACTTTCCGACGTGAC

CAAGCAAAAGAAATACAAGC

GATCTATCGATGCATGCCATGGTACCCGGGCCGAC
GAATGGCCTTGATCCG
GGCGATATCGGATCCATATGACGTCGACCGATGCT
AAAAAAGTAATCACC
TGGAGCCACCCGCAGTTCGAAAAATACGAAGGGGG
AGAAATCAAG
TTTTTCGAACTGCGGGTGGCTCCATAATGTCATAAA
TTTATCTTCCAGCTC
TGGAGCCACCCGCAGTTCGAAAAATATAAGAAAAA
GGATTTGAAAGTATAATGG
TTTTTCGAACTGCGGGTGGCTCCAAAGAACAAATG
TCATAGCAAC
GGCGATATCGGATCCATATGACGTCGACTGCACGC
ACAAATGGAAAAAG
GATCTATCGATGCATGCCATGGTACCCGGGGGATC
GCCTTCTGCATCAGTGG
GAAATATTTTGCTGCAGTGATTAGAATGCGCGTCGT
AATTG
CATTCTAATCACTGCAGCAAAATATTTCACCCCTTC
GC
GGCGATATCGGATCCATATGACGTCGACCCAAGAA
ATTGGGAGCTTCTGG
GATCTATCGATGCATGCCATGGTACCCGGGCTACTT
ATCGTTGCCATCATC
CCTTTTTATTACTGCAGCATATATAATTTCCTCCTTT
TAAAAATGAG
AATTATATATGCTGCAGTAATAAAAAGGGCTTGAG
TTAAC
GTTATTTGACCTGCAGTAATAAAAAGAAGCCCTCT
AACC
TATTACTGCAGGTCAAATAACGTCATCTGAGTCGCC
C

CTAGAACATTCTGTAGAAGCTG

GATATGCTAAAACGTCAGAAAGC
CAAGCACAAGGTCTAACTCCTG

CTCCTAAAACAAAAAGTTCTCC
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control PCR for Imo02468

(clpP2) deletion

Pimoo1es in pBP117 FW

Pimoo1gs in pBP117 RV

Imo2115 (anrB) deletion US FW
Imo2115 (anrB) deletion DS RV
Imo2115 (anrB) deletion DS FW

Imo2115 (anrB) deletion US RV

control PCR for Imo2115
deletion

control PCR for Imo2115
deletion

strep-tagging of Ct of Lmo01964
(TimA) US FW

strep-tagging of Ct of Lmo01964
(TimA) DS RV

strep-tagging of Ct of Lmo1964
(TimA) DS FW

strep-tagging of Ct of Lmo1964
(TimA) US RV

strep-tagging of Ct of Lmo01963
(TimB) US FW

strep-tagging of Ct of Lmo01963
(TimB) DS RV

Imo1268 (clpX) deletion US FW
Imo1268 (clpX) deletion DS RV
Imo1268 (clpX) deletion DS FW
Imo01268 (clpX) deletion US RV
Imo0997 (clpE) deletion DS RV
Imo0997 (clpE) deletion US FW
Imo0997 (clpE) deletion US RV
Imo0997 (clpE) deletion DS FW
Imo2115 (anrB) deletion DS FW

Imo2115 (anrB) deletion US RV

control of 1mo0997 (clpE)
deletion
control of Imo0997 (clpE)
deletion
control of 1Imo1268 (clpX)
deletion
control of 1mol1268 (clpX)
deletion



TE410

CAAGCTTGCATGCCTGCAGGTCGACCTGGGGAAGC
CTAACTGGTGGC

TE411 GCCAGTGAATTCGAGCTCGGTACCGAATCAATCAT
GAAGACTTACAAG

TE412 GTGCTTCTTTTTTACTGCAGCATTTGCTATCACCTG
ATTTTC

TE413 GCAAATGCTGCAGTAAAAAAGAAGCACCCATTCCT
GG

TEA414 GTGATATAGCAATGCGAATG

TE415 CGGTTGGACCTGTTCGTGAC

TE416 CAAGCTTGCATGCCTGCAGGTCGACGACTTGTATCC
AGAGCGGACCTTC

TE417 GCCAGTGAATTCGAGCTCGGTACCGTAAAACATAT
GATCCGACGTCTC

TE418 CAATCTTACTGCAGCATTAGACATTCACACTCCTTA
TC

TEA419 GTGTGAATGTCTAATGCTGCAGTAAGATTGATAAA
AGTGGTTGCC

TE420 CTTTGCCAGATCCAAATTATG

TE421 CCAATTGTAGCTTTTGTTACG

TE438 GTAGAAGGAGAGTGAAACCCATGGTATTTAAATTT
AACGACGAAAAAGGCC

TE439 CAAAGCATAATGGGATCGTCGACTCATGCAGATGT
TTTAATTGGAAT

TEA452 GGAGAGTGAAACCCATGGTAACGTTATACACTTCA
CcC

TE453 GCTTTGGTCGACTTAGTTAACCATTTTTTGCGCTTC

2.2 Plasmids

Imo0964 (yjbH) deletion DS RV
Imo0964 (yjbH) deletion US FW
Imo0964 (yjbH) deletion US RV

Imo0964 (yjbH) deletion DS FW

control of 1Imo0964 (yjbH)
deletion
control of 1Imo0964 (yjbH)
deletion

Imo2191 (spxAl) deletion DS
RV

Imo2191 (spxAl) deletion US
FW

Imo2191 (spxAl) deletion US
RV

Imo2191 (spxAl) deletion DS
FW
control of
deletion
control  of
deletion
Imo01268 (clpX) into pIMK3

Imo2191 (spxAl)

Im02191 (SpxAl)

Imo01268 (clpX) into pIMK3
Im02191 (spxAl) into pIMK3

Imo1268 (spxAl) into pIMK3

In Table 2-2, the plasmids used in this work are listed. All plasmids were isolated from E. coli

TOP10, and an aliquot of the E. coli strain was stored in 25% (v/v) glycerol at -70°C to -80°C.

Table 2-2: List of plasmids used in this study.

name genotype construction

pBP117 lacZ neo (Hauf et al., 2019)
pET1la bla Pt lacl Novagen

pIMK3 Prep-lacO lacl neo (Monk et al., 2008)
pMAD bla erm bgaB (Arnaud et al., 2004)
pMinimad ori®™ amp mls (Patrick & Kearns, 2008)
pJR127 bla erm bgaB AclpC Dr. Jeanine Rismondo
pSaH14 Pimo140g-1acZ neo Dr. Samuel Hauf
pSaH91 bla amyE 3' spc Pyyi-lieAB amyE 5' Dr. Samuel Hauf
pSH535 bla PT7 lacl IftR-strep G27S PD Dr. Sven Halbedel
pSH536 bla PT7 lacl IftR-strep T46M PD Dr. Sven Halbedel
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pSW54
pPR5
pPR8
pTEG6
pTE7
pTES

pTEQ

pTE10
pTE12
pTE14
pTE15
pTE16
pTEL7
pTE19
pTE23
pTE24
pTE26

pTE30

pTE32
pTE36
pTE39

pTE42

pTES0

pTES52

pTES8
pTE61
pTE62

pTE64
pTE71

bla PT7 lacl clpP2
Preip-lacO lacl neo clpP2
bla erm bgaB AclpP2
P|m00925-lacZ neo
Pimo1635-1acZ neo
Pimoz2214-1aCcZ neo

bla erm bgaB Almo0744

Pimoo744-1acZ neo
Pimoo107-1acZ neo
Pimoossa-lacZ neo
Pimo1ss2-lacZ neo
Pimo19s2-lacZ neo
P|m02226-|aCZ neo
P.m02241-lacZ neo
P|m00606-|aCZ neo
Pimoz7s1-lacZ neo
Pimozs71-lacZ neo

bla erm bgaB Almo00194/Imo0195

Pimo2745-1acZ neo
Pimo2768-1acZ neo
Pimooss7-lacZ neo

bla erm bgaB Alm01963/Im01964

bla erm bgaB Almo02371/Imo2372

bla erm bgaB Almo1962

bla amyE 3' spc Pxy-timAB amyE 5'

Preip-l1acO lacl neo Imo1962

Preip-1acO lacl neo Imo1963/Imo1964

bla Pr7 lacl clpP2-strep E9K
bla P17 lacl timR-strep

Dr. Sabrina Wamp

Patricia Rothe

Patricia Rothe

RF cloning of Imo0925 promoter (TE49, TE50)
into pSaH14 linearized with EcoRI

RF cloning of Imo1635 upstream (TE51, TE52)
into pSaH14 cut EcoRl

RF cloning of Im02214 upstream (TE53, TE54)
into pSaH14 cut EcoRl

Imo0744 upstream (TE20, TE23) and downstream
(TE21, TE22) into pMAD cut EcoRIl by RF
cloning

RF cloning of Imo0741 upstream (TE47, TE48)
into pSaH14 cut EcoRl

RF cloning of Imo0107 upstream (TE68, TE69)
into pPB117 cut EcoRlI

RF cloning of Imo0984 upstream (TE66, TE67)
into pPB117 cut EcoRlI

RF cloning of Imo1652 upstream (TE70, TE71)
into pPB117 cut EcoRlI

RF cloning of Im01962 upstream (TE74, TE75)
into pPB117 cut EcoRlI

RF cloning of Imo02228 upstream (TE76, TE77)
into pPB117 cut EcoRlI

RF cloning of Imo2241 upstream (TE78, TE79)
into pPB117 cut EcoRlI

RF cloning of Imo0606 upstream (TE45, TE46)
into pPB117 cut EcoRlI

RF cloning of Imo2751 upstream (TE86, TE87)
into pPB117 cut EcoRlI

RF cloning of Imo2371 upstream (TE80, TE81)
into pPB117 cut EcoRl

Im00194-Imo0195 upstream (TE104, TE107) and
downstream (TE105, TE106) into pMAD cut
EcoRlI by RF cloning

RF cloning of Imo2745 upstream (TE82, TE83)
into pPB117 cut EcoRlI

RF cloning of Imo2768 upstream (TE88, TE89)
into pPB117 cut EcoRlI

RF cloning of Imo2768 upstream (TE124, TE125)
into pPB117 cut EcoRl

Im01963-Imo01964 upstream (TE135, TE136) and
downstream (TE134, TE137) into pMAD cut
EcoRI by RF cloning

Im02371-Im02372 upstream (TE146, TE149) and
downstream (TE147, TE148) into pMAD cut
EcoRlI by RF cloning

Imo1962 upstream (TE213, TE214) and
downstream (TE212, TE215) into pMAD cut
EcoRlI by RF cloning

Im01963/Imo1964 (TE218/TE219) into pSaH91
by RF cloning

product of TE229/TE230 cut Ncol, Sall ligated
into pIMK3 cut Ncol, Sall

product of TE227/TE228 cut Ncol, Sall ligated
into pIMK3 cut Ncol, Sall

inverse PCR with TE237/TE238 on pSW54
product of TE239/TE240 into pTE64 by RF
cloning



pTE75
pTES?
pTE91

pTE98
pTE99

pTE100
pTE101
pTE102
pTE103
pTE104

pTE105

pTE107

pTE108
pTE111
pTE112
pTE115

pTE116

pTE117

pTE118

Pimoo193-1acZ neo
ori®™ amp mls AclpP2
bla erm bgaB Im02115

bla erm bgaB Im01963-strep

bla erm bgaB AclpE

bla erm bgaB AanrB
ori®™ amp mls AclpX

ori®™s amp mls Imo1964-Imo1963-strep

ori®s™ amp mls AclpE

ori®™ amp mls AanrB

ori®™ amp mls Imo1964-strep-Imo1963

Preip-1acO lacl neo Imo1964-strep-1mo1963

Preip-lacO lacl neo clpX

bla erm::secY antisense AclpX

Preip-1acO lacl neo Imo1964-Imo1963-strep

Preip-1acO lacl neo spxAl

bla erm bgaB AyjbH

bla erm bgaB AspxAl

ori®™ amp mls AspxAl
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RF cloning of Im00193 upstream (TE277/TE278)
into pPB117 cut EcoRlI

ligation of pPR8 insert cut Kpnl, BamHI into
pMinimad cut Kpnl, BamH]I

Im02215 +450 bp up- and downstream (TE366-
TE367) into pMAD by RF cloning

450 bp upstream (TE213/TE384) and downstream
(TE383/TE134) of Imo01963-C-terminus into
pMAD by RF cloning

Imo0997  upstream  (TE392/TE393) and
downstream (TE391/TE394) into pMAD cut
EcoRlI by RF cloning

inverse PCR with TE397/TE398 on pTE91
ligation of pTE97 insert cut Kpnl, Sall into
pMinimad cut Kpnl, Sall

ligation of insert in pTE98 cut Kpnl, Sall into
pMinimad cut Kpnl, Sall

ligation of pTE99 insert cut Kpnl, Sall into
pMinimad cut Kpnl, Sall

ligation of pTE100 insert cut Kpnl, Sall into
pMinimad cut Kpnl, Sall

ligation of 450 bp upstream (TE375/TE380) and
downstream (TE376/TE379) into pMinimad
ligation of PCR product of TE227/TE228 on
LMTE98 cut Ncol, Sall into pTE61 backbone cut
Ncol, Sall

ligation of PCR product of TE438/TE439 cut
Ncol, Sall into pTE61 backbone cut Ncol, Sall
ligation of pTE97 insert cut Kpnl, Sall into
pHoss1 cut Kpnl, Sall

ligation of PCR product of TE227/TE228 on
LMTE99 cut Ncol, Sall into pTE61 cut Ncol, Sall
ligation of PCR product of TE452/TE453 cut
Ncol, Sall into pTE61 cut Ncol, Sall

Imo0964  upstream  (TE411/TE412) and
downstream (TE410/TE413) cut EcoRI, Sall
ligated into pMAD cut EcoRl, Sall

Imo2191  upstream  (TE417/TE418) and
downstream (TE416/TE419) cut EcoRI Sall into
pMAD cut EcoRl, Sall

ligation of pTE117 insert cut Ncol, Sall into
pTE87 backbone cut Ncol, Sall



2.3 Bacterial strains

All bacterial strains used in this study are summarized in Table 2-3. Strains were stored in 25%

(v/v) glycerol at -70°C to -80°C.

Table 2-3: Table of bacterial strains used in this work.

name genotype construction

Bacillus subtilis strains

168 wild type

BSTE1 amyE 3' spc Pyy-timAB amyE 5' pTE58 — B. subtilis 168
Listeria monocytogenes strains

EGD-e wild type, serovar 1/2a

BPL18 AktrD Dr. Johannes Gibhardt
BPL87 AkdpABCDE Mengyi Wang

BPL88 AkimA Mengyi Wang

BPL89 ApgpH ApdeA (Wang et al., 2022)
LMJR45 AcdaR (Rismondo et al., 2016)
LMJIR46 AcdaA attB::Ppep-lacO-cdaA lacl neo (Rismondo et al., 2016)
LMJR138 AclpC (Rismondo et al., 2017)
LMSH5 attB::Pjicas-lacZ neo (Hauf et al., 2019)
LMSH16 attB::lacZ neo (Hauf et al., 2019)
LMSH30 attB::Piicas@-193-1acZ neo (Hauf et al., 2021)
LMSH31 attB::Piica-152-1acZ neo (Hauf et al., 2021)
LMSH32 attB::Piica-122)-1acZ neo (Hauf et al., 2021)
LMSH33 attB::Piiea-97)-1acZ neo (Hauf et al., 2021)
LMSH44 attB::Plieas(1-122) transversion 69-61-1aCZ Neo (Hauf et al., 2021)
LMSHA45 attB::Plieas(1-122) transversion 60-51-1aCZ Neo (Hauf et al., 2021)
LMSHA46 attB::Plieas(1-122) transversion 50-41-1aCZ Neo (Hauf et al., 2021)
LMSHA47 attB::Plieas(1-122) transversion 40-31-1aCZ neo (Hauf et al., 2021)
LMSH48 attB::PlieAB(l-lzz) transversion 30.21'|aCZ neo (Hauf et a.l, 2021)
LMSH98 AIftR attB::Piieas(1-122)-1acZ neo (Hauf et al., 2021)
LMS250 Ahly (Fischer et al., 2022)
LMTE3 attB::Pimoo7a1-1acZ neo pTE10 — EGD-e
LMTE4 attB::Pimoog2s-1acZ neo pTE6 — EGD-e
LMTE5 attB::Pimo163s-lacZ neo pTE7 — EGD-e
LMTEG6 attB::Pimo2215-1acZ neo pTE8 — EGD-e
LMTES8 AlmoQ744 pTE9 « EGD-e
LMTE10 attB::Pimo2241-1acZ neo pTE19 — EGD-e
LMTE11 attB::Pimoogss-1acZ neo pTE14 — EGD-e
LMTE12 attB::Pimo222s-1acZ neo pTE17 — EGD-e
LMTE13 attB::Pimoo1g4-1acZ neo pTE13 — EGD-e
LMTE14 attB::Pimo1es2-1acZ neo pTE15 — EGD-e
LMTE15 attB::Pimoo10s-1acZ neo pTE12 — EGD-e
LMTE16 attB::Pimo27s1-1acZ neo pTE24 — EGD-e
LMTE18 attB::Pimo2sri-1acZ neo pTE26 — EGD-e
LMTE19 attB::Pima-lacZ neo pTE16 — EGD-e
LMTE24 attB::Pimo27es-1acZ neo pTE36 — EGD-e
LMTE26 attB::Pimo2745-1acZ neo pTE32 — EGD-e
LMTE27 attB::Pimoosos-1acZ neo pTE23 — EGD-e
LMTE28 attB::Pimooss7-1acZ neo pTE39 — EGD-e
LMTE30 Almo00194/Imo0195 pTE30 « EGD-¢
LMTE33 attB::Pimo1723 IM01725-lacZ neo pTE37 — EGD-e
LMTE34 AtimAB pTE42 «— EGD-e
LMTE37 AtimR pTE52 < EGD-e
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LMTE38
LMTE39
LMTE40
LMTE42
LMTE43
LMTE44
LMTEA45
LMTEA46
LMTEA47
LMTEA48
LMTE49
LMTESO
LMTES1
LMTE52
LMTEGS
LMTEG6
LMTE69
LMTE71
LMTE72
LMTE74
LMTE75
LMTE76
LMTE77
LMTE78
LMTES80
LMTES89
LMTE90
LMTE91
LMTE94
LMTE95
LMTE100
LMTE101
LMTE102
LMTE103
LMTE104
LMTEL06
LMTE110
LMTE112
LMTE113
LMTE114
LMTE115
LMTE116
LMTE117
LMTE118
LMTE119
LMTE120
LMTE121
LMTE122
LMTEL39
LMTE140

attB::Pima-lacZ neo clpP2 E9K
attB::Prma-1acZ neo clpP2 E9K
attB::Psma-1acZ neo clpP2 E9K
attB::Psma-1acZ neo clpP2 E9K
attB::Prma-1acZ neo clpP2 E9K
attB::Pima-lacZ neo clpP2 E9K
attB::Pima-lacZ neo clpP2 E9K
attB::Pima-lacZ neo clpP2 E9K
attB::Pima-lacZ neo clpP2 E9K
attB::Pima-lacZ neo clpP2 E9K
attB::Psma-1acZ neo clpP2 E9K

AtimR attB::Pima-lacZ neo

AtimAB attB::Pheip-lacO-timAB lacl neo
AtimR attB::Ppep-lacO-timR lacl neo
timR K202fs

yjbH D143fs

Almo02371/Imo2372

attB::Pimoo103-1acZ neo

attB::Pepp2-1acZ neo

clpP2 T90I

clpP2 T90I

clpP2 T90I

clpP2 T90I

clpP2 T90I

AclpP2

attB: :Pheip-lacO-timAB lacl neo
AclpP2 attB::Ppep-lacO-clpP2 lacl neo
PimaG14—T

AtimR attB::Phelp-lacO-timAB lacl neo
AtimABAclpP2

AclpE

Almo0744 Almo0194/0195

AclpE AclpC

Almo0744 Almo2371/Imo2372
Almo0744 Almo0194/Imo0195 Almo02371/Imo2372
AtimAB attB::Pheip-lacO-timA-strep-timB
AclpP2 AtimAB attB::Pheip-lacO-timA-strep-timB
AclpE AclpX

AclpX

AclpC AclpX

AclpC AclpE AclpX

AtimAB attB::Preip-lacO-spxAl lacl neo
attB::Pheip-lacO-spxAl lacl neo

AtimR attB::Ppep-lacO-spxAl lacl neo
AclpP2 attB::Pima-lacZ neo

AyjbH

AclpC attB::Ppep-lacO-spxAl lacl neo
AclpX attB::Preip-lacO-spxAl lacl neo
AspxAl attB::Ppeip-lacO-spxAl lacl neo
AclpC AyjbH

tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
pTE16 — LMTE37

pTE62 — LMTE34

pTE61 — LMTE37
tartrolon resistant suppressor
tartrolon resistant suppressor
pTE50 < EGD-e

pTE75 — EGD-e

pTE80 — EGD-e

tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
tartrolon resistant suppressor
pTE87 « EGD-e

pTE61 — EGD-e

pTE87 « LMPRY

tartrolon resistant suppressor
pTE6L <> LMTE37

pTE87 <> LMTE34

pTE103 < EGD-e

pTE9 <« LMTE30

pJR127 < LMTE100
pTE50 < LMTES

pTE50 <~ LMTE101
pTE107 — LMTE34

pTE87 «— LMTE106
pTE111 «+ LMTE100
pTE111 — EGD-e

pJR127 < LMTE113
pTE11l <> LMTE102
pTE115 — LMTE34
pTE115 < EGD-e

pTE115 — LMTE37

pTE87 <> LMTE19

pTE116 — EGD-e

pTE115 — LMJR138
pTE115 — LMTEI113
pTE118 «» LMTE117
pJR127 < LMTE120

Arrows (—) indicate the integration of the respective plasmid into the tRNAA' locus of L. monocytogenes, or
the amyE locus of B. subtilis, whereas double arrows («<) indicate gene deletions obtained by chromosomal
insertion and subsequent excision of plasmid derivatives.
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2.4 Cultivation conditions
2.4.1 Cultivation media

Cultivation of bacterial strains was done in Luria Bertani (LB) or brain heart infusion (BHI)
broth. Each medium was autoclaved prior to usage (121°C, 2 bar, 20 min). Additional
components were added immediately before usage. Components, that were solved in ddH,O
were additionally sterilized by filtering the suspension through an MiniSart® syringe filter
(Sartorius, pore size 0.2-0.45 um). Final concentrations of these components are summarized
in Table 2-4. Tartrolon A and tartrolon B were obtained from the German Centre of Infection
Research (DZIF) and dissolved in DMSO to a 25 mg/ml stock solution. Boromycin was

purchased from Hello Bio Ltd. (Ireland) and dissolved to 10 mg/ml in DMSO.

