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Zusammenfassung

Infektionserkrankungen und das ansteigende Vorkommen von Antibiotika-resistenten
Keimen zdhlen zu den grofSten Gesundheitsproblematiken der heutigen Zeit. Inzwischen
gehoren sie zu den sechst-hdufigsten Todesursachen in Europa [1]. Die Entdeckung und
Entwicklung neuer antibakterieller Substanzen ist sehr miihsam und schwer, was dazu fiihrt,
dass kaum neue Substanzen in den Pipelines sind [2]. Zwischen 1962 und dem Jahr 2000
wurden keine neue Antibiotikaklassen auf den Markt gebracht, obwohl immer mehr
resistente Keime aufkamen [3]. Die groRte Herausforderung ist es jedoch neue Antibiotika
gegen Gram-negative Bakterien zu finden und zu entwickeln. Neben der
Cytoplasmamembran besitzen diese eine zweite Barriere, die dullere Membran. Viele
Wirkstoffe, die gegen Gram-positive Keime wirken, sind inaktiv gegen Gram-negative
Bakterien. Bei vielen dieser Wirkstoffe ist dies darauf zuriick zu fiihren, dass die Substanzen
nicht in der Lage sind, die duRere Membran zu lGberwinden [2]. Diese alarmierenden Fakten
heben hervor, wie dringend und groRR der Bedarf an neuen und innovativen Wirkstoffen ist,
die sowohl gegen Gram-positive als auch gegen Gram-negative Bakterien wirken.

Eine vielversprechende Substanz, in diesem Zusammenhang, ist das Pseudopeptid
Negamycin. Es wurde erstmalig aus dem Kulturfiltrat eines Streptomyceten isoliert, der dem
Stamm Streptomyces purpeofuscus sehr dhnlich ist [4]. Es zeigt sowohl gegen Gram-positive
als auch gegen Gram-negative Bakterien, zum Beispiel Escherichia coli, Pseudomonas
aeruginosa und Staphylococcus aureus, bakterizide Aktivitat [4]. Hieraus lasst sich schlieRen,
dass Negamycin in der Lage ist die duRere Membran und die Cytoplasmamembran zu
Uberwinden. Fir die Substanz wurde eine geringe Toxizitdit und vielversprechende
pharmakokinetische Eigenschaften beschrieben [4, 5], was sie zu einem interessanten
Kandidaten fir eine mogliche, therapeutische Anwendung macht. Negamycin hemmt die
Protein-Biosynthese, indem es die Ribosomen-Translokation und Polysomen-Stabilisierung
inhibiert, sowie ,,miscoding” verursacht [6-13]. Uber die Aufnahme dieser hydrophilen und
geladenen Substanz in die Zelle war jedoch zu Beginn dieser Doktorarbeit nur wenig
bekannt.

Das Ziel dieser Arbeit war es den Aufnahmemechanismus von Negamycin zu untersuchen,
und Erkenntnisse darliber zu gewinnen, welche Eigenschaften eine Substanz besitzen muss,
um effizient in Gram-negative Bakterien zu gelangen. Aus den gewonnen Ergebnissen und
Erkenntnissen konnte ein Negamycin-Aufnahme Modell erstellt werden.

Ein GroRteil der Aufnahmestudien wurde in dem Modellorganismus Escherichia coli
durchgefiihrt. Es konnte gezeigt werden, dass die Aufnahme von Negamycin in die
bakterielle Zelle sehr komplex ist. Negamycin nutzt verschiedene Wege um in die Zelle zu
gelangen, was das Risiko der Entstehung von Hochresistenz durch Mutation eines einzelnen
Transporters minimiert. Die vergleichsweise geringe Resistenzrate konnte dies bestatigen.
Die Penetration der duReren Membran kann durch verschiedene Wege erfolgen. Zum einen
nutzt Negamycin Porine um Uber die duBere Membran zu gelangen. Die Aufnahme (ber
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Porine erfolgt hauptsachlich liber OmpN, ein Porin fiir das bisher noch keine Beteiligung an
Antibiotika-Aufnahme beschrieben wurde [14]. Die Molekilstruktur von Negamycin legt
nahe, dass auch “Self-promoted uptake” einen Aufnahmeweg fiir Negamycin darstellen
konnte. Bei pH-Werten um 8,5, bei denen ein nennenswerter Prozentsatz von Negamycin
netto neutral (zwitterionisch) vorliegt, tragt moglicherweise auch passive Diffusion zu einem
kleinen Anteil der Aufnahme bei. Auch um die zweite Barriere, die Cytoplasmamembran, zu
Uberqueren, nutzt Negamycin verschiedene Routen. In Peptid-freiem Medium ist der
Haupttransportweg die Dipeptid Permease Dpp. Auch beobachteten wir bei
Deletionsmutanten des Protonen-abhidngigen Peptidtransporters YbgH eine verringerte
Negamycin Aufnahme. Negamycin gelingt es jedoch sogar in Abwesenheit von Dpp und in
Peptid-haltigen Medien, in dem die Nahrungspeptide mit Negamycin um die Aufnahme an
Peptidtransportern konkurrieren, in die Zelle zu gelangen. Dies weildt darauf hin, dass
Negamycin noch mindestens eine weitere Aufnahmeroute, neben den Peptidtransportern,
nutzen kann. Es konnte gezeigt werden, dass die Medien-Bedingungen einen grofien Einfluss
auf die Negamycin-Aktivitdit haben. In Standard-Testmedien konnte immer nur eine
moderate Wirkung gemessen werden. In dieser Arbeit wurde gezeigt, dass die Zugabe von
Ca’* die Negamycin-Aktivitit stark verbessert. Negamycin und Ca** formen einen Komplex,
was zu einer gesteigerten Interaktion mit negativ geladenen Phospholipiden fiihrt. Des
Weiteren ist die Wirkung bei pH 8.5 deutlich besser als bei neutralem pH. Zum einen wird
eine Aminoglykosid-ahnliche Aufnahme vermutet, bei der der Proton motive force (pmf) die
treibende Kraft ist, und zum anderen eine passive Aufnahme. Uberschlagsrechnungen legen
nahe, dass etwa zwei Drittel der Negamycin-Molekiile bei diesem pH als Zwitterion
vorliegen. Zu einem geringen Teil liegt Negamycin auch ungeladen vor, ein Ladungszustand
der grundsatzlich auch eine passive Aufnahme der Substanz moglich macht. Die Kombination
beider férderlichen Bedingung, die Zugabe von Ca®* und pH 8.5, filhrte zu einer 32-fachen
Wirkungssteigerung in E. coli, und auch in den pathogenen Problemkeimen P. aeruginosa
und S. aureus konnte unter diesen Bedingungen eine minimale Hemmkonzentration von 4
ug/ml gemessen werden. Die Ergebnisse dieser Arbeit zeigen, dass die antibakterielle Potenz
von Negamycin unter Standard-Testbedingungen deutlich unterschatzt wird, und dass
insbesondere fir intrazellular wirkende Antibiotika gegen Gram-negative Bakterien ein
Verstandnis des Aufnahme-Mechanismus unabdingbar ist, um eine Substanz zielgerichtet
optimieren zu kénnen.
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Abstract

Infectious diseases and the increase of antibiotic resistant strains are one of the main health
issues we are facing today. In fact infectious diseases are the sixth major cause of death in
Europe [1], and this is aggravated by the fact that discovery and development of novel
antibiotics face many challenges and pipelines are empty [2]. Accordingly, between 1962 and
2000 no new antibiotic classes were introduced into the market [3]. The discovery and
development of new antibiotics against Gram-negative bacteria is particularly problematic.
They carry, besides the cytoplasmic membrane, an additional barrier, the outer-membrane.
Consequently, antibiotics active against Gram-positive bacteria are often inactive against
Gram-negative bacteria, due to their incapacity of penetrating this additional barrier [2]. In
this context the discovery of new antibiotics, active against Gram-positive and Gram-
negative bacteria, with new modes of action is an urgent therapeutic need.

A promising antibacterial compound is negamycin, a pseudopeptide that was first obtained
from culture filtrates of Streptomyces strains, closely related to Streptomyces purpeofuscus
[4]. Negamycin is active against Gram-positive and Gram-negative bacteria including
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus [4], implying that
negamycin is able to cross both penetration barriers, the outer membrane and the
cytoplasmic membrane. Furthermore it showed low toxicity and promising pharmacokinetic
properties [4, 5], which makes it interesting for therapeutic purposes. Negamycin was shown
to target protein biosynthesis, by inhibiting ribosome translocation, polysome stabilization
and miscoding [6-13]. However, the mechanism of uptake of this hydrophilic, positively
charged compound into bacterial cells was scarcely investigated at the start of this PhD
project.

The aim of this work was to study the uptake of negamycin and to learn from nature the
characteristics that render an antibiotic able to pass both the outer and the cytoplasmic
membrane. On the basis of results of this work, a negamycin-uptake model was established.
Entry-studies, performed in the model organism E. coli, demonstrated that the uptake of
negamycin into the bacterial cell is very complex, and that the antibiotic enters the cell,
using different uptake routes. This reduces the risk of developing high-level resistance by
mutating a single transporter, as the comparatively low resistance rate for negamycin
indicates.

The uptake across the outer membrane occurs mainly via a porin-mediated route. The
molecule structure of negamycin indicates that a “self-promoted-uptake” might be a
possible route as well. A passive-diffusion-mediated uptake should be considered too, as a
minority of negamycin molecules is uncharged, which allows, in general, a passive uptake of
a molecule. It was shown that negamycin can pass the first barrier by using the porin OmpN,
a minor porin that was never described as a route for antibiotic-uptake before [14]. The
second barrier, the cytoplasmic membrane, negamycin can cross via multiple routes. The
dipeptide permease Dpp was identified as the main entry route in peptide-free medium.
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Furthermore, reduced negamycin uptake was observed in knock-out mutants of the proton-
dependent peptide transporter YbgH. However, negamycin is able to enter the cytoplasm
even in the absence of functional Dpp or in pepton broth, which is rich in outcompeting
nutrient peptides, indicating an additional entry option besides peptide transporters.

The antibacterial activity of negamycin depends strongly on the culture medium and in
standard media only moderate activity was described for negamycin. In this work, the
presence of Ca’" was demonstrated to strongly improve the activity of negamycin against
both Gram-negative and Gram-positive bacteria. Furthermore, it was shown that Ca** forms
a complex with negamycin and facilitates the interaction with negatively charged
phospholipids. The antibacterial activity is also improved at basic pH. An aminoglycoside-
like-uptake might be possible. The driving force would be the pmf. Furthermore a small
amount of negamycin will enter the cytoplasm via passive diffusion. A simplified equation,
which gives a rough estimation of how many molecules are charged at a certain pH,
indicates that roughly two-thirds of negamycin molecules are zwitterionic at pH 8.5, which
could lead to facilitated passive uptake under this condition. The combination of both
beneficial conditions, namely the presence of Ca’* and pH 8.5, resulted in a 32-fold
improvement of sensitivity in E. coli and led to a minimal inhibitory concentration in the
pathogens P. aeruginosa and S. aureus of 4 ug/ml. These findings show that the antibacterial
potency of negamycin is strongly underestimated, when tested under standard MIC assay
conditions. The present study also shows that for an antibiotic that acts in the cytoplasm of
Gram-negative bacteria understanding the uptake mechanism is crucial towards a rational
approach of structure optimization.
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1 Introduction

1.1 Antibiotics and antibiotic resistance

“Antibiotics are molecules that stop microbes [...] from growing or kill them outright”[15].
This definition, by C. Walsh, widens the original one, that described antibiotics just as small
molecules synthesized by microorganism [16], and includes synthetic and semi-synthetic
compounds. Different antibiotic classes can be distinguished, which are active against a
variety of targets.

The major target areas for antibacterial actions are: 1. inhibition of cell wall synthesis, 2.
inhibition of DNA or RNA synthesis, 3. inhibition of protein synthesis, 4. inhibition of folate
synthesis and 5. membrane-activity. B-lactam antibiotics, vancomycin and teicoplanin belong
to the first class. They all inhibit cell wall synthesis, by either targeting the transpeptidases
(B-lactams) or by targeting the D-Ala-D-Ala termini of peptidoglycan and of lipid Il
(vancomycin, teicoplanin). Representatives of the second class are fluoroquinolones and the
rifamycin group. Fluoroquinolones target either the DNA gyrase (topoisomerase Il) or the
topoisomerase |V. Representatives of the rifamycin group target the RNA synthesis, by
inhibiting the RNA polymerase. Aminoglycosides, macrolides and tetracyclines act by
blocking one or more of the protein biosynthesis steps that occur at the 30S and 50S
subunits of the bacterial ribosome, and therefore belong to the third class. The folate
synthesis is inhibited by trimetoprim and sulfamethoxazole, which target different steps in
the biosynthetic pathway from p-amino benzoic acid to tetrahydrofolate [15].

The history of antibiotics goes back to the year 1897, when Ernest Duchesne described in his
thesis “antagonism between molds and bacteria”, that Penicillium notatum kills other
bacteria [17]. In 1909 Salvarsan was synthesized by Paul Ehrlich and was used as the first
antibiotic in the treatment of syphilis [18]. Almost ten years later, in 1928, Alexander
Flemming discovered and isolated penicillin [19]. Today he is considered as the pioneer in
antibiotic research. In the following decades many different antibiotic classes were
discovered, in the so called “Golden Age of Discovery” (Figure 1).

Many, formerly lethal infections were treatable and in 1972 the United States Surgeon
General, Dr. William H. Stewart (1965-1969) even stated: “It is time to close the book on
infectious diseases, and declare the war against pestilence won.”[20] But very soon, it
became clear that this assumption was wrong. The first resistant bacteria occurred (Table 1),
but at the same time, no new antibiotic classes were introduced. It took almost 40 years,
until the next antibiotic class entered the market (Figure 1).
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Figure 1: Timeline of the discovery of new antibiotic classes.

The dotted lines represent the year in which the antibiotic was introduced into the market. [21] Between the
1960s and 2000 substantial effort went into structural optimization of known classes. Notably, the market
authorizations of the recently discovered pleuromutilin, fidaxomicin and diarylquinolone are limited to
narrow bacterial spectra and partly topical treatment.

Walsh describes this gap, and the following years, as the “Golden Age of antibiotic medicinal
chemistry” [21], where chemical tailoring of the major antibiotic classes helped to deal with
the occurrence of resistant bacterial pathogens.

Table 1: Antibiotic discovery and evolution of resistance
(adapted from Walsh C, Antibiotics: Actions, origins, resistance. [15] and Walsh C., Prospects for new
antibiotics: a molecule-centered perspective [21])

Antibiotic Year deployed Resistance observed
Sulfonamides 1930s 1940s
Penicillin 1943 1946
Streptomycin 1943 1959
Chloramphenicol 1947 1959
Tetracycline 1948 1952
Erythromycin 1952 1988
Vancomycin 1956 1988
Methicillin 1960 1961
Ampicillin 1961 1973
Cephalosporins 1960s late 1960s
Nalidixic acid 1962 1962
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Table 1: Antibiotic discovery and evolution of resistance (continued)

Antibiotic Year deployed Resistance observed
“Fluoroquinolones | 1980s  |1980s

Linezolid 1999 1999

Daptomycin 2003 2003

Retapamulin 2007 2007

Fidaxomicin 2011 2011

Bedaquiline 2013 2014

Infectious diseases and the increase of resistant strains are one of the main health issues we
are facing today. In fact, infectious diseases are the sixth major cause of death in Europe
(World health organization, The European health report 2012 [1]). According to the WHO,
“an estimated 25 000 people die every year because of infections related to antibiotic
resistance, most of them contracted in health care settings” [22].

In this context new antibiotics with new modes of actions are strongly needed. There are
two different approaches to address this problem: On the one hand screening for new drugs
and synthesis of new chemical core structures, and on the other hand derivatisation of
already known antibiotics. Two important goals of the derivatisation process are increasing
the target-affinity and reaching higher effective concentrations at the bacterial target. The
design of new compounds might help to overcome the permeability barrier in bacteria,
which plays a particularly severe role in Gram-negative bacteria. This suggests that it is not
only crucial to understand the mode of action but also to understand the uptake
mechanism.

1.2 Cell wall and cell membranes-permeability barriers

To enter the cell an antibiotic needs to pass the cell wall and the cytoplasmic membrane.
However, the limiting barrier is the cytoplasmic membrane. In the case of Gram-negative
bacteria it has to cross an additional barrier, the outer membrane. All barriers have different
characteristics, which makes a passage into the cell more difficult and challenging.
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1.2.1 The bacterial cell wall

The bacterial cell wall can be defined as the structure that lies outside of the cytoplasmic
membrane [23]. Gram-negative as well as Gram-positive bacteria have a peptidoglycan
layer, which the layer of Gram-positive bacteria generally being substantially thicker (Figure
2). Its cross-linked structure gives strength and shape to the cells and can withstand a high
internal osmotic pressure. The cell wall of Gram-positive bacteria consists of 50-90%
peptidoglycan [23, 24]. The other major component is an acidic polymer, which differs from
species to species, although it is often a teichoic acid. The acidic character of this polymer
gives the cell surface a strongly polar character and a negative charge. The Gram-negative
peptidoglycan layer is much thinner and is covalently linked to lipoproteins [23].

Gram-positive bacteria Gram-negative bacteria
teichoic surface lipoteichoic lipopolysaccharide )
acid protein acid (LPS) surface protein
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Figure 2: Cell-envelope of Gram-positive and Gram-negative bacteria [25]

phospholipid

1.2.1.1 The Gram-negative outer membrane

Besides the peptidoglycan layer, Gram-negative bacteria have an outer membrane. The
outer membrane is an asymmetric lipid bilayer with hydrophilic groups on the outer surface.
It mainly consists of lipopolysaccharides (LPS) anchored in the outer leaflet, phospholipids,
fatty acids and proteins and it is negatively charged. The LPS, which is the major component
of the outer membrane, consists of a hydrophobic lipid section (lipid A), a hydrophilic core
polysaccharide and long chain of repeating hydrophilic oligosaccharide units (O-antigen).

The outer membrane is a strong barrier with two pathways a compound can take to cross, a
lipid mediated pathway, by passive diffusion, or a porin-mediated pathway [26, 27]. Small,
charged and hydrophilic molecules (<600 Da) can pass through water filled channels, the
porins [28]. Besides porins, the outer membrane carries solute-specific diffusion channels,
which reach into the periplasm. They are involved in the transport of iron-chelator
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complexes and Vitamin Bi; [28-30]. They allow specific solutes to penetrate and therefore
bypass the porin size and charge requirements. Aminoglycosides, make an exception, they
use neither of those described pathways, but enter the cell via self-promoted uptake [31,
32]. This mechanism will be described in detail in 1.3.1.1.

1.2.1.1.1 Porins

Porin proteins form small waterfilled channels in the outer membrane of Gram-negative
bacteria and consist of a tight and trimeric structure [28] (Figure 3).

Figure 3: Structure of the OmpF trimer [33].

Porins allow the diffusion of hydrophilic compounds into the periplasmic space. They can be
divided in three different types [23, 28].

Non-specific or general porins,

Selectively permeable channels with internal specific binding sites, and

Selectively permeable “gated” channels, which only open upon binding of a specific
permeant

All three types allow the passage of compounds with molecular masses <600 Da. E. coli
produces three main porins OmpF, OmpC and PhoE [26], which belong to the first class of
porins. They share a high sequence identity, and are more than 70% homologous in their
amino-acid sequence [34] and are known to be involved in the uptake of several antibiotics
[26, 35-37]. PhoE is only expressed under phosphate starvation [38], and shows selectivity
for anionic compounds, and phosphate and phoypohorylated compounds in particular [39].
OmpF and OmpC are generally and high expressed (10 copies per cell [40, 41]) [42]. These
two porins allow the diffusion over the outer membrane of cationic or zwitterionic
compounds [28, 39], including tetracylines [35], B-lactam antibiotics [37] and quinolones
[36]. The uptake of antibiotics via porins was described for other species, too. B-lactam
antibiotics, for example, diffuse through the basic amino-acid specific channel OprD of
Pseudomonas aeruginosa [43]. The major non-specific porin of P. aeruginosa is OprF. It
differs from the OmpF-class porins, as the influx of compounds is about 100-fold slower, but
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it can transport larger substrates, as polysaccharides up to 2000-3000 daltons [44]. Minor
porins are generally expressed at a lower level [26, 40, 45]. Two representatives of this class,
in E. coli, are OmpN and OmpW. OmpN has similar channel properties as OmpC and OmpF,
and was described to be expressed at low levels during growth in rich media [45]. So far, this
porin has not been shown to participate in the uptake of antibiotics. In fact, in a previous
study, the overexpression of OmpN did not show any effect on the susceptibility to a wide
range of antibiotics, including compounds as diverse as tetracycline and ciprofloxacin [14].
The same is true for OmpW. So far no antibiotic uptake was described for this channel.
Furthermore OmpW was described to function as an ion channel as for example for KCI [46,
47]. Nevertheless, the importance of porins for the influx of antimicrobial compounds is
clearly demonstrated, as porin-deficient mutants are less susceptible to a wide range of
antibiotics [26, 48, 49].

1.2.2 The cytoplasmic membrane

The cytoplasmic membrane consists of a phospholipid bilayer, hydrophobic in the center of
the bilayer and hydrophilic on both surfaces (Figure 4). There are proteins embedded in the
membrane (Figure 2, Figure 4). Its main function is to separate the inside of the cell from the
surrounding, but it is also involved in further processes such as the transport of molecules,
cell signaling and it is the main location of energy generation [24]. The cytoplasmic
membrane is selectively permeable and regulates what enters the cell (Figure 4).

(a) (b)

Different types of membrane transport primary
fvdrophil simple diffusion  facilitated diffusion  active transport N ﬁo,
ydrophilic e ases N
(polar) head e m‘zfz‘;’es a.w molecule to 0,
be transported
of phospholipid * transported @, @ a extracellular Small
\ I | surface ;gf;‘f'9°" Ethanol
3 ALdd 3 8% OO0 molecul
e e
i1t finiin ;‘{ Water H,0
: E3iesiiied cell Uren NH;—C—NH,
343 4 4 ﬁ membrane i
/ 13 SHEISIEiE . o
g Large
X uncharged

polar

hydrophobic
(nonpolar) fatty acid
tail of phospholipid

intracellular molaatles

membrane surface K*, Mgz’, Ca?",

W transporter lons CI°, HCOy,
HPO2

© 2008 Encyclopsedia Britannica, Inc. proteins PO,

Charged  Amino acids
polar

& = ;’)
olai ATP >——0
molecules  Glucose 6-phosphate )(\"— —0

Figure 4: (a) Different types of membrane transport [50] (b) Relative permeability of a pure phospholipid
bilayer to various molecules (Lodish 4™ edition [51])

The transport can happen either passively or through an active transport. Due to the inner
hydrophobic core, only small, electrically neutral, lipophilic molecules can passively diffuse
through the phospholipid layer (e.g. CO,, O;). Charged and hydrophilic compounds (e.g.
amino acids and glucose) need to enter or exit the cell through active transportation (Figure
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4), as for example ABC (ATP-binding cassette)- or POT (proton dependent oligopeptide)-
transporters.

1.2.2.1 The membrane potential, the pH-gradient and the proton motive force

The membrane potential is the difference of the electronic charge between inside and
outside of the cell, and is described as Ay. This difference is based on the unequal
distribution of the ions between cytoplasm and surrounding medium and leads to a voltage
across the membrane. A can be defined according to the Nernst equation [52]:

RT  [ion inside cell]

Ay = ——

ZF [ion outside cell]

z is the number of electrons per mole, R is the ideal gas constant (8.314 J/mol x K) and F the
Faraday’s constant (96484.56 C/mol).

The membrane potential varies in acidophile, neutrophile and alkaliphile bacteria from + 10
to -180 mV. E. coli, for example, has a Ay of -135 mV([53], Figure 6). The membrane
potential and the pH gradient define the proton motive force (pmf). The pmf, which is an
energy currency, can be described as an electrochemical gradient of H® across the

cytoplasmic membrane (Figure 5).
periplasm

+ + +
H " H " H
+ + + + + + + +
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Figure 5: PMF-the electrochemical gradient of H+

Furthermore, the pmf is the driving force for energy-requiring processes such as solute
transport and ATP synthesis [54]. In 1966 Mitchell described the pmf in his chemiosmotic
hypothesis as followed [54]:

Apg 4

Ap (mV) = ——

Apy, (electrochemical proton gradient)= 1 kJ*mol corresponds to Ap (proton motive force)=
10.4 mV. At 25°C this equation takes the form:

Ap = —AyY — 594pH
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The pH gradient (ApH) describes the difference between internal and external pH, and is
alkaline inside the cell relative to outside. Ay is defined as the electrical gradient.

pH homeostasis is crucial for living cells, because most proteins have distinct ranges of pH
within which they can function. The pH outside of the cell can vary in the different habitats,
and the bacteria must be able to keep a stable pH inside the cell. Neutrophilic bacteria, as
for example E. coli, can grow at external pH values of 5.5-9.0, but generally maintain, as seen
in Figure 6, their cytoplasmic pH in a range of 7.5-7.7 [55]. Numerous adaptations need to be
made to maintain a stable pH. These adaptions include changes in transporter and enzyme
levels, as well as metabolic and cell surface changes. E. coli, for example, changes its gene
expression profile when growing at pH 8.7 [56]. Genes encoding the respiratory chain
complex are repressed and therefore fewer protons can be pumped outwards. Furthermore
the expression of genes encoding the F1Fo-ATP synthase, which imports protons during the
ATP synthesis and genes encoding the cyd- terminal oxidase, that generates a pmf without
outward proton pumping, were induced. Furthermore chemotaxis and motility are
suppressed [56]. Alkaline pH can even induce an SOS-like response in E. coli [57]. Acidic pH
has quite the opposite effect. It accelerates proton export and acid consumption and induces
stress and heat shock regulons [56].
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Figure 6: (a) pH-homeostasis for acidophile, neutrophile and alkaliphile bacteria. (b) Pattern of AW, ApH and
cytoplasmic pH plotted over a range of external pH values for acidophilic, neutralophilic and alkaliphilic
bacteria [53]
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1.2.2.2 ABC transporter (ATP-binding cassette transporter)

ABC systems are widespread among living organisms and share a remarkable conservation in
the primary sequence of the cassette. They can be classified in three main functional groups:
the import system, efflux system and a third category, which is not involved in transport but
in translation in mMRNA and DNA repair [58]. In total E. coli has 69 ABC-systems, of which 57
are transport systems and 44 of those are periplasmic-binding protein dependent [59]. The
archetypal ABC transporter consists of two transmembrane domains, two ATP-binding
cassette domains and, in the majority, of a binding domain (Figure 7). The substrate is bound
by the binding protein, which is then recognized by the integral membrane domains, which
form the translocation complex. The accumulation of the substrate is energized by ATP
hydrolysis.

Figure 7: General ABC transporter architecture in E. coli.

The transporter is embedded in the cytoplasmic membrane (light blue) and comprises five different
components: Two homologous transmembrane domains (dark blue), two homologous ATP-binding domains
(green) and one periplasmic binding domain (orange) that binds the substrate (red) and guides it to the
transporter.

ABC transporters are located in the cytoplasmic membrane. Here the transmembrane
domains span the cytoplasmic membrane multiple times. The periplasmic binding domain is
most of the times located in the periplasm. It has a very high binding affinity to the substrate
and is essential for the transport even when high concentrations of the substrate are
present. The range of substrates can be very diverse, including amino acids, short peptides,
organic and inorganic ions, sugars, vitamins, metals, cations, opines and siderophores [60].
Most of the transporters are specific for one substrate or one family of substrates (maltose-
maltodextrin transporter). There are many well-described import ABC transporters in E. coli
such as the maltose-maltodextrin transporter MalFGK, [61], the oligopeptide transporter
Opp [62, 63] and the dipeptide transporter Dpp [64].

ABC transporters are not only involved in import but also in export, as for example in
peptides or drug efflux. One of those drug secretion systems is MacAB-TolC (E. coli) (Figure
8) [65]. MacAB-TolC represents a specific macrolide pump and consists out of three
components, the periplasmic membrane fusion protein MacA, the ABC-type transporter
MacB and the outer membrane channel protein TolC [65, 66].
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Figure 8: Schematic model of the molecular construction of the ABC-type macrolide-specific drug exporter
MacA-MacB system complex with TolC in E. coli.
NBD indicates the possible nucleotide-binding domain [65].

1.2.2.2.1 Oligopeptide permease Opp

The oligopeptide transporter Opp is one of the best-studied ABC transporters. It shows the
typical ABC transporter structure and consists of five domains (Figure 7): two homologous
transmembrane domains (OppB and OppC), two homologous ATP-binding proteins (OppD
and OppF) and a soluble, periplasmic binding protein (OppA) mobile in the periplasmic
space. The genes of this transporter are located in an operon [62]. If one of the five genes is
knocked out the transporter is not functional anymore [67]. It is localized in the cytoplasmic
membrane of both Gram-positive and Gram-negative bacteria, between which it shares a
high sequence identity. It represents one of the main peptide transporters, with a high
affinity for a broad range of substrates. It specifically transports peptides of two- to five
amino acids with no apparent sequence selectivity. Although it was already reported that
the periplasmic binding protein OppA can bind peptides up to 35 amino acids [60], based on
the negatively charged binding pocket of OppA, the binding protein has a preference to bind
positively charged, basic peptides [68]. Opp is furthermore involved in cell-wall recycling [69]
even though OppA does not facilitate transport of the cell wall component murein
tripeptide. The murein tripeptide seems to be bound by another periplasmic binding protein,
MppA. MppA supplies the membrane bound domains of Opp with the murein tripeptides
[70].
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1.2.2.2.2 Dipeptide Permease Dpp

A second main and well-described peptide transporter is the dipeptide permease Dpp. It
shares with Opp the same overall transporter structure and its genes are encoded in one
operon in E. coli. It consists of the periplasmic binding protein DppA, the two
transmembrane domains DppB and DppC and the two ATP-binding proteins DppD and DppF.
The knockout of one of the five compartments leads to a loss of function of this transporter
[71, 72].

It has the highest affinity to dipeptides containing L-amino acids or glycine, but can also
translocate tri-, tetra- and hexapeptides [73]. Besides the peptide transport, the periplasmic
binding protein DppA is involved in chemotaxis [64, 74]. Substrate-bound DppA interacts
with the Tap chemotactic signal transducer and initiates an attractant signal. Peptides are
the only attractants reported to elicit a signal through Tap. Furthermore the Dpp transporter
is required for heme-uptake [75]. When an outer membrane heme-receptor is expressed,
the Dpp transporter is also able to transport heme and the heme-precursor & aminolevulinic
acid [75]. It was shown that peptides compete for binding to DppA with heme [75]. When
cells are grown in minimal medium DppA accumulates to high levels [72]. As soon as the
medium is supplemented with casamino acids the protein levels of DppA are reduced [72]. A
reduction of DppA was observed under glucose limitation and zinc stress too [76, 77].

1.2.2.2.3 Sap (Sensitive to antimicrobial peptides) transporter

SapABCDF encodes an ABC transporter of unknown function, which belongs to the subgroup
of peptide transporters. The Sap-transporter shows the same structure as Dpp and Opp, and
shares a high similarity with those peptide transporters [78]. It was described for being
involved in resistance to antimicrobial drugs. Parra-Lopez et al. proposed that SapA binds
antimicrobial peptides, transports them across the cytoplasmic membrane and into the
cytoplasm, and therefore prevent their access to putative targets membrane-standing
targets. In the cytoplasm the antimicrobial peptides are either degraded or they initiate a
cascade resulting in activation of resistance determinants [78]. Furthermore it was shown
that the ATP-binding domain SapD is involved in K*-transport via the uptake system TrkH and
TrkG [79]. TrkH and TrkG are two closely related potassium ion transporters [80]. It has been
implicated that SapD confers ATP dependence to these two K' uptake proteins [79].
Furthermore the Sap transporter plays a role, comparable to the dipeptide permease, in
heme utilization. SapA can bind heme and it can be translocated into the cytoplasm via the
Sap permease [81].



1 Introduction 26

1.2.2.3 Proton-dependent oligopeptide transporter (POT)

POTs are proton-coupled transporters that facilitate the transport of di- and tri-peptides
over the cytoplasmic membrane [82]. The transport of the peptides is coupled to an inward
directed proton electrochemical gradient. The POTs belong to a subfamily of the functionally
vast Major Facilitator Superfamily (MFS). They consist of 12 transmembrane helices,
arranged in two 6-helices bundles that assemble together in the membrane to form a 'V’-
shaped transporter with a central substrate-binding site between those bundles [83, 84].
Some of the POTs carry two further transmembrane helices (Ha and Hg). They are inserted
between the two bundles [84].

Periplasm

Figure 9: Structure of the E. coli POT YbgH.
The 12 helices transmembrane core is colored in a rainbow scheme (N-terminus blue to the red C-terminus).

H, and H; are colored in grey. The transporter is embedded in the membrane (yellow) [83].

The structure of the transporter changes during the uptake process. One current uptake

model proposes the following mechanism:

Extracellular
0 @ gate
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Figure 10: Model for proton-driven peptide symport by PepTs, [84]

In the first phase the transporter is in an outward-facing state (Figure 10). The peptide and
proton bind from the extracellular side of the membrane. The binding leads to the closure of
the extracellular gate and the transporter forms the occluded state. The transition to the
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inward state occurs in part through hinge-like movement of two helices that results in
release of the intracellular gate. This inward-facing state allows the proton and peptide to
exit into the interior of the cell. The different conformations are created and changed
through a dynamic salt-bridge network within the molecule [83, 84].

One representative of this transporter class is TppB (also named DtpA or YdgR), which is
considered, besides Opp and Dpp, as one of the main peptide transporters of E. coli. It shows
an affinity to di- and tripeptides composed of L- amino acids [85]. YjdL and YbgH, unlike most
other characterized POTs, lack an affinity for tripeptides and show a preference for
dipeptides [86, 87].

1.3 Antibiotic uptake

As mentioned before, antibiotics need to pass several barriers, with different characteristics,
before they can reach an intracellular target. The mechanism of action of antibiotics was
studied intensively in the era of antibiotics, but the uptake mechanism of many antibiotics
remained elusive. As resistance mechanism can be based on a decrease in uptake too [31], it
is crucial to understand the uptake of an antibacterial compound.

1.3.1 Different uptake mechanisms

Antibiotics can enter the cell via different uptake routes. In Gram-negative bacteria they
need to pass even two main barriers with opposing penetration characteristics, the outer
membrane and the cytoplasmic membrane (Figure 2). In the following chapter, the uptake
mechanism of some selected antibiotics will be described, which were used as comparators
in this study.

1.3.1.1 Aminoglycoside uptake

Aminoglycosides are polycationic water-soluble molecules with three to six net positive
charges [32]. It was under discussion if aminoglycosides are taken up, at least to some
extent, through porin channels [88], but this could never be proven until today. It was shown
that aminoglycosides are crossing the outer membrane via so-called “self-promoted uptake”
because they force and facilitate their own uptake across this barrier. The first step of this
process is based on rapid electrostatic binding. In this phase the positive aminoglycosides
bind to the negatively charged sides (lipopolysaccharides) of the outer membrane [89]. For
gentamicin it was shown that it binds to the outer membrane, disrupts the Mg”" bridges
between the lipopolysaccharide (LPS) molecules and by disturbing the integrity of the LPS
barrier promotes its own uptake [31, 32, 90]. These antibiotics are considered as
permeabilizers, as the interaction with the outer membrane can permeabilize it to
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fluorescence hydrophobic probes [32]. However this effect is rather weak compared to the
permeabilizer polymyxin-B-nonapeptide (PMBN) [91].

After aminoglycosides have passed the outer membrane they accumulate to some extent in
the periplasm, followed by two energy dependent steps. In EDPI (energy-dependent-phase
[), aminoglycosides cross the cytoplasmic membrane in response to the membrane potential,
and a slow rate of accumulation takes place [92]. The positively charged aminoglycosides are
attracted by the charge gradient across the cytoplasmic membrane (negative inside). The
aminoglycoside uptake across the cytoplasmic membrane is an energy requiring process. The
cells accumulate them against a concentration gradient and the pmf provides the driving
force [88]. It was seen that low pH, which leads to a drop of pmf [93-95], led to a much
poorer transport of aminoglycosides, and therefore a lower effective intracellular
concentration of the drugs [96]. It was shown that the oligopeptide transport system is
involved in the uptake during EDPI [97, 98], but the complete mechanism is not yet
understood. In the third phase of aminoglycoside uptake, EDPIl, a linear rate of
aminoglycoside transport across the cytoplasmic membrane takes place. This is based on a
process that uses energy from electron transport and possibly from ATP-hydrolysis [99]. The
initiation of the third phase is dependent on ribosomal binding and the binding contributes
significantly to the total uptake of aminoglycosides [93]. Once the aminoglycosides cause
misreading, the membrane permeabilizes by the insertion of mistranslated proteins, and
more aminoglycosides can easily enter the cell [100].

1.3.1.2 Tetracycline uptake

Tetracyclines use two pathways to cross the outer membrane, a lipid-mediated and a porin-
mediated pathway. The porin-mediated uptake takes place in the form of a net positive
magnesium-bound chelate complex [101]. Tetracyclines cross the outer membrane of Gram-
negative bacteria through the porins OmpC and OmpF [35, 101, 102], and they passage
preferably via OmpF [101]. The cationic chelate-complex crosses the outer membrane and
accumulates in the periplasm. It was shown that in the absence of only OmpF and
OmpF/OmpC, accumulation of tetracycline was still detected in the periplasm [101]. This is
due to the fact that tetracycline can also pass the outer membrane in the uncharged
magnesium-free form, by passive diffusion [103], albeit at lower rates than through the
porins. It has a pKa of 7.7, and exists mainly in the protonated form at neutral pH [103]. Ata
pH 7.4 7% of tetracycline species are uncharged [103].

In the periplasm reversible dissociation of the chelate releases the uncharged and lipophilic
tetracycline. In this state tetracycline can passively diffuse through the lipid-bilayer of the
cytoplasmic membrane [104]. In the cytoplasm it converts again to an ionic compound as the
internal pH and the Mg** concentration is higher than in the periplasm [105, 106]. The
cytoplasmic pH is tightly regulated in the range 7.4-7.8, whereas the periplasmic pH equals
the external pH [106, 107]. This leads to the diffusion of more uncharged tetracycline into
the cytoplasm to reach equilibrium. The accumulation equilibrium is shown in Figure 11.
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Tetracycline accumulates against its concentration gradient and this active process is
energized by the pmf. As the pH difference is dependent on the pmf it explains the energy
dependence of tetracycline uptake. Only the uncharged, protonated tetracycline can diffuse
through the bilayer. The equilibrium between protonated tetracycline and the chelate
complex depends on the pH and the magnesium ion concentration. It was shown that
tetracycline is able to complex other divalent cations besides magnesium, such as calcium
and copper [108]. Each tetracycline molecule can complex two metal ions. Calcium and
magnesium give similar interactions with tetracycline, whereas copper binds to different
sides of the antibiotic. The association constant showed a correlation of pH and
complexation. With increasing pH the complexation was favoured [108], which underlines
again the dependency on the pH in tetracycline uptake.

cytoplasmic membrane

THMg"
Mg2+

TH €—> T+ it

TH, €—>TH &+ H’
$Mg2+

THMg"

Figure 11: Passage of tetracycline across the bacterial cytoplasmic membrane and accumulation within the
cytoplasm

(adapted from Yamaguchi et al., [105]) While fully protonated TH, is uncharged, TH is negative and net
positive when complexing Mg2+. Uptake across the outer membrane is not depicted.

1.3.1.3 Quinolone uptake

Quinolones can pass the outer membrane via two different pathways. They can either use
porins or cross it by passive diffusion. In the charged form they pass the outer membrane
preferably through OmpF [36]. The ionization of the carboxyl group enables ciprofloxacin to
chelate with Mg®* [109]. It was shown that strains lacking OmpF had a reduced accumulation
of norfloxacin [110]. At pH 7.4 approximately 10% of hydrophilic quinolones are in their
uncharged form [103]. In this form quinolones are able to cross the outer membrane
passively [36], as they can diffuse through the lipid bilayer in the protonated form [103].

The chelated complex, which entered through the porins, dissociates again in the periplasm,
comparable to the tetracycline-Mg** complex. Due to the accumulation in the periplasm and
the concentration gradient across the cytoplasmic membrane, the uncharged molecule can
passively diffuse through the lipid-bilayer [111]. The quinolones distribute across the
membrane so that the concentration of uncharged species is identical on both sides of the
membrane [103]. There is no evidence that active drug uptake into the cytoplasm takes
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place. It is more likely based on the physicochemical properties of the compound and the pH
differences in the periplasm and cytoplasm.

1.4 Negamycin - an underexplored peptide-like antibiotic

Negamycin was first discovered in 1970 and obtained from culture filtrates of Streptomyces
strains, closely related to Streptomyces purpeofuscus [4]. Metabolites, as epi-
deoxynegamycin, were also isolated form Streptomyces goshikiensis [112] and from a
Micromonospora strain [113]. Negamycin is a pseudopeptide with a diamino-
hydroxyhexonacid (hydroxyl-B-lysine) as a central B-aminoacid (Figure 12).
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Figure 12: Structure of negamycin with previously published pKa’s [114].

Negamycin showed promising activity against Gram-positive and Gram-negative bacteria in
vitro and in septicemia models of infection [4, 115] and displayed low acute toxicity in
rodents [4, 5]. One early report [115] mentioned a toxicity study in dogs where daily
administration of negamycin had led to a formation of N-methylhydrazinylacetic acid, which
had inhibited glutamate pyruvate transaminase and had led to reversible hepatic coma. In
contrast, recent detailed preclinical profiling of negamycin demonstrated low hepatic
metabolism and almost complete renal excretion in unchanged form [5]. Only 0.05 to 0.25%
of N-methylhydrazinylacetic acid was detected in the urine of rats and dogs, respectively. It
is active against clinically relevant strains such as the pathogens Staphylococcus aureus,
Pseudomonas aeruginosa and Enterobacteriaceae. It displays a moderate antibacterial
activity with MIC values of: 4 pg/ml (E. coli), 32-50 pg/ml (S. aureus), 25 ug/ml (Bacillus
subtilis) and 6-32 ug/ml (P. aeruginosa) [4, 116]. Synthesis of analogs and modification of the
compound were performed using different approaches [116-119]. Even though some
analogs displayed a higher activity in cell-free assays, none of them had an improved activity
in whole-cell assays. These observations demonstrate that factors like permeation play a
critical role in antimicrobial activity and led to the assumption that negamycin is entering the
cell through an active transport mediated event. It was demonstrated that negamycin has
stringent requirements with regard to the chemical structure. C-terminal modification
resulted in a complete loss of activity and the basicity of the N-terminal amino group was
shown to be critical, too. Only one negamycin analog, deoxynegamycin, rendered
comparable activities to the original compound [117, 120]. Only recently, McKinney et al.



1 Introduction 31

published a new negamycin analogue, N6-(3-aminopropyl)-negamycin, which is showing a 4-
fold improvement of antibacterial activity [121].

In conclusion, the transport structure-activity-relationship is not in parallel with the target
structure-activity-relationship for negamycin. The activity on the target was studied in
several approaches [6-13], whereas the uptake mechanism remained elusive. Only recently
it became subject of ongoing studies [114].

Negamycin targets protein biosynthesis [7, 8]. Early investigation on the mode of action
described an inhibition of the initiation step [7]. In recent crystal structures negamycin was
detected at 9 independent binding sites at the ribosome, which are distributed over the
large and small subunit [13]. Schroeder et al. proposed one further binding site, which has
not been confirmed so far [122]. It is uncertain, how many of these sites are functionally
relevant and which are artefacts of the crystallization procedure. The main binding site, and
the one consistent with the mode of action and resistance mutations, is located at the 16S
rRNA in the vicinity of the conserved helix 34 (h34). This binding site overlaps with the
tetracycline-binding site. Here, negamycin interacts also with the tRNA and stabilizes the
binding of the aminoacyl-tRNA to the ribosome. This stimulates miscoding due to prolonged
residency time of no-cognate tRNAs at the ribosome and inhibits translocation [12, 13].
Negamycin promotes miscoding in the 5’-terminal and internal position (A>U, C=>U and
A—>G). This spectrum is identical with the miscoding spectrum of streptomycin and
kanamycin, even though no ribosomal cross-resistance was detected, in line with different
binding sites of the two compound classes at the ribosome [6, 8]. Furthermore negamycin
inhibits the termination step. It binds, most likely irreversibly, to polysomal ribosomes and
inhibits the release of the peptides [10, 11]. The miscoding effect was utilized in an approach
for treating Duchenne muscular dystrophy in a mouse model study [123]. In one-third of the
cases, the illness is based on a mutation in the dystrophin gene. This mutation results in a
stop codon, which leads to a premature termination of the translation of this gene [124].
Compounds, which cause miscoding have been considered for treating a genetic disease like
this. Aminoglycosides would be potential candidates in this regard. The disadvantage of this
antibiotic class is the high toxicity and therefore its severe side effects. Negamycin, with
predicted lower toxicity is an interesting candidate in the therapy for this genetic illness. In
fact, Arakawa et al. showed that negamycin was able to restore dystrophin expression [123].
A similar attempt was conducted in a study concerning APC (Adenomatous Polyposis Coli)
tumor suppressor gene in human colorectal cancer. In 80% of this cancer the APC gene is
mutated. 30% of these mutations are nonsense mutations, which lead to a premature
termination. Negamycin was shown to read through the stop-codon and recover the
biological activity of APC cancer cell lines [125]. This makes negamycin not only an
interesting candidate for treating antibacterial infection, but also for treating genetic
illnesses based on a nonsense mutation.

As mentioned before, the uptake mechanism of negamycin remained elusive for a long time.
An active transport was suggested by Raju et al., and Uehara et al. proposed that negamycin
permeates through a lysine-permeation system, but this hypothesis was never proven [116,
120]. Rafanan et al. suggested on a poster in 2003 at the ICAAC conference, that negamycin
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could be a substrate of the Dipeptide Permease Dpp. The route was confirmed in this work
as well as in a publication of McKinney et al. from 2015 [114]. Furthermore Rafanan et al.
pointed out that spontaneous mutants showed complementary cross-resistance to
aminoglycosides. Some mutants were deficient in components of the electron transport
system [126]. McKinney et al. isolated mutants as well, which were deficient in these
components [114]. None of these studies investigated uptake across the outer membrane or
took effect of ion complexes into account. Clearly negamycin is not entering the cell by using
only one uptake route, and the whole mechanism is not understood so far. Goal of this work
was to investigate the different uptake routes of negamycin into the bacterial cell, to
evaluate previous hypotheses and to complement our knowledge on the complex uptake
process.

1.4.1 Sperabillin — an antibacterial agent structurally related to negamycin

The natural products sperabillin A, B, C, D are produced by Pseudomonas fluorescens YK-437
[127]. They were first identified as antibacterial compounds in 1985 by Takeda Chemical
industries [128]. The chemical characterization and structure determination was published in
1993 by Hida et al. [129] and confirmed with the total synthesis by Hashiguchi et al. [130]
(Figure 13).
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Figure 13: Structure of Sperabillin A, B, C, D and Hexadecyl-Sperabillin.

Sperabillin is, like negamycin, a positively charged pseudopeptide with a 3,6-diamino-5-
hydroxyhexanoic acid (Figure 14).
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Figure 14: Structure-comparison of sperabillin and negamycin.

Sperabillin has in vivo and in vitro activity against Gram-positive and Gram-negative bacteria,
including antibiotic resistant strains of P. aeruginosa and S. aureus. Interestingly the in vivo
activity is stronger than that expected from in vitro potencies [127]. An acute toxicity of 500
mg/kg upon subcutaneous injection was described [127]. The in vitro activity is strongly
dependent on the assay condition and the ionic strength of the media. Therefore the MICs
can vary under different conditions, as for example in E. coli the MIC ranges from 12.5 pg/ml
to >100 pg/ml. However, derivatisation of these peptide-antibiotics yielded metabolites with
significantly improved activity [131]. But when the amidino moiety was modified, the
compound lost its activity. Similar results were described for negamycin [119]. Hida et al.
proposed that the amidino group might play an important role in electrostatic binding to the
bacterial cell wall. The mode of action is not yet known. Preliminary data showed an
inhibition of RNA-, DNA-, protein- and cell wall-biosynthesis in E. coli, but the experimental
design and selectivity should be questioned [127].

Pre-treatment of mice with sperabillin A had a protective effect against lethal bacterial
infections [127]. This prophylactic characteristic of sperabillin was discussed as potentially
immunostimulatory. Large sperabillin polymers were shown to activate macrophages, but it
is unsure, if this effect is based on particle size or related to monomer activity [132].
Furthermore, these polymers displayed an anti-tumor activity in mice based on proliferation-
inhibition and the mentioned immunostimulatory effect [133].

1.5 Escherichia coli as a model organism

Escherichia coli is a Gram-negative, rod-shaped, facultative anaerobic bacterium. The genus
is named after Theodor Escherich, a doctor who in 1886 discovered this rod-shaped
bacterium in the gut-flora of babies [134]. E. coli belongs to the family of
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Enterobacteriaceae. It is a common inhabitant of the gastrointestinal tract of warm-blooded
organisms [135]. The E. coli strains, which are part of the gut-flora are commensales, and
mostly even beneficial for the host, as they produce vitamin K, [136] and prevent the
colonization by pathogenic bacteria. Even though most of the E. coli strains are harmless,
some strains are highly infectious pathogens, and can cause severe intestinal and
extraintestinal diseases [137]. Extended spectrum B-lactamases and other resistance factors
are increasingly frequent in E. coli [138]. Thus, new therapeutic treatment options are also
important for this species.

No other bacterial species is as well understood as E. coli. It has served in the laboratory as a
model organism for more than sixty years. This is due to its easy cultivation and the fast
reproduction cycle of 20 minutes under optimal conditions. It plays a major role in the fields
of biotechnology and microbiology, where it is used as a host organism for work with
recombinant DNA. The first E. coli strain that was sequenced was MG1655, an offspring of
the commonly used laboratory strain K12 [139]. MG1655 has only been cured of the
temperate bacteriophage lambda and F plasmid. The chromosome consists of 4.639.221
basepairs (bp), with 4.288 open reading frames (ORFs), which equal 88% of the genome. 1%
encodes for tRNAs and rRNAs, 0.5% for non-coding repeats and 10% for regulatory and other
functions [139].

As E. coli is so well characterized, easy to handle and because negamycin shows moderate to
good activity against this strain, E. coli was chosen as the main model organism for this work.

1.6 Goal of the thesis

The main goal of this thesis was to investigate the molecular uptake mechanism of the
pseudopeptide negamycin. Negamycin shows a moderate antibacterial activity and
optimization approaches of the compound without rational guidance did not yield an
improved or more potent antibiotic [116-119]. The observation was made that the
permeation factor plays a critical role in antimicrobial activity. Therefore it is not only crucial
to understand the mode of action but also the uptake mechanism for goal-oriented
compound optimization. As negamycin is active against Gram-positive and Gram-negative
bacteria this work focuses on the passage of negamycin through the outer membrane as
well as across the cytoplasmic membrane and the influence of external environmental
factors on negamycin activity, by using E coli as a Gram-negative model organism. The
compound used in this project was synthesized by Squarix GmbH.

A side project of this thesis focused on sperabillin, which is structurally related to negamycin.
As mentioned before the mode of action and the uptake of this promising compound
remains elusive. Two different derivatives of this antibiotic, sperabillin C [127] and
hexadecyl-sperabillin [131], were provided by Squarix GmbH to perform preliminary
investigations on the mode of action and uptake mechanism.
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2 Results

2.1 Characterization of negamycin activity

2.1.1 Negamycin activity in different strains and media

The first goal of this thesis was to determine the activity and potency-profile of negamycin.
Therefore the MIC was determined in Gram-positive and Gram-negative bacteria under
different media conditions (Table 2).

Table 2: Negamycin MICs in Gram-positive and Gram-negative bacteria under different test conditions
(n.d.: not determined, n.g.: no growth).

MIC [pg/ml]
E. coli E. coli P. aeruginosa | S. aureus B. subtilis
PAO1 trpC2
BW25113 ATCC29522 ATCC29213
medium
0.5% 16 16 64 >64 >64
polypeptone
Peptone n.d. 64 >64 >64 >64
water
peptone n.d. 16 8 64 32-64
(meat)
M9 4 2 >64 n.g. n.g.
LB >64 >64 >64 >64 >64
MH >64 >64 >64 >64 >64
MH cation | n.d. 64 >64 >64 >64
adjusted
Nutrient n.d. 32 64 >64 n.g.
broth
CYG n.d. >64 >64 >64 >64
Belitzky n.d. 4 >64 n.g. >64
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Table 2: Negamycin MICs in Gram-positive and Gram-negative bacteria under different test conditions
(continued)

MIC [pg/ml]
E. coli E. coli P. aeruginosa | S. aureus B. subtilis
PAO1 trpC2
BW25113 ATCC29522 ATCC29213
medium
Meat extract | n.d. 32-64 64 >64 >64
Agar
0.5% 2 n.d. n.d. n.d. n.d.
polypeptone.-
Agar
M9-Agar 8 n.d. n.d. n.d. n.d.

Testing negamycin against different strains in different media showed diverse activity (Table
2). E. coli, for example, was not susceptible in rich media, such as LB, MH, MH-cation
adjusted and CYG. A moderate activity was determined in 0.5% polypeptone (PP) (16 pg/ml),
peptone-meat (16 ug/ml), Belitzky (4 pg/ml) and M9 (2-4 mg/ml). All of these broths are
minimal media, which contain either only peptone (PP, peptone meat), salts and glucose
(M9) or salts, glucose and amino acids (Belitzky), respectively. In peptone water, which
contains peptides and salt, no activity could be determined. Other Gram-positive and Gram-
negative bacteria, treated with negamycin, showed only a slight (P. aeruginosa) or no
inhibition under these conditions. The determined MIC on M9-agar is 2-fold higher than in
liquid. Interestingly on PP-agar the MIC is 8 fold lower than in the broth.

These observations align with previously published data [4], and show that negamycin has a
higher potential in Gram-negative bacteria. The differences in negamycin activity in different
media point to multiple entry routes into the bacterial cytoplasm.

For further investigations, two media with opposing composition, PP and M9, were selected.

2.1.2 Azidonegamycin activity in different strains and media

The derivative azidonegamycin was synthesized by our cooperation partner Squarix GmbH. It
carries an azido-group at the N-terminus (Figure 15).
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Figure 15: Comparison of the chemical structures of negamycin and azidonegamycin

The activity was tested against Gram-negative and Gram-positive bacteria. The MICs were
determined in PP (Table 3), as negamycin, azidonegamycin showed a moderate activity in
this medium.

Table 3: Azidonegamycin activity in Gram-negative and Gram-positive bacteria

MIC [pg/ml]
E. coli P. aeruginosa | B. subtilis S. aureus
PAO1 168
ATCC25922 ATCC13709
PP >64 >64 64 >64

Azidonegamycin was inactive in Gram-positive and Gram-negative bacteria. It was
demonstrated before that negamycin has stringent requirements with regard to the
chemical structure. The basicity of the N-terminal amino-group was shown to be critical
[116]. This aligns with our result. As the azidogroup is not basic, the antibacterial activity of
negamycin is lost.

2.1.3 Bactericidal activity of negamycin

Antibiotics can either have a bacteriostatic or bactericidal effect. To determine the
antibacterial activity of negamycin, killing curves were performed (Figure 16). Over a time
course of 25 hours. E. coli BW25113 was treated with different concentrations of the
antibiotic, plated out and colony-forming-units (CFUs) were counted. As azidonegymcin did
not show an antibacterial activity <64 ug/ml in E. coli the killing curves were only performed
with negamycin.
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Figure 16: Bactericidal activity of negamycin in PP

Bactericidal activity of an antibiotic is defined as a >3 log;o decrease in cfu/mL (here marked
with the dashed line) within 24 hours. The negamycin killing curve showed that this is the
case when E. coli is treated with 16 ug/ml negamycin (which equals the MIC in this medium)
after 8 hours. Therefore the negamycin activity is bactericidal, which aligns with previously
published data [10].

2.1.4 Mode of action

Negamycin inhibits different steps of the protein biosynthesis [7, 8]. It inhibits translation by
a dual mode of action. On the one hand it causes miscoding and on the other it inhibits
termination. Negamycin binds to its main binding site at the 16S rRNA and interacts with the
tRNA. This leads to a stabilization of the binding of the aminoacyl-tRNA to the ribosome. This
leads to an inhibition of translocation and stimulates miscoding [12, 13]. During the time
course of this project, different in vitro assays on the mode of action of negamycin were
performed. The effect of azidonegamycin on translation was investigated in comparison to
negamycin (Figure 17).

The transcription-translation assay showed that azidonegamycin is inhibiting the
transcription-translation in E. coli, but only when applied in a high concentration (Figure 17
(a)). The half maximal inhibitory concentration (ICso) of azidonegamycin is 32.6 pg/ml,
compared to the ICsg of 0.692 pg/ml of negamycin (b). The uncoupled T7/translation assay
can separate between targeting the transcription or the translation. It was performed for
negamycin and showed that the inhibition is indeed taking place in the translation process

(c).
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Figure 17: in vitro coupled transcription/translation assay with (a) azidonegamycin, (b) negamycin and (c)
uncoupled T7/translation assay with negamycin

To investigate the miscoding of a compound an assay can be used which is based on a read-
through of a stop-codon by miscoding-causing compounds. This assay was performed with
negamycin (Figure 18).

E. coli BW25113 carried the pBestluc-mut plasmid, which carries a stop-codon in the
luciferase gene. When a compound causes misreading, the stop-codon is over read and the
luciferase can be expressed. Therefore a luminescence signal can be detected.

Streptomycin, an aminoglycoside that causes miscoding, was used as a positive control.
Tetracycline, which is inhibiting the binding of the aminoacyl-tRNA to the A-site of the
ribosome, was used as a negative control. The assay showed that negamycin, as well as
streptomycin, caused miscoding, which led to a read-through of the stop-codon and a
detection of luminescence signal (Figure 18). The negative control tetracycline did not show
any luminescence induction, which was expected, as it does not cause miscoding.
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Figure 18: Miscoding-Assay in M9 with negamycin, streptomycin (pos. control) and tetracycline (neg. control)

2.2 Side-project: Sperabillin activity

Sperabillin is a pseudo-peptide and shares structural similarities to negamycin (Figure 14).
Therefore the impact of different growth media on its antibacterial activity and the mode of
action were investigated and compared to negamycin. Our cooperation partner Squarix
GmbH synthesized two different sperabillin derivatives, sperabillin C and hexadecyl-
sperabillin.

2.2.1 Sperabillin activity in different strains and media

For negamycin a media-dependent activity was shown (2.1.1). Similar observations were
made for sperabillins in literature [127]. Further media conditions were tested for the two
derivatives sperabillin C and hexadecyl-sperabillin (Table 4).

Table 4: Sperabillin MICs in Gram-negative and Gram-positive bacteria under different test conditions
(n.d.: not determined).

MIC [pg/ml]
microorganism medium sperabillin C hexadecyl-
sperabillin
E. coli MH >64 32
BW25113 NB >64 n.d.
% NB >64 16 (32)
DYAB n.d. 32
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Table 4: Sperabillin MICs in Gram-negative and Gram-positive bacteria under different test conditions
(continued)

MIC [pg/ml]
microorganism medium sperabillin C hexadecyl-
sperabillin
E. coli PP >64 8
BW25113 PP + 25 pug/ml|>64 n.d.
PMBN
M9 >64 32 (64)
B. subtilis 1S58 MH n.d. 16 (32)
% NB n.d. 16
DYAB n.d. 16
PP n.d. 4 (8)
Belitzky n.d. 16
S. aureus 133 MH n.d. 16
NB >64 n.d.
% NB >64 16 (32)
DYAB n.d. 16
PP >64 4(8)
P. aeruginosa PAOI | NB >64 n.d.
PP >64 n.d
PP+ 25 ug/ml PMBN | >64 n.d.
M9 >64 n.d.
A. baumannii MH >64 n.d.
09987
NB >64 n.d.
% NB >64 n.d.
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Sperabillin C did not show any activity in the different strains tested, in none of the media
conditions. This result aligns with previous data, published by Katayama et al. [127]. They
determined only a moderate to slight activity in one Pseudomonas aeruginosa and one
Acinetobacter calcoaceticus strain. As we did not have the same strains in our laboratory,
strains from the same species respectively genus were tested, but they did not show
susceptibility to sperabillin C. Hexadecyl-sperabillin, on the other hand, showed moderate
activity in Gram-positive and Gram-negative bacteria. Hida et al. published a similar activity-
profile in DYAB medium [131]. For the other media-conditions no data was published so far.

Hexadecyl-sperabillin showed a slight media dependency. The activity in PP was 4-fold
better, compared to the other conditions. Similar results were seen for negamycin, even
though for this antibiotic, a medium with only salts and glucose (M9) was beneficial, too
(Table 2). This was not seen for sperabillin.

2.2.2 Sperabillins: Mode of action

Next, the mode of action of sperabillins was investigated. Sperabillin C and hexadecyl-
sperabillin were both tested in a promoter assay (Figure 19). This assay uses different
reporters as a screening tool for novel drug candidates. Based on broad transcriptional
profiling 5 promotors had been previously selected [140] that are rather selectively induced
upon disturbance of particular metabolic areas or cellular structures: cell-envelope (ypuA
and lial), protein- (bmrC), DNA- (yorB) and RNA-biosynthesis (helD). Five Bacillus subtilis
strains, each carrying one of these promoters fused to the firefly luciferase reporter gene,
were previously generated by Urban et al. [140]. When a compound targets one of the
biosynthesis pathways, the promoter is activated, the luciferase expressed, and
chemoluminescence can be detected.
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Figure 19: in vitro promoter assay with (a) sperabillin C and (b) hexadecyl-sperabillin

Sperabillin C induced the cell envelope-, DNA- and RNA-damage reporters (Figure 19 a). This
two- respectively three-fold induction occurred at a high concentration of 256 pg/ml. This
effect on the promoters at such a high concentration, aligns with the MIC >64 pg/ml of
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sperabillin C. Katayama et al. published data of an incorporation assay, which indicated an
inhibition of all four biosynthesis pathways, cell envelope, DNA, RNA and protein
biosynthesis, already at a concentration of 25 ug/ml [127]. However, he performed the
experiments with the more potent sperabillin A. An inhibition of protein biosynthesis could
not be seen in the promoter assay. Hexadecyl-sperabillin induced only ypuA, the promoter,
which is activated when cell envelope damage occurs. The induction was seen at 1x MIC and
2x MIC (16 and 32 pg/ml). The different mode of action could be due to the different
structure of the two sperabillin derivatives.

As sperabillins are structurally related to negamycin the protein-biosynthesis inhibition
through sperabillin was investigated. The inhibition of transcription and translation was
tested in the in vitro transcription-translation assay (Figure 20).
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Figure 20: in vitro transcription-translation assay with sperabillin C

The assay showed that sperabillin C had a slight, but not conclusive effect, on either
transcription or translation or both. This assay should be repeated with a more potent
sperabillin, as for example sperabillin A. Hexadecyl-sperabillin was not applied in this assay.

2.3 Negamycin passage across the outer membrane

For entering the cell, antibiotics need to cross several barriers (see chapter 1.2). Gram-
negative bacteria even have an additional barrier, the outer membrane (Figure 2). The outer
membrane can be approached in different ways. It can be crossed by a self-promoted uptake
as described for aminoglycosides (1.3.1.1). Furthermore it can be passed by porin mediated
transport, which tetracyclines and quinolones use in their charged form, or passive diffusion,
which is described for uncharged tetracyclines and quinolones (see chapters 1.3.1.2,
1.3.1.3.). In this chapter the investigations on the uptake of negamycin over the outer
membrane are described.
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2.3.1 The outer membrane as a rate-limiting barrier

Negamycin is active in Gram-positive and Gram-negative bacteria. In Gram-negative bacteria
it needs to pass the outer membrane as the first barrier. To investigate if the outer
membrane is rate-limiting for the uptake of negamycin, polymyxin B nonapeptide (PMBN)
was added to the MIC-determinations (Figure 21). PMBN is a small cationic peptide that
permeabilizes the outer membrane. Therefore compounds, which are either too big or
cannot cross the outer membrane under regular conditions, can diffuse through the
membrane upon treatment with PMBN.
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Figure 21: (a) Negamycin and (b) vancomycin and erythromycin activity in M9 and PP with addition of 15
ug/ml PMBN (+ PMBN, or +) in E. coli BW25113.
(n*=p<0.05)

In M9 the outer membrane is not rate-limiting for negamycin activity, as the treatment with
PMBN did not show a significant effect (Figure 21 a). In contrast in PP, the MIC decreased 4
fold, from 16 to 4 ug/ml, indicating that it is a barrier in this medium. To investigate whether
the outer membrane is generally no barrier in M9, MICs with erythromycin and vancomycin
were performed. Both antibiotics cannot pass the outer membrane, and therefore Gram-
negative bacteria are resistant against these two compounds. The addition of PMBN led to a
susceptibility of E. coli BW25113 towards vancomycin and erythromycin (Figure 21 b). This
result shows that the outer membrane is in general a barrier for antibiotics in M9, but not
for negamycin.

2.3.2 Involvement of porins in negamycin uptake

In the next step the involvement of porins in negamycin-uptake was investigated. Therefore
different porin knockout-strains were tested against negamycin (Table 5). Furthermore it
was tested if the outer membrane is rate limiting in porin-knockouts (Figure 22).
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Table 5: MIC of different porin-knockout-strains in PP and M9
(n*=p<0.05)

MIC [pg/ml]

E. coli strain PP M9

BW25113 | 16 4
AompN 16/32 | 8/16* JW1371 AompN
AompC 16 4 401
T 30
ANompF 16 4 £
i
AphoE 16 4 5 204
£
®
DybfM 16 4 ¥ 104 o
AompA 16 4 0- T
&;\
AompG 16 "
K
Aompl 16 4

Figure 22: Negamycin activity in JW1371 (AompN) with addition of
15 mg/L PMBN (+ PMBN).
(n*=p<0.05)

Only the deletion of ompN led to a higher negamycin MIC. This was seen in both media and
the effect was stronger in M9. To see if the outer membrane becomes rate-limiting for the
uptake in the ompN-knockout strain in M9, PMBN was added to the MIC-assay (Figure 22). It
was shown that the addition of PMBN increased the negamycin-susceptibility of this
knockout strain in M9, in contrast to the effect in the wildtype (Figure 21 and Figure 22).

2.3.3 Susceptibility of the LPS-mutant “rough-phenotype”

Furthermore the susceptibility of a strain with a “deep-rough phenotype” was tested. This
strain, JW3606 (ArfaG), does not have the outer core region of the LPS (Figure 23). The
negative charge of the inner core is exposed and easily accessible. The antibiotic
susceptibility of this strain was tested in different media and compared to the wildtype
susceptibility (Figure 24).
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Figure 23: Outer membrane structure of E. coli BW25113 and JW3606 (ArfaG).
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Figure 24: Antibiotic susceptibility of the “deep-rough phenotype” strain JW3606 (ArfaG) compared to the
wildtype (BW25113) in (a) M9 and (b) PP.

The rough phenotype is significantly more susceptible to negamycin in M9 compared to the
wildtype (Figure 24a). Tetracyline and ciprofloxacin, which were used as control antibiotics,
showed the same trend, even though the difference in the susceptibility was not significant.
In PP this effect was not seen for all three antibiotics (Figure 24b). The rfaG-knockout and
the wildtype showed similar susceptibilities for negamycin and tetracycline. Against
ciprofloxacin rfaG-knockout seemed more resistant than the wildtype.

To check if the rfaG-knockout has a lower fitness in the minimal medium M9 compared to
the wildtype, and might therefore be more susceptible to different antibiotics, a growth
curve was performed in the microplate reader (Figure 25).
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Figure 25: Growth curves of the E. coli strains BW25113 (wildtype) and JW3606 (rfaG-knockout) in M9 over
24 hours

In the first 10 hours the wildtype and ArfaG grew similarly, as during the lag- and the
exponential phase the growth of both strains was comparable. After ten hours the rfaG-
knockout entered the stationary phase, whereas the wildtype continued growing and
reached the stationary phase five hours later. This growth curves show that the “deep-
rough-phenotype” ArfaG is growing initially as well as the wildtype in the minimal medium
M9, but does not reach the same cell-density. This might be one reason for the increased
susceptibility of the strain, although we cannot exclude that the exposed negative surface
charge of the ArfaG strain facilitates adhesion of the positively charged negamycin to the
Gram-negative cells.

2.4 Negamycin passage across the cytoplasmic membrane

The cytoplasmic membrane is a barrier which has to be crossed in Gram-negative as well as
in Gram-positive bacteria (see chapter 1.2.2). The transport can occur either passive or
through active transport. Small and electrically neutral molecules can passively diffuse
through the phospholipid layer. This uptake route is described for tetracyclines and
quinolones in their uncharged form (see chapters 1.3.1.2 and 1.3.1.3). Charged and
hydrophilic compounds need to enter via active transporter-mediated uptake. An
involvement of the peptide transporter Opp in the uptake of aminoglycosides was described
(see chapter 1.3.1.1). In this chapter the investigations on negamycin-uptake over the
cytoplasmic membrane are presented.

2.4.1 Uptake via peptide transporter

As negamycin is a pseudopeptide, a possible transport system across the cytoplasmic
membrane might be peptide transporters. The negamycin susceptibility of different peptide
transporter knockouts of the Keio-collection was tested in M9 and PP (Table 6).
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Table 6: Negamycin MICs of different E. coli transporter mutants in M9 and PP media.
(n*=p<0.05, n**= p<0.01) The MIC determination of some strains were performed more often than others.

This explains why the significance level can differ.

MIC [pg/ml]
E. coli strain description M9 0.5%
poylpeptone

BW25113 wildtype 4 16

JW3513 (AdppA) dppA knockout (ABC 16** 16
transporter;periplasmic binding protein)

JW3512(AdppB) dppB knockout (ABC transporter; 16* 16
transmembrane domain)

JW3511 (AdppC) dppC knockout (ABC transporter; 16* 16
transmembrane domain)

JW35110 (AdppD) dppD knockout (ABC transporter; ATP- 16* 16
binding domain)

JW3509 (AdppF) dppF knockout (ABC transporter; ATP 16* 16
binding domain)

JW1287 (AsapA) predicted antimicrobial peptide 8** 32
transporter; sapA knockout (ABC
transporter; periplasmic binding protein)

JW1286 (AsapB) predicted antimicrobial peptide 4 16
transporter; sapB knockout (ABC
transporter; transmembrane domain)

JW1285 (AsapC) predicted antimicrobial peptide 4 16
transporter; sapC knockout (ABC
transporter; transmembrane domain)

JW1284 (AsapD) predicted antimicrobial peptide 2 16 (8)
transporter; sapD knockout (ABC
transporter; ATP-binding domain) (p=0.05152)

JW1283 (AsapF) predicted antimicrobial peptide 4 16
transporter; sapF knockout (ABC
transporter; ATP-binding domain)

JW1235 (AoppA) oppA knockout (ABC transporter; 4 16
periplasmic binding protein)

JW1236 (AoppB) oppB knockout (ABC transporter; 4 16
transmembrane domain)
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Table 6: Negamycin MICs of different E. coli transporter mutants in M9 and PP media (continued)

E. coli strain

description

MIC [pg/ml]

M9 0.5%
poylpeptone

JW1237 (AoppC) oppC knockout (ABC transporter; 4 16
transmembrane domain)

JW1238 (AoppD) oppD knockout (ABC transporter; ATP- 4 16
binding domain)

JW1239 (AoppF) oppF knockout (ABC transporter; ATP 4 16
binding domain)

JW5240 (AddpA) ddpA knockout (ABC transporter; 4 16
periplasmic binding protein)

JW1480 (AddpC) ddpC knockout (ABC transporter; 4 16
transmembrane domain)

JW1626 (AtppB) peptide-POT transporter knockout 4 16 (32)
mutant

JW0699 (AybgH) POT transporter knockout mutant 4 32*

JW4091 (AyjdL) putative POT transporter knockout 4 16 (8)
mutant

JW3463 (AyhiP) putative POT transporter knockout 4 16 (8)
mutant

JW1322 (AmppA) mppA-knockout (Component of murein 4 16
tripeptide ABC transporter; periplasmic
binding protein)

JW2988 (AygiS) ygiS-knockout (putative ABC 4 16 (8)
transporter; predicted periplasmic
binding protein)

JW2800 (AygdQ) ygdQ-knockout (putative peptide 4 16
transporter; predicted transmembrane
protein)

The dipeptide permease (Dpp) seems to be a main uptake route of negamycin in M9. The

knockout of all different components (dppA, dppB, dppC, dppD and dppF) led to a 4-fold

decrease in susceptibility. This effect was only seen in M9, not in PP. In this medium the

knockouts of the dipeptide permease did not show any effect. Another periplasmic binding
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protein of an ABC transporter seems to be involved in the negamycin uptake, SapA. The
knockout of this periplasmic binding protein led to a two-fold higher resistance in M9. A
similar trend was seen in polypeptone, yet it was not significant. Interestingly, the knockout
of the other components of this ABC transporter did not have the same effect. In fact, the
knockout of sapD showed a trend towards higher susceptibility in M9, and the other
domain-knockouts did not influence the negamycin activity. The knockout of another main E.
coli peptide transporter, the oligopeptidase Opp, did not change the susceptibility of the
strains. Further mutants of predicted ABC transporters and POT transporters did not have
any effect on negamycin activity. In PP only one peptide transporter mutant showed an
effect, the knockout of the POT transporter YbgH.

The uptake of negamycin via peptide transporter in S. aureus was investigated, too (Table 7).
MICs were performed in the S. aureus wildtype strain RN6390, and in strains with a knockout
in either one of the main oligopeptide transporters opp-1, 2, 3 or 4, the combined knockout
of all 4 oligopeptide transporters opp1-4, knockout in the di/tripeptide permease dtpT or the
knockout of all four oligopeptide transporter plus the di/tripeptide permease.

Table 7: Negamycin susceptibility in different S. aureus transporter mutants in S. aureus minimal medium.

S. aureus description MIC in S. aureus
minimal medium
pg/ml
RN6390 wildtype 16
Aopp-1 opp-1 oligopeptide permease knockout 16
Aopp-2 opp-2 oligopeptide permease knockout 16
Aopp-3 opp-3 oligopeptide permease knockout 16
Aopp-4 opp-4 oligopeptide permease knockout 16
AdtpT dtpT dipeptide permease knockout 16
Aopp-1234 knockout of opp-1, opp-2, opp-3, opp-4 16
permeases
AdtpT-opp-1234 knockout of the oligopeptide permeases opp-1, 16/32
opp-2, opp-3, opp-4 and the dipeptide permease
DtpT

The peptide transporters in S. aureus do not seem to play a substantial role in negamycin
uptake in minimal medium (Table 7). The knockout of the oligopeptide- or di/tripeptide
transporters did not have any effect on negamycin susceptibility. When all four oligopeptide
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transporters and the di/tripeptide transporter were knocked out (AdtpT-opp-1234), a small,
but not significant, change in negamycin activity was observed (16/32 pg/ml).

In the next step it was elucidated whether the main peptide transporters are expressed at
lower levels in PP compared to M9 in E. coli, which could explain that the knockouts of dppA-
F, sapA, tppB and oppA-F did not show any effect in PP. The expression of the different
periplasmic binding proteins and the POT TppB of exponentially grown E. coli BW25113 (WT)
in PP were compared to the expression in M9 (Figure 26).
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Figure 26: Transporter expression in 0.5 % polypeptone compared to M9 in E. coli BW25113.
This experiment was performed three times. One is shown as representative. The red line represents the

threshold of detection, which indicates a significant upregulation.

The expression analysis showed that all transporters are more highly expressed in PP than in
M9 (Figure 26). All measured transporter components were significantly (ratio >2)
upregulated in PP. TppB is even 30-fold upregulated in polypeptone whereas dppA and sapA
expression was only 2-5 times increased. This result shows that the transporters are present
in PP. Knowing that negamycin can use Dpp as an uptake route (see Table 6), one could
expect that the knockout of these transporters should lead to a decrease in negamycin-
susceptibility.

As this is not the case in PP, another explanation could be that negamycin is competing with
peptides for uptake, which are present in PP but not in M9. To investigate this hypothesis,
MICs were performed in M9 with addition of casein, peptides and amino acids. Furthermore
it was investigated whether the addition of amino acids to M9 had an effect on the
transporter expression (Figure 27). To this end, the cells were treated for 30 min with 0.1
mM amino acid-mix (mixture of all 20 proteinogenous amino acids in purified form) and the
expression-levels were compared to the untreated cells.

The addition of peptides and single amino acids to M9 led to a decrease in negamycin
susceptibility, correlating with increasing concentrations for achieving growth inhibition
(Figure 27 (a), (b) and (c)).
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Figure 27: Determination of E. coli BW25113 (WT) MICs in M9 with the addition of different concentrations
of (a) polypeptone, (b) casein and (c) aminoacid-mix. (d) Transporter expression after 30 minutes treatment
with 0.1 mM amino acid-mix (AA-mix) compared to no treatment (M9).

(n*=p<0.05, n**= p<0.01)

An increase of MIC above the highest concentration tested (64 pug/ml) was seen when PP or
0.5% casein hydrolysate were added to M9. These results point to a competition for uptake
with peptides. Furthermore the expression profiles of the transporters, after a 30 minutes
treatment with 0.1 mM amino acid-mix (AA-mix) were determined. When the amino acids
were added to M9, the expression of oppA and sapA remained the same compared to the
situation in M9 without addition. TppB, on the other hand, was 10-fold more highly
expressed, and the periplasmic binding protein dppA was significantly downregulated.

For comparison, the same MIC-studies, with addition of polypeptone, were performed with
bialaphos (Figure 28). Bialaphos is a natural herbicide and a known substrate of Opp and Dpp
[64].
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Figure 28: (a) MIC determination of bialaphos in E. coli BW25113, AdppA and AoppA. (b) Bialaphos MIC
determination in M9 with the addition of different concentrations of polypeptone

Bialaphos uses Opp as its main transporter [64]. The MIC determination showed that the
knockout of dppA did not have any effect on bialaphos susceptibility. When oppA was
deleted, the MIC increased (Figure 28 (a)). As Opp is the main route of bialaphos, the
knockout of Dpp does not seem to have an effect. In further experiments the effect of a
double and triple-knockout of different peptide transporters on bialaphos susceptibility was
investigated. The results are shown in chapter 2.4.1.3. The addition of polypeptone to M9
had a similar effect for bialaphos as it was seen for negamycin. With increasing
concentrations of polypeptone bialaphos activity decreased significantly (Figure 28 (b)).

Another hypothesis was that negamycin induces the expression of peptide transporters in
M9. Negamycin is a pseudopeptide and could be recognized as a peptide, which are absent
in M9, under the peptide-starvation conditions. Before the gqPCR studies were performed, a
growth curve was done, to determine a negamycin-concentration that did not kill the cells
outright. The experiment was performed in M9 and PP. In the following step the expression
of the transporters was measured (Figure 29). E. coli BW25113 (WT) cells were grown into
the exponential phase, and then treated for 30 minutes with negamycin.

The addition of % MIC (2 ug/ml) negamycin did almost not affect the growth of the cells in
M9 (Figure 29 (a)). In PP the addition of % MIC (8 pug/ml) negamycin did slightly affect the
growth (Figure 29 (b)). The treated cells entered the stationary phase two hours after
treatment (timepoint 5 hours). The untreated cells entered the stationary phase after 6
hours and reached a higher ODgoo than the treated cells (1.3 vs. 1).
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Figure 29: Growth curves of treated and untreated E. coli BW25113 (WT) in (a) M9 and (b) PP.
Cells were grown to the exponential phase. The timepoint, when negamycin was added, is marked with a

blue arrow. The experiment was repeated twice.

As the treatment with this concentration of negamycin did not lead to a strong damage and
inhibition of the cells, the expression-analysis was done after treatment with % MIC
negamycin for 30 minutes in M9 (Figure 30), to investigate the changes in transporter
expression once the cell senses negamycin.

expression after negamycin treatment

7

1.5+
2
g 10 SEEEE

0.54- --- O o o7oCo oCo" NN

I-I-_I-LI-
> > o >
0.0- &QQ OQQ &Q %@,Q
genes

Figure 30: Transporter expression in M9 after 30 minutes treatment with % MIC negamycin (2 pg/ml).

The gqPCR data showed that negamycin does not induce transporter expression (Figure 29 b).
In contrary, a trend of downregulation was seen. TppB was significantly downregulated
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2.4.1.1 Complementation of JW3513 (AdppA)

To confirm the effect of the dipeptide permease on negamycin activity the knockout strain
was complemented. The cloning was performed by Anne Berscheid (Brotz-Oesterhelt lab).
DppA was cloned into the vector pASK-IBA 5 plus. JW3513 (AdppA) del. was then
transformed with the plasmid, and the empty vector. This vector carries a promoter, which
can be induced by anhydrotetracycline (ATc).

In the first step, negamycin MICs were performed with different ATc concentrations, to
determine the best amount of ATc for induction (Figure 31).

induction with different ATc-concentrations

20+

E& BW25113 (WT)

JW3513 (AdppA) del.

JW3513 (AdppA) del.-pASK-dppA
B JW3513 (AdppA) del-pASK-empty
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Figure 31: Determination of ATc-concentration for induction of dppA-expression in pASK-dppA.
(ng= no growth could be detected)

When no ATc was added to the MIC assay, the wildtype showed, as expected, a MIC of 4
ug/ml and the dppA knockout strain 16 pg/ml. The strain, which was transformed with pASK-
dppA had an MIC of 8 ug/ml. This reduced resistance can be due to a leaky promoter. Even
though no ATc is added, dppA is expressed to a small amount, and leads to an increased
susceptibility compared to the dppA knockout strain. When 10 ng/ml ATc were added, the
complemented strain showed the same susceptibility as the wild type. The strain,
transformed with the empty vector, showed the same susceptibility as AdppA del. The same
profile was seen when 50 ng/ml ATc were added. At a concentration of 100 ng/ml JW3513
(AdppA) del. pASK-dppA was even more susceptible than the wildtype. This high
concentration of ATc might lead to an overexpression of dppA, which explains the increased
susceptibility. When higher ATc concentrations were added, the strains could not grow
anymore. Based on these results, the MIC was determined in M9 supplemented with 10
ng/ml ATC to induce the expression of dppA (Figure 32).

As mentioned before, the dppA knockout strain leads to a four-fold increase of negamycin
resistance (Table 6). When the knockout was complemented, the strain showed the same
susceptibility as the wildtype. As a control the strain was transformed with the empty vector.
JW3513 del.-pASK-empty showed an MIC of 16 ug/ml, as the knockout of DppA. This verifies
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that the knockout of dppA is responsible for the increased negamycin resistance and not a
downstream effect on the dpp gene cluster

Figure 32: Negamycin susceptibility in BW25113 (WT), the dppA-knockout strain JW3513 (AdppA) del., the
complemented strain JW3513 del. pASK-dppA and JW3513 del.-pASK-empty.
(n*=p<0.05)

2.4.1.2 Construction of periplasmic binding protein double- and triple-knockouts in E. coli
JW3513

As the periplasmic binding proteins of the main ABC-peptide transporters (DppA, OppA and
SapA) share high amino acid similarity in E. coli (DppA & OppA: 40.6%, DppA & SapA: 54.7%
and OppA & SapA: 41.1%, see chapter: Alignments of periplasmic binding proteins,
Supplemental Data), a cross-talk between the periplasmic binding proteins of the different
transporters and binding of the same substrates could be possible. If cross talk occurred in
the absence of one periplasmic binding protein, the remaining ones could still bind the
substrate, as for example negamycin, and transport it into the cell, regardless that it is not
the preferred transporter route. To investigate this hypothesis double and triple-knockout
strains of these binding proteins were created.

The knockouts were constructed as described by Datsenko and Wanner [141]. The dppA-
sapA double knockout containing resistance cassettes in both genes, and AdppA-AsapA del.,
where the resistance cassettes were removed and only a small scar was left, were
constructed within the bachelor thesis of Melanie Dostert. The dppA-oppA double
knockout,containing resistance cassettes in both genes, and all further cloned strains, were
constructed within this work.

In the first step the chloramphenicol-resistance cassette (cm-cassette) was amplified, using
primers with homologous ends to oppA and sapA, respectively. E. coli JW3513 was then
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transformed with the helper plasmid pKD46, which carries the A-red genes behind the
araBAD promoter for recombination, followed by transformation with the amplified
cassette. The cells were then plated on LB Amp/Cm and potential clones were checked for
insertion of the cm-cassette by PCR (Figure 33). The expected size of the oppA-wildtype PCR
fragment was 1852 bp, and the one of the oppA-knockout 1379 bp. The expected sapA-
wildtype fragment was 1813 bp and the one of the knockout 1370 bp.

(a) (b)
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Figure 33: PCR confirmation of the oppA-knockout (a) and the sapA-knockout (b) in E. coli JW3513:
L: ladder, 1a: E. coli JW3513 (AdppA) (primer: oppA fwd/rev), 2a: E. coli AdppA —DoppA (primer: oppA

fwd/rev). 1b: E. coli JW3513 (AdppA) (primer: sapA fwd/rev), 2b: E. coli AdppA —AsapA (primer: sapA
fwd/rev). (b) was constructed by Melanie Dostert.

The PCR-fragments of the double knockouts showed the expected size. The oppA-wildtype
had an amplification product with the size of 2000 bp, the product of the putative knockout
strain had a size of 1500 bp (Figure 33 a). This correlates with the expected sizes of 1813 and
1370 bp. The same is true for the dppA-sapA-knockout. The sapA-knockout had an
amplification product of around 2000 bp, whereas the putative knockout product was a bit
below 1500 bp. Both CR fragments are highlighted with blue arrows (Figure 33 b). The
expected sizes were 1813 bp and 1370 bp, which align with the sizes of the obtained PCR
products. To confirm the successful knockouts, the amplification products were sent for
sequencing, and aligned using Clone Manager (Figure 34, Figure 35).

The alignment of the sequencing results showed that the oppA gene in the JW3513 strain is
disrupted, after the first 60 bp and before the last 67 bp, and deleted. Therefore the
insertion of the chloramphenicol-cassette was successful (Figure 34). The first 60 bp of the
oppA gene were intact, then the sequence of the inserted resistance cassette, flanked by P1
and P2, followed. The first FRT-element was sequenced too, framing the cm-cassette on the
left. The sequence downstream of P2 is not shown in this figure as the obtained sequencing
result of the amplification product with the primer oppA rev showed a low quality in this
region.
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---agattgcagecattacacgtettgagegatt F=3 tgtaggetggagetgettopaagttectatagtttotag
tgctggttataccagtaattataatgagggagtccaaaaaacaatgaccaacatcaccaagagaagtttagtagcagctggcgttctggctgcgctaatggtgtaggctggagctgcttc aagttcctatagttictag

cm-cassette
agaataggaactteggaataggaacttcatttaaatggegegecttacgeccogocctyecactcatcgeagtactgttgta-ttcattaageat-ctgccgacatggaagecatcacaaacggeatgatgaacctgaat
agaataggaacttcggaataggaacttcatttaaatggegcgccttacqocccgooctyccactcatcgeagtactyttgtaattcattaageattotgocgacatygaagecatcacaaacqycatgatgaacctgaat
atga

cgccageggeatcageaccttgtogocttgogtataatatttgeccatggtoasaacgggggcgaagaagttgtecatattygocacgtttaaatoaaaactggtgaaacteacccagggattggotgagacgaaaaaca
cgccageggeateageaccttgtegocttgegtataatatitgeccatggtyasaacgggggegaagaagttgtecatattggecacgtitaaatcaaaactggtgaaacteacccagggattggetgagacgaaaaaca

tattctcaataaaccctttagggasataggecaggttttoaccgtaacacgecacatetigegaatatatgtgtagaaactgccggaaategtegtggtattcacteccagagegatgaaaacgtttcagtttgcteatgg
tattctcaataaaccctttagggasataggecaggotttoaccgtaacacgccacatcttgogaatatatytgtagaaactyccggasatcgtegtygtattcactcragagcgatgaaaacqtttoagtttgctcatqy
aaaacgtttcagtttgotcatty

asaa-cogtgtaacaaggotgaacactatcccatatcaccagetoaccqtotttcattyccatacgtaattccggatyagcattcatcagycgggoaagaatgtgaatasaggccygataaaacttytgottattottet
asaa-cggtgtaacaagggtgaacactatcecatatcaccagetoaccgtetttcattgecatacgtaaticoggatgageatteatcaggcgggoaagaatgtgaataaaggccggataaaacttgtgettatitttet
aaaaacggtgtaacaagggtgaacactatcccatatcaccagetcaccgtettteattgocatacgtaaticcggatgageatteatcaggcgggcaagaatgtgaatasaggccggataaaacttytgottatiottce

ttacggtctttaaaaaggecgtaatatccagetgaacggtetggttataggtacattgageaactgactgaaatgectcaaaatgttetitacgatyccattgggatatatcaacggtggtatatecagtgattitttte
ttacggtctttaasaaggecgtaatatocagetgaacggtetggttataggtacattgagcaactgactgaaatgoctcasaatgitotitacgatgccattgggatatatcaacygrggtatatecagtgattit-—---

ttacggtctttaaaaaggecgtaatatocagetyaacggtetygttataggtacattgageaactgactgaaatgectcaaaatgttotttacgatyccattgggatatatcaacygtogtatatecagtgattttttte

tcca4tttagcttccttagctcctgaaaatctcgacaactcaaaaaatacgcccggtagtgatcttatttcattatggtgaaagttggaacctcttacgtgccgatcaacgtctcattttcgccaaaagttggcccaggg

tccaJtttagcttccttagctcctgaaaatctcgacaactcaaaaaatacgcccggtagtgatcttatttcattatggtgaaagttggaacctcttacgtgccgatcaacgtctcattttcgccaaaagttggcccaggg
P2
cttcccggtatcaacagggacaccaggatttatttattctgcgaagtgatcttccgtcacaggtaggcgcgccgaagttcctatactttctagagaataggaacttcggaataggaictaaggaggatattcatat%gac

cttcccggtatcaacagggacaccaggatttatttattctgcgaagtgatcttccgtcacaggtaggcgcgccgaagttcctatactttctagagaataggaacttcggaataggaJctaaggaggatattcatath--

Figure 34: Sequencing result and alighment of the plasmid pKD3 (sequence from database) with obtained
sequences with the primers oppA fwd and oppA rev.
The sequence from the database is shown in the first row of the alignment. The other two rows show the

pKD3 sequences obtained with the different primers (oppA fwd and oppA rev). P1 and P2 (homologous parts

of the primer and the resistance cassette), the FRT-elements and the cm-cassette are highlighted in the

figure. The obtained sequences are labeled on the left side of the alighment.

The sequencing results of the sapA-knockout were aligned with pKD3 too, and showed that

the insertion of the cm-cassette was successful (Figure 35). SapA was disrupted between the
first 106 bp and the last 37 bp. The P1 and P2 and FRT-elements are flanking the cm-cassette
and these elements were disrupting the gene. As seen in the sequencing result of the

deleted oppA gene (see Figure 34), the sequence downstream of P2 is not shown in this

figure as the obtained sequencing result of the amplification product with the primer sap rev

showed a low quality in this fraction.
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KD3 B -
prbS -tgtaggctgdagetgcttopaagttcctatactttctagagaataggaacttcggaataggaacttcatttaaatggcgegecttacgecccgecctgecactcatcgecagtactgttgta— ccgcr\:r;‘agc
SapA fwd ggttttgdgtgtaggctggagetgcttagaagttcctatactttctagagaataggaacttcggaataggaacttcatttaaatggcgegecttacgecccgecctgccactcatcgecagtactgttgtaattcattaage
sapArev I
pkD3 cassette
sa Ade at—ctgccgaCatggaagccaccacaaacggcacgacgaacccgaaccgccagcggcaccagcaccctgccgccccgcgtacaacacccgcccatggtgaaaacgggggcgaagaagttgtccatattggccacgttcaa
P A attctgccgacatggaagccatcacaaacggcatgatgaacctgaatcgecagecggcatcagcaccttgtcgecttgegtataatatttgeccatggtgaaaacgggggcgaagaagttgtecatattggccacgtttaa
sapArev
pKD3 atcaaaactggtgaaactcacccagggattggetgagacgaaaaacatattctcaataaaccctttagggaaataggecaggttttcaccgtaacacgocacatcttgogaatatatgtgtagaaactgecggaaategt
sapA fwd atcaaaactggtgaaactcacccagggattggctgagacgaaaaacatattctcaataaaccctitagggaaataggocaggttttcaccgtaacacgecacatcttgogaatatatgtgtagaaactgecggaaategt
sapArev
pKD3 cgtggtattcactccagagcgatgaaaacgtttcagtttgotcatggaaaacggtgtaacaagggtgaacactatcccatatcaccagetoacecgteotttcattgocatacgtaattccggatgagecattcatcaggegg
sapA fwd cgtggtattcactccagagcgatgaaaacgtttcagtttgotcatggaaaacggtgtaacaagggtgaacactatcccatatcaccagetoaccgtotttcattgocatacgtaattccggatgagecattcatcaggegg
A taacaagggtgaacactatcccatatcaccagctocaccgtoctttcattgocatacgtaattccggatgagecattcatcaggegg
sapArev
pKD3 gcaagaatgtgaataaaggccggataaaacttgtgottatttttctttacggtctttaaaaaggccgtaatatccagetgaacggtctaggttataggtacattgagecaactgactgaaatgectcaaaatgttetitacy
sapA fwd gcaagaatgtgaataaaggccggataaaacttgtgettatttttcttitacggtctttaaaaaggeccgtaatatccagetgaacggtctggttataggtacattgagecaactgactgaaatgeoctcaaaatgttectttacg
sapArev gcaagaatgtgaataaaggccggataaaacttgtgettatttttcttitacggtctttaaaaaggeccgtaatatccagetgaacggtctggttataggtacattgagecaactgactgaaatgeoctcaaaatgttctttacg
pKD3 atgccattgggatatatcaacggtggtatatccagtgatttttttetccagtttagettccttagotocctgaaaatetcgacaactcaaaaaatacgeccgg-tagtgatcttatttcattatggtgaaagttggaacct
atgccattgggatatatcaacggtggtatatccagtgatttttttetccagtttagettccttagotocctgaaaatetcgacaactcaaaaaatacgeccgggtagtgatettatttecatt-————————————-——————-
SapA fwd atgccattgggatatatcaacggtggtatatccagtgatttttttctocattttagottccttagctoctgaaaatctocgacaactcaaaaaatacgcccgg-tagtgatcttatttcattatggtgaaagttggaacct
sapArev
pKD3 cttacgtgccgatcaacgtctcattttogocaaaagttggcccagggcttcccggtatcaacagggacaccaggatttatttattctgegaagtgatettcogtcacaggtaggecgegeccgaagttocctatactitctag
sapA fwd
cttacgtgccgatcaacgtctcattttogecaaaagttggeccagggcttcccggtatcaacagggacaccaggatttatttattectgegaagtgatecttcegteacaggtaggecgegeccgaagttoctatactitctag
sapArev FRT P
pKD3 agﬂataggaacttclggaataggaac}:aaggaggacacccacacggaccatggctaatccccatgtcagccgtcaagtg:ccctgcgtcaccgaaaa:cgcttcgagaggctctaagggctcctcagtgcgctacatccct
sapA fwd
A agajataggaacttcggaataggaacfaaggaggatattcata
sapArev

Figure 35: Sequencing result and alignment of the plasmid pKD3 (sequence from database) with obtained
sequences with the primers sapA fwd and sapA rev.
The sequence from the database is shown in the first row of the alignment. The other two rows show the

pKD3 sequences obtained with the different primers (sapA fwd and sapA rev). P1 and P2 (homologous parts
of the primer and the resistance cassette), the FRT-elements and the cm-cassette are highlighted in the
figure. The obtained sequences are labeled on the left side of the alighment.

In the next step a triple knockout of the three periplasmic binding proteins, was constructed.
To this end the double knockout AdppA-AsapA was used as a starting point. This strain
carried two selection markers; the kanamycin cassette in the dppA-gene and the
chloramphenicol-cassette in the sapA gene. To knockout oppA, one of these resistance-
markers had to be introduced again, therefore the cassettes had to be deleted in the dppA-
sapA double knockout first. To delete the resistance cassette the strain was transformed
with the plasmid pCP20 (temperature-sensitive replication and thermal induction of FLP
synthesis). Afterwards the strain was tested for the loss of all antibiotic resistance. The scar-
areas of the two genes dppA and sapA were sequenced (alignments are shown in the
chapter: Alignments of constructed knockouts, Supplemental Data), and the loss of the
selection markers was confirmed. The knockout of oppA in the AdppA-AsapA-del. strain was
constructed as described before. The cm-cassette was inserted in the oppA-gene, and
possible clones were checked via PCR and visualized by agarose gel electrophoresis (Figure
36). The expected size of the oppA-wildtype fragment was 1852 bp, and the one of the oppA-
knockout 1379 bp, as described above for the double knockout AdppA-AoppA.
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3000 bp
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Figure 36: PCR confirmation of the oppA-knockout in E. coli AdppA-AsapA del.
L: ladder, 1: E. coli AdppA-DsapA del (primer: oppA fwd/rev), 2: E. coli AdppA-AsapA-AoppA (primer: oppA

fwd/rev).

The size of the PCR product of oppA in the AdppA-AsapA-del. strain was slightly below 2000
bp. The expected size was 1852 bp, which correlates with this product. The expected size of
oppA in the AdppA-AsapA-AoppA strain was 1379 bp, which aligns with the PCR product,
which is slightly below 1500 bp. The two amplification products were sent for sequencing
and aligned with pKD3 and oppA, using Clone Manager. In the next step the resistance-
cassette in the oppA gene was deleted too, so that the strain AdppA-AsapA-DAoppA del. did
not carry any selection markers. The scar region of oppA was sequenced and aligned. The
results are shown in the chapter: Alignments of constructed knockouts, Supplemental Data.

2.4.1.3 Characterization of the constructed double and triple knockouts (AdppA-AoppA,
AdppA-AsapA, and AdppA-AsapA-AoppA)

Growth curves:

To characterize the constructed double- and triple-knockouts of the periplasmic binding
proteins, growth curves were performed in M9 and PP (Figure 37). Growth was measured of
BW25113 (WT), JW3513 (AdppA), IW1235 (AoppA), IW1287 (AsapA), AdppA-DoppA, AdppA-
AsapA and AdppA-AsapA-DoppA. The ODggo of the cells was adjusted to 0.1 and the growth
was measured over 25 hours in the microplate reader. The growth curves of each strain
were performed in triplicates.
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Figure 37: Growth curves of the periplasmic binding protein-single, double- and triple-knockout strains in (a)
M9 and (b) PP.
The growth was measured in triplicates over 25 hours in the microplate reader.

In the microplate reader, the strains grew slowly and only to a maximum ODggg of 0.4 (M9)
and 0.5 (PP) (Figure 37). This is due to the small volume in the 96-well plate (100 ul) and the
lower oxygen conditions in the well, compared to the condition in a flask. In M9 and PP all
strains entered the exponential phase at the same time and had a comparable growth rate,
with a doubling time of 3 hours in M9 and 2.5 hours in PP. All strains entered the stationary
phase in M9 after 6-7 hours and only the maximum ODgqq differed. The wildtype strain
BW25113 (black) and AdppA-DAoppA (purple) grew similarly up to an ODggo of 0.4. After 15
hours the ODgqg of the wildtype decreased again, as it entered the death phase. AsapA
(green) and the double knockout AdppA-AsapA (turquoise) grew a bit below the maximum
ODggo of the wildtype (ODgoo 3.5), but after 23 hours they reached the same ODggo. The
strains AoppA (blue), AdppA (red) and the triple-knockout AdppA-AsapA-DoppA (pink)
seemed to have a growth deficiency in this experiment in M9. Even though the exponential
phase proceeded parallel with the wildtype strain, the maximum ODgqo that was reached
was 0.3. This effect was seen for the triple knockout (pink) and AoppA (blue) in PP too. These
two strains reached an ODggo of 0.4, as was seen for AsapA (green), AdppA-AoppA (purple)
too. The wildtype (black), AdppA (red) and AdppA-AsapA (turquoise) showed a similar
growth, and reached a maximum ODggg of 0.5. The growth patterns for all strains were
similar and they entered the exponential phase after 1 hour and the stationary phase after
7-7.5 hours.

In summary the knockout of the main oligopeptide transporter Opp (blue) seemed to lead to
a growth deficiency in both media. This was seen, in this experiment for the triple knockout
(pink), and AsapA (green) too. The double knockout of dppA and oppA (purple) grew slightly
less dense than the wildtype in PP. When Dpp was not functional anymore, the strain
seemed to have a growth deficiency in M9 (red). The double knockout of dppA and sapA
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grew comparable to the wildtype (turquoise). As this experiment was only performed once
in triplicates, these observations need to be validated.

Susceptibility profile of the double- and triple-knockouts:

In the next step the susceptibility towards negamycin was tested (Figure 38). MICs were
performed in M9 and 0.5% PP.
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Figure 38: Negamycin susceptibility of the periplasmic binding protein- single- double and triple-knockout E.
coli strains in (a, b) M9 and (c, d) PP.
(n*=p<0.05, n**= p<0.01)

As shown before (Table 6) the knockout of the dipeptide permease leads to a highly
significant decrease in susceptibility in M9 (Figure 38 a). The knockout strain is four-times
more resistant than the wildtype. The single-knockout of the periplasmic binding protein of
the oligopeptide transporter Opp did not have a substantial effect in M9 and PP (Figure 38 a,
c), whereas the double knockout strain of dppA and oppA significantly decreased the
susceptibility towards negamycin compared to the single dppA-knockout in M9 (Figure 38 a),
even though the MIC values were only slightly different (16 pg/ml vs. 20 pg/ml). On the
contrary the double-knockout of sapA and dppA did not have any additional effect on
negamycin resistance. The double-knockout showed the same MIC values as the single
dppA-knockout in M9. The single knockout of sapA was significantly more resistant to
negamycin than the wildtype in M9 (Figure 38 b). The triple-knockout of the three
periplasmic binding proteins also did not have any additional beneficial effect on the
susceptibility compared to the single dppA knockout in this experiment (Figure 38 b). It
should be considered that the determined MIC-value of the dppA-single knockout in the
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experiment depicted in Figure 38 b was higher than in the experiment depicted in Figure 38
a. Therefore the resistance-effect of the triple-knockout might not be seen, when it only
differs slightly, as seen for the dppA-oppA-double knockout. In PP, none of the periplasmic
binding protein knockouts changed the negamycin susceptibility compared to the wildtype
(Figure 38 c, d).

In summary the double knockout of dppA and oppA seemed to bring a beneficial effect for
resistance of negamycin, which could be shown in 13 independend eperiments. As there was
only a very slight effect, Opp is probably only involved in negamycin uptake to a small
extent. The double knockout of dppA and sapA, and the triple-knockout of dppA, sapA and
oppA, had the same MIC-profile as the single dppA knockout. Even though a beneficial effect
of the triple-knockout cannot be excluded, as some trends were seen in the experiments, a
significant relevance could not be shown.

Excursus: Susceptibility of AdppA-AoppA and AdppA-AsapA-DoppA towards bialaphos

For comparison the susceptibilities of the dppA- and oppA knockouts, towards bialaphos,
were tested in (2.4.1). The knockout of dppA did not have any effect on bialaphos
susceptibility. When oppA was mutated, the bialaphos MIC strongly increased (Figure 28 (a)).
To see whether the double-knockout of dppA and oppA or the triple-knockout of dppA, sapA
and oppA led to a change in susceptibility compared to the single oppA knockout, the MIC
was determined (Figure 39).

M9

*% *%*

>1 >1

bialaphos [ug/ml]

Figure 39: Bialaphos susceptibility in different E. coli knockout strains.
(n**=p<0.01)

In alignment with the MIC determination that was shown before (Figure 28) the single
knockout of dppA did not have any effect on bialaphos susceptibility (Figure 39). When the
periplasmic binding protein of the oligopeptide permease Opp was deleted, the MIC
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increased from 0.0015 to 1 pg/ml. The double- and triple-knockout strains AdppA-AoppA,
AdppA-AsapA-DoppA were even more resistant to bialaphos with an MIC of >1 pug/ml. This

result shows that Opp seems to be the main entry route for bialaphos, but the other peptide
transporter, at least Dpp, are involved in the uptake as well.

2.4.1.4 Comparison of strains with intact and deleted resistance cassette

Comparison of susceptibility-profile of strains with intact and deleted resistance cassette

In the next step it was investigated whether the insertion of the selection marker had a
downstream effect, which might have a pinfluence on negamycin susceptibility. Therefore

the susceptibility profile of the strains, carrying the antibiotic resistance-cassette, and the
strains with the deleted cassette were compared in M9 (Figure 40).

M9

40+

negamycin [ug/ml]

Figure 40: Comparison of the negamycin susceptibility of the E. coli knockout strains with intact and deleted
resistance-cassette.

(n*=p<0.05)
The strains carrying the antibiotic resistance cassette and the strains with the deleted

cassette showed the same susceptibility towards negamycin. Therefore the deletion of the
selection marker did not affect the MIC of the strains.

Comparison of expression profile of strains with intact and deleted resistance cassette

DppA-F is encoded in one operon (Figure 41). The promoter is located in front of dppA and
the whole operon is transcribed as one transcription unit.
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Figure 41: Transcription unit dppABCDF. The transcription starts in front of dppA (source: ecoliwiki)

The strain JW3513 (AdppA) has a kanamycin resistance cassette inserted in dppA. The
cassette carries a stop codon, which allows the assumption that the translation stops after
the cassette and the mRNA of the other genes in the operon is not translated. In the strain
JW3513 (AdppA) del., in which the resistance cassette was deleted, dppBCDF could be
translated. To investigate if the knockout of the dppA had a influence on the exression of the
other genes in the knockout the gene expressions of dppA-F were measured in JW3513
(AdppA) and JW3513 (AdppA) del., and compared to the expression determined in the
wildtype strain BW25113 (Figure 42). The expression of dppA-F in the wildtype was set as 1.

expression compared to wildtype
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Figure 42: Gene expression of dppA-F in JW3513 (AdppA) and JW3513 (AdppA) del. compared to the
expression in BW25113

DppA was, as expected, not expressed in either of the two strains (Figure 42). The other four
genes dppB-F showed, in contrary to dppA, a low expression in JW3513 (AdppA). Compared
to the wildtype the expression is reduced to half. This expression-reduction could be
explained through a negative autoregulation. As dppB-F are not translated, the expression
might be downregulated. In JW3513 (AdppA) del. the expressions of dppBCDF are
comparable to the wildtype. This result shows that the kanamycin resistance-cassette was
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inserted behind the promoter area and only affected dppA. When the cassette was deleted
the expression of dppB-F could take place.

2.4.1.5 Expression of different ABC transporter periplasmic-binding proteins in E. coli
JW3513 (AdppA), IW1235 (AoppA), JIW1287 (AsapA)

DppA, SapA, and OppA share a high similarity (2.4.1.2). Thus, it was investigated if cross-talk,
of these periplasmic binding proteins might take place. One could hypothesize that the
knockout of one of the periplasmic binding proteins could lead to an increased expression of
another periplasmic binding protein that could then interact with the membrane-standing
components of its cognate or a non-cognate transporter. To investigate possible
transcriptional cross-talk between the ABC transporters, the gene expression levels of the
genes encoding the different periplasmic binding proteins were measured by gPCR in the
single-knockout strains (AdppA, AoppA, AsapA) and in the double-knockout strain AdppA-
AsapA (Figure 43). The expression was compared to the wildtype expression, which was set
to 1.

expression compared to wildtype

JW3513 (AdppA)
JW1235 (AoppA)
JW1287 (AsapA)
[T AdppA-AsapA

ratio

Figure 43: Expression of the periplasmic binding proteins dppA, oppA and sapA in JW3513 (AdppA), JIW1235
(AoppA), JIW1287 (AsapA) and AdppA-AsapA.
The expression was compared to the wildtype. (n*=p<0.05)

As expected, no dppA expression was detected in JW3513 (AdppA) and AdppA-AsapA (Figure
43). The expression levels of dppA in JW1235 (AoppA) and JW1287 (AsapA) were comparable
to the wildtype levels. OppA was not expressed in the oppA-knockout strain, which
confirmed the knockout of this gene. In the other strains, no significant change in oppA
expression was seen. The periplasmic binding protein sapA was not expressed in the single
sapA knockout strain and the double knockout strain AdppA-AsapA. The reason is that a
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resistance cassette is inserted into this gene. The sapA expression in the AdppA strain was
significantly down regulated. In the single AoppA knockout the same trend was seen, but this
was not significant, as the standard deviation between the different experiments was high.

The gPCR results showed that the knockout of one or two of these genes encoding the
periplasmic binding proteins did not lead to an increased expression of the gene encoding
the other binding proteins, therefore no compensation of the periplasmic binding proteins
on transcriptional level took place. The knockout of dppA had even the opposite effect on
sapA, as its the expression was significantly down regulated. In summary no cross-talk could
be shown on the transcription level. These results are underlined by the fact that JW3513
(AdppA) del., which has a intact SapA, and AdppA-AsapA did not show a difference in
susceptibility (Figure 40). This observation indicates that SapA does not interact with Dpp in
negamycin uptake.

2.4.2 Uptake of negamycin via lysine-uptake systems

Negamycin and the basic amino acid lysine have structural similarities (Figure 44) and they
may compete for uptake by a so far elusive transporter. Uehara et al. even proposed an
active negamycin uptake via a lysine-permeation system [120], but this hypothesis was not
proven.
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Figure 44: Comparison of negamycin (3,6-diamino-5-hydroxyhexonacid) and lysine structures

To test whether negamycin is competing with lysine or other basic amino acids for uptake,
increasing lysine and arginine/histidine concentrations were added to M9. The negamycin
MIC was then determined (Figure 45).

The addition of lysine to M9 showed that with increasing concentration the susceptibility
towards negamycin is decreasing. In M9 the measured negamycin MIC was around 5 pg/ml.
At a concentration of 0.5 mM lysine, up to 10 mM, the susceptibility drops to 16 pg/ml
(Figure 45 a). This result indicates that negamycin is competing for uptake with lysine. This
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effect is specific for lysine and does not occur with other basic amino acids, such as arginine
and histidine (Figure 45 b).
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Figure 45: Addition of increasing concentrations of lysine or arginine/histidin to M9.
Negamycin MIC was determined in E. coli BW25113 (WT).

As lysine and negamycin compete for uptake, they might use the same uptake system. In the
next step the negamycin MIC was determined in different lysine transporter knockout
strains. LysP is a lysine permease, which negatively regulates cadBA in the absence of lysine
[142]. CadB is part of the cadBA operon, which encodes a cadaverine transporter [143]. It
can act as a cadaverine-uptake transporter, which is dependent on the pmf, or as a
cadaverine excretion system. The excretion system is based on a cadaverine-lysine
antiporter activity, and the expression is induced by lysine [144]. Furthermore, the
knockouts of different compartments of the lysine/arginine/ornithine and histidine ABC-
transporter were tested (LAO-system argT-hisJQMP). HisP encodes an ATP-binding domain,
and hisM and hisQ encode the integral membrane components. This transporter has
multiple functions and is used for lysine/arginine/ornithine as well as for histidine transport
[145]. The functional difference of the two transporter systems is based on the different
binding proteins. ArgT binds arginine, lysine and ornithine whereas HisJ specifically binds
histidine.

The knockout of different lysine and amino acid transporter-systems did not result in a
decrease in negamycin susceptibility (Figure 46). In contrary, the knockout of cadB made the
strain slightly more susceptible towards negamycin compared to the wildtype. The effect of
the hisM knockout was even more significant. The knockout of the transmembrane domain,
led to two to three fold increase in susceptibility. The knockout of the lysine permease lysP
and the other compartments of the ABC transporter did not have any significant effect.
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Figure 46: Negamycin susceptibility in different amino acid transporter-system knockouts.
(n*=p<0.05, n**= p<0.01)

A reason for these observations might be that lysine is competing for uptake across the

outer membrane and not across the cytoplasmic membrane. This should be investigated in
further experiments.

2.4.3 Isolation and characterization of negamycin resistant clones

In order to investigate the resistance-profiles of negamycin the resistance rate was

determined. Negamycin resistant clones were isolated from M9- and PP-agar and further
characterized.

In the first step the minimal inhibition concentration was determined on agar. The
negamycin MIC on M9-agar was 8 pug/ml and the MIC on PP agar was 2 pg/ml (Table 2).
Spontaneous mutants were identified on M9 by plating 1.8 x 10° CFU of E. coli BW25113 on

plates containing different negamycin concentrations. The following resistance rates were
determined:

1 x MIC: resistance rate: 1.1 x 10” (2 colonies)
0.75 x MIC: resistance rate: 3.9 x 10” (7 colonies)
0.5 x MIC: resistance rate: 8.4 x 10 (151 colonies)

At 2x MIC no colonies grew. Here, the resistance rate was <5.55 x 10™'°. 10 colonies were
isolated from the M9-plates and characterized. The same experiment was performed with

the AdppA strain JW3513. No single colonies could be isolated, as a bacterial lawn was found
on all plates.
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On PP agar, containing 2x respectively 4x negamycin MIC, 4.3 x 10° CFU of E. coli BW25113
were plated. The following resistance rates were determined:

2 x MIC: resistance rate: 1.2 x 10°°(5 colonies after 24)

4 x MIC: resistance rate: 1.4 x 107 (after 24 h no colonies, after 48 h 8 colonies, two of
which turned out to be fully susceptible in later MIC determinations)

The colonies PP-1-5 were isolated on the plate which contained 2 x MIC, and the clones PP-
6-8 were isolated on 4 x MIC plates.

In summary resistant clones were raised at a low frequency with 1.1 x 10® at 1x MIC on M9
and 1.4 x 10” at 4x MIC on polypeptone.

2.4.3.1 Susceptibility profile

In the next step the susceptibility towards negamycin of the isolated mutants was
determined by broth microdilution (Table 8).

Table 8: Negamycin susceptibility of isolated resistant clones in M9 and PP.
(n*=p<0.05, n**= p<0.01)

MIC [pg/ml]

E. coli strain M9 PP
BW25113 4 16
JW3513 (AdppA) 16** 16
Mo9-1 16** 16
M9-2 16** 16
M9-3 16** 16
M9-4 16** 16
M9-5 16** 16
MO9-6 16** 16
M9-7 16** 16
MO9-8 16** 16
M9-9 16** 16
M9-10 16** 16
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Table 8: Negamycin susceptibility of isolated resistant clones in M9 and PP (continued)

MIC [pg/ml]

E. coli strain M9 PP
PP-1 4 32+
PP-2 4 32(64)*
PP-3 4 8
PP-4 4 32+
PP-5 4 8
PP-6 n.g. 32*
PP-7 1* 32+
PP-8 n.g. 32*

The mutants isolated on M9 showed low-level resistance to negamycin in M9 but no change
of MIC in PP, similar as it was seen for JW3513 (AdppA) (Table 8). The mutants generated on
PP showed a low level of resistance to negamycin too, which occurred only in this medium
and not in M9. Exceptions were the clones PP-6, PP-7 and PP-8. PP-6 and PP-8 did not grow
in M9. The clone PP-7 did not grow well in the plates in M9 too, and was more susceptible to
negamycin, which could be due to the weak growth. The isolated colonies PP-3 and PP-5 did
not display a significant resistance towards negamycin and were not further investigated
after the determination of the MIC against different aminoglycosides.

In the next step the cross-resistance to different antibiotics was investigated. First the MICs
of aminoglycosides were determined in M9 and PP (Table 9, Table 10).

Table 9: Aminoglycoside susceptibility of isolated resistant clones in M9.
(n*=p<0.05, n**= p<0.01, n.g.: no growth, n.d.: not determined)

E. coli strain MIC in M9 [pg/ml]

negamycin kanamycin gentamicin streptomycin neomycin
BW25113 4 1 0.031 (0.0625) 2 0.5
JW3513 16** 1 0.0625 2 0.5
(AdppA) del.
M9-1 16** 1 0.0625 2 0.5
M9-2 16** 1 0.0625 2 0.5
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Table 9: Aminoglycoside susceptibility of isolated resistant clones in M9. (continued)

E. coli strain

MIC in M9 [pg/ml]

negamycin kanamycin gentamicin streptomycin neomycin
M9-3 16%* 1 0.0625 2 0.5
M9-4 16%* 1 0.0625 2 0.5
M9-5 16%* 1 0.0625 2 0.5
M9-6 16%* 1 0.0625 2 0.5
M9-7 16%* 1 0.0625 2 0.5
M9-8 16%* 1 0.0625 2 0.5
M9-9 16%* 1 0.0625 2 0.5
M9-10 16%* 1 0.0625 2 0.5
PP-1 4 3* 0.125** 2(4) 1(2)*
PP-2 4 3* 0.125** 4* 1(2)*
PP-3 4 1(2) 0.0625 2 0.5 (1)
PP-4 4 2* 0.0625 4 (8)* 0.5 (1)
PP-5 4 4* 0.125%** 4 2*
PP-6 n.g. n.g. n.g. n.g. n.g.
PP-7 1* n.d. n.d. n.d. n.d.
PP-8 n.g. n.g. n.g. n.g. n.g.
Table 10: Aminoglycoside susceptibility of isolated resistant clones in PP.
(n*=p<0.05, n**= p<0.01)
E. coli strain MIC in PP [pg/ml]

negamycin kanamycin gentamicin streptomycin neomycin
BW25113 16 0.0625 0.0625 0.03125 (0.0625) 0.125
JW3513 16 0.125 0.0625 0.0625 0.125
(AdppA) del.
M9-1 16 0.0625/0.125 0.0625 0.0625 0.125
M9-2 16 0.0625/0.125 0.0625 0.0625 0.125
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Table 10: Aminoglycoside susceptibility of isolated resistant clones in PP. (continued)

E. coli strain MIC in PP [pg/ml]
negamycin kanamycin gentamicin streptomycin neomycin

M9-3 16 0.0625/0.125 0.0625 0.0625 0.125
M9-4 16 0.0625/0.125 0.0625 0.0625 0.125
M9-5 16 0.0625 0.0625 0.0625 0.125
M9-6 16 0.0625/0.125 0.0625 0.0625 0.125
M9-7 16 0.0625/0.125 0.0625 0.0625 0.125
M9-8 16 0.0625/0.125 0.0625 0.0625 0.125
M9-9 16 0.0625/0.125 0.0625 0.0625 0.125
M9-10 16 0.0625/0.125 0.0625 0.0625 0.125
PP-1 32* 0.5%* 0.25%* 0.25** 0.25 (0.5)*
PP-2 32(64)* 0.5** 0.25 (0.5)** 0.5%* 0.25 (0.5)*
PP-3 8 0.125 0.125 0.0625 0.5**
PP-4 32* 0.5%* 0.25%* 0.25%* 0.125 (0.25)
PP-5 8 0.5%* 0.25% 0.125 (0.25)** 0.5%*
PP-6 32* 0.125** 0.125** 0.125* 0.25 (0.5)**
PP-7 32* 0.125** 0.125** 0.0625 0.25 (0.5)**
PP-8 32* 0.25%* 0.125%** 0.125%* 0.5%*

The susceptibilities to aminoglycosides of the wildtype, all the negamycin resistant mutants
and JW3513 (AdppA) del. were determined. The MICs were performed in M9 and PP. Only
the polypeptone mutants showed cross-resistance to aminoglycosides (Table 9, Table 10). All
M9-clones behaved comparable to the JW3513 (AdppA) del. strain (Table 9). PP-6, PP-7 and
PP-8 did not grow, or grew only weak, in the 96-well plates in M9, therefore no MIC could be
determined. PP-1 and PP-2 showed cross-resistance towards all tested aminoglycosides in
M9. PP-4 was only cross-resistant to kanamycin and streptomycin in this medium. The
susceptibility profile in PP of the M9-isolated clones was comparable to the wildtype
BW25113 and JW3513 (AdppA) del. (Table 10). No cross-resistance was detected. In contrast
the polypeptone-clones showed low-level cross-resistance towards kanamycin, gentamicin,
streptomycin and neomycin, therefore to all aminoglycosides tested. Only two exceptions
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were observed. PP-4 did not show a significant MIC difference towards neomycin, compared
to the wildtype, and PP-7 was not more resistant to streptomycin.

If this observed cross-resistance of the PP-isolated clones is specific to aminoglycosides, or
whether it is also the case for other antibiotics was investigated next. MIC determinations
were performed with tetracycline and ciprofloxacin (Table 11).

Table 11: Tetracycline and ciprofloxacin susceptibilities of isolated resistant clones in M9 and PP.
(n*=p<0.05, n**= p<0.01, n.g.: no growth, n.d.: not determined)

E. coli strain

MIC in M9 (ug/ml) MIC in PP (ng/ml)

tetracycline ciprofloxacin tetracycline ciprofloxacin
PP-1 4 0.0078 4 0.0078
PP-2 4 0.00391 (0.0078) 2(4) 0.00391 (0.0078)
PP-4 4 0.0078 4 0.0078
PP-6 n.g. n.g. 4 0.00195*
PP-7 n.d. n.d. 16** 0.03125*
PP-8 n.g. n.g. 4 0.00391

The tetracycline and ciprofloxacin susceptibilities of the wildtype and the negamycin
resistant clones, which were isolated on PP, were measured. In M9 no cross-resistance could
be detected. As PP-6 to -8 were not growing at all in M9, or only slightly no MIC values could
be determined. In PP only PP-7 showed highly significant cross-resistance towards
tetracycline and ciprofloxacin. PP-6 was slightly more susceptible towards ciprofloxacin.

2.4.3.2 Growth and morphology studies

To determine the fitness of the different isolated resistant mutants, growth and morphology
studies were performed.

Growth curves:

The different strains were grown in flasks. Every hour 100 pl culture were taken, and ODggg
was measured in the microplate reader (Tecan). The ODgoo Was measured until strains
entered the stationary phase (10 respectively 15 hours). The growth curves of the clones
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isolated from M9 were measured in M9, and accordingly the strains isolated on PP were
grown in PP broth (Figure 47).

(a) (b)
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Figure 47: Growth curves at 37°C of BW25113 (WT) and M9-1 to M9-10 in M9 (a) and BW25113 (WT), PP-1,
PP-2, PP-4, PP-6, PP-7 and PP-8 in PP(b).

The isolated M9-resistant clones grew comparable to the wildtype in M9 (Figure 47 a). After
6 hours they entered the exponential phase and became stationary after 14 hours at an
ODggo of 0.2. In contrast some of the PP-clones showed growth-deficiencies. The three
strains, which were isolated from the plate containing 4x MIC negamycin, grew slower than
the wildtype (Figure 47 b). They entered the stationary phase two hours later (8 hours
compared to 6 hours of growth) and reached lower ODs. PP-6 reached an ODgy of 0.2, PP-7
of almost 0.3 and PP-8 only of 0.17. The maximal wildtype ODggo was 0.32. PP-1, PP-2, PP-4
showed similar growth patterns as the wildtype.

As PP-6, PP-7 and PP-8 showed growth deficiencies, which might be due to energy
depletions or rivosomal mutations. These strains were further investigated and morphology
studies were performed.

Colony morphology studies:

The colony-morphologies of the wildtype, PP-6, PP-7 and PP-8 were compared to each other.
For comparison the membrane-energy-mutant AN66 (AubiD) and the isolated negamycin-
resistant mutant PP-2, which grew comparable to the wildtype, were included in the
experiment. The colony diameters of the different strains were measured and compared to
each other (Figure 48). The cells were grown overnight on PP-agar and measured after 24
hours. When the strains were incubated longer, the ratio remained the same.

The membrane-energy-mutant AN66 showed slightly smaller colonies as the wildtype
(Figure 48 a, b). PP-2 and PP-8 showed two types of colonies, smaller and bigger ones.
However, separating the colonies only worked for the PP-8 mutant. PP-2 showed in the
average smaller colonies than the wildtype. The same was seen for PP-6, PP-7 and PP-8.



2 Results 76

@ ‘ (®)

[

colony size

diameter (mm)

BW25113 ANG66 PP-2 PP-6 PP-7 PP-8

Figure 48: (a) Colony-morphologies of the wildtype BW25113, the membrane-energy-mutant AN66 (AubiD)
and PP-2, PP-6, PP-7 and PP-8 on PP-agar. (b) Cells were grown on PP and the diameters of the colonies were
determined.

(n*=p<0.05, n**= p<0.01)

This observation underlines the assumption that these isolated negamycin-resistant clones
may have an energy-depletion. Even though other mutations, as for example ribosomal-
mutations, can lead to a similar phenotype. The negamycin susceptibilities of the two
different colony-types were determined again.

Negamycin susceptibilities of small and big PP-8 colonies

PP-8 showed two different colony-types. These were separated from each other, and the
negamycin susceptibility was tested (Figure 49).
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Figure 49: Negamycin susceptibilities of the E. coli strains BW25113 (WT), PP-8 small colony and PP-8 big
colony. The MIC was determined in PP.
(n**= p<0.01)

The MIC-assay showed that the big colonies of PP-8 showed the same susceptibility profile
as the wildtype. The PP-8 small-colony was 2-4 times more susceptible. Most likely a mixed
culture was obtained while isolating the negamycin-resistant mutants from the plate.
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2.4.3.3 Sequencing of the dpp-operon

As mentioned before, Dpp was identified as an important entry route of negamycin in M9.
Therefore the dpp-operon of the sustained negamycin resistant clones was amplified and
sequenced.

Many different primer combinations were tested for amplifying the dppA gene alone and the
whole dpp-operon of the M9-resistant clones. Only the amplification of dppA in M9-8
succeeded and a mutation from tyrosine to cysteine was found (Figure 50).

M9-8 AA alignment dppA

dppA 301 mrislkksgmlklglslvamtvaasvgaktlvycsegspegfnpglftsg
M9-8 dppA 1 186 mrislkksgmlklglslvamtvaasvgaktlvycsegspegfnpglftsg
M9-8 dppA Im = @ mmm oo e
M9-8 dppA rev . = —o - s oo

dppA 451 ttydassvplynrlvefkigttevipglaekwevsedgktytfhlrkgvk
M9-8 dppA 1 336 ttydassvplynrlvefkigttevipglaekwevsedgktytfhlrkgvk
M9-8 dppA 1lm = @ —mmm e e e e e
M9-8 dppA rev 3 —-—---gsavpr-----—-—-—-—----——- FPg-—————————— e ————
dppA 601 whdnkefkptrelnaddvvifsfdrgknag----npyhkvsggsyeyfegm
M9-8 dppA 1 486 whdnkefkptrelnaddvvisfdrgknag----npyhkvsggsyeyfegm
M9-8 dppA 1lm = = @ mmm e e e e e
M9-8 dppA rev 30 ——==————————- nglrllfc---gknmlmr**kpvhrknwts---tgse
dppA 739 glpelisevkkvddntvgfvltrpeapfladlamdfasilskeyadammk
M9-8 dppA 1 624 glpelisevkkvddntvgfvltrpeapfladlamdfasilskeyadammk
M9-8 dppA 1lm = = @ —mm e m e e e
M9-8 dppA rev 123 pvrssyssikkipvsatk------—-—--—-----------————— rlma
dppA 889 agtpekldlnpigtgpfglggygkdsrirykafdgywgtkpgidtlvisi
M9-8 dppA 1 774 agtpekldlnpigtgpfglggygkdsrirykafdgywgtkpgidtlvisi
M9-8 dppA 1lm = = @ mmmmm e e e
M9-8 dppA rev 189 tgapnrrsir------------ Wo—————————————m— e ———— fsl
dppA 1039 tp-dasvryaklgknecgvmpypnpadiarmkgdksinlmempglnvgyl
M9-8 dppA 1 924 tp-dasvryaklgknecgvmpypnpadiarmkgdksin----------—-—-
M9-8 dppA 1lm 2 mmmmmmmm e pypnpadiarmkgdksinlmempglnvgyl

M9-8 dppA rev 231 lppdasvryaklgknecgvmpypnpadiarmkgdksinlmempglnvgyl

dppA 1186 synvgkkplddvkvrgaltyavnkdaiikavyqggagvsaknlipptmwgy
M9-8 dppA 1 = —o oo
M9-8 dppA 1lm 92 synvagkkplddvkvrgaltyavnkdaiikavyggagvsaknlipptmwgy
M9-8 dppA rev 381 synvgkkplddvkvrgaltyavnkdaiikavyggagvsakatipptmmey
- Tyr>Cys
dppA 1336 nddvgdytydpekakallkeaglekgfsidlwampvgrpgynpnarrmaem
M9-8 dppA 1 = —m oo - -

M9-8 dppA 1lm 242 nddvgdytydpekakallkeaglekgfsidlwampvgrpdnpnarrmaem
M9-8 dppA rev 531 nddvgdytydpekakallkeaglekgfsidlwampvgrpdnpnarrmaem
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Figure 50: Alignment of dppA of the wildtype and M9-8.

Three different primers; dppA |, dppA Im and dppA rev were used. The sequences were aligned to the dppA
sequence from the database, which is shown in the first row of the alignment. The other three rows show

the M9-8 sequences obtained with the different primers.

The size of the complete dpp-operon is 6006 bp. As different primer combinations within the
operon did not lead to any product in the M9-clones, besides for M9-8, primers were used
that were far outside of the Dpp encoding region. The results observed with two primer sets
are shown in Figure 51 as an example. With the primer set dppA-F-5/dppA-F rev4 a product
of 10694 bp was expected. The primer combination dppA-F-2/dppA-F rev2 amplified a

region of 8455 bp.

10000 bp

@ Primer: dppA-F -5/ dppA-F rev4 (b) Primer: dppA-F -2/ dppA-F rev2
M9

6000 bp

3000 bp

1000 bp

M9
WT 123456 7 8 9 10 PP-4

WT 4
10000 bp

6000 bp

3000 b

1000 bp

Figure 51: PCR with the primer set dppA-F-5/dppA-F rev4 (a) and dppA-F-2/dppA-F rev2 (b).

PCR was done in the wildtype and the M9-1 to M9-10 clones and the second primer set was tested in PP-4

too.
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The size of the PCR-product in the wildtype with the primer combination dppA-F-5/dppA-F
rev4 was slightly above 10000 bp (Figure 51 a). This product aligns with the expected size of
10694 bp. A second small product with the size of 1000 bp was seen. The same product of
10000 bp was seen in the strain M9-8. All other PCRs, which were perfomed with the DNA of
the other M9-resistant clones, did not yield in any product. A similar picture was seen with
the primer combination dppA-F-2/dppA-F rev2. A product was seen with a size of around
8000 bp for the wildtype, the clone M9-8 and the clone PP-4. This product corresponds to
the expected size of 8455 bp.

None of the other tested primer combinations yielded in a product for M9-1, M9-2, M9-3,
M9-4, M9-5, M9-6, M9-7, M9-9 and M9-10. As there was always a product for the wildtype,
M9-8 and the polypeptone clones, a failure of the PCR-reactions can be excluded. This
observation indicates that all the M9-clones have a change in the DNA-region of the dpp-
operon. For M9-8 the region seemed to be intact, but a mutation in dppA was found. The
complete dpp-operons of the polypeptone clones PP-1, PP-2 and PP-4 were sequenced, and
no mutations were found (used primers are listed in Table 22). They showed 100% sequence
identity with the wildtype.

To analyze which mutations occurred in the PP-clones and to see what happened to the dpp-
region in the M9 clone, the strains BW25113 (WT), M9-2 as well as PP-2, PP-6, PP-8 were
sent for whole genome sequencing. The results of the sequencing were not obtained and
analyzed in the time course of this work.

2.5 Influence of salts on negamycin activity

Salts can play an important role in the uptake of antibiotics, as shown for tetracyclines [101]
and quinolones [109] and in the activity of antibiotics as known for daptomycin [146] and
empedopeptin [147]. Negamycin itself carries a carboxyl group (Figure 12), which could
possibly chelate cations. Based on this it was investigated whether salts have an influence on
negamycin activity. (Table 12). The results are presented in this chapter.

Table 12: salt effect on negamycin activity in PP.
(n*=p<0.05, n**= p<0.01, n.g.: no growth, n.d.: not determined)

MIC in PP (pg/ml)

salt conc. CaCl, (ng/ml) MgCl, (ug/ml) NaCl (ug/ml) KCI (ug/ml)
0mM 16

0.5 mM 4** 16 16 n.d.

2.5 mM 1** 8 16 n.d.
5.0 mM 4** 8 16 n.d.
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Table 12: salt effect on negamycin activity in PP (continued).
MIC in PP (pg/ml)
salt conc. CaCl, (png/ml) MgCl, (ug/ml) NaCl (ug/ml) KCl (ug/ml)
10 mM q** 8 16 n.d.
25 mM 8 16 32* 32*
50 mM 16 16 64** 64**
100 mM 32* 16 64 (>64)** >64**

When Ca”* and Mg** were added to PP, a positive effect on negamycin activity was seen and
the effect of Ca** was significantly stronger compared to Mg?* (Table 12). The most effective
concentration of CaCl, on negmaycin activity was 2.5 mM. At a high concentration of 100
mM, calcium had an inhibiting effect. The addition of the monovalent cations, NaCl and KClI,
led to a decrease of negamycin activity. From a concentration of 25 mM on, the MIC got
higher with increasing salt concentrations.

In the next part it was investigated whether negamycin is able to chelate cations, and if this
might explain the effect it has on the activity.

2.5.1 Complexation of divalent cations

As mentioned before, negamycin carries a carboxyl group, which might chelate cations. To
investigate whether it forms complexes with Ca**, Mg®* or Na* thin layer chromatographies
(TLC) were done (Figure 52 a and b). The salts CaCl,, MgCl, and NaCl were added in different
molar ratios to negamycin. In a second step negamycin was titrated with CaCl, using
isothermal titration calorimetry (ITC) (Figure 52c).

The TLC-results proved a complexation of negamycin with Mg®* and Ca®*, but not with the
monovalent cation Na* (Figure 52 a). When Mg** and Ca?* were added in increasing
concentrations the retardation factor (Rf) values decreased (Table 13).
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Figure 52: (a) Thin layer chromatography (TLC) analysis of complex formation of negamycin with CacCl, (1),
MgCl, (2) and NaCl (3). (b) TLC of negamycin mixed with NaCl in a molar ratio of 1:10. CaCl2 was added in
increasing molar ratios. (c) Isothermal titration calorimetry (ITC) of negamycin titrated with CaCl,.

The upper thermogram panel shows the observed heat for each injection of CaCl2 after baseline correction.

The lower panel depicts the binding enthalpies against Ca2+/negamycin molar ratio. ITC data was fitted to the
one-site binding model.

Table 13: RF values of TLC with negamycin and different concentrations of CaCl,, MgCl, and NaCl

Rf values
hegamvein Ratio of Rf values Rf values Rf values CaCl, + NaCl
gamyci negamycin:salt +CaCl2 + MgCl2 + NaCl (1:10)
0 0 0.12 0.15 0.13 0.17
6.226 mM 1:1 0.06 0.06 0.12 0.125
12.452 mM 1:2 0.05 0.02 0.12 0.12
24.905 1:4 0 0 0.13 0.08

To visualize the complexation better, the % migration was drawn against the molar ratio
(Figure 53).
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Figure 53: Negamycin migration upon salt-addition

Already at a molar ratio of 1:1 (negamycin:salt) the Rf value was reduced about 50%. It is
likely that this is caused by a complexation with divalent cations. At a negamycin:salt ratio of
1:4, negamycin did not at all (MgCl, and CaCl,) move on the TLC plate. The addition of NaCl
did have a small effect on the Rf values. It was seen before that the addition of sodium to
the medium had an inhibiting effect in negamycin activity (Table 12). To rule out that Na*
inhibits the complex formation of Ca®* and negamycin, another TLC was performed. Na* was
added to negamycin in a molar ratio of 1:10, and Ca** was added to this solution in different
concentrations (Figure 52 b). A slight inhibition of the complexation was seen (Figure 53).

ITC studies implied a 1:1 binding of negamycin and calcium (Figure 52 c), which is
represented by a stoichiometry factor of 1.02 £ 0.07. In comparison the control experiment
of assay buffer and CaCl, shows 4 times less heat release as well as a linear behavior, which
clearly results from dilution heats. After subtracting of the control experiment the curve
reaches a defined saturation state which indicates an interaction between negamycin and
CaCl,. The method based limitations especially regarding high peptide concentrations do not
allow to determine a precise KD value. Nevertheless an interaction is proven by this
experiment and furthermore an affinity in the low micro-molar range is suggested.

These observations indicate that the complex formation, especially of negamycin and Ca*",
lead to an increase in negamycin-activity. This could be due to an improved uptake rate or to
a higher activity on the target.

2.5.2 Localization of the Ca**-effect

To localize the effect of calcium an in vitro transcription-translation assay was performed to
investigate the effect on the target. Calcium was added in different concentrations and the
ICso value was determined. The intracellular Ca** concentration in E. coli is tightly regulated
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and ranges from 0.1-1 puM [148-150]. Therefore CaCl, was added in low molecular
concentrations to the in vitro transcription translation assay (Table 14). If calcium would
increase the activity on the target a decrease of the ICsp values would be expected.

Table 14: Infuence of Ca* on the negamycin activity in an in vitro transcription translation assay

ICso
w/o CaCl, 0.3965
+ 1 uM CaCl, 0.45
+ 2 uM CaCl, 0.58
+ 4 uM CaCl, 0.522
+ 8 uM CaCl, 0.38

The addition of CaCl, did not have an effect on negamycin activity on the target (Table 14).
The ICso of negamycin without CaCl, was 0.3965 pg/ml. When increasing concentration of
CaCl, were added to the assay the ICsq increased slightly to 0.58 pg/ml, but this effect was
not significant. In summary this result points to a possible influence of calcium on the
negamycin uptake, either across the outer membrane or the cytoplasmic membrane. To
localize the effect, cells were treated with PMBN, to impair the outer membrane, and it was
analyzed whether the Ca**-effect was still seen (Figure 54 a). Furthermore the effect of
calcium was tested in Gram-positive strains, too, which lack the outer membrane (Figure
54b).
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Figure 54: (a) CaCl, effect on negamycin activity in E. coli BW25113 after treatment with 15 pg/ml PMBN (+
PMBN). MIC was determined in cells only treated with 15 ug/ml PMBN (+ PMBN), treated with 2.5 mM CaCl,
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or treated with PMBN (15 pg/ml) and CaCl2 (2.5 mM). (b) Effect of 2.5 mM CaCl, in E. coli BW25113 and the
Gram-positive strains B. subtilis 1S58 and S. aureus ATCC29213.
(n*=p<0.05, n**= p<0.01)

In PMBN treated cells with an impaired outer membrane, the addition of CaCl, still showed a
positive effect on negamycin activity (Figure 54 a). The measured MIC of cells treated only
with PMBN was 4 pug/ml. When calcium was added to the PMBN pre-treated cells the MIC
was 1 pg/ml. The cells showed the same increased susceptibility, compared to the ones,
which were not treated with PMBN. In Gram-positive bacteria, such as B. subtilis and S.
aureus, the addition of CaCl, had a beneficial effect on negamycin activity too (Figure 54 b).
In PP the measured MIC in these two strains was >64 ug/ml. The addition of 2.5 mM CaCl,
led to an increased negamycin activity, and the MIC in B. subtilis was 64 pg/ml and the one
in S. aureus 16 (32) ug/ml. These results suggest that the calcium effect cannot, at least not
only, take place at the outer membrane, but more likely at the cytoplasmic membrane.

2.6 Influence of pH on negamycin activity

Not only salts, but also the pH can have an impact on antibiotic activity, as e.g. described for
aminoglycosides [93-95]. This chapter represents the results on the pH effect on negamycin

activity.

To investigate whether the pH influences negamycin activity, MIC determinations were done
in media with different pH (Figure 55 a). In a further step the effect of pH and calcium in
combination was tested (Figure 55 b).
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Figure 55: (a) Negamycin MIC of E. coli BW25113 in PP adjusted to different pH values, and effect of CaCl,
addition. (b) Effect of alkaline pH and additional supplementation with CaCl, in S. aureus and P. aeruginosa.
(n*=p<0.05, n**= p<0.01)
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The MIC-assays showed that an acidic pH led to a drop in negamycin activity and under
alkaline conditions negamycin was more active (Figure 55 a). The combination of both
beneficial conditions, calcium and basic pH led to a 32-fold MIC improvement compared to
the MIC measured at pH 7. The optimal CaCl, concentration was 0.5 mM, as higher
concentrations precipitated under basic pH conditions. This effect was seen in other
pathogens too. Under the optimized condition pH 8.5 + 0.5 mM CaCl, P. aeruginosa and S.
aureus showed a negamycin MIC of 4 pg/ml (Figure 55 b), implying a highly improved
negamycin activity. Since alkaline pH and the addition of calcium have an effect in Gram-
positive and Gram-negative bacteria, it seems to play a role at the cytoplasmic membrane.
The increased activity at pH 8.5 in PP might be due to facilitated uptake of negamycin.
However, as decreased fitness could also play a role, the growth rate was also determined.

2.6.1 Growth of E. coli BW25113 under different pH conditions

In the next step it was investigated whether a change to alkaline pH affects growth of E. coli
BW25113 (WT) (Figure 56). The strain was grown in PP adjusted to pH 7 or pH 8.5. The cells
were grown at 37°C in flasks with shaking and the ODgg as well as the pH were monitored
over the time course of 12 hours.

E. coli BW25113 (WT)

2.0- -10
—o— 0D, atpH?7

pHatpH?7
—— 0D, at pH 8.5
—-A- pHatpH8.5

0Dy,
Hd

0'0 ) ) ) ) ) 6
0 2 4 6 8 10 12
time [h]

Figure 56: Growth of E. coli BW25113 (WT) in PP adjusted to pH 7 and pH 8.5.
The ODgq is displayed on the left y-axis (red and dark blue) and the pH is displayed on the right y-axis

(orange and light blue).

E. coli BW25113 grew similarly in the medium adjusted to pH 7 and pH 8.5 (red and dark
blue). The change to alkaline pH did not affect the fitness of the cells. After 2-3 hours E. coli
entered the exponential phase and after 6 hours the stationary phase. Over time the pH was
monitored. In the medium, which was adjusted to pH 8.5, the pH remained rather stable
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(light blue). In the medium adjusted to pH 7, the medium got alkaline over the time and
reached a pH of 8.6 after 12 hours.

Looking at the published pKAs, negamycin is zwitterionic and therefore net neutral at pH 8.5
(Figure 12). This might facilitate a passive uptake of negamycin across the cytoplasmic
membrane. Therefore the killing in a medium, which is adjusted to pH 8.5, may be faster.
This hypothesis was further investigated by performing killing curves under different pH
conditions.

2.6.2 Negamycin killing in relation to pH

To investigate whether negamycin kills faster at pH 8.5, killing curves with E. coli BW25113
(WT) were performed in PP pH 7 and PP pH 8.5 (Figure 57). The cells were treated with %, %,
% and 1 x negamycin MIC.
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Figure 57: Killing curves of E. coli BW25113 in PP in the presence of different negamycin concentrations at (a)
pH 7 and (b) pH 8.5.

The killing curves, at pH 7 and pH 8.5, showed that cells are not dying faster at pH 8.5 (Figure
57). After 10 hours no growth was detected anymore when 16 ug/ml negamycin were
added. This curve-development was seen for both pH conditions. However the antibacterial
activity at pH 8.5 was better (Figure 57 b). Already a concentration of 4 pg/ml led to a killing
of the cells.

Another explanation for the increased activity at pH 8.5 might be an improved passage
across the membrane, based on a change in pmf. A pH effect is well described for
aminoglycoside-activity. The driving force of the uptake of this antibiotic class is the pmf [88]
(1.3.1.1). A change in the pH affects the pmf and therefore the uptake of aminoglycosides
[93-95]. One could assume that the change of the pH might have a similar effect on the
negamycin uptake, if it is comparable to aminoglycosides. Therefore membrane-energy
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mutants, which are described as being more resistant to aminoglycosides [92], were tested
for cross-resistance.

2.6.3 Negamycin distribution between charged and uncharged species depending on pH

Negamycin carries a carboxyl-, two amine- and a alcohol group, which are, depending on the
pH, protonated or deprotonated (Figure 12). The pKa-values for these groups were first
published by Kondo et al. [151] and updated by McKinney et al. [114].

To calculate how many species are charged and how much uncharged at different pH, the
Henderson—Hasselbalch equation was used.
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To estimate 1) the number of molecules, where all three of these groups are charged versus
2) the number of molecules that occur in the zwitterionic state, the values were multiplied.
As the interactions within the molecule are very complex and influencing each other, this
approach is a highly simplified equation and only serves as a vague estimation.

Percentage of molecules with all three groups charged at pH 5:

P3y charged = P(NH3")*P(COO")* P(B-NH3") = 0.99998*0.9844*0.998999= 0.983- 98.3%
98.3% of molecules are charged at the carboxy as well as both amino-moieties at pH 5.

Percentage of zwitterionic molecules at pH 5:

P(NH5") =0.99998  P(NH,) = 1 - 0.99998 = 0.00002

P(CO0)=0.9844  P(COOH)=1-0.9844 = 0.0156

P(B-NHs") = 0.9990  P(B-NH,) = 1-0.9990 = 0.001

Pawitter = P(COO") * P(NH3") * P(B-NH,) + P(COO) * P(NH,) * P(B-NH5")
=0.9844 * 0.99998 * 0.001 + 0.9844 * 0.00002 * 0.9990

= 0.9844 *(0.99998 * 0.001 + 0.00002 * 0.9990)

= 0.9844 * (0.00099998 + 0.00001998) = 0.001

0.1% of molecules are in the zwitterionic state at pH 5.
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B-NH;"-moiety:

NH,
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To estimate 1) the number of molecules, where all three of these groups are charged versus
2) the number of molecules that occur in the zwitterionic state, the values were multiplied.
As the interactions within the molecule are very complex and influencing each other, this
approach is a highly simplified equation and only serves as a vague estimation.

Percentage of molecules with all three groups charged at pH 7:

NH;"*C00™ B-NH;"=0.9275%0.9998*0.9901= 0.918-> 91.8%

Percentage of zwitterionic molecules at pH 7:

Pawitter = P(COO) * P(NH3") * P(B-NH,) + P(COO) * P(NH,) * P(B-NH5")
= 0.9998* 0.9975* 0.091 + 0.9998* 0.0025* 0.9090

= 0.9998*(0.9975* 0.091 + 0.0025* 0.9090)

= 0.9999* (0.0908 + 0.0023) = 0.093

9.3 % of molecules are in the zwitterionic state at pH 7.

pH 8.5
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To estimate 1) the number of molecules, where all three of these groups are charged versus
2) the number of molecules that occur in the zwitterionic state, the values were multiplied.
As the interactions within the molecule are very complex and influencing each other, this
approach is a highly simplified equation and only serves as a vague estimation.

Percentage of molecules with all three groups charged at pH 8.5:

NH3"*COO™ B-NH;"= 0.9268*0.9999*0.2404= 0.2228-> 22.28%

Percentage of zwitterionic molecules at pH 8.5:

Pwitter = P(COO") * P(NH5%) * P(B-NH,) + P(COO’) * P(NH,) * P(B-NH5")
= 0.9999* 0.9268* 0.7596 + 0.9999* 0.0732* 0.2404

= 0.9999*(0.9268* 0.7596 + 0.0732* 0.2404)

= 0.9999* (0.70399 + 0.01759) = 0.7215

72.15 % of molecules are in the zwitterionic state at pH 8.5.

2.6.4 Influence of CCCP on negamycin activity

The pH has a huge influence on negamycin activity, as shown in the previous chapters. At a
pH of 8.5 a considerably higher proportion of negamycin molecules are in the zwitterionic
state compared to pH 5 (72.15 % vs. 0.1%). As zwitterions are in equilibrium with the
uncharged state and as small, uncharged molecules can pass the membrane often passively
[2], it is likely that a certain proportion of negamycin might passively diffuse under these
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conditions. To investigate this assumption, cells were treated with carbonyl cyanide m-
chlorophenylhydrazone (CCCP), an inhibitor of the oxidative phosphorylation [152] (Figure
58). CCCP uncouples the proton gradient and energy-consuming activities cannot take place,
as for example active transportation. If negamycin can passively enter the cell, the CCCP-
treated cells should still be susceptible. In the first step the MIC of CCCP was determined in
PP.

PP ® 64 ug/ml
32 pg/ml

16 ng/ml
8 uug/ml

4 ug/ml
2 ug/ml

0.25-

1 pg/ml

0.5 ug/ml
0.25 pug/ml
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Figure 58: Determination of CCCP-susceptibility of E. coli BW25113 in PP.
The cells were grown for 24 hours and ODgg, was detected using the infinite M200 microplate reader

The determined MIC of CCCP in E. coli BW25113 was 32 pg/ml, whereas a strong inhibition
was seen at 16 pg/ml. At a concentration of 2 pg/ml no effect was seen on the growth of the
cells. Therefore this concentration was used in the next experiment.

To investigate the effect of CCCP on the negamycin activity, the cells were treated with 2
ug/ml and the growth was monitored to determine a change in negamycin susceptibility
(Figure 59).

PP —o— 16 ug/ml

-= 8 ug/ml

—— 4 pg/ml

2 ug/ml

+— 1 pg/ml

- GC
-& 16 ug/m+2 ug/ml CCCP
—— 8 ug/ml+2 ug/ml CCCP
—~¥— 4 ug/ml+ 2 pg/ml CCCP
0.0 T T T T 1 2 ug/mhi2 pg/ml CCCP
0 2 152035 1 pg/mk+2 pg/ml CCCP
time [h] % GC +2 ug/ml CCCP

Figure 59: Growth curve in the presence of different negamycin concentrations of E. coli BW25113 with and
without addition of 2 pg/ml CCCP.
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The addition of 2 pg/ml CCCP did not affect the susceptibility of E. coli BW25113 towards
negamycin. Under both conditions, with and without CCCP, the MIC was 2 pg/ml. This MIC
differs from the determined MIC in PP, which is 16 pug/ml. This is due to the different
inoculation. The MIC determination is performed with 5x 10° CFU. The inoculum of this
growth curve was 1 x 10° CFU. Therefore fewer cells were used, this might explain the higher
susceptibility to the drug.

CCCP alone had already a small inhibitory effect on the growth, which can be seen
comparing the purple (GC) and the blue (GC + 2 pug/ml CCCP) growth curves to each other.
The addition of negamycin had a small additive effect on the growth inhibition, which was
caused by CCCP. As the addition of CCCP to the negamycin MIC determination did only have
a small effect on the susceptibility to negamycin, negamycin can most likely enter the cell via
passive diffusion too and is not only transported via active uptake. An effect would be
probably seen when higher concentrations of CCCP would be used, but as already 4 ug/ml
had a higher inhibitory effect on the growth (Figure 58), it would be hard to distinguish
between the negamycin and the CCCP effect. Furthermore this experiment needs to be done
with a control antibiotic, as for example aminoglycosides, to validate the effect of CCCP.

2.6.5 Negamycin activity in membrane energy mutants

To determine the negamycin activity in membrane energy mutants MICs in PP were
performed (Table 15).

Table 15: Negamycin and aminoglycoside MICs of different E. coli membrane-energy mutants in PP.
(n*=p<0.05, n**= p<0.01, n.d.: not determined)

MIC in PP (pg/ml)

E. coli strain negamycin kanamycin streptomycin
BW25113 16 0.125 0.03125 (0.0625)
ANG66 (AubiD) 16 8** 0.03125

GR75N (cydA2) 16/32 1%* 8**

JWO0723 (AcydB) 16 n.d. n.d.

ANG66 (ubiquinone deficient [153]) and GR75N (cydA mutant [154]) showed moderate- up to
high-level resistance to kanamycin. The resistance-profile was not equal for all
aminoglycosides. AN66 did not show a change of susceptibility to streptomycin compared to
the BW25113 wildtype. It should be taken in account that AN66 was received from another
strain, therefore the strain background is not the same. GR75N was highly resistant to
aminoglycosides. Only the cydA-mutant was slightly less susceptible to negamycin. AN66 and
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the cydB-knockout strain JW0723 showed the same negamycin-profile as the E. coli wildype
BW25113.

At an alkaline pH the membrane potential is changing and increasing. To investigate which
effect this change of pH has on the negamycin susceptibility in the membrane-energy
mutants MICs were determined (Figure 60). Furthermore it was compared to the behavior of
the isolated-resistant clones on PP, which showed small colony size, which could be due to
energy depletion. PP-2 and PP-6 showed a very weak growth at PP pH 8.5 and were excluded
from the experiment. From PP-8 the small colony form was used in this experiment.
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Figure 60: Negamycin susceptibility in energy mutants and PP-8 (small colony) in dependency on the pH in
PP.

(n**= p<0.01)

At pH 7 only the strain PP-8 small colonies was significantly less susceptible towards
negamycin compared to the wildtype (Figure 60). This was already shown in Figure 49. At pH
8.5 all tested strains BW25113, AN66, GR75N and PP-8 were more susceptible towards
negamycin than at pH 7. AN66 did not show a difference compared to the wildtype, but
GR75N and PP-8 did. They both were significantly less susceptible to negamycin compared to
the wildtype. At a pH 8.5 both strains were less susceptible. These observations could imply
again that PP-8 has some kind of energy-mutation, as it behaves similar to the cydA-mutant.

Unfortunately, the experiments could only be performed with energy-mutants, which did
not have an isogenic strain background. This probably explains the fact that AN66 is
behaving similar to the Keio-wildtype and did not show any change, besides for kanamycin,
in streptomycin and negamycin susceptibility, even though it was described before [92, 126].
This might be due to the fact that it is not a Keio-strain. Nevertheless, effects for kanamycin
and streptomycin could be seen and also for negamycin small effects could be detected.

Therefore the membrane potential seems to play a role in negamycin uptake, even though
to a smaller extent compared to aminoglycosides.
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2.7 Negamycin as a possible efflux-substrate

Besides understanding how negamycin is entering the cell, it is crucial to investigate how
negamycin is leaving the cell. This chapter focuses on this question.

One well-described drug secretion system, in E. coli, is AcrAB-TolC. It consists of three
components, the cytoplasmic transporter, a membrane-fusion protein and the outer
membrane factor (comparable to Figure 8). Mutations in this efflux system confer resistance
towards a variety of antibiotics [155, 156].

To investigate whether negamycin is a substrate of this efflux system too, the knockout
strains of acrA-, acrB- and tolC of the Keio-collection were tested for negamycin
susceptibility in M9 and PP (Figure 61). As a positive control the antibiotic tetracycline, a
described substrate of AcrAB-TolC, was used. As a negative control the drug meropenem.
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Figure 61: Negamycin, tetracycline and meropenem susceptibility in knockouts of AcrAB-tolC. The knockouts
JW4052 (AacrA), JW4051 (AacrB) and JW5503 (AtolC) were tested in (a) M9 and (b) PP.
(n*=p<0.05, n**= p<0.01, n.g.: no growth)

The AtolC strain did not grow in M9, so no MIC determination could be done. The other
strains, JW4052 (AacrA) and JW4051 (AacrB) did not show a significant change in negamycin
susceptibility compared to the wildtype (Figure 61 a). For the positive control, tetracycline,
the MIC dropped highly significantly in M9, when acrA or acrB were knocked out. The
treatment with meropenem, the negative control, yielded in the same MIC in all strains. In
PP the knockout of acrA and acrB did not have any effect on negamycin sensitivity. In
contrary the knockout of tolC led to a significantly more susceptile strain. Tetracycline was
more active in the AacrB and the AtolC strain. The single knockout of acrA did not lead to a
change in MIC compared to the wildtype. For meropenem the same MIC was determined in
all four strains.

These results indicate that negamycin might be a substrate of TolC, even though the
knockout of the AcrAB subunit did not reveal any susceptibility change compared to the
wildtype. But TolC can interact with other inner membrane proteins, as for example the
translocase HIlyB and HIlyD, which is involved in haemolysin export [157]. The positive
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control, tetracycline, showed the expected results, besides the fact that in polypeptone the
single knockout acrA strain was as sensitive as the wildtype.
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3 Discussion

3.1 Negamycin and sperabillin activity

Negamycin and sperabillins share structural similarities as they are both positively charged
pseudopeptides with a 3,6-diamino-5-hydroxyhexonicacid (Figure 14). One of the aims of
this thesis was to investigate and compare the antimicrobial activity of these two
pseudopeptides. The presented data demonstrate that both, negamycin and sperabillin, are
active against Gram-positive and Gram-negative bacteria, with negamycin showing a higher
potency in Gram-negative bacteria (Table 2, Table 4, [4, 131]). Discovering and developing
novel antibiotics against Gram-negative bacteria is even more problematic than for Gram-
positive bacteria. The main reason is that, besides presenting a cytoplasmic membrane, a
characteristic shared with Gram-positive bacteria, Gram-negative bacteria also feature an
additional barrier, the outer membrane. Antibiotics active against Gram-positive bacteria are
often inactive against Gram-negative bacteria, only due to the incapacity of penetrating this
additional barrier [2]. Both membranes have opposing penetration requirements, as
described in 1.2. In this context, there is currently an urgent need to find antibiotics able to
cross both of these diverse barriers, and therefore enabling the treatment of infections
mediated by Gram-negative bacteria. One appealing approach is to learn from nature the
characteristics that a drug needs to bring. In this respect, sperabillins and negamycin are
very interesting candidates for further investigations aimed at addressing this question. The
activity of both antibiotics showed striking media dependency (Table 2, Table 4), a
characteristic previously described for sperabillin [127]. Negamycin did not show growth
inhibition in rich media up to 64 pg/ml, and only showed moderate activity in minimal
media, which either contained only peptides (PP) or only salts and glucose (M9) (Table 2).
The differences in negamycin activity in different media point to distinct entry routes into
the bacterial cytoplasm. Different derivatisation-approaches aimed at improving the activity
of negamycin were attempted, but resulted in either a decreased or complete loss of activity
[116-119]. Only recently, McKinney et al. published a new negamycin analogue, N6-(3-
aminopropyl)-negamycin, which is showing a 4-fold improvement of antibacterial activity
[121].

The derivative azidonegamycin (Figure 15) was synthesized by a cooperation partner, Dr.
Glisenkamp (Squarix GmbH), and tested in the course of this work for its anti-bacterial
activity against a range of strains. Azidonegamycin did not show any activity, neither in
Gram-positive nor in Gram-negative bacteria (Table 3). These findings align with previous
observations [116], and support the assumption that the basicity of the N-terminal amino-
group is critical for activity. As the azido group of azidonegamycin does not provide this
requirement, the activity gets lost.

The mode of action of negamycin was described previously. Although the details of the
mechanism of action need still to be elucidated, negamycin has been shown to target the
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protein biosynthesis [158] through inhibition of ribosome translocation, polysome
stabilization and miscoding [6-13]. Recent studies showed that negamycin binds to 9
independent sites at the ribosome, which are distributed over the large and small subunit
[13]. The main binding site is located at the 16S rRNA in the vicinity of the conserved h34.
This binding site overlaps with the tetracycline-binding site. Here, negamycin interacts also
with the tRNA, and stabilizes the binding of the aminoacyl-tRNA to the ribosome. This leads
to an inhibition of translocation, and stimulates miscoding [12, 13].

Additionally negamycin inhibits the termination step by binding, most likely irreversibly, to
polysomal ribosomes and inhibits the release of the peptides [10, 11].

The ribosome was also identified as the target of azidonegamycin in this work. Although
azidonegamycin inhibited the protein-synthesis only in a cell-free transcription-translation
assay (Figure 17). This was only seen when azidonegamycin was applied in high
concentrations. Accordingly, azidonegamycin has an 1Cso of 32.6 ug/ml, compared to
negamycin with an ICso of 0.692 pg/ml, which explains the loss of antibacterial activity.

Sperabillins present stringent structure-activity relationships too. When the amidino moiety
was modified the resulting compounds lost their activity [131]. Two sperabillins derivatives
were investigated in this work: sperabillin C and hexadecyl-sperabillin. No antimicrobial
activity was seen for sperabillin C up to a conctration of 64 ug/ml. Only hexadecyl-sperabillin
showed a moderate activity against Gram-positive and Gram-negative bacteria (Table 4). The
mode of action of sperabillin is not yet understood, and only preliminary data are available
in the literature and inhibition of all biosynthesis-pathways (RNA-, DNA-, protein- and cell-
wall) was seen [127]. Consequently, both derivatives were tested in an in vitro promoter
assay. Sperabillin C induced the reporters for cell-envelope, RNA- and DNA-damage slightly,
albeit only concentrations higher than 100 pug/ml (Figure 19).

In addition, sperabillin C showed a slight effect on transcription and translation (Figure 20).
However, even high conc did not prevent more than 50% of ribosome function. In contrast,
Hexadecyl-sperabillin induced selectively the promoter for cell-envelope damage (Figure 19).
This induction might be evoked by the hexadecyl moiety, and might not be based on the
sperabillin moiety itself. In order to further investigate the mode of action of sperabillins,
more active derivatives, such as sperabillin A, should be studied, as the promoter induction
that was seen for sperabillin C and hexadecyl-sperabillin were only very small. Using a more
potent derivate, promotor assay and an incorporation assay, as previously described in
literature [127], should be performed, but taking samples not only at one single timepoint,
but over a course of time.

3.2 Passage of negamycin across the outer membrane

The presented data show that the uptake mechanism of negamycin into the bacterial cell is
very complex. Negamycin enters the cell using different uptake routes, which reduces the
risk of developing resistance by mutating a single transporter. Negamycin is a positively



3 Discussion 98

charged pseudopeptide, which most likely supports the initial interaction with and
electrostatic binding to the outer membrane.

In mutants displaying the “rough phenotype” due to the mutation in rfaG, the negative
charge of the inner core lies open and is accessible (Figure 23), which could support the
initial binding of the positively charged antibiotic. The strain was even more susceptible
towards negamycin and other cationic antibiotics (Figure 24). Hypersensitivity towards
detergents and hydrophobic compounds was described for this phenotype before [159].
However, the effect was stronger in M9 than in PP. This could be due to the weaker growth
in this minimal medium (Figure 25), as the mutant is also more sensitive to the non-cationic
antibiotics (tetracycline and ciprofloxacin) (Figure 24). But also in PP a trend for negamycin
was seen, even though the trend was reversed for the other antibiotics.

It was shown in this project that negamycin uses the porin OmpN to cross the outer
membrane (Table 5). A porin-mediated uptake route was proposed before [114], but never
proven.

In general small, charged and hydrophilic molecules (<600 Da), as negamycin, can pass the
bacterial membrane through water filled channels, the porins [28]. Negamycin shows a
higher affinity to the minor porin OmpN than to the main E. coli porins, OmpF, OmpC and
PhoE, and the minor porins YofM, OmpA, OmpG and OmpL (Table 5). So far OmpN was not
described for the uptake of the main antibiotic classes. In fact the overexpression of OmpN
did not have any effect on the susceptibility to a wide range of antibiotics, as for example
tetracycline and ciprofloxacin [160]. These antibiotics use preferably one of the main above
mentioned porins [35, 36, 101]. Tetracycline, for example, uses OmpF as the main entry
route. The knockout of this porin leads to a twofold decrease of susceptibility [101, 161,
162], similar as it was seen for negamycin and OmpN. Additionally to OmpF, the antibiotic
tetracycline can use OmpC as an uptake route too. This cannot be seen in the single ompC
knockout, which shows the same susceptibility as the wildtype strain, but is manifested in
the double ompF and ompC knockout [101]. A similar occurrence could also apply to
negamycin, which might use, besides OmpN, one or more additional porins for crossing the
outer membrane. Strains with several combined porin knockouts should be tested for
change in negamycin susceptibility, to determine which other porins are involved in the
uptake.

The involvement of OmpN in negamycin uptake was only detected in the peptide-free
medium M9. Under this condition the outer membrane is not rate-limiting for the uptake of
negamycin (Figure 21). In the ompN-knockout, in contrary, it becomes a rate-limiting barrier,
as negamycin cannot use its preferred route to enter the cell (Figure 22). In PP, where
peptides are present, negamycin has to compete with them for uptake through OmpN and
further potential porins (Figure 27), and also here the outer membrane is a rate- limiting
factor for the antimicrobial activity. As the knockout of OmpN does not lead to a complete
loss of negamycin activity, it seems likely that negamycin can cross the outer membrane also
via an alternative way. One option could be other porins, either such that were not tested so
far or porins among the list of tested ones, which indivitually make minor contributions but
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collectively cause a notable effect. As mentioned before, the susceptibility of different
double- and triple porin- knockouts should be determined. Another possibility could be a
non-porin-mediated uptake.

For tetracycline and quinolones for example, a porin-mediated and a lipid-mediated
pathway is described. They both cross through porins in the chelated form [35, 36, 101]. In
the uncharged form they enter the cell by passive diffusion, more specifically, by porin
independent diffusion, through the outer membrane [101, 103, 163].

A similar mechanism by negamycin seems possible. Macroscopic constant calculation
showed that approximately 9.3 % of negamycin are zwitterionic at a neutral pH (2.6.3) and
to a small extent negamycin will be uncharged and can passively diffuse, in this form, over
the outer membrane.

Also, an aminoglycoside-like-approach over the outer membrane cannot be excluded.
Aminoglycosides cross the outer membrane by self-promoted uptake [32]. They carry 3-6
positive charges, which support the initial interaction with the negatively charged outer
membrane. Subsequently, they bind to the outer membrane and act as permeabilizer, even
though this effect is relatively weak compared to PMBN [32, 90, 91]. Finally, they are able to
disrupt the Mg”* bridges between the lipopolysaccharide (LPS) molecules, and promote their
own uptake. Negamycin has only one single net positive charge at neutral pH. Consequently,
the initial binding to the negatively charged outer membrane could be expected not as
strong as for the aminoglycosides, which carry 3-6 positive charges. However, considering
that complexed Ca®* neutralizes the negative carboxyl group of negamycin (see below),
generating a negamycin species with two protonated, positively charged amino groups, it
cannot be excluded that also this route contributes to the overall negamycin uptake over the
outer membrane to a small percentage. This point is supported by the description of Silver et
al. of the drugs belonging to the class: “extracytoplasmic and transported drugs”, as
aminoglycosides do. This class of drugs is much more polar and is mainly charged at neutral
pH [2]. These characterisations are true for negamycin too, as it has two positive centers.

3.3 Passage of negamycin across the cytoplasmic membrane

The second barrier an antibiotic has to cross, if its target is located in the cytoplasm, is the
cytoplasmic membrane. The physicochemical characteristics of negamycin, a charged and
hydrophilic molecule, predestines it for entry mediated by active uptake [2]. Negamycin uses
an energy-dependent uptake mechanism as an entry route, the dipeptide permease Dpp
(Table 6). Here, my results confirm the data reported by Rafanan et al., who suggested this
permease as a possible negamycin transporter [126], and the recently published data of
McKinney et al. [114]. The complementation of dppA verified the knockout as the cause for
the increased resistance, and excluded a random downstream effect (Figure 32). Ten
isolated resistance mutants in M9 showed either a dpp-mutation or —deletion, and
confirmed this permease as the main entry route in M9 (Figure 50, Figure 51). Interestingly,
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resistant mutants generated on PP did not show a mutation in Dpp (2.4.3.3). This is in
agreement with the observation that negamycin is only using this entry route in M9 (Table
6), not in PP, even though peptide transporters are more highly expressed in PP (Figure 26).
An explanation for this is that negamycin has to compete with peptides for uptake at Dpp in
PP, as it is the case for the passage across the outer membrane. Adding peptides, casein or
amino acids, in increasing concentrations to M9, led to reduced negamycin activity (Figure
27). A similar effect was seen for bialaphos (Figure 28), a described substrate of Dpp and
Opp [64].

M9 lacks any peptides. Thus, it was tested, if the pseudopeptide negamycin, even though
present only in UM amount, might be recognized as a peptide-source, and hence induces the
expression of peptide transporters in this medium. After 30 minutes of negamycin
treatment, transporter expression was down-regulated (Figure 30). This observation shows
that negamycin does not induce peptide transporter expression in the minimal medium M9.
On the contrary, it even seems to inhibit the expression of these transporters. This suggests
that the cell recognizes negamycin as a harmful substance, and consequently inhibits the
expression of different peptide transporters, which can be uptake routes of the peptide-like
antibiotic. This is seen at least after a time course of 30 minutes. This observation does not
exclude that right up on negamycin treatment, the transporter expression might still be
induced. But as the loss of function of Dpp does not lead to complete insusceptibility,
negamycin must use other routes besides the dipeptide permease.

Interestingly, in peptide-rich PP, but not in M9, the knockout of the POT transporter YbgH,
showed reduced susceptibility to negamycin (Table 6). YbgH is one of the four POTs in E. coli,
which are described to transport di- and tripeptides [82, 83]. YbgH itself has an affinity to
dipeptides [87], which makes negamycin a suitable substrate. However, the deletion of YbgH
resulted only in a twofold loss of susceptibility. Therefore the pseudopeptide must use
additional routes in PP. Transport might occur via a collective peptide transporter uptake.
Many transporters share a high similarity, and therefore have a similar and overlapping
substrate-spectrum, as described for some ABC-transporters [60, 68, 73]. As mentioned
before YbgH did not have an effect in M9. To investigate this aspect further, transcription-
analysis should be performed, to see if this transporter is, for example, not expressed in the
minimal medium M9.

Screening additional transporters, it was observed that also SapA, the periplasmic binding
protein of the Sap transporter (sensitive to antimicrobial peptides), plays a role in negamycin
uptake, even though, astonishingly, knockouts of the membran components of the Sap
transporter did not show reduced susceptibility (Table 6). The Sap-transporter shows the
same structural organisation as Dpp and Opp, and shares a high similarity with these peptide
transporters, as described in 1.2.2.2.3 [78]. The Sap-transporter was described as being
involved in resistance to antimicrobial drugs [78], heme utilization [81] and K*-transport via
the uptake system TrkH and TrkG [79]. The uptake of further substrates was not described so
far.

As the periplasmic binding proteins of the main ABC-peptide transporters (DppA, OppA)
share high similarity with SapA in E. coli (54.7% and 41.1%), a cross-talk between transporter
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and the binding of the same substrates could in principle occur. This would implicate that
the loss of one periplasmic binding protein could be compensated by the others. This was
investigated by creating a double knockout of DppA plus SapA, DppA plus OppA and a triple
knockout of DppA, SapA and OppA. However, the knockouts did not have a strong additional
effect on negamycin-resistance compared to the single dppA-knockout (Figure 38). On the
basis of the number of MIC determinations performed in this work, OppA might be involved
in negamycin uptake to a small extent, similar to the uptake of bialaphos. For bialaphos, the
main uptake transporter is Opp, and Dpp is just involved to a small extent [64]. The double-
knockout AdppA-AoppA is more resistant to bialaphos as JW1235 (AoppA), even though the
single dppA-knockout did not show any effect on bialaphos-susceptibility (Figure 39).

In this work the single knockout of each compartment of the Dpp-transporter resulted in a
increased resistance towards negamycin, which was also shown recently by others [114].
The knockout of one compartment of the ABC transporters Dpp or Opp results in a complete
loss of function of these transporters [62, 71]. As Sap shares a high similarity with the two
ABC-transporters, the same can be assumed for this transporter, even though it was not
described so far.

The promoter lies in front of the genes dppA, oppA and sapA, and the transcription
terminator is located behind dppF, oppF and sapF (Figure 41 [71]). As no other promoters
are found in the operon, the insertion of the resistance-cassette in dppA, sapA or oppA
leads, for each transporter, to a complete loss of function. It was shown that the removal of
the resistance cassette in dppA resulted in the expression of the other four transporter
domains, which was comparable to the wildtype level (Figure 42). Nevertheless this strain,
with the deleted cassette, was still as resistant to negamycin as the strain containing the
cassette (Figure 40). This implies that the periplasmic binding proteins of the other ABC-
transporters cannot compensate the loss of DppA via cross-talk with the remaining domains
of the dipeptide permease. Expression studies showed further that the knockout of one
periplasmic binding protein did not result in an increased expression of the others (Figure
43). However, it should be considered that the possibility of cross-talk between the
transporters cannot be completely excluded, as the gPCR shows only the expression levels,
which does not allow us to take any conclusions on the status on protein level.

The observation that even the tiple knockout in dppA, oppA and sapA is affected by
negamycin, indicates that there must be further uptake routes not involving these ABC
transporters. Uehara et al. proposed negamycin uptake via a lysine-permeation system
[120]. Negamycin and lysine share structural similarities (Figure 44), and it was shown, in this
work, that they compete for uptake (Figure 45). However, no tested lysine permeation
system could be identified as a negamycin uptake-route (Figure 46). This observation could
indicate that the competition for uptake between lysine and negamycin does not take place
at the cytoplasmic membrane, but at the outer membrane. This hypothesis needs to be
investigated in follow-up studies.
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The negamycin uptake through peptide transporter in S. aureus [164] was investigated too,
but a strong involvement in minimal medium could not be shown (Table 7).

The results on the negamycin uptake via peptide transporter suggest that negamycin can use
additional ways to enter the cell, as none of the tested and created knockouts resulted in a
complete resistance towards this pseudopeptide. Investigations on the negamycin resistant
clones, which were isolated on PP showed that they display a low-level cross-resistance with
aminoglycosides (Table 9, Table 10). A cross-resistance of negamycin and aminoglycosides
was described in literature, too [114, 165].

Aminoglycosides enter the cell via a self-promoted uptake [88]. The first step of this process
is based on rapid electrostatic binding. In this phase the positive aminoglycosides bind to the
negatively charged sides (lipopolysaccharides) of the outer membrane [89] The uptake
across the cytoplasmic membrane is energy-dependent and driven by the pmf. They cross
the plasma membrane in response to the membrane potential, in the so called EDPI (energy-
dependent-phase-1) [92]. In the second step (EDPII), aminoglycosides cross the cytoplasmic
membrane at a linear rate. This process is energized by energy from electron transport and
possibly from ATP-hydrolyses [99]. Rafanan et al. described mutants deficient in components
of the electron transport, which displayed a low level resistance to negamycin, too [165].
The EDPI of aminoglycosides is rate limiting, and changes in the membrane potential, as for
example caused by low pH, inhibit this phase [166]. Membrane-energy-mutants show a
lower susceptibility to aminoglycosides [92]. A similar uptake mechanism might be possible
for negamycin. The resistant mutants selected on PP showed growth deficiencies (Figure 47,
Figure 48), which were not detected in the M9-isolated resistant mutants (Figure 47). One
possible explanation for the slower growth might be that the mutants display energy-
depletions. McKinney et al. isolated membrane energy mutants and suggested an uptake
driven by the membrane potential [114]. Negamycin might use this route, driven by the
membrane potential, in peptide-rich medium, where peptide transporters are occupied.
Membrane-energy mutants, which are described as being more resistant to aminoglycosides
[92], were tested for cross resistance to negamycin in this work. The strain AN66
(ubiguinone deficient [153]) was described before to be more resistant to aminoglycosides
[165]. In this work the resistance-profile was not equal for all aminoglycosides, but a
resistance towards kanamycin was shown (Table 15). However, the ubiD-knockout did not
show a significant effect on streptomycin and negamycin resistance, even though it was
described before [92, 126]. This could be due to the fact that the strain is not a Keio-strain
and was derived from another parent strain. Therefore it was not compared to its isogenic
parent strain. However, recent studies described resistant negamycin mutants, which were
isolated on M9, which showed mutations in several ubi genes [114]. Based on these facts
one can assume that the comparison of a strain to a non-isogenic wildtype strain can only
detect strong effects, as seen for kanamycin. A slight, not significant, effect was seen for
negamycin too, which became more prominent at a pH 8.5 (Figure 60).

GR75N (cydA mutant [154]) showed moderate- to high-level resistance to kanamycin and
streptomycin. This strain was slightly, but not significantly, less susceptible to negamycin
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(Table 15). However, this strain has another strain background as well, as it is not originated
from the wildtype BW25113. To verify this observation, the experiment would need to be
repeated with the original parent strain. The cydB-knockout strain did not show any change
in the negamycin susceptibility.

The results indicate that the membrane potential might play a small role in negamycin
uptake. Unfortunately, the experiments could only be performed with energy-mutants,
which did not have an isogenic strain background. Therefore the comparison to the Keio-
strain has limited validity. Nevertheless, effects for kanamycin and streptomycin could be
seen and also for negamycin small effects could be detected. Therefore the membrane
potential seems to play a role in negamycin uptake, even though to a smaller extent
compared to aminoglycosides.

Another potential uptake pathway might be a ciprofloxacin/tetracycline-like uptake. As
described in 3.2, both antibiotics chelate magnesium and can pass in this form through
porins across the outer membrane [35, 36, 101]. The complex dissociates again in the
periplasm, and the uncharged molecule can diffuse through the lipid-bilayer of the
cytoplasmic membrane [103, 104, 111, 167]. 9.3% of negamycin molecules are zwitterionic
at neutral pH. A small amount of these species will be uncharged and might use this uptake
route. Negamycin would then distribute across the membrane so that the concentration of
uncharged species is identical on both sides of the membrane, as it is seen for the other
antibiotics [103]. The uptake of e.g. tetracycline is driven by the ApH component of the
proton motive force [103]. With increasing pH the complexation is favoured and therefore
the change of pH can influence the uptake rate [108].

However, it should be taken into account that negamycin causes misreading, which leads
most likely to the insertion of defective and incorrect membrane-proteins, which causes an
increased permeability of the cytoplasmic membrane and an improved negamycin uptake.
Therefore, after the initial transport of negamycin into the cell, the uptake should increase
already based on this effect.

3.4 Ca*-complexation by negamycin

The calcium concentration within the cell is highly regulated [168, 169]. It plays an important
role in different bacterial physiological processes, as for example the cell-cycle [170], motility
[171], and spore formation [172].

When calcium was added to PP, the activity of negamycin increased significantly. This
improvement could be based on either a target-related or an uptake-related effect. For
other antibiotics both effects were described. For empedopeptin for example, the
interaction with calcium lead to an improved interaction of the antibiotic with its
membrane-standing target [147]. A similar effect was described for daptomycin as well. For
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both antibiotics calcium is crucial to interact with the negatively charged phospholipids of
the membrane [147, 173].

For negamycin a target-related effect could be excluded (Table 14). Therefore an uptake-
related effect seems likely.

Other antibiotics, as e.g. tetracycline and ciprofloxacin, bind preferably another divalent
cation, Mg”*. Magnesium is crucial for many cellular processes, as for example stabilization
of rRNA [174]. Tetracycline for example binds to the ribosome as a magnesium-tetracycline
complex [167]. Mg”* also plays a role in antibiotic uptake. Tetracycline and ciprofloxacin
complex Mg** and bind to the negatively charged cell surface and cross the membrane [36,
101]. Both antibiotics release the cation in the periplasm and diffuse as uncharged molecules
through the cytoplasmic membrane [104, 111]. Nevertheless, tetracycline cannot only
complex Mg?*, but also Ca®* [175] . In this work it was shown that negamycin complexes, as
tetracycline, both divalent cations Mg** and Ca®* (Table 13, Figure 52). The ITC experiment
of negamycin and CaCl, revealed that negamycin is interacting with Ca** in a 1:1
stoichiometry, which is represented by a stoichiometry factor of 1.02 + 0.07 (Figure 52).
Recent studies showed that negamycin complexes Mg?* at the target too, which leads to a
Mg**-mediated interaction with the 165 rRNA [13]. However, if Mg** was added to the MIC-
assay the negamycin activity was not significantly improved (Table 12). The magnesium
concentration is highly regulated in the cytoplasma [174, 176, 177]. The external addition of
Mg?* probably does not improve the target binding of negamycin, as the concentration in
the cytoplasma is most likely already very high. It can be assumed that Mg** does not, in
contrary to Ca**, improve the membrane binding in the chelated-form. For aminoglycosides
it was described that high concentrations of divalent cations inhibit the activity of
aminoglycosides. This is due to a competition of binding to the negatively charged binding
sites of the cell surface [92]. High concentrations of Mg?* do not have the same effect on
negamycin activity, this lets one assume that it the uptake via self-promoted uptake, as it is
described for aminoglycosides, is not one of the main routs for negamycin.

Monovalent cations, as Na"and K*, inhibit negamycin activity (Table 12). Na* and negamycin
do not form a complex. It was shown that Na* rather inhibits complex formation between
Ca®* and negamycin (Figure 52, Figure 53). Furthermore, Na* might bind to the negatively
charged phospholipids, and prevent the positively charged chelate-complex from binding to
the cell surface. In a next step the effect of the monovalent and divalent cations on
negamycin interaction with the membrane needs to be elucidated. Surface-acoustic-wave
(SAW) experiments were initiated, and performed by a cooperation partner at the University
of Bonn. These experiments were not finished in the time course of this thesis.

The effect of Ca** occurs on the cytoplasmic membrane as it was also detected in Gram-
positive bacteria, which lack an outer membrane, and in PMBN treated cells (Figure 54).
However, an additional effect on the outer membrane cannot be excluded.
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3.5 Alkaline pH increases negamycin activity

Not only salts, but also the pH can have an impact on antibiotic activity, as described for
example for aminoglycosides [93-95]. The pH effect is well described for aminoglycoside-
activity. The driving force of the uptake of this antibiotic class is the pmf [88]. A change in
the pH affects the pmf, and consequently the uptake of aminoglycosides [93-95]. When the
membrane potential is low, less aminoglycosides can enter the cell. This phenomenon is
seen at acidic pH. In contrary, since at high pH (pH 8.5) the membrane potential is higher,
more aminoglycosides enter the cell, and therefore the activity increases [94]. Negamycin
resistant-mutants, with growth deficencies, share cross-resistance with aminoglycosides.
One could assume that the change of the pH might have a similar effect on the negamycin
uptake, if it is comparable to aminoglycosides. An acidic pH led to a drop in negamycin
activity, whereas a basic pH of 8.5 increased the activity (Figure 55). McKinney et al. tested
the pH effect in cation-adjusted MH, and could also observe a negative effect of acidic pH on
the antimicrobial activity, but could not see the beneficial effect of alkaline pH in this
medium [114]. The beneficial effect of alkaline pH was also seen in membrane-energy
mutants. The isolated negamycin-resistant clone PP-8 showed the same phenotype as the
cydA-mutant, as they were both significantly less susceptible to negamycin compared to the
wildtype at pH 8.5. This underlines again the assumption that this strain has mutations,
which influence the energy-household of the cell. The beneficial effect of alkaline pH was
also seen for Gram-positive bacteria, which implies an effect on the cytoplasmic membrane
(Figure 55). One potenial option for an increased activity at pH 8.5 could be faster killing.
Killing curves, at pH 7 and pH 8.5, showed that the killing event is not increased in speed, but
occurs at lower negamycin concentrations (Figure 57). Interestingly, the pH in PP pH 7
became more alkaline over time (Figure 56). After 7 hours the pH reached a value of 8.5. At
pH 8.5 negamycin is partially net neutral (2.6.3), and a lower proportion of the molecules is
net charged. It is reasonable to assume that more negamycin can enter the cell passively at
pH 8.5 than at pH 7. Under this condition, a ciprofloxacin/tetracycline-like uptake might be
possible (as described above). The ciprofloxacin-Mg** complex dissociates in the periplasm,
and the uncharged species diffuses through the cytoplasmic membrane [111]. The same
mechanism is seen for tetracycline [103, 104, 111, 167]. If negamycin enters the cell under
alkaline conditions, in a similar way as ciprofloxacin and tetracycline, it could enter the cell
by passive diffusion, as discussed in 3.2. It was shown that the addition of CCCP, an
uncoupler of the proton-gradient [178] did not significantly affect negamycin susceptibility
(Figure 59). The protonophor was added in low concentrations, but a shift of susceptibility
might have been expected if negamycin would only enter the cell via active transportation.
However, this experiment should be repeated and performed with a control antibiotic. For
further confirmation, uptake studies with a radioactive labeled negamycin should be
performed. The labeling of the compound was already initiated, but so far it was not
successful.
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However, the combination of both beneficial conditions (i.e. the presence of Ca®* and basic
pH) led to a 32-fold MIC improvement compared to PP (pH 7) (Figure 55). The optimal CaCl,
concentration at pH 8.5 was 0.5 mM, as higher concentrations precipitated under alkaline
pH. This effect was seen in other pathogens, too. Under the optimized condition pH 8.5 + 0.5
mM CaCl, P. aeruginosa and S. aureus showed a MIC of 4 ug/ml (Figure 6 b). Basic pH and
the addition of calcium have therefore an effect in Gram-positive and Gram-negative
bacteria. An explanation might be a combination of improved binding capacity of negamycin
to the membrane due to calcium binding, and an improved passage through the membrane
based on a change in pmf and negamycin charge.

3.6 Negamycin: a substrate of the TolC-efflux pump

Bacterial resistance to antibiotics is often based on an efflux of the compound out of the
bacterial cell [179-181]. Drug-specific efflux has been described e.g. for tetracycline [182],
but multidrug efflux pumps have been described as well, and they play an important role in
the development of resistance in Gram-negative and Gram-positive bacteria [155, 156, 181,
183]. One of the major drug-efflux systems in E. coli is the pump AcrAB-TolC [184, 185]. It
consists of three components: AcrB, a resistance-modulation division (RND) protein [186],
AcrA, a membrane fusion protein [187], and the outer membrane channel TolC [157]. As an
efflux of negamycin could be a possible resistance mechanism in bacteria, it was tested
whether negamycin is a substrate of the AcrAB-TolC efflux-pump.

Preliminary results suggested that negamycin might be a substrate of TolC (Figure 61), while
knockout of the subunit AcrAB did not reveal any susceptibility change compared to the
wildtype. But TolC can interact with other inner membrane proteins, as for example the
translocase HlyB and HIlyD, which is involved in haemolysin export [157]. In the next step
knockouts of additional interaction-partners of TolC should be tested for negamycin
sensitivity, as well as further efflux-systems.
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4 Conclusion and proposed negamycin uptake-model

The data presented in this work show that negamycin has multiple ways to enter the cell,
which reduces the risk of developing resistance by mutating a single transporter. The
proposed model for the uptake is summarized in Figure 62 and Figure 63.

M9 (pH 7) NN N

OH NH, O | 0
8.0

3,6-diamino-5-hydroxyhexonacid
(hydroxy-f-lysine)

x -
‘dm» negamycin
® (g2+
(@) Mg2+

cytoplasm pH 7.4

Figure 62: Proposed model of negamycin uptake in M9.
The different steps of negamycin uptake are explained in the text. Impact of the coloured steps was

demonstrated in this work. Contribution of the uncolored steps is not experimentally proven, so far.

M9 medium contains salts and glucose but no peptides and has a pH of 7. At this pH the
majority of negamycin is present as a positively charged species (protonated a-NH;", B-NH3"
and deprotonated COO’). In M9 the negatively charged carboxyl group of negamycin is able
to complex the divalent cation Ca**(1). Calcium complexation shields the negative carboxyl
moiety and facilitates initial interactions with, and electrostatic binding to, the negatively
charged LPS of the outer membrane (2.).

The negamycin-Ca** complex is in equilibrium with the unchelated species. The majority of
negamycin enters via the porin OmpN, and probably further porins. In M9, the passage of
negamycin is not hampered by competing nutrient peptides (3.). Porin-mediated uptake is
efficient under these conditions and the outer membrane is no rate-limiting barrier.
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To a smaller extent negamycin can probably also cross the outer membrane independently
of porins (4.). As negamycin has two positive centers and is a polar, small molecule, self-
promoted uptake, as described for aminoglycosides [31, 32], might also take place, although
it is not the main uptake route across the outer membrane in M9. In addition, a small
portion of negamycin is zwitterionic at pH 7 (protonated a-NH;", deprotonated B-NH, and
deprotonated COO’) and to an even smaller extent it will be uncharged (deprotonated a-
NH,, deprotonated B-NH, and protonated COOH) at neutral pH. Once Ca®" is released, the
uncharged form is able to pass the outer membrane by passive diffusion. However, this is
also a minor route at pH 7. In the periplasm, reversible dissociation of the chelate releases
negamycin. The periplasmic binding protein DppA binds the compound and leads it to the
cytoplasmic membrane, where negamycin is transported via the ABC transporter Dpp into
the cytoplasm (5.). It is not known yet if this energy consuming transport of negamycin is
taking place in the chelated form or not. It is likely that one or more additional peptide
transporters (6.), besides Dpp, are involved in negamycin uptake in M9, but as Dpp is such a
strong route in M9, they could not be unambiguously identified in this work. Calcium
facilitates also the interaction of negamycin with the phospholipids of the cytoplasmic
membrane (7.). A small proportion of negamycin might enter the cytoplasm independently
of peptide transporters (8). An aminoglycoside-like uptake across the cytoplasmic membrane
cannot be excluded, but as the tested electron transport mutations had only a weak effect
on negamycin activity, its contribution to negamycin uptake cannot be large under the
conditions employed in this work. Negamycin in its uncharged form could cross the
cytoplasmic membrane by passive diffusion, but this is also only a minority at pH7.

In the cytoplasm, negamycin can chelate Ca** or other divalent cations and binds to its
target, the ribosome. The ribosome acts like a scavenger, which promotes the uptake of
further negamycin molecules across the cytoplasmic membrane. Furthermore the
misreading, caused by negamycin, leads most likely to the insertion of defective and
incorrect membrane-proteins, which might result in an increased permeability of the cell
envelope and facilitated negamycin uptake.

The proposed model for negamycin-uptake in polypeptone is presented in Figure 63.

a. As described for the uptake model in M9, the negatively charged carboxyl group of
negamycin complexes Ca** (1.). Consequently, the negative charge of the carboxyl group is
shielded, and at pH 7 the majority of negamycin carries two positive charges, one at each
aminogroup. In the chelated form the interaction with, and electrostatic binding to, the
outer membrane increases (2.). In polypeptone negamycin can use the porin route (3.) less
efficiently than in M9. As the porins also transport nutrient peptides (orange circles), which
form the sole carbon and energy source in this medium, negamycin has to compete with
them for uptake. Passage across the outer membrane becomes a rate-limiting step in the
uptake. As in M9, some negamycin might cross the outer membrane independently of porins
(4.), either via self-promoted uptake and with respect to the minority of uncharged
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negamycin, by passive diffusion. In the periplasm negamycin and negamycin-Ca** associate
and dissociate in equilibrium. The compound interacts with the negatively charged
cytoplasmic membrane, as soon as it is in vicinity to it (5.). A minority of negamycin might
cross the cytoplasmic membrane by passive diffusion (6.). In PP negamycin competing
peptides obstruct Dpp as an uptake route. One transporter was identified as an uptake route
in PP, the POT transporter YbgH (7.). Most likely the uptake in PP over the cytoplasmic
membrane occurs via a collective peptide transporter uptake.

As mentioned before, an aminoglycoside-like-uptake cannot be excluded (8.). The driving
force is the pmf. This becomes particularly relevant at pH 8.5, where the membrane
potential increases and will be described in section b.

a. PP (pH 7) b. PP (pH 8.5)
Cb
C 42,
CE ______ A
12 4.
=
A+ +/=+
Sy _C_?é_ ++
<
6.
7 L
< 8

cytoplasm pH 7.4

— ne%amycin
Ca**

@® dipeptide
o Mg2+

Figure 63: Proposed model of negamycin uptake in PP at pH 7 (a) and pH 8.5 (b).
The different steps of negamycin uptake are explained in the text. Impact of the coloured steps was

demonstrated in this work. Contribution of the uncolored steps is not experimentally proven, so far.

b. At pH 8.5 a substantial proportion negamycin species is zwitterionic and also the
proportion of uncharged negamycin is increased compared to pH 7. Negamycin can still
complex at the carboxyl group the divalent cation Ca** (1.) and interacts with the negatively
charged LPS (2.). The remaining charged species can still use porins as an uptake route,
where they have to compete with peptides in PP (3.). The uncharged form may passively
diffuse through the outer membrane (4.). In the periplasm negamycin and negamycin-Ca**
associate and dissociate in equilibrium. The compound interacts with the negatively charged
cytoplasmic membrane (5.). As the proportion of uncharged negamycin is increased, more
molecules can cross the cytoplasmic membrane passively (6.) Negamycin also crosses via
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YbgH (7.). The change of external pH has a huge impact on ApH and therefore on the
membrane potential component of the pmf (ApH is lower at pH 8.5 compared to pH 7, while
AW rises accordingly, see Figure 5). Some negamycin might pass the cytoplasmic membrane
in response to the membrane potential (comparable to EDPI in aminoglycosides) (8.). For
aminoglycosides EDPI is rate limiting. Here, changes in AW have a strong effect on the uptake
rate already at pH 7. In the case of negamycin, electron-transport mutants were only slightly
less susceptible than the wildtype at pH 7, but the effect increased at pH 8.5. At elevated pH
the transmembrane force is raised, which leads to a stronger inwards pull for negamycin.
These observations suggest that although AW contributes to negamycin uptake, uptake of
the pseudopeptide is less strongly driven by the membrane potential than the uptake of
aminoglycosides.
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5 Material and Methods

5.1 Material

5.1.1 Chemicals

Table 16: Chemicals

Chemicals

Supplier

6 x loading dye

Thermo Scientific

Agarose AppliChem
Alanine AppliChem
Ammonium acetate AppliChem
Ammonium chloride AppliChem
Ammonium sulfate AppliChem
Arginine AppliChem
Asparagine monohydrate AppliChem
Aspartic acid AppliChem
Adenosine triphosphate (ATP) Roth

Bacto Agar BD

Bovine serum albumin (BSA) Sigma Aldrich
Calcium chloride di-hydrate AppliChem
Citric acid Grissing
Coenzyme A AppliChem
Creatine phosphokinase Sigma Aldrich
Cytidine triphosphate (CTP) Roth
Cysteine HCl monohydrate AppliChem
D-Luciferin Iris Biotech
D(+)-Glucose monohydrate Caelo
Di-potassiumhydrogenphosphate Grissing
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Table 16: Chemicals (continued)

Chemicals

Di-sodiumhydrogenphosphate di-hydrate

Supplier

Grissing

Bis-(1,3-dibutylbarbituric acid) trimethine oxonol
(DIBAC4(3))

AAT Bioquest

Dimethyl sulfoxide (DMSO) VWR
Dithiothreitol (DTT) Invitrogen
EDTA Merck
Ethanol, p.a. VWR
Glutamate Sigma Aldrich
Glutamic acid Acros
Glutamine AppliChem
Glycerol Roth
Glycine AppliChem
Guanosine triphosphate (GTP) Roth
Histidine AppliChem

Iron (1) sulfate heptahydrate

Acros Organics

Isoleucine AppliChem
L-Trytophane AppliChem
Leucine Merck
Lysine AppliChem
Magnesium acetate AppliChem
Magnesium chloride Grissing
Magnesium sulfate heptahydrate AppliChem
Manganese sulfate hydrate AppliChem
Meat extract Fluka
Methionine AppliChem
Milli-Q water Merck Millipore
MOPS Sigma
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Table 16: Chemicals (continued)

Chemicals Supplier
Mueller-Hinton-broth Difco
Ninhydrin Fluka
Nutrient broth BD

Peptone from meat BD

Peptone tryptic digest Roth
Peptone water BD
Phenylalanine AppliChem
Phosphocreatine disodium salt hydrate Sigma Aldrich
Phosphoenolpyruvate Sigma Aldrich
PMSF (phenylmethanesulfonylfluoride) AppliChem
Polyethylene glycol 6000 AppliChem
Polypeptone (BBL Polypeptone'" Peptone) BD
Potassium acetate Grissing
Potassium chloride AppliChem
Potassium sulfate Merck
Potassium-dihydrogenphosphate Grissing
Proline AppliChem
Putrescine (PUT) Sigma Aldrich
Pyruvate kinase Sigma Aldrich
RNA protect Qiagen

RNase away

Molecular Bioproducts

Scintillation fluid-Ultima Gold

Perkin Elmer

Serine AppliChem
Sodium chloride, p.a. VWR
Spermidine Sigma Aldrich
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Table 16: Chemicals (continued)

Chemicals

Tetraphenylphosphonium bromide, [phenyl-3H];
(specific activity 40 Ci/mmol)- 0.05 mCi; conc.

(1mCi/ml)

Supplier

Hartmann Analytic

Threonine AppliChem
TraceSELECT® H,0 Fluka
Tricine Sigma-Aldrich
Triethanolamine Roth
Tris-HCI Roth
Trisodium citrate Alfa Aesar
Tyrosine AppliChem
Uridine triphosphate (UTP) Roth
Valine AppliChem
Yeast extract BD

5.1.2 Antibiotics

Table 17: Antibiotics

Antibiotics Supplier
Ampicillin sodium salt Roth

Anhydrotetracycline hydrochloride

Cayman Chemical Company

Azidonegamycin Squarix GmbH
Chloramphenicol Sigma-Aldrich
Ciprofloxacin hydrochloride AppliChem
Erythromycin (free base) AppliChem
Hexadecyl-Sperabillin Squarix GmbH
Kanamycin sulfate Roth

Negamycin

Squarix GmbH
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Table 17: Antibiotics (continued)

Antibiotics Supplier
Rifampicin (>97%, HPLC) Sigma-Aldrich
Sperabillin C Squarix GmbH
Streptomycin sulfate AppliChem
Tetracycline Sigma-Aldrich
Vancomycin hydrochloride AppliChem
5.1.3 Kits

Table 18: Kits

Kit Supplier
AffinityScript cDNA Synthesis Kit Agilent
Brilliant Il Ultra-Fast SYBR Green QPCR Master Mix Agilent

High Pure RNA Isolation Kit Roche

InnuPREP Bacteria DNA Kit

Analytik Jena

InnuPREP DNase | Digest Kit

Analytik Jena

InnuPREP Double pure Kit

Analytik Jena

InnuPREP Miniprep Kit

Analytik Jena

InnuPREP RNA Mini Kit

Analytik Jena

RNeasy Mini Kit Qiagen
5.1.4 Enzymes

Table 19: Enzymes

Enzymes Supplier
DNase I, RNase free Qiagen

DreamTaq Polymerase

Thermo Scientfic
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Table 19: Enzymes (continued)

Enzymes

Fast alkaline phosphatase

Supplier

Thermo Scientfic

Fast digest Ncol

Thermo Scientfic

Fast digest Xbal

Thermo Scientfic

Fast digest Xhol

Thermo Scientfic

Fast digest Notl

Thermo Scientfic

Fast digest Clal

Thermo Scientfic

Lysozyme

Thermo Scientfic

Phusion Polymerase

Thermo Scientfic

Proteinase K

Analytik Jena

Q5 Polymerase NEB
RNase A Peqglab
T4-Ligase Thermo Scientfic

5.1.5 DNA-Ladder
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Figure 64: DNA-ladder
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5.1.6 Bacterial Strains

Table 20: Bacterial strains

Species Strain Genotype and comments Reference
B. subtilis trpC2 trpC2 Anagnostopoulos et
al., 1961 [188]
B. subtilis 1534 pS63 trpC2, Spo-, pS63 Piggot, 1973; Urban et
MH124 al., 2007 [140, 189]
B. subtilis 1S34 pS130 trpC2, Spo-, pS130 Piggot, 1973 [189]
B. subtilis 1S34 pS77 trpC2, Spo-, pS77 Piggot, 1973; Urban et
al., 2007 [140, 189]
B. subtilis 1S34 pS72 trpC2, Spo-, pS72 Piggot, 1973; Urban et
al., 2007 [140, 189]
B. subtilis 1S34 pS107 trpC2, Spo-, pS107 Piggot, 1973; Urban et
al., 2007 [140, 189]
B. subtilis 1S58 trpC2, lys-3 Smith et al., 1980
[190]
E. coli BW25113 F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, rph-1, A(rhaD-rhaB)568, hsdR514 Datsenko et al. 2000
[141, 191]
E. coli K12 F+, A+ Gray et al., 1944 [192]
E. coli ATCC25922 CLSI, 2006 [193]
E. coli MRE600 F-, rna - Branlant et al., 1981
[194]
E. coli BW25113 F-, DE(araD-araB)567, l|acz4787(del)::rrnB-3, | Dr. Anne Berscheid,
pBestluc-mut LAM-, rph-1, DE(rhaD-rhaB)568, hsdR514 Brotz-Oesterhelt lab
E. coli ANG66 (AubiD) Hfr(PO13), thr-1, leuB6(Am), lacZ4, gInV44(AS), | Cox et al., 1969 [195]
P1+?, rpsL8, ubiD410
E. coli GR75N (cydA2) F-, cydA2, nadA50::Tn10, A-, relA1?, | Green et al., 1984
rpsE2130(SpcR) [196]
E. coli JWQ0723 (AcydB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
AcydB782::kan, A-, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]
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Table 20: Bacterial strains (continued)
Species Strain Genotype and comments Reference
E. coli JW3710 (AatpD) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AatpD761::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW3513 (AdppA) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AdppA728::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]
E. coli JW3513 (AdppA)- | F-, A(araD-araB)567, AlaczZ4787(::rrnB-3), | this work
del. &lambda-, AdppA728,rph-1, A(rhaD-rhaB)568,
hsdR514
E. coli JW3512 (AdppB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AdppB726::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]
E. coli JW3511 (AdppC) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AdppC725::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]
E. coli JW3510 (AdppD) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AdppD724::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]
E. coli JW3509 (AdppF) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AdppF723::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]
E. coli JW3513 del. | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Dr. Anne Berscheid,
pASK-dppA &lambda-, AdppA728,rph-1, A(rhaD-rhaB)568, | Brotz-Oesterhelt lab
hsdR514
E. coli JW3513 del. | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Dr. Anne Berscheid,
pASK-empty &lambda-, AdppA728,rph-1, A(rhaD-rhaB)568, | Brotz-Oesterhelt lab
hsdR514
E. coli JW1287 (AsapA) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AsapA730::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW1286 (AsapB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AsapB729::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW1285 (AsapC) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;

AsapC728::kan, rph-1, A(rhaD-rhaB)568, hsdR514

Datsenko et al. 2000
[141, 191]
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Table 20: Bacterial strains (continued)

Species Strain Genotype and comments Reference

E. coli JW1284 (AsapD) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AsapD727::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000

[141, 191]

E. coli JW1283 (AsapF) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;

AsapF726::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW1287 (AsapA)- | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | this work
del. AsapA730, rph-1, A(rhaD-rhaB)568, hsdR514

E. coli JW1235 (AoppA) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AoppA750::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW1236(AoppB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al.,, 2006;
&lambda-, AoppB751::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW1237(AoppC) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AoppC752::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW1238(AoppD) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AoppD753::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW1239(AoppF) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AoppF754::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW1235(AoppA)- F-, A(araD-araB)567, AlaczZ4787(::rrnB-3), | this work

del. &lambda-, AoppA750, rph-1, A(rhaD-rhaB)568,

hsdR514

E. coli JW1626 (AtppB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
&lambda-, AtppB784::kan, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli AdppA-AsapA F-, A(araD-araB)567, Alacz4787(::rrnB-3), | Melanie Dostert,
&lambda-, AdppA728::kan, AsapA::cm,rph-1, | Brotz-Oesterhelt lab
A(rhaD-rhaB)568, hsdR514

E. coli AdppA-AsapA-del. | F-, A(araD-araB)567, Alacz4787(::rrnB-3), | Melanie Dostert,
&lambda-, AdppA728, AsapA,rph-1, A(rhaD- | Brotz-Oesterhelt lab

rhaB)568, hsdR514




5 Material and Methods 120
Table 20: Bacterial strains (continued)
Species Strain Genotype and comments Reference
E. coli AdppA-DoppA F-, A(araD-araB)567, Alacz4787(::rrnB-3), | this work
&lambda-, AdppA728::kan, AoppA::.cm,rph-1,
A(rhaD-rhaB)568, hsdR514
E. coli AdppA-DoppA- F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | this work
del. &lambda-, AdppA728, AoppA,rph-1, A(rhaD-
rhaB)568, hsdR514
E. coli AdppA-AsapA- F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | this work
AoppA &lambda-, AdppA728, AsapA, AoppA::cm, rph-1,
A(rhaD-rhaB)568, hsdR514
E. coli AdppA-AsapA- F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | this work
DoppA-del. &lambda-, AdppA728, AsapA, AoppA, rph-1,
A(rhaD-rhaB)568, hsdR514
E. coli JW0699 (AybgH) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AybgH759::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]
E. coli JW5240 (AddpA) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AddpA780::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]
E. coli JW1480 (AddpC) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AddpC778::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW4091 (AyjdL) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AyjdL757::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW3463 (AyhiP) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AyhiP752::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW1322 (AmppA) | F-, A(araD-araB)567, Alacz4787(::rrnB-3), A-, | Baba et al., 2006;
AmppA767::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]
E. coli JW2988 (AygiS) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AygiS790::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW2800 (AygdQ) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AygdQ757::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000

hsdR514

[141, 191]
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Table 20: Bacterial strains (continued)
Species Strain Genotype and comments Reference
E. coli JW2304 (AhisM) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AhisM779::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW2303 (AhisP) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AhisP778::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW2305 (AhisQ) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AhisQ780::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW2306 (Ahis)) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
Ahis)730::kan, rph-1, A(rhaD-rhaB)568, hsdR514 Datsenko et al. 2000
[141, 191]
E. coli JW2307 (AargT) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AargT721::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW2143 (AlysP) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
AlysP783::kan, rph-1, A(rhaD-rhaB)568, hsdR514 Datsenko et al. 2000
[141, 191]
E. coli JW4093(AcadB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, rph- | Baba et al.,, 2006;
1, A(rhaD-rhaB)568, AcadB759::kan, hsdR514 Datsenko et al. 2000
[141, 191]
E. coli JW3600 (ArfaY) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
ArfaY736::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW3605 (ArfaP) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al, 2006;
ArfaP741::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW3606 (ArfaG) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
ArfaG742::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000
[141, 191]
E. coli JW1371(AompN) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AompN740::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]
E. coli JW0231 (AphoE) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AphoE759::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000

[141, 191]
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Table 20: Bacterial strains (continued)

Species Strain Genotype and comments Reference

E. coli JW0667 (AybfM) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AybfM729::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW0940 (AompA) | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AompA772::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW0912 (AompF) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
AompF746::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW1312 (AompG) | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al.,, 2006;
AompG756::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW2203 (AompC) | F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al.,, 2006;
AompC768::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW3846 (Aompl) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, | Baba et al., 2006;
Aompl737::kan, rph-1, A(rhaD-rhaB)568, | Datsenko et al. 2000
hsdR514 [141, 191]

E. coli JW0452 (AacrA) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
AacrA748::kan, &lambda-, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW0451 (AacrB) F-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
AacrB747::kan, &lambda-, rph-1, A(rhaD- | Datsenko et al. 2000
rhaB)568, hsdR514 [141, 191]

E. coli JW5503 (AtolC) F-, A-, A(araD-araB)567, AlacZ4787(::rrnB-3), | Baba et al., 2006;
AtolC732::kan, rph-1, A(rhaD-rhaB)568, hsdR514 | Datsenko et al. 2000

[141, 191]

E. faecalis ATCC29212 Kim et al., 2012 [197]

P. PAOI Holloway, 1955 [198]

aeruginosa

A. baumanii | 09987 clinical isolate university hospital

Bonn
S. aureus ATCC29213 CLSI, 2006 [193]
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Table 20: Bacterial strains (continued)
Species Strain Genotype and comments Reference
S. aureus ATCC13709 Rogers et al., 1960
[199]
S. aureus WT Hiron et al., 2007 [164]
S. aureus Aoppl oligopeptide transport system 1, organized in Hiron et al., 2007 [164]
one operon oppABCDF
S. aureus Aopp2 oligopeptide transport system 2, organized in | Hiron et al., 2007 [164]
one operon oppABCDF
S. aureus Aopp3 oligopeptide transport system 3, organized in | Hiron et al., 2007 [164]
one operon oppABCDF
S. aureus Aopp4 oligopeptide transport system 4, organized in | Hiron et al., 2007 [164]
one operon oppABCDF
S. aureus AdtpT proton-driven di- and tripeptide permease Hiron et al., 2007 [164]
S. aureus Aopp1234 knock-out of all four oligopeptide transport | Hiron et al., 2007 [164]
systems
S. aureus AdtpT-opp1234 knock-out of all four oligopeptide transport | Hiron et al., 2007 [164]
systems and the proton-driven di- and tripeptide
permease
S. aureus 133 DSM strain collection,
Braunschweig,
Germany (number
DSM 11832)
Table 21: isolated negamycin resistant E. coli strains
Species Strain Comment Reference
E. coli M9-1 low-level negamycin resistance in M9 this work
E. coli M9-2 low-level negamycin resistance in M9 this work
E. coli M9-3 low-level negamycin resistance in M9 this work
E. coli M9-4 low-level negamycin resistance in M9 this work
E. coli M9-5 low-level negamycin resistance in M9 this work
E. coli M9-6 low-level negamycin resistance in M9 this work
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Table 21: isolated negamycin resistant E. coli strains (continued)

Species Strain Comment Reference
E. coli M9-7 low-level negamycin resistance in M9 this work
E. coli M9-8 low-level negamycin resistance in M9 this work
E. coli M9-9 low-level negamycin resistance in M9 this work
E. coli M9-10 low-level negamycin resistance in M9 this work
E. coli PP-1 low-level negamycin resistance in PP this work
E. coli PP-2 low-level negamycin resistance in PP this work
E. coli PP-3 no change in negamycin resistance in PP this work
E. coli PP-4 low-level negamycin resistance in PP this work
E. coli PP-5 no change in negamycin resistance in PP this work
E. coli PP-6 low-level negamycin resistance in PP this work
E. coli PP-7 low-level negamycin resistance in PP this work
E. coli PP-8 low-level negamycin resistance in PP this work

5.1.7 Synthetic Oligonucleotides

Table 22: Primer

Name Sequence (5’-3’) Application Expected PCR
product size
dppA fwd del | TGGAGGATCCGCACTGTTAC Control of Kan-resistance cassette JW3513: 1800 bp
deletion
JW3513-del: 500 bp
dppA rev del GCCACCGGGTATACAGATTG Control of Kan-resistance cassette JW3513: 1800 bp
deletion
JW3513-del: 500 bp
dppA-F CGACGATTCGTCAGCCAGAG primer for sequencing of the Dpp-
operon
-5
dppA-F CGTCTGGAAAGGCATTTCTG primer for sequencing of the Dpp-
operon
-4
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR
product size

dppA-F TGACAACTCGGTGACCTATG primer for sequencing of the Dpp-
operon

-2

dppA-F GATTGACGAGGGCGTATCTG primer for sequencing of the Dpp-
operon

-1

dppA-F 0 CCGCCTTATTCGACCTACAC primer for sequencing of the Dpp-
operon

dppA-F 1 CTCACCGTTGGTGTAAATCC primer for sequencing of the Dpp-
operon

dppA-F 2 AAGGCATGGGCTTGCCAGAG primer for sequencing of the Dpp-
operon

dppA-F 3 GCTGAAAGAAGCGGGTCTGG primer for sequencing of the Dpp-
operon

dppA-F 4 CCATCCGGCAGCAATACTTC primer for sequencing of the Dpp-
operon

dppA-F 5 CCGTCGCCCATATGATCTTG primer for sequencing of the Dpp-
operon

dppA-F 6 ATGTGCTGTCGCGCCTGATG primer for sequencing of the Dpp-
operon

dppA-F 7 GCATTTCGGCGACGAAAGCG primer for sequencing of the Dpp-
operon

dppA-F 8 CGCGTCACCCGTATACTCAG primer for sequencing of the Dpp-
operon

dppA-F 9 CGAGCACTATGACCGCTATC primer for sequencing of the Dpp-
operon

dppA-F P4 TTTGGCCGACAGGCAATCGC primer for sequencing of the Dpp-

pw2 operon in PP-4

dppA-F P4 GTACCTCAAGCGTGCGAAAG primer for sequencing of the Dpp-

pw3 operon in PP-4

dppA-F PP4 GGCAAGGCAACGAAGGTCAG primer for sequencing of the Dpp-

pw 4 rev operon in PP-4

dppA-F PP4 TTGGAGTCATCGAGGAACAC primer for sequencing of the Dpp-

pw5

operon in PP-4
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR
product size
dppA-F rev ATTGTGTCGTGCCTCATTCC primer for sequencing of the Dpp-
operon
dppA-F rev CCTGCTGCAAATCCATCATC primer for sequencing of the Dpp-
pwl operon
dppA-F revl GCGGATAAAGTACTGGCAAC primer for sequencing of the Dpp-
operon
dppA-F rev2 GCAGCGATCATTGCTTATCC primer for sequencing of the Dpp-
operon
dppA-F rev3 TGCCGTTTACACGCTACGAC primer for sequencing of the Dpp-
operon
dppA-F revd TGGTGTTGTCAGGTGCATAC primer for sequencing of the Dpp-
operon
dppOgap1 CTGCGTAAAGGTGTGAAGTG primer for sequencing of the Dpp-
operon
dppOgap2 CTGATCCCGCCAACCATGTG primer for sequencing of the Dpp-
operon
dppOgap3 TGATGCGCTCCGCTTATCAG primer for sequencing of the Dpp-
operon
dppOgap4 TGACGCGCTCGATCCCAAAC primer for sequencing of the Dpp-
operon
dppA- TTGGTCTAGATTGGAGCAGAAT | primer for dppA complementation 1682 bp
Xbal_for AATGCGTA
dppA- TTGCCTCGAGTTGCCTTTGCCA | primer for dppA complementation 1682 bp
Xhol_rev TCAGTCTT
etpB rev GGTCACCGAGTTGTCATAGG primer for sequencing of the Dpp-
operon/upstream gene
gapDH fwd ACTTACGAGCAGATCAAAGC primer for gPCR-amplification of BW25113: 170 bp
gapDH (reference gene)
gapDH AGTTTCACGAAGTTGTCGTT primer for gPCR-amplification of BW25113: 170 bp

rev

gapDH (reference gene)
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR
product size
oppA- fwd CAGAAAGTCTCCGAGCCTGTG Amplification of the Cm-resistance- BW25113: 1851 bp
cassette in oppA
JW3513-0ppA:
1370 bp
OppA-rev GTCGGAATCGCTTCCAGACAG Amplification of the Cm-resistance- BW25113: 1851 bp
cassette in oppA
JW3513-0ppA:1370
bp
oppA1-H1-P1 | H1 Primer for oppA-knockout, 1094 bp
amplification of Cm-resistance
AGAGAAGTTTAGTAGCAGCTG casette; Primer is homolog to P1 of
GCGTTCTGGCTGCGCTAATGGT | th6 resistance cassette and
GTAGGCTGGAGCTGCTTC
homolog to oppA (H1)
Pl
oppA2-H2-P2 | H2 Primer for oppA-knockout, 1094 bp
CCGGGTATAGGTATTATCCAGC | amplification of Cm-resistance
GGATCTTTGCCGGTATAGCCAT | casette; Primer is homolog to P2 of
ATGAATATCCTCCTTAG the resistance cassette and homolog
to oppA (H2)
P2
qargT CTACGCCAGGTCTCGTTAGC primer for gPCR-amplification of BW25113: 358bp
argT
rev
qargT fwd CCTACGCACCGTTCTCATCG primer for gPCR-amplification of BW25113: 358bp
argT
qgcadB AGTGGTTAAACGGCTTACCC primer for gPCR-amplification of BW25113: 291bp
cadB
rev
qgcadB fwd TCGCTGGCGTATGTATATGC primer for gPCR-amplification of BW25113: 291 bp
cadB
qdppA fwd TCCATCTGCGTAAAGGTGTG primer for gPCR-amplification of BW25113: 276 bp
dppA
qdppA rev ATAGAGGCGAAGTCCATTGC primer for gPCR-amplification of BW25113: 276 bp
dppA
qdppB fwd TGCCTTTGTCCACATGATCC primer for gPCR-amplification of BW25113: 373 bp
dppB
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR

product size

qdppB rev CCACCAGAAGATAGGCATTG primer for gPCR-amplification of BW25113: 373 bp
dppB

qdppC fwd CCTATAACCCGGCGGAACAG primer for gPCR-amplification of BW25113: 230 bp
dppC

qdppC rev GACCAGGCCGCCAAAGTAAC primer for gPCR-amplification of BW25113: 230 bp
dppC

qdppD fwd CGCTCGATCCCAAACTGAAG primer for gPCR-amplification of BW25113: 219 bp
dppD

qdppD rev GCCCGGATAATCAATCAGCC primer for gPCR-amplification of BW25113: 219 bp
dppD

qdppF fwd GCCGGAACGTCTGGTTAAAG primer for gPCR-amplification of BW25113: 253 bp
dppF

qdppF rev CGGATTCAGCGAACCGTAAG primer for gPCR-amplification of BW25113: 253 bp
dppF

qhisJ rev TTTCGCCACCACCAAACGAG primer for gPCR-amplification of hisJ | BW25113: 307 bp

qhisJ fwd TGCGGCGTTTGCTGCGATTC primer for gPCR-amplification of hisJ | BW25113: 307 bp

qhisM fwd GCTGTTTCTGGCGATTGGTC primer for gPCR-amplification of BW25113: 373 bp
hisM

qhisM rev GTTGCTGTATGCCGGTAACG primer for gPCR-amplification of BW25113: 373 bp
hisM

qhisP fwd TGCGCTGCATTAACTTCCTC primer for gPCR-amplification of hisP | BW25113: 344 bp

qhisP rev AGAAACACGCTGTTGCTGAC primer for gPCR-amplification of hisP | BW25113: 344 bp

qhisQ fwd CTGTAGTGCTCGCTGTAATC primer for gPCR-amplification of hisQ | BW25113: 312 bp

qhisQ rev CCGCCTCTATATGTCCTTTC primer for gPCR-amplification of hisQ | BW25113: 312 bp

qlysP rev TTCGCCGGATCTTCGGACTC primer for gPCR-amplification of lysP | BW25113: 344 bp

qlysP fwd AGCTGGTGGTTCCCGGATAC primer for gPCR-amplification of lysP | BW25113: 344 bp

qoppA fwd CGCTAATGGCAGGGAATGTC primer for gPCR-amplification of BW25113: 359 bp

OppA
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR
product size
qoppA rev TGGCATACGGAGAAGCAGTG primer for gPCR-amplification of BW25113: 359 bp
OppA
gsapA fwd CCGGAACTTGCCGAAAGCTG primer for gPCR-amplification of BW25113: 189 bp
sapA
qsapA rev GCTGCCGTTGACGTTATGCC primer for gPCR-amplification of BW25113: 189 bp
SapA
gsapD fwd CGGTGATGAGTGGGTTAAAG primer for gPCR-amplification of BW25113: 279 bp
sapD
gsapD rev ACACGTTCTGAAGGGTCAAG primer for gPCR-amplification of BW25113: 279 bp
sapD
qtppB fwd ACAACCGAAGGCGTTCTATC primer for gPCR-amplification of BW25113: 335 bp
tppB
qtppB rev TTAAACAGGCCGTTACCGAC primer for gPCR-amplification of BW25113: 335 bp
tppB
qygdQ rev GATAGCGCCGAGGAATGATG primer for gPCR-amplification of BW25113: 330 bp
ygdQ
qygdQ fwd CTGCTGGAGATCGTTCTTGG primer for gPCR-amplification of BW25113: 330 bp
ygdQ
sapA fwd AACCACACGGCCCTCATTAC Amplification of the Cm-resistance- BW25113: 1813 bp
cassette in sapA;
JW3513-sapA: 1370
Control of Cm-resistance cassette bp
deletion
JW3513-sapA del.:
500 bp
SapA rev CTGAAGCCAACGAAGGTCAG Amplification of the Cm-resistance- BW25113: 1813 bp

cassette in sapA;

Control of Cm-resistance cassette
deletion

JW3513-sapA: 1370
bp

JW3513-sapA del.:
500 bp
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Table 22: Primer (continued)

Name Sequence (5’-3’) Application Expected PCR
product size
sapA-H2-P2 H2 Primer for sapA-knockout, 1094 bp
amplification of Cm-resistance
CCAGCAAAGGAGGCGTTACCA casette; Primer is homolog to P2 of
AACGGGCTAAGTACCAGACCA | 6 resistance cassette and homolog
TATGAATATCCTCCTTAG to sapA (H2)
P2
sapA-H1-P1 H1 Primer for sapA-knockout, 1094 bp
TGAATCTCCCCCGCATGCTGAT | amplification of Cm-resistance
ATCCGCGACAGCGGTTTTGGTG | casette; Primer is homolog to P1 of
TAGGCTGGAGCTGCTTC the resistance cassette and homolog
P1 to sapA (H1)
yhjV fwd ATGCCGTACAGCAGAATCAG primer for sequencing of the Dpp-
operon/downstream gene

5.1.8 Plasmids

Table 23: Plasmids

Vectors

Resistance | Description

marker

Reference

pASK-dppA Amp plasmid pASK-dppA for the complementation of | this work, Dr. Anne
DppA Berscheid

pASK-IBA 5 plus Amp empty vector control IBA GmbH

pBestluc-mut Amp pBESTIuc-mut harbors a mutation in the luciferase | Dr. Anne Berscheid,
gene leading to a Stop codon at amino acid | Brotz-Oesterhelt lab
position 31 in the protein (K31STOP)

pBESTIuc Amp contains the firefly luciferase gene under the | Promega
control of the Escherichia coli tac promoter

pCP 20 Amp contains yeast Flp recombinase gene, temperature | Datsenko et al., 2000

R sensitive replication. [141]
Cm
pET14b-luc Amp firefly (Photinus pyralis) luciferase gene under | Dr. Anne Berscheid,

control of T7 promoter in the pET14b vector

Brotz-Oesterhelt lab
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Table 23: Plasmids (continued)

Vectors

Resistance
marker

Description

Reference

R

pKD 3 Cm template plasmid for frt-flanked cat cassette. Datsenko et al., 2000
[141]
FRT sites create an identical scar that has stop
codons in all six reading frames. The scar has an
idealized ribosome binding site and start codon
for downstream (rightward) gene expression
pKD 46 AmpR temperature sensitive promoter (repAl01ts); | Datsenko et al., 2000
encodes A red genes (exo, bet, gam); native | [141]
terminator (tL3) after exo gene; arabinose-
inducible promoter for expression (P,.g); encodes
araC for repression of P,.,s promoter
pS107 EryR ypuA promoter-sequence upstream of firefly | Piggot, 1973; Urban et
luciferase-gene original plasmid: pHT304 al., 2007 [140, 189]
pS130 EryR yvgl promoter-sequence upstream of firefly | Piggot, 1973 [189]
luciferase-gene original plasmid: pHT304
pS63 EryR yvgS promoter-sequence upstream of firefly | Piggot, 1973; Urban et
luciferase-gene original plasmid: pHT304 al., 2007 [140, 189]
pS72 EryR yhel promoter-sequence upstream of firefly | Piggot, 1973; Urban et
luciferase-gene original plasmid: pHT304 al., 2007 [140, 189]
pS77 EryR yorB promoter-sequence upstream of firefly | Piggot, 1973; Urban et
luciferase-gene original plasmid: pHT304 al., 2007 [140, 189]
5.1.9 Media

Belitzky minimal-medium

Table 24: Belitzky stock medium

Ingredients g/l
0.015 M (NH,),SO, 2
0.008 M MgSO,4 x 7H,0 2
0.027 M KClI 2
0.007 M Na3citrat x 2H,0 2
0.05 M Tris 6.06
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pH was adjusted to 7.5 using 5 M HCl and with dH,0 added up to 1 liter. Stock-medium was
sterilized using sterile filtration. To 100 ml stock medium the following supplements were

added:

Table 25: Belitzky-Supplements

Supplements Conc. Form of sterilization | Volume
0.2 M KH,PO, 1.35g / 50ml autoclaved 0.3 ml

1 M CaCl, x 2H,0 7.35g / 50ml autoclaved 0.2 ml
0.5 M FeSO, x 7H,0 6.95mg / 50ml sterile filtration 0.2 ml
0.025 M MnSO, x H,0 0.211g /50ml sterile filtration 0.04 ml
0.5 M Glutamic acid 7.36g / 100ml sterile filtration 0.9 ml
0.039 M L-Tryptophan 8mg / ml sterile filtration 2ml
20% Glucose 20g / 100ml sterile filtration 1ml

CYG

Table 26: CYG growth medium

Ingredients g/l
Glucose 5.0
Yeast extract 5.0
Casein hydrolysate 5.0

Medium was autoclaved for 20 minutes at 121°C.

E. coli MRE600 growth medium

Table 27: MRE600 growth medium

Ingredients g/l
Bacto Tryptone 9
Yeast extract 0.8
NacCl 5.6

1 N NaOH 1ml/l
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The medium was autoclaved and 20% sterile glucose (sterile filtration) was added (4 ml/I).

Lysogeny Broth

Table 28: Lysogeny Broth (LB)

Ingredients g/l
NacCl 5
Tryptone 10
Yeast extract 5
if required Agar 15

LB medium was autoclaved for 20 minutes at 121°C and a pressure of 2 bar. If required the

medium was cooled down to 50°C after sterilization and supplemented with antibiotics for

selection.

Mueller Hinton Broth

Table 29: Mueller Hinton Broth

Ingredients g/l
Beef infusion solids 2
Casein hydrolysate 17.5
starch 1.5
if required Agar 15

21 g of medium were dissolved in distilled water and autoclaved for 20 minutes at 121°C. If

required the medium was cooled down to 50°C after sterilization and supplemented with

antibiotics for selection.

M9-broth

Table 30: M9-broth

Ingredients g/l Final concentration
M9 salts

Na,HPO,; x 2 H,0 19.0997 28.5 mM

KH,PO, 15 22.04 mM
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Table 30: M9-broth (continued)

Ingredients g/l Final concentration
M9 salts
NacCl 2.5 8.556 mM
NH,CI 5 18.7 mM
MgSO,. 0.4814 2 mM
Glucose 4.0 0.4%
CaCl, 11.098 100 um

The components of M9-salts were mixed and and stired in distilled H,O until they were
dissolved. The volume was adjusted to 1000 ml and sterilized by autoclaving for 20 minutes
at 121°C. 200 ml of autoclaved M9 salts, 2 ml of MgSQO, (sterile), 20 ml of 20% glucose
(sterile), 100 pl of 1M CaCl, (sterile) were added and adjusted to 1000 ml with distilled H,0.

M9-Agar:

1.5% agar for finale volume in distilled water (amount needed for final volume) was
prepared and autoclaved. The agarwas equilibrated to 45-50°C then the other components
of M9 (pre warmed to 45°C in waterbath) were added.

Nutrient broth

Table 31: Nutrient broth growth medium

Ingredients g/l
Meat extract 3.0
Peptone 5.0

The components of the medium were dissolved in distilled water and autoclaved for 20
minutes at 121°C.



5 Material and Methods 135

Peptone (meat)
Table 32: peptone meat

Ingredients g/l

peptone meat 5

5 g of medium were dissolved in distilled water. Medium was autoclaved for 20 minutes at
121°C.

Peptone water (monopeptone)

Table 33: Peptone water growth medium

Ingredients g/l
Peptone 10.0
NacCl 5.0

Medium was autoclaved for 20 minutes at 121°C.

PP
Table 34: PP

Ingredients g/l

polypeptone 5

5 g of medium were dissolved in distilled water. If required salts were added or pH was

adjusted to 7, 8.5 or 5 and medium was autoclaved for 20 minutes at 121°C. If required the
medium was cooled down to 50°C after sterilization and supplemented with antibiotics for
selection.

5.1.10 Solutions and Buffers
KPO, Buffer

Table 35: KPO, buffer

Ingredients

KPO, 50 mM
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pH was adjusted to 7 and after filter sterilization the buffer was stored at 4°C.

TE Buffer

Table 36: TE Buffer

Ingredients
Tris Base 10 mM
EDTA 1mM

The components were dissolved in distilled H,O and pH was adjusted to 8 with 1 M HCI.

Distilled H,O was added to 1000 ml.

10x PBS-Buffer
Table 37: 10x PBS

Ingredients

g/l

NaCl 80
KCl 2
Na,HPO,-7H,0 26.8
KH,PO, 2.4

pH was adjusted to 7.4 with HCl and the volume was adjusted to 1000 ml with distilled H,O.
The buffer was sterilized by autoclaving for 20 minutes at 121°C

50x TAE Buffer

Table 38: 50x TAE Buffer

Ingredients

Tris Base 242 g/l
EDTAO0.5 M 100 ml
glacial acetic acid 57.1ml
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pH was adjusted to 8 with NaOH and distilled H,O was added to 1000 ml.

5.1.11 Laboratory equipment

Table 39: Laboratory equipment

Device Supplier
Agarose gel electrophoresis apparatus Peqlab
Analytical scale XA105DU, Dual Range Mettler

C Mag HS7 magnetic stirrer IKA

Centrifuge Avanti JE Beckmann Coulter
Clean bench safe2020 Thermo Scientfic
CO 8000 cell density meter WPA biowave
External microscope lamp HBO 100 Zeiss

Geldoc Gel documentation system Biorad
Incubator Celsius 10.0 Memmert
Infinite M200 Microtiterplate reader Tecan

Inverse microscope AE31 Motic
Membrane vacuum pump Vakubrand
Microscope axio scope Al Zeiss

Mikro pulser electroporation apparatus Biorad

Milli-Q water reference system Merck-Millipore
Multifuge X1R Thermo Scientific
MxP 3005 Cycler for qPCR Agilent
NanoDrop 2000c Spectrophotometer Peqglab
Peqgpower 300 power supply Peqglab

Peqgstar 2x Gradient Thermocycler Peqglab

pH meter seven easy Mettler toledo
Power pack power supply Biorad
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Table 39: Laboratory equipment (continued)

Device Supplier
Scout pro scale Haus
Shaker Ecotron Infors
Shaking Waterbath 1083 GFL

Table centrifuge 5414R Eppendorf
Table centrifuge 5418 Eppendorf
Table centrifuge minister VWR
Thermomixer comfort Eppendorf
Vortex REAX 2000 Heidolph
Water bath WNB 7 Memmert

5.1.11.1 Software

Table 40: Software

Software

Application

Supplier

Chromas 2

DNA sequence analysis

Technelysium

Clone Manager suite 7

DNA sequence analysis

Sci-Ed software

GraphPad Prism 6

graphs and data analysis

GraphPad Software, inc.

Icontrol programming and set-up for microtiterplate assays- Tecan

Image Lab 3.0.1 gel documentation Biorad

Image plus 2.0 inverse microscopy Motic

Mx 2005 P™ set-up and analysis of gPCR data Agilent

EndNote X7 Bibliography management Thomson Reuters
ZEN Phasecontrast- and fluorescence microscopy Zeiss
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5.2 Methods

5.2.1 Microbiology methods

5.2.1.1 Culturing of bacteria

E. coli was grown overnight, shaking (220 rpm) at 37°C. Growth and cell density were
monitored by determination of the extinction at A=600 nm (ODgo). If required for selection
an antibiotic was added to the cultures. For long-term storage, glycerol-stocks (50% glycerol
+ 50% stationary culture) were prepared and stored at -80°C.

5.2.1.2 Minimal inhibition concentration (MIC) determination

5.2.1.2.1 Broth Microdilution method

The bacterial isolates were streaked onto Mueller-Hinton (MH) agar plates and incubated for
18-24 h at 37°C. On the next day 3-5 morphologically similar colonies were selected and
transferred into an eppi tube containing sterile saline solution (500 pl 0.9% saline). The
suspension was adjusted to an ODggo of 0.1 (diluted with broth) and further diluted with
broth to achieve an inoculum of 1 x 10°in 5 ml. A suspension of an ODggo = 0.1 in Mueller-
Hinton broth contains the following CFUs: E. coli ATCC 25922: 1.4 x 10® CFU/ml; E. coli K12:
1.1 x 10® CFU/ml; B. subtilis 168: 1.9 x 10’ CFU/ml; S. aureus ATCC 29213: 1.5 x 10° CFU/ml;
Enterococcus faecalis ATCC 29212: 6.3 x 10’ CFU/ml; P. aeruginosa PAO1: 1.1 x 10® CFU/ml

A stock-solution of negamycin was prepared in DMSO with the concentration of 10 mg/ml.
The solution was stored at -20°C.

To prepare the antibiotic dilution series, a serial twofold dilution of the antibiotic from 64
ug/ml to 0.0625 pg/ml in medium was prepared. 100 pl of the stock solution (128 pg/ml: 2x
concentrated) were added into the first well of a 96-well round bottom microplate. 50 pl of
medium were added into the wells 2-12. 50 ul of the first well were taken and mixed with
the second one, and so on. After dilution each well contained 50 ul of antibiotic solution at
twice the desired final concentration. In the next step each well of the microdilution tray
was inoculated with 50 pl of bacterial suspension to yield a final concentration of 5 x 10°
CFU/ml in a final volume of 100 pl. Two different controls were prepared (GC: growth
control (broth with bacterial inoculum, no antibiotic) 100 ul and SC: sterility control (broth
only) 100 pl. A 10 ul sample of the growth control was removed immediately after
inoculating the plate and pipetted into 990 ul broth. It was mixed and one further dilution
(1:10) of this suspension was made. 100 pl of the final dilution were plated on Mueller
Hinton agar plates to validate the number of colony forming units in the assay.

Microtiter plates and agar plates were incubated for 16-24 h at 37°C. When MIC
determinations were performed in PP the plates were incubated for 20 hours. When M9 was
used, the plates were incubated for 24 hours. The MIC, as the lowest concentration of the
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antibacterial agent that inhibited visible bacterial growth, was read. Colonies were counted
on agar plates to verify that the right number of CFUs was used.

5.2.1.2.2 Agar dilution method

The bacterial isolates were streaked out onto Mueller-Hinton (MH) agar plates and
incubated for 18-24 h at 37°C. On the next day 3-5 morphologically similar colonies were
selected and transferred into an eppi tube containing sterile saline solution (500 ul 0.9%
saline). The suspension was adjusted to an ODggg of 0.1 (diluted with broth) and diluted with
broth to achieve an inoculum of 1 x 10’ in 5 ml.

The agar medium was equilibrated in a water bath to 45-50°C and the appropriate dilutions
of negamycin (64 to 0.03 pg/ml) were added. To ensure that there was no contamination
one drug-free plate each was inoculated.

The components were mixed thoroughly and the agar was poured immediately into petri
dishes to yield an agar depth of 3-4 mm (10 ml in small petri dishes). The plates solidified at
room temperature (they were always used the same day).

Within 15 minutes after the inoculum had been standardized, 1 pl (10* CFU) was spotted
onto each agar plate (in triplicates). The inoculation started with the plate that contained the
lowest concentration of the antibacterial and proceeded to the highest. After inoculation,
the plates stood at room temperature for up to 30 min until the inoculum spots were
absorbed by the agar.

To validate the inoculum 10 pl sample of the bacterial suspension, which was adjusted to 10’
CFU/ml, was removed immediately after inoculating the plate and pipetted into 990 pl
broth. It was mixed and two further 1/10 dilutions of this were made. 50 pl of each dilution
were plated on small MH plates.

Unless otherwise indicated agar plates were incubated bottom-up for 16 to 20 h at 37°C in
ambient air. The MIC was read on a dark non-reflecting surface as the lowest concentration
of antibacterial agent that completely inhibited visible bacterial growth.

5.2.1.3 Growth curves

E. coli strains were inoculated in 5 ml of desired medium (M9 or PP) and incubated for 18-24
h at 37°C shaking (220 rpm). The ODgyo Was measured on the next day and 20 ml M9 or PP
were inoculated to an ODggg of 0.05 in 100 ml flasks. The ODggo Was measured every 30 min.
If negamycin was added: Cells were grown to an ODggg0.2-0.5. The culture was split in two
times 10 ml aliquots and negamycin was added to one of them. The ODgog Was measured
every 30 min.
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5.2.1.4 Killing curves

E. coli strains were inoculated in PP and incubated for 18-24 h at 37°C shaking (220 rpm). On
the next day 10 ml of PP were inoculated with 100 ul of the overnight-culture, and cells were
grown to an ODggg 0.5. The ODggo Was adjusted to 0.1 in 1 ml broth.

A suspension of an ODggg = 0.1 in Mueller-Hinton broth contains the following CFUs: E. coli
K12: 1.1 x 108 CFU/ml (Inoculum was adjusted to 5 x 10° cells/ml). Negamycin was added at
the desired concentration.Cells were incubated at 37°C in small tubes (no shaking!) and
samples were taken over a time course of 24 hours. At every time point 25 ul were taken,
diluted and plated on 0.5% polypeptone agar plates. Colonies were counted after incubating
for 24 hours at 37°C.

5.2.1.5 Resistance rate determination

The bacterial isolates were streaked out onto Mueller-Hinton agar and incubated for 18-24 h
at 37°C. On the next day 3-5 morphologically similar colonies were isolated and transferred
into an eppi tube containing sterile saline solution (500 ul 0.9% saline). The suspension was
adjusted to an ODgg of 2 (diluted with M9/PP).

A suspension of an ODggo = 2 in Mueller-Hinton broth contains the following CFUs: E. coli
K12: 2.2 x 10° CFU/ml. The agar plates were prepared and antibiotic was added in the
desired concentration. To ensure that there was no contamination one drug-free plate each
was inoculated. Furthermore a dilution series was plated. Within 15 minutes after the
inoculum had been standardized 5x10% 227.25 pl of the solution (2.2 x 10°) were plated.
After inoculation, the plates stood at room temperature for up to 30 min until the inoculum
was absorbed by the agar. Colonies were counted after 24 or 48 hours.

5.2.2 Molecular Biology Methods

5.2.2.1 DNA isolation

The genomic DNA was isolated with innuPREP bacteria DNA Kit from Analytik Jena. The
isolation was performed as described in the manual of the manufacturer. This kit combines
an initial lysis step and a proteolytic digestion step with a selective and reversible binding to
a silica membrane.
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5.2.2.2 Plasmid isolation

Plasmids were isolated using the innnuPREP Plasmid Miniprep Kit from Analytik Jena. This kit
combines a modified alkaline denaturation with selective and reversible DNA binding to a
silica membrane. The manufacturer’s manual was followed for plasmid isolation.

5.2.2.3 DNA sequencing

DNA was sequenced using the Sanger chain-termination method [200]. This method involves
in vitro DNA synthesis using synthetic oligonucleotides as primers. The integration of
dideoxynucleotides leads to termination of the growing nucleotide chain. Four parallel
reactions, each containing one of four dideoxynucleotides (ddATP, ddGTP, ddCTP or ddTTP)
and all four deoxynucleotides allow the formation of chain termination products of various
lengths. Electrophoretic separation of the termination products allows the sequence to be
determined by the comparison of the various fragments.

DNA was sequenced at LGC genomics. Samples were supplied at a concentration of 20-100
ng/ul, according to the company’s recommendations.

5.2.2.4 Computer supported sequence analysis

DNA sequence data was analyzed and processed using the program Clone Manager suite 7
(Sci-Ed software). Clone Manager suite 7 was also used for primer design, planning of clon-
ing strategies and finding of restriction sites as well as the managing of plasmid sequence
data.

5.2.2.5 DNA amplification via the Polymerase Chain Reaction (PCR)

PCR [201] allows the in vitro amplification of a specific DNA fragment. The starting points for
synthesis by a heat-stable DNA polymerase are given by synthetic oligonucleotide primers.
These primers flank the desired sequence and are complementary to the respective strand
of the template DNA. Site-specific mutations may be introduced by one or more base
exchanges in the primer sequence. This allows the generation and integration of desired
restriction endonuclease sites.

In the first step the template DNA and the primers were denatured (as shown in Table 42).
During the subsequent cooling phase, the primers were able to bind their complementary
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sequence on the single stranded DNA template. During the elongation step, DNA polymerase
then synthesized the new DNA strand (complementary to the template). The desired DNA
fragment is thus, in theory, exponentially amplified by the repetition of these three steps
(denaturing, primer annealing and elongation). In this work either the Phusion—polymerase
(proof reading function) or the DreamTaq polymerase (no proof reading function) from
Thermo Scientific, or the Q5 polymerase (proof reading function) from NEB were used. The
concentrations of the different PCR components were used as described in the
manufacturer’s manual (Table 41). Every reaction contained the following reagents:

Table 41: Composition of the PCR reactions

Reagent Final concentration
10x buffer 1x

template-DNA 0.1-10ng

10 mM dNTPs 200 uM

Polymerase 0.02 u/ul

fwd primer 0.5 uM

rev primer 0.5 uM

dH,0 to 50 pl

The cycling conditions were used as recommended by the manufacturer (Table 42). The
annealing temperature was adjusted to the different primers according to their melting
temperatures (Tm) and optimized by using a temperature gradient in the PCR program.

Table 42: Cycle conditions

Cycle Step Temperature Time Cycles
Dream Phusion Q5 Dream Phusion Q5 Dre | Phu Q5
am
Taqg Taqg Taq sion
initial 95°C 98°C 98°C 1-3 min 30 sec 30 sec 1 1 1

Denaturation

Denaturation 95°C 98°C 98°C 30 sec 5-10sec 5-10sec 25- | 25-35 | 25-
40 35

Annealing Tm-5°C Tm+3° 50- 30 sec 10-30 sec 10-30sec
72°C
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Table 42: Ccle condition (continued)

Cycle Step Temperature Time Cycles

Extension 72°C 72°C 72°C 1 min/kb | 15- 20-
30sec/kb 30sec/kb

Final extension | 72°C 72°C 72°C 5-15 min | 5-10 min 2 min 1 1 1

Final hold 4°C 4°C 4°C oo oo oo

5.2.2.6 Purification of PCR products

PCR products destined for cloning were purified using the innuPREP double pure kit of
Analytik Jena. The manufacturer’s manual was followed for purification.

5.2.2.7 DNA digest with restriction endonucleases

Plasmid and PCR Products were cut with restriction endonucleases in order to perform an
analytic or preparative digest. For an analytic digest smaller amounts of plasmid DNA were
digested to determine the restriction pattern of isolated plasmids. This provides a first
indication of the construct’s correctness. For cloning a preparative digest with larger
amounts of DNA was done. The digest was performed as indicated in the manual (Table 43).

Table 43: Composition of DNA digest

Reagent Volume (pul)
DNA 500 ng -2 pug
Buffer (10x) 2
Restriction enzyme 1
dH,0 add up to 20

For analytic purposes 2 pl of the reaction mixture were loaded onto a 1% agarose gel.
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5.2.2.8 Agarose gel electrophoresis

DNA fragments were separated via agarose gel electrophoresis. By applying an electric field,
the negatively charged DNA can be separated in the agarose matrix according to its size.
Small molecules are able to move faster and therefore further through the pores of the gel.
1 % agarose was boiled in 1x TAE Buffer until it was completely dissolved. After cooling down
the solution was poured into the gel tray. Before loading the samples to the gel, they were
mixed with the appropriate amount of 6x loading dye. To determine later the sizes and
concentration of the DNA fragments standardized digested DNA (“DNA-ladders”) were
added (Figure 64). The separation of the fragments took place at 100-120 V for 1-2 hours.
Afterwards the gel was stained in an ethidiumbromide-bath (0.1% EtBr in H,0) for 20-30
minutes. The ethidiumbromide intercalates into the DNA. The absorption of the
ethidiumbromide can then be analyzed under UV-light (320 nm) using a gel documentation
system.

If the gel was needed for preparative purposes, it was analyzed 320 nm UV-Screen and the
bands were selected for excision.

5.2.2.9 Gel purification

To isolate and purify DNA fragments or PCR-products, the DNA was loaded onto a 1%-
agarose gel and separated as described in 5.2.2.8. The band of interest was excised with a
sharp, clean scalpel. The isolation was performed using the InnuPREP Double Pure Kit from
Analytik Jena.

5.2.2.10 Dephosphorylation of vectors

Linearized plasmid-DNA was dephosphorylated using the fast alkaline phosphatase (FAST AP)
of Thermo Scientific. The protocol of the manufacturer was followed (Table 44)

Table 44: Composition of vector dephosphorylation

Reagent Volume (pul)
DNA (linearized) lug

10X Thermo Scientific FastDigest Buffer (1U/ul) 2

FastAP Thermosensitive Alkaline Phosphatase 1

dH,0 add up to 20
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The mixture was incubated for 45 minutes at 37°C. The reaction was stopped by incubation
at 65°C for 15 minutes.

5.2.2.11 Ligation of two DNA Fragments

To ligate two DNA fragments with each other, such as a vector and a PCR product, the
enzyme T4 DNA Ligase (Thermo Scientific) was used. This enzyme catalyses the formation of
new phosphodiester bonds between the 5’-phosphate and the 3’-hydroxyl ends of DNA. The
molar ratio of vector to insert was 1:3. The amount of DNA that should be added to the
reaction was determined using the following equation:

Vinsert = (cVector X lengthinsert X A) / (lengthyector X Cinsert X B)

The ratio of A/B defines how many molecules of insert should be added to one molecule of
vector.
Reactions were run over night at room temperature.

5.2.2.12 Preparation of electrocompetent cells

500 ml LB medium were inoculated with 500 ul over night culture of E. coli and incubated
with shaking (200 rpm) at 37°C to an ODggo of 0.5. The cells were cooled on ice for 30 min
and then spun down (15 min, 6000 rpm, 4°C). Cells were washed first with 500 ml ice-cold
sterile water, then with 250 ml and finally with 10 ml ice-cold 10% glycerol. The pellet was
resuspended in 800 ul 10% glycerol. 60 pl aliquots were stored at -80°C.

5.2.2.13 Transformation of electrocompetent cells

E. coli was transformed by electroporation. 50 pl of competent cells were thawed on ice. Up
to 3 pl of the DNA were added to the cells and incubated for 30 minutes on ice. The
suspension was then transferred to an electroporation cuvette (2 mm). The electroporation
took place a voltage of 2.5 kV, a capacity of 25 puF and a resistance of 1000 Q. The optimal
time constant under these conditions is 2.5 ms. After the pulse, 1 ml of LB medium was
added to the cells. After one hour incubation (37°C, 200 rpm) different dilutions were plated
on LB-agar, containing an antibiotic for selection.
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5.2.2.14 Single-gene knockout (Datsenko & Wanner)

To knockout a single gene in the E. coli Keio strains the method of Datsenko and Wanner was
used [141]. In the first steps an antibiotic resistance cassette was inserted in the gene of
interest. Most of the gene was therefore deleted and only some basepares at the start end
end of the gene were left. When needed the cassette was eliminated and only a scar region
was left. This could be achieved in a several-step procedure (Figure 65).

Step 1: The template plasmid pKD3 was isolated from E. coli BW25141 pKD3. Using the
restriction enzymes Clal and Notl, the resistance cassette (1700 bp) was cut out and purified
using gel-extraction.

Step 1. PCR amplify FRT-flanked resistance gene

&
FRT - FRT
Pl Antibiotic resistance

| P |

.
P2 N

Step 2. Transform strain expressing » Red recombinase
H1, H2
| Gene A t Gene B | Gene C |

Step 3. Select antibiotic-resistant transformants

FRT FRT

Antibriotic resistance
[ Gemea EZD’L ]:z| Bk

Step 4. Eliminate resistance casselte using a FLP expression plasmid

FRT

| Gene A ‘EZ{?:] Gene C |

Figure 65: Gene disruption strategy by Datsenko & Wanner [141]

Step 2: Primer design

Primers were designed which contained homologous parts to P1 and P2 of the resistance
cassette and homologous sequences to the gene that should be deleted (homolog to H1 and
H2)

Step 3: Amplification

A PCR with the purified chloramphenicol (Cm) resistance cassette as a template and the
designed primers was performed. The PCR-product was then purified.

Step 4: Transformation with pKD46

Electrocompetent cells of the strain in which the knock-out should take place were
prepared. This strain was transformed with the helper plasmid pKD46 and plated on LB-Amp,
as pKD46 carries an ampicillin (Amp)-resistance cassette, and grown overnight at 30°C. 10 ml
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LB-Amp containing 10 mM arabinose (for induction of A red genes) was inoculated with the
grown colonies, and electrocompetent cells were prepared.

Step 5: Transformation with the amplified cassette

The strain containing the pKD46 helper plasmid was transformed with the purified PCR
product of the extended resistance cassette, and cells were plated on LB-Amp agar plates
and were grown for 48 hours at 30°C.

Step 6: PCR/Sequencing of possible knockouts

The genomic DNA was isolated and amplified using primers flanking the gene of interest. To
verify the insertion of the resistance cassette, the DNA was sequenced.

Step 7: Elimination of pKD46

The strain carrying both selection markers, the Amp-marker in pKD46 and the Cm-marker in
the gene that was knocked out, was grown on LB (no selection) overnight at 43°C. The
sensitivity was then tested on LB-Amp and LB-Cm plates. When the strain grew only on LB-
Cm and not on LB-Amp, the temperature-sensitive plasmid pKD46 was eliminated, and
therefore the strain was not ampicillin resistant anymore.

Step 8: Deletion of resistance cassette

To delete the resistance cassette, electrocompetent cells of the mutants were prepared and
transformed with pCP20 (temperature-sensitive replication and thermal induction of FLP
synthesis, amp-resistance cassette) and incubated for 48 hours at 30°C. Due to the thermal
induction FLP is expressed and binds to the FRT-sequence. FRT-mediated cleavage occurs.
After removing the cassette only a scar region was left. Ampicillin-resistant transformants
were selected and incubated at 43°C, to loose the plasmids, which carry a temperature-
sensitive replicon. Afterwards the strains were tested for loss of all antibiotic resistances.

5.2.2.15 RNA isolation

10 ml of M9 or PP were inoculated with an overnight-culture to an ODggo of 0.02. Cells were
grown under continuous shaking (200 rpm, 37°C) until they reached an ODgqo of 0.5. When
required, cells were treated with antibiotics for a certain amount of time. Two volumes of
RNAprotect™ were added to 6-8 ml of culture and incubated for 5 minutes at 37°C. Cells
were spun down (10 min, 8000 rpm, RT) and RNA was isolated using either the High Pure
RNA Isolation Kit (Roche) or the innuPREP RNA Mini Kit (Analytik Jena AG) combined with
innuPREP DNase | Digest Kit (Analytik Jena AG). The manufacturers instructions were
followed. The RNA concentration was measured using the Nanodrop spectrophotometer. To
determine the quality of the RNA and to exclude that the RNA was degraded an analytic
1.2% agarose gel was prepared. The RNA was stored at -80°C.
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5.2.2.16 cDNA synthesis

In order to use RNA for gRT-PCR the RNA must be transcribed into single stranded cDNA. The
enzyme used for this purposes is called reverse transcriptase, an RNA-dependent DNA
polymerase isolated from a retrovirus. The AffinityScript cDNA Synthesis Kit from Agilent was
used. For each RNA sample one no-RT control (sample without reverse transcriptase) was
included to detect any DNA contamination in the RNA-sample. The reaction was set up as
shown in Table 45 and Table 46.

Table 45: Step 1 cDNA-Synthesis

Reagent Volume
RNA 0.5 pug
10x RT random primers 3ul
RNase free H,0 17.5 ul

The sample was incubated for 3 minutes at 65°C, followed by 10 minutes at room

temperature to let the primer anneal. Afterwards the following reagents were added:

Table 46: Step 2 cDNA-Synthesis

Reagent Volume
dNTPs 0.8 pl
10x RT buffer 2ul
RNase blocker 0.5 ul
Reverse transcriptase (not in no-RT samples) 1l
RNase free H,0 20 ul

Samples were incubated for 10 min at 25°C, followed by 60 minutes at 55°C and 15 minutes
at 70°C. The resulting cDNA samples were 10-fold diluted and stored at -20°C.

5.2.2.17 Quantitative real-time-PCR (qPCR)

gPCR is used to amplify and simultaneously quantify a targeted DNA template. Besides the
general procedure of the PCR, the qPCR has the key feature to detect the amplified DNA
while the reaction is ongoing in real time. The qPCR products were detected using a
fluorescent dye (SYBR Green I), that is able to intercalate into the DNA.
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The gPCR was performed using Brilliant 1l Ultra-Fast SYBR Green gPCR Master Mix Kit
(Agilent). SYBR Green is the reporter dye the fluorescence signal of which increases with the
rising amout of DNA during amplification. The fluorescence reference dye Rox was used as
internal standard to normalize well-to-well fluorescence detection differences. As Rox does
not bind to DNA its signal remains constant throughout the cycles. The specificity of the
primers was validated by a melting curve of each primer set. Several controls were used in
the qPCR assay. Each plate of samples included no-reverse transcription controls (no-RT) and
no-template controls (no-TC). Through the no-RTs genomic DNA contamination was
detected. The no-TCs detected general PCR contaminations and were also able to distinguish
between unintended amplification products such as primer-dimers. Every sample was at
least run in duplicates. To normalize the cellular mRNA data, the stably expressed gapDH
gene (housekeeping gene) was used as a reference gene and therefore included as an
internal control on the plate.

The setup of the plate was performed using the software Mx 2005 P™ (Agilent). The
reaction was set up as shown in Table 47.

Table 47: qPCR composition

reagent volume (ul)
SYBR Green QPCR master mix 10
0.3
Rox
2
Primermix (fwd/rev)
2
cDNA (1:10-dilution)
RNase free H,0 5.7

A master mix containing RNase free H,0, the primers and the SYBR Green qPCR master mix

was prepared. 18 ul of the master mix and 2 ul of the cDNA were pipetted into one well of
the 96-well PCR plate. The wells were sealed and the samples were spun down for 30 sec at
150 rpm. The gPCR was run as shown in Table 48.

Table 48: qPCR cycle condition

temperature (°C) time cycles

95 3 min 1

95 20 sec

40

60 20 sec
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Table 48: qPCR cycle condition (continued)

temperature (°C) time cycles

Melting curve

95 1 min
45 30 sec 1
95 30 sec

In the end of every gPCR a melting curve was calculated for each product. The product
always showed only one single peak, which was expected as only one specific product was
amplified.

gPCR analysis was performed using the AAC(t)-method (Livak and Schmittgen, 2001 [202]).
The AAC(t)-method is an approximation method and is based on normalization to a single
reference gene. The difference in C(t) values between the target gene and the reference
gene is calculated, and the C(t)s of the different samples are compared directly. It is
important that the different genes are amplified with comparable efficiencies for this
comparison to be accurate.

5.2.3 invitro Assays

5.2.3.1 Promoter assay (Urban et al.)

Antibiotics generally target different bacterial biosynthesis pathways. Urban et al. [140]
showed that interference with different biosynthesis pathways in B. subtilis activates certain
promoters. These reporters are suitable as screening tools to generate first hints on the
target area of antibacterial agents. Urban et al. generated five B. subtilis promoters fused to
the firefly luciferase reporter gene. If a compound targets one of the biosynthesis pathways,
the promoter is activated, the luciferase is expressed, and the luminescence can be detected
after adding D-luciferin as a substrate (Figure 66).

Luciferase + Mg**

D-luciferin + ATP + O, 3§) Oxyluciferin + PPi + AMP + CO,

Figure 66: Luciferase reaction
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strains: B. subtilis 1534 pS63 MH124 (yvgS)
B. subtilis 1534 pS130 (yvql)
B. subtilis 1534 pS72 (yhel)
B. subtilis 1534 pS77 (yorB)
B. subtilis 1534 pS107 (ypuA)

In using these strains in the course of this work, the procedure of Urban et al. (167) was
followed.

5.2.3.2 Miscoding assay

To determine if an antibiotic causes misreading, a miscoding assay was performed.
Therefore a strain was used, carrying the pBestluc-mut plasmid, which has a stop-codon in
the luciferase gene leading to a truncated, non-functional enzyme. If a compound causes
misreading, the stop-codon is read through and a functional luciferase is expressed.
Therefore a luminescence signal can be detected.

E. coli pBestluc-mut was grown in M9 or 0.5% until exponential phase and treated with
streptomycin (positive control), tetracycline (negative control) or negamycin in different
concentrations (0.5-4 ug/ml).

streptomycin: (MIC in 0.5% polypeptone: 0.0625 pg/ml; M9: 4 ug/ml)

tetracycline: (MIC: ca. 4 ug/ml in M9 and 0.5% polypeptone)

negamycin (MIC: ca. 4 ug/mlin M9 and 16 pug/ml in 0.5% polypeptone)

Cells were incubated under continuous shaking (220 rpm) at 37°C for 2.5 hours (0.5%
polypeptone) or for 5 hours (M9) and chemoluminescence was read in a M200
Microtiterplate reader Pro.

5.2.3.3 Transcription-translation assay (TralLa-Assay)

The coupled transcription-translation assay is used to screen for inhibitors of these steps in
the protein-biosynthesis in a cell-free approach. The assay is performed in vitro with an E.
coli S30 extract and uses the firefly (Photinus pyralis) luciferase gene as a reporter. If the
tested compound targets protein synthesis, the expression of the firefly luciferase is
inhibited and the reaction, catalyzed by the luciferase, is taking place to a lower extent
(Figure 66). A protocol was used as described in the following publications [203-205]. To
distinguish whether the transcription or the translation is targeted by the antibiotic, an
uncoupled T7/translation assay was performed. In this assay the luciferase was expressed
from a T7-promoter. The T7 polymerase from the T7 bacteriophage is highly promoter
specific and only transcribes DNA downstream of a T7 promoter. If a compound targets the
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bacterial transcription the luminescence will be stable, as it only inhibits the bacterial
polymerase and not the T7 polymerase. If a compound targets the translation, the signal will
decrease. Chemoluminescence was read in a M200 Microtiterplate reader Pro.

5.2.4 Analytical methods

5.2.4.1 Thin layer chromatography (TLC)

TLC was used to determine whether negamycin forms a complex with different salts.
Negamycin was solved in 100% methanol in a concentration of 10 mg/ml and diluted to 1
mg/ml in TraceSELECT® H,0 (Fluka). CaCl,, NaCl or MgCl, was added in a molar ratio 1:1, 1:2
or 1:4. 6 ul of each sample was applied to the adsorbent layer. TLC was carried out with
chloroform-methanol-25% aqueous ammonia (2:2:1) as mobile phase in a TLC chamber,
using TLC silicagel 60 F,s4 (Merck) The developed plates were dried at 37°C and treated with
ninhydrin. The retardation factor (Rf-value) was determined for each sample.

5.2.4.2 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry is used to characterise the binding and interaction of two
molecules. It is a quantitative technique to determine the thermodynamic parameters of an
interaction in solution. To analyse the binding capacity of negamycin to calcium, a 5 mM
negamycin solution in 200 mM MOPS (pH7) was prepared from a 20 mg/ml negamycin stock
solution in DMSO. The resulting negamycin solution contained 8% DMSO and 300 pl were
added to the sample chamber. 100 mM CaCl, was dissolved in 200 mM MOPS (pH 7) + 8%
DMSO. This calcium solution was added in 80 injections of 0.5 ul resulting in 340 pl total
volume in the sample chamber. The control experiment was performed by titrating CaCl,
into the corresponding buffer without negamycin by the same ITC setup. Subsequently, the
first point of the isotherm as well as a control experiment were subtracted from the
isotherm before data evaluation. All ITC experiments were performed with a Microcal ITC
200 from GE Healthcare at 37 °C, a stirring speed of 1000 rpm and 80 injections of 0.5 uL. All
other experimental details were defined as follows: Filter periode: 5 seconds,
Feedbackmode: high and spacing between each injection: 300 seconds. The resulting
isotherm was manually integrated and fitted with the OneSites binding site model of the
corresponding Microcal Software Package based on Origin.
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Supplements

Supplemental Data

Alignments of periplasmic binding proteins

Alignment DppA and OppA

FHEF AR HE A AR

# Program: needle

# Rundate: Wed 31 Jul 2013 11:40:46

# Commandline: needle

-—auto

-stdout

-asequence emboss needle-I20130731-114045-0502-10550216-pg.asequence
-bsequence emboss needle-I120130731-114045-0502-10550216-pg.bsequence
-datafile EBLOSUM62

-gapopen 10.0

-gapextend 0.5

-endopen 10.0

-endextend 0.5

-aformat3 pair

-sproteinl

# -sprotein?

# Align format: pair

# Report file: stdout

FHEF AR HE A AR

SHE oS e S 3 S 3 e o 3 o

#

#

# Aligned sequences: 2

# 1: oppA

# 2: dppA

# Matrix: EBLOSUMG62

# Gap penalty: 10.0

# Extend penalty: 0.5

#

# Length: 522

# Identity: 130/522 (24.9%)

# Similarity: 212/522 (40.6%)

# Gaps: 86/522 (16.5%)

# Score: 352.5

#

#

#

OpPpPA 1 PESNISRDLFEGLLVSDLDG--HPAPGVAESWD-NKDAKVWTFHLRKDAK 47

B T T O T T I I - O - I I I O A

dppA 1 —————————- YNRLVEFKIGTTEVIPGLAEKWEVSEDGKTYTFHLRKGVK 40

OpPpPA 48 WSDG------ TPVTAQDEFVYSWQRSVDPNTASPY—-———— ASYLQYGHIAG 86
[ o] N oo I |

dppA 41 WHDNKEFKPTRELNADDVVEFSFDR--QKNAQNPYHKVSGGSY-EYFEGMG 87

OpPpPA 87 IDEILEGKKPITDLGVKAIDDHTLEVTLSEPVPYFYKLLVHPSTSPVPKA 136
H R P I O e O T e e [P

dppA 88 LPELIS-------—- EVKKVDDNTVQFVLTRPEAPFLADLAMDFASTILSKE 129

OpPpPA 137 ---AIEKFGEKWTQPGNIVTNGAYTLKDWVVNERIVLERSPTYWN---NA 180

[ A R [P I A S I I S B I
dppA 130 YADAMMKAGTPEKLDLNPIGTGPFQLQQYQKDSRIRYKAFDGYWGTKPQI 179
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OpPpPA 181 KTVINQVTYLPIASEVTDVNRY---RSGEIDMTNNSMPIELFQKLKKEIP 227
- 160 DELyF ST PDAY - RYAKLOKNECOUMPY PN AD I ARUKODKS 221
OpPpPA 228 DEVHVDPYLCTYYYEINNQKPPENDVRVRTALKLGMDRDIIVNKVKAQGN 277
A D2 LA YL A K b DDV ROAL T AN E DAL ST OehG 271
OpPpPA 278 MPAYGYTPPYTDGAKLTQPEWFGWSQEKRN—-——---— EEAKKLLAEAGYTAD 322
- 272 VAR PGNP DY T DPEKAKALLKEAG- 18 300
OpPpPA 323 KPLTINLL-————-—-— YNTSDLHKKLATIAASSLWKKNIGVNVKLVNQEWKT 365
- 10 KOS D LNAMPVORPYNIN - ARRMARN OADIAK TGVORK S VTYENGE 356
OpPpPA 366 FLDTRHQGTFDVARAGWCADYNEPTSFLNTML----SNSSMNTAHYKSPA 411
- 157 Y RAKDGEHOT TGN DN D P P FATL P CARSEOG oY SICTkE 406
OpPpPA 412 FDSIMAETLKVTDEAQRTALYTKAEQQLDKDSAIVPVYYYVNARLVKPWV 461
sppn 107 EED O PARA DN KRB LY KA VMOV AL S ALS TV PPV RISy 456
OpPpPA 462 GGYTGKDPLDNTYTRNMYIVKH 483

sppn 457 KOYTUDPLEKIREENS o 475

# _______________________________________

# _______________________________________

Alignment DppA and SapA

FHEF A H A AR

# Program: needle

# Rundate: Mon 22 Jul 2013 22:24:41

# Commandline: needle

-auto

-stdout

-asequence emboss needle-I120130722-222440-0427-61188370-pg.asequence
-bsequence emboss needle-I120130722-222440-0427-61188370-pg.bsequence
-datafile EBLOSUM62

-gapopen 10.0

-gapextend 0.5

-endopen 10.0

-endextend 0.5

-aformat3 pair

-sproteinl

# -sprotein?2

# Align format: pair

# Report file: stdout

FHEF AR H A AR A

HE oS e S 3 e o e S 3

Aligned sequences: 2
1: SapA
2: DppA

Matrix: EBLOSUMG62
Gap_penalty: 10.0
Extend penalty: 0.5

Length: 550
Identity: 189/550 (34.4%)
Similarity: 301/550 (54.7%)

$E o S e S 3 e 3 e o 3 e
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# Gaps: 18/550 (3.3%)

# Score: 939.5

#

#

#

SapA 1 MRQVL--SSLLVIAGLVSGQAIAAPESPPHADIRDSGFVYCVSGQVNTFEN 48
_— MR S LKKSCMLK LG YA A ASVORKTLUYCS RS EEGE 43
SapA 49 PSKASSGLIVDTLAAQFYDRLLDVDPYTYRLMPELAESWEVLDNGATYRF 98
DppA 44 O GTYDAS SPLANRLY S L G TR POLABKIE SR DGR T Y TE 93
SapA 99 HLRRDVPFQKTDWEFTPTRKMNADDVVEFTFQRIFDRNNPWHNVNGSNFPYF 148
- 04 ML REGU RTINS PP TRE L NAD DYV E SFDROKN AN PR SGoovme 143
SapA 149 DSLQFADNVKSVRKLDNHTVEFRLAQPDASFLWHLATHYASVMSAEYARK 198
DppA 144 ﬁéﬁéiééi;éﬁéKKVDDN%éQFVLTR;EAP;LADLQMDFQQILSKéiiDA 193
SapA 199 LEKEDRQEQLDRQPVGTGPYQLSEYRAGQFIRLQRHDDFWRGKPLMPQVV 248
- 04 A PR B CTCEE O O OK DR TR kAP DTSR s Dy 243
SapA 249 VDLGSGGTGRLSKLLTGECDVLAWPAASQLSILRDDPRLRLTLRPGMNVA 298
_— Dhh P RO SR AL KN E UMY BN D AR ODEG THLMELE OIS 293
SapA 299 YLAFNTAKPPLNNPAVRHALALAINNQRLMQSIYYGTAETAASILPRASW 348
- D54 YL KK L DR VROALT Y ANEDA L 1A Y OCAGY AR Pt 343
SapA 349 AYDNEAKITEYNPAKSREQLKSLGLE-NLTLKLWVPTRSQAWNPSPLKTA 397
_— 40 YLD DY Y DAL LB AGLEKG o DAV YNPA RIS 393
SapA 398 ELIQADMAQVGVKVVIVPVEGRFQEARLMDMSHDLTLSGWATDSNDPDSF 447
_— 194 BM ORI GYOAK VY BB L R AR DEEH O MGG ONGDEDNE 443
SapA 448 FRPLLSCAAIHSQTNLAHWCDPKFDSVLRKALSSQQLAARIEAYDEAQSI 497
_— §40 AL CAAS OSSR P F R DL S OV AT DD HNKR LY KOROTY 493
SapA 498 LAQELPILPLASSLRLQAYRYDIKGLVLSPFGNASFAGVYREKQDEVKKP 547
_— 594 MEDOAPALY S AHE T PR TKCT Y DT GBS 1B 535

Alignment OppA and SapA

FHEF A HE A AR

# Program: needle

# Rundate: Wed 31 Jul 2013 11:44:25

# Commandline: needle

-—auto

-stdout

-asequence emboss needle-I120130731-114424-0707-55783646-0y.asequence
-bsequence emboss needle-I120130731-114424-0707-55783646-0y.bsequence
-datafile EBLOSUM62

-gapopen 10.0

-gapextend 0.5

-endopen 10.0

-endextend 0.5

e -
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#
#
#

# Align format:
# Report file:

-aformat3 pair
-sproteinl
-sprotein2

pair
stdout

FHEFH A A AR AR AR A

#
#
# Aligned sequences: 2
# 1: oppA
# 2: sapA
# Matrix: EBLOSUMG62
# Gap penalty: 10.0
# Extend penalty: 0.5
#
# Length: 533
# Identity: 128/533 (24.0%)
# Similarity: 219/533 (41.1%)
# Gaps: 96/533 (18.0%)
# Score: 315.5
#
#
#
OpPpPA 1 PESNISRDLFEGLLVSDLDGHP---APGVAESWDNKD-AKVWTFHLRKD-
HE R N [e].:. P - I I I - e B
sapA 1l ----LAAQFYDRLL--DVDPYTYRLMPELAESWEVLDNGATYRFHLRRDV
OpPpPA 46 ----AKWSDGT-PVTAQDEFVYSWQRSVDPN-—-——=-——— TASPYASYLQYG
DR R L P O IS B I A N
sapA 45 PFQKTDWEFTPTRKMNADDVVETFQRIFDRNNPWHNVNGSNEPYFDSLQFA
OpPpPA 83 HIAGIDEILEGKKPITDLGVKAIDDHTLEVTLSEP—VPYFYKLLVHPSTS
| .z ol R 3 S S U
sapA 95 —-=-—--—- DNV-====—=—=—— KSVRKLDNHTVEFRLAQPDASFLWHLATHYASV
OpPpPA 132 PVPKAA--IEKFGEKWTQPGNIVTNGAYTLKDWVVNERIVLERSPTYWNN
| I S I I I S S I I P
sapA 131 MSAEYARKLEKEDRQEQLDRQPVGTGPYQLSEYRAGQFIRLQRHDDFW-R
OpPpPA 180 AKTVINQVTYLPIASEVTD VNRYRSGEIDMTNNSMPIELFQKLKKEIPD
D I O e e I I 2 O N e S | .
sapA 180 GKPLMPQVV VDLGSGGTGRLSKLLTGECDVL--AWPAASQLSILRDDPR
OpPpPA 229 —EVHVDPYLCTYYYEINNQKPPFNDVRVRTALKLGMDRDIIVNKV —————
I [ I R PO O O I S
sapA 227 LRLTLRPGMNVAYLAFNTAKPPLNNPAVRHALALAINNQRLMQSIYYGTA
OpPpPA 273 —-KAQGNMPAYGYTPPYTDGAKLTQPEWFGWSQEKRNEEAKKLLAEAGYTA
N T S P I (R S R I A
sapA 277 ETAASILPRASWA--YDNEAKITE----- YNPAKSREQLKSLGLE-----
OpPpPA 322 DKPLTINL------- LYNTSDLHKKLATIAASSLWKKNIGVNVKLVNQEWK
el [ R I [ .. R N I I I -
sapA 315 --NLTLKLWVPTRSQAWNPSPLKTAELIQAD---MAQVGVKVVIVPVEGR
OpPpPA 365 ----TFLDTRHQGTFDVARAGWCADYNEPTSFLNTMLS----NSSMNTAH
I [ I OO O - R B O I N I I
sapA 360 FQEARLMDMSH----DLTLSGWATDSNDPDSFFRPLLSCAAIHSQTNLAH
OpPpPA 407 YKSPAFDSIMAETLKVTDEAQRTALYTKAEQQLDKDSAIVPVYYYVNARL
P I I R S [ T o O R - A
sapA 406 WCDPKFDSVLRKALSSQQLAARIEAYDEAQSILAQELPILPLASSLRLQA
OpPpPA 457 VKPWVGGYTGKDPLDNTYTRNMYIVKH------ 483
AR S I P R O I I
sapA 456 YRYDIKGLV LSPFGNASFAGVYREKQDEVKKP 487

45

44

82

94

131

130

179

179

228

226

272

276

321

314

364

359

406

405

456

455
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Plasmid-maps

pKD3

Afllll 14
BmgBI 15
BstBl 48
Swal 99

Sphl 2799
Nspl 2799

Clal 2509

BspMI 2503

Aarl 2502

BciVI 2432

BspHI 2424

Earl 2378

Eco571 2271
Bme15801 2256
Alw44| 2256
BssS| 2253

PS1

Acclll 558

cat Bsml 567

2500
Xmnl 2184
Pvull 656

pKD3
_2000 2804 bps

bla 1000 Bpu101 781
AN

Pvul 1956 1500 Mmel 851

PS2

Sfcl 1830
Fspl 1809 <

Ndel 1039

Bgll 1703

Cfr101 1669

Ahdl 1584

Banl 1537

Eagl 1447

Notl 1446

Psil 1204

AGATTGCAGCATTACACGTCTTGAGCGATTGTGTAGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGAGAATAGGAAC
TTCGGAATAGGAACTTCATTTAAATGGCGCGCCTTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTATTCATTAAGCA
TCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATA
ATATTTGCCCATGGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCA
GGGATTGGCTGAGACGAAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATC
TTGCGAATATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATG
GAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCCATACGTAATTCCGGATGAGC
ATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGT
AATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTG
GGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGACAACTCAAAAA
ATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCTCATTTTCGCCAAAA
GTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCTTCCGTCACAGGTAGGCG
CGCCGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTAAGGAGGATATTCATATGGACCATGGCTAAT
TCCCATGTCAGCCGTTAAGTGTTCCTGTGTCACTGAAAATTGCTTTGAGAGGCTCTAAGGGCTTCTCAGTGCGTTACATCCC
TGGCTTGTTGTCCACAACCGTTAAACCTTAAAAGCTTTAAAAGCCTTATATATTCTTTTTTTTCTTATAAAACTTAAAACCTTA
GAGGCTATTTAAGTTGCTGATTTATATTAATTTTATTGTTCAAACATGAGAGCTTAGTACGTGAAACATGAGAGCTTAGTAC
GTTAGCCATGAGAGCTTAGTACGTTAGCCATGAGGGTTTAGTTCGTTAAACATGAGAGCTTAGTACGTTAAACATGAGAG
CTTAGTACGTGAAACATGAGAGCTTAGTACGTACTATCAACAGGTTGAACTGCGGATCTTGCGGCCGCAAAAATTAAAAAT
GAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTC
AGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCT
GGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAG
GGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAG
TTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCA
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TTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTC
CGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCC
ATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTC
TTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGG
GCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCT
TTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGA
AATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTT
GAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGCATCGATGGCCCCCCGA
TGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTG
GGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGC
GAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTG
ACGGATGGCCTTTTTGCGTGGCCAGTGCCAAGCTTGCATGC

Alw441 6078
BssSI 6075
Xmnl 6006 |

Pvul 5778

EcoRV 299
BssHII 585
Van91| 829

Bpml 5496
Bsal 5478
Ahdl 5406 Miul 1050
BamHI 1154
Banll 1221
Ecl1361l 1221
Sacl 1221

Sfol 4967

Mmel 4872
Eagl 4833
Notl 4832

BfrBl 1504
Nsil 1504

pKD46

6329 bps SexAl 1632

Sall 1726
Spel 4513 Bcll 1742
Xeml 1932

BsrGl 1975
repA101

Pcil 4046

Dralll 2559
Alel 2645
SgrAl 2645
Smal 2854

Xmal 2854

SnaBl 3675
BsaAl 3675

BstX1 3389

CATCGATTTATTATGACAACTTGACGGCTACATCATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTGGCLCCC
GGTGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAACATTGCGACCGACGGTGGCGATAGGCATCC
GGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTTAAGACGCTAATCCCTAACTGCTGGC
GGAAAAGATGTGACAGACGCGACGGCGACAAGCAAACATGCTGTGCGACGCTGGCGATATCAAAATTGCTGTCTGCCAG
GTGATCGCTGATGTACTGACAAGCCTCGCGTACCCGATTATCCATCGGTGGATGGAGCGACTCGTTAATCGCTTCCATGCG
CCGCAGTAACAATTGCTCAAGCAGATTTATCGCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCCGGCGTTAATGATTTGC
CCAAACAGGTCGCTGAAATGCGGCTGGTGCGCTTCATCCGGGCGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTT
AAGCCATTCATGCCAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATACCATTCGCGAGCCTCCGGATGACGACCGT
AGTGATGAATCTCTCCTGGCGGGAACAGCAAAATATCACCCGGTCGGCAAACAAATTCTCGTCCCTGATTTTTCACCACCCC
CTGACCGCGAATGGTGAGATTGAGAATATAACCTTTCATTCCCAGCGGTCGGTCGATAAAAAAATCGAGATAACCGTTGG
CCTCAATCGGCGTTAAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAGCAGGGGATCATTTTGCGCTTCAGCCA
TACTTTTCATACTCCCGCCATTCAGAGAAGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTTTACTGG
CTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCATTCTGTAACAAAGCGGGACCAAAGCCATGACAAAAACG
CGTAACAAAAGTGTCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACACTTTGCTATGCCATAGCAT
TTTTATCCATAAGATTAGCGGATCCTACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGAAT
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TCGAGCTCTAAGGAGGTTATAAAAAATGGATATTAATACTGAAACTGAGATCAAGCAAAAGCATTCACTAACCCCCTTTCC
TGTTTTCCTAATCAGCCCGGCATTTCGCGGGCGATATTTTCACAGCTATTTCAGGAGTTCAGCCATGAACGCTTATTACATTC
AGGATCGTCTTGAGGCTCAGAGCTGGGCGCGTCACTACCAGCAGCTCGCCCGTGAAGAGAAAGAGGCAGAACTGGCAGA
CGACATGGAAAAAGGCCTGCCCCAGCACCTGTTTGAATCGCTATGCATCGATCATTTGCAACGCCACGGGGCCAGCAAAA
AATCCATTACCCGTGCGTTTGATGACGATGTTGAGTTTCAGGAGCGCATGGCAGAACACATCCGGTACATGGTTGAAACCA
TTGCTCACCACCAGGTTGATATTGATTCAGAGGTATAAAACGAATGAGTACTGCACTCGCAACGCTGGCTGGGAAGCTGG
CTGAACGTGTCGGCATGGATTCTGTCGACCCACAGGAACTGATCACCACTCTTCGCCAGACGGCATTTAAAGGTGATGCCA
GCGATGCGCAGTTCATCGCATTACTGATCGTTGCCAACCAGTACGGCCTTAATCCGTGGACGAAAGAAATTTACGCCTTTC
CTGATAAGCAGAATGGCATCGTTCCGGTGGTGGGCGTTGATGGCTGGTCCCGCATCATCAATGAAAACCAGCAGTTTGAT
GGCATGGACTTTGAGCAGGACAATGAATCCTGTACATGCCGGATTTACCGCAAGGACCGTAATCATCCGATCTGCGTTACC
GAATGGATGGATGAATGCCGCCGCGAACCATTCAAAACTCGCGAAGGCAGAGAAATCACGGGGCCGTGGCAGTCGCATC
CCAAACGGATGTTACGTCATAAAGCCATGATTCAGTGTGCCCGTCTGGCCTTCGGATTTGCTGGTATCTATGACAAGGATG
AAGCCGAGCGCATTGTCGAAAATACTGCATACACTGCAGAACGTCAGCCGGAACGCGACATCACTCCGGTTAACGATGAA
ACCATGCAGGAGATTAACACTCTGCTGATCGCCCTGGATAAAACATGGGATGACGACTTATTGCCGCTCTGTTCCCAGATA
TTTCGCCGCGACATTCGTGCATCGTCAGAACTGACACAGGCCGAAGCAGTAAAAGCTCTTGGATTCCTGAAACAGAAAGC
CGCAGAGCAGAAGGTGGCAGCATGACACCGGACATTATCCTGCAGCGTACCGGGATCGATGTGAGAGCTGTCGAACAGG
GGGATGATGCGTGGCACAAATTACGGCTCGGCGTCATCACCGCTTCAGAAGTTCACAACGTGATAGCAAAACCCCGCTCC
GGAAAGAAGTGGCCTGACATGAAAATGTCCTACTTCCACACCCTGCTTGCTGAGGTTTGCACCGGTGTGGCTCCGGAAGTT
AACGCTAAAGCACTGGCCTGGGGAAAACAGTACGAGAACGACGCCAGAACCCTGTTTGAATTCACTTCCGGCGTGAATGT
TACTGAATCCCCGATCATCTATCGCGACGAAAGTATGCGTACCGCCTGCTCTCCCGATGGTTTATGCAGTGACGGCAACGG
CCTTGAACTGAAATGCCCGTTTACCTCCCGGGATTTCATGAAGTTCCGGCTCGGTGGTTTCGAGGCCATAAAGTCAGCTTA
CATGGCCCAGGTGCAGTACAGCATGTGGGTGACGCGAAAAAATGCCTGGTACTTTGCCAACTATGACCCGCGTATGAAGC
GTGAAGGCCTGCATTATGTCGTGATTGAGCGGGATGAAAAGTACATGGCGAGTTTTGACGAGATCGTGCCGGAGTTCATC
GAAAAAATGGACGAGGCACTGGCTGAAATTGGTTTTGTATTTGGGGAGCAATGGCGATGACGCATCCTCACGATAATATC
CGGGTAGGCGCAATCACTTTCGTCTACTCCGTTACAAAGCGAGGCTGGGTATTTCCCGGCCTTTCTGTTATCCGAAATCCAC
TGAAAGCACAGCGGCTGGCTGAGGAGATAAATAATAAACGAGGGGCTGTATGCACAAAGCATCTTCTGTTGAGTTAAGA
ACGAGTATCGAGATGGCACATAGCCTTGCTCAAATTGGAATCAGGTTTGTGCCAATACCAGTAGAAACAGACGAAGAATC
CATGGGTATGGACAGTTTTCCCTTTGATATGTAACGGTGAACAGTTGTTCTACTTTTGTTTGTTAGTCTTGATGCTTCACTGA
TAGATACAAGAGCCATAAGAACCTCAGATCCTTCCGTATTTAGCCAGTATGTTCTCTAGTGTGGTTCGTTGTTTTTGCGTGA
GCCATGAGAACGAACCATTGAGATCATACTTACTTTGCATGTCACTCAAAAATTTTGCCTCAAAACTGGTGAGCTGAATTTT
TGCAGTTAAAGCATCGTGTAGTGTTTTTCTTAGTCCGTTACGTAGGTAGGAATCTGATGTAATGGTTGTTGGTATTTTGTCA
CCATTCATTTTTATCTGGTTGTTCTCAAGTTCGGTTACGAGATCCATTTGTCTATCTAGTTCAACTTGGAAAATCAACGTATC
AGTCGGGCGGCCTCGCTTATCAACCACCAATTTCATATTGCTGTAAGTGTTTAAATCTTTACTTATTGGTTTCAAAACCCATT
GGTTAAGCCTTTTAAACTCATGGTAGTTATTTTCAAGCATTAACATGAACTTAAATTCATCAAGGCTAATCTCTATATTTGCC
TTGTGAGTTTTCTTTTGTGTTAGTTCTTTTAATAACCACTCATAAATCCTCATAGAGTATTTGTTTTCAAAAGACTTAACATGT
TCCAGATTATATTTTATGAATTTTTTTAACTGGAAAAGATAAGGCAATATCTCTTCACTAAAAACTAATTCTAATTTTTCGCTT
GAGAACTTGGCATAGTTTGTCCACTGGAAAATCTCAAAGCCTTTAACCAAAGGATTCCTGATTTCCACAGTTCTCGTCATCA
GCTCTCTGGTTGCTTTAGCTAATACACCATAAGCATTTTCCCTACTGATGTTCATCATCTGAGCGTATTGGTTATAAGTGAAC
GATACCGTCCGTTCTTTCCTTGTAGGGTTTTCAATCGTGGGGTTGAGTAGTGCCACACAGCATAAAATTAGCTTGGTTTCAT
GCTCCGTTAAGTCATAGCGACTAATCGCTAGTTCATTTGCTTTGAAAACAACTAATTCAGACATACATCTCAATTGGTCTAG
GTGATTTTAATCACTATACCAATTGAGATGGGCTAGTCAATGATAATTACTAGTCCTTTTCCTTTGAGTTGTGGGTATCTGTA
AATTCTGCTAGACCTTTGCTGGAAAACTTGTAAATTCTGCTAGACCCTCTGTAAATTCCGCTAGACCTTTGTGTGTTTTTTTT
GTTTATATTCAAGTGGTTATAATTTATAGAATAAAGAAAGAATAAAAAAAGATAAAAAGAATAGATCCCAGCCCTGTGTAT
AACTCACTACTTTAGTCAGTTCCGCAGTATTACAAAAGGATGTCGCAAACGCTGTTTGCTCCTCTACAAAACAGACCTTAAA
ACCCTAAAGGCTTAAGTAGCACCCTCGCAAGCTCGGTTGCGGCCGCAATCGGGCAAATCGCTGAATATTCCTTTTGTCTCC
GACCATCAGGCACCTGAGTCGCTGTCTTTTTCGTGACATTCAGTTCGCTGCGCTCACGGCTCTGGCAGTGAATGGGGGTAA
ATGGCACTACAGGCGCCTTTTATGGATTCATGCAAGGAAACTACCCATAATACAAGAAAAGCCCGTCACGGGCTTCTCAGG
GCGTTTTATGGCGGGTCTGCTATGTGGTGCTATCTGACTTTTTGCTGTTCAGCAGTTCCTGCCCTCTGATTTTCCAGTCTGAC
CACTTCGGATTATCCCGTGACAGGTCATTCAGACTGGCTAATGCACCCAGTAAGGCAGCGGTATCATCAACGGGGTCTGAC
GCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAAT
TAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCA
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CCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCT
TACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAG
CCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGA
GTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGT
ATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCC
TTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTA
CTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGAC
CGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAAC
GTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGAT
CTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGG
GCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCG
GATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG

pASK-IBA5plus

The pASK-IBAS5plus vector allows the expression of Strep-tag®-fusion-proteins in E.coli. pASK-IBAS5plus carries
inducible tetracycline promoter, whch ensures a regulated expression of proteins. Furthermore it carries a
Strep-tag® for N-terminal fusion to the recombinant protein and the Ampicillin Resistance cassette

Ndel Mbal

Strep-tag

pPASK-IBASplus

3260 bp

Small MCS

f1 origin

Hindlll

promoter from bp 37 to 72

forward primer binding site from bp 57 to 76
Strep -tag® from bp 160 to 192

multiple cloning site from bp 193 to 274
reverse primer binding site from bp 342 to 358
f1 origin from bp 371 to 809

AmpR resistance gene from bp 958 to 1818
tet-repressor from bp 1828 to 2451

CCATCGAATGGCCAGATGATTAATTCCTAATTTTTGTTGACACTCTATCATTGATAGAGTTATTTTACCACTCCCTATCAGTG
ATAGAGAAAAGTGAAATGAATAGTTCGACAAAAATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGG
CTAGCTGGAGCCACCCGCAGTTCGAAAAAGGCGCCGAGACCGCGGTCCCGAATTCGAGCTCGGTACCCGGGGATCCCTCG
AGGTCGACCTGCAGGGGGACCATGGTCTCTGATATCTAACTAAGCTTGACCTGTGAAGTGAAAAATGGCGCACATTGTGC
GACATTTTTTTTGTCTGCCGTTTACCGCTACTGCGTCACGGATCTCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGG
TGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCG
CCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGA
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CCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGA
GTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAG
GGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAAC
GCTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGT
ATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTG
TCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAA
GATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGA
ACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACT
CGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGAC
AGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGAC
CGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAA
GCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACT
ACTTACTCTAGCTTCCCGGCAACAATTGATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCT
TCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGCTCTCGCGGTATCATTGCAGCACTGGGGCCAG
ATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCT
GAGATAGGTGCCTCACTGATTAAGCATTGGTAGGAATTAATGATGTCTCGTTTAGATAAAAGTAAAGTGATTAACAGCGCA
TTAGAGCTGCTTAATGAGGTCGGAATCGAAGGTTTAACAACCCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCTAC
ATTGTATTGGCATGTAAAAAATAAGCGGGCTTTGCTCGACGCCTTAGCCATTGAGATGTTAGATAGGCACCATACTCACTT
TTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTTTTACGTAATAACGCTAAAAGTTTTAGATGTGCTTTACTAAGTCATCGC
GATGGAGCAAAAGTACATTTAGGTACACGGCCTACAGAAAAACAGTATGAAACTCTCGAAAATCAATTAGCCTTTTTATGC
CAACAAGGTTTTTCACTAGAGAATGCATTATATGCACTCAGCGCAGTGGGGCATTTTACTTTAGGTTGCGTATTGGAAGAT
CAAGAGCATCAAGTCGCTAAAGAAGAAAGGGAAACACCTACTACTGATAGTATGCCGCCATTATTACGACAAGCTATCGA
ATTATTTGATCACCAAGGTGCAGAGCCAGCCTTCTTATTCGGCCTTGAATTGATCATATGCGGATTAGAAAAACAACTTAAA
TGTGAAAGTGGGTCTTAAAAGCAGCATAACCTTTTTCCGTGATGGTAACTTCACTAGTTTAAAAGGATCTAGGTGAAGATC
CTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAG
GATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTT
GCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGT
GTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCT
GCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCT
GAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATG
AGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCAC
GAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTT
GTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGC
CTTTTGCTCACATGACCCGACA

pBESTIluc:

r""'..f o
/ ___.-'"'--
Hindlll yd
4306 -
f%;

|ac

pBEST fuwg™ - #hol
. Vector nr
| (44B6bp)

linearized at the Xhol site
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v AMD
h \
\ -
" i)
g .
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GGATCCAAATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCTCTAGAGGATGGAACCGCTGGAGA
GCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGAACAT
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CACGTACGCGGAATACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAATCACAGAA
TCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTATTTATCGGAGTTGCAGTTGCGCCCGC
GAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGAACATTTCGCAGCCTACCGTAGTGTTTGTTTCCAAAAAGGG
GTTGCAAAAAATTTTGAACGTGCAAAAAAAATTACCAATAATCCAGAAAATTATTATCATGGATTCTAAAACGGATTACCA
GGGATTTCAGTCGATGTACACGTTCGTCACATCTCATCTACCTCCCGGTTTTAATGAATACGATTTTGTACCAGAGTCCTTTG
ATCGTGACAAAACAATTGCACTGATAATGAATTCCTCTGGATCTACTGGGTTACCTAAGGGTGTGGCCCTTCCGCATAGAA
CTGCCTGCGTCAGATTCTCGCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGATACTGCGATTTTAAGTGTTGT
TCCATTCCATCACGGTTTTGGAATGTTTACTACACTCGGATATTTGATATGTGGATTTCGAGTCGTCTTAATGTATAGATTTG
AAGAAGAGCTGTTTTTACGATCCCTTCAGGATTACAAAATTCAAAGTGCGTTGCTAGTACCAACCCTATTTTCATTCTTCGCC
AAAAGCACTCTGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGGGGCGCACCTCTTTCGAAAGAAGTC
GGGGAAGCGGTTGCAAAACGCTTCCATCTTCCAGGGATACGACAAGGATATGGGCTCACTGAGACTACATCAGCTATTCT
GATTACACCCGAGGGGGATGATAAACCGGGCGCGGTCGGTAAAGTTGTTCCATTTTTTGAAGCGAAGGTTGTGGATCTGG
ATACCGGGAAAACGCTGGGCGTTAATCAGAGAGGCGAATTATGTGTCAGAGGACCTATGATTATGTCCGGTTATGTAAAC
AATCCGGAAGCGACCAACGCCTTGATTGACAAGGATGGATGGCTACATTCTGGAGACATAGCTTACTGGGACGAAGACGA
ACACTTCTTCATAGTTGACCGCTTGAAGTCTTTAATTAAATACAAAGGATATCAGGTGGCCCCCGCTGAATTGGAATCGATA
TTGTTACAACACCCCAACATCTTCGACGCGGGCGTGGCAGGTCTTCCCGACGATGACGCCGGTGAACTTCCCGCCGCCGTT
GTTGTTTTGGAGCACGGAAAGACGATGACGGAAAAAGAGATCGTGGATTACGTGGCCAGTCAAGTAACAACCGCGAAAA
AGTTGCGCGGAGGAGTTGTGTTTGTGGACGAAGTACCGAAAGGTCTTACCGGAAAACTCGACGCAAGAAAAATCAGAGA
GATCCTCATAAAGGCCAAGAAGGGCGGAAAGTCCAAATTGTAAAATGTAACTGTATTCAGCGATGACGAAATTCTTAGCT
ATTGTAATCCTCCGAGGCCTCGAGGAATTCGACTCAATTAGTTCAGTCAGTTTCAGGATATTAGTCATCTCTACATTGATTA
TGAGTATTCAGAAATTCCTTAAATATTCTGACAAATGCTCTTTCCCTAAACTCCCCCCATAAAAAAACCCGCCGAAGCGGGT
TTTTACGTTATTTGCGGATTAACGATTACTCGTTATCAGAACCGCCCAGACCTGCGTTCAGCAGTTCTGCCAGGCTGGCAGA
TGCGTCTTCCGAATTGATCCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCAT
GACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTC
GCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC
AGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTT
GCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGA
CAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATA
CCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTT
CGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC
AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTG
CTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAG
TTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGC
AGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAA
AACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTA
AATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTG
TCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGT
GCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCG
CAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTT
AATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCG
GTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTG
TCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAG
ATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGC
GTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACT
CTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCA
CCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAA
TACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT
AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGA
CATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAAC
GACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAG
AGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGC
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CTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGACAACTTCTGGTC
CGGTAACGTGCTGAGCCCGGCCAAGCTTACTCCCCATCCCCCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATT
GTGAGCGGATAACAATTTCACACAGGAAACA*

pBESTluc-mut:

Hindlll

439 SN

Clal
1374

Xhol

pBEST/uc™
1717

Vector
(4486bp)

linearized at the Xhol site

AATGTAACTGTATTCAGCGATGACGAAATTCTTAGCT
ATTGTAATCCTCCGAGGCCTCGAGGAATTCGACTCAATTAGTTCAGTCAGTTTCAGGATATTAGTCATCTCTACATTGATTA
TGAGTATTCAGAAATTCCTTAAATATTCTGACAAATGCTCTTTCCCTAAACTCCCCCCATAAAAAAACCCGCCGAAGCGGGT
TTTTACGTTATTTGCGGATTAACGATTACTCGTTATCAGAACCGCCCAGACCTGCGTTCAGCAGTTCTGCCAGGCTGGCAGA



Supplements 181

TGCGTCTTCCGAATTGATCCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCAT
GACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTC
GCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC
AGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTT
GCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGA
CAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATA
CCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTT
CGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC
AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTG
CTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAG
TTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGC
AGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAA
AACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTA
AATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTG
TCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGT
GCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCG
CAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTT
AATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCG
GTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTG
TCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAG
ATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGC
GTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACT
CTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCA
CCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAA
TACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT
AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGA
CATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAAC
GACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAG
AGTGGATGTTTGACATGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGC
CTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGACAACTTCTGGTC
CGGTAACGTGCTGAGCCCGGCCAAGCTTACTCCCCATCCCCCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATT
GTGAGCGGATAACAATTTCACACAGGAAACA*

pBestLuc is designed for efficient expression of firefly luciferase (Photinus pyralis) in E. coli.
It contains a tac promoter, two tandem prokaryotic ribosome binding sites, and a
transcriptional terminator down-stream of the luciferase gene. (Luciferase coding region: 9 -
1658, Amp resistance coding region: 3985 - 3038) The origin of replication is from pUC18.



Supplements 182

Alignments of constructed knockouts

Sequencing results of dppA-knockout of JW3513

DED4
dRO dppA fwd
dEC dppR rev

DED4
drO dppd fwd
dEC dppR rev

pED4
d¥O dppl fwd
dRO dppd rev

pED4
dEO dpph fwd
dRO dppdA rev

pRD4
dEO dppR fwd
dKO dppd rev

pED4
dEC dpp2 fwd
drO dppA rev

DED4
drO dppd fwd
dEO dppk rev

DED4
dRO dppA fwd
dEC dppR rev

pRD4
dKQ dppA fwd
dRO dppA rev

DED4
dKO dppA fwd
dKQO dppA rev

pED4
dKO dpphA fwd
dEC dpph rev

pED4
dRC dppA fwd
dEO dppA rev
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gattgcagcattacacgte----- ttgage------- jgaccgjgtaggc---:ggagccgc--tcc agttc
cctcataacgttgaccegaccgggcaaaaaacaaaaaaggtcaggcagegacaacccactgcaaagggttaaaacaacaaacatcacaattggageagaataatigattedggggatccgtegacetacagttegljagtte

ctatactttctggagaataggaacttcggaataggaacticaagatcccctcacgctgecgcaageacteagggcgeaagggctgctadaggaagcggaacacqtagaaagecagtccgcagaaacagtactgacceeay
ctattctctagdaagtataggaacttoaga--gogettttgasg-———- ctcacgetgecgcaageactcagggcacaagggetgctaaaggaageggaacacgtagaaagecagtccgcagaaacggtoctoacceegy

atgaatgtcagetactgggetatotggacaagqiaaaacqcaageacaaagagasagcaggtagettgcagtoggcttacatggcgatagctagactgggcoattttatagacagcaagcgaaccggasttgccagetay
atgaatgteagetactgggetaterggacaagggaaaacoeaageacaaagagasageaggtagettgeagtoggettacatggcgatageragactggocgattttatggacageaagegaaccggaattgecagetay

Kan-casette
ggcgecctectggtaaggttgggaagocctgcaaagtaaactggatggotttocttaccgecaaggatetgatagcgocaggggatcaagatctgatcaagagacaggatgaggategtttcggatgattgaacaagatggat
ggcgecctetggtaaggttgggaagoccctgcaaagtasactggatggotttcttgecgecaaggatetgatggegcaggggatcaagatctgatcaagagacaggatgaggategtttegdatgattgaacaagatggat
tgaggatcgtttcgéatgattgaacaagatggat

tgeacgoaggttetecggecgettgggtygagaggetatteggetatgactgggeacaacagacaateggetgetetgatgccgeegtgttecggetgteagegoaggggegeccggttetttttgtcaagacegacety
tgcacgcaggttctccggecgcttgogtogagaggctattcggetatgactgggcacaacagacaatcggctgctetgatgccgeegtgttecgactoteagegeaggagogcccagttctttitotcaagaccgaccty
tgcacgoaggttetocggocgettgggtggagaggotatteggetatgactgggeacaacagacaateggotgetetgatgocgeogtgttecggetgteagegeaggggegeocggttetttttgteaagaccgaccty

tecggtgocctgaatgaactgcaggacgaggcagcgeggetatcgtggetagocacgacqggegttecttgcgcagetgtgotegacgttgtoactgaagegggaagggactggctgctattgggcgaagtgccggagea
TEcggtgecctgaataa
tecggtgecctgaatgaactgeaggacgaggeagegeggetatcgtggetggecacgacgggegttcettgegcagetgtgotcgacgtigtoactgaagegggaagggactggetgetattgggegaagtgecggggea

ggatctectgtcatetcacettgetectgecgagaaagtatecatcatggetgatgcaatgeggeggetocatacgettgatecggetacctgeccattogaccaccaagegaaacatcgeatcgagegageacytacte

ggatCteetgicatctcacctigetcctgecgagaaagtatecatcatggctgatgcastgcageggctacatacgettgatccggetacctgeccattcgaccaccaagcgaaacatcycatcgagcgageacytacte

g03tCEaagccooteitgicgatcaggatgatctggacgaagageat ggctegegecagecgaactgricgecaggetea gcatgecegac agQatctcgtcgtgacccatggegatgectgetty

ggatggaagccggtctigtcgatcaggatgatctggacgaagagcatcaggggetcgegecagecgaactgttegecaggetea gcatgecegac 2gQ@atctcgtcgtgacccatggegatgectgetty

ccgaatatcatggtggaaaatggecgettttetggatteategactgtggecggetaggtgtageggacegotatcaggacatagegttggotaccegtgatattgetgaagagettggeggegaatgggetgacegett

ccgaatatcatggtggaaaatggocgottttctggattcatcgactgtggccggetgggtgtggoggaccgctatcaggacatagegttggotaccocgtgatattgotgaagagottggcggogaatgggotgaccgett

cctcgtgotttacggtatcgecgetoccgattcgoagogecatcgecttotatcgocttottgacgagttettotgaf§cgggactctggggttcgaaatgaccgaccaagcgacgcccaacctgocatcacgagatttoga

cctcgtgctttacggtatcgocgetcccgattcgoagogecatcgocttctatcgocttcttgacgagttotct 2

ttccaccgccgccttctatgaaaggttgggcctcggaatcgtcctccgggacgc:ggctggatgat:ccccagcgcggggatcccatgctggagctcttcgcccaccccagcttcaaaagcgctcc;aagcccccac}ct

ggggatct----- £QaagLLeCE-——-=============—=-—= attcc;aagttcctatlct

PS2

ttctagagaataggaacttcggaataggadetaaggaggatattcatatghaccatggctaattcccatgtcagecgttaagtgttcctgtgteactyaaaattgetttgagaggetetaagggetteteagtgegttac

ctagaaagtataggaacttc

Deletion of kan-cassette in the dppA- gene of the double knockout AdppA-AsapA

pED4
d¥O dpph fwd
dKO-del fwd

d¥O del dpph

pED4
d¥OQ dpph fwd
dKO-del fwd
d¥OQ del dpph

pED4
d¥O dpph fwd
dKO-del fwd

d¥Q del dpph

pED4
d¥OQ dpph fwd
dEQ-del fwd
d¥OQ del dpph

pED4
d¥Q dpph fwd
dKO-del fwd

d¥Q del dpph

pKD4
d¥O dpph fwd
dEQ-del fwd
d¥O del dpph

141 ctattctctagaaagtataggaacttcaga--gcgcttttgaag

198 acgaatgtctgccaccgggctatccgiacaagggaaa gcaagcgcaaagagaaagcaggtagettgcagtgggettacatggcgatagctagactgggcggttttatggacagcaagcgaaccggaattgccageotag

274 atgaatgte] acaagggaaaajcgcaagcgcaaagagaaagcaggtagettgcagtgggcttacatggegatagetagactgggcggttttatggacagcaagegaaccggaattgccagetag

PS1 FRT

-

1 agattgcagcattacacgtc—— ——ttgach

cctcataacgttgacccgaccgggcaaaaaacaaaaaaggtcaggcagogacaacccactgcaaagggitaaaacaacaaacatcacaattggagoggaataatgactecggggatee

----gattgtgtaggc--fltggagctgc--ttcgaagtte
Tcgacctgoagttegaagttc

wn
=)

ctatactfTtcrtagagaataggaacttcggaataggaacttcaagatcccctcacgetgccgcaagcactcagggcgcaaggyctgctaaaggaageggaacacgragaaagecagtccgcagaaacggrgetgaceccgg
ctcacgctgccgcaagcactcagggcygcaaggyctgctaaaggaagcggaacacytagaaagccagtccgcagaaacggtgctgaccccyg

1 tcataacgrtgaccegace gagca. azaacaaaaaaggtcaggc

gctactgggctatcetg

46 agcgacaacceca

338 ggcgocctetggraaggttgQyyaagccctgcaaagtaaactggatgycttteTtgccgccaaggatctgatggcgcaggyyatcaagatetgatcaagagacaggatgaggatcgtttegcatgattgaacaagatggat
414 ggcgccctotggtaaggttgggaagecctgcaaagtaaactggatgyctttcttigccgccaaggatotgatygcgcaggggatcaagatctgatcaagagacaggatgaggatcgtttcgcatgattgaacaagatggat

58 Tgcaa gogttaa

1 tgtta actgatgttaattagtacggcatccccacotoataacy ttgacc

478 tgcacgcaggttctccg@ccgcttoggtggagaggctattcggctatgactyygcacaacagacaatcggctgctctgatgccgccytgttccggctgtcagcQcaguyycocccggttctttttgtcaagaccyaccty
554 Tