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Abstract

Typical antibiotic-producing bacteria possess a biosynthetic gene cluster including antibiotic
synthesis genes and at least one antibiotic resistance gene that protects them from the
antimicrobial molecules that they produce. Antibiotic resistance is mediated by multiple
mechanisms and various regulatory mechanisms control resistance gene expression. Klebsiella
oxytoca is a commensal of the human gut that can cause antibiotic-associated hemorrhagic
colitis. However, the outbreak of the disease requires strains with a til gene cluster, which
encodes enzymes for synthesis of the enterotoxin tilimycin (TM). TM was recently identified as a

DNA binding and damaging agent with antimicrobial activities toward other gut residents.

In this study, the putative immunity genes mfsX and uvrX were investigated to gain more details
about the self-resistance mechanisms of K. oxytoca against its own genotoxin TM. UvrX is
homologous to uvrA, which encodes a conserved DNA repair enzyme. Here we show that
heterologous uvrX expression in E. coli WT and AuvrA confers TM resistance to these sensitive
strains. Further, targeted gene mutation indicated that mfsX and uvrX enable K. oxytoca AHC-6 to

survive the self-produced TM.

Analysis of the protein sequence and the predicted structure identified that UvrX belongs to the
class Il UvrA proteins within the ABC protein family, suggesting that UvrX mediates TM resistance
by DNA repair independent of the NER pathway. Further studies are needed to gain more insight

into the activity of UvrX concerning TM resistance.

Furthermore, we established and validated a gRT-PCR method to monitor toxin-related gene
expression profiles in K. oxytoca. Immunity gene expression prior to or concomitantly with TM
production would permit K. oxytoca to endure the damaging effects of TM. Indeed, we observed
a simultaneous increase of expression of mfsX, uvrX and the toxin synthetase gene npsA. Further

studies will fully characterize the expression profiles of WT and toxin deficient K. oxytoca.



Zusammenfassung

Antibiotika-produzierende Bakterien besitzen einen biosynthetischen Gencluster. Dieser
beinhaltet Antibiotika-Synthesegene und mindestens ein Resistenzgen, welches vor den
produzierten antimikrobiellen Substanzen schitzt. Die kreativen Mechanismen der
Antibiotikaresistenz werden durch diverse Regulationsmechanismen der Resistenzgenexpression
gesteuert. Klebsiella oxytoca, ein Bewohner des menschlichen Darms, kann zu Antibiotika-
assoziierte hamorrhagische Kolitis fihren. Jedoch bendtigt der Ausbruch dieser Krankheit,
Stdamme mit einem til-Gencluster. Dieser enthdlt Gene, welche Enzyme fiir die Synthese des
Enterotoxin Tilimycin (TM) codieren, welches kirzlich als DNA-bindendes und -schadigendes

Toxin mit antimikrobieller Aktivitat identifiziert wurde.

In dieser Studie wurden die potentiellen Resistenzgene mfsX und uvrX analysiert, um Information
Uber die K. oxytoca TM-Resistenzmechanismen zu erhalten. UvrX zeigt eine Homologie zu uvrA,
welches ein konserviertes DNA-Reparaturenzym kodiert. Die heterologe Expression von uvrX
konnte den TM-empfindlichen Stammen E. coli WT und AuvrA Resistenz verleihen. Zusatzlich
zeigten gezielte Genmutationen, dass mfsX und uvrX K. oxytoca ermoglichen, das

selbstproduzierte TM zu Uberleben.

Die Analyse der Proteinsequenz und vorhergesagten Proteinstruktur identifizierte UvrX als UvrA-
Protein der Klasse Il innerhalb der ABC-Proteinfamilie. Dies legt nahe, dass UvrX mittels DNA-
Reparatur unabhangig vom NER-Weg, TM-Resistenz vermittelt. Weitere Studien sind notig, um

die Aktivitat von UvrX bezliglich TM-Resistenz zu beschreiben.

Zusatzlich wurde eine gRT-PCR Methode etabliert, um Toxin-abhdngige Genexpressionsprofile in
K. oxytoca zu analysieren. Es konnte ein gleichzeitiger Anstieg der Expression von mfsX, uvrX und
dem Toxin-Synthase-Gen npsA beobachtet werden, welches K. oxytoca ermdglicht die schadliche
Wirkung von TM zu lberleben. Studien werden die Expressionsprofile von WT und Toxin-

defizienten K. oxytoca vollstandig charakterisieren.
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1 Introduction

1.1 Antibiotic resistance and self-resistance mechanisms

The problem of antibiotic resistance has received great attention during the last century due to
the problem of the development and rapid expansion of antibiotic-resistant pathogenic bacteria.
Antibiotic resistance has been described by the World Health Organization as one of the greatest
global threats of the 21st century concerning individuals, health care and veterinary systems, as

well as agricultural industries [1-3].

Even before penicillin treatment became common, observations indicated that bacteria could
enzymatically degrade this substance, and the identification of resistance followed soon after.
However, antimicrobial resistance is ancient and not a modern phenomenon. Microorganisms
evolved resistance as a result of the interaction of many organisms within their environment.
Most antimicrobial molecules are naturally produced and co-resident bacteria developed
different mechanisms to survive [4,5]. These microorganisms are "intrinsically" resistant to one
or even more antimicrobials. Besides intrinsic resistance, microorganisms can develop resistance
after exposure to an antibiotic (acquired resistance) as a result of mutation or direct transfer of
genes encoding a resistance mechanism [4,6]. These resistance genes were gained by horizontal
gene transfer (HGT) from other environmental and non-pathogenic bacteria. To understand the
development of antibiotic resistance in pathogens, we need to consider determinants that confer
self-resistance in antibiotic-producing bacteria, particularly actinomycetes and common intrinsic

resistance mechanisms present in non-producing environmental bacteria [7,8].

1.1.1 General mechanisms of antibiotic resistance and self-resistance

Over millions of years, bacteria have evolved various mechanisms to overcome the activities of
antimicrobial molecules and particularly, self-resistance mechanisms of antibiotic-producing
organisms against their own antibiotics are common [9]. Further, the co-existence of producing
and non-producing bacteria leads to co-evolution of resistance mechanisms in non-producers.
Common antibiotic resistance mechanisms can be classified into four main categories: i)
modification of the antibiotic ii) blocked access to reach the target (permeability barriers and
biofilms) iii) alterations of the target sites and iv) antibiotic efflux [10] (Figure 1). Examples of

these different mechanisms are discussed in the following chapters.
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Resistance to one class of antibiotics can typically be mediated by multiple biochemical
pathways. Consequently, a bacterium is able to make use of a repertoire of resistance
mechanisms to survive the effect of an antibiotic. However, it seems that bacterial species
evolved towards one or another mechanism of resistance possibly due to major variations in the

cell envelope of Gram-negatives and Gram-positives [4].

0O
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Antibiotic efflux
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I\ :
. . LA
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@ O degradation
f_ O Target modification
*—

SOS response

(to DNA damage) L/ ‘:. O

Figure 1. The intrinsic and acquired antibiotic resistance mechanism. (adapted

from [10])

1.1.2 Modification or degradation of the antibiotic

One of the most successful bacterial strategies is the production of enzymes that inactivate the
drug by actual degradation, or by transfer of a chemical group to the compound to avoid the

interaction of the antibiotic with its target.

Bacteria encode several enzymes that modify antibiotics by adding chemical groups to vulnerable
sites causing resistance as a result of steric effects. The modification mechanisms include
acetylation (aminoglycosides, chloramphenicols and fluoroquinolones), phosphorylation
(chloramphenicols and aminoglycosides), adenylation (aminoglycosides and lincosamides) and
hydroxylation (tetracycline and tigecycline) [11,12]. Enzymes catalyzing these reactions were first

identified in the producer Streptomyces species, but perform their biochemical reactions in
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pathogenic strains too [8]. One example of drug modification is the alteration of
chloramphenicol, an antibiotic that inhibits protein synthesis by interaction with the 50S
ribosomal subunit. The modification of chloramphenicol is mainly triggered by the expression of
an acetyltransferase called chloramphenicol acetyltransferase (CAT) in both Gram-positive and
Gram-negative bacteria. CATs are not only prevalent in clinical strains but also likely to be

common in Streptomyces [13,14].

Besides modification, inactivation of the antibiotic molecule by hydrolysis is a common
mechanism to develop resistance. Resistance to B-lactam antibiotics relies on the destruction by
the antibiotic-hydrolyzing enzymes called B-lactamases [15]. To date, thousands of B-lactamases
have been described that are able to degrade various antibiotics within the same class, for
example penicillins, cephalosporins, clavams, carbapenems and monobactams [16,17]. CTX-M
genes encode extended-spectrum B-lactamases (ESBLs), that are significant for their greater
activity against cefotaxime than oxyimino-B-lactams. ESBLs are commonly expressed in K.
pneumoniae, E. coli, and other Enterobacteriaceae. Current studies indicate that CTX-M genes of
clinical strains were likely acquired from Kluyvera species (environmental non-pathogenic soil
bacteria) through HGT [18,19]. Further, diverse B-lactamases are widespread among
Streptomyces, although oddly, a relationship between the concentration of enzymes and the
level of resistance has not yet been established. Streptomyces express the [-lactamases
constitutively and their production seems independent of resistance and B-lactam synthesis [20—

22].

1.1.3 Impair access to the target

Many antibiotics have intracellular target sites. Therefore, they have to pass the outer and/or
inner cytoplasmatic membrane to exhibit their antimicrobial activity. Bacteria exploit this
circumstance by developing mechanisms to decrease the influx of antimicrobial molecules. In
particular, Gram-negative bacteria are intrinsically less permeable than the Gram-positive
organisms as their outer membrane acts as a permeability barrier. Hydrophilic antibiotics such as
B-lactams, tetracyclines, and some fluoroquinolones diffuse through outer-membrane porin
proteins and are therefore affected by changes in permeability [23,24]. In Gram-negative
organisms (such as Citrobacter, Enterobacter, Escherichia, and Klebsiella), antibiotic sensitivity is
closely related to the presence of non-specific porins [25,26]. Two of the best-characterized

porins, the outer-membrane proteins OmpC and OmpF of E. coli function as non-specific
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channels. Therefore, reducing permeability is achieved by the downregulation of these porins, a
shift to more-selective porins and/or the presence of a mutated porin [23,26,27]. For example,
clinical studies showed that Klebsiella pneumoniae, isolated during antibiotic therapy, exhibits a
shift in porin expression from OmpK35 to OmpK36. Expression of OmpK35 in K. pneumoniae
results in a 4-8 times decrease of the minimal inhibitory concentration (MICs) of a wide range of
B-lactam antibiotics compared to expression of OmpK36. Therefore, this porin modification

confers higher levels of susceptibility to B-lactams [28,29].

Another common phenomenon, the formation of biofilms by a bacterial community, prevents
antimicrobial agents from reaching their target. The biofilm matrix provides structure and
protection to the cells in the biofilm by serving as a barrier [30,31]. Further, the formation of a
biofilm creates more mechanisms for resistance in the stationary bacteria: i) physiological
changes (oxygen limitation and low metabolic activity) correlate with antibiotic tolerance [32] ii)
guorum-sensing/growing conditions (regulation of extracellular polysaccharide synthesis or drug
efflux pumps) [33—35] iii) efflux pumps [34], and iv) persister cells: a small number of cells that

have not acquired mutations but instead survive as dormant, non-dividing cells [36].

1.1.4 Target modification/bypass/protection mechanisms

Most antibiotics bind to their targets with high affinity leading to a reduction or loss of target
function. Therefore, bacteria have evolved several approaches to avoid antimicrobial-target
interaction including modification of the target site to decrease the affinity for the antibiotic,

protection of the target (i.e., block binding) as well as bypass of the target, as explained below.

During infection, a large and diverse population of pathogens can be involved. A single point
mutation in the gene encoding an antibiotic target can lead to resistance to the antibiotic and
strains with this mutation survive and proliferate. The classic example of mutational resistance is
the rifampicin (Rif) resistance of pathogens like E. coli and Mycobacterium tuberculosis. The
bactericidal activity of Rif can be attributed to its inhibition of bacterial transcription by high-
affinity binding to the bacterial DNA-dependent RNA polymerase (RNAP). The catalytic core of
RNAP (subunit composition azpfp’w) contains a 8 subunit, which is encoded by rpoB and highly
conserved among all cellular organisms. Rif binds in the B subunit of the RNAP and interrupts the
path of the elongating RNA [37]. The predominant mechanism of Rif resistance is the

modification of the target rpoB by mutation. Most of these mutations are single-point mutations
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resulting in amino acid substitution in the rpoB gene and a decreased affinity of the antibiotic to

the RNAP [38,39].

Modification of the target is an effective way to acquire antibiotic resistance without mutational
changes in the target genes. This mechanism plays an important role in resistance to
erythromycin of the clinically relevant Staphylococci. Studies revealed that erythromycin
resistance is caused by methylation of the ribosomal target which is catalyzed by enzymes
encoded by a variety of erythromycin ribosomal methylation (erm) genes. These enzymes are
capable of mono- or dimethylation of the adenine in position A2058 (in E. coli) in the 23S rRNA
moiety (50S ribosomal subunit) [40]. As a consequence of methylation, binding of the
antimicrobial molecule to its target is impaired. Importantly, the binding site of erythromycin
overlaps with those of macrolides, lincosamides, and streptogramin B antibiotics (MLSg) leading

to cross-resistance in producers and pathogens [41,42].

Another resistance mechanism bacteria have evolved is the bypass, or a complete replacement
of the target site. For example, B-lactam producing Streptomyces species are highly resistant to
penicillins due to overproduction of penicillin binding proteins (PBPs) or synthesis of low affinity
PBPs. B-lactams have structures similar to the peptidoglycan substrates of PBP transpeptidases
allowing them to bind and block enzyme activity and thus inhibit cell wall synthesis. Clinically
relevant methicillin-resistant Staphylococcus aureus possesses the mecA gene, which encodes
the low-affinity PBP2a. Expression of an altered PBP decreases or inhibits the ability of all B-

lactam antibiotics to bind the protein, thus reducing bacterial sensitivity [43—-45].

Tetracycline (Tc) is a broad-spectrum antibiotic active against Gram-positive and Gram-negative
bacteria. The antibiotic binds primarily to the 16S rRNA of the 30S ribosomal subunit where it
inhibits protein synthesis. Tc-resistance of bacteria is mediated through target protection via
so-called ribosomal protection proteins (RPPs) [46]. Tet(O) from Campylobacter jejuni and Tet(M)
from Streptococcus spp. are the best-studied tetracycline resistance determinants. These RPPs
belong to the translation factor superfamily of GTPases and have similar sequences to the
ribosomal elongation factors EF-G and EF-Tu. Tet(O) and Tet(M) actively remove Tc from the
ribosome in a GTP-hydrolysis-dependent manner [47]. Additionally, studies showed that Tet(O)
competes with Tc for the same ribosomal space and that binding of Tet(O) induces

conformational changes in the 30S subunit to prevent rebinding of the antibiotic [48].
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Streptomyces peucetius has a similar mechanism to protect the target of its own antibiotic
daunorubicin. The bacteria express the protein DrrC, which removes the intercalated antibiotic
from DNA resulting in normal transcription and replication [49]. This will be discussed in more

detail later.

1.1.5 Antibiotic efflux mechanisms

Efflux of an antibiotic can be the fastest and most effective resistance mechanism bacteria
possess. Especially for Gram-negative bacteria, the intrinsic activity of efflux pumps to rapidly
export drugs is an essential mechanism to acquire multidrug resistance (MDR). The bacterial
genome includes several genes coding for transporters that are expressed constitutively or
induced/overexpressed under certain environmental stimuli [50]. Additionally, transporters are
responsible for several antibiotic efflux pathways with overlapping substrate specificities that
interplay in order to ensure resistance [51,52]. Currently, six families of efflux pumps encoded on
the bacterial genomes have been identified: i) the ATP-binding cassette family (ABC), ii) the
resistance-nodulation-cell-division family (RND), iii) the major facilitator superfamily (MFS), iv)
the multidrug and toxic compound extrusion family (MATE), v) the small multidrug resistance
family (SMR), and vi) the proteobacterial antimicrobial compound extrusion family (PACE) (Figure
2) [53].

@Drug

OMEF Extracellular

oM

mrp

(9 l“ > (? H (9 H'/Na* @H* (9H+? Periplasm
COOCOOOO ‘r ’............ POOCOOO00CA |
N 54 o4 54 54

ADP+P Q@  ATP

ABC RND MFS MATE SMR PACE

With the exception of ATP transporters, which utilize ATP hydrolysis as an energy source to

Figure 2. General structure and function of different types of efflux pumps in bacteria. Representation of the 6
major families of transporter. ATP-binding cassette family (ABC); resistance-nodulation-cell-division family (RND);
major facilitator superfamily (MFS); multidrug and toxic compound extrusion family (MATE); small multidrug
resistance family (SMR) and the proteobacterial antimicrobial compound extrusion family (PACE); outer membrane

(OM); inner membrane (IM); membrane fusion protein (MFP); outer membrane factor (OMF) (adapted from [54])
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transport drugs, the other types of efflux pumps are H* or Na* drug antiporters [54]. Further, the
transporters differ in terms of structural conformation. Most of the efflux pump families are
single-component pumps, located in the inner membrane (IM), that transport drugs from the
cytoplasm into the periplasm, which are able to spontaneously diffuse back into the cytoplasm
(particularly lipophilic antibiotics). To prevent reentry of the drug, Gram-negative bacteria
developed a modular tripartite system (multiple-component pumps) consisting of an IM
transporter (ABC, MFS, and RND), a periplasmic adaptor protein (or membrane fusion protein
MFP) and an outer membrane channel (OMC) to excrete drugs from the periplasm. These
tripartite systems can collaborate with single-component pumps and increase their efficiency
[51,52,55]. Furthermore, multiple-component pumps allow the direct transport of antibiotics
into the environment, bypassing the periplasm and the outer membrane [56]. This work will only

focus on the ABC transporter superfamily.

1.1.5.1 ABC transporter

The ABC superfamily transporters are involved in ATP-dependent import and secretion of a wide
range of substrates including ions, amino acids, drugs, polysaccharides, proteins and sugars.

ABC transporters are multiple-protein complexes that share a similar overall structure consisting
of at least two nucleotide binding domains (NBDs), that bind and hydrolyze ATP, and two
transmembrane permease domains (TMDs), that are embedded in the plasma membrane and
contain substrate-binding pockets. A single TMD is fused to a NBD, named "half-size
transporter”, and a homo- or heterodimer of two half-transporters form the functional complex
(Figure 3) [57,58].

The superfamily of ABC transporters shares a sequence identity and can be identified by highly
conserved motifs in the NBDs. The ATP-binding site formed by two conserved amino acid
sequence motifs, the Walker A (P-loop) and Walker B motifs for ATP binding, which are present
in many ATP-binding proteins [58]. In addition, ABC transporters contain a number of unique
motifs, such as the A-loop, the D-, H-(or "switch histidine") and Q-loops (support ATP hydrolysis
and coupling hydrolysis to transport), and the important ABC signature motif (LSGGQ), that

distinguish ABC proteins from other nucleotide-binding proteins [58—-60].
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Figure 3. Molecular architecture of ABC transporters. (A) Domain arrangement of ABC transporter. Two half-
size transporters consisting of each one NBD and TMD build the functional translocator. The coupling helices
connect the two domains and enable conformational changes between the NBDs and the TMDs. The red arrows
indicate the direction of the transport and the red marks in the NBDs indicate the P loops and ABC signature

motifs. (B) Schematic representation of a single NBD with the relative positions of the conserved and
In Acontras;c‘, the séquences and structure of TMDs are quite diverse, reflecting the diversity of the
transported substrates. Depending on the type and function (import or export), each TMD
consists of 6 to 10 putative transmembrane a-helices. The typical ABC exporter of bacteria
usually consists of six a-helices per TMD, which was confirmed via crystal structures of the MDR
transporter Sav1866 from Staphylococcus aureus [57].
The best-studied example of antibiotic efflux in producers is the ABC family transporter DrrAB of

S. peucetius [58], that is why this transporter will be explained in detail in the next chapter.

1.2  Self-resistance mechanisms of Streptomyces peucetius

Streptomyces produce a variety of biologically active substances, like antibiotics, and possess
resistance mechanisms to avoid suicide [61]. Streptomycin peucetius produces two antitumor
antibiotics, daunorubicin (Dnr) and its hydroxyl derivate doxorubicin (Dox) [62]. Both
anthracyclines intercalate between the base pairs of native DNA causing DNA damage such as
fragmentations and single-strand breaks [63]. Dnr is a minor-groove binder drug that inhibits
DNA and RNA synthesis due to its non-covalent intercalation in DNA. Additionally, Dnr unwinds

the double-stranded DNA leading to an altered DNA topology [64]. S. peucetius possesses



resistance mechanisms to overcome the toxicity of these metabolites that are
co-regulated together within the antibiotic biosynthetic gene cluster. Genes that activate
antibiotic syntheses, as well as those that confer resistance were found within the Dnr/Dox
biosynthetic gene cluster [65]. Dnr/Dox biosynthesis of S. peucetius is regulated by the genes
dnrO, dnrN and dnrl, and self-resistance is mediated by the genes drrA, drrB, drrC and drrD [66—
68]. These resistance genes encode proteins that facilitate the export of the antibiotics and the

protection of the antibiotic target site.

1.2.1 Efflux of Daunorubicin occurs by an ABC transporter DrrAB

Initial work started with the sequence analysis of the drrAB operon from S. peucetius, which
supplied a hypothesis to explain the significance of the genes drrA and drrB for Dnr and Dox
resistance. These two genes were shown to encode an ABC family transporter that exports the
antibiotics in an ATP-dependent manner [66,69]. DrrA binds to ATP or GTP in the presence of
Mg?* and the energy is passed to the carrier protein DrrB resulting in an ATP-driven export of
drugs [69]. The DrrAB efflux pump represents the simplest form of an ABC transporter, which is
assembled from two subunits each of DrrA (NBD) and DrrB (TMD) forming a tetrameric complex
(DrrA;Bz). The architecture of the DrrAB transporter is different from typical ABC family
transporters because the NBD and TMD are present on separate subunits, that are biochemically
coupled. Importantly, the interaction between the two domains is essential for their stability and
function. DrrA is a peripheral membrane protein that functions as a catalytic nucleotide binding
domain (NBD). The NBD of DrrA contains all previously known highly conserved motifs from
other NBDs of ABC family transporters, including mammalian P-glycoprotein [70,71]. DrrB, a
hydrophobic carrier protein, consists of eight membrane-spanning helices with N- and C-termini
in the cytoplasm and forms the transmembrane domain [71,72].

Due to the location of the drrAB genes in the Dox biosynthetic gene cluster of S. peucetius, the
DrrAB system was believed to be a dedicated transporter of Dnr and Dox. However, studies
showed that the DrrAB efflux system belongs to the multi-drug transporter with a broad and
overlapping substrate specificity with the mammalian P-glycoprotein. The system can transport
the two most commonly studied MDR pump substrates Hoechst 33342 and ethidium bromide.
Further, other well studied substrates of MD transporters including cerapamil, vinblastine, and
rifampicin, inhibit DrrAB-mediated Dox transport. This finding indicated that they are also

substrates of the DrrAB pump [73]. Additionally, recent analysis showed that DrrB has multiple
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drug binding sites where it binds drugs (and already mentioned substrates) with variable

affinities [74].

1.2.2 DrrC removes daunorubicin from intercalated DNA

The gene drrCis located in the same cluster as drrAB and encodes the DrrC protein that provides
resistance to S. peucetius against Dnr. DrrC shows strong sequence similarity to the
E. coli UvrA protein, which is involved in excision repair of damaged DNA caused by DNA-
intercalating Dox or Dnr [67,75]. However, the expression of drrC in the E. coli uvrA mutant did
not complement the uvrA mutation, suggesting a novel type of drug self-resistance (Figure 4).
Further studies revealed that DrrC is a DNA-binding protein that removes Dnr from intercalated
DNA. Similar to UvrA, DrrC may scan the DNA for lesions and when it encounters Dnr at
intercalated sites, it binds to it and removes the drug. It is probable, that DrrC and Dnr are both
released together from the DNA as a DrrC-daunorubicin complex. DrrC seems to play a crucial
role in keeping the DNA of S. peucetius free from Dnr so that replication and transcription

proceed unaffected [49].
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Figure 4. Possible mechanism of DrrC to ensure self-resistance to daunorubicin by binding to DNA and

removing the drug. (Figure from [49])
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1.3  Klebsiella oxytoca enterotoxin tilimycin has DNA-damaging

activities

1.3.1 Antibiotic-associated hemorrhagic colitis (AAHC)

Antibiotic-associated diarrhea (AAD) and antibiotic-associated colitis (AAC) are common adverse
side effects of antibiotic intake, which occur in up to 30% of patients. The underlying
mechanisms are the toxic effects of the antibiotic on the intestinal mucosa and the intestinal
motility, as well as the disruption of the protective intestinal flora [76]. Pathobionts such as
Clostridium difficile take advantage of such conditions and overgrow causing 10 - 20% of AAD
cases [77]. C. difficile is a harmless resident of the human gut in about 10% of healthy individuals.
However, after the disruption of the microbiota by antibiotic treatment, C. difficile can cause
various symptoms, ranging from mild, self-limiting diarrhea to fulminant colitis as well as
pseudomembranous colitis [78,79]. Besides C. difficile, the pathogens Clostridium perfringens,
Staphylococcus aureus, and Klebsiella oxytoca have been identified as a source of AAD [80]. K.
oxytoca causes antibiotic-associated hemorrhagic colitis (AAHC), a subtype of AAC. K. oxytoca is a
Gram-negative bacterium colonizing the intestine of healthy individuals with a rate of about
2-10% [81,82]. K. oxytoca expresses B-lactamases, which confer resistance to amino- and
carboxy-penicillins [83]. Disruption of the intestinal microbiota and dysbiosis triggered by
antibiotic therapy facilitates competitive overgrowth of K. oxytoca. Stool samples of AAHC
patients revealed a high abundance of K. oxytoca (107 cfu/g feces during AAHC compared to 10?

cfu/g feces in healthy individuals) [84].

1.3.2 The pathogenicity island of K. oxytoca

Previous members of our group investigated the underlying mechanism of K. oxytoca
pathogenicity in AAHC and revealed a specific cytotoxic effect of K. oxytoca strains isolated from
AAHC patients [81,85]. Further, they identified the cytotoxin as tilivalline, which already had
been isolated and described [86—88]. As a next step, the group aimed to identify the essential
genes for toxin synthesis. A mutant library of K. oxytoca AHC-6 mutants were generated via
random Tn5 transposon mutagenesis and screened for loss of toxicity against human epithelial
cells in vitro. Four mutants showed complete loss of cytotoxicity. The disrupted genes were
named aroX, encoding a 2-keto-3-deoxy-D-arabinose-heptulosonate-7-phosphate (DAHP)
synthase, aroB, encoding a 3-dehydroquinate-synthase, and npsA and npsB. The enzymes AroB

and AroX were involved in the shikimate and chorismate pathway. The genes npsA and npsB
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were identified as nonribosomal peptide synthetases (NRPS) [86]. NRPS produce so-called
nonribosomal peptides (NRPs) independent of mRNA and ribosomes. They are large, multi-
modular enzymes, wherein each module is responsible for the incorporation of a monomer, for
example a single amino acid, into the final NRP [89]. Notably, NRPs often contain non-

proteinogenic amino acids, fatty acids as well as a-hydroxy acids [90].

Sequencing of the K. oxytoca AHC-6 genome revealed that three of the four essential genes
(aroX, npsA, and npsB) are located within a 7-kb region (NCBI accession number: HG425356.1),
which is flanked by two asparagine tRNA genes. Comparison of the region with other
enterobacterial genomes revealed different mobile DNA elements, which are located in this high-
plasticity locus, and share characteristics of a pathogenicity island (PAI). PAls characteristically
contain genes encoding virulence factors, like toxins, that promote pathogenesis. Further, they
show a different G+C content compared to the surrounding DNA sequences and are adjacently
located to tRNAs, which are hotspots for the integration of foreign DNA [91]. This result suggests
that the identified tilivalline biosynthesis genes are part of a PAl. The PAI of K. oxytoca AHC-6
consists of ten genes, of which the putative essential genes for tilivalline biosynthesis are
clustered in two operons: AroX- and NRPS-operon (Figure 5). All genes located on the K. oxytoca
AHC-6 PAIl and their annotated function are listed in Table 1. The genes npsA, thdA and npsB are
part of a nonribosomal peptide synthetase complex and are located next to each other within
the NRPS operon (blue). Five genes (aroX, dhbX, icmX, adsX, hmoX) are located in the other
operon (AroX operon) and were annotated to encode enzymes involved in the biosynthesis of
aromatic amino acid via the shikimate and chorismate pathway (pink). The two genes mfsX and
uvrX of the PAI (green) are not part of these operons and are annotated as transport elements
and could play a role in self-resistance of K. oxytoca against its toxin. The gene aroB is not

located on the PAI, but it is related to tilivalline biosynthesis.

K. oxytoca AHC-6 - PAI

AroX-operon NRPS-operon
nac cysB erfK gst gcvA mfsX uvrX hmoX adsX icmX dhbX aroX  npsA thdA npsB marR  norM

[] unrelated WM transport/DNA repair [ shikimate/chorismate [l NRPS A tRNA-Asn

Figure 5. Pathogenicity island of the toxin-producing K. oxytoca AHC-6. Putative functions: NRPS (blue),
production of aromatic amino acid derivatives (red), transport (green), and unrelated genes (white). tRNA

genes ( A) flank the PAI. (Figure from [87]).
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Table 1. Genes of the K. oxytoca AHC-6 PAI and their annotated function (87).

Gene Putative function Functional class
marR Transcriptional regulator, MarR family regulatory
npsB Non-ribosomal peptide synthetase NRPS
thdA Peptidyl-carrier-protein, thiolation domain NRPS
npsA Non-ribosomal peptide synthetase NRPS
aroX 2-Keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase Il (EC 2.5.1.54) | shikimate
dhbX 2,3-Dihydro-2,3-dihydroxybenzoate dehydrogenase (EC 1.3.1.28) shikimate
icmX Isochorismatase (EC 3.3.2.1) shikimate
adsX 2-Amino-2-deoxy-isochorismate synthase (EC 4.1.3.-) shikimate
hmoX 4-Hydroxyphenylacetate 3-monooxygenase (EC 1.14.13.3) shikimate
uvrX Excinuclease ABC subunit A paralog of unknown function transport
mfsX Permease of the major facilitator superfamily protein transport

PCR analysis of the clinical isolates of K. oxytoca showed that 100% of the toxin-producing and
13% of the toxin-negative strains carry the PAI genes npsB and npsA. In other Klebsiella ssp. the

PAI could not be detected [92].

1.3.3 K. oxytoca produces a second enterotoxin - tilimycin

To test the particular function of the genes essential for toxin synthesis the group analyzed the
tilivalline biosynthesis. Elucidation of the TV biosynthesis revealed that the nonribosomal peptide
pathway initially generates the cytotoxic secondary metabolite tilimycin (TM). TM shares the
pyrrolo[2,1-c][1,4] benzodiazepine backbone with tilivalline but has a hydroxyl group instead of
the indole ring at the C11 position. The aroX- and NRPS-operon, and additional enzymes of K.
oxytoca are required to produce TM, which reacts spontaneously with indole to generate TV
(Figure 6). Evaluation of the cytotoxic effects showed that TM (IC;, of 2.6 pM * 0.4) is more
cytotoxic to Hela cells than TV (IC,, of 14.5 uM £ 0.5). The loss of cytotoxicity at later culture
time points indicates that TV and/or TM are degraded in the bacteria. The group identified a
second so far unknown metabolite named culdesacin, which was identified as the direct
degradation product of TM after spontaneous ring-opening (Figure 6). Unlike TM and TV,
culdesacin shows no cytotoxic activity [93]. Further studies revealed a toxic effect of TM on

different human cancer cell lines and non-transformed vascular endothelial cells [94].
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In summary, TM was identified as the initial product of the nonribosomal peptide assembly

pathway. TM reacts spontaneously with indole to TV. Further, culdesacin is the nontoxic

degeneration product of TM.
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Figure 6. Chemical reactions of tilimycin (2). TM reacts to culdesacin (3) by spontaneous ring opening and to
tilivalline (1) by nucleophilic attack of free indole. The free indole is released by the cleavage of L-tryptophan to

indole, catalyzed by TnaA. (Figure from [94])

1.3.4 Tilimycin is a member of the pyrrolobenzodiazepine family

TM belongs to the chemical family of pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) [95]. PBDs are
well-known for their sequence-selective DNA interactions by forming a covalent bond to guanine
bases within the minor groove of DNA. Members of PBDs like anthramycin, tomaymycin,
neothramycin share a tricyclic ring system including anthranilate (A), diazepine (B), and
hydropyrrole (C) moieties (Figure 7). Different substitutions at the A- and C-rings provide

chemical diversity to the group of PBDs [96,97]. TM has a hydroxyl group at the C11 position [93].
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Figure 7. Basic structure of PBDs and the mechanism of binding to the DNA. (A) The basic structure of PBDs with
the anthranilate (A), a diazepine (B) and a hydropyrrole (C) moieties. (B) The structure of the naturally produced
tilimycin. (C) Mechanism of the nucleophilic attack of the C2-NH2 group of a guanine residue to the N10-C11

imine moiety of PBD within the DNA minor groove. (Figure adapted from [95, 96, 971).
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Naturally occurring PBDs like anthramycin and tomaymycin span three base pairs of DNA. NMR,
X-ray crystallography, molecular modeling, DNA melting experiments, and gel-based
experiments, e.g. DNA footprinting, determined the binding of PBDs to DNA and disclosed a
preference for binding to 5'-purine-G-purine-3' sequences [98,99]. PBDs exhibit numerous
biological effects in cells including DNA strand breakage, inhibition of DNA processing enzymes
(e.g., endonuclease BamH1, RNA polymerase and Ligase 1) and specific transcription factors (e.g.,
Sp1, NF-Y and NF-kB), and modulation of various signaling pathways (e.g., p53-dependent and -
independent apoptogenic, JINK/AP-1, VEGF and SDF1a signaling) [100]. Due to their antimicrobial
properties and selective cytotoxicity toward tumor cells, PBDs are regularly described as
antitumor antibiotics [96,101].

The different PBD structures of TM and TV produced by K. oxytoca suggest different targets and
cellular mechanisms during AAHC. PBDs are able to bind DNA. Therefore, it was hypothesized
that TM binds and damages DNA. Compared to TM, the indole ring at the C11 atom of TV should
block a possible TV-DNA interaction. In fact, Evan et al. recently confirmed an alkylation of
putative N-2 guanine after TM exposure and detected a pyrrolobenzodiazepine-like N-2

deoxyguanine adduct [102].

1.3.5 Tilimycin disrupts cell cycle progression

Since TM and TV showed growth-inhibitory activities to various cell lines the group wanted to
gain insights into the cellular processes and tested the effects of TM and TV on cell cycle
progression. Using flow cytometry, they revealed an arrest of Hela cells in G2/M-phase after TV
treatment. In contrast, TM-treated cells were arrested in G; or S phase. The relative proportion
of cells in different phases after TM and TV treatment compared to the solvent is shown (Figure

8) [95]. A
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Figure 8. TV arrests cells at G2/M-phase and TM extends S-phase. Hela cells were treated with TV (10 uM), TM
(2.5 uM), DMSO (D) or n-butanol (B) for 12 and 24 h. DNA was quantified by flow cytometry of Pl stained cells. (A)
One representative cell cycle profile per treatment is shown. (B) Relative proportion of cells in phases are indicated

as means (n=3). (Figure from [96])
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1.3.6 Tilimycin acts as genotoxin

The accumulation of cells arrested in the G1/S-phase is consistent with a DNA damaging activity
of TM. To determine the possible DNA damaging activity of TM, the group used biochemical and
cellular DNA damage assays.

First, the formation of comets, which appear after DNA fragmentation, was observed. Hela cells
treated with TM and DNA-alkylating control GWL-78 formed comets but not when treated with
TV or solvents. Calculation of tail DNA, tail length and tail moment revealed a significant
difference in DNA from cells treated with either TM or etoposide compared to BuOH. Further,
similar results were obtained with the colon cancer cell lines HT-29 and SW48 (Figure 9A) [95].To
assess whether DNA fragmentation occurs in the intestinal epithelium when exposed to TM,
mice were colonized (24h) with K. oxytoca AHC-6 (WT) or the toxin-deficient AnpsB-mutant.
Comet analysis revealed a significant DNA fragmentation in enterocytes isolated from ceca of

mice colonized by the WT strain, but not in the toxin-deficient mutant (Figure 9B) [95]
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Figure 9. TM induce DNA fragmentation in vitro and in vivo. (A) Tail DNA (in percentage) for comet of Hela treated
4 h with 10 uM TM, 10 uM GWL-78 (+), 20 uM TV, or solvents. HT-29 and SWA48 cells were treated with 1 mM TM or
controls. Bars represent medians of each dataset (n = 50 cells). Kruskal-Wallis test followed by Dunn’s multiple
comparison (*P < 0.05). (B) Comet of cecal enterocytes of infected mice (24 h) showed tail DNA, tail length, and tail
moment were significantly different when mice were colonized with K. oxytoca AHC-6 (WT) compared with the
AnpsB-mutant. Bars represent medians of each dataset (n = 9 mice, with 250 cells per mouse), and significance was

determined with Mann—Whitney test (*P < 0.05). (Figure from [96])
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The diazepine ring of PBDs interacts with the minor groove and stabilizes double-stranded DNA
(dsDNA) to thermal denaturation in vitro [100]. Incubation of DNA, containing a PBD binding site,
with an equimolar amount of TM, leads to a 0.5 °C higher melting temperature (Tm), compared to
BuOH. This result corresponds with the 0.7 °C Tm increase caused by DC81 (the closest
structurally PBD related to TM) using calf thymus DNA [95].

Further, it was determined whether the sequence selectivity predicted for TM inhibits
site-specific endonuclease activity. Cleavage of a BamHI| recognition site was inhibited in a
concentration-dependent manner by TM and the control GWL-78, compared to TV or buffer. In

addition, TM did not inhibit endonuclease activity with an A-T-rich binding site, like Sspl [95].

Since TM has been revealed to interact with DNA and induce DNA damage the group
investigated the cellular DNA damage response to TM treatment. Therefore, the group analyzed
the cycle checkpoint kinases CHK1 and CHK2 that are phosphorylated during DNA damage
response and are control points of the complex DNA-damage response (DDR) pathway [103]. TM
and GWL-78 treated HT-29 cells exhibited increased phosphorylation of both CHK1 and CHK2
(Figure 10). In addition, TM showed dose-dependent phosphorylation of CHK1 [95].
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Figure 10. TM activates DNA damage response. Phosphorylated (p)-CHK1 in lysates of HT- 29 cells
treated 4 h with increasing concentrations of TM, GWL-78 (+), 20 uM TV, or solvents. p- CHK2 detected in
HT-29 lysates after 8-h treatment (Left). Means * SEM of p-CHK1/2 signals obtained from three
independent cell lysates normalized to B-actin are shown (Right). One-way ANOVA followed by Sidak’s

multiple comparison (*P < 0.05) (ns = not significant). (Figure from [96]
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The next step was to characterize the recognition and repair of TM-induced DNA damage in host
cells. Therefore, inactivating mutations of different genes encoding key repair factors were
generated in the human haploid cell line HAP1. An equal number of cells with different
mutations were cultured with increased concentrations of TM, TV, or control, and the cell
viability was measured. llludin S was used as DNA-alkylating control. Mutant cells lacking the
Cockayne syndrome group A or B (CSA or CSB) showed hypersensitivity to TM compared to the
wild-type survival [95]. CSA and CSB are genes involved in transcription-coupled repair (TCR), a
sub-pathway of nucleotide excision repair (NER) that removes lesions from the template DNA
strand of actively transcribed genes [104]. Mutant cells lacking the NER factor xeroderma
pigmentosum protein A (XPA), which mediates TCR downstream of CSA/B, revealed a
significantly enhanced sensitivity to TM. Mutant cell lines tested with TV exhibited no lower
viability compared with the wild type, however mutant cells treated with the control illudin S
showed sensitivity similar to TM (Figure 11A and B). llludin S induced DNA lesions are poorly
recognized by the global genome repair (GGR) of NER but can be efficiently repaired by TCR
[105]. In addition, a long-term colony formation assay was performed to confirm the results of
the short-term assay (Figure 11C and D). HAP1 cells lacking CSA, CSB, and XPA were significantly

more sensitive to TM.
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Figure 11. TM induces hypersensitivity in human DNA repair-deficient cells and causes DNA lesions in vivo. (A)
Dose-response survival curves of TM-treated mutants deficient in CSA, CSB, and XPA, but not XPC, show TM
hypersensitivity compared with wild type (WT). Values are normalized to solvent controls and represent means + SEM
of three technical replicates. Data from one of three biological replicates are shown. (B) Cell viability shown as means
+ SEM at two assay concentrations (indicated with arrows in A). (C) Colony formation by cells treated with different
concentrations of TM before recovery in drug-free medium. Values were normalized to solvent. Means + SEM are
shown (n = 3). Significance of results for mutants compared with WT was determined with one-way ANOVA followed

by Sidak’s multiple comparison (*P < 0.05).

These results indicate that TCR proteins are able to recognize DNA lesions caused by TM. In

addition, the group identified the TCR as a mechanism of DNA damage recognition in vivo [95].
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1.3.7 Tilimycin show antibacterial activities toward other gut residents

Since TM was identified as a DNA-damaging agent it can be hypothesized that it also damages
the DNA of bacteria. The group next asked whether TM affects other bacteria. An antimicrobial
assay was performed according to a protocol of the Clinical and Laboratory Standards Institute
(CLSI) using Curam® as positive antibiotic control and methanol as negative solvent control [106].
Interestingly, initial results showed that TM inhibited growth of various anaerobic bacteria, which
are inhabitants of the human gastrointestinal tract, but exhibited no antimicrobial effects on
aerobic strains (Table 2). Additionally, TM not only inhibited growth of human gut commensals,
like Bifidobacterium longum or Lactobacillus acidophilus but also exerted an antimicrobial effect
against pathogens such as Bacteroides fragilis, Propionibacterium acnes, Fusobacterium
nucleatum, and Yersinia enterocolitica. Besides TM, TV was used for the antimicrobial assay.
However, TV showed no antimicrobial effect (Table 2). The antimicrobial activity of TM toward
other gut residents gives rise to the notion that TM provides an advantage to K. oxytoca during

homeostasis [95].

Table 2. Bacterial susceptibility to TM and TV. Bacterial strains for antimicrobial assay and inhibition zones caused
by TM or TV. Means +SD are shown (values in upper box TM n=3, TV n=2; lower box n=1); n.d. not determined.

(Table adapted from [95])

Inhibition zone [mm]

Strain Gram TM (40 pg) TV (50 pg) Phylum

Bifidobacterium longum - 18+2 0 Actinobacteria
Bifidobacterium bifidum + 18+3 0 Actinobacteria
Bacteroides fragilis - 24 +3 0 Bacteriodetes
Pediococcus acidilactici - 12+1 0 Firmicutes
Lactobacillus acidophilus + 24+ 4 0 Firmicutes
Fusobacterium nucleatum - 271 0 Fusobacteriia
Proteus mirabilis - 15+1 0 Proteobacteria
Yersinia enterocolitica - 17+2 0 Proteobacteria
Enterobacter cloacae - 0 0 Firmicutes
Staphylococcus aureus + 0 0 Firmicutes
Enterococcus faecalis + 0 0 Firmicutes
Escherichia coli - 0 n.d. Proteobacteria
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2 Aim and objectives of this study

The genotoxin tilimycin of K. oxytoca is generating considerable interest due to distinct host DNA
damaging and antimicrobial activities. Traditionally, antibiotic-producing bacteria possess self-
resistance mechanisms leading to the suggestion that K. oxytoca itself is equipped with
resistance mechanisms against its own TM product. This study aims to characterize the
underlying self-resistance mechanisms of K. oxytoca against the genotoxin TM. Tilimycin-
producing K. oxytoca strains share a PAl where essential genes for TM production and the two
putative immunity genes mfsX and uvrX are localized. Our knowledge of these immunity genes is
largely based on gene homology comparison. In this work, we planned to examine the action and
expression of mfsX and uvrX regarding TM-resistance. For this analysis, we chose an in vitro

genetic approach by complementation.

Previous gene homology comparison of uvrX revealed strong similarity to Streptomyces peucetius
drrC, which encodes an UvrA-like protein. Therefore, we hypothesized that K. oxytoca UvrX
functions similarly to the related proteins S. peucetius DrrC and E. coli UvrA. To investigate the
molecular mechanism of UvrX regarding resistance we predicted its protein structure and

analyzed the structural similarity between UvrX, DrrC, and UvrA.

It is well-known that antibiotic-producing organisms possess a biosynthetic gene cluster including
the antibiotic synthesis genes and co-regulated immunity genes. The til gene cluster of K. oxytoca
shares this organization. Therefore, we hypothesized that expression of the putative immunity
genes is coordinately regulated with the TM biosynthesis gene expression. Here we aimed to
establish the gRT-PCR method to monitor the in vitro gene expression profile of one toxin

synthetase gene and the immunity genes in K. oxytoca.
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3 Material and Methods

3.1

Strains, plasmids and oligonucleotides

Table 3. Bacterial strains used in this study, with number (#) in the AGZechner strain collection.

# Strain Plasmid Relevant genotype Reference
18 | E. coli DH5a. _ Alacz, (107]
2197 | E. coli DH5q pBlue_UHF_TetRA_to_DHF | Ampg, Tetr, Cmg this study
2207 | E. coli DH50. pBAD33_uvrX_long Ampg, Cmg this study
2034 | E. coli DH50 pBAD33_mfsX Ampg, Cmg this study
2214 | E. coli DH50 PBAD33_mfsX_uvrX_| Ampg, Cmg this study
intergenic aphA (Kang);
5188::Tn5 (intergenic
2078 | K. oxytoca AHC-6 aphA | - (86]
region between gcvA and
mfsX)
2043 | K. oxytoca AHC-6 Mut89 | - Kang; npsB::Tn5 (86]
2217 | K. oxytoca AHC-6 Mut89 | pBAD33 Kang; npsB::Tn5, Cmg, Ampr | [86]
Keio E. coli JW0001_1
1987 - - Cmg (108]
(parental strain)
2199 | Keio E. coli JW0001_1 pBAD33 Cmg, Ampr this study
2200 | Keio E. coli JW0001_1 pBAD33_uvrX Cmg, Ampr this study
2210 | Keio E. coli JW0001_1 pBAD33_uvrX_long Cmg, Ampr this study
1989 | Keio E. coli JW4019_2 - AuvrA, Kang (108]
2201 | Keio E. coli IW4019 2 pBAD33 AuvrA, Kang, Cmg, Ampg this study
2202 | Keio E. coli IW4019 2 pBAD33_uvrX AuvrA, Kang, Cmg, Ampr this study
2211 | Keio E. coli JW4019_2 pBAD33_uvrX_long AuvrA, Kang, Cmg, Amps this study
2212 | Keio E. coli IW4019 2 pBAD33_uvrA AuvrA, Kang, Cmg, Ampg this study
K. oxytoca AHC-6 Mut89 from
2010 AUV - Kang; npsB::Tn5, AuvrX, Tetg Sandra
K. oxytoca AHC-6 aphA intergenic aphA (Kang),
2038 - this study

AuvrX

AuvrX, Tetg
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K. oxytoca AHC-6 Mut89

Kang; npsB::Tn5, AmfsX (78-

2206 this study
AmfsX, AuvrX 1223), AuvrX (1-50), Tetr
K. oxytoca AHC-6 Mut89 Kang; npsB::Tn5, Tetg, Cmg, .

2219 [pBAD33] this study
AmfsX, AuvrX Ampr
K. oxytoca AHC-6 Mut89 AmfsX (78-1223), AuvrX (1- ]

2221 [pBAD33_uvrX_long] this study
AmfsX, AuvrX 50), Tetg, Cmg, Ampg
K. oxytoca AHC-6 Mut89 Kang; npsB::Tn5, Tetg, Cmg, .

2220 [PBAD33_mfsX] this study
AmfsX, AuvrX Ampr
K. oxytoca AHC-6 Mut89 AmfsX (78-1223), AuvrX (1- ]

2222 [PBAD33_mfsX_uvrX_l] this study
AmfsX, AuvrX 50), Tetg, Cmg, Ampg

intergenic aphA (Kang),

K. oxytoca AHC-6 aphA ]

2213 AmfsX (78-1223), AuvrX (1- | this study
AmfsX, AuvrX

50), TetR

Ampg Cmg, Kang, Tetgr: antibiotic resistance markers

Table 4. Plasmids used in this study, with number (#) in the AGZechner strain collection.

# Plasmid Description Reference
454 | pBluescript Il Ks(-) Ampg, lacZ, T7 Promotor Stratagene
1185 | pBlue_UHF_TetRA_t0_DHF | Ampg, Tetg, lacZ::recombination cassette for mfsX and | this study

uvrX; upstream homologous fragment "UHF" (derived | [109]
from K. oxytoca AHC-6 aphA; 412 nts noncoding region
upstream of mfsX and 1-77 nts of mfsX); downstream
homologous fragment "DHF" (derived from K. oxytoca
AHC-6 aphA; 51-555 nts of uvrX), t0 terminator; TetRA
1106 | pBlue_PMF_mono Ampg, Tetg, lacZ::homologous fragments of mfsX and from Nina
(pBlue_PMF_DHF) hmoX (uvrX recombination cassette) Rupar
[110]
1107 | pBlue_PMF_TetRA_mono Ampg, Tetg, lacZ::recombination cassette for uvrX [110]
(pBlue_PMF_TetRA_DHF)
1109 | pBlue_UHF_DHF Ampg, Tetg, lacZ::homologous fragments of mfsX and [110]
(pBlue_A_mono) hmoX (mfsX, uvrX recombination cassette)
1082 | pBAD33 Cmg, araC, Peap 1
1111 | pBAD33_uvrA Cmg, araC, Pgap, uvrA in MICS from Zana
Lousin
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pBAD33_uvrX

uvrX7G)

Cmg, araC, Pgap. uvrX in MCS; uvrX consisting of nt

6850 -9069 according to [109] (here also called

from
Alexandra

Moik

1186

pBAD33 uvrX_long

Cmg, araC, Pgap. uvrX in MCS; uvrX consisting of nt
6850 - 9146 with an additional G at position 9020
according to [109] (includes a 36 nt non-coding region

downstream of uvrX) (here also called uvrX8G)

this study

1114

pBAD33_mfsX

6842 according to [109]

Cmg, araC, Pgap, mfsX in MCS consisting of nt 5613 -

this study

1187

pBAD33_mfsX uvrX_|

of uvrX)

Cmg, araC, Peap, mfsX, uvrX in MCS (nt 5613 - 9146
with an additional G at position 9020 according to

[109]; includes a 36 nt non-coding region downstream

this study

217

pAR183

KmR, TetR

[111]*

94

pKOBEG

cat, araC, gam, bet, exo, Cmg, Pgap

pAR123

to terminator, Ampg, Tetrg

! Plasmid from Sandra, 2already in strains; 3 isolated from strain E. coli K12 JM101 [pAR123], Ampg, Cmg,

Tetg: antibiotic resistance marker

Table 5. Oligonucleotides used in this study, with the number (#) in the oligonucleotide collection. Sequences

complementary to the target are underlined and restriction sites are written in bold.

# Oligonucleotide Sequence (5 — 3Y) Target

909 | T7 terminator GCTAGTTATTGCTCAGCGG T7 terminator fragment
910 | T7 promotor TAATACGACTCACTATAGGG T7 promotor
1169 | rrnB rev GTATCAGGCTGAAAATCTTCTC rrnB terminator fragment
1175 | pBAD_araC_fw CTGGCTCTTCTCGCTAAC araC [pBAD33]
1686 | M13 rev CAGGAAACAGCTATGAC M13 region

mfsX, uvrX upstream
1726 | GevA_do_fw GGTAAACAGTGAAGGTGAGTG

homologous fragment
2259 | Tetseq2 TACAGGGAGTGATGTCTATCC TetRA
2393 | PMF BamHI r TATGGATCCCACACTATCCTTTTTTACCTG mfsX
2395 | Mono_Pstl_r TTACTGCAGGTTTAGCCTACCGTTGGTTTATG hmoX

24




2396 | BamHI_Ucas ATAGGATCCCAAGAATTGCCGGCGGAT TetRA resistance cassette
2397 | BamHI_Dcas ttaGGATCCGGTATTTCACACCGCATAGC TetRA resistance cassette
2411 | Tetseql CAATTCAAGGCCGAATAAG TetRA
2412 | mfsX fw CCACTCTGCTCAGTAGTC mfsX
2413 | hmoX_fw AACCTCTTCTGGGCCATAAG hmoX
2414 | uvrX_rev ATGGTATTGCCTTTGTCGC uvrX
2415 | uvrX_fwd TTGGATGCCATGTGTGCAG uvrX
ATTCGAGCTCGCAGGAGGAATTCACCATGAAAA | uvrX
2416
Sacl_RBS_UvrX_fW | A TGACGCTATAAAAATC
ATTCGAGCTCGCSGGSGGSSTTCACCATGCGACC | mfsX
2470
Sacl_RBS_mfsX_fw | - \ AAGAAGTTCAGG
ATTCGAGCTCGCAGGAGGAATTCACCATGCGAC | mfsX
2470 | Sacl_RBS_mfsX_fw
CGAAAGAAGTTCAGG
AGCTTGCATGCCTATCCTTTTTTACCTGTCAATAA | mfsX
2471 | Sphl_mfsX_rev
CAATGC
AGCTTGCATGCCTAATGATGATGATGATGATGTC | mfsX
2472 | Sphl_HIS_mfsX_rev
CTTTTTTACCTGTCATAACAATGC
mfsX, uvrX upstream
2475 | GevA_do_fwd_Notl | TTAGCGGCCGCGGTAAACAGTGAAGGTGAGTG
homologous fragment
2476 | GevA_do_rev_BamHI | TTTGGATCCTTACTGGAAAGCAAACCTCTACT mfsX
Sacl_RBS_HIS_mfsX_ | ATTCGAGCTCGCAGGAGGAATTCACCATGCATC | mfsX
2477
fwd ATCATCATCATCTCGACCGAAAGAAGTTCAGG
2516 | BamHI_t0_fw CGACTGGATCCCGAAAAGAGAGACCACATGG t0 terminator fragment
2517 | Sall_t0_rev GCTTAGTCGACGGTATTTCACACCGCATAGC t0 terminator fragment
mfsX, uvrX downstream
2518 | Nhel_uvrX_fw ATAGCTAGCGCAAGATATTGATGTAGAGGTCC homologous fragment
(uvrX)
mfsX, uvrX downstream
2519 | Sall_uvrX_rev TTAGTCGACTGAATAAACATAACGTTTCCAGCG | homologous fragment
(uvrX)
2520 | Hindlll_TetRA_rev | TTAAAGCTTGGAATAACATCATTTGGTGACGAA | TetRAresistance cassette
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mfsX, uvrX downstream

2521 | DHF_uvrX_rev TGAATAAACATAACGTTTCCAGCG homologous fragment

(uvrX)
2530 | sph|_uvrX_long rev | AGCTTGCATGCCTATTGCCAGTCTCTACTGGCTG | uvrX
2584 | 4RT npsA_1_f GTGGTGTCGGGAGACTTTGT npsA
2585 | GRT npsA_1_r ACCACCATCTCAACCAGAGG npsA
2572 | (RT gapA_1_f AGTGGGTGTTGACGTTGTTG gapA
2573 | 4RT gapA_1_r GAAACGATGTCCTGGCCTTC gapA
2554 | GRT uvrX_1_f AACCGTACGACCCCTAGCTT uvrX
2555 | GRT uvrX_1_r GCCTTTGTCGCGTAGTTTTC uvrX
2550 | GRT mfsx_1_f ATTGGGCAGCTGTTTATTGG mfsX
2551 | GRT mfsX_1_r TCGGGAAAGAACGATACCAG mfsX
2578 | 4RT marR_1_f GTTCCAGCCGATGACTCCAA marR
2579 | GRT marR_1_r GCAATCTCTCCCTGCGACAT marR
2590 | GRT mdh_1_f GCGTCGGGATTATCACCAAC mdh
2591 | GRT mdh_1_r CCTTTCAGTTCCGCCACAAA mah
2596 | GRT rpoB_1_f CAGATCAGCTCGCCAGTAGA rpoB
2597 | GRT rpoB_1_r GTACGTTGAGAAAGGACGCC rpoB
2604 | 165rRNA_eco_fw GCCTAACACATGCAAGTCGAA C 165 rRNA
2605 | 165rRNA_eco_rev | TGCGGTATTAGCTACCGTTTCC 16S rRNA
2602 | RT proC_f TGGCCAGGCGGAAATTATTG proC
2603 | GRT proC_r CACACCATATCCTTCAGCGC proC
2600 | oRT rho, f CTGTTGCGATGATGGTCAGG rho
2601 | oRT rho,r TCGACTCGATTACCCGTCTG rho

3.2 Growth Conditions

E. coli strains were grown on LB-agar plates or in LB broth and K. oxytoca strains were grown on

CASO-agar plates or in CASO bouillon. All liquid cultures were incubated at 37°C with shaking

under aerobic conditions. Plasmid-containing strains or strains containing chromosomal selection

markers were grown with antibiotic selection (Table 6). Additionally, K. oxytoca strains were

26




grown on M63 minimal media with all amino acids except tryptophan and proline

(Concentrations: 200mg/100ml of leucine and 300 mg/100ml of the other amino acids).

Table 6. Antibiotics and concentrations used in this study

Antibiotics Concentration [pg/ml]
Ampicillin (Amp) 100
Tetracycline (Tet) 16 and 12 for recombination experiment
Chloramphenicol (Cm) 10-40
Kanamycin (Kan) 40

3.3 DNA methods

331 DNA purification

Kits from QIAGEN were used for all DNA purifications. The DNeasy Blood&Tissue Kit were used
for chromosomal DNA isolation of K. oxytoca AHC-6 aphA. Plasmid extraction from E. coli DH5a
was achieved via QIA prep® Spin Miniprep Kit. DNA extraction and purification were performed
with QIA quick® PCR Purification Kit and QIA quick® Gel Extraction Kit. Concentration of the

purified DNA were measured on the NanoDrop Spectrophotometer.

3.3.2 Polymerase chain reaction (PCR)

DNA fragments used for cloning were amplified with 'Phusion High-Fidelity Polymerase' from
New England Biolabs Inc. (NEB) according to manufacturer's manuals. The NEB 'Tag DNA
Polymerase' was used for colony and other control PCRs. Annealing Temperatures of primers
were calculating via the inline tool 'NEB Tm Calculator'. For colony PCR a single colony was
resuspended in 30 pl Fresenius water, heated at 95°C for 10 min, centrifuged (30 s, 13.000rpm)

and 2 ul were used in the PCR reaction.

3.3.3 Other enzymatic reactions

Restriction digestions were performed using restriction enzymes from NEB and the 'T4-DNA
Ligase' from LifeTech Austria was used for ligation reactions. All enzymes were used according to

manufacturer's manuals.
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334 Agarose gel electrophoresis

In this study agarose gels (0.8 % to 1.2 %) containing 1XTAE were used and supplemented with
0.05 pg/ml ethidium bromide. Running buffer was 1xTAE and electrophoresis was performed

with 5-10 V/cm. GeneRuler 100bp DNA ladder or 1kb Ladder were used as DNA markers.

3.3.5 Preparation of plasmid DNA and purification

Qiagen QlAprep® SPin Miniprep Kit was used for all plasmid DNA preparations, Qiagen QlAquick”
PCR purification Kit was used to purify PCR products and Qiagen QlAquick” Gel Extraction Kit was
used for DNA extraction from the agarose gel slices. All Kits were used according to the

manufacturer's manuals.
3.3.6 Sequencing

Chromosomal or plasmid DNA was isolated from an ONC and the concentration was determined
via NanoDrop® Spectrophotometer. Sequencing was performed by Microsynth according to their

protocol.

3.4 Electrotransformation

34.1 Generation of electrocompetent E. coli cells

Electrocompetent E. coli cells were generated by inoculation of 100 ml LB medium with 1ml of a
E. coli overnight culture. The cells were incubated at 37°C to an ODggo of 0.5 - 0.7. The culture was
put on ice for 10 min, split in 50 ml and centrifuged (5000 rpm, 10 min, 4°C). The pellets were
resuspended in 50 ml ice-cold 10% glycerol and centrifuged again. The washing step was
repeated twice with 25 ml and 1 ml ice-cold 10% glycerol. After the last washing step, the pellets

were pooled and resuspended in 400 ul and split in aliquots of 80 pl.

3.4.2 Generation of electrocompetent K. oxytoca cells

For the transformation of K. oxytoca AHC-6 cells were made electrocompetent. 100 ml of CASO
media containing 0.7 mM EDTA were inoculated with an overnight culture to an ODggo of 0.05.
The cells were incubated at 37°C. After reaching an ODeoo of 0.6-0.7 the culture was split into two
50 ml Greiner tubes and put in ice for 10 min. After centrifugation with 5000 rpm for 20 min at
4°C the pellets were resuspended in 50 ml ice-cold 10% glycerol. The resuspensions were

centrifuged with the same conditions and the pellets were resuspended in 10 ml ice-cold 10%
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glycerol. The resuspensions were centrifuged again with the same conditions and the pellets
were resuspended in 2.5 ml ice-cold 10% glycerol. After the last washing step, the two pellets
were resuspended together in 100 pl 10% glycerol. The cells were split in 80 ul aliquots and

stored at -20° or used straight away for transformation.

34.3 Transformation of E. coli and K. oxytoca cells

For the transformation 40 ul of electrocompetent E. coli cells were thawed on ice for 10 min and
mixed with 10-200 ng of the plasmid in a cold electroporation cuvette and electroporated at
1800 Volt. Immediately after the electroporation 1 ml of preheated LB media was added and the
cells were incubated for 1h at 37°C. After regeneration, dilutions were prepared and plated on LB

agar plates with the relevant antibiotics and incubated overnight at 37°C.

Electrocompetent K. oxytoca cells were transformed similarly. For transformation 80 ul of
electrocompetent cells were transformed with 20-60 ng of plasmid and electroporated at 2000
Volt. The transformed cells were regenerated in 1 ml CASO media with 0.7 mM EDTA for 1 % h at
37°C.

3.5 Knock-out via the lambda red recombination system

351 Homologous recombination

K. oxytoca AHC-6 aphA [pKOBEG] and K. oxytoca AHC-6 Mut89 [pKOBEG] cells were grown at
30°C in 100ml of CASO media with 0.7 mM EDTA and 30 pug/ml Cm starting from OD600=0.05.
After reaching an OD600 of 0.2, 0.2% arabinose was added to induce the expression of the phage

A recombination genes. After 2 h of incubation the culture was split in two 50 ml Greiner tubes
and put on ice for 10 min. After centrifugation with 5000 rpm for 20 min at 4°C the pellets were
resuspended in 50 ml ice-cold 10% glycerol. The resuspensions were centrifuged under the same
conditions and resuspended in 10 ml ice-cold 10% glycerol. The two suspensions were pooled,
centrifuged and resuspended in 5 ml ice-cold 10% glycerol. Again, the suspensions were pooled
and centrifuged. After the last wash step, the pellet was resuspended in 250 pl ice-cold 10%
glycerol and used straight away for recombination.

For the transformation, 80 pl of fresh electrocompetent K. oxytoca AHC-6 aphA [pKOBEG] and K.
oxytoca AHC-6 Mut89 [pKOBEG] cells were mixed with 100-600 ng of the recombination cassette

on ice and transformed via electroporation at 2000 Volt. Immediately after the electroporation 1
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ml CASO-media or M63-media with 0.7mM EDTA and 0.2% arabinose were added, and the cells
were incubated for two h at 30°C. Then the cells were centrifuged and resuspended in 300 pl
CASO-media or M63-media. 100 pl of cells were plated on CASO and M63 with 16 pug/ml Tet and

incubated overnight at 30°C.

3.5.2 Knockout design for K. oxytoca AHC-6 AmfsX, uvrX

The plasmid pBluescript_ UHF_DHF (pBlue_A_mono) was chosen as start vector for cloning the
recombination cassette because this vector already had the upstream homologous fragment UHF
(derived from K. oxytoca AHC-6 aphA; 412 nts noncoding region upstream of mfsX and nts 1 to
77 of mfsX [nts 5201-6845 [109]) for recombination. We amplified 500 nt of uvrX for the
downstream homologous fragment (DHF; nt 50-555) with Nhel_uvrX_fw and Sall_uvrX_rev and
inserted it downstream of a tetracycline resistance cassette (TetRA) amplified from pAR183
(BamHI_Ucas and Hindlll_Tet_rev) and a t0 terminator sequence amplified from pAR124
(BamHI_t0_fw and Sall_t0_rev).

We digested the PCR products with the respective restriction enzymes and ligated them into the
digested pBlue_UHF_DHF. The t0 terminator sequence was ligated in the pBlue_UHF_DHF
downstream of the already inserted UHF (exchange of DHF with t0 terminator sequence) to
prevent the expression of the downstream part of uvrX. The downstream homologous fragment
was ligated in the pBlue_UHF_t0 downstream of the t0 terminator sequence and the TetRA
between the t0 terminator and the UHF. The mfsX, uvrX recombination cassette was amplified
via PCR with GevA_do_fwd and DHF_uvrX_rev using the pBlue_UHF_TetRA t0_DHF as template.
We digested the amplified recombination cassette with Dpnl to remove residual template

plasmid to earn only the linear DNA fragment for transformation.

3.6  Design of complementation vectors

As complementation vectors we used the pBAD33. We amplified the particular gene from the K.
oxytoca AHC-6 aphA genomic DNA using the corresponding primer pairs listed in Table 3.
Resulting gene products and pBAD33 were digested with Sacl and Sphl for ligation. The pBAD33
vector contains the Pgap promotor of the araBAD (arabinose) operon and the regulator of this

promotor, araC. The expression can be induced by addition of 0.2% arabinose.
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3.7 Cell viability assay

To study the effect of TM on different E. coli and K. oxytoca AHC-6 Mut89 strains, we performed
a cell viability assay. We inoculated 5 ml of LB media containing 0.4% arabinose and 40 pg/ml Cm
with an E. coli overnight culture to an ODggo of 0.2. Afterwards, 0.5 ml culture were either treated
with TM or ethanol as control and filled up with media to 1ml to a final concentration of 85 uM
TM or 0.58% ethanol. After incubation for 2h at 37°C dilutions were plated on LB agar plates with
the relevant antibiotics. The cell viability was scored as CFU/ml after incubation overnight at
37°C.

The cell viability of K. oxytoca AHC-6 Mut89 strains were determined similarly with the exception
of a longer treatment time of 16h and the use of M63 media with 40 pg/ml Kan or 16 pg/ml Tet
to avoid a conversion of TM to tilivalline and a possible recombination (of genes from plasmid

back into the genome).

3.8 RNA methods and gRT-PCR

3.8.1 gRT-PCR

To monitor the gene expression profile of a representative biosynthesis gene (npsA), the
immunity genes (mfsX, uvrX) and the gene marR we applied quantitative real-time PCR (gRT-
PCR). We used the following in vitro culture conditions. 100 ml CASO media were inoculated with
cells from overnight culture in M63 (to prevent toxin production) to an ODggo of 0.05. To harvest
cells, we centrifuged an ODgoo of 0.1 at 5000 g and resuspend the pellet in 500 pl M63 media. For
cell lysis and RNA isolation the RNAprotect® Bacteria Reagent and RNeasy® Protect Bacteria Kits
from QIAGEN were used. The extracted RNA concentration was measured via NanoDrop®. The
RNA integrity was assessed via denaturing agarose electrophoresis of the isolated RNA. DNase |
digestion was performed with the TURBO DNA-free™ Kit from Invitrogen using 2.2 pg of RNA.
Immediately afterwards we transcribed 800 ng RNA to cDNA using the RevertAlID First Strand
cDNA Synthesis Kit from ThermoFisher Scientific and diluted the cDNA 1:3. All enzymes were
used according to manufacturer's manuals. After reverse transcription we performed a control
PCR to test the cDNA quality. Melting curve analysis was performed to confirm the specificity of
each reaction. qRT-PCR of candidate genes was performed by using SYBR Green PCR Master Mix
and 33.3 pg of cDNA. Real-time PCR conditions were as follows: 95°C for 10 min, 40 cycles of
95°C for 15 s and 60°C for 60, 50°C for 30 s and 65°C for 5 s performed on a CFX Connect Real-

Time PCR Detection System (Biorad). Primers were designed by the Primer3 software and are
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listed in Table 5. No template control (NTC) and no reverse transcription control (RT-) were also
performed. After PCR amplifications, the threshold cycle (CT) was calculated using CFX Manager
software (Biorad). The target gene mRNA levels were normalized internally to the level of the
reference gene 16S rRNA. To calculate the fold difference of target gene expression we used the
Pfaffl-Method (normalized to timepoint 0.5 h). Therefore, qRT-PCR analysis was performed for
serially diluted cDNA template of each gene to assess the efficiency of the amplification. gRT-PCR

analysis was performed in technical triplicates for each cDNA sample.

3.9 Denaturing agarose gel electrophoresis

To study the integrity of isolated RNA, a denaturing agarose gel electrophoresis was performed.

3.9.1 Sample preparation

In total, 500 ng of RNA per sample was used and filled up with nuclease-free water to a total
volume of 5 ul. 15 pl of sample buffer and 3 pl of loading buffer were added to the samples and
denatured for 10 min at 65°C. The samples were immediately cooled on ice and the whole

amount loaded on the gel. The gels were run for 1.5 h at 50 V.

3.9.2 Buffers

For the denaturing agarose gel electrophoresis agarose gels were prepared to a final

concentration of 1.2% with 1xMOPS and 0.036 pl/ml formaldehyde (37%).

Table 7. Buffers used for RNA sample preparation

Buffer Components

1 ml formamide
Sample Buffer 350 pl formaldehyde (37%)
200 pl 10xMOPS

for 1 ml:

500 mg glycerol (87%, water-free)
2 ul 0.5 M EDTA; pH 8

Loading Buffer
200 pl 1% bromophenol blue

70 pl 10 pg/ul ethidium bromide

add nuclease-free water to 1g

10x MOPS; pH 7 2 M MOPS; pH 7
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3 M NaAc; pH 7
0.5 mM EDTA; pH 8

3.10 Computational methods

For 3D protein structure prediction, the amino acid sequence of K. oxytoca AHC-6 UvrX was
analyzed via the Phyre2 web-based server [112]. The prediction was based on the best hit from
Phyre2: the structure of UvrA2 from Deinococcus radiodurans (PBD ID: 2VF7). The output file was
improved using the 3D refine server [113]. The quality of the final structure prediction was
controlled using the Procheck web-based server [114]. The predicted protein structure of UvrX
was visualized with PyMOL and then compared to the 3D structure of UvrAl and UvrA2 from

Deinococcus radiodurans and DrrC from Streptomyces peucetius [115].

The NCBI's Conserved Domain Database (CDD) was used to find conserved protein domains of
UvrX. Therefore, we entered the protein sequence of UvrX and searched against the CDD

database using the default settings [116].

The BLAST Web server was used to find similarities between sequences. The Standard Nucleotide
BLAST (blastn) was utilized to compare nucleotide sequences to the standard database of
nucleotide collection. Megablast was selected to optimize the comparison for highly similar
sequences. Protein sequences were compared to the database containing Non-redundant
protein sequences via the algorithm blastp. The algorithm parameters were set to the default
settings [117]. Restriction to a subset of entries (taxonomic groups) were described in the next

section.

DNA and protein alignments were generated via Clustal Omega or EMBOSS Needle (default

settings) of the EMBL-EBI web server and colored via the web program Boxshade [118].
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4 Results

4.1 E. coli AuvrA is hypersensitive to TM

Since K. oxytoca tilimycin had been identified as a DNA-damaging agent with antimicrobial
activities toward other gut residents we aimed to examine the TM-resistance of the Keio E. coli
parental stain and Keio E. coli with mutations in uvrA [119]. We expected that the E. coli AuvrA
mutant should be more sensitive to TM compared to the WT because UvrA is involved in DNA
repair by nucleotide excision repair. To test this hypothesis, we treated Keio E. coli strains with
TM and the viable counts were determined.

To establish the best TM concentration for the cell viability assay we treated Keio E. coli WT
[pBAD33] and AuvrA [pBAD33] for 2h with three concentrations of TM (42.5, 85, and 170 uM
TM). These concentrations are lower, higher or correspond approximately to the in vivo
enterotoxin concentration of patient samples during the acute phase of AAHC. Therefore, we
attempted to imitate the natural environment of the human gut. Ethanol was used as solvent
control. Next, the cells were plated on LB plates and the viable counts were determined the next
day. Afterward, the viable counts were normalized to the solvent control. The cell viability assay
revealed a dose-dependent effect of TM on the viability of E. coli WT and AuvrA (Figure 12). Both
E. coli strains were highly sensitive to 170 puM TM and less than 13% survived compared to the

control culture. Additionally, the viability assay indicated that E. coli AuvrA is more sensitive to
100 -

80 -
70 :
60 -
50 4 mWT

40 W AuvrA
30 -+

[% of control]

20 1

viability after TM treatment

10 +§

42,5 85 170
™ [uM]

Figure 12. TM has a dose dependent effect on the viability of E. coli WT and AuvrA. Viable counts of Keio E.
coli strains after 2h of treatment with 42.5, 85 and 170 uM TM. The viable counts were normalized to the

solvent (EtOH) control.
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TM compared to the WT strain.
For further investigations, we used 85 uM of TM because this concentration corresponds to

approximately the half maximal inhibitory concentration (ICso) of the E. coli WT strain.

Repetitions of the established viability assay revealed that the E. coli uvrA mutant is up to 6-fold
more sensitive to TM compared to the WT strain after we treated the cells 2h with 85 uM TM.
Further, uvrA complementation in trans increased significantly TM-resistance of E. coli AuvrA

(21% viability compared to 5% without complementation) (Figure 13).
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Figure 13. E. coli AuvrA is hypersensitive to TM. Viability of Keio E. coli strains after 2h of
treatment with 85 puM TM. The viable counts were normalized to the solvent (EtOH)
control and the means + SD are shown (n = 5). Significance of results was determined with

one-way ANOVA followed by Bonferroni multiple comparison (*P < 0.05).
4.2  Sequence analysis of the K. oxytoca AHC-6 uvrX gene

Toxin producing K. oxytoca strains share a toxin gene cluster which is part of a larger
pathogenicity island (PAI). This gene cluster contains an operon with the putative immunity gene
uvrX and mfsX [86]. K. oxytoca AHC-6 uvrX gene revealed 50% similarity via Clustal Omega to the
related E. coli K-12 uvrA (NCBI Accession no. M13495.1) [118]. Therefore, we assumed that uvrX
could be involved in repairing DNA that had been damaged by TM or in providing TM-resistance.
Since E. coli AuvrA were highly sensitive to TM we asked whether uvrX could impart TM
resistance to E. coli.

K. oxytoca AHC-6 uvrX (6850 - 9072 nt according to the annotated sequence NCBI accession no.
HG425356.1) was cloned into pBAD33 vector and transformed into E. coli AuvrA. Sequencing of

the constructed complementation vectors pBAD33_uvrX (Alexandra Moik) and three different
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plasmids (with identically cloned mfsX, uvrX sequence) of the Ilater relevant vectors
pBAD33_mfsX_uvrX (Zana Lousin) revealed a guanine (G)-stretch consisting of 8 G's (here called
uvrX8G) at position 2164 nt of uvrX from K. oxytoca AHC-6 compared to previously identified 7

G's (uvrX7G) by whole-genome Illumina sequencing (NCBI accession no. HG425356.1) (Figure 14).
The difference in the sequences emerged during synthesis reaction of whole-genome Illumina

sequencing as sequencing of four constructed complementation vectors revealed an 8 G-stretch.

uvrX gaaggg-ggggattattgtttagcggtacacccgaatcgatgctggecctgtcgecattca 2219
PBAD33_uvrX GAAGGGGGGGGATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA 409
PBAD33_mfsX uvrX 2 GAAGGGGGGGGATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA 406
pBAD33 mfsX uvrX 1 GAAGGGGGGGGATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA 406
pPBAD33 _mfsX uvrX 3 GAAGGGGGGGGATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA 404

kkhkkhhkhkk khkhkhhhkkhkhhhhkhkkhkhkhhhhhkkhkhhkhkkhkkhkhhhhhkkkhkhdhhkkhkhkhhhhkkkhkhk hhkkkhkkkx*x

Figure 14. Sequencing of the vectors pBAD33_uvrX and pBAD33_mfsX_uvrX revealed 8 G's at position 2164 nt
compared to uvrX which is lacking one G. To verify the sequence, the complementation vectors pBAD33_uvrX and

pBAD33_mfsX_uvrX isolated from three different colonies were sequenced and aligned with uvrX (uvrX7G).

The differences of both alleles on the genome level are displayed in (Table 8). This inaccuracy
during sequencing of the annotated uvrX leads to a truncated protein due to a frameshift. To
examine the differences of the protein products encoded by the two uvrX alleles we pairwise
aligned their amino acid sequences via EMBOSS Needle. The alighment revealed an identity
between the two sequences of 96% and a similarity of 96.3% (Figure 15A). These differences
appear after the G-stretch at the C-terminal end of the protein as the additional G of uvrX8G
leads to a frameshift. These frameshift results in a different aa sequence and a 13 aa longer
protein (753 aa in total) compared to the protein encoded by uvrX7G (740 aa in total) (Figure

15B).

Table 8. Gene length, nucleotide position in the annotated sequence of the PAI and protein length of the two uvrX

alleles.
Allele Gene length (nt) Position in the annotated sequence (nt) Protein length
(NCBI accession no. HG425356.1) (amino acids)
uvrX7G 2223 6850 - 9072 740
uvrx8aG 2262 6850 - 9110 (with an additional G at 753
position 9020)
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#

# Aligned_sequences: 2
# 1: uvrX7G

# 2: uvrxsG

# Matrix: EBLOSUM62

# Gap_penalty: 10.0 UVI'X7G GGG GGG GAT
# Extend_penalty: 0.5
#

# Length: 755 uvrX8G GGG GGG GGA
#|Identity: 725/755 (96.0%)
#|Similarity: 727/755 (96.3%)
# Gaps: 17/755 ( 2.3%)
# Score: 3741.5

#

#

B
UvrX7G 701 NMELIAQADWIIDIGPYAGKEGGDYCLAVHPNRCWPVAIH-——————e—ee— 740
O 11 R e e
UvrX7G 741 —=—=== 740
UvrX8G 749 HCRME 753

Figure 15. Pairwise sequence alignment results of UvrX7G and UvrX8G. (A) The alighment

revealed an identity of 96% and a similarity of 96.3%. (B) Alignment of the C-terminal end of

the protein sequences where the differences occur. The aa encoded by the G-stretch is

framed in blue. Further, the uvrX7G and uvrX8G nucleotide sequences of the G-stretch is

displayed.
Examination of the expression of the His-tagged uvrX7G from pBAD33 uvrX_His and
pBAD33 His_uvrX via Western Blot analysis from Sandra strengthen the hypothesis that K.
oxytoca AHC-6 possess the uvrX8G allele. If the uvrX7G is the actual allele than the C-terminal
His-Tag would be in frame and show a visible fragment after induction (Figure 16A). Only the N-
terminally tagged UvrX showed a bright fragment (83 kDa) after 60 and 90 minutes of induction
compared to the C-terminally tagged UvrX due to the additional G in the native sequence of uvrX
(8G's in total) (Figure 16C). This leads to a frameshift and a nonfunctional His-Tag. Further, both
tagged proteins were visible on the Coomassie gel after induction (Figure 16B). This results

supports the conclusion that the cloned allele actually contains 8 G's.
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A

uvrX7G: GGG GGG GAT TAT TGT TTA GCG GTA CAC CCG AAT CGA TGC TGG CCT GTC GCC ATT CAT CAT CAT CAT CAT CAT CAT TAG
uvrX8G: GGG GGG GGATTA TGT TTA GCG GTC ACC CGA ATC GAT GCT GGC CTG TCG CATTCATCATCATCATCATCATCATTAG

B His-uvrX  uvrX-HIS His-uvrX uvrX-HIS
0 60 90 0 60 90 C 060 90 0 60 90
70 kDa_>§ <—  70kDa> * <
= His uvrX - 83 kDa
25 kDa > e 25 kDa > — uvrX His - 83 kDa

Figure 16. The His-Tag of C-terminal tagged UvrX is not expressed functionally. (A) Sequence of C-terminally tagged
uvrX7G and uvrX8G (short version like uvrX7G but with 8G's) allele including the G-stretch (blue), the His-Tag (green)
and the Stop-Codon (red). (B) Coomassie gel of His-tagged UvrX expression in E. coli BL-21 cells. (C) The Western blot
of His-tagged UvrX expressed in E. coli BL-21 is shown. N-terminally tagged UvrX (83 kDa) showed a bright signal
after 60 and 90 minutes after induction. In contrast, C-terminally tagged UvrX shown no signal. [Data provided by

Sandra Raffl]

To identify whether uvrX from K. oxytoca is more likely to contain 7 or 8 G's in this region, the
nucleotide sequence of uvrX7G was blasted on NCBI against sequences of K. oxytoca strains. The
Blast search revealed 20 sequences including the PAI from K. oxytoca AHC-6 (NCBI accession no.
HG425356.1), which was excluded for sequence analysis. A summary of the results is shown in
Table 9. All identified K. oxytoca sequences contain either a 7 G-stretch with an additional
adenine (A) afterward or five G's followed by three A's. Interestingly, the Blast search revealed
the sequence of the Kleboxymycin (alternative name of TM) biosynthetic gene cluster of K.
oxytoca MH43-1, which contains a 5 G-stretch followed by three A's. Further, the alignment of
both uvrX alleles with six different K. oxytoca sequences shows that the allele uvrX7G is 39 nt
shorter compared to the other sequences (includes the missing G) (Figure 17). These results
suggest the 8 G-stretch at the C-terminal end of the uvrX8G allele most likely replaces the G-
stretch with the additional adenines afterward carried by other K. oxytoca genomes. This allele

would be 2262 bp long and encodes 754 amino acids (aa).
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Table 9. The Blast result of uvrX7G. The uvrX7G nucleotide sequence was blasted against sequences of K. oxytoca
strains. The table shows the number of revealed sequences (Hits), the minimal query cover, the minimum

Percentage Identity and the number of different G-stretch versions.

- Minimum Number of Number of
Minimal

Number of hits - Percentage sequences sequences

(%) Identity of all hits | containing 7 G's | containing 5 G's
° (%) and 1 A'S and 3 A's
19
100 93.12 13 6
(HG425356.1 excluded)
NCBI accession nr.
CP056495.1 RHBSTW-00452 ARG AAGGGGGAAAATTAMTGTT TAGCGGTACACCIGAATCGATGCTGGCCTGTCGCCATTCHS

CP056668.1 RHBSTW-00651 2161
MF401554.1 MH43-1 2161
CP056567.1 RHBSTW-00373 2161
LR607350.1 4928STDY7071151 2161

AGTGTTTAGCGGTACACCHGAATCGATGCTGGCCTGTCGCCATTCHy
AA A®TGTTTAGCGGTACACCHGAATCGATGCTGGCCTGTCGCCATTCHN
AAGGGGGGGAATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA)
AAGGGGGGGAATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA|

CP057330.1 RHB30-C02 ANIRGAAGGGGGGGAATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA|
uvrxsG 2161 AAGGGGGGGEATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA
uvrX7G 2161 epnvelelel GGGdATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA
RHBSTW-00452 YYYAWTTAACCGCEGAGTGGTTGCGCAAACATTGCCAGETGGAGTGA
RHBSTW-00651 2221 TAACCGCEGAGTGGTTGCGCAAACATTGCCAGETGGAGTGA
MH43-1 YYYART TAACCGCEGAGTGGTTGCGCAAACATTGCCAGETGGAGTGA

RHBSTW-00373 YYYAWTTAACCGCAGAGTGGTTGCGCAAACATTGCCGGATGGAGTGA
4928STDY7071151 2221 WivVXeleleloNe. ifeleiyfelelele).V-V-Xo  Niileleloleler.\v. (ef-Xeher.

RHB30-C02 YYVARTTAACCGCAGAGTGGTTGCGCAAACATTGCCGGATGGAGTGA]
uvrXx8G YVARTTAACCGCAGAGTGGTTGCGCAAACATTGCCGGATGGAGTGA|
uvrX7G 2220

Figure 17. Alignment of K. oxytoca AHC-6 uvrX alleles and sequences of 6 K. oxytoca strains revealed via Blast
search. The uvrX7G allele from K. oxytoca AHC-6 was blasted on NCBI against sequences of K. oxytoca strains.
Both uvrX alleles and 6 of the revealed sequence were aligned and differences were highlighted in grey. The

missing G of uvrX7G is highlighted in red.

The sequence of the predicted proteins encoded by the two uvrX alleles was blasted against
other K. oxytoca sequences to identify the correct protein sequence. The Blast results revealed
the same 45 K. oxytoca sequences for both alleles that consist of excinuclease ABC subunit UvrA
and ATP-binding cassette domain-containing protein sequences. In addition, the UvrX8G
sequence exhibits higher identity to the revealed K. oxytoca sequences compared to UvrX7G

(Table 10).

Table 10. Blast result of the UvrX7G and UvrX8G protein sequence. The protein sequence of UvrX7G and UvrX8G
was blasted against protein sequences of K. oxytoca strains. The number of revealed sequences (Hits) and the

number of sequences with over 99% identity are shown.

Allele Number of revealed hits Number of hits with over 99% identity
UvrX7G 45 2
UvrX8G 45 27
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The four K. oxytoca protein sequences with the highest identity were aligned to the UvrX7G and
UvrX8G sequences via Clustal Omega. The alignment revealed a higher identity between UvrX8G,
and the selected K. oxytoca protein sequences compared to UvrX7G (Figure 18A). Once again,
the differences between UvrX7G and the other sequences occur after the G-stretch of the
proteins. Comparison of the C-terminal UvrX8G protein sequence with those of the selected K.
oxytoca sequences revealed 100% identity (Figure 18B). The whole alignment is shown in the

appendix section (Figure Al).

/\ 1l: UvrX7G 100.00 97.84 97.84 97.70 97.57 97.70
2: UvrX8G 97.84 100.00 100.00 99.73 99.60 99.73
3: WP_064398705 97.84 100.00§ 100.00 99.73 99.60 99.73
4: WP_200784965.1 97.70 99.73 99.73 100.00 99.60 99.73
5: WP_142477393.1 97.57 99.60 99.60 99.60 100.00 99.87
6: WP_064356495.1 97.70 99.73 99.73 99.73 99.87 100.00
B UvrX7G 721
UvrX8G VRN GGEL.L.FSGTPESMLACRHSLTAEWLRKHCRME
WP_O64398705 VAT GGELLFSGTPESMLACRHSLTAEWLRKHCRME

WP 200784965.1 721 |He[HNRIIEINIAIUINNGIN:SINVATINNG: (@201
WP 142477393.1 721 [NeECARRANIEININIVINNGIN:RINVVHIINNS-(3NI
WP 064356495.1 721 |NeleRnnyS{eigneiuinNe) s ISIRyNAIiN::e: (@i

Figure 18. Alignment results of protein sequences from UvrX7G, UvrX8G and K. oxytoca sequences (NCBI
accession number is shown) via Clustal Omega. (A) Percent Identity Matrix of the aligned sequences created by

Clustal Omega. The relevant identities are boxed in blue. (B) Alignment of the C-terminal protein sequences.

The nucleotide and protein sequence analysis of both uvrX alleles supports the conclusion that K.

oxytoca AHC-6 uvrX contains 8 G's.

In addition, we asked whether uvrX7G or uvrX8G is the biologically relevant sequence. Since
sequence analysis led to the evidence that K. oxytoca AHC-6 possess the allele uvrX8G, we
hypothesize that uvrX7G encodes a truncated and non-functional protein. Therefore, we assume
that uvrX7G expression is incapable of imparting TM resistance in Keio E. coli AuvrA. To challenge
this hypothesize we transformed Keio E. coli AuvrA with the vector pBAD33_uvrX, which contains
the uvrX7G allele. The expression of uvrX7G was induced and the TM-resistance was quantified in
the viability assay. Expression of uvrX7G in Keio E. coli AuvrA (n=1) revealed no increase in
viability compared to Keio E. coli AuvrA [pBAD33] after 2h treatment with 85 uM TM (Figure 19).

These results indicate that uvrX7G encodes a defective protein.
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Figure 19. Complementation of Keio E. coli AuvrA with the allele uvrX7G revealed no increase in viability.
Viability of Keio E. coli strains after 2h of treatment with 85 uM TM. The viable counts were normalized to the

solvent (EtOH) control and the means + SD are shown (AuvrA: n =5, AuvrA + uvrX: n = 1).

In summary, these results indicate that K. oxytoca AHC-6 encodes the uvrX8G allele with the 8 G-
stretch at the C-terminal end of uvrX. The uvrX8G contains 2262 nt, that encodes a 753 aa long
protein. Since our findings support that the allele uvrX8G is the chromosomal uvrX of K. oxytoca
AHC-6 we used the sequence of uvrX8G in the further course of this project. The nucleotide

sequence of uvrX8G is displayed in the appendix section (Figure A2).

4.1 uvrX expression increases significantly TM-resistance of E. coli

WT & AuvrA

As already mentioned, we hypothesized that uvrX could be involved in repairing DNA that had
been damaged by TM or in providing TM-resistance. To examine whether the uvrX8G allele could
impart TM resistance to Keio E. coli AuvrA we cloned this allele into the pBAD33 vector
(pBAD33_uvrX_|) and transformed E. coli AuvrA with the construct. The expression of uvrX was
induced and the TM-resistance was quantified in the viability assay. The expression of uvrX or
uvrA in the hypersensitive E. coli AuvrA strain revealed an increase (13.8-fold and 4-fold
respectively) in viable counts compared to the AuvrA mutant carrying the empty vector (Figure
20A). Moreover, uvrX expression conferred a 3.4-fold higher resistance to E. coli AuvrA compared
to uvrA expression. Moreover, uvrX expression in E. coli WT supported a 3.6-fold higher viability

after TM-treatment (Figure 20B). For all strains at least three biological replicates were
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performed (n 2 3). These results identified that K. oxytoca AHC-6 uvrX8G encodes a functional

protein that could perform as TM resistance gene.
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Figure 20. uvrX expression increases significantly TM resistance of E. coli WT & AuvrA. Viability counts of
Keio E. coli strains after 2h of treatment with 85 pM TM. The viability counts were normalized to the solvent
control (EtOH) and the means + SD are shown (n = see graph). (A) Statistical significance was determined with
Kruskal-Wallis followed by Dunn's multiple comparison (*P < 0.05). (B) Statistical significance was determined

with Mann-Whitney (*P < 0.05).

4.2 K. oxytoca AHC-6 UvrX belongs to the class of UvrA2 proteins

The viability assay results (section 4.1) indicated that UvrX is involved in providing TM-resistance.
We hypothesized that this activity results from a direct role in DNA repair. To investigate the
biochemical activity of UvrX we predicted its protein structure and analyzed the protein

sequence, structure and function.

4.2.1 Homology modelling - UvrX is a member of the ATP-binding cassette
protein family (ABC)

To gain insights into the molecular function of K. oxytoca AHC-6 UvrX (UvrX8G), a protein
structure prediction was performed using the Phyre2 web portal. The protein prediction was
accomplished based on the 3D structure of UvrA2 from Deinococcus radiodurans (drUvrA2),
which revealed the highest confidence, which represents the probability that the match between
the used sequence and the template is a true homology, and percentage identity (Confidence:
100; %id: 40; PDB ID: 2VF7) (Figure 21A). The structures of UvrX and the template drUvrA2 were

compared and aligned using PyMOL. In general, UvrX and drUvrA2 showed a high similarity of
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40%. Comparison of the two structures identified different domains: two nucleotide binding
domains (NBD) including an NBD ATP-binding domain (red and blue) and an NBD signature

domain (pink and turquoise), and an insertion domain (green) presented by the example of

drUvrA2 (Figure 21B and C).

Figure 21. 3D model of K. oxytoca UvrX and D. radiodurans UvrA2. (A) Predicted protein structure of UvrX (B) Structure of
monomeric drUvrA2. The domains are colored as followed: NBD-I signature domain (pink), NBD-I ATP-binding domain
(red), NBD-II signature domain (turquoise), NBD-Il ATP binding domain (blue) and an insertion domain (green). Zink ions

and ADP molecules are illustrated as spheres. (C) Alignment of K. oxytoca UvrX (blue) and drUvrA2 (green).
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Further, we used the NCBI Conserved Domain Database (CDD) to identify conserved domains.
The analysis determined a homology to the UvrA superfamily and a ABC transporter signature
motif including the conserved ABC motifs: Walker A, Walker B, Q-loop, the ABC-signature motif
as well as the D-loop and the H-loop [120-122]. To verify the outcome of the motif prediction we
located the motifs within the UvrX protein sequence. The protein sequence of UvrX is depicted in
Appendix Figure A3 and conserved ABC motifs are underlined: Walker A (red), Walker B (green),
ABC-signature motif (orange), Q-loop (blue) and H-motif (purple). Zinc-coordinating residues are
indicated with stars. In summary, motif prediction and localization identified UvrX as member of

the ATP-binding cassette protein family.

4.2.1 Functional characterization of UvrX - UvrX lacks the UvrB-binding
domain

Since motif prediction identified K. oxytoca UvrX as a member of the ABC transporter we aimed
to further investigate the function of UvrX. UvrA proteins are members of the ABC protein family
which are involved in transport, translation of RNA or DNA repair. Literature revealed that
drUvrA2 belongs to the class Il of UvrA proteins which lacks a 150-residue domain that that is
required for the interaction of UvrA with UvrB during nucleotide excision repair [123]. Due to the
structural similarity between K. oxytoca AHC-6 UvrX and drUvrA2 we asked whether UvrX lacks
the UvrB recognition/interaction domain. We compared the structures of UvrX with the well
characterized UvrAl protein of Bacillus stearothermophilus (bstUvrAl) using PyMOL. The UvrB
binding domain was visible in the 3D structure of bstUvrAl (PDB ID: 2R6F) and absent in the
predicted K. oxytoca AHC-6 UvrX structure (Figure 22). In addition, we compared the protein
sequences of UvrX, D. radiodurans drUvrAl and drUvrA2, as well as B. stearothermophilus
bstUvrAl. T-coffee web server was used to create a multiple sequence alignment [124,125]
(Appendix Figure A3). Similar to drUvrA2, K. oxytoca AHC-6 UvrX lacks a 150-residue domain
which corresponds to the UvrB binding domain. In summary, the findings of the structure and

sequence comparison revealed that UvrX belongs to the class Il of UvrA proteins.
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Figure 22. 3D model of K. oxytoca UvrX and Bacillus stearothermophilus bstUvrAl. K. oxytoca UvrX is
depicted in dark blue and bstUvrA1l in light blue. The UvrB binding domain is visible in the protein structure

of bstUvrA1l (red box) and absent in the predicted structure of UvrX.

4.3  mfsXand uvrX are TM immunity genes in K. oxytoca AHC-6

Gene homology comparison identified K. oxytoca AHC-6 uvrX and mfsX as putative immunity
genes which provide resistance against the self-produced tilimycin. Further, previous results of
this study revealed that uvrX mediates TM-resistance in E. coli WT and in E. coli AuvrA. To test
whether uvrX and mfsX are required for TM immunity in K. oxytoca AHC-6 we took a genetic

approach.

4.3.1 Knockout of mfsX and uvrX

The genes mfsX and uvrX were inactivated in the toxin producing K. oxytoca AHC-6 aphA (WT)
and the non-producing K. oxytoca AHC-6 Mut89 (AnpsB) via the lambda red recombination
system. Both genes are part of one operon within the biosynthetic gene cluster.

The attempt to knock-out the whole operon in K. oxytoca AHC-6 failed. Because mfsX and uvrX
are large genes we assumed that the homologous regions are too far away for the lambda red
recombination system. Therefore, the recombination cassette was designed to partially delete
mfsX (nt 77-1233) and the first 50 bp of uvrX including its ribosomal binding site and the start
codon. This leads to a polar mutation of uvrX and the inhibition of uvrX expression. The location
of mfsX and uvrX in the K. oxytoca AHC-6 gene cluster and the design of the recombination

cassette is sown in Figure 23 and described in section 3.5.2.
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Figure 23. Fragment of the K. oxytoca AHC-6 pathogenicity island and the recombination cassette.
Top: Part of the K. oxytoca AHC-6 gene cluster with mfsX and uvrX. Bottom: Map of the recombination cassette
with upstream homologous fragment (UHF), tetracycline resistance marker (tetR and tetA), tO terminator
fragment (t0 terminator) and the downstream homologous fragment (DHF). The recombination sites are

indicated with black lines and important features were shown.

For homologous recombination, competent K. oxytoca AHC-6 aphA and K. oxytoca AHC-6 Mut89
carrying pKOBEG were transformed with the linear recombination cassette and selected on tet
plates. To avoid TM-production, we used M63 plates in addition to CASO for the selection of
recombinants. The M63 media contained all amino acids, except proline and tryptophan. Since L-
proline is the substrate of NpsB to produce N-acylproline, which then spontaneously forms TM
(ring closure), the absence of proline inhibits TM-production by the WT strain. The correct

integration of the recombination cassette was validated using PCR, colony PCR and sequencing.

Homologous recombination in the Mut89 strain resulted in 33 recombinants in total (Table 11)
after they were streaked on CASO plates with Tet. All tested (PCR with isolated gDNA as
template) recombinants integrated the recombination cassette correctly (Appendix Figure A4).
Two K. oxytoca AHC-6 Mut89 AmfsX, uvrX recombinants were sequenced and validated (from nt
1 of UHF to the beginning of tetR and from nt 760 of tetA to the end of DHF). The validated K.

oxytoca AHC-6 Mut89 AmfsX, uvrX K1 was used for the following cell viability assays.

Homologous recombination in the WT strain resulted in 12 recombinants in total using both

selection strategies. 12 recombinants were tested via colony PCR to verify the correct integration
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of the recombination cassette (Figure A5). Further, the gDNA of three positive recombinants was
isolated and the integration of the recombination cassette and the absence of the deleted mfsX
was tested via PCR (Figure A6). Out of 12 recombinants, two recombinants integrated the
recombination cassette correctly. Specific recombinants, which were verified by PCR carry the
disrupted mfsX, uvrX operon were obtained with both selection strategies. The K. oxytoca WT
AmfsX, uvrX was verified via sequencing (same regions as Mut89 strain). This recombinant was
obtained using 600 ng of the recombination cassette and CASO plates (Table 11). Since K.
oxytoca AHC-6 aphA AmfsX, uvrX were able to grow on CASO plates, the disruption of mfsX and
uvrX showed no lethal effects on the cells. This indicates that both genes are not essential to K.

oxytoca AHC-6 aphA under these conditions.

Table 11. Summary of recombination results

Number of
Strain | Recomb. Positive Positive
Colonies after | recombinants Sequenced
& cassette | Colonies recombinants sequenced
streak-out analyzed at recombinants
media (ng) (colony PCR) recombinants
insertion site
100 24 6/10* 2 2 2 2
Mut89
300 16 16 1 1 - -
CASO
600 11 11 0 - - -
100 0 - - - - -
WT
300 3 3 3 0 - -
CASO
600 4 4 4 2 1 1
100 1 1 1 0 - -
WT
300 1 1 1 0 - -
M63
600 3 3 3 1 - -

* 6 of the 10 streaked colonies grew

4.3.2 K. oxytoca AmfsX, uvrX is hypersensitive to TM compared to the

AnpsB parent strain

In order to investigate whether mfsX and uvrX are TM-resistance genes the specific operon
deficient mutant created above, K. oxytoca AHC-6 Mut89 AmfsX, uvrX was tested for its
resistance against TM. Although mfsX and uvrX genes didn't look as if they were essential to K.
oxytoca AHC-6 aphA, we suspected K. oxytoca AHC-6 Mut89 AmfsX, uvrX to be more sensitive to

TM added externally to the culture media compared to K. oxytoca AHC-6 Mut89.
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Cells were treated with 85 uM TM for 16h and survival was measured using the previously
described viability assay. Ethanol was used as solvent control. Because of the minor difference in
survival (10%) between K. oxytoca AHC-6 Mut89 AmfsX, uvrX and the Mut89 parent strain after
85uM TM treatment for 2h we increased the time of treatment to 16h (Figure A7). The K.
oxytoca AHC-6 Mut89 parental strain and the AmfsX, uvrX knockout strain carried the empty
pBAD33 as control. To complete the viability assay we complemented the AmfsX, uvrX knockout
strain with both genes in trans. ODsgo values were measured after 16h of TM-treatment to
monitor the effect of TM on the growth of the cells. Cells treated with TM revealed grew
comparably to the EtOH treated cells, indicating TM has no effect on proliferation under these
conditions (Figure 24A). However, when these cultures were plated on medium in the absence of
TM, K. oxytoca AmfsX, uvrX showed very low viability compared to the Mut89 parent strain (9.8%
and 122.5% survival, respectively). Simultaneous trans-expression of the mfsX, uvrX operon
increased the survival up to 7-fold of K. oxytoca Mut89 AmfsX, uvrX (69% survival). In Figure 24B
the viability of strains after TM treatment expressed as percentage of solvent control is shown

(n=5). These results support the conclusion that mfsX, uvrX or both genes mediate resistance to

TM.
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Figure 24. K. oxytoca AmfsX, uvrX is hypersensitive to TM compared to the Mut89 parent strain. (A) TM
treatment has no inhibitory effect on growth of K. oxytoca AHC-6 strains. ODego values of each culture were
measured after treatment. Means * SD are shown (n = 5). (B) Viability of K. oxytoca strains after 16h of treatment
with 85 uM TM. The colony forming units were normalized to the solvent control (EtOH) and the means + SD are
shown (n = 5). Significance of results was determined with one-way ANOVA followed by Tukey’s multiple

comparison (*P < 0.05). +*: trans expression of the mfsX, uvrX operon
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43.3 uvrX confers higher TM-resistance in K. oxytoca AmfsX, uvrX
compared to mfsX-complementation

The next step was to evaluate the importance of the individual mfsX and uvrX genes in TM-
resistance in K. oxytoca AHC-6. Therefore, we constructed inducible mfsX and uvrX
complementation vectors using the vector pBAD33. K. oxytoca AHC-6 Mut89 AmfsX, uvrX were
transformed with the complementation vectors [pBAD33 mfsX, pBAD33 uvrX_|,
pBAD33_mfsX_uvrX_I] to determine if expression of the mfsX or uvrX genes confers resistance to
TM. We treated the cells of the different K. oxytoca complementation strains with 85 uM TM for
16h and analyzed the effect of TM on viability and proliferation. ODsoo measurement revealed
that TM and ethanol treated strains exhibited similar bacterial growth which indicates no growth
inhibitory effect of TM (Figure 25A). We observed a significant increase in survival of K. oxytoca
strains carrying a plasmid with uvrX or mfsX genes compared to K. oxytoca AHC-6 Mut89 AmfsX,
uvrX (10-fold and 4.6-fold, respectively). Further, the 2.2-fold better survival conferred by uvrX
compared to mfsX in trans was statistically significant. Simultaneous expression of the mfsX, uvrX

operon increased the survival up to 7-fold of K. oxytoca AHC-6 Mut89 AmfsX, uvrX (Figure 25B).
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Figure 25. uvrX confers higher TM-resistance in K. oxytoca AmfsX, uvrX compared to mfsX-complementation. (A) TM
treatment has no inhibitory effect on growth of K. oxytoca AHC-6 strains. ODggo values of each culture were measured
after treatment. Means + SD are shown (n = 5) (B) Viability of K. oxytoca strains after 16h of treatment with 85 uM TM.
The colony forming units were normalized to the solvent control (EtOH) and the means + SD are shown (n = 5).

Significance of results was determined with one-way ANOVA followed by Tukey‘s multiple comparison (*P < 0.05).
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In summary, the present study has shown that mfsX and uvrX mediate resistance against TM and
are therefore identified as TM immunity genes in K. oxytoca AHC-6. Further, uvrX expression

confers higher TM-resistance in K. oxytoca AmfsX, uvrX compared to mfsX.

4.4  Establishing a gRT-PCR method to monitor in vitro gene

expression in K. oxytoca AHC-6

In general, expression of immunity genes in antibiotic producing bacteria is tightly linked to
antibiotic biosynthesis gene expression. Typically expression of immunity occurs either in
advance of or simultaneously with antibiotic biosynthesis [126]. Therefore, we predicted that the
tilimycin immunity gene expression is coordinately regulated with synthetase gene expression. In
order to analyze the correlation between these gene sets, a Reverse Transcription Quantitative
real-time Polymerase Chain Reaction (qRT-PCR method) had to be developed. The reliability of
RT-qPCR assays can be affected by several variables including the initial amount of the sample,
integrity and quantity of extracted RNA, primer design, reaction efficiency and the selection of

reference genes [127]. The aim of this study was to establish a reliable gRT-PCR method.

Dornisch et al showed that K. oxytoca AHC-6 TM production increased after around 4 h with a
maximum of TM production at 16 h in conditioned media [119]. To establish the qRT-PCR
method we focused on the first 6 h of culture under the same conditions and analyzed the
expression of the representative synthetase gene npsA, the immunity genes mfsX and uvrX as

well as the putative transcriptional activator marR.

44.1 Validation of RNA integrity

First, we inoculated CASO broth media with a K. oxytoca AHC-6 overnight culture (M63 media) to
turn off toxin production (lack of L-proline, the substrate of NpsB, prevents synthesis of TM).
Cells were harvested at different culture time points (before inoculation, immediately after, after
0.5 h, 1 h and then every 1 h up to 6 h) to isolate total RNA. During the course of experiment, cell
growth was observed by measuring ODeoo at each time point (Figure 26). The nucleotide
concentrations and the ratios of the isolated RNA were measured via Nanodrop and were shown

in Table 12.
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Table 12. Concentration [ng/ul] and measured RNA purity of RNA isolated from K. oxytoca AHC-6. Cells were

shifted from M63 to CASO media and RNA was isolated from the cells at times indicated.

Time [h] RNA concentration (ng/ul) 260/280 RNA 260/230 RNA
Before inoculation (v.l.) 935.5 2.18 2.18
0 184.2 2.15 1.15
% 414.9 2.15 2.13
1 12445 2.21 1.8
2 2217 2.15 2.39
3 1244.9 2.16 2.21
4 858.4 2.18 2.09
5 797.1 2.14 2.17
6 874.7 2.15 2.01

To assess the RNA integrity after RNA isolation, the RNA samples were loaded on a denaturing
agarose gel (Figure 27). RNA isolated from K. oxytoca AHC-6 ONC showed significant RNA
degradation. In contrast, RNA isolated from the other time points revealed clear sharply
migrating fragments on the gel. Therefore, we excluded the ONC sample in further experiments.
Interestingly, total RNA isolated from K. oxytoca AHC-6 was separated in four species of

molecules during denaturing agarose gel electrophoresis.
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Figure 26. Growth curve of K. oxytoca AHC-6 cells during RNA isolation experiment. ODgy Was

measured at each time point to monitor the growth of the cell culture.
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Figure 27. Only RNA isolated from K. oxytoca AHC-6 ONC showed degradation. RNA was isolated from a K.
oxytoca AHC-6 culture at different time points and 500 ng RNA per sample was loaded on a denaturing agarose
gel. RNA sample isolated from the ONC (v.l.) showed significant RNA degradation compared to the other

samples.

Afterwards the RNA was treated with DNase to digest remaining DNA. To assess the effect of
DNase digestion on the RNA quality we performed a denaturing agarose gel electrophoresis
using DNase digested and undigested RNA harvested at time point 2 h. No effect of DNase
treatment on the quality of RNA could be observed (Figure 28). Further, DNase treatment
revealed no significant decrease of RNA concentration measured via Nanodrop: 2.2 ug of total

RNA before DNase digestion compared to around 2 ug of total RNA afterwards.

Figure 28. DNase treatment has no effect on RNA quality. K. oxytoca RNA isolated at time point 2 h

was digested with DNase (+) and loaded on a denaturing agarose gel together with undigested RNA (-).

4.4.2 Examination of first strand cDNA synthesis

The same amount of digested RNA from each sample was used for reverse transcription. To

exclude genomic DNA contamination and reagent contamination a reverse transcriptase minus
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negative (RT-) control and a no template negative control (NTC) was used. To check the reverse
transcription reaction ,we performed a control PCR using primers binding within the rpoB gene.

The PCR products were loaded on an agarose gel. As expected, all samples revealed a 1120 bp
fragment. The absent fragment of the RT- and NTC, as well as the negative control for the control
PCR confirmed no contaminations (Figure 29). Further, the signal intensity of the 0.5 h - 3 h

samples is higher compared to other timepoints.

0 72 1 =28ded 5 6 RN

1500 bp

1000 bp
750 bp

Figure 29. Reverse transcription control PCR. A reverse transcription was performed with the same amount of
DNase digested RNA from each sample. Reverse transcriptase minus negative (RT-) control and no template
negative control (NTC) were used to evaluate contaminations. To assess the reverse transcription reaction a
control PCR was performed with primers targeting the rpoB gene and the PCR products were separated using
agarose gel electrophoresis. For the PCR negative control (-) we used water instead of template to assess

contaminations of the control PCR.

4.4.3 Validation of primer efficiencies for gene expression studies

For reliable and reproducible results, gRT-PCR analysis requires optimization and validation.
Quantitative cycles (Cq) values are only representative of the template amount when the
reaction efficiency is near 100% [127]. Since gPCR is dependent on reaction efficiency, we
performed amplification efficiency experiments to validate primers, the reaction efficiencies and
annealing temperatures. The validated reaction efficiencies and the sample dilutions of each
gene were shown in Table 13. The reaction efficiencies for all target genes ranged between the
desired 90% and 110%, except pehX (tested three different primer pairs targeting pheX). This
gene was therefore excluded in further experiments. In addition, the amplification specificity was
confirmed by revealing a single PCR product of expected size on agarose gel electrophoresis and
melting curve analysis revealed only single peaks (Figure 30 and Figure 31). The RT- control and

NTC of 16S revealed Cq values during the amplification efficiency experiments. These qRT-PCR
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amplicons showed a fragment on agarose gel electrophoresis, which indicates possible dimer
forming in the gRT-PCR. However, this should not disturb the qRT-PCR results due to the desired
reaction efficiency and the large difference of the Cq values between the controls and the

samples (difference of minimum 12 cycles).

Table 13. Selected candidate gene and reference genes and their amplicon size, respective PCR amplification
efficiencies and RNA dilutions assessed in K. oxytoca AHC-6 cells at different time points. Candidate reference

genes were underlined.

Target genes Amplicon size Reaction efficiency [%] Validated RNA dilution
npsA 197 bp 107.9 1:20
uvrX 174 bp 103.6 1:20
mfsX 183 bp 106.4 1:20
marR 243 bp 99.6 1:20

16S rRNA (165) 132 bp 108.3 1:20,000
proC 228 bp 106.6 1:20
gapA 177 bp 109.0 1:20
mdh 151 bp 108.9 1:20
pehX 183 bp not calculated?
rpoB 150 bp 105.0 1:20

rho 165 bp 103.3 1:20

'not possible due to very low and different Cq values
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Figure 30. Agarose gel electrophoresis of qRT-PCR amplicons. The gRT-PCR amplicons from primer efficiency

experiment were loaded on an agarose gel to assess the primer specificity, purity and identity.
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Figure 31. Melting curve analysis of all genes except pehX showed only single peaks and specific amplification.
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4.4.4 Expression stability of candidate reference genes

In order to achieve reproducible data that truly reflects the experimental expression conditions
being evaluated it is common to normalize the expression level of a target gene to the expression
level of an endogenous stably expressed gene, also called the reference gene. Since accurate
normalization is important and relies on the stable expression of the reference gene, choosing an
appropriate reference gene is a crucial step for the establishment of gene expression analysis

[128].

In this study, the expression profile of six candidate reference genes (gapA, 16S, mdh, rpoB, proC
and rho) was examined in K. oxytoca AHC-6 cells to identify the most suitable reference gene for
our gRT-PCR approach. The genes were identified as housekeeping genes according to previous
literature and therefore selected as candidates [128,129]. Expression of the candidate reference
genes was observed at the time points 0 h, 0.5 h, 1 h and 2 h. Since the Cqg values of time point 0
h were identified as outliers over all genes we excluded this time point (Appendix Table Al). The
transcript levels of the candidate genes are given as Mean Cq (mean of 0.5 h, 1 h, 2 h £ SD)
values in Table 14. Overall, the selected reference genes revealed cycle variation across all
samples. 16S followed by mdh and proC displayed the lowest cycle variation (0.17, 0.30 and 0.34,
respectively). rho and gapA showed the largest variation in cycle number (2.01 and 1.24).

Table 14. Selected candidate reference genes, their corresponding product name, amplicon size in base pairs (bp),
their reaction efficiency and the mean Cq values of all time points (+ SD) assessed in K. oxytoca. The different

transcript levels of the candidate reference genes at the time points 0.5, 1 and 2 h in K. oxytoca AHC-6 were

measured via qRT-PCR. The differences in expression levels are given as Mean + SD.

Genes Product Name Amplicon size E(%) | Mean CqgzSD
gapA | Glyceraldehyde-3-phosphate dehydrogenase 177 bp 109.0 17.75+1.24
16S | 16S ribosomal RNA 132 bp 108.3 17.99£0.17
mdh | Malate dehydrogenase 151 bp 108.9 24.49 £ 0.30
rpoB | RNA polymerase subunit 150 bp 105.0 19.20 £ 0.97
proC | Pyrroline-5-carboxylate reductase 228 bp 106.6 23.93+0.34
rho | Transcription termination factor rho 165 bp 103.3 21.75+2.01

E: Reaction efficiency (%); SD: Standard deviation

The two most promising reference genes, 16S and mdh, were selected for further validation. We

extended the period for analysis of transcript levels of these candidates up to 3 h. The Cq values
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of 16S presented lower variation in Cq values compared to mdh (0.5 cycles and 1.16 cycles,

respectively)(Table 15).

Table 15. 16S revealed the lowest cycle variation. Candidate reference genes 16S and mdh, their mean Cq values
each time point, the cycle variation showed as the maximum difference between Cq values (range) and the mean
and SD of Cq values of all time points assessed in K. oxytoca. The different transcript levels of the candidate
reference genes at the time points 0.5, 1, 2 and 3 h in K. oxytoca AHC-6 culture were measured via qRT-PCR. The

differences in expression levels are given as Mean * SD and as Cq range.

Genes Time point [h] Mean Cq per Time point Range Cq Mean £ SD
0.5 18.39
1 18.35

165 > 574 0.5 18.85+0.22
3 18.85
0.5 25.4
1 25.19

mdh : YT 1.16 24.92 +0.43
3 24.24

Reference genes should be expressed at relatively constant levels unaffected by differences in
samples and treatments (A Cq < 0.5). For this reason, mdh was considered unsuitable for a

reference gene and was excluded on further analysis.

Because in literature they propose to use at least two reference genes as internal standards we
decided to subjected the candidate proC together with 16S to a second optimization experiment
testing the effect of extended growth on expression [127,130]. The expression stability of the
two candidate reference genes was monitored over time from 0.5 h to 6 h (Table 16). Both genes
16S and proC were expressed relatively stably during growth (Table 16 and Figure 32). proC
revealed a variation in Cq values of 0.69 cycles and was ranked as most stably expressed gene
closely followed by 16S with a variation in Cq values of 0.71. The expression date showed that
the use of 16S and proC as reference genes is sufficient for reliable data normalization in this

expression analysis in K. oxytoca AHC-6.
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Table 16. 16S and proC were expressed relatively stable. Candidate reference genes 16S and proC, their mean Cq
values of the technical replicates, the cycle variation showed as maximum difference between Cq values (Range) and
the mean and SD of Cq values of all time points assessed in K. oxytoca AHC-6. The different transcript levels of the
candidate reference genes at different time points (0.5, 1 to 6 h) in K. oxytoca AHC-6 culture were measured via gRT-

PCR. The differences in expression levels are given as Mean + SD and as Cq Range.

Genes Time point [h] Mean Cq per time point Range Cq Mean £ SD
0.5 17.17
1 16.85
2 17.30
165 3 17.29 0.71 17.24 + 0.20
4 17.20
5 17.32
6 17.56
0.5 24.48
1 24.24
2 24.30
3 24.08 0.69 24.32+0.21
proC 4 24.12
5 24.27
6 24.77
16S proC
18.0 25.07
17.5 24.54
T - - —
8 170 T S 24.07 N
16.5 23.54
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Figure 32. In vitro expression levels of reference genes 16S and proC during growth of in K. oxytoca AHC.6.
Gene expression levels shown as average Cq values of 16S and proC. Each bar represents the mean of three

technical samples of one culture. Error bars indicate standard deviations.
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In contrast to the first expression experiment, proC showed no stable expression during the
following gene expression analysis of the genes npsA, uvrX, mfsX and marR. These experiments
revealed a mean variation of 1.17 between the cycles of the reference gene proC (n = 3, except
time point 0.5: n = 6) (Table 17). In addition, proC transcript levels of the determined control
time point 0.5 h differed the most from the other transcript levels. The determined relative
guantity represents the fold change between the different time points relative to the selected
normalization factor time point 0.5 h. For this reason, the expression variance of the
normalization factor time point 0.5 h leads to an alteration of the whole data analysis and gRT-

PCR data do not represent the true expression differences between samples.

Table 17. proC transcript levels showed high variations. The mean Cq value per time point, the range and the total
mean (x SD) of Cq values from the reference gene proC assessed in K. oxytoca AHC-6. The different transcript levels
of the candidate reference genes at different time points (0.5, 1 to 6 h) in K. oxytoca AHC-6 culture were measured

via gRT-PCR (n = 3, except 0.5 h: n = 6). The differences in expression levels are given as Mean * SD and as Cq range.

Genes Time point [h] Mean Cq per time point Range Cq Mean + SD
0.5 24.95
1 24.49
2 23.88

proC 3 23.78 1.17 24.25 +0.37
4 24.07
5 24.20
6 24.39

One goal of this study was to examine the gene expression of the toxin gene npsA, the immunity
genes mfsX and uvrX, as well as marR. Therefore, a qRT-PCR experiment was established
including the analysis of the effect of RNA extraction procedure and DNase treatment on RNA
integrity, primer validation and the reference gene validation. In summary, we developed a
method to acquire appropriate RNA yield and quality, validated the required primer and
reference genes. In this project, the expression stability of six candidate reference genes was
validated. 16S was the most stable expressed reference gene. Consequently, 16S was identified

as the most suitable reference gene for the following gene expression experiments.

59




4.4.5 npsA, uvrX, mfsX and marR expression increase with time

In order to investigate the correlation between TM immunity gene expression and TM gene
expression we analyzed the transcript levels of gene npsA, the immunity genes mfsX and uvrX
along with the putative transcriptional activator marR. Cell growth was monitored by measuring
ODeoo at each time point shown in Figure 33. qRT-PCR results revealed that the upregulation of
expression of all genes starts after 4 h and increases with time (Figure 34A). The genes npsA,
mfsX, uvrX and marR showed a 143-fold, 49-fold, 46- fold and 11.7-fold upregulation,
respectively, compared to the 0.5 h time point (Appendix Table A2). Further, a significant
increase of upregulation in npsA, mfsX and uvrX expression could be observed after 5 h and for

all genes after 6 h, when compared with time point 0.5 h (Figure 34B).

w
(O3}
— —
P

ODGOO

Time [h]

Figure 33. Continuous culture growth of K. oxytoca AHC-6 during the qRT-PCR experiment. ODgoo Was measured
at each time point to monitor the growth of the cell culture. Bars represent the mean + SD from three biological

replicates.
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Figure 34. In vitro npsA, uvrX, mfsX and marR expression increase with time. Relative expression of TM immunity
genes and toxin gene as well as marR during the continuous growth of K. oxytoca AHC-6 was measured via qRT-
PCR. The relative expression levels of target genes relative to the control 0.5 h samples at corresponding time
points were calculated using the Pfaffl-Method and normalized to the expression of the reference gene 16S. Bars
represent the mean * SD (n = 3). (B) Significance of results was determined with Kruskal-Wallis followed by Dunn's

multiple comparison (*P < 0.05)

Taken together, we have established a qRT-PCR analysis to examine gene expression in
K.oxytoca. Further, this analysis was the first step towards enhancing the knowledge about the

regulation of the K. oxytoca TM immunity genes.
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5 Discussion

5.1 E. coli AuvrA is hypersensitive to TM

The first part of this study investigated the antimicrobial activities of K. oxytoca tilimycin against
E. coli AuvrA. It was shown by Unterhauser et al. that tilimycin is a DNA-damaging agent causing
strand breakage in mammalian cells and possessing antimicrobial activities against anaerobic
bacteria of the human gut. We hypothesized that the E. coli AuvrA mutant strain should be more
susceptible to TM compared to E. coli WT because of the absence of UvrA, which initiates a key

DNA damage repair mechanism.

The susceptibility of E. coli WT and E. coli AuvrA to TM was compared using a cell viability assay.
The strains were treated either with 85 uM tilimycin or 0.58% Ethanol as a control for 2 h in
broth media with arabinose. To guarantee the same conditions for all strains the same amounts
of cells were used for TM treatment (ODeoo 0.1). Further, strains were carrying either a
complementation vector or the empty vector pBAD33. The percentage of cell viability was
calculated relative to the control by determining the CFU/ml of the plated dilutions on agar
plates. As expected, E. coli AuvrA was hypersensitive to TM compared to E. coli WT and showed a
6-fold decrease in cell viability. Further, expression of uvrA in trans was able to partially restore
the TM resistance of E. coli AuvrA (Figure 6). This might be due to a different promotor of the

vector compared to the native and different mechanisms of induction of gene expression.

In general, these results agree with previous research about TM. It was shown that TM has
genotoxic effects on host cells in vitro and in vivo including DNA single-strand and double-strand
breaks. Further it was shown in mutant haploid human cells that survival following TM exposure
requires activation of the DNA damage repair mechanism TCR, a subpathway of NER [95]. TCR
targets DNA alterations that inhibit the translocation of the RNA polymerase (RNAP) through
expressed genes and is well characterized in bacteria. TCR is activated upon transcription
blockage as soon as the RNAP recognizes a lesion during gene transcription. After the
transcription repair coupling factor (TCRF or Mfd) binds to the arrested RNAP, which releases
RNA, it recruits UvrA leading to the initiation of the GGR. Initiation of repair is evidently
dependent on UvrA and UvrB after the release of the RNAP [104,131].
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Therefore, the results presented here support the conclusion that TM has antimicrobial and
DNA-damaging effects on bacteria of the human gut like E. coli. However, since cell viability
includes bacterial growth and survival, the method used in this study cannot distinguish between
bactericidal and bacteriostatic effects of TM. One possible way to investigate the effects of TM

on growth and survival would be to pursue growth during the established cell viability assay.

5.2 Expression of uvrXin E. coli increases TM resistance

Previous gene homology comparison revealed identities between 40 and 52% between K.
oxytoca uvrX and the related genes S. peucetius drrC and E. coli K12 uvrA. Here we aimed to
characterize the function of the K. oxytoca AHC-6 uvrX gene using the TM hypersensitive E. coli
AuvrA strain. For this purpose, we constructed a uvrX complementation vector and analyzed the

effect of heterologous uvrX expression in E. coli AuvrA on TM resistance.

The results revealed that uvrX expression in the E. coli AuvrA mutant and WT increased
significantly the TM resistance (Figure 7). This suggests that K. oxytoca AHC-6 uvrX is a TM
immunity gene. Since UvrX was able to protect E. coli AuvrA mutant from the lethality of TM, it is
likely that UvrX facilitates the repair of DNA damage caused by TM. In addition, we proposed that
UvrX repairs TM caused DNA damage specifically because UvrX confers even higher TM
resistance to E. coli compared to uvrA itself. The UvrX mediated increase of TM resistance in the
WT strain supports this hypothesis. Because of the similarity between uvrX and drrC genes we

speculate that UvrX inhibits the binding of TM to genomic DNA.

Thus far the mechanism of UvrX-conferred TM resistance remains unclear. However, K. oxytoca

AHC-6 uvrX clearly has a TM protective effect on E. coli.

5.3 K. oxytoca AHC-6 UvrX is involved in nucleotide excision repair
independent of UvrB

The viability assay results using E. coli AuvrA indicate that UvrX confers TM resistance by
facilitating the repair of DNA damage. Since UvrX shows homology to the related protein DrrC
and UvrA we asked whether UvrX accomplishes TM resistance by acting like S. peucetius DrrC or
E. coli UvrA. With protein fold prediction of UvrX via PHYRE2, we could confirm that UvrX has
conserved structures common in UVR proteins within the ABC protein family. A more detailed

analysis of the sequence and protein structure identified the UvrA homolog UvrX as Class Il type
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of UvrA proteins, which lacks the UvrB binding domain. Taking these findings together, we
hypothesized that UvrX might be involved in NER independently of UvrB and thus possibly

recognizing TM-bound DNA complexes in a similar way as DrrC.

5.3.1 UvrX is a member of the ATP-binding cassette protein family

In-silico analysis of the UvrX protein structure showed the presence of two NBDs each comprising
ATP-binding and ABC-signature subdomains (Figure 21). These structures are conserved in
proteins that belong to the ABC protein family involved in transport, translation elongation, and
DNA repair [122]. Overlap of the predicted protein structure of UvrX and dnUvrA2 revealed high
similarity, which permits the use of dnUvrA2 as a template for homology modeling. Validation of
the 3D model via PROCHECK web portal indicates that 91.3% of residues are present in the
favored regions and 0.3% in the outlier region (Figure 35) [114]. In general, the Ramachandran
plot visualize energetically allowed regions for backbone angles against amino acid residues in
protein structures [132]. According to PROCHECK a good quality model would be expected to
have over 90% in the favoured regions. This results imply that the predicted UvrX protein

structure is reliable because the outliers derive from the quality of the template dnUvrA2.

No. of

residues $-tage
Most favoured regions [A,B,L] 620 91.3%
Additional allowed regions [a,b,1l,p] 53 7.8%
Generously allowed regions [~a,~b,~1,~p] 4 0.6%
Disallowed regions [XX] 2 0.3%%
Non-glycine and non-proline residues 679 100.0%
End-residues (excl. Gly and Pro) 3
Glycine residues 79
Proline residues 52
Total number of residues 813

Figure 35. Ramachandran plot statistics of the predicted UvrX protein structure

Identical to dnUvrA2, UvrX comprises an insertion domain (ID) within the N-terminal NBD (Figure
21). Previous research on dnUvrA2 suggests that the ID is directly involved in DNA binding.
Further, it was shown that UvrA binds specifically to sites of DNA damage and that its efficient
recognition is dependent on the presence of these domains [123]. These observations suggest

that UvrX is a DNA-binding protein that is involved in DNA-damage repair.

Further, sequence analysis of UvrX identified several motifs including Walker A, Walker B, and

ABC-signature motif, Q-loop, D-loop, and H-loop. The Walker A motif and the Walker B motif are
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highly conserved sequence motifs in all ABC systems and indicate the presence of nucleotide-
binding sites. The signature motif is unique to ABC proteins and participates in ATP binding and
hydrolysis [121,122]. The additional Q-, D- and H-loop motifs contain only one highly conserved
domain and have different functions during ATP-hydrolysis and dimerization [121,133]. These
conserved motifs were discovered via the NCBI CDD and could be located within the UvrX protein
sequence, which verified the outcome of the CDD search. ABC proteins are remarkably
conserved in the primary protein sequence and in their organization [122]. Therefore, we

conclude that UvrX belongs to the UvrA protein family within the ABC protein family [122,134].

5.3.2 Functional characterization of UvrX

Protein structure and sequence analysis identified UvrX as an ABC protein that shares high
identity with dnUvrA2. Therefore, we hypothesized that UvrX acts similarly to dnUvrA2. In
bacteria, UvrA proteins recognize damaged DNA and initiate the multistep DNA damage repair

mechanism NER and play a role during the already mentioned TCR.

UvrA homologs are common in different bacterial species. Studies of these UvrA homologs
identified that the UvrA family can be grouped into five distinctive classes (Figure 36). The
difference between the various categories is a deletion of specific domains or gene duplication as
well as both. Class Il UvrA proteins have a deletion of about 150 amino acids, including the C1
motif of the zinc-finger (Cys-XX-Cys). All UvrA proteins contain the C2 motif compared to the C1
motif, which can only be found in a part of proteins [135]. Protein structure prediction and
analysis of UvrX revealed that UvrX also lacks this 150-residue region, including the C1 motif
present in drUvrAl and bstUvrAl. These characteristics place UvrX in the class Il of UvrA

proteins.
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Figure 36. Different classes of UvrA homologs found in bacteria. Dark blue area’s represent domains that are 65—
75% conserved among all UvrA proteins. Light blue regions are 30—40% conserved and white regions are 10-15%
conserved. The Walker A motifs (A1-A4), the Walker B motifs (B1-B4) and the ABC signature motifs (signs 1-4) are
indicated. The CysXXCys sequences that have been implicated in Zn coordination are indicated with c1-c8. When
placed between brackets the sequence is not always present in the different UvrA proteins belonging to that
particular class. Class | proteins are full-length UvrA proteins that are present in most bacterial species, including E.
coli. Classes Il and Ill proteins contain large deletions, each of a different region. Class IV proteins are duplications
of the full-length UvrA protein and Class V proteins are duplications with a deletion in the C-terminal half. (Figure

from [10])

Class Il UvrA proteins are mostly found in Actinobacteria as well as Firmicutes and Proteobacteria
in conjunction with either Class | or Class IV UvrA homologs. Several studies on different class Il
UvrA proteins suggest that these homologs are rather involved in antibiotic resistance than in
DNA repair [10]. For example, S. peucetius drrC encodes a Class Il UvrA protein, that mediates
self-resistance by removing the intercalated antibiotic from the DNA [49]. Interestingly, it has
been shown that the 150-residue is essential for stable interaction of UvrA with UvrB and
consequently for nucleotide excision repair [136]. Since UvrX lacks this important region, UvrX
might mediate TM resistance by DNA repair independent of the NER similar to DrrC. Taken
together, these finding suggests a model where UvrX scans the DNA for bound TM and facilitates
self-resistance by removing encountered TM from DNA. Thus, the DNA is free of TM which

guarantees DNA replication and transcription to continue unhindered.
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5.4 K. oxytoca AHC-6 genes mfsX and uvrX are tilimycin immunity

genes

To examine the role of mfsX and uvrX in K. oxytoca self-resistance we constructed an mfsX uvrX
deletion strain of K. oxytoca AHC-6. Disruption of the genes was not lethal to either the toxin
producing K. oxytoca AHC-6 aphA or toxin deficient Mut89 cells. However, the K. oxytoca AHC-6
Mut89 mfsX uvrX strain was considerably more sensitive to TM added externally in the culture
medium compared to the parental strain. Moreover, the expression of both genes in trans was
able to restore the TM resistance of the hypersensitive mutant strain. This shows that mfsX,

uvrX, or both are involved in resistance by which K. oxytoca survives the toxic effects of TM.

Expression of mfsX in K. oxytoca AHC-6 Mut89 AmfsX, uvrX led to a significant increase in survival
after TM treatment. Interestingly, uvrX expression conferred even 2-fold higher TM resistance to
the AmfsX, uvrX mutant strain compared to mfsX expression. Besides, ODsoo values showed that
TM has no effect on the growth of K. oxytoca but a late-onset bactericidal activity. These results
imply that uvrX has a pivotal role in TM resistance. The suggested role of UvrX to remove TM
from genomic DNA may be crucial for self-resistance. However, it appears that uvrX and mfsX are
required for conferring full complement of TM resistance in K. oxytoca AHC-6. In addition, to
minimize the amount of DNA-bound TM, the organisms need a way to export the drug to avoid
an accumulation of TM in the cell. K. oxytoca mfsX shares a high identity with S. peucetius drrAB,
which encodes a multidrug transporter for the export of DNR [73]. Therefore, we hypothesis that
mfsX mediates the export of TM. The lower TM resistance mediated by mfsX supports this
hypothesis because K. oxytoca possesses several efflux transporters that may also function to
export TM. However, further analysis would be needed to determine exactly how mfsX mediates

TM resistance.

Contrary to expectations, expression of the mfsX, uvrX operon led to a lower TM resistance than
uvrX alone. This reduced survival can be explained in part by the differences in the RBS. The RBS
of mfsX and uvrX used in the pBAD33 vector was different compared to the chromosomal RBS,

which might lead to an altered translation efficiency.
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5.5 Establishing a qRT-PCR experiment

One purpose of this study was to establish a method for the determination of transcript levels in
K. oxytoca to monitor the expression of the TM biosynthesis and TM immunity genes. Further,

we attempted to investigate a correlation between biosynthesis and resistance regulation.

5.5.1 Validation of RNA integrity

In general, the expression of self-immunity genes in antibiotic producing bacteria is tightly
connected to antibiotic biosynthesis gene expression. In this study, a qRT-PCR method was
established to monitor the in vitro immunity gene and TM synthetase gene expression in K.

oxytoca AHC-6.

The RNA integrity was assessed via denaturing agarose gel electrophoresis. Prior to the gel
electrophoresis, we measured the concentration of the isolated RNA via NanoDrop. Moreover,
this technique allows for assessing of the purity of DNA and RNA. The tested RNA samples
revealed a ratio of absorbance OD 260/280 nm and OD 260/230 nm higher than or near 2 except
the RNA isolated from the ONC (OD 260/230 of 1.15) (Table 1). Ratios significantly lower indicate
the presence of contaminants [137]. Therefore, all samples aside from the ONC displayed a high
RNA purity. However, we tested the RNA integrity of all samples by loading the same amount of

RNA for every sample on a denaturing agarose gel.

On the denaturing agarose gel, RNA isolated from the ONC showed no sharp bands which
indicates degradation. The other samples revealed sharp, clear 23S, 16S, and 5S rRNA bands.
Unexpectedly, an additional rRNA fragment located between 23S and 16S was visible for all
samples. In general, Gram-negative bacteria show only three fragments. However, some display
four instead of three rRNA fragments due to a possible cleavage of the 23S rRNA fragment
causing two molecules [138]. Furthermore, DNase digested RNA samples showed sharp rRNA
fragments on the denaturing agarose gel. This result revealed that DNase treatment does not

affect RNA quality.

5.5.2 rpoB as choice for control PCR amplification

First strand cDNA synthesis was assessed via control PCR amplification using rpoB as the target
gene. On the agarose gel, the controls (RT-, NTC, NC) displayed no band. This result verifies the

absence of genomic DNA contamination or reagent contamination of the RNA sample. As
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expected, the RT-PCR products revealed a distinct 1120 bp product. The possible amplification of
a large fragment suggests no RNA degradation. The signal intensity increases after 0.5 hours
compared to time point 0. The intensity is reduced after 4 hours and is further decreasing
causing a weak band after 6 hours. The observed variances in intensities could be attributed to
diverse expression levels of rpoB. Although the rpoB gene was stated as a housekeeping gene in
literature it reveals no stable expression during this study [129]. A stable expression of the target
gene used for the control PCR amplification is required to assess the cDNA synthesis reaction for
each sample. Consequently, we initially selected rpoB as the most suitable target gene. Despite
this, we can still state that the reverse transcription reaction succeeded without any

contaminations.

5.5.3 Reference gene validation

One of the most crucial steps in establishing qRT-PCR is the validation of the reference genes
used for data normalization. In the best case, the reference gene is stably expressed despite
differences in physiological states and experimental conditions. For that reason, any potential

reference gene must be validated prior to its application in gRT-PCR [127].

Unfortunately, there is no validated reference gene for K. oxytoca described in the literature.
However, we found several genes that have been stated as house keeping genes and validated
reference genes for the related species K. pneumoniae [128,129]. In this study, we evaluated six
candidate reference genes (gapA, 16S rRNA, mdh, rpoB, rho, proC) for K. oxytoca AHC-6. The
candidate reference gene 16S represented the most stable expression in all conditions compared
to the other candidates. Monitoring 16S expression over time revealed differences in Cq values
of 16S of 0.71 cycles. These differences are higher than the recommended expression variations
for reference genes. However, the expression of 16S exhibited stable expression during further
gRT-PCR experiments with a maximum difference between Cq values of 0.58. Generally,
ribosomal RNA genes including 16S are not recommended due to their high abundance of
transcripts. This high abundance requires dilution of the cDNA samples before gRT-PCR
reactions, thus increasing the possibility of dilution errors [139]. Given that our findings are
based on a limited number of candidate reference genes, the results from this analysis

determined 165 as the most suitable reference gene for the aim of this study.
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In general, two reference genes for data normalization are recommended to guarantee reliable
and quality data. The MIQE guidelines allow normalization against a single reference gene if the
gene exhibits stable expression under the experimental tested conditions [140]. Since the chosen
reference gene 16S revealed just sufficient stable expression, we recommend that follow up
studies choose at least two internal controls and continue validation of more candidate
reference genes. Moreover, several statistical algorithms as BestKeeper, NormFinder and
RefFinder, are recommended to test the expression stability of the candidate genes [127]. The
use of this commonly used software may be beneficial and time saving for the validation of

candidate reference genes.

5.6 Is the expression of TM immunity genes coordinately regulated
with the tilimycin gene expression?

In this study, we established a qRT-PCR analysis to investigate a time-dependent correlation
between tilimycin immunity gene and TM gene expression. A simultaneous increase of the
immunity genes uvrX and mfsX and the toxin gene npsA propose that these genes are

coordinately regulated.

The expression levels of TM resistance genes and a toxin biosynthesis gene were determined via
gRT-PCR. The mRNA levels of these genes increase over time, beginning after 4 h of K. oxytoca
AHC-6 growth in vitro (Figure 22A). Despite the considerable standard deviation of the gene
transcript levels at later timepoints, the results confirm a significant upregulation of gene
expression after 6 h when compared to 1 h (Figure 22B). Generally, the qRT-PCR analysis
revealed an unexpected considerable increase of npsA gene expression with an upregulation in

transcript levels up to 143-fold.

The npsA upregulation was much higher compared to that of the other genes. Further, a 7.4-fold
increase in expression of npsA was seen after 4 h as compared to 5 h. The biosynthesis gene
expression correlates well with the previous monitoring of the time-dependent formation of TM

that revealed an increase of TM in K. oxytoca after 8-10 h [119].

The TM immunity genes mfsX and uvrX revealed almost equal expression levels. Their transcript
levels significantly increased at the entry of the stationary phase (5 & 6 h) compared to the 1 h

transcript levels. The observed identical expression levels of the immunity genes correlate with
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the organization of the genes in one operon. Moreover, their transcript levels increase in parallel
with the expression of the TM biosynthetic gene npsA.

The expression of resistance genes in most antibiotic-producing bacteria is closely related to that
of antibiotic biosynthetic genes. Further, resistance requires the expression of immunity genes in
a timely manner: either prior to or along with antibiotic biosynthesis [126]. In S. peucetius, the
transcriptional regulator Dnrl binds to the promotor elements of the resistance genes drrAB and
drrC, but their expression is induced by intracellular DNR [141]. The findings of this study suggest
an equivalent regulation mechanism for TM resistance in K. oxytoca. We hypothesize that the
expression of the immunity genes mfsX and uvrX is coordinately regulated with the TM
biosynthesis gene expression. However, a more detailed analysis of the mfsX, uvrX expression is
required to fully understand the molecular mechanisms underlying the regulation of immunity

gene expression in K. oxytoca.

Usually, antibiotic biosynthetic gene clusters contain regulatory genes. The TM biosynthetic gene
cluster of K. oxytoca AHC-6 contains the marR gene that encodes the MarR family transcriptional
regulator [86]. Proteins of the MarR family contain a DNA-binding domain including a helix-turn-
helix motif, which allows the derepression or activation of their target gene transcription. The
majority of their target genes are critical to overcoming the effects of host-generated and
externally produced antimicrobial compounds [142]. Therefore, we aim to characterize the role
of marR regarding the regulation of TM immunity gene expression in K. oxytoca. The gRT-PCR
analysis revealed a significant 11-fold increase in marR expression after 6 h. Nevertheless, marR
is poorly expressed compared to the expression of the other observed genes. Unfortunately, our
investigations so far have been limited to the early timepoints of TM production in K. oxytoca

AHC-6, hence we are not able to form any conclusions at this time.

This study is the first step towards enhancing our understanding of the regulation of immunity
gene expression in K. oxytoca. However, further investigations of the expression profile of the
immunity genes at later time points in the K. oxytoca AHC-6 WT and npsB mutant strain will need

to be performed to characterize the gene regulation.
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UvrX7G 721 |Meleln Y CLAVHENRCWPVATIH
UvrX8G FVANNF GGELLFSGTPESMLACRHSLTAEWLRKHCRME
WP 064398705 VAN GGELLESGTPESMLACRHSLTAEWLRKHCRME

LAV R T I I Y AN - G GE L LEF SGTPESMLACRHSLTAEWLRKHCRME]
WP 142477393.1 721 eleianNyeyNHiINAGN: S INPNAINNG ORI
WP _064356495.1 721 |Neleyannys{eyy=NvInNeN:ISAPNAIINNe: (01N

Figure Al. Sequence alignment of UvrX7G, UvrX8G and four K. oxytoca protein sequences.
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61
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ATGAAAACCCATGACGCTATAAAAATCATTGGTGCAAGGCAAAATAATTTGCAAGATATT
GATGTAGAGGTCCCTAAAAATAAAATAACAGTTTTTACCGGTGTTTCCGGATCGGGTAAA
AGCTCTTTAGTATTCGGAACTATAGCGGCGGAATCTCAGCGACAGTTAAATGACACGTTT
CCACCTTTTATTCGCCATCGCTTACCACATTATGGTAATCCTGAAGTCGATGAAATTGAA
AACCTGTCGGTGGCCATTATTATTGACCAAAAACGTATTGGTGGCAACGCACGTTCGACG
GTGGGCACCGCATCAGATATTTATACCCTACTACGGCTACTCTTTTCTCGTGTCGGCGAA
CCTTTCGTAGGTTATTCGAATGTTTTTTCATTCAATCATCCTGCGGGGATGTGTGCGACA
TGCGACGGGTTGGGCATTGCCAGTACTATTGATATCAACCATCTGATTGATTCAAATCTG
TCGTTAAATGAAGGAGCTATTCGTTATCCTTCTTTTGCGCCAGGCTCATGGCGCTGGAAA
CGTTATGTTTATTCAGGACTTTTTGATGCCGATAAAAAAATCGCGGATTATTCAAAAGAG
GAGCGAGAATTATTACTTTATGCGGATAATCTCACTCCTGAAGCGCCGTTAGCCGGTTGG
CCTAAGAGTGCAAAGTTTGAAGGCGTCATTACGCGCTTTACGCGAAGTTATTTAAAACAA
GAAACTAAAGATACTAAAACTGAGGAATTTCAGCGAGTCGTTAGTTTGCAGGTTTGCCCT
TCTTGTCAGGGTATGAGGCTTAACGAGGAAATACTTTCCTGCCGGATTAGAGGGAAAAAT
ATTGGCGAATGCGCAACGCTGCCTGTCACAGAGTTAAAGCTGTTTGTAGAAAAGCTCGAT
TACCCTGAAGTCAGGCCGCTGATCGAAGCATTGCTGGAAAGGTTGGATGCCATGTGTGCA
GTAGGCTTGGGATATCTGGATTTGAACCGTACGACCCCTAGCTTATCGGGCGGTGAGTCC
CAGCGGTTGAAAATGGTCCGACATCTGGGAAGTAGTCTGACCGGGATCGTTTATATAATT
GATGAACCCAGTACCGGCCTGCATCCAGCAGATATAGTGAAATTGAATGTTTTAATTGGA
AAACTACGCGACAAAGGCAATACCATTCTGATGGTGGAGCACGACCCGGACATGATAGCG
ATAGCCGAGCATGTTATTGATTTAGGGCCAGGAGCGGGTAAGCAAGGCGGGAATATTGTC
TTTGAGGGCGACCTGTCGGCACTTAAGCAATCCCAAACCTTGACGGGTCGATATTTCTCT
TCACGGGCAGAGATAAATAAGAAACCGAGATGTGCCAAGGGTTATATATCGGTAAGAAAC
GCCACATTGCATAACCTGCATAACTTATCGGTAGACGTGCCTTTAAGCGTTATGGTCGCT
GTGACGGGAGTCGCTGGATCGGGCAAAAGTTCATTCGTTATGGGGGCCCTGGCGCCACAA
TGTCCGGAGGCGATCGTTATCGATCAAAAACCGATACATACCTCAATTCGATCGCATATT
GCTTCCTGGTGCGGTGCATTTGATACGATCCGTTCGCTGTTTGCCGAAAAAAACCATGTG
TCAGCGTCGTGGTTTAGCGCTAATGCCAAAGGGGCTTGTCCGGAATGTAATGGGCTAGGG
GTAATACAAACCGATCTGGCATTTATGGATACGGTTACGTTGCCATGTGAGGCCTGCCAG
GGGCAGCGCTATAACCCACAAGCGCTGAAATATCGTTATCAGGGAAAAAGTATTGCTGAG
GTATTATCCCTGTCGATTAATGATGCCTGCGAATTTTTCCTTAATGAGCCACAGCTCAGG
CCAATTTTTCGTAGCCTGGTCGAAGTCGGGTTGGGATATTTACGCTTGGGTGAATCGTTA
AATCATCTTTCAGGCGGTGAATGCCAGCGGCTGAAGTTAGCGTCACAATTAAATCATGAT
AGTGACATGTATATTTTCGATGAGCCAACCACGGGTCTTCATCCCAGTGATGTAGCCTCG
CTGTTGAAACTATTTAACCGACTGGTAGCGCGCGGAAACACCGTCATTATTATTGAACAT
AATATGGAGTTGATCGCTCAGGCTGACTGGATTATTGATATTGGACCTTATGCCGGGAAA
GAAGGGGGGGGATTATTGTTTAGCGGTACACCCGAATCGATGCTGGCCTGTCGCCATTCA
TTAACCGCAGAGTGGTTGCGCAAACATTGCCGGATGGAGTGA

Figure A2. Sequence of uvrX (uvrX8G) from K. oxytoca AHC-6.
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Figure A3. Sequence alignment of K. oxytoca AHC-6, D. radiodurans UvrAl and UvrA2 and B.
stearothermophilus UvrAl. Conserved regions are highlighted in black and conserved ABC motifs were
underlined: Walker A (red), Walker B (green), Q-loop (blue), ABC-signature motif (orange), H-loop (purple).
Zinc-coordinating residues (Cys-XX-Cys motif) are indicated with stars and additional motifs are boxed in

turquoise.
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PCR 1
terminator t0
o tetA >-h1 uvrX [nt 51-2262] | 1524 bp
PCR 2 #2259 #2414
tetR
-mfsX nt 1-77] i integrated recombination
#1726 ‘termmator t0
- ~  tetA  ={ uwXint51-2262] | cassette: 3117 bp
#2521
#1726 . .
no integration:
 eemmm  mfsX[nt1-1233) & uvrX [nt 1- 2262] | oo
2204 bp
#2521
B
PCR1 PCR 2

3000 bp

2500 bp

2000 bp

1500 bp

Figure A4. Primer setting and colony PCR of the recombinants. (A) Part of the K. oxytoca AHC-6 Mut89 and Mut89

AmfsX, uvrX sequence with the primer binding sites used to verify the integration of the recombination cassette via

colony PCR (B) K. oxytoca AHC-6 Mut89 [pKOBEG] cells were transformed with the recombination cassette. After

incubation on CASO plates with Tet the gDNA of the recombinants was isolated and the presence of the

recombination cassette and the correct integration in the genome was tested via PCR. PCR products of the

recombined K. oxytoca AHC-6 Mut89 clones. S...1kb DNA ladder; 1, 22, 3...K. oxytoca AHC-6 Mut89 recombinants (1 &

3:100 ng; 22: 300 ng); M...K. oxytoca AHC-6 Mut89; -...negative control
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PCR1

s1 2 34 5 6 7 8 9 1011 12 W P -

1500 bp
1000 bp

PCR 2

S 1 2 34 5 6 7 8 9 1011 12 W P -

3000 bp
2000 bp
1000 bp

Figure A5. Colony PCR of the recombinants. The strain K. oxytoca AHC-6 aphA [pKOBEG] was transformed with
the recombination cassette. After incubation on CASO or M63 plates with Tet the presence of the
recombination cassette and the correct integration in the genome was tested via colony PCR (Primer setting
see Figure A4). Colony PCR products of the recombined K. oxytoca AHC-6 aphA clones. S...1kb DNA ladder; 1-
12...K. oxytoca AHC-6 aphA recombinants; W...K. oxytoca AHC-6 aphA; P...K. oxytoca AHC-6 Mut89 AmfsX, uvrX;
-...negative control

1,2,4,5: CASO and 600 ng; 6-8: CASO and 300 ng; 3: M63 and 300 ng; 9-11: M63 and 600 ng; 12: 100ng

PCR 2 PCR 3
s 1.5 9 P WM - 1 5 9 P W M - §

800 bp
700 bp

500 bp

Figure A6. PCR products of the recombinants. The gDNA from three positive recombinants (Figure A5) was
isolated and the presence of the recombination cassette (PCR 2 see Figure A4) and the absence of the deleted
part of mfsX (primers binding in mfsX; 663 bp PCR product with the native sequence). PCR products of the
recombined K. oxytoca AHC-6 aphA clones. S...1kb DNA ladder; 1-5...K. oxytoca AHC-6 aphA recombinants; P... K.
oxytoca AHC-6 Mut89 AmfsX, uvrX; W... K. oxytoca AHC-6 aphA; M... K. oxytoca AHC-6 Mut89; -...negative control
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85

80
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65

survival after TM treatment

60
survival after TM treatment [% of control]

B Mut89 87.70203795
B Mut89 AmfsX, uvrX 77.74914089

Figure A7. K. oxytoca AmfsX, uvrX is more sensitive to TM compared to the Mut89
parent strain. Viability of K. oxytoca strains after 2h of TM treatment with 85 pM TM.

The colony forming units were normalized to the solvent control (EtOH) (n = 1).
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Table Al. Transcript levels of candidate reference genes at different time points assessed in K. oxytoca AHC-6. The

mean Cq values of the technical replicated and the range between the Cq values is shown.

Gene Time point [h] Mean Cq ACq(0.5-2h)

0 19.48
0.5 17.76

16S 0.4
1 18.05
2 18.16
0 22.44
0.5 19.27

gapA 3.05
1 17.76
2 16.22
0 27.78
0.5 24.82

mdh 0.73
1 24.57
2 24.09
0 18.99
0.5 17.94

rpoB 2.36
1 19.37
2 20.30
0 29.49
0.5 24.07

proC 0.82
1 24.27
2 23.45
0 22.02
0.5 24.59

rho 4.46
1 20.13
2 20.53
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Table A2. In vitro relative normalized expression of npsA, uvrX, mfsX and marR during K. oxytoca AHC-6 growth.
The relative expression levels of target genes relative to the control 0.5 h samples at corresponding time points were

calculated using the Pfaffl-Method and normalized to the expression of the reference gene 16S.

Relative normalized expression
Gene Time point [h] 1 2 3 Mean + SD
1 1.00 1.27 1.16 1.1+0.1
2 1.27 1.71 1.61 1.5+0.2
3 4.31 4.05 3.91 41+0.2
npsA
4 12.27 18.18 6.92 12.5+4.6
5 89.11 115.34 70.56 91.7+18.4
6 82.43 233.40 113.50 143.1+£65.1
1 0.94 0.94 0.88 0.9+0.03
2 1.51 1.26 1.01 1.3+0.2
3 2.15 1.67 2.07 2.0+0.2
uvrX
4 2.67 3.23 1.28 24+0.8
5 19.48 24.19 8.85 17.5+6.4
6 37.46 78.30 23.02 46.3+23.4
1 0.95 1.01 0.76 09+0.1
2 1.21 1.58 1.30 1.4+0.20
3 1.13 1.12 1.22 1.2+0.04
mfsX
4 1.72 2.92 1.52 2.1+£0.6
5 17.54 21.40 7.27 15.4+6.0
6 53.30 63.59 31.36 49.4+13.4
1 1.08 1.03 0.91 1.0+£0.1
2 1.03 1.03 1.13 1.1+ 0.05
3 1.02 0.99 1.01 1.0+£0.01
marR
4 1.21 2.10 1.55 1.6+04
5 5.02 6.74 4.69 5.5+0.9
6 11.20 13.31 10.60 11.7+1.2

91