LB broth 10 g tryptone
5 g yeast extract
10 g NaCl
ad. 11 ddH.0O
LB agar 10 g agar
ad. 11 LB broth
BHI broth 37 g brain heart infusion broth
ad. 11 ddH.0
BHI agar 10 g agar
ad. 11 ddH.0

2.4.2 Cultivation of E. coli, B. subtilis and L. monocytogenes

E. coli and B. subtilis strains were grown in LB broth, while for growth of L. monocytogenes
strains BHI medium was used. Additional components were added according to Table 2-4

where necessary. All strains were incubated over night at 37°C, 250 rpm, before being tested
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in the respective experimental conditions. Strains were stored in 25% (v/v) glycerol at -70°C to

-80°C.

Table 2-4: Concentrations of additional compounds used in different organisms.

compound stock solution final concentration
E. coli L. monocytogenes B. subtilis
Ampicillin 100 mg/ml in ddH,O 100 pg/ml - -
Kanamycin 50 mg/ml in ddH,0 50 pg/ml 50 pg/ml
Erythromycin 5 mg/ml in EtOH - 5 pg/ml -
Spectinomycin 100 mg/ml in ddH,0 - - 100 pg/ml
X-Gal 50 mg/ml in DMSO 50 pg/ml 50 pg/ml -
IPTG 1 M in ddH0 1mM 1 mM -
Xylose 25% in ddH,0 - - 5%

2.5 DNA based work
2.5.1 Preparation of plasmid DNA

Plasmid DNA was isolated from a 5 ml E. coli TOP10 culture that was grown in selective
medium. 4 ml of this culture was centrifuged (11000 x g, 1 min) and the plasmids purified using
the QIAprep Spin Miniprep Kit (QIAGEN) according to the manufacturer’s guidelines. For the
final elution step, 50-100 pl ddH2O were used. Plasmid DNA was stored at -20°C. When
applicable, 500 ul of the remaining overnight culture was used to create a glycerol culture (final

glycerol concentration: 25% (v/v) and stored at -70°C to -80°C.
2.5.2 lIsolation of genomic DNA

For isolation of genomic DNA as a PCR template, 2 ml of an overnight culture was centrifuged
and the pellet resuspended in 500 pl ddH20. Around 200 mg glass beads (1 mm diameter) were
added and the cells lysed using the TissueLyser 1l (QIAGEN) (30 Hz, 5 min). After lysis, the
suspension was centrifuged (11000 x g, 1 min). 100 pl of the supernatant was taken into a new
tube and immediately used as a PCR template. The isolated DNA was stored at -20°C until

further usage.
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2.5.3 Polymerase chain reaction (PCR)
2.5.3.1 PCR for molecular cloning

Amplification of DNA fragments needed for molecular cloning was done using the Phusion®-
High Fidelity DNA Polymerase (New England Biolabs (NEB) GmbH) in 1x HF buffer (NEB).
The reaction volume varied between 20 pl and 100 pl. Each PCR contained a set concentration
of a premade deoxynucleotide triphosphate mix (10 mM each; Thermo Fisher Scientific) and
respective primer pairs ordered from Integrated DNA Technologies (IDT). Primers were solved
in ddH20 to a concentration of 100 uM. The reaction mixture for a 100 pul PCR as well as
typical PCR conditions used are summarized in Table 2-5. Annealing temperatures were

estimated using the online tool OligoCalc (Kibbe, 2007).

Table 2-5: Composition and conditions of PCR reactions.

compound volume (100 ul) step temperature duration
ddH>0 77 ul denaturation 95°C 5 min
5x HF buffer 20 pl
dNTPs (40 mM) 1l 30 cycles of:
template DNA 1l denaturation 95°C 30s
primer (100 mM) 0.5ul annealing 45-60°C 30s
Phusion® HF polymerase 0.5ul elongation 60-72°C 1 min/ kb
elongation 60-72°C 5 min
storage 8-16°C 00

2.5.3.2 Restriction free (RF) cloning

RF cloning was used as an alternative to classical cloning methods. For this, overlaps of 20-30
nucleotides (nt) that are complementary to the insertion site on the plasmid were added to the
primers at its 5"-ends. The amplified fragment containing these complementary overlaps was
used together with the plasmid in a PCR without primers to obtain the desired construct. For
this PCR, the Phusion High-Fidelity PCR Master Mix (2x concentration) (NEB) was used. If
possible, the plasmid was linearized prior to RF cloning by digestion with a single-cutting

enzyme cutting between the two complementary regions. Composition of the reaction and PCR
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conditions are listed in Table 2-6. If uncut plasmid was used, the reaction was incubated with
1 ul Dpnl (NEB) afterwards (37°C, 2 h). Afterwards, chemical competent E. coli TOP10 cells

were transformed with the reaction mix.

Table 2-6: Composition and reaction conditions of PCRs for restriction free cloning and quikchange PCRs.

compound RF quikchange step temper-  duration
cloning PCR ature
ddH:0 - 7 ul denaturation 95°C 15 min
plasmid 2ul 2 ul
insert 8 ul - 30 cycles of:
primer (100 puM) - 0.5 pl each | denaturation 95°C 5 min
Phusion® HF PCR Master Mix (2x conc.) 10 pl 10 pl annealing 45-60°C 30s
elongation 72°C 14-17
min
elongation 60-72°C 15 min
storage 8-16°C 00

2.5.3.3 Colony PCR

The presence of a specific plasmid or genomic modification was checked in E. coli or L.
monocytogenes cells using colony PCR. A small amount of a single colony was picked into a
PCR tube. While E. coli cells were untreated, L. monocytogenes cells were lysed by heat in a
microwave for 2 min. Afterwards, a master mix was prepared depending on the number of
clones to be analyzed. The reaction volume for each PCR was 20 pl. Each reaction consisted of

the concentrations described for standard PCRs in Table 2-5.

2.5.4 Agarose gel electrophoresis

For agarose gel electrophoresis, agarose was solved in 1x TAE buffer to obtain 1% (w/v)
agarose gels. As loading buffers, Purple Loading Dye (6x, NEB) or TriTrack (6x, Thermo
Fisher Scientific) were used. Gels were run in 1x TAE buffer at 120-150 V for 20-60 min in a
PowerPac™ Basic (BioRad) or a PerfectBlue® (VWR) gel chamber. The agarose gel was
stained for >10 min in an ethidium bromide solution and visualized on a Molecular Imager®

Gel Doc™ XR+ (BioRad) using the Image Lab 6.0 software (BioRad).
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TAE buffer (50x) 0.5 M EDTA, pH 8.0
57.1 ml acetic acid
242 g Tris
ad. 1 1ddH.0

Ethidium bromide solution 3 drops 1% ethidium bromide
ad. 300 ml 1x TAE

2.5.5 Extraction of DNA fragments from agarose gels

After preparative DNA digestions or fusion of DNA fragments by PCR, fragments were
separated on an agarose gel, stained with ethidium bromide and fragments of interest were cut
out. Fragment purification was done using the Macherey-Nagel™ NucleoSpin™ Gel and PCR
Clean-up Kit according to manufacturer’s instructions. Elution was done in 25 pl ddH20. DNA

was stored at -20°C until further usage

2.5.6 Restriction digest

Digestion of plasmids was done analytically to confirm the correct integration of fragments into
plasmids (10 pl reaction volume) and on a preparative scale for cloning of new constructs
(50 pl reaction volume). The enzymes and buffer (10x CutSmart) used were all ordered from
New England Biolabs. The reaction was incubated stationary at the enzyme specific
temperature for 2-5 h and then analyzed by agarose gel electrophoresis. The composition of

each reaction is summarized in Table 2-7.

Table 2-7: Compositions of restriction digests.

analytical digestion (10 ul) preparative digestion (50 ul)
plasmid 8 ul 43 pl
enzyme 1 0.5 ul 1l
enzyme 2 0.5 ul 1l
10x CutSmart buffer 1l 5ul
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2.5.7 Ligation

Ligation reactions were performed by creating sticky ends at both sides of an insert and a
plasmid. After digestion, DNA fragments were purified using the Macherey-Nagel™
NucleoSpin™ Gel and PCR Clean-up Kit according to manufacturer’s instructions. Ligation of
DNA fragments was done using 2 pl plasmid DNA and 8 pl of the insert independently of DNA
yields. 1.2 pl 10x T4 DNA Ligase Reaction buffer and 0.8 pl T4 DNA Ligase (NEB) were
added. The reaction was put to room temperature for 1-2 h and afterwards overnight to 6°C.
After 1-3 h at room temperature on the next day, E. coli TOP10 cells were transformed with the

entire ligation mix.
2.5.8 Determination of DNA concentration

DNA concentrations were determined on a NanoPhotometer® (IMPLEN), where an absorption
spectrum from A=200 nm to A=400 nm was measured using ddH.O as reference and the value
of the DNA concentration was taken directly from the photometer. The spectrum was also used
to check for possible protein or salt impurities by calculating the Azeo/A230 and Azeo/A2go Values
of the DNA solution. The DNA solution was considered free of any contaminants, if the

Aoso/ A2z Value was above 2.0 and the Azgo/Azgo Value was above 1.8.

2.5.9 DNA precipitation

40 ul of a plasmid, which needed to be transformed into L. monocytogenes was mixed with
4 ul 3 M sodium acetate, pH 7.0 and 100 pl 100% ethanol. The mixture was put to -20°C for at
least 2 h, before being centrifuged at 6°C and 15000 x g for 10 min. The supernatant was
discarded, 700 ul 70% Ethanol added and the tube centrifuged again (6°C, 15000 x g, 10 min).

After discarding the supernatant, the pellet was air-dried at room temperature.
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2.5.10 DNA sequencing

For DNA sequencing, the chain termination method established by Sanger (Sanger et al., 1977)
was used. The reaction was performed using the ABI BigDye Terminator 3.1 Premix (Thermo
Scientific). The composition for each reaction and the PCR program is summarized in Table
2-8. Results of the sequencing reaction were processed in-house by the department MF1. The

final evaluation was done using Clone Manager Professional 9 (Sci-Ed-Software).

Table 2-8: Composition and conditions of Sanger sequencing reactions.

compound volume step temperature duration
ddH,0 4ul denaturation 96°C 2 min
template (plasmid or 3 ul (concentration >50
PCR product) ng/ul)
ABI buffer (5x) 2 ul 25 cycles of:
primer (100 mM) 0.5l denaturation 96°C 10s
BigDye 3.1 0.5l annealing 52°C 5s
extension 60°C 4 min
storage 4°C o0

2.5.11 Genome sequencing

Three single colonies of strains, whose genome needed to be sequenced were picked and
dissolved in 120 pl buffer EB (QIAGEN). Around 40 mg of glass beads (0.1 mm diameter,
Roth) were added and the suspension incubated at 95°C for 5 min. Cells were lysed using the
TissueLyser Il (QIAGEN) at 30 Hz for 5 min. After centrifugation (11000 x g, 5 min), 70 pl of
the supernatant was transferred to a new tube, its DNA concentration measured according to
chapter 2.5.8 and diluted to a final DNA concentration between 30 and 50 ng/pl. In-house
sequencing reactions were performed by the MF1/MF2 department using the Illumina
sequencing method. Data was evaluated using Geneious Prime, where L. monocytogenes EGD-
e (NC_003210) was used as reference where applicable. The genome sequences of published
strains were stored on the European nucleotide archive (ENA). The accession number of each

strain will be published upon publication.
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2.5.12 Transformation of competent cells

2.5.12.1 Transformation of E. coli

For cloning purposes, E. coli TOP10 cells were transformed with PCR products or ligation
reactions. E. coli BL21 cells were transformed for gene-overexpression followed by protein
purification steps. For these transformations, an overnight culture of the respective E. coli strain
was diluted 1:100 in 25-50 ml LB broth and shaken at 37°C and 250 rpm for 2-3 h until an
ODesoo 0f 0.3-0.4. Cells were centrifuged at 11000 x g, the pellet resuspended in 10-20 ml ice
cold 0.1 M CaCl; and the cells incubated on ice for at least 30 min. After centrifugation (5 min,
5000 x g) in a Biofuge 28 RS (Heraeus Sepatech) or a 5810R centrifuge (Eppendorf), cells were
resuspended in 1 ml 0.1 M CaCl, and 100 pl of the suspension was added to the DNA
(1 pl for purified plasmids, 12-20 pl for ligation or PCR reactions). Cells were put on ice for at
least another 30 min and heat shocked at 42°C for 1 min using a water bath. After 3 more min
on ice, 200 pl LB medium was added and the cells incubated at 37°C for 1 h whilst shaking.

The entire volume was plated onto selective LB agar plates and incubated over night at 37°C.

2.5.12.2 Transformation of L. monocytogenes

For transformation of L. monocytogenes, electrocompetent cells were generated (Monk et al.,
2008). For this, an overnight culture of the strain to be transformed was diluted 1:50 in
30 ml BHI broth and incubated at 37°C, 250 rpm for 3-4 h. Ampicillin was added at a final
concentration of 10 pug/ml and the cells shaken for another 2 h. Cells were harvested by
centrifugation (11000 x g, 5 min) and washed in 15 ml ice cold sucrose glycerol wash buffer
(SGWB). This washing step was done three times in total, and the cells resuspended in 15 ml
(second wash) and 5 ml (third wash) SGWB. 10 pug/ml lysozyme was added and the cells were
incubated at 37°C at 250 rpm for 20 min. After centrifugation (11000 x g, 5 min), the cells were

washed with 5 ml SGWB, centrifuged again and finally resuspended in 1 ml SGWB. 100 pl of
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this cell suspension was used to resuspend the precipitated DNA. Afterwards, the mixture was
put on ice for 5 min. The mixture was transferred to an electroporation cuvette (VWR, 2 mm).
Electroporation was done using the Gene Pulser Xcell™ Elektroporator (Bio Rad) and the pre-
set A. tumefaciens protocol (25 uF, 200 © and 2400 V). 1 ml BHI broth was added to the cells,
followed by an incubation at 37°C for 1 h, if temperature insensitive plasmids were used or
30°C for 1.5 h for temperature sensitive constructs. Cells were centrifuged and resuspended in

200 ul BHI broth, plated on selective BHI agar plates and incubated at 37°C for 1-2 d or 30°C

for 2-4 d.
SGWB buffer 10% (v/v) glycerin
500 mM sucrose
pH 7.0

2.5.12.3 Transformation of B. subtilis 168

For heterologous expression of timAB in Bacillus subtilis 168, the timAB genes were brought
under control of a xylose inducible promoter present in plasmid pSG1154. 600 ul of an
overnight culture of Bacillus subtilis 168 was added to 10 ml MM competence medium and
incubated with 250 rpm at 37°C for 3 h. 10 ml starvation medium, which was preheated to
37°C, was added and the culture shaken with 250 rpm for another 2 h at 37°C. 10 ul of purified
plasmid DNA was mixed with 400 ul of the culture and shaken with 250 rpm for 45 min at
37°C. 200 pl of the mix was plated onto an LB plate containing 100 pug/ml spectinomycin. The
plates were incubated for 1 d at 37°C. To confirm the integration of the plasmid into the amyE
locus, clones were streaked out onto a new LB-spec plate containing
1% (w/v) starch, iodine crystals were added and clones, which had no halo - indicating loss of

amylase activity - were picked for further analysis.
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SMM (Spizizen minimal medium) 0.2% ammonium sulphate
1.4% di-potassium phosphate
0.6% potassium dihydrogen phosphate
0.1% sodium citrate dehydrate
0.02% magnesium sulphate

MM competence medium 0.5% (w/v) glucose
0.2 mg tryptophane
6.25 mM MgSO4
0.2% casamino acids
0.001% Fe-NHjs-citrate
ad. 10 ml SMM medium

starvation medium 0.5 (w/v) glucose
6.25 mM MgSO4
ad. 10 ml SMM medium

2.5.13 Genome modifications in L. monocytogenes
2.5.13.1 Modifications using pMAD

L. monocytogenes cells were transformed with the respective pMAD construct, which carried a
fragment with fused genomic regions roughly 400 bp up- and downstream of the gene to be
deleted. Clones were selected on BHI plates with X-Gal and erythromycin at 30°C for 3 d. Two
blue-colored clones were streaked out onto a new BHI plate containing X-Gal and erythromycin
and incubated at 42°C for 2 d to force the chromosomal integration of the plasmid. Two single,
blue colonies were then used to inoculate 5 ml BHI broth and the culture was grown at 30°C
and 250 rpm for 2 h and afterwards at 37°C or 42°C and 250 rpm for 4 h. The culture was
diluted to 10 in a total volume of 1 ml BHI broth and 200 pl were plated on 5 BHI plates

containing X-Gal. After incubation at 37°C for 1-2 d, white colonies were streaked out on two
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separate BHI plates containing X-Gal, where one plate additionally contained erythromycin.
White, erythromycin sensitive clones indicated the loss of pMAD. These clones were analyzed
for double cross-over events, where the plasmid was lost together with the gene to be deleted
by colony PCR. Colonies carrying the desired deletion were streaked out to single colonies on
BHI agar plates containing X-Gal. Single colonies were used to inoculate an overnight culture,

grown overnight at 37°C and then stored in a glycerol stock culture at -70°C to -80°C.

2.5.13.2 Modifications using pMinimad 11

Whenever gene deletions with pMAD were not possible, pMinimad Il was used. Here the
protocol established by Patrick and Kearns (Patrick & Kearns, 2008) was followed. For
obtaining pMinimad Il with the fused up- and downstream regions of the gene to be deleted,
the fragment was cut out of the respective pMAD construct and subcloned into pMinimad II
using the restriction enzymes Xmal and Sall, where possible. Transformation of L.
monocytogenes was identical to the procedure followed for pMAD plasmids. After streaking
out of two single colonies on BHI plates containing erythromycin and incubation at 42°C for
1-2 d, three single colonies were picked and 5 ml BHI broth inoculated. The culture was grown
stationary for 20-24 h at room temperature, before it was diluted 1:1000 into fresh 5 ml BHI
broth. This dilution step was performed three times, before the culture was grown for 20-24 h
at room temperature, diluted 10 in 1 ml BHI broth and 200 pl plated on 4 BHI plates and 1
BHI plate containing erythromycin plate to estimate the ratio of sensitive clones. Plates were
incubated at room temperature for 2-3 d. Single clones were then streaked out on BHI plates
with and without erythromycin and erythromycin sensitive clones analyzed for gene deletion
and absence of the plasmid by PCR. Positive clones were once again streaked out on BHI plates,
a single colony used to inoculate an over-night culture, which was stored as a glycerol stock

culture as described above.
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2.5.13.3 Modifications using pHoss1

Creation of clpX deletion mutants was done with the pMAD-derivate pHoss1 (Abdelhamed et
al., 2015) following the authors instructions. After transformation of L. monocytogenes cells
with the pHoss1 derivate and incubation at 30°C for 3 d on BHI plates containing erythromycin,
two single colonies were picked and streaked out for 1 d at 42°C on BHI agar plates containing
erythromycin. Two single colonies were then picked and streaked out on a fresh BHI agar plate
containing erythromycin. This procedure was performed three times in total. A single colony
was then picked and 5 ml BHI broth inoculated and shaken with 250 rpm at 30°C for 20-24 h,
before the culture was diluted 1:1000 in fresh 5 ml BHI broth and the culture shaken again
(30°C, 250 rpm, 20-24 h). This step was performed twice, before the culture was diluted 1:1000
once more and shaken at 42°C, 250 rpm for 8 h. This culture was plated on BHI agar plates and
single colonies streaked out on BHI plates with and without erythromycin. Erythromycin
sensitive clones were analyzed for the presence or absence of clpX and the parental plasmid,

and colonies lacking both were stored as a glycerol stock culture as described above.

2.5.13.4 Modifications using pIMK derivates

pIMK derivates were used for gene overexpression or complementation purposes. In L.
monocytogenes, pIMK plasmids lack an origin of replication and are forced to integrate into the
L. monocytogenes attB site at the tRNA” locus site (Monk et al., 2008). After transformation
of the respective strain, cells were grown on BHI agar plates containing kanamycin at 37°C for
1 d. After streaking out of 2-3 clones, a single colony was picked from each clone to inoculate
an overnight culture and the plasmid integration was checked by PCR. Strains carrying the

desired construct were stored as a glycerol culture.
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2.6 Protein based work

2.6.1 Isolation of heterologous proteins from E. coli
2.6.1.1 Protein overproduction

E. coli BL21 cells were transformed with 1 pl of the purified pET11a construct containing the
gene to be overexpressed fused to a Strep-tag at its C-terminus and plated on an LB plate
containing ampicillin. A single colony was inoculated in 25 ml LB broth containing ampicillin
and shaken overnight with 250 rpm at 37°C. Cells were diluted in 500 ml selective LB broth to
an ODego of 0.1 and incubated at 37°C and 250 rpm until an ODsoo 0f 0.5-0.7 was reached.
IPTG was added to a final concentration of 1 mM. After 3 h at 37°C and 250 rpm, cells were
harvested at 8000 x g for 5 min in a Beckman Avanti™ J-25 centrifuge. Cells were washed

once in buffer W and the pellet was stored at -20°C overnight.

2.6.1.2 Protein purification

Cells were resuspended in 20-40 ml buffer W + 1 mM PMSF and lysed for 3 min using the
EmulsiFlex C3 homogenizer (Avestin Europe GmbH). The lysate was separated from insoluble
cell material by centrifugation (8000 x g, 20 min) and filtration through MiniSart syringes
(0.2 um, Sartorius) and stored on ice. Purification of Strep-tagged proteins was done using the
StrepTactin® superflow system (IBA GmbH). 4 ml StrepTactin suspension was put onto a
plastic column. The column material was equilibrated by washing 3 times with 5 ml buffer W.
The cell lysate was added to the column and the flow-through collected in a separate tube.
Afterwards, the column was washed three times with 5 ml buffer W. Afterwards, protein elution
was performed by addition of 5 x 500 pl buffer W + 2.5 mM desthiobiotin (IBA GmbH). Each
elution step was collected in a separate tube. Protein concentration was determined by a

Bradford assay and possible contaminations with nucleic acids were analyzed with the
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NanoPhotometer® (IMPLEN). Purity of the isolated protein was confirmed by SDS-PAGE
(chapter 2.6.3). The purified protein was stored at -20°C. The column was regenerated by

washing three times with 5 ml buffer R and then stored at 6°C.

buffer W 100 mM Tris-HCI, pH 8.0
150 mM NacCl
buffer E Buffer W

+ 2.5 mM desthiobiotin

buffer R 1 mM 2-[4'-hydroxy-benzeneazo]benzoic acid
(HABA)

2.6.2 Determination of protein concentration

A 5x Roti®-Nanoquant solution (Roth) was diluted to 1x in ddH.0 and immediately mixed with
2-50 ul cell lysate or 5-10 ul purified protein in a total volume of 1 ml. The suspension was
incubated for at least 5 min at room temperature and the absorption at A=595 nm was measured
in a 1 ml plastic cuvette. Measurement was done using the BioSpectrometer® basic photometer
(Eppendorf) with the same amount of buffer W in 1x Bradford reagent used for the probes as
blank. Protein concentration was determined using the following formula, which was calculated

via a bovine serum albumin (BSA) calibration line.

A595
(0,0536%x pul)

clug/ul] =
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2.6.3 Linear SDS-PAGE

For SDS polyacrylamide gel electrophoresis, 6-10 pl of each sample was mixed with 2-4 ul 4x
ROTI®Load 1 loading buffer (Roth) and incubated at 95°C for 5 min. The PageRuler™
Prestained Protein Ladder (Thermo Scientific) was used as molecular weight marker. For
analysis of protein purity and western blotting purposes, 12.5% (w/v) acrylamide gels were
prepared using the ROTIPHORESE® Gel 30 (37.5:1 acrylamide:bisacrylamide) premix (Roth)
and run in a Mini-PROTEAN® Tetra Cell gel chamber (BioRad) in 1x ROTIPHORESE® SDS-
PAGE buffer (Roth) at 140 V for 90 min. Composition of stacking and resolving gels are

summarized in Table 2-9.

Gels that had to be visualized by protein staining after the run were stained in 1x Roti®Blue
(Roth) at room temperature and constant shaking overnight. The next day, gels were destained

by washing twice with water. For gels used for western blotting this step was omitted.

Table 2-9: Composition of acrylamide gels.
4% (w/v) acrylamide stacking gel:

component volume
acrylamide/bisacrylamide (30% (w/v)) 530 ul

0.5 M Tris-HCI, pH 6.8 1ml
ddH,0 2.4 ml

10% SDS 40 pl

10% APS 50 pl

TEMED 4 pl

12.5% (w/v) acrylamide resolving gel:

component volume
acrylamide/bisacrylamide (30% (w/v)) 4.2 ml
1.5 M Tris-HCI, pH 8.8 2.5 ml
ddH.O 3.1ml

10% SDS 100 pl

10% APS 100 pl

TEMED 10 pl
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2.6.4 Western blotting

For Western blotting a Semi-Dry-Blot chamber was used. Three Whatman paper sheets
(Whatman™ Grade GB003; GE Healthcare) were equilibrated in 1x Western blot buffer and
put on the bottom of the chamber. An Immobilon®-PSQ polyvinylidendifluorid membrane
(PVDF, Merck Millipore GmbH) was activated in methanol, equilibrated in 1x Western blot
buffer and added on top of the Whatman papers. After SDS-PAGE, the upper stacking gel was
removed and the resolving gel was laid onto the membrane. Three additional Whatman paper
sheets were equilibrated in 1x Western blot buffer and put on top of the gel. Protein transfer

was performed at 100 mA per gel for 75 min.

1x Western blot buffer 25 mM Tris-HCI
192 mM glycine
10% (v/v) methanol
ad. 11ddH20

2.6.5 Protein detection

After Western blotting, the membrane was shaken in blocking solution for at least 3 h at room
temperature or overnight at 4°C. The primary antibody was diluted in blocking solution
according to Table 2-10 and added to the membrane. The membrane was shaken for 1-4 h at
room temperature or overnight at 4°C. The membrane was washed three times with 1x TBST
buffer and the second antibody (diluted in blocking solution according to Table 2-10) was
added. After shaking for at least 2 h at room temperature, the membrane was washed three times
with 1x TBST buffer. Protein detection was done with the Enhanced Chemiluminescence
Substrate (Thermo Scientific) according to manufacturer’s instructions. The blot was visualized
with a ChemiDoc® MP Imaging System (BioRad). For detection, exposure times between 30 s

and 15 min were used. Band intensities were quantified using the ImageJ 1.52a software.
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1x TBST 10 mM Tris-HCI; pH 8.0

137 mM NaCl
0.1% (v/v) Tween 20
ad. 1 1ddH20
blocking solution 2.5% (w/v) skim milk powder
ad. 11 x TBST
Table 2-10: Antibodies used in this work.
name antibody type antigen dilution reference/source
primary antibodies:
o MurAA rabbit IgG MurA 1:5000 (Kock et al., 2004)
o DivIVA rabbit 1gG DivIVA 1:5000 (Marston et al., 1998)
secondary antibodies:
o rabbit IgG-HRP goat IgG rabbit 1gG 1:10000 Sigma Aldrich
o Strep-HRP Strep 1:10000 IBA life sciences

2.6.6 Analysis of in vivo protein degradation

To analyze proteolytic degradation of a potential ClpP2 substrate in vivo, L. monocytogenes
strains were inoculated to an ODgoo 0f 0.1 and grown in presence of the respective agents at
37°C whilst shaking until an ODego of 0.8-1.2. Afterwards, half of the culture was pelleted by
centrifugation (5000 x g, 5 min), washed once in buffer W and stored at -20°C. The other half
of the culture was treated with 200 pg/ml chloramphenicol to stop protein translation and
shaken for another 90 min at 37°C. Afterwards, the culture was pelleted and washed in buffer
W. Both samples were resuspended in 1.5 ml buffer W and lysed by sonification using the
SONOPULS HD 2070 sonifier (Bandelin) for 10 min at a power output of 40%. The cell debris
was removed by centrifugation and the protein concentration of the supernatant was determined
according to chapter 2.6.2. A total amount of 6-10 ug protein solution was mixed with 4x
ROTI®Load 1, incubated at 95°C for 5 min and loaded onto a 12.5% (w/v) polyacrylamide
(PA)-gel. PA gel electrophoresis, followed by Western blotting was performed according to
chapters 2.6.3 and 2.6.4, respectively. For detection of TimA-Strep, the o Strep-HRP antibody
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was used, and for detection of MurA, the a MurAA and a rabbit IgG-HRP antibodies were used

according to Table 2-10. Protein detection was done according to chapter 0.

Buffer W 100 mM Tris-HCI, pH 8.0
150 mM NaCl

2.6.7 Electrophoretic mobility shift assay (EMSA)

To show the interaction of TimR with the Pima promoter, the promotor fragment was amplified
using primers TE74-TE75 and purified using the QIAprep Spin Miniprep Kit (QIAGEN
GmbH) according to the manufacturer’s guidelines. DNA concentration was measured using
the NanoPhotometer® (IMPLEN) and the fragment was added to the reaction mix in a final
concentration of 32 nM. After addition of various amounts of purified TimR-Strep (and
additional supplements where necessary), EMSA buffer was added to a final volume of 10 pl
and the reaction was left at room temperature for 5 min before being loaded onto a 10% (w/v)
acrylamide/bisacrylamide gel in 0.6x TBE buffer. The gel was run in 0.6x TBE buffer for 120

min at 120 V and visualized by ethidium bromide staining.

EMSA buffer 120 mM HEPES, pH 8.0
300 mM KClI
30 mM MgCl;
0.3 mg/ml bovine serum albumin (BSA)
30% glycerol
0.3 mM EDTA

1x TBE buffer 89 mM Tris-HCI, pH 8.3

89 mM borate
2mM EDTA
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2.6.8 ClpP2 activity assay

For analysis of a direct ClpP2 interaction with tartrolon B, an in vitro activity assay was
performed. 20 uM of purified ClpP2-Strep and ClpP2 E9K-Strep proteins were added to various
concentrations of ADEP and tartrolon B (0 pM, 1 pM, 2 uM, 4 uM in DMSO). Buffer W was
added to a final volume of 90 pl. The reaction was started by addition of 10 pul 2 mM Suc-Leu-
Tyr-7-amido-4-methylcoumarin (Merck) as the substrate in a final concentration of 200 UM,
and ClpP2 mediated cleavage of this substrate monitored by measuring in black, flat bottom 96
well plates (Thermo Scientific™ Nunc™ MicroWell) at 32°C in a Tecan infinite M1000 reader
with excitation at 380 nm and emission at 440 nm. Assays were conducted for 3 h with 5 min

between each measurement step.

Buffer W 100 mM Tris-HCI, pH 8.0
150 mM NaCl

2.6.9 B-galactosidase assay

Overnight cultures of the strains to be tested were diluted 1:50 in 5 ml BHI and additional
compounds were added if necessary. The culture was shaken with 250 rpm at 25-37°C until an
ODsoo 0f 0.6-0.8. After centrifugation (11000 x g, 5 min) the pellet was washed in 600 pl ddH>O
and the cells were resuspended in 1200 pl PBS + 0.15% (v/v) mercaptoethanol. Cells were
lysed by sonification for 30 min in total, where a 20 s sonification step at 40% power output
was followed by a 10 s break. After centrifugation (11000 x g, 5 min), 50 pl of the supernatant
was mixed with 950 pl 1x Roti®-Nanoquant solution (Roth) and protein concentration measured
according to chapter 2.6.2 with 50 pl buffer W mixed with 950 pl Roti®-Nanoquant solution as
blank value. 1 ml of the supernatant was transferred into a new tube and incubated at 30°C for

10 min. Afterwards, 200 ul of a 4 mg/ml o-nitrophenyl-f-D-galactopyranosid (ONPG) solution
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in PBS was added to the tubes. The reaction was mixed by shaking, incubated at 30°C for 10-
15 min and stopped by addition of 500 pl 1 M Na>COs. Absorption was measured at A=420 nm
in a 1 ml plastic cuvette using the BioSpectrometer® basic photometer (Eppendorf). B-
galactosidase activity was calculated using the following formula, where t is the incubation time

in min and c the protein concentration in pg/pl.

0D,
t*cC

1 MU = 1000 =

PBS 137 mM NaCl
2.7 mM KCI
10 mM phosphate buffer, pH 7.4

2.7 Microbiological methods
2.7.1 Screen for promoter induction

Strains carrying the promoter fragment of an MDR transporter operon fused to lacZ were
screened for induction of the individual promoter. For this, 200 ml of BHI broth was mixed
with 200 ul of an overnight culture of the strain to be screened and 400 ul X-Gal stock solution.
To this mixture, 200 ml BHI agar, which was cooled to ~50°C was added, mixed well and
poured into 14x14 cm agar plates. After solidification of the agar, 1 pl of a 0.033 M solution of
the substance to be tested (dissolved in DMSO) was spotted on top of the agar. Plates were
incubated over night at 37°C and on the next day analyzed for blue coloring. The library used
was part of the Natural Compound Library from the German Centre for Infection Research

(DZIF) and contained 681 secondary metabolites from streptomycetes, myxobacteria and fungi.
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2.7.2 Growth curves for analysis of minimal inhibitory concentrations

(MICs)

Growth curves were used for the determination of minimal inhibitory concentrations (MICs).
For this, an overnight culture was diluted to an ODgoo of 0.1 and wells of a Cellstar® 96 well
cell culture plate with flat bottom (Greiner Bio-One) were loaded with 100 pl BHI medium
containing twice the concentration of the substance to be tested. 100 pl of the diluted culture
was added to each well. The plate was then put into a Multiskan Sky or Multiskan Go
Microplate Spectrophotometer (Thermo Fisher Scientific) and the ODsoo measured with a
shaking frequency of 10 s, followed by a 20 s break at 30-42°C in 5 min intervals over the
course of 10-40 h. The MIC was defined as the lowest concentration of the agent used, where
no bacterial growth could be measured after a certain time usually after 10 h or 20 h. MICs
were determined via growth curves or by static incubation at 30°C, 37°C or 42°C. In all cases,
the strain to be tested was inoculated to an OD of 0.1 and then added to double the amounts of
the antibiotic in a 1:1 (v/v) ratio. In case of static incubation, just the turbitidy of the tube was

evaluated.
2.7.3 Isolation of tartrolon B suppressors

To obtain tartrolon B resistant suppressors, the strains of interest were inoculated to a final
ODesoo of 0.05 in BHI broth containing a tartrolon B concentration equal to the MIC for each
strain. The strains were grown at 37°C for at least 24 h in a Multiskan Sky or Multiskan Go
Microplate Spectrophotometer (Thermo Fisher Scientific). If growth was obtained after 20 h or
more, the culture was diluted to a factor of 10" and 200 pl plated onto BHI agar plates (which
contained X-Gal in case of LMTEL9). The plate was incubated at 37°C overnight and analyzed
regarding their cell size and for blue coloring (LMTEL9) on the next day. Normal sized and

small colonies were streaked out on new BHI plates and incubated over night at 37°C. The next

51



day, an over-night culture was done using a single colony. The MIC of this culture was
determined via growth curves at 37°C. If the MIC was increased compared to the wild type, the
culture was stored as a glycerol stock culture and cell material used for whole genome

sequencing.
2.7.4 Infection experiments

The intracellular replication rate of selected L. monocytogenes strains was tested using J774.Al
mouse ascites macrophages (ATCC). 3 x 10° macrophages were placed into a 24-well plate and
cultivated in 1 ml high glucose DMEM medium (4.5 g/l glucose, 110 mg/l sodium pyruvate,
and 584 mg/l I-glutamine) with 10% fetal calf serum (FCS) at 37°C in a 5% CO> atmosphere.
The respective L. monocytogenes strains were grown overnight at 37°C in BHI broth, before
being diluted to an ODeoo 0f 0.2. 20 pl of this diluted culture was mixed with 2 ml DMEM not
containing FCS. The medium for the macrophages was changed to 1 ml DMEM medium
containing no FCS and 50 pl of the diluted bacterial culture added. The suspension was
centrifuged (5 min, 800 g) and incubated for 1 h at 37°C, 5% CO.,. Gentamycin was added in a
final concentration of 40 pg/ml and the suspension incubated for 1 h at 37°C, 5% CO>. The
wells were washed once in PBS buffer, before being covered with DMEM containing no FCS
and 10 pg/ml gentamycin. The macrophages were lysed at a given timepoint. For this, the
macrophages were washed once in PBS buffer, before being incubated with PBS buffer
containing 0.1% Triton X-100 for 10 min. This suspension was diluted accordingly and plated
on BHI plates. After incubation of the plates over night at 37°C, bacterial cell numbers were

counted.
DMEM 4.5 g/l glucose

110 mg/l sodium pyruvate
584 mg/I I-glutamine
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PBS 137 mM NaCl
2.7 mM KCI
10 mM phosphate buffer, pH 7.4

2.8 Statistical evaluation of data

Levels of significance were determined using a standard t-test assuming an equilateral
distribution of a homoscedastic sequence of variables. The P-values obtained from this t-test
were additionally weighted using the Bonferroni-Holm correction. Using this method, the
lowest P-value is being multiplied with the number of samples used in the experiment, while
the second lowest value is being multiplied with the same factor -1, until the highest P-value is
multiplied by 1. Values which remained under the threshold of P<0.05 were considered as

statistically significant.

2.9 Software

Processing of genome sequencing data was done in-house by the department of MF1 and
evaluation performed with Geneious Prime® 2021.2.2. Sanger sequencing reactions were

evaluated using CloneManager 9 Professional.

Modeling of tartrolon A and tartrolon B structures was done using the LEA3D software
(Douguet et al., 2005) provided on chemoinfo.ipmc.cnrs.fr/LEA3D/drawonline.html. On this
website, the structures of tartrolon A and tartrolon B were drawn using the JSME structure
editor (Bienfait & Ertl, 2013), where a 3D structure of the molecule was calculated using the
RDKit-software. Afterwards, the coordinates of the molecules were exported as a .pdb file and

analyzed using the PyMOL ™ software (Version 1.7.x) (DeLano, 2002).
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3 Results

3.1 Screening of potential ABC-type MDR transporters for its
substrates
3.1.1 Insilico identification of ABC-type MDR transporters

In order to identify potential MDR transporters, the TransportDB 2.0 software (Elbourne et al.,
2017) was used. The database takes well-known databases, such as RefSeq, COG and the
Transporter Classification Database into account, to find ABC transporters in the EGD-e
genome and classifies each transporter into a specific functional group. This revealed 172 ABC
transporter genes, out of which 11 transporter genes were annotated as multidrug resistance
(MDR) transporter genes. Furthermore, 14 transporters were found to have a high similarity to
Lactococcus lactis LmrCD, a transporter that exports daunorubicin, an anthracycline produced
by streptomyces (Lubelski et al., 2006). Both of these ABC transporter classes were considered
as potential drug exporters and should be investigated further. Transporters already
characterized in previous studies were excluded in this work, leaving 20 ABC-type MDR
transporters encoded within 18 operons to be analyzed for their relevance in transport of
antimicrobial substances. The organization of each operon is summarized in Table 3-1. In a
previous work, the transcription levels of these operons were quantified in transcripts per
million (Hauf et al., 2019), showing that most operons are tightly repressed — some of them by
repressor proteins encoded in their own operon, suggesting a possible induction under certain

conditions such as contact with small molecules including antibiotics.
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Table 3-1: Overview of uncharacterized genes encoding for ABC transporters, which could potentially encode for transporters involved in compound secretion.

ATPase permease class operon transcripts per million
Imo0107 multidrug? Imo0108 Imo0107 2
Imo0108 multidrug? Imo0108 Imo0107 2
Imo0194 Imo0195 efflux (antimicrobial peptide?) Im00193 Imo0194 Imo0195 50
Imo0607 multidrug Imo0606 (marR) Imo0607 Imo0608 51
Imo0667 Imo0668 daunorubicin No operon detected 60
Imo0742 Imo0743 multidrug? Imo0741 (gntR) Imo0742 Imo0743 Imo0744 5
Imo0744 macrolide? Imo0741 (gntR) Imo0742 Imo0743 Imo0744 2
Imo0923 Imo0925 multidrug Im00923 Im00924 Imo0925 Imo0926 (tetR) 30
Imo0986 Imo0987 daunorubicin No operon detected 4
Imo1636 Imo1637 multidrug Imo1635 Im01636 Imo1637 178
Imo1652 multidrug Im01652 Imo1651 Imo1650 Imo1649 Imo1648 23
Imo1724 Imo1723 daunorubicin Imo1725 (gntR) Imo1724 Imo1723 22
Imo1964 Im01963 daunorubicin Im01964 Im01963 Im01962 (tetR) 15
Imo2215 Imo2214 daunorubicin Im02215 Imo2214 97
Imo2227 Imo2226 daunorubicin Im02228 Im02227 Imo2226 14
Imo02240 Imo02239 daunorubicin Im02241 (mngR) Im02240 Imo2239 70
Imo2372 Imo2371 export? Imo2371 Imo2372
Imo2745 multidrug monocistronic 50
Imo2751 multidrug Imo2751 Imo2752 38
Imo2769 Imo2768 multidrug Imo2769 Imo2768 Imo2767 Imo2766 (esIR) 30
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3.1.2 Fusion of promoter regions to lacZ

Genes involved in detoxification of antimicrobial compounds are often induced upon exposure
to these compounds. This principle can be exploited to identify genes required for compound
detoxification. Genes encoding for alternative sigma factors, DNA gyrases or topoisomerases
have already been shown to be inducible upon contact with certain antibiotics (Urban et al.,
2007, Gutierrez et al., 2013), but this principle can also be suitable to assign ABC transporters
to their specific substrates (Mascher et al., 2004, Rietkotter et al., 2008). Exploitation of this
principle is also established in L. monocytogenes, where the aurantimycin A-mediated induction
of the promoter controlling the lieAB transporter genes has revealed the function of the LieAB

transporter as an exporter of this depsipeptide (Hauf et al., 2019).

To monitor induction, the promoter of interest is fused to a reporter gene, most commonly E.
coli lacZ, which cleaves lactose into its monosaccharides galactose and glucose. This reaction
can be visualized by substituting lactose with 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-Gal) or o-nitrophenyl-p-D-galactopyranoside (ONPG), which is cleaved
to galactose and either a blue colored indigo dye or o-nitrophenol, respectively (Horwitz et al.,
1964, Miller, 1972, Kiernan, 2007). To screen promoters controlling the operons listed in Table
3-1 for induction, corresponding promoter-lacZ fusions were generated in a pIMK-based
plasmid carrying a promoter-less lacZ gene (Monk et al., 2008). For the promoter fragment,
400 bp upstream of the start codon of the first gene in the operon was estimated to be sufficient
to include all regulatory elements. The plasmid was integrated into the EGD-e genome at the
attB tRNA” locus and the promoter activity was measured by growing the resulting strains to
mid-log phase followed by a B-galactosidase assay using ONPG as a substrate. Promoters were
sorted according to their activity and strains carrying the promoter-less lacZ (LMSH16), the

Piiea-lacZ fusion (LMSHS5) and the Piiea-lacZ fusion in a AlftR background (LMSH98) were
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included as negative and positive controls, respectively. The activity for all promoters is
represented in Miller Units (MU) in Fig. 3-1. All promoters showed an activity well below the
fully induced lieA promoter (8513+£1507 MU), with the lowest lacZ activity measured for the
strain carrying the Pimoo742-lacZ fusion (14+2.6 MU) barely being higher than promoter-less
lacZ (12,6+3.4 MU) and the most active promoter (Pimozz215, 356+63 MU) still having an
activity, which is over 20-fold lower than derepressed Piieag. These observations undermined

the assumption, that all promoters have the potential to be induced when exposed to the right

substance.
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Figure 3-1: Activity of promoters controlling the expression of potential MDR transporters. Strains carrying
promoter-lacZ fusions were grown at 37°C until mid-log phase and harvested. After cell lysis, the crude extract
was used to quantify promoter strength using an ONPG B-Galactosidase assay in Miller Units (MU). As controls,
strains with promoter-less lacZ (LMSH16), Pjieas-lacZ (LMSH5) and Pjieas-lacZ fusion in a AlftR background
(LMSH98) were used. The experiment was done in three replicates and average values with their corresponding
standard deviations were calculated.
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3.1.3 Testing of commonly used antibiotics for induction of promoters of

MDR transporter genes

As a first screening approach, antibiotics commonly used in clinical applications, as food
additives or in veterinary medicine were tested for their ability to induce any of the promoters
listed in Table 3-1. The antibiotics were classified according to their mode of action and source
organism and are listed in Table 3-2. Most antibiotics were of natural origin, with the majority
being secreted by Streptomyces species. Strains carrying promoter-lacZ fusions were poured
into BHI agar containing X-Gal, a small volume of each substance was spotted on top of the
agar and the plate was incubated at 37°C overnight. However, no antibiotic was able to induce

any of the tested promoters.

Table 3-2: Antibiotics used for screening of promoter induction. Additionally, the origin, substance class and target of each
antibiotic is listed, as well as its ability to induce any of the promoters.

compound substance class induction source

inhibition of cell wall biosynthesis

penicillin G B-lactam -- Penicillium

vancomycin glycopeptide -- Streptomyces orientalis (Brigham
& Pittenger, 1956)

moenomycin glycopeptide -- Streptomyces (Subramaniam-
Niehaus et al., 1997)

bacitracin lantibiotic -- Bacillus licheniformis (Haavik,
1974)

targocil synthetic -- synthetic

ceftriaxon B-lactam -- synthetic

fosfomycin phosphonic antibiotic  -- Streptomyces fradiae (Hendlin et
al., 1969)

cycloserine D-alanine analogue -- Streptomyces garyphalus
(Svensson, 1982)

tunicamycin nucleoside antibiotic - Streptomyces (Takatsuki et al.,
1971)

inhibition of ribosome activity

spiramycin macrolide Streptomyces ambofaciens (Abou-
Zeid et al., 1980)

tetracyclin polyketide -- Streptomyces aureofaciens
(Darken et al., 1960)

kanamycin aminoglycosides -- Streptomyces kanamyceticus
(Okami et al., 1959)

chloramphenicol ~ amphenicol-class -- Streptomyces venequelae (Ehrlich

antibacterial etal., 1948)
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erythromycin macrolide -- Streptomyces erythreus (Weber et

al., 1985)

josamycin macrolide -- Streptomyces narbonensis (Eiki et
al., 1988)

tylosin macrolide -- Streptomyces fradiae (Seno et al.,
1977)

inhibition of cell division

PC190723 FtsZ inhibitor -- synthetic

3.1.4 Tartrolon B induces activity of the Pimo19s4 promoter

The antibiotics tested above were of great interest because of their widespread medical and
agricultural usage. However, there are many more toxic substances to which
L. monocytogenes is constantly being exposed to in its environmental habitat. To test more
naturally occurring antibiotics for their ability to induce promoters, the natural compound
library of the German Centre for Infection Research (DZIF) was screened. This library contains
681 compounds, which are being produced by Streptomyces (340 compounds), Myxobacteria
(253 compounds) and fungi (88 compounds). Each compound was diluted to a concentration of
0.03 mM in DMSO. Using the same method as described in chapter 3.1.3, each strain carrying

a promoter-lacZ fusion was tested for its induction by a compound included in this screen.

After incubation of the agar plate at 37°C overnight, a blue colored circle was observed upon
exposure of the strain carrying the Pimo19ss-lacZ fusion to tartrolon B (Fig. 3-2A). As a control,
the induction of the promoter by the related macrodiolides tartrolon A and boromycin was
analyzed. However, the blue circle caused by exposure of this strain to tartrolon A was very
weak and completely absent when boromycin was used. The tartrolons are a group of
macrodiolides which are being secreted by the myxobacterium Sorangium cellulosum to battle
competitors (Irschik et al., 1995). Tartrolon A and tartrolon B are structurally similar, the only

difference is the bound boron atom in the centre of tartrolon B (Fig. 3-2B). Boromycin is
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another naturally occuring, boron containing macrodiolide, secreted by Streptomyces

antibioticus (de Carvalho et al., 2022).

A

tartrolon A tartrolon B boromycin

zones
[ growth inhibition
[l promoter induction

tartrolon A tartrolon B boromycin

Figure 3-2: Induction of Py,,064-1aCZ by tartrolon B. (A) Visualization of Pimeigss induction using an agar
diffusion assay. Strain LMTE19 carrying the P, .qs,-1acZ fusion was diluted 1:2000 in warm 0.5x BHI agar

containing 50 pg/ml X-Gal and poured into an agar plate. After cooling down, 1 pl of 2.5 mg/ml of each substance
was spotted on top of the agar and the plate incubated at 37°C overnight. (B) chemical structures of tartrolon A,
tartrolon B and boromycin (from left to right)

The promoter induced by tartrolon B controls the expression of three genes (Imol1962-
Imo1964), and the corresponding proteins are annotated as an ATPase domain-containing
protein (Lmo1964), a permease (Lm01963), and a protein of the tetracycline repressor family
(Lmo1962). The genomic arrangement of the operon is shown in Fig. 3-3. Thus, the putative
MDR transporter is being formed by an interaction of Lmo01964 and Lmo1963. No gene in this
operon has yet been assigned with a function, so they have been termed tartrolon-inducible

MDR transporter genes (tim). The ATPase (Lmol1964) will be referred to as TimA, the
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permease (Lmo01963) as TimB and the repressor protein (Lmo1962) as TimR. As timA is the

first gene in this operon, the promoter controlling the expression of these genes will be renamed

tO PtimA.
timA timB timR
ATP permease TetR
binding type
_ protein repressor
0 " > ) > v >< N
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Figure 3-3: Genomic arrangement of the timABR locus of L. monocytogenes EGD-e. The operon contains thee
genes and blast algorithms assigned Lmo1964 (TimA) as an ATP binding protein, Lmo1963 (TimB) as a permease
and Lmo1962 (TimR) as a TetR-like repressor protein.

3.1.5 Quantification of Ptima induction by macrodiolides

Induction of Pima by tartrolon B appeared weak on agar plates, even when using twice the
amount of X-Gal used in the screen. To quantify the induction ratio of Psima by tartrolon B, the
strain carrying the Pima-lacZ fusion was inoculated with increasing amounts of tartrolon A,
tartrolon B and boromycin concentrations up to a concentration of 25 ng/ml to an ODeoo 0f 0.1.
Cells were grown at 37°C to mid-log phase, lysed by sonification and the B-galactosidase
activity of the crude extract was measured using ONPG as substrate. Strains carrying promoter-
less lacZ (LMSH16) and a AlftR Piiea-lacZ strain (LMSH98) were used as negative and positive
controls, respectively. Growing the strain carrying Pima-lacZ in a concentration of 25 ng/ml
tartrolon B increased the activity of the timA promoter 3.1-fold from 90£15 MU to 279+21 MU,
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which was only a minor increase compared to the 2.8-fold induction rate observed when
growing in presence of 10 ng/ml tartrolon B (255£26 MU, Fig. 3-4), suggesting that maximum
promoter induction was close to being reached using 25 ng/ml tartrolon B. No significant
promoter induction of Ptima Was observed when using tartrolon A or boromycin, matching the

observations made in the disc diffusion assay previously.
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Figure 3-4: Quantification of Ptma induction by tartrolon A, tartrolon B and boromycin. An ONPG-based
B-galactosidase assay was performed using a strain carrying Pima-lacZ (LMTEZ19). The strain was incubated with
varying amounts of tartrolon A, tartrolon B and boromycin and grown at 25°C until mid-log phase, before being
harvested and lysed by sonification. Afterwards, the supernatant was used for quantification. The experiment was
performed in triplicates with the average values and resulting standard deviations shown. Asterisks indicate a
statistical significance using a t-test with Bonferroni-Holm correction with P<0.05.
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3.1.6 Characterization of the TImAB transporter

The induction of Ptima by tartrolon B seen in disc diffusion and B-galactosidase assays suggested
that the timAB genes encode for a tartrolon B transporter responsible for detoxifying the
antibiotic by transporting it to the outside of the cell. As a conclusion, cells lacking timAB
should become sensitive to tartrolon B, as the antibiotic can no longer be detoxified. In contrast,
cells with a higher timAB expression level should be able to cope with tartrolon B more
effectively and therefore become resistant to the macrodiolide. To test these hypotheses,
knockout strains lacking timAB (LMTE34) and timR (LMTE37) - the putative repressor protein
binding to Ptima - were generated and the minimal inhibitory concentrations (MICs) for tartrolon
A, B and boromycin for these strains were determined at 37°C. The tartrolon A MIC was 32-
fold decreased in the AtimAB mutant (0.062+0 pg/ml) compared to the wild type (2+0 pg/ml)
and the strain was ~200-fold more susceptible to tartrolon B (MIC=0.009+0.005 pg/ml for
AtimAB compared to 1.7+£0.6 pg/ml for the wild type). Deletion of timR resulted in a strain
more resistant to tartrolon B (MIC=4+0 pg/ml). However, the mutant was unaffected in its
tartrolon A resistance. Neither mutant was affected in its boromycin resistance, as their MIC

matched the one determined for the wild type at 0.25+0 pg/ml (Fig. 3-5A).

As a control experiment, the AtimAB and the AtimR mutant strains were complemented with
pIMK derivates that bring timAB and timR under control of the lacO operator and the lac
repressor Lacl, so that gene expression can be induced by the lactose-analogon IPTG. Hence,
these strains carry an ectopic, inducible copy of their deleted genes and just like other strains
carrying a similar genotype will be referred to as strains carrying itimAB (LMTES51) or itimR,
(LMTES2) respectively. These strains were tested similarly for their ability to restore tartrolon
resistance to wild type levels in presence of 1 mM IPTG. As expected, the tartrolon A and

tartrolon B MICs for itimAB and itimR were comparable in presence of IPTG to the MIC
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determined for the wild type, while these strains showed similar phenotypes to their parental

ones in absence of IPTG (Fig. 3-5A).

These experiments suggested, that timAB is essential in mediating tartrolon resistance.
However, further evidence was needed to show that timAB is sufficient in mediating this
resistance without any additional components. This could be proven by cloning timAB into
pSG1154 - a vector that integrates into the amyE locus of Bacillus subtilis and contains a xylose-
inducible promoter. Integration of this plasmid into the amyE locus results in a loss of AmyE
amylase activity (Lewis & Marston, 1999). After transformation of B. subtilis 168 with this
plasmid, the amylase activity of individual colonies was tested by streaking out onto an LB agar
plate containing ampicillin and starch at 37°C overnight. The plate was incubated with iodine,
where a purple coloration of strains indicated an inactive amyE locus. One of these strains was

picked and used for further experiments (BSTEL).

The tartrolon A, tartrolon B and boromycin MICs for this strain in the presence and absence of
xylose were determined on the basis of growth curves with varying concentrations of each
antibiotic at 37°C (Fig 3-5B). The tartrolon B MIC of B. subtilis was determined at 0.7+0.2
pg/ml for tartrolon A and tartrolon B, while the strain expressing timAB showed a 15-fold
increased MIC for both macrodiolides of 10.7+4.6 pg/ml when xylose was added for timAB
induction. The boromycin MIC was not significantly affected in the strain overexpressing
timAB. This confirmed previous findings, according to which TimAB was described as an
exporter, which is specific for tartrolons A and B, but which is unable to export structurally

related substrates such as boromycin.
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Figure 3-5: Determination of tartrolon A, tartrolon B and boromycin MICs of L. monocytogenes and
B. subtilis strains carrying different timABR constructs. Each strain was grown at 37°C in varying
concentrations of each compound and the MIC determined. (A) Contribution of the timABR genes to resistance
against all three macrodiolides. Knockout mutants lacking timAB (LMTE34) or timR (LMTE37) were
complemented with an inducible copy of timAB (LMTES51) and timR (LMTES2), respectively and grown in BHI
broth £ 1 mM IPTG. (B) Resistance levels of B. subtilis 168 compared to BSTE1 (amyE::Pyy-timAB). B. subtilis
strains were grown in LB broth £0.5% xylose. Average values and standard deviations from three replicates are
shown. Statistically significant values were determined using the t-test with Bonferroni-Holm correction and are
indicated by the asterisks (P<0.05).
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3.1.7 Analysis of TimR binding to the Pima promoter

At this point, first insights into the transport of tartrolon B by timAB and its specificity for the
antibiotic were obtained. However, the function of the third gene in the timABR operon, timR
was not well understood. TimR is annotated as a TetR-like repressor protein and in chapter
3.1.6, a strain lacking timR was described as being more resistant to tartrolon B, suggesting a

possible binding of this repressor to the timA operator sequence.

The effect of TimR on timABR expression was investigated by introduction of the Pma-lacZ
reporter plasmid into a AtimR background (LMTES50) and measurement of the 3-galactosidase
activity of this strain in comparison to Piima-lacZ in the wild type background (Fig. 3-6A). In
this experiment, LMSH16 (promoter-less lacZ) and LMSH98 (AIftR Piiea-lacZ) were used as
controls. Compared to the B-galactosidase activity of the Puma-lacZ fusion in the wild type
background (90£15 MU), the activity was elevated 4.7-fold to 42558 MU upon deletion of
timR (Fig. 3-6A). This suggests, that the MIC increase described for the AtimR mutant is due

to an increased Piima activity caused by the absence of the repressor protein.

The binding of TimR to Psima was also analyzed in vitro using an electrophoretic mobility shift
assay (EMSA). For this assay, the timA-promoter and TimR-Strep were purified and TimR-
Strep was titrated to a constant amount of Piima. This titration was performed in the absence and
presence of tartrolon B. The possible binding of TimR-Strep to its promoter was visualized by
polyacrylamide gel electrophoresis and ethidium bromide staining (Fig. 3-6B). Upon titration
of the repressor protein, the lowest band representing the unbound timA-promoter shifts towards
two higher molecular weight complexes, with the higher band being favored at higher
TimR-Strep concentrations. This shift was not observed in the presence of tartrolon B,
suggesting a direct binding of tartrolon B to either Pima Or TimR, which prevents binding of

TimR to the promoter fragment.
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In a further EMSA experiment, the ability of tartrolon A and boromycin to prevent the
formation of a Pima:TIMR complex was tested in a similar manner as described above for
tartrolon B (Fig. 3-6C). In this experiment, the timA-promoter was used as a control in its
unbound state and in complex with TimR. The repressor:promoter complex did not dissociate

in the presence of tartrolon A or boromycin, suggesting that neither of these two macrodiolides
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Figure 3-6: Studies investigating the interaction between Ptima and TimR. (A) ONPG-based B-galactosidase
assay of strains LMTEL9 (Pima-lacZ) and LMTES0 (AtimR Pima-lacZ). Strains LMSH6 (promoter-less lacZ) and
LMSH98 (AlftR Pjiea-lacZ) served as negative and positive controls, respectively. Strains were inoculated in BHI
broth to an ODego of 0.1 and grown at 37°C until mid-log phase. After harvesting and lysis, the supernatant was
used for measurement of B-galactosidase activity. The assay was measured three times in biological replicates and
average values and standard deviations are shown. Asterisks mark statistical significances as determined by the
t-test using the Bonferroni-Holm correction (P<0.05). (B) Polyacrylamide gel for analysis of TimR binding to Pima.
TimR was titrated in the stated amounts to 32 nM Piima £ 1.25 pg/ml tartrolon B. The reactions were left at room
temperature for 5 min and the gel was loaded with the entire volume. Complexes representing bound and unbound
promoter fragments are indicated. (C) Polyacrylamide gel analysing the specificity of tartrolon B in promoter de-
repression. In each lane, 32 nM Piima and 100 nM TimR was used and the respective antibiotics titrated in the stated
concentrations. Signals representing bound and unbound promoter fragments are indicated.
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is able to disrupt the interaction of TimR with Ptma, which is in good agreement with the fact,

that these antibiotics were unable to induce the promoter in vivo.

These experiments presented insights into the mechanism of tartrolon B-mediated induction of
the timABR-promoter. This mechanism revolves around the macrodiolide binding to TimR.
This binding prevents the formation of a Ptima: TIMR complex, which leads to Ptma induction

and higher TImAB levels in the cell, mediating tartrolon resistance.

3.1.8 Tartrolon B susceptibility of other Listeria species

L. monocytogenes belongs to the genus of Listeria, which it shares with other Listeria sensu
stricto spp. such as L. seeligeri, L. inoccua or L. ivanovii. The timABR genes are highly
conserved within these Listeria spp. However, there are several Listeria sensu lato species that
lack the timABR genes, mainly the Mesolisteria species L. aquatica, L. fleischmanii and L.
floridensis and the Murraya species L. grayi. The genomic loci upstream and downstream of
the timABR operon of all the mentioned Listeria species are summarized in (Fig. 3-7A). Since
the Mesolisteria and Murraya contain Listeria species lacking the timABR genes, it would be
fitting if these strains were sensitive to tartrolon B. This hypothesis was tested by determining
the tartrolon B MICs for each strain by generating growth curves in different tartrolon B
concentrations at 37°C (Fig. 3-7B). The MICs for tartrolon B did not vary too much within the
Listeria sensu stricto species, with only the MIC for L. innocua at 6.7£2.3 pg/ml being slightly
higher than the one for L. monocytogenes (MIC=1.3£0.6 pg/ml). In keeping with the model of
species requiring timAB for tartrolon B resistance was the observation that L. grayi was found
to be highly sensitive to the macrodiolide (M1C=0.004+£0.002). However, despite the absence
of the timAB genes, all Mesolisteria were resistant to tartrolon B, with the MIC for L. floridensis
at 2.3+1.5 pg/ml being in the range of L. monocytogenes. An MIC could not be determined for

L. aquatica and L. fleischmanii, as they were almost completely unaffected by the antibiotic
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even when exposed to high concentrations of 16 pg/ml (Fig. 3-7C). This could be caused by an
alternated membrane permeability in Mesolisteria, which leads to tartrolon B being unable to

freely diffuse into the cell, or by a detoxification mechanism that is independent of timABR.

A 1 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 bp

Imo1966 nudF timA timB timR Imo1961 fhuC
L. monocytogenes <} >— A

) B

L. innocua < >— A ), D24
) LS
K

Listeria

L. ivanovii <0 X

L. seeligeri < > X

L aquatica T < XTI}
L. fleischmannii & H prd K 3

L. floridensis  (EIINE—___ KO-
Loy 0> )@ 3 contigend

§ Mesolisteria
S
.
21]

vy}
-
o

*

—_

0.1

MIC (ug/ml)

0.01 *

0.001 1 : o ‘ ﬁg
&
S

()
09' G‘/ye s
£ //7/70 Cue
/Vaﬂoifﬂ
See//.ge/;

0

| L. monocytogenes | L. grayi
0.50 A 0.50 1
] ——0 pg/ml 1 =0 pg/ml

o ]
<] ]

0.5 pg/ml O‘D 1 ———1.9 ng/ml

a4 pg/ml [e) | 7.5 ng/ml

——8 pg/ml ——15 ng/ml

—16 pg/mi ——31 ng/ml|
0.05 ‘ ] 0.05 ‘ ‘
0 5 10 0 5 10
) time (h) _ time (h)
L. aquatica L. fleischmanii
0.50 4 0.50 -

= — 0 pug/ml
] 0.5 pg/ml
1 =4 ug/ml
1 p —8 ug/ml

—16 ug/mi

ODGDO

=0 pg/ml
0.5 pg/mi
——4 ug/ml
—8 pg/ml
——16 pg/ml

0.05 . . 0.05 ‘ .
0 5 10 0 5 10
time (h) time (h)
Figure 3-7: Analysis of tartrolon B resistance in Listeria sensu stricto and sensu lato species. (A)
Genomic alignment of the timABR locus of different species belonging to the Listeria, Mesolisteria or
Murraya clades. (B) Tartrolon B MICs for the Listeria species introduced in (A). All species were
inoculated at an ODgqo Of 0.1 and grown in BHI broth at 37°C. The experiment was repeated three times
and average values and standard deviations shown. Statistical significance is indicated by the asterisks
using the Bonferroni-Holm method (P<0.05). (C) Growth curves of L. monocytogenes, L. grayi, L.
aquatica and L. fleischmanii in different tartrolon B concentrations.
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3.2 Mode of action of tartrolon B

Tartrolon B is structurally related to boromycin - both antibiotics being boron-containing
macrodiolides with similar molecular masses. It is also known that both boromycin and
tartrolon B are only active against gram-positive bacteria (Irschik et al., 1995, Moreira et al.,
2016). Boromycin is a known potassium ionophore, which causes a deficiency of the potassium
ion inside the cell, leading to a dysregulation of membrane potential, pH, and ribosome activity
(Rozov et al., 2019, Sweet et al., 2021). However, the lack of potassium in cells treated with
boromycin can be overcome by supplying the media with high levels of potassium salts
(Moreira et al., 2016). In such a medium, the antibiotic loses its toxic activity and bacterial

strains become resistant.

To test tartrolon B for a possible similar ionophore activity, the MICs for both tartrolon B and
boromycin were analyzed by inoculation of the wild type in BHI medium containing 250 mM
potassium chloride and sodium chloride for control (Fig. 3-8A). In the presence of potassium
chloride, the boromycin MIC for the wild type (0.4£0.1 pg/ml) increased ~150-fold to 85+37
pg/ml and the tartrolon B MIC increased 32-fold from 2+0 pg/ml in absence of potassium
chloride to 640 pg/ml in its presence. This suggests that both antibiotics do indeed share the
same function as potassium ionophores. In contrast, the MICs for both antibiotics decreased
slightly when the media was supplemented with sodium chloride instead (4-fold lower for
boromycin; 2-fold lower for tartrolon B), which might be caused by an unspecific binding of

both macrodiolides to sodium.

These observations made it seem likely that tartrolon B causes a potassium deficiency in wild
type cells, leading to their inability to grow in presence of tartrolon B. In such a scenario,
potassium importers should increase in importance, since they may be able to counteract the

membrane depolarization caused by the antibiotic by constantly pumping potassium into the
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cell. Consequently, strains lacking some of these transporters should become sensitive to both

tartrolon B and boromycin.

Several potassium transporters are known in Listeria monocytogenes, namely KimA, the
KdpABCDE transporter system and KtrCD (Gibhardt et al., 2019). Strains lacking each of these
importers were tested regarding their resistance level for tartrolon B and boromycin via growth
curves at 37°C (Fig. 3-8B). However, only the AktrD strain showed an increased susceptibility
for both macrolides, as the tartrolon B MIC was decreased 2-fold, and the boromycin MIC was
3-fold lower than for the wild type. The other two strains (AkimA and AkdpABCDE) were not
sensitive to either drug. The sensitivity of the AktrD strain did however validate the hypothesis

that tartrolon B acts as a potassium ionophore.

An important factor in cell signaling is the second messenger molecule cyclic di-adenosine
monophosphate (c-di-AMP). It is involved in various cellular processes such as osmotic stress,
DNA repair mechanisms, but also potassium transport (Commichau et al., 2018, Zarrella &
Bai, 2020) and its level is tightly regulated by many proteins: The essential diadenylate cyclase
CdaA is responsible for the production of c-di-AMP and is being regulated by the repressor
protein CdaR. Also, c-di-AMP can be degraded by phosphodiesterases such as PgpH and PdeA
(Schwedt et al., 2023). Strains lacking each of these genes were tested for their resistance to
tartrolon B by monitoring their growth at 37°C in various concentrations of the antibiotic (Fig.
3-8C). Since cdaA is essential, an IPTG-inducible cdaA depletion mutant was used in this
experiment. While the strain carrying icdaA was not affected in its tartrolon B resistance, only
minor effects were observed in the AcdaR and the ApgpH ApdeA mutants, as the tartrolon B
MIC for these strains was two-fold decreased to 1+0 pg/ml compared to the MIC for the wild

type at 2+0 pg/ml. This may be due to the higher c-di-AMP levels present in both AcdaR and
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ApgpH ApdeA, since c-di-AMP has been shown to inactivate potassium importers (Wang et al.,

2022).
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Figure 3-8: Mode of action analysis of tartrolon B. All strains shown were diluted to an ODgy 0f 0.05 and the
MICs determined at 37°C using a series of dilutions of the respective drug. Each experiment was repeated twice
and average values and standard deviations are shown. Asterisks mark statistically significant differences using a
t-test followed by a Bonferroni-Holm correction (P<0.05). (A) Tartrolon B MICs for the wild type grown in
presence of potassium chloride and sodium chloride. Wild type cells were inoculated in BHI medium containing
no salt (light gray bars) or 250 mM potassium chloride or sodium chloride (dark grey bars). (B) Boromycin and
tartrolon B MICs of L. monocytogenes strains lacking potassium importers. (C) Tartrolon B MICs for strains with
a disturbed c-di-AMP metabolism.
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3.3 The role of ClpP2 in tartrolon B resistance
3.3.1 Tartrolon B suppressor screen

In the previous chapters, mechanisms involved in the TimAB-mediated detoxification of
tartrolon B were examined, and the mode of action of tartrolon B as a potassium ionophore was
assigned. To identify novel genes involved in potassium homeostasis or other unknown
pathways that might be disturbed by the antibiotic, the strain carrying the Ptma-lacZ fusion
(LMTEL9) was inoculated with the previously determined tartrolon B MIC for the wild type at
2 ug/ml. This strain was chosen over the wild type to quickly identify suppressors with an
increased Piima activity, which were not of interest in this context. After >40 h of incubation at
37°C, growth of strain LMTE19 was observed despite the presence of tartrolon B, and the
culture was plated on BHI X-Gal plates without tartrolon B with the parental strain also grown
without tartrolon B as a control and grown over night at 37°C. The next day, the colonies were
analyzed, but no distinction regarding the coloring could be made in clones grown in the
presence of tartrolon B to the parental strain grown in absence of the antibiotic. However, after
incubation of LMTEL9 and the wild type at high tartrolon B concentrations and subsequent
plating of the culture, up to 50% of the clones were smaller than clones from their respective
parental strain. Clones with normal colony size as well as small clones were isolated and tested

for growth in the absence and presence of 1 pg/ml tartrolon B (Fig. 3-9).

Smaller colonies showed a significant growth deficit in standard BHI medium, but were
unaffected when grown in presence of 1 pg/ml tartrolon B. Clones with normal colony size
showed a normal growth rate in the absence of tartrolon B, but were mostly unable to grow
within the first 15 h after inoculation with the macrodiolide, matching the phenotype of the

parental strain (data not shown). This suppressor experiment was repeated twice with the wild
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type, showing similar results regarding the ratio of smaller and normal-sized colonies, as well

as their resistance properties.

2 3 2 3
i - tartrolon B 1 + tartrolon B (1 pug/ml)
] ] ]_ TartBR
suppressors
S 024
(@] parental strains
(WY/LMTE19)
0.02 ———— 0.02 —
0 5 10 15 0 5 10 15
time (h) time (h)

Figure 3-9: Growth of tartrolon suppressors with small colony phenotype in the absence and presence of
1 pg/ml tartrolon B. Smaller colonies were isolated from wild type and Prima-lacZ (LMTEL19) by inoculating these
strains in the presence of 2 pg/ml tartrolon B for >20 h before plating the culture onto BHI plates and incubation
at 37°C overnight. As controls, the parental strains were included in this experiment. Growth curves of strains
carrying a clpP2 E9K allele are shown in pink, and strains carrying a clpP2 T90I allele shown in yellow.

3.3.2 Mutations in the timABR-locus and in the clpP2 gene mediate

resistance against tartrolon B

In order to identify the mutations responsible for the resistance gain of the smaller colonies,
their genomes were sequenced. It is noteworthy, that in each experiment, the mutations obtained
for individual clones were all identical. In the screen using the strain carrying Ptima-lacZ, a single
nucleotide polymorphism (SNP) was identified in the clpP2 gene (Imo02468), leading to the
exchange of glutamic acid 9 to a lysine (E9K) in ClpP2. ClpP2 is a caseinolytic protease
responsible for the degradation of many cellular proteins (Balogh et al., 2022). In the two
suppressor screens, in which the wild type was used, this exact same SNP was observed again,
with the other mutation identified being another SNP in clpP2, leading in the exchange of
threonine 90 to an isoleucine (T901). The growth deficits of strains carrying either one of these
mutations are shown in Fig. 3-9 (pink: strains carrying clpP2 E9K; yellow: strains carrying

clpP2 T90I) and were comparable to each other.
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The tartrolon B MICs for a clpP2 E9K and clpP2 T90I strain were determined via growth curves
at 37°C (Fig. 3-10A). These SNPs resulted in a highly resistant strain with a tartrolon B MIC
of 640 pg/ml - a MIC eight times higher than the one observed for the AtimR strain determined
in previous experiments (MIC=8z0 pg/ml). It was therefore plausible, that mutations in clpP2
would lead to the highest levels of resistance a strain could acquire, making it difficult to find

other factors affecting tartrolon B resistance using this experimental setup.

While all other normal-sized clones were not resistant to tartrolon B, one clone was found, for
which the tartrolon B MIC was increased to 8+0 pg/ml compared to 2+0 pg/ml in the wild type
(Fig. 3-10B). Genome sequencing of this suppressor revealed a frame shift mutation in timR
(LMTES65), in which the 604™ nucleotide in timR is deleted. This frame shift results in TimR
having a non-natural C-terminal region starting from K202, which is also elongated by 6
additional amino acids (Fig. 3-10C). The observed increase in resistance in this strain suggests
that this frame shift leads to the inactivation of TimR, and therefore the strain having a AtimR

phenotype.

In order to isolate suppressors outside of clpP2 in a higher frequency, a second, IPTG-inducible
copy of the clpP2 gene was introduced into the wild type genome, so that clpP2 needed be
mutated in both copies to mediate tartrolon B resistance, which was way less likely than in the
wild type background. Using this strain, the suppressor screen was repeated in the presence of
IPTG. Growth was observed 24 h after inoculation in presence of 2 pg/ml tartrolon B and this
culture was plated on BHI plates. After overnight incubation at 37°C, all colonies showed a
wild type-like cell morphology. The resistance level of these suppressors against tartrolon B
was increased 2-fold (MIC=4%0 pg/ml) compared to the wild type (MIC=1.7£0.6 pug/ml) (Fig.
3-10B). Genome sequencing of three clones (LMTE91-LMTE93) revealed identical SNPs in

Piima 14 nucleotides upstream of timA and right next to the ribosome binding site, suggesting a
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higher Ptima activity as the reason for tartrolon B resistance (Fig. 3-10C). No suppressors outside
of clpP2 or the timABR region could be isolated in these experiments, which led to the

assumption that tartrolon B resistance is mainly mediated by these two factors.
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Figure 3-10: Identification of tartrolon B resistant suppressor mutants. (A) Determination of the tartrolon
B MICs for two smaller colonies, which carried SNPs in clpP2. Strains were diluted to an ODsgo of 0.05 and
grown in a series of tartrolon B dilutions in BHI medium. The experiment was performed three times, with the
MICs in each experiment being identical. Asterisks mark statistically significant differences as determined by a
t-test and a Bonferroni-Holm correction (P<0.05). (B) Tartrolon B MICs of normal-sized colonies carrying
mutations in timR and Pgma. Strains were grown starting from an ODsy of 0.05 in various tartrolon B
concentrations. Three replicates were prepared, with all of them vyielding the same MICs for each strain.
Statistical significances are indicated with the asterisks. (C) Sequence alignment of the suppressor strains
characterized in (B). The mutations identified are marked in red, and the additional sequence of TimR in
LMTESS is highlighted in yellow.
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3.3.3 Generation and characterization of a AclpP2 mutant

Since the most frequent suppressors found in the tartrolon B suppressor screen carried
mutations in clpP2, which out of all suppressors also showed the largest resistance gain, the
generation of a AclpP2 mutant was mandatory. A clpP2 mutant in L. monocytogenes has
recently been described (Balogh et al., 2022). The importance of ClpP2 increases with
temperature, as heat leads to a higher rate of protein misfolding and hence the need for their
degradation, which is the cause for increased clpP2 expression in heat shocked gram-positive
cells (Krlger et al., 2001). In good agreement with this, a AclpP2 mutant could only be
generated when using the pMAD derivate pMinimad, which allows plasmid excision at room
temperature (Patrick & Kearns, 2008). The AclpP2 strain was confirmed by PCR controlling
for both the gene deletion and plasmid absence (Fig. 3-11A). The primers used to check the
deletion of clpP2 create a product of 1.8 kbp when clpP2 is present, and a 1.3 kbp product in
absence of the gene, which was in good agreement with the bands observed in the gel. The
genome of the AclpP2 mutant was sequenced, and no second site mutations could be identified.
Clones lacking the plasmid and clpP2 were significantly smaller when streaked out on BHI

agar.

Before using the AclpP2 mutant (LMTES80) in experiments revolving around tartrolon B, the
strain was analyzed regarding known features of this mutant in other organisms. Firstly, the
ability to grow at elevated temperatures was tested, a feature that is absent in a B. subtilis AclpP
mutant (Msadek et al., 1998). Strains EGD-e, LMTES80 (AclpP2), LMTE38 (clpP2 E9K) and
LMTE74 (clpP2 T90I) were inoculated to an ODeoo 0f 0.05 and incubated at 37°C and 42°C
for 24 h (Fig. 3-11B-C). While both strains carrying SNPs in clpP2 had little effect on their

growth rate at 37°C, they were barely able to grow when the temperature was switched to 42°C.
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The growth rate of the AclpP2 mutant was severely affected at 37°C, with the strain being

unable to grow at 42°C.

As a control for the correctness of the mutant, an ectopic, IPTG-inducible copy of clpP2 was
introduced into the AclpP2 background and tested for its ability to complement the lack of
growth of the AclpP2 mutant at 42°C (Fig. 3-11D). While the iclpP2 strain showed a similar
inability to grow at 42°C as the AclpP2 mutant without IPTG, addition of IPTG partially
complemented the growth deficit associated with the lack of clpP2 expression observed in the

absence of IPTG, however the IPTG-dependent effect on the growth was significant.

Suppressor strains carrying mutations in clpP2 as well as the AclpP2 mutant were tested for
their ability to infect mammalian cells in a J774 mouse macrophage infection model, as multiple
reports investigating a clpP2 deletion mutant in other species suggested a reduced ability to
replicate in such an environment (Loughlin et al., 2009, Knudsen et al., 2013, Zhao et al., 2016),
and for L. monocytogenes, ClpP2 is required for growth inside mice liver cells (Gaillot et al.,
2001). Macrophages were infected with the wild type, the Ahly mutant as a negative control, as
well as the strains carrying the clpP2 SNPs and a AclpP2 deletion and the bacterial titer of each
strain was determined (Fig. 3-11E). Consistent with the literature, where the essentiality of
clpP2 for intracellular replication is described (Gaillot et al., 2000), the AclpP2 mutant

replicated six-fold only and hence ~5,5-fold slower than the wild type at (27-fold replication).
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Figure 3-11: Characterization of a AclpP2 mutant strain. (A) Agarose gel validating the deletion of the clpP2
gene. Chromosomal DNA of the mutant strain was checked for absence of clpP2 (lane 1) and for absence of the
plasmid used for clpP2 deletion (lane 2). As positive controls, wild type chromosomal DNA was used for the
clpP2 locus (lane 3) and pMinimad_AclpP2 for functionality of the plasmid-specific PCR. (B-C) Growth curves
of strains carrying clpP2 E9K (LMTE38) and clpP2 T90Il mutations (LMTE74) as well as the AclpP2 deletion
(LMTES8O) at 37°C (B) and 42°C (C). Data was generated from three biological replicates and average values and
standard deviations are shown. (D) Growth curves of the iclpP2 mutant (LMTE90) at 42°C+1 mM IPTG with the
wild type and AclpP2 mutant used as controls. Growth curves were performed in three biological replicates and
mean values and standard deviations are shown. (E) Infection of J774 macrophages with clpP2 E9K, clpP2 T90I
and AclpP2 mutant strains. Bacterial cell numbers were determined 0 h and 6 h post infection (p.i) as a biological

triplicate from which average values standard deviations are shown. Asterisks indicate statistical differences
calculated with a t-test and a Bonferroni-Holm correction (P<0.05).
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3.3.4 Inactiviation of clpP2 confers tartrolon resistance

In chapter 3.3.2, tartrolon B resistant suppressor strains carrying mutations in clpP2 (E9K and
T90I) were isolated. The tartrolon B resistance level of these two strains was identical, however
the intramolecular distance between the respective Ca atoms of E9 and T90 within CIpP2 is
~25.4 A with the intermolecular distance between adjacent ClpP2 monomers being ~23.8 A
(Fig. 3-12A) — distances too large to be part of a single interaction surface for tartrolon B which
if disturbed would result in tartrolon B resistance. Tartrolon B only spans a distance of
~15.5 A (data not shown). E9 is part of the electrostatic network of the CIpP2 amino terminus
required for ATPase recruitment (Gatsogiannis et al., 2019, Mabanglo et al., 2019, Malik et al.,
2020). This suggests that substitution of this amino acid leads to ClpP2 inactivation, as the
protease is no longer able to bind ATPases. T90 is not exposed on the ClpP2 surface and its
function is rather unknown. However, the fact that the resistance levels of strains carrying E9K

and T90I mutations are identical suggests that both substitutions have similar effects.

To analyze their effect on CIpP2 activity, the strains carrying these point mutations in clpP2
were grown together with the clpP2 and the clpC deletion mutants (LMJR138) to an ODeoo Of
0.8-1.0 and the crude extract analyzed by Western blotting using an antibody against MurA,
which is known to be degraded by the ClIpCP2 proteasome (Wamp et al., 2020) and hence
should accumulate if these mutants have a reduced ClpP2 activity (Fig. 3-12B). MurA levels
were elevated in clpP2 suppressor strains (2.5+0.15-fold for clpP2 E9K and 2+0.4-fold for
clpP2 T90I) to a level comparable to the AclpP2 and the AclpC mutant, which had a 2.6+0.1-
fold (AclpP2) and a 2.3+0.4-fold (AclpC) increased MurA level (Fig. 3-12C). This strongly
suggests that E9K and T90I act as inactivating mutations, which is in good agreement with the

fact, that a AclpP2 mutant is highly resistant to tartrolon B (MIC=128+0 pg/ml) — a level
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comparable to the one determined for the suppressor strains in chapter 3.3.2

(MIC=64£0 pg/ml).
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Figure 3-12: Analysis of the effect of the clpP2 E9K and T90l mutations on ClpP2 activity. (A) Crystal
structure of L. monocytogenes ClpP2 in its monomeric state (left) as well as the assembled heptameric protease
complex (right). The E9 and T90 residues, which are mutated in the tartrolon B suppressor screen are highlighted
in red and the intra- and intermolecular distances of their Ca-atoms are calculated. (B) Western blot showing levels
of MurA in wild type and strains carrying clpP2 E9K, clpP2 T90I, AclpP2 and AclpC. As a control, the DivIVA
level was also analyzed. (C) Quantification of MurA levels relatively to the wild type. The western blot shown in
(B) was performed three times and the band intensity for each strain was quantified using the ImageJ software.
Statistical significances were calculated using a t-test and the Bonferroni-Holm correction and are indicated by the

asterisks (P<0.05).
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3.3.5 Tartrolon B does not alter ClpP2 activity

As described above, E9 and T90 are located too far apart in ClpP2 to form an interaction surface.
However, it still seemed possible that tartrolon B could bind directly to ClpP2 and activate it —
making inactivating mutations beneficial for balancing out the CIpP2 activity in vivo. Another
argument supporting this hypothesis is the fact that acyldepsipeptides (ADEPs) have been
shown to activate ClpP2 and frequently force E9 to mutate, causing this described balancing of
ClpP2 activity. ADEP binds to ClpP2 and mimics ATPase-mediated activation of the protease,
resulting in a constantly active ClpP2 and dysregulation of protein metabolism (Kirstein et al.,

2009, Mabanglo et al., 2019).

This activation can be monitored in vitro by using a fluorescence-based assay with purified
ClpP2 and N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin as a fluorescent substrate. Upon
ClpP2-mediated cleavage of the substrate, the cleaved 4-methylcoumarin can be detected by
excitation at 380 nm and emission at 440 nm. CIpP2 can only cleave the substrate after being
activated, as the substrate channel remains closed in its native state (Kirstein et al., 2009).
Purified ClpP2-Strep and ClpP2 E9K-Strep were incubated with varying amounts of tartrolon
B and ADEP2 used as a positive control. Afterwards, the fluorescent substrate was added and
its cleavage monitored for 3 h (Fig. 3-13A). An increase in fluorescence intensity was clearly
observed when ADEP2 was titrated to constant levels of CIpP2 and to a lesser extent even when
the inactive ClpP2 variant ClpP2 E9K was used. However, there was no increased substrate
degradation visible when ClpP2 or ClpP2 E9K were incubated with tartrolon B. This suggests,
that tartrolon B does not activate ClpP2 through direct binding to the protease and that the

reason for tartrolon B resistance caused by CIpP2 inactivation is of a more complex nature.

This observation was also confirmed in vivo. Previous studies have shown that the activity of

the clpP2 promoter increases upon exposure of the host to elevated temperatures, as higher
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levels of ClpP2 are needed for degradation of misfolded proteins caused by heat stress (Derre
et al., 1999). Consequently, ADEP2 should become more effective at higher temperatures, as
it has been shown to disrupt the interaction between ATPases and ClpP2, leading to inactivation
of the proteasome (Kirstein et al., 2009). If the mode of action of ADEP2 and tartrolon B would
be similar, L. monocytogenes should show an increased susceptibility to both of these
antibiotics at higher temperatures. To investigate this theory, the wild type was analyzed for its
ADEP2 and tartrolon B resistance levels at 30°C, 37°C and 42°C (Fig. 3-13B). While the MIC

of ADEP2 was decreased 3-fold when switching from 30°C to 37°C
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Figure 3-13: Studies investigating an interaction between tartrolon B and ClpP2. (A) N-succinyl-Leu-
Tyr-7-amido-4-methylcoumarin based fluorescence assay comparing the tartrolon B and ADEP2 -mediated
activation of CIpP2. Both drugs were mixed in the indicated concentrations with set amounts of ClpP2. After
addition of the fluorescent substrate, the fluorescence intensity was measured by excitation at 380 nm and
emission at 440 nm for 3 h. (B) MICs for the L. monocytogenes wild type for tartrolon B (dark gray) and
ADEP?2 (light gray) at 30°C, 37°C and 42°C. Three biological replicates were done and the average values
and standard deviations calculated. Statistically significant differences are indicated by the asterisks using a
t-test followed by a Bonferroni-Holm correction (P<0.05).
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(0.259£0.09 pg/ml to 0.078+0 pg/ml) and further decreased 4-fold to a MIC of 0.02+0 pg/ml
at 42°C, the resistance of the wild type against tartrolon B was unaffected by temperature
changes. Overall, the data generated in vitro and in vivo undermined that tartrolon B and

ADEP?2 differ in their mechanisms of action and that tartrolon B likely does not bind to ClpP2.

3.3.6 A AtimAB deletion is dominant over the tartrolon B hyper-resistance

of the AclpP2 mutant

Another reason for tartrolon B resistant strains carrying inactivating mutations in clpP2 could
be caused by the accumulation of a ClpP2 substrate in these strains, which is involved in the
detoxification of the antibiotic. While trying to identify genes involved in tartrolon B resistance
using suppressor screens, mutations leading to clpP2 inactivation or elevated timAB expression
levels were the two major suppressor groups impacting tartrolon B resistance. While deletion
of timAB results in a highly sensitive strain, deletion of clpP2 renders L. monocytogenes highly
resistant to tartrolon B. However, when the strain carrying AtimAB was incubated with tartrolon
B concentrations above its MIC for 30 h, the strain was unable to acquire tartrolon B resistance
by suppressor formation, suggesting that inactivating mutations in clpP2 only mediate tartrolon

B resistance in the presence of timAB (Fig 3-14A).

To gain further insight into these mechanisms, a AclpP2 AtimAB mutant was created (LMTE95)
and tested for its tartrolon B resistance level. The tartrolon B MIC for this strain was at
0.016£0.007 pg/ml, which was comparable to the MIC of 0.0125+0 pg/ml determined for the
AtimAB mutant (Fig. 3-14B). This demonstrated, that clpP2 inactivation has an effect on

tartrolon B resistance only in the presence of timAB.
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To validate these data, an IPTG-inducible variant of timAB, in which TimA is fused to a C-
terminal Strep-tag to facilitate TimA detection by Western blotting (itimA-strep-timB) was
constructed and introduced into the AclpP2 AtimAB background. The tartrolon B resistance
level was measured in the presence or absence of IPTG. In the absence of IPTG, this strain
should have a tartrolon B MIC comparable to the one of the AtimAB single and AclpP2 AtimAB

double mutant, whereas in presence of IPTG, a AclpP2 phenotype should be acquired due to
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Figure 3-14: Analysis of the interplay between timAB and clpP2 in regards to tartrolon B resistance. (A)
Growth curves to test for the appearance of tartrolon B resistant suppressors in strain LMTE34 (AtimAB).
Wild type and LMTE34 were grown in the indicated amounts of tartrolon B for 30 h at 37°C. Suppressor formation
was usually observed if the culture showed growth after >20 h. (B) Tartrolon B MICs for the clpP2 timAB double
mutant strain. Strains LMTE34 (AtimAB), LMTES80 (AclpP2), LMTE95 (AclpP2 AtimAB) and LMTE110 (itimA-
strep-timB AclpP2) were inoculated to an ODggo of 0.1 and the tartrolon B MIC determined via a serial dilution
assay. The experiment was performed three times and average values as well as standard deviations shown.
Asterisks mark statistically significant changes as determined by a t-test followed by a Bonferroni-Holm correction

(P<0.05).
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the transcription of timAB. The results were in line with these expectations, as this strain was
able to span the entire tartrolon B resistance range of L. monocytogenes. When grown without
IPTG, the tartrolon B MIC determined for this strain was 0.008+0.006 pg/ml, therefore being
in the same resistance range as the AtimAB and of the AclpP2 AtimAB mutant. In the presence
of IPTG, the resistance level increased ~5000-fold to levels comparable to the AclpP2 strain

(MIC=42+18 ug/ml) (Fig. 3-14B).

3.3.7 Role of potassium for tartrolon resistance of AclpP2 and AtimAB

mutants

The gain of tartrolon B resistance in a AclpP2 strain could be manifested in other beneficial
traits that help the mutant survive against the antibiotic. The results obtained in the previous
chapters suggest that tartrolon B acts as a potassium ionophore. Therefore, the resistance gain
of a AclpP2 strain could be caused by a mechanism that helps the mutant to cope with potassium

deficiency.

A suitable experiment to test this theory is to determine the resistance level of the AclpP2 strain
to boromycin, since the mode of action of these two compounds appeared to be identical in
previous experiments. The boromycin MIC for wild type and AclpP2 was determined from
growth curves in different concentrations of the antibiotic at 37°C (Fig. 3-15A). In contrast to
the ~100-fold increase in resistance against tartrolon B, the AclpP2 mutant was not significantly
resistant to boromycin. These experiments suggested, that there is no linkage of a disrupted

potassium homeostasis in the AclpP2 mutant to its resistance gain against tartrolon B.

To further test the effect of potassium on the tartrolon B resistance level of a AclpP2 mutant,
BHI medium was supplemented with potassium chloride and the tartrolon B MIC of the mutant

determined. As the main conclusion of the previous chapter was that deletion of clpP2 mediates

86



resistance only in presence of timAB, the tartrolon B MICs of the AtimAB and AclpP2 AtimAB
mutants were also analyzed in dependence of potassium (Fig. 3-15B). Strains lacking timAB
showed a high responsiveness to potassium independent of the presence of clpP2, as the
tartrolon B MIC of the AtimAB mutant in potassium-rich medium increased ~250-fold from
0.02+£0.009 pg/ml to 5.3£2.3 pg/ml and the tartrolon B MIC of AclpP2 AtimAB in a similar
margin from 0.03+0.009 pg/ml to 5.3£2.3 pg/ml. However, the AclpP2 mutant was barely
affected in its tartrolon B resistane level upon potassium supplementation, as the MIC for this
mutant increased 2-fold from 106+37 pg/ml in absence to 256+0 pg/ml in presence of
potassium. The general trend in this experiment was, that the tartrolon B resistance gain of a
strain in presence of potassium was inversely correlated with its intrinsic resistance level in the

absence of potassium.

Another point of interest regarding the potassium mediated resistance gain was the role of the
timAB expression level. In a model where TImAB constantly exports tartrolon B, strains with
elevated timAB expression should be less dependent on a potassium rich media as they are able
to maintain a more stable membrane potential. To validate this hypothesis, a second IPTG-
inducible copy of timAB was introduced into the wild type and the AtimR background and the
tartrolon B MIC in presence and absence of potassium chloride analyzed (Fig. 3-15C). As a
first observation, the resistance levels and the responsiveness to potassium obtained when the
strains were grown in absence of IPTG were similar to the ones of the wild type and the AtimR
mutant, respectively. In presence of IPTG, the effect of potassium on tartrolon B resistance
level was diminished, as timAB overexpression in the wild type led to a ~5-fold higher MIC
upon potassium supplementation, and the AtimR Prelp-timAB strain being even less responsive
to the alkali metal, in which supplementation with potassium only resulted in a 2-fold increase
in its tartrolon B MIC. In these experiments, another pattern is recognizable: The higher the
level of TIMAB in a strain, the lower the effect of potassium becomes in mediating tartrolon B
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resistance. The high level of TImAB might also be the reason for the highly resistant phenotype
of the AclpP2 mutant, possibly due to TimAB being substrate of ClpP2, which would

accumulate in a strain lacking the protease due to the lack of degradation.
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Figure 3-15: Effect of high potassium concentrations on the resistance level of selected tim and clpP2 mutant
strains. Strains were inoculated to an ODggo 0f 0.05 and the MICs determined by growth experiments at 37°C in
serial dilutions of the respective antibiotic in BHI medium. (A) MICs of the AclpP2 mutant to boromycin and
tartrolon B.. (B) Tartrolon B resistance levels of strains AtimAB (LMTE34), AclpP2 (LMTES80) and AclpP2
AtimAB (LMTE95) upon supplementation of BHI medium with 250 mM KCI. (C) Effect of 250 mM potassium
on tartrolon B resistance of strains overexpressing timAB. Strains containing a second IPTG-inducible timAB allele
in the wild type (LMTES89) and in a AtimR background (LMTE94) were analyzed for their tartrolon B resistance
+250 mM KCI.

All experiments were conducted in triplicates and average values and standard deviations are shown. Asterisks
mark statistically significant differences as determined by a t-test and the Bonferroni-Holm correction (P<0.05).
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3.3.8 Analysis of TimA levels

The timAB genes being dominant over clpP2 with respect to tartrolon B resistance suggests that
either TimA or TimB - or both - are ClpP2 substrates. In this model, the transporter would be
constantly degraded by ClpP2, resulting in a moderate level in the cell. In the absence of a
functional ClpP2, the transporter could not be degraded anymore and therefore accumulates,
mediating high-level resistance to tartrolon B. This hypothesis was previously undermined by
IPTG-dependent timAB expression in a AtimR background, which matched the MIC of the
AclpP2 mutant at 128+0 pg/ml (see previous chapter). In addition, complementation of the
AclpP2 AtimAB with an ectopic itimA-strep-timB copy rescued the phenotype of the AclpP2
mutant. Since expression of the timAB genes are under control of the lacO-lacl system in this
strain, and not under control of their native promoter, this suggests that the resistance gain of
the AclpP2 mutant is not caused by transcriptional activation of P«ima. Therefore, the resistance-
gain of the AclpP2 mutant could be caused by accumulation of the TimAB transporter, caused

by a lack of degradation of TimAB by ClpP2.

To test the hypothesis of TImAB being a CIpP2 substrate, the strains carrying itimA-strep-timB
(LMTE106) and itimA-strep-timB AclpP2 (LMTE110) were used in a degradation assay. The
Strep-tag fused to the C-terminus of TimA allowed monitoring of the protein by Western
blotting using an antibody which binds to the Strep-tag. TimA seemed more likely to be a
substrate of ClpP2 than TimB, since it represents the ATPase domain and is therefore soluble
in the cytosol. In this context, a AtimAB background appeared to be appropriate in order to
eliminate slower degradation rates of the Strep-tagged protein caused by untagged TimA in a
wild type scenario. Additionally, the wild type and the AclpP2 mutant were used in this

experiment to distinguish between TimA-Strep and non-specifically detectable proteins.
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To analyze TimA-Strep degradation, the strains described were grown at 37°C to an ODego of
0.8-1.0. Half of the culture was pelleted and stored at -20°C, while the other half was treated
with chloramphenicol to stop protein translation. The strains were shaken for a further 90 min
before being pelleted. The crude extracts of these strains were analyzed for their
TimA-Strep levels by Western blotting using the wild type and AclpP2 mutant as control strains
(Fig. 3-16). As a control for the suitability of the assay, a second antibody against the known
ClpP2 substrate MurA was used. If TimA was indeed a ClpP2 substrate, a degradation of the
Strep-tagged protein should be observed in a AtimAB background, but not in the AclpP2 AtimAB

background.

A clear loss of the MurA band 90 min after translation stop was observed in the wild type
background, whereas the MurA level remained constant when ClpP2 was lacking. Also, MurA
accumulation could be seen in both strains lacking clpP2, validating the proper construction of
these strains. However, the intensity of the TimA-Strep band remained unchanged even when
ClpP2 was present. This suggests that TimA is not a ClpP2 substrate and that the increased
TimAB activity - if present in a AclpP2 background - is caused by a different mechanism. The
same experiment was done using TimB-Strep, this protein was, however, not detectable, likely

because of TimB being a transmembrane protein.
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Figure 3-16: Western blot for the analysis of TimA-Strep degradation by CIpP2. The wild type and strains
LMTES8O0 (AclpP2), LMTE106 (itimA-strep-timB) and LMTE110 (AclpP2 itimA-strep-timB) were grown to mid-
log phase, half of the culture harvested and 200 ug/ml chloramphenicol added to the other half. After incubation
for a further 90 min, the cells were harvested and lysed by sonification. The crude extract was used to analyze the
level of TimA-strep in each sample, with a parallel immunoblot using an a-MurA antibody as a control.
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3.3.9 Determination of tartrolon B resistance levels in Clp ATPase mutants

Data from previous experiments suggested that the tartrolon resistance gain of a AclpP2 mutant
is caused by accumulation of a ClpP2 substrate involved in tartrolon detoxification. The fact
that CIpP2 is only active when complexed with an ATPase which opens its proteolytic chamber
is widely known (Katayama et al., 1988, Frees et al., 2007, Alexopoulos et al., 2012). As a
logical consequence, suppressor mutations inactivating the ATPase responsible for the
proteolytic degradation of the said substrate should also become resistant to the antibiotic.
However, despite numerous attempts, none of these suppressor mutations could ever be
isolated. One explanation for this is, that the degradation of the substrate can be initiated
independently of any ATPase, or that the ATPases are redundant. In such a scenario, multiple
ATPases would have to be inactivated for a suppressor to become resistant, which is less likely

than a single inactivating mutation in clpP2.

In L. moncytogenes, three ATPases are known, which interact directly with CIpP2 - namely
ClpC, ClIpE and ClpX (Derré et al., 1999, Gatsogiannis et al., 2019, Wamp et al., 2020). Strains
lacking one, two or all three of these ATPases were created and agarose gels used to confirm
deletions, exemplarily shown in Fig. 3-17A. The size of the amplified ATPase-loci on the gel

matched the theoretical sizes of the wild type or deletion loci in every mutant.

All of these ATPase mutant strains were tested for tartrolon B resistance by plotting growth
curves at different tartrolon B concentrations (Fig. 3-17B). The single deletion mutants lacking
clpC (MIC=1.60.6 pug/ml) and clpE (MIC=1+0 pg/ml) did not show a significantly increased
tartrolon B resistance compared to the one determined for the wild type at 1+0 pg/ml, while the
tartrolon B MIC for the AclpX mutant was slightly increased (MIC=2+0 pug/ml). A AclpP2-like
resistance level of 42.7+£18.5 pg/ml could only be reached upon deletion of both clpX and clpC

(MIC=26.61£9.2 pg/ml), and as a logical consequence also in a AclpCEX triple mutant
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(MIC=42.7£18.5 pg/ml). It is also noteworthy, that the AclpC mutant showed the biggest
growth deficit out of all the three single deletion strains, whereas a AclpP2 like growth deficit

was only reached in the AclpCX and AclpCEX strains (data not shown).

At last, the genome of the strains carrying deletions in clpX were sequenced, since a AclpX
mutant has not yet been described in L. monocytogenes. While the genome of the AclpX and
AclpCEX mutants were free of unwanted second site mutations, the AclpCX mutant carried a
250 kbp genome duplication starting from the 23S rRNA encoding gene Imor14 and ending
with another 23S rRNA encoding gene (Imorl7) (Fig. 3-17C). Hence, all genes ranging from
Imo2367 to Imo2589 are present twice in the AclpCX genome. However, this mutant matched
expectations regarding its clear growth deficit and tartrolon B resistance level. This led to the
assumption, that the genome duplication has no major effect on the tartrolon B phenotype of
the mutant, which is also validated by the fact, that the clean AclpCEX mutant strain shares the

same growth deficit and tartrolon B resistance level as the AclpCX mutant strain.

These results suggest that the reason for tartrolon B resistance in a AclpP2 strain is due to its
lack of proteolytic degradation of (an) unknown substrate(s), which results in the accumulation
of at least one protein, which mediates tartrolon B resistance and can be degraded by the ClpCP2

and ClpXP2 proteasomes.
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Figure 3-17: Generation and characterization of Clp ATPase mutants. (A) Agarose gels for validation of each
clpX deletion strain. The presence of all three Clp ATPase genes was analyzed for each strain. Theoretical fragment
sizes: clpC: 4.5 kb, clpE: 3.4 kb, clpX: 2.8 kb, AclpC: 1.7 kb, AclpE: 1 kb, AclpX: 1.1 kb. (B) Tartrolon B MICs
for each Clp ATPase mutant at 37°C. The MICs were determined in triplicates and average values and standard
deviations are shown. Asterisks mark statistically significant resistance levels using a t-test and the Bonferroni-
Holm correction (P<0.05). (C) Genome sequence of the AclpCX mutant. The genomic loci around clpC and clpX
as well as the region where genome duplication occurred are shown with the relative intensity of detected reads in
the sequencing experiment.
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3.3.10 The role of spxAl in tartrolon B resistance

Throughout the screening for tartrolon B resistant suppressor mutants, a single mutant
(LMTE®6) was isolated, which carried a frame shift in ybjH caused by the deletion of its 424"
nucleotide, which on a protein level leads to the replacement of glutamic acid 143 by an
isoleucine, followed by an immediate stop codon. YbjH therefore lacks the following 112
amino acids that occur in the natural protein sequence (Fig. 3-18A). This probably leads to
inactivation of YjbH. To confirm this hypothesis, a AybjH mutant was generated, and its
tartrolon B MIC determined. The AybjH strain showed the same two-fold increase in resistance
as in the ybjH suppressor, consistent with the expectation, that the frame shift in ybjH

inactivates the protein (Fig. 3-18B).

In Bacillus subtilis, YjbH has only one known function, which is to increase the ClpCP- and
ClpXP-mediated degradation rate of Spx, a transcriptional regulator (Larsson et al., 2007,
Rojas-Tapias & Helmann, 2019). Spx is involved in the regulation of ~275 genes responsible
for various cellular processes, such as responses to disulfide or cell wall stress, competence
development, but also in detoxification of antibiotics (Nakano et al., 2001, Larsson et al., 2007,
Runde et al., 2014, Rojas-Tapias & Helmann, 2018, Rojas-Tapias & Helmann, 2019). It has
been shown, that a B. subtilis AclpP mutant shows high levels of Spx, since degradation of the
protein is absent (Nakano et al., 2001, Rojas-Tapias & Helmann, 2019). Two paralogues of Spx
(SpxA1l and SpxAZ2) are annotated in the L. monocytogenes genome, however, SpxAl is the
biologically active one (Whiteley et al., 2017). Assuming the control of the Spx level by ClpP
shown in B. subtilis can be applied to L. monocytogenes SpxAl and ClpP2, respectively,
accumulation of SpxALl causing the activation of tartrolon resistance genes could be the reason
for the resistance of a AclpP2 mutant. In general, the SpxALl level should correlate positively

with tartrolon resistance - but only when TimAB is present.
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Under standard growth conditions, spxAl is an essential gene in L. monocytogenes (Cesinger et
al., 2020). Hence, it was not possible to create a AspxAl deletion mutant and a strain carrying
an IPTG inducible copy of spxAl was created instead. While the strain showed a wild type-like
growth rate in the presence of IPTG, it only grew to a low ODsoo in absence of IPTG (Fig. 3-
18C). The strain was tested regarding its tartrolon B resistance level in the absence and presence
of IPTG. If IPTG was absent, the tartrolon B MIC of the ispxAl strain was reduced 4-fold
compared to wild type levels (Fig. 3-18D). This matched the hypothesis of the SpxAl level

correlating with tartrolon B resistance.

The impact of an IPTG-inducible spxAl copy regarding the tartrolon B MIC was also analyzed
in the AtimAB strain and the wild type. The resulting strains were tested regarding their tartrolon
B MIC in absence and presence of IPTG and compared to the MIC of each parental strain,
which lacks the spxAl-expressing plasmid. As a first observation, the slight growth deficit in
the presence of IPTG of both strains has to be pointed out (Fig. 3-18E), which validates the
proper function of the desired strains since B. subtilis strains overexpressing spx are also known
to possess growth deficits (Larsson et al., 2007). The tartrolon B resistance level increased two-
fold in presence of IPTG in the wild type background from 2+0 pg/ml to 4+0 pg/ml, while no
significant increase in the MIC of the AtimAB mutant was observed. This further suggested,
that an increased level of SpxA1l is only beneficial for tartrolon B resistance, if the timAB genes
are present. However, the effects observed were only minor and a clear conclusion could not

be drawn from this experiment alone.
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Figure 3-18: Impact of spxAl on tartrolon B resistance. (A) DNA and resulting protein sequence of a tartrolon
B resistant suppressor carrying a frameshift in yjbH. The deleted base pair as well as the resulting premature stop
codon are marked in red, and the altered protein sequence is marked in yellow. (B) Tartrolon B MICs of strains
carrying the yjbH frameshift and a AyjbH deletion mutant in comparison to the wild type. (C) Growth curves of
the ispxAl mutant strain £IPTG compared to the wild type at 37°C. (D) Tartrolon B MICs of the ispxAl mutant
*IPTG. As controls AtimAB and AtimR strains as well as the and wild type were used. (E) Growth curves of strains
overexpressing spxAl in the wild type and the AtimAB background in comparison to their respective parental
strains. (F) Tartrolon B MICs of strains overexpressing spxAl in the wild type and the AtimAB background in
comparison to their respective parental strains.

All experiments were conducted three times and average values as well as standard deviations are shown in case
of the tartrolon B MICs. Asterisks mark statistically significant differences compared to the respective reference
strains as determined by a t-test followed by the Bonferroni-Holm correction (P<0.05).
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Since accumulation of SpxALl is likely the reason for a clpP2 mutant being highly resistant to
tartrolon B, but a AclpP2 AtimAB mutant breaks this phenotype, the logical consequence is that
SpxAl accumulation only mediates tartrolon B resistance if timAB is present. This could be
accomplished by three mechanisms: (1) SpxALl could activate expression of the timABR operon,
(2) SpxAl activates the expression of another transcriptional activator, which then activates the
timABR operon, or (3) SpxALl activates the transcription of a gene encoding for a protein, which

enhances the TimAB-mediated detoxification rate of tartrolon B.

3.4 Gallidermin induces the promoter of the Imo00193-Imo0195

genes

Tartrolon B inducing the expression of the timABR genes was not the only hit obtained in the
compound library screen described in chapter 3.1.4, as gallidermin, and to a lesser extend
enduracidin were capable of inducing the genes of another uncharacterized ABC transporter
(Imo0194-Imo0195) (Fig. 3-19A). Both antibiotics are antimicrobial peptides synthesized by
Staphylococcus gallinarum  (gallidermin) and Streptomyces fungicidicus (enduracidin)
(Higashide et al., 1968, Kellner et al., 1988). These compounds belong to class A lantibiotics,
therefore sharing the same mechanism of action as nisin or ramoplanin, which is the inhibition
of cell wall biosynthesis by binding to the peptidoglycan precursor lipid 1l (Fang et al., 20086,
Panina et al., 2021). This suggests, that the Lmo0194/0195 ABC transporter could be a
transporter for lipid Il targeting lantibiotics. In a similar manner to the TImAB experiments
validating its capability to export tartrolon B, a AImo0194/Imo0195 deletion mutant was created
and its MIC for gallidermin determined. However, the deletion mutant had no phenotype with

respect to gallidermin resistance.
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This could be due to the fact that several different MDR transporters are active in the wild type,
all of which export gallidermin. In such a scenario, phenotypic differences would only manifest
in strains lacking multiple, or all of these transporters. To identify closely related transporters,
a multiple alignment was performed. The resulting phylogenetic tree encompassing the ATPase
components for each ABC transporter identified in chapter 3.1.1 is shown in Fig. 3-19B. In this
tree, Lmo0194 appeared to be homologous to the Lmo0744 and Lmo2372 ATPases. Pairwise
alignment of Lmo0194 to either of these genes yielded a 63% homology (44% sequence

identity) to Lmo0744 and a 59% homology (37% sequence identity) to Lmo2372.

At first, gallidermin and enduracidin were tested in their ability to induce the Pimeo744-lacZ and
Pimo2371-lacZ reporter strains in a disc diffusion assay using the strain carrying the Pimoo193-lacZ
construct as positive control. While the induction of Pimo1e3-lacZ with gallidermin was barely
visible, it was not able to induce the other two promoters (data not shown). Disregarding this
observation, a Almo0194-Imo0195 Almo0744 Almo2371-Imo2372 triple mutant strain was
created and its sensitivity to gallidermin analyzed. However, even this triple deletion strain

showed no phenotypic differences compared to the wild type.
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Figure 3-19: Analysis of gallidermin detoxification in L. monocytogenes. (A) Induction of Pimeoiss by
gallidermin. Strain Pimoo193-1acZ was poured into warm BHI-agar containing 50 pg/ml X-Gal and 1l gallidermin
spotted on top of the plate. After incubation over night at 37°C, the induction circle shown was visible. (B)
Phylogenetic tree of the ATPase proteins/domains for each MDR transporter identified in chapter 3.1.1. The
ATPases clustering with Lmo0194 are marked in the red rectangle.
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3.5 Analysis of LftR binding to the lieAB promoter

A previously characterized ABC-type MDR transporter was the LieAB transporter. This
transporter functions as an exporter of aurantimycin, a depsipeptide secreted from S.
aurantiacus (Hauf et al., 2019). Expression of the lieAB genes is tightly repressed by LftR, and
aurantimycin resistant clones isolated from a suppressor screen frequently carry mutations in
IftR, the IftR promoter sequence or the lieAB ribosomal binding site. From this suppressor
screen, two strains were isolated, which carried SNPs in IftR, with the first strain carrying a
LftR G27S variant and the second strain carrying a LftR T46M variant. These LftR-variants
were purified as a Strep-tagged protein and their ability to bind to the lieAB promoter was tested
in an EMSA experiment using native LftR as a control. The three bands representing different
LftR:Piieas complexes, which are established when using Piieas and wild type LftR were all
missing when the G27S and T46M variants were used, suggesting that these amino acids are

essential for LftR-binding to its operator sequence on the lieAB promoter (Fig. 3-20A).

To determine the binding site of LftR on the lieAB operator, stepwise truncations of the lieAB
promoter fragment were fused to lacZ and the -galactosidase activity in strains carrying these
constructs measured in the absence and presence of subinhibitory concentrations of
aurantimycin. A higher B-galactosidase activity in any of these strains in absence of
aurantimycin would indicate a higher activity of the lieAB promoter caused by a weakened
binding of LftR. In contrast, a lower B-galactosidase activity in any strain in the presence of
aurantimycin would suggest, that crucial elements of the lieAB promoter needed for its
induction were already truncated. Fig. 3-20B summarizes the p-galactosidase activity of each
strain carrying the construct illustrated on the left in the absence and presence of aurantimycin.
The B-galactosidase activity was not significantly affected when the promoter fragment was

shortened from 315 to 122 base pairs, suggesting that no important regulatory elements are
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present in this region. However, aurantimycin-mediated induction of the promoter was ~10-
fold reduced if the promoter fragment was shortened from 122 to 97 base pairs. This result

suggested that the nucleotides 1 to 122 contain critical elements for promoter activity.
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Figure 3-20: Studies investigating the binding of LftR to Piieas. (A) PA-gel for the analysis of the binding
capabilities of LftR variants identified in an aurantimycin suppressor screen. The LftR proteins were mixed with
the lieAB promoter fragment in the indicated molar ratios and the establishment of the described molecular
complexes visualized by ethidium bromide staining. The experiment was performed three times showing similar
results each time. (B) Quantification of B-galactosidase activity of the respective Piicas-lacZ constructs shown
on the left. Strains carrying the respective lacZ-fusions were incubated at 37°C +£100 ng/pl aurantimycin A
(aurA) until mid-log phase. After lysis, the B-galactosidase activity of each supernatant was determined. The
experiment was conducted as a biological triplicate, and average values and standard deviations are shown.
Statistically significant differences were determined using a t-test and are indicated as asterisks. As reference,
the full-length fragment shown on top was used.
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The reason for the weak induction of Piieas(-97) by aurantimycin is likely due to the -35 box
consisting of nucleotides 105-111 not being present in this construct, which leads to promoter
inactivation. A mutated LftR binding site would however be manifested in a highly active lieAB
promoter. LftR is a PadR-type repressor protein recognizing inverted repeats which consist of
a 4 to 9- bp long motifs that are separated by a 4- to 8-bp long spacer region (Nguyen et al.,
2011). A motif like this is present on Piieas (TTACTA-Ns-TAGTAA) and shown in red in Fig.
3-21A. Since the first repeat of this motif was part of the -10 box, mutating this repeat would
likely cause promoter inactivation. Hence, the second putative repeat of this motif ranging from
nucleotides 78 to 73 was mutated, however, this did not change the induction ratio of Pjieas-
lacZ (data not shown). This led to the conclusion that the binding site had to be further
downstream on the promoter region. To identify the LftR binding site, the B-galactosidase
activity of strains carrying systematic transversions (G«<>C and A«<T) of 10 nucleotides ranging
from the nucleotides 69 to 21 was measured in the absence of presence of aurantimycin. This
led to the observation, that if the nucleotides 69-61 or 60-51 are transversed, the lieAB promoter
is induced 12- and 31-fold in the absence of aurantimycin, respectively. However, aurantimycin
was still able to induce these promoters 2- and 4-fold, respectively, with a measured f-
galactosidase activity of 1.182+142 MU for Piieas(1-122) transversion 69-61 and 1.755+88 MU for
PlieaB(1-122) transversion 60-51 IN presence of the depsipeptide, which is close to the fully induced
promoter present in the AIftR mutant (1.938+218 MU). Transversion of nucleotides 51-40, 40-
31 and 30-21 did not significantly alter the lieAB promoter activity (Fig. 3-21B). With this data,
the LftR binding site on Piieas could be narrowed down to the nucleotides 69-51, and further
studies suggested, that the LftR operator sequence on Piieas consists of the nucleotides 69 to 56

(data not shown).

101



122 1

= | _lieAB ]
111 o : : 20
Y- 14 - ERSEREC TA G TACTAATAAGTAATACAGAATACCGGTGTTACTGAGTAGTGGGGTTTTAATARARRATG
-35 -10
69 61

EE-14 —GTAGTAGTAATAAWMTAC CGETGTTACTGAGTAGTGGGGTTTTAATARARAATG

60 51
[TTGACAREETG TAGTAGTAATMGTAATACAGWT TACTGAGTAGTGGGGTTTTAATAAAAAATG
50 41
1 L}
B - 14 -1 TAGTAGTAATAAGTAATACAGAATACCGGTGAATGACTCATGTGGGGTTTTAATAARARATG
40 31
1 1
R - 1.4 - S G T AGTAGTAATAAGTAATACAGAATACCGGTGT TACTGAGTACACCCCAARAAATARARAATG
1 1
[TTGACARETG TAGTAGTAATAAGTAATACAGAATACCGGTGTTACTGAGTAGTGGGGTTTTTTATTTTTTAG

< B-galactosidase activity [Miller units]
g 1 10 100 1000 10000
lacZ - '_H'_H
wti, _ F17.9
r_ =
69611, 540+
60-51 1, 1 _—___}22«
M- | =
50-41- , N F10.1
40314, - — ) F17.4
:-
3021 4 iy 5.0
AIfiR - ¥

Figure 3-21: ldentification of the LftR operator site. (A) Scheme illustrating the systematic nucleotide
transversions on the lieAB promoter. The putative LftR binding motif is shown in red and the -35 and -10 boxes
of the promoter fragment marked in black. Transversions leading to a significantly elevated Piicas activity in the
absence of aurantimycin are marked in blue, while transversion having no effect on the promoter activity are
shown in yellow. (B) Quantification of promoter activity of the constructs shown in (A) using a p-galactosidase
assay. Strains LMSH16 (promoter-less lacZ) and LMSH98 (AIftR Pjieas-lacZ) were used as controls. Each strain
was grown until mid-log phase £100 ng/pl aurantimycin at 37°C. The aurantimycin-mediated induction ratio for
each strain is indicated. The experiment was conducted three times and average values and standard deviations

are shown. Asterisks mark statistically significant differences (P<0.05, t test).
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To confirm this theory, the nucleotides 69 to 56 on Piieas Were transplanted into the diviVA
promoter right downstream of its -10 box (Fig. 3-22A). An EMSA was performed investigating
the binding of LftR to this synthetic construct. While LftR was unable to bind the native divIVA
promoter, a shift towards a higher molecular complex could be seen, if LftR was incubated with
Pdiviva-OpLer in @ molar ratio of 6:1 (Fig. 3-22B). This validated the hypothesis, that the

nucleotides 69 to 56 on Piieas function as the operator site for LftR.

1
Paiviva GAAGCAGATACAAAAGAGCAATTAGAACAAGCAATTGAGG
Paiviva—OpLftR GAAGCAGATACAAAAGAGCAATTAGAACAAGCAATTGAGG
41
Paivrva CCTTAGAAAAAGCAGGATTTTTAATCTAACCATTTTTAAT
Pgiviva—OpLftR CCTTAGAAAAAGCAGGATTTTTAATCTAACCATTTTTAAT
81 ) -10
Paivrva ATAANISNSEPNE CAAAAAGCTAGTAACTARN NIKGT A
Paiviva—OpLftR ATAAAINNGVNEGAAAAAGCTAGTAACTARNE
1.2 start
Paiviva TGTTAGGTATTTATAAACAATAGTCGTATGGAGGTGCTAGAT
Paiviva—OpLftR BNUNGINeRVNWNSTATAAACAATAGTCGTATGGAGGTGCTAGAT
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Figure 3-20: Validation of the LftR binding site on Pieas. (A) Schematic representation of the promoter
fragments used for the EMSA experiment. (B) PA-gel for the analysis of LftR binding to the divIVA promoter
with the transplanted LftR operator site (Op.sr). Purified LftR was incubated with both promoter fragments in the
molar ratios indicated and the indicated formation of a higher molecular complex visualized by ethidium bromide
staining. The assay was performed three times, all repetitions showed similar results.
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4 Discussion

4.1 ldentification and screening of ABC-type MDR transporter

genes

This project started with the identification of 20 putative ABC-type MDR transporter genes,
which were identified in silico by using the TransportDB 2.0 database listed in Table 3-1. The
database revealed ABC transporters which could potentially function as MDR transporters,
since they are described as transporters having similarities to the daunorubicin transporters
LmrCD (Lubelski et al., 2006) or other multidrug transporters. The database did however get
updated in 2023 (Elbourne et al., 2023), and the improved algorithms identified four additional
operons encoding ABC transporters with a potential function in drug export. ATPase and
permease components of these transporters are listed in Table 4-1. None of these genes could

yet be assigned with a general function.

Table 4-1: Further ABC transporter encoding genes involved in the detoxification of natural compounds.

ATPase permease class operon

Imo0756  Imo0757 daunorubicin/multidrug Imo0755 Imo0756 Imo0757
Imo0921  Im00920 multidrug? Im00920 Imo0921
Imol1223  Imol224 efflux (antimicrobial peptide) Imo1223 Imo1224
Imol1505  Imo1506 efflux (antimicrobial peptide) No operon detected

The transcript levels of the 20 originally identified ABC-type MDR transporters were analyzed
as part of an earlier study (Hauf et al., 2019). For each transporter gene, its promoter activity
appeared weak in this dataset, which was good agreement with the activity observed when

promoters were fused to lacZ, as B-galactosidase activity in the most active promoter (356+63

MU in Pimo2214) was over 20-fold lower than the fully induced Pjiea promoter in the AlftR
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background (85131507 MU). It therefore seemed likely that all promoters had the ability to

be induced.

In order to screen the promoter-lacZ fusions for induction, a natural compound library was used,
which included secondary metabolites from streptomycetes, myxobacteria and fungi. This
library seemed well suited for this screen, since streptomycetes, myxobacteria and fungi co-
occur with L. monocytogenes in the soil, making an adaptation against secondary metabolites
secreted by these species quite likely. Additionally, streptomycetes are known to produce over
50% of all clinically relevant antibiotics (van der Heul et al., 2018). However, only two

promoters (Ptima and Pimoo193) could be induced by any of the ~700 compounds tested.

4.2 The timABR operon mediates resistance to tartrolon B
4.2.1 Compound specificity of Pima induction

The induction pattern of the timA promoter is very specific, since the induction can be visualized
by minimal amounts of tartrolon B in the pg/ml scale, whereas tartrolon A mediated induction
was only barely visible in agar-based diffusion assays. The induction circle obtained with
tartrolon A was also very small, indicating that a much higher concentration of tartrolon A is
needed to induce the promoter than the necessary amount of tartrolon B. No increase in f-
galactosidase activity could be observed upon incubation of the Ptma-lacZ strain with tartrolon
A concentrations right below the MIC. This is likely due to the fact, that the tartrolon A

concentrations needed to induce the timA promoter are already inhibitory for L. monocytogenes.

In chapter 3.1.7, the underlying mechanism for Pima induction was investigated in an EMSA
experiment. Here, two complexes were formed representing different states of the promoter
fragment bound to TimR. TimR is part of the TetR-like repressor family, which are known to

form a homo-dimeric complex and interact with antibiotics (Ramos et al., 2005, Bertram et al.,
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2022). This binding of the antibiotic induces a conformational change in the repressor, which
prevents interaction with its operator motif (Orth et al., 2000). The two Ptima-TimR complexes
formed could either indicate, that TimR has two binding sites on Piima and the upper band
represents the state in which two TimR dimers are bound to the promoter, or that TimR can also
bind in its monomeric state to Psima, forming the lower molecular complex. TetR-type repressors
frequently only form a single complex with their corresponding nucleotide binding sites (Li et
al., 2012, Ray et al., 2017, Grau et al., 2020), which indicates, that TimR could indeed possess

two binding sites on the timA-promoter.

In the previously described detoxification system for aurantimycin A, a similar system has been
described. Here, the binding of the repressor protein LftR to the lieAB promoter could also be
shown in an EMSA. However, this interaction could not be disturbed by aurantimycin A, even
though the antibiotic is capable of inducing the promoter (Hauf et al., 2021). However, the
interaction of Ptima With TImR could be disturbed in vitro with tartrolon B, but not with tartrolon
A, even though the structural formulas of their macrocycles are identical, with the only

difference being the covalently bound boron atom in the hydrophilic center of tartrolon B.

This could be due to several reasons. One explanation could be the chemical properties of the
macrocycle. Boronated tartrolons are macrodiolides with a Co-symmetry (Mulzer & Berger,
2004), however tartrolon A undergoes rapid epimerization at its C2 atom, which leads to the
loss of its Co-symmetrical nature (Irschik et al., 1995, Elshahawi et al., 2013). The boron atom
present in tartrolons B, C and E however fixes the configuration of the C2 atom, which forces
the respective symmetric macrodiolide (Berger & Mulzer, 1999, Mulzer & Berger, 2004,
Elshahawi et al., 2013). Maintaining the C>-symmetry might be the key for the improved

binding of tartrolon B to dimeric TimR.
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Another possibility is that the boron atom is needed because it directly interacts with TimR.
There are examples of boron atoms binding directly to active centers of proteins (Bonvini et
al., 2007, Newman et al., 2021), and in LexA, a transcriptional repressor has been shown to
change its biological activity in presence of boronated compounds (Bellio et al., 2020).
However, the borate ester could also play a different role in the binding of tartrolon B to TimR,
since the hydroxy-oxygens binding the boron in tartrolon B are quite far apart in tartrolon A.
Binding of the boron atom in tartrolon B forces these oxygens into close proximity to each
other. This leads to tartrolon A and B having quite different conformations regarding their
macrocycle (Fig. 4-1). The different chemical properties of tartrolon A and tartrolon B were
also investigated in a different work, where tartrolon B, but not tartrolon A was able to induce
release of interleukin-1p in J774 macrophages and human peripheral blood mononuclear cells

(Surup et al., 2018).

tartrolon A tartrolon B

Figure 4-1: 3D-structures of tartrolon A (left) and tartrolon B (right). Chemical structures of both macrolides
were drawn and their 3D-structure calculated using the software LEA3D (Douguet et al., 2005) available on
chemoinfo.ipmc.cnrs.fr/LEA3D/drawonline.html. The generated .pdb file was used to visualize both structures
using the PyMOL software (DeLano, 2002). Carbon atoms are colored in gray and oxygen atoms in red. The
oxygen atoms establishing the borate ester in tartrolon B are marked in blue in both macrolides and their
intramolecular distances in tartrolon A measured in A. The boron atom in tartrolon B is marked in pink.
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4.2.2 Tartrolon resistance is dependent on TImAB

The tartrolon A and tartrolon B MICs for L. monocytogenes EGD-e were identical at 2 pg/ml.
It is worth mentioning, that in later experiments, the tartrolon B MIC varied slightly in different
experiments and ranged from 1-2 pg/ml for EGD-e. Overall, the MICs were in the same range
as the ones reported for other gram-positive bacteria like B. subtilis and S. aureus at

0.31-0.62 pg/ml (Irschik et al., 1995).

TimAB functioning as a tartrolon transporter could be confirmed by creation of a AtimAB
deletion strain, which became hyper-sensitive to the antibiotic as well as by transplantation of
the timAB genes into B. subtilis, which conferred tartrolon resistance. The hypersensitivity of
the AtimAB mutant is remarkable when comparing the TimAB transporter to the previously
found LieAB transporter exporting aurantimycin (Hauf et al., 2019). In this work it was shown,
that the aurantimycin MIC of the AlieAB mutant was only decreased 8-fold. Another L.
monocytogenes transporter is the AnrAB transporter, which has recently been described as an
export pump for multiple lantibiotics (Collins et al., 2010). Among the substrates, bacitracin
was the one being exported with the highest rate. Yet, a AanrAB strain only showed an 8-fold
decreased MIC for bacitracin. These data led to the assumption that the TimAB transporter is
able to export its substrates in a way higher efficiency than AnrAB or LieAB, since the tartrolon
A and B MICs of a AtimAB mutant decreased 20-fold and 200-fold compared to the wild type,

respectively.

Reasons for the efficient detoxification of the tartrolons could be a high binding affinity of
TimAB to both antibiotics or a higher activity of the transporter, which could be caused by an
increased activity of the TimA-ATPase. When comparing TimA to previously studied ABC
domains in L. monocytogenes, it becomes clear that TimA lacks the otherwise conserved

glutamine in the Q-loop and the LSGGQ motif is altered in 3 out of the 5 amino acids
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(LSGGQ+MSLGN), which might cause a change in nucleotide binding affinity. The glutamate
in the Q-loop present in all other ABC domains analyzed is exchanged to a serine in TimA,
which might be a severe mutation, even though both amino acids possess polar side chains (Fig.

4-2). However, the exact effects of these structural differences in TimA are hard to predict.

The tartrolon B MIC being 200-fold lower in a AtimAB strain compared to the wild type leads
to a hypersensitive strain, in which toxic tartrolon B concentrations are far lower than the ones
reported for other species (Irschik et al., 1995). This is surprising, since no tartrolon transporters
have been reported for any other bacteria, and therefore a L. monocytogenes AtimAB mutant
should have a similar tartrolon B resistance level as most other gram-positive bacteria. Since
this is not the case, there is a possibility of other species possessing yet unidentified
detoxification mechanisms for tartrolon. Alternatively, the tartrolons could be highly toxic to

L. monocytogenes specifically, however, there is no evidence supporting this theory.

The theory of the existence of other tartrolon transporters unlike TImAB can be manifested
when looking at TimAB homologs in the myxobacterium Sorangium cellulosum, which
synthesizes tartrolon via its trtA-trtJ gene cluster (Elshahawi et al., 2013). S. cellulosum is also
mostly present in the soil and likely the reason for the evolved TimAB-mediated tartrolon
resistance in L. monocytogenes. However, the TimAB transporter shows no significant
homology to any transporter present in S. cellulosum. It was shown that tartrolon B is inactive
against gram-negative bacteria like S. cellulosum, likely due to its inability to cross the outer
membrane (Irschik et al., 1995). Tartrolons might therefore not be toxic, even when inside S.
cellulosum, however a transporter should still be mandatory in order to export the antibiotic
into the environment. The production of secondary metabolites in a host is also often linked
with its ability to pump out the antibiotic by transporter-mediated secretion (Martin et al.,

2005). Hence, it might indeed be possible, that an MDR transporter with no homology to
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TimAB is also capable of secreting tartrolon and that homologs of this transporter are present

in other gram-positive species, mediating tartrolon resistance.
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Figure 4-2: Sequence alignment of TimA with other ATPase proteins mentioned in this work. Conserved
structural motifs are highlighted in each protein sequence, and the divergent sequences of TimA in the Q-loop and
the LSGGQ motif marked in red. Dots below indicate similar (.) and very similar (:) amino acids in aligned
sequences, while asterisks mark residues, which are identical in each ABC domain.
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The hypothesis of different tartrolon B resistance mechanisms being present in other species,
which are closely related to L. monocytogenes could also be undermined by testing several
Listeria sensu strico and sensu lato species on their tartrolon B resistance. In this experiment,
the Mesolisteria, which are lacking the timABR genes all showed a way higher tartrolon B MIC
than the AtimAB mutant strain, with L. floridensis exhibiting a resistance level comparable to
L. monocytogenes, and L. fleischmanii and L. aquatica being almost unaffected to tartrolon B.
As expected, Listeria sensu stricto species represented by L. ivanovii, L. seeligeri and L.
innocua all showed tartrolon B resistance levels comparable to wild type L. monocytogenes. A
AtimAB-like tartrolon B resistance level could only be observed for the Murraya species L.

grayi, which is also lacking the transporter genes.

Several TimAB homologs were however found in various Carnobacteria species, with
sequence identities of up to 60% for TimA and up to 45% for TimB with similar length.
Carnobacteria belong to the Lactobacillales which degrade carbohydrates to lactic acid. Just
like L. monocytogenes, Carnobacteria can be found in saline waters and their shared occurrence
on multiple food products such as fish and cheese are the main sources for direct interaction
with L. monocytogenes (Leisner et al., 2007, Afzal et al., 2013). One of the most commonly
found Carnobacterium species on contaminated food - C. maltaromaticum - possesses highly
homologous proteins for TIMAB (Genes BN424-RS09320 - BN424-RS09330, 60% identity,
76% homology for BN424-RS09330 to TimA; 45% identity, 70% homology for BN424-
RS09325 to TimB). The organization of this operon is identical to the timABR operon, with
TimR having a 38% sequence identity (62% homology) to the corresponding TetR protein
(BN424-RS09320). Protein sequences as well as the operons are shown in Fig 4-3A-B. No
information regarding the function of these genes has yet been published, but it seems possible,

that this C. maltaromaticum operon also mediates tartrolon resistance.
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Figure 4-3: Comparison of the C. maltaromaticum LMA28 BN424_RS09320-BN424_RS09330 genes with the
timABR genes from L. monocytogenes EGD-e. (A) Schematic representation of the respective genomic loci (B)
Sequence alignment of the respective homologous proteins. Identical residues are highlighted in green, while
similar residues are indicated by the “+” and marked in yellow.
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The tartrolon B MIC of a AtimR strain was 4-fold higher compared to the wild type, while the
tartrolon A resistance remained unchanged in this strain. The MIC for tartrolon A not changing
upon deletion of the TImAB repressor protein might seem unexpected, since TimAB is also an
exporter for tartrolon A, and while tartrolon A can not induce Piima, an increased TimAB-level
like the one present in AtimR should also confer tartolon A resistance. Considering the fact, that
the tartrolon A MIC only decreased 20-fold upon deletion of timAB (compared to the 200-fold
tartrolon B MIC decrease), one could argue that TImAB is less efficient in the detoxification of
tartrolon A compared to the one for tartrolon B and the minor Pima activity increase upon

deletion of timR is not sufficient to have an effect on tartrolon A resistance.
4.3 Tartrolon B functions as a potassium ionophore

The mode of action of tartrolon B was investigated by determination of the MIC of the wild
type in potassium- and sodium-rich media. In these experiments, it could be shown, that
potassium, but not sodium, counteracts the mode of action of tartrolon B. This suggested, that
tartrolon B functions as an ionophore, which breaks down the membrane potential of potassium
ions specifically. There are multiple reports on potassium ionophores, such as boromycin or
valinomycin (Daniele & Holian, 1976, Moreira et al., 2016). These types of ionophores are
described as having a hydrophilic pocket, which can reversibly bind to specific ions (Sharma et

al., 2021).

For valinomycin, the binding site is in the center of the molecule, to which the oxygens of 12
carbonyl groups are pointing. However, only 6 of these oxygens are required for binding of K,
since potassium is known to form an octahedral complex with macrolide oxygens, while the
others point in other directions (Sato et al., 2021). This octahedral complex is also present in
tartrolon B, however it is in quite a remarkable relation to the tetrahedrally coordinated boron,

since the boron already occupies 4 oxygen atoms in the center. Therefore, a tartrolon B crystal
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structure revealed, that the octahedral potassium complex in tartrolon B is acquired by sharing
the two C2-oxygens with the boron complex, making boron and potassium form an inner ion
pair, which forces the alkali metal further towards the inside of the macrolide (Schummer et al.,
1996, Mulzer & Berger, 2004). This leads to a distinct difference regarding the confirmation of
the macrocycle compared to tartrolon A. In addition to the previously mentioned gain of Co-
symmetry in tartrolon B caused by binding of the boron atom, this could also explain the
differences between tartrolon A and tartrolon B regarding their observed biochemical
characteristics, like the efficiency of potassium transport over the membrane, but also the
binding affinity to TimR and therefore the rate of Pima induction. The conformational
differences between these two tartrolon derivates is however diminished in presence of

potassium compared to their potassium unbound states (Fig. 4-4, see Fig. 4-1 for comparison).

tartrolon A tartrolon B superimposed

[ tartrolon A
M tartrolon B
O k*
O B

Figure 4-4: Putative conformations of tartrolon A and tartrolon B bound to potassium. Chemical structures of
tartrolon A and tartrolon B complexed with potassium were drawn according to literature (Schummer et al., 1996)
and their 3D-structure calculated using the software LEA3D (Douguet et al., 2005), which is available on
chemoinfo.ipmc.cnrs.fr/LEA3D/drawonline.html. The generated .pdb file was used to visualize both structures using
the PyMOL software (DeLano, 2002). Carbon atoms are colored in gray and oxygen atoms in red in the separate
tartrolon A and tartrolon B structures.
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The ionophore-activity of tartrolon B also shines new light on the TimAB-mediated
detoxification of the antibiotic. In a scenario where no TImAB is present, tartrolon B can freely
diffuse through the membrane of gram-positive bacteria, and by the law of entropy would be
present in an identical concentration on the inside of the cell as on the outside. Once tartrolon
B is inside the cell, it probably immediately binds to potassium, which it carries to the cell
outside. If TIMAB is present, tartrolon B loses a lot of its toxicity. However, if TIimAB would
export tartrolon B from the cytoplasm, a large proportion of the macrodiolide would be bound
to potassium, and transporting this complex to the outside of the cell would only enhance its
potassium deficiency. Since the data obtained clearly suggest, that this is not the case, there are
two possibilities for TimAB mediated tartrolon B transport. In the first scenario, TimAB binds
specifically to potassium-unbound tartrolon B in the cytoplasm. This theory can not be
excluded, since the conformation of the macrocycle of tartrolon B slightly changes upon
binding to potassium and hence it could be possible, that only the unbound state is recognized
by TimAB (Fig 4-5). Another possibility is that TImAB functions in a similar manner as the
other previously reported L. lactis MDR transporters LmrA and LmrP and is able to export
tartrolon B already from the cytoplasmic membrane, where the macrodiolide has no opportunity

to bind to internal potassium (Bolhuis et al., 1996a, Bolhuis et al., 1996b).

[ tartrolon B-K*
M tartrolon B
O ke

OB

Figure 4-5: Putative conformational changes in tartrolon B upon binding to potassium. Chemical structures
of tartrolon B in its potassium-bound and -unbound state were drawn according to literature (Schummer et al.,
1996) and their 3D-structure calculated using the software LEA3D (Douguet et al., 2005), which is available on
chemoinfo.ipmc.cnrs.fr/LEA3D/drawonline.html. The generated .pdb file was used to analyze both structures
using the PyMOL software (DeLano, 2002).
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4.4 The contribution of ClpP2 proteases to tartrolon B resistance
4.4.1 Tartrolon B suppressor screen

In order to isolate tartrolon B resistant clones, multiple tartrolon B suppressor screens were
performed. As a first approach, the Psma-lacZ strain was used with the intention to find
suppressors, whose resistance is not caused by an increased activity of the timA promoter. This
experiment was however unsuccessful, since the fully induced timA promoter in a AtimR
background only showed a 3-fold increased activity, which is not distinguishable from the wild

type level on agar plates containing X-Gal.

Observing differences in p-galactosidase activity was however not necessary since colonies
carrying mutations in clpP2 were significantly smaller on an agar plate than normal sized
clones, while also having the highest tartrolon B resistance level out of any clones isolated from
these type of experiments (32-fold). This resistance level was likely the reason for the high
frequency of smaller colonies in these suppressor screens, as any other suppressors found in

timR, Ptima or ybjH were rare and only showed a 2 to 4-fold increased tartrolon B MIC.

The two SNPs found in clpP2 - E9K and T90I - caused the inactivation of the protease as
confirmed by a MurA-specific Western blot. MurA is being degraded by the ClpCP2
proteasome and a AclpC mutant has been shown to have a ~6-fold increased MurA level, as its
degradation in this strain is likely completely absent (Wamp et al., 2020). While the relative
MurA levels in the strains carrying clpP2 E9K and clpP2 T90l were only 3-fold higher
compared to the wild type, they were on a similar level as in the AclpC and the AclpP2 strains,
in which MurA proteolysis is stopped completely. Hence, the differences of the relative MurA
level described in the literature is likely just of experimental nature and it could be concluded

that both SNPs identified in clpP2 lead to almost complete inactivation of the protease.
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However, a small residual activity should still be present, since the strains carrying these
mutated clpP2 alleles only showed a slight growth deficit compared to the wild type, while
growth of the AclpP2 mutant was more strongly impaired in every experiment. Furthermore,
the strains carrying clpP2 E9K or clpP2 T90I showed considerable growth at 42°C - a
temperature, where AclpP2 is unable to grow and the tartrolon B MIC of the suppressor strains
was also slightly lower than the of the AclpP2 deletion mutant, supporting the hypothesis of a

slight CIpP2 activity still being present in these strains.
4.4.2 How does a AclpP2 deletion mutant acquire resistance to tartrolon B?

One theory as to why inactivation of ClpP2 provides resistance to tartrolon B was that the
antibiotic increases the enzymatic activity of the protease. In a previous work, the
acyldepsipeptide ADEP has been assigned with the function of binding to a hydrophobic pocket
on the entry pore of B. subtilis ClpP and thus activating the protease in an uncontrolled, ATPase
independent manner (Brotz-Oesterhelt et al., 2005, Kirstein et al., 2009). It has also been
shown, that multiple species belonging to the Bacillota, such as B. subtilis, E. faecalis or S.
pyrogenes frequently mutate in all regions in clpP upon exposure to high ADEP concentrations,

often by inactivation of the protease (Malik et al., 2020).

When comparing the functions of tartrolon B and ADEP via a ClpP2 activity assay, it became
clear that these two antibiotics work in different manners, as ADEP could activate ClpP2, and
to a lesser extend even ClpP2 E9K. Tartrolon B however did not affect the activity of ClpP2 or
ClpP2 E9K. Since tartrolon B did not activate ClpP2, the reason for a AclpP2 mutant being
hyper-resistant to the macrolide could not be caused by a direct interaction of tartrolon B with
ClpP2, making it more likely, that accumulation of a ClpP2 substrate is mediating tartrolon B
resistance in AclpP2. Identification of this substrate was hard, since there are 226 proteins

accumulating in a L. monocytogenes AclpP2 mutant (Balogh et al., 2022), all of which could
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impact tartrolon B resistance in several manners. The substrate of interest could not be found
in a tartrolon B suppressor screen, likely because its corresponding gene would need to acquire
gain of function mutations to increase its effect on tartrolon detoxification or mutations

escaping ClpP2-mediated proteolysis.

Many approaches were used in the identification of said ClpP2 substrates. At first, it was
postulated that the reason for the resistance gain in AclpP2 is due to the accumulation of
potassium importers, which could counteract the tartrolon B mediated depletion of potassium
ions inside the cell. The only data undermining such a mechanism would be the fact, that the
tartrolon B resistance-gain of a AclpP2 mutant upon supplementation of the medium with high
potassium concentrations is fairly low compared to the wild type (2-fold in AclpP2 compared
to 64-fold in the wild type). Importantly, the high potassium responsiveness present in the
AtimAB mutant could also be found for AclpP2 AtimAB, suggesting that a AclpP2 mutant does
not accumulate potassium importers to a level, which impacts tartrolon B resistance. The
AclpP2 AtimAB strain matching the high potassium responsiveness of the AtimAB mutant also
provided solid proof that deletion of AclpP2 only has a tartrolon B phenotype if timAB is present

and supports the theory of TimAB accumulation in a AclpP2 background.

Another trend seen in this data is, that the potassium responsiveness of a strain correlates with
its tartrolon B sensitivity, with the hypersensitive AtimAB strain having a 250-fold increased
tartrolon B MIC upon supplementation of the medium with potassium, whereas the resistant
AclpP2 mutant showed almost no resistance gain. The same observation could also be made
when strains overexpressing timAB were analyzed regarding their tartrolon B resistance in
presence and absence of potassium, with the tartrolon B MIC of the hyper-resistant strain
carrying an additional, IPTG-inducible copy of timAB in a AtimR background only increasing

two-fold upon potassium supplementation. This suggests, that the reason for this small
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resistance gain in the AclpP2 mutant and the AtimR Phep-timAB mutant upon potassium
supplementation could be the same — the increased activity of TimAB, which leads to a more
stable potassium gradient by detoxifying tartrolon B, making these strains less dependent on

high external potassium concentrations.

4.4.3 The level of SpxAl impacts tartrolon B resistance

At this point, the hypothesis of the accumulation of a ClpP2 substrate being the reason for the
resistance gain in AclpP2 seemed very likely. However, TImAB itself is not this sought-after
substrate of CIpP2 as shown via Western blotting of strep-tagged TimA, and in a recently
published work analyzing the ClpP2 proteasome, the TImAB levels are not mentioned to be
elevated either (Balogh et al., 2022). To further understand the underlying mechanism
mediating tartrolon B resistance, the three Clp ATPase genes (clpC, clpE and clpX) were
deleted, yielding the result that both clpC and clpX need to be knocked out for a strain to acquire
tartrolon B resistance. While the possibility of multiple relevant substrates accumulating - some
of which are being degraded by ClpCP2 and some by ClpXP2 - could not be excluded, the
finding of the suppressor carrying a frameshift mutation in yjbH suggested that the protein of
interest is SpxALl, since YjbH mediates proteolytic degradation of this protein by the B. subtilis
ClpXP proteasome, and B. subtilis Spx can also be degraded in vitro by CIpCP (Nakano et al.,
2002, Rojas-Tapias & Helmann, 2019). For degradation of Spx, a Spx-YjbH heterodimer is
established, enhancing the rate of proteolysis of Spx by the ClpXP proteasome specifically
(Awad et al., 2019). However, Spx can also be degraded by CIpXP in vitro in absence of YjbH
at a lower rate (Garg et al., 2009). In B. subtilis, ClpCP-mediated degradation is enhanced by a

different adapter protein, namely MecA (Garg et al., 2009).

The resistance level of a AyjbH mutant was increased two-fold and hence the same as the one

of the strain overexpressing spxAl in a wild type background. The common trait of these two
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strains is their increased level of SpxALl, however, the reasons for accumulation of SpxALl are
different. While deletion of yjbH is causing a decreased degradation rate of SpxAl by ClpP2,
the proteolysis in the strain overexpressing spxAl is unaffected. Since both strains show the
same tartrolon B resistance level, it is therefore unlikely that the AyjbH strain has a different
cause for its resistance gain other than the resulting accumulation of SpxA1l. This also means,
that the resistance-gain of the strain overexpressing spxAl can not be caused by ClpP2 being
too “busy” with the increased proteolysis caused by SpxAl overproduction to degrade the
actual protein of interest at the same rate as in the wild type background, since the opposite

scenario, namely a decreased SpxALl proteolysis in AyjbH also mediates resistance.

One problem with the hypothesis of SpxA1l being the ClpP2 substrate mediating tartrolon B
resistance is, that no suppressor carrying mutations in the spxAl locus could ever be isolated in
a tartrolon B suppressor screen. There are multiple mutations which could be possible: Firstly,
mutations which lead to an increased spxAl expression level, like promoter up mutations, which
should mediate resistance. These mutations were not possible, since the level of SpxAl is likely
very low in a wild type background, as the Spx level in a wild type B. subtilis strain is not
detectable by Western blotting (Nakano et al., 2003). This low level of Spx in the cell is not
due to the low gene expression level, but due to the high degradation rate of the protein by the
ClpCP and ClpXP proteasomes. The high degradation rate can likely also be applied to L.
monocytogenes SpxALl. This makes an increased expression level negligible, which could also
be shown in this work by overexpression of spxAl. Instead, mutations which can escape ClpP2
mediated proteolytic degradation would be needed to mediate a high level of SpxAl and hence
high-level resistance. However, since SpxAl can be degraded by both CIpCP2 and CIpXP2, a
single mutation in the protein might not be sufficient for the rescue from both proteasomes,
since SpxAl might be able to bind to another adaptor protein other than the known YbjH
adapter via different residues. Also, previous works for L. monocytogenes spxAl suggested that
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it is an essential gene under aerobic conditions, which likely means that only selective residues
can be mutated within the spxAl gene itself for a strain to still be viable (Cesinger et al., 2020,

Fischer et al., 2022).

The high level of SpxAl being responsible for the hyper-resistant phenotype of a AclpP2
mutant strain was confirmed by creating an ispxAl strain, which showed a slightly increased
resistance to tartrolon B in the presence of IPTG, when SpxAl is presumably overproduced
compared to the wild type. However, the tartrolon B MIC of this strain in the absence of IPTG
dropped to 0.25+£0 pg/ml, which was 4-fold lower than the wild type MIC. This resistance level
is not comparable to an MIC observed for any other strain tested in this work. Previously, the
only strains sensitive to tartrolon B were strains lacking the timAB genes. While spxAl is
another factor contributing to tartrolon B resistance, a spxAl depletion strain is still significantly
more resistant to tartrolon B than strains lacking timAB. The precise role of spxAl in mediating
tartrolon B resistance remains elusive. The most likely way spxAl mediates tartrolon B
resistance is by transcriptional activation of certain genes, which are involved in tartrolon B

detoxification.

4.5 A model for the tartrolon B detoxification mechanism in L.

monocytogenes

In Fig. 4-6, a mechanism for the detoxification of tartrolon B in L. monocytogenes is postulated.
The data obtained regarding the timABR operon (sensing of tartrolon B by TimR and the
detoxification by TimAB) is not challenged by any data suggesting a different mechanism than
the one presented here, the role of SpxAl in mediating tartrolon B resistance is more complex.
SpxALl is a transcription factor binding to the RNA polymerase (RNAP) and is involved in the

regulation of >140 genes required mostly for heme biosynthesis and aerobic growth, while the
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catalase encoding gene kat is by far the most downregulated gene in a AspxAl mutant (Cesinger
et al., 2020). Since a high level of SpxAl mediates tartrolon B resistance, the transcription
factor likely functions as an activator of a gene beneficial for tartrolon B detoxification. Reasons
for this SpxAl mediated gene activation are however not clear, since B. subtilis Spx mainly
activates genes involved in the stress response to high temperatures, disulfide or oxidative stress
(Zuber, 2009, Schéfer & Turgay, 2019). However, Spx also accumulates upon exposure to
antibiotics inducing cell wall stress such as ampicillin, which has been shown to promote the
formation of reactive oxygen species in E. coli (Dwyer et al., 2014, Rojas-Tapias & Helmann,
2018). While tartrolon B functions as a potassium ionophore and does not target cell wall
biosynthesis like ampicillin, it seems possible that tartrolon B also induces oxidative stress,
making a high level of L. monocytogenes SpxAl beneficial for tartrolon B resistance of the

pathogen.

While this theory would explain the hyper-resistance of a AclpP2 mutant, it disregards the fact,
that the resistance level of this mutant is dependent on the presence of timAB. A hypothesis
considering this fact would revolve around SpxA1l activating a versatile adaptor protein, which
binds to TimAB and increases its activity, but also plays a role in the SpxAl-mediated response
to the stress factors described above. One factor supporting the theory of an unknown factor
binding to TIMAB is the fact, that the cytoplasmic TimA possesses an ~50 aa elongated C-
terminus, which is absent in both AnrA and LieA (Fig. 4-2), which might serve as a docking

site for this unknown protein.

To identify this factor, a Tn-Seq experiment could be performed. In this experiment, the wild
type carrying a Tn-Seq library would need to be grown in tartrolon B concentrations right below
its MIC and subsequently sequenced. Genes, which would be beneficial for tartrolon B

resistance would carry a decreased amount of transposon insertions. After comparison of these
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candidate genes to the ones known to be activated by SpxA1l, knock-out mutations of candidate
genes would have to be generated and tested regarding their tartrolon B MIC. The tartrolon B
MIC of a strain, where the gene of interest in knocked out could be around the MIC observed
for the ispxAl strain in the absence of IPTG, where the gene of interest presumably is
transcribed at a low rate. Also, this deletion mutant should be unresponsive to subsequent

deletions of clpP2 or spxALl.

Genes, which would certainly be identified in a Tn-Seq experiment would be the timAB genes.
While at this point, it can not be excluded that SpxAl activates expression of the timABR
operon, the fact that a strain expressing timAB from a heterologous promoter like the one present
in the strain itimAB AclpP2 phenocopies the tartrolon B resistance level of a AclpP2 mutant in

the presence of IPTG is a strong argument against this theory.

TimA . j ClpP
¥ tartrolon B ClpC/X

Figure 4-6: Model for timABR dependent detoxification of tartrolon B in L. monocytogenes. The TimAB
transporter exports tartrolon B. Expression of the timABR genes is repressed by TimR in absence of tartrolon B,
but induced upon contact of L. monocytogenes with tartrolon B, since tartrolon B prevents TimR from binding to
its own operator sequence. The efficiency of TimAB-dependent tartrolon B efflux is positively correlated to the
level of SpxAL, a transcriptional regulator binding to the RNAP. The reason for this correlation is not clear, as
SpxAl could activate expression of the timABR operon, or activate the expression of an unknown gene, which
impacts the activity of TimAB.
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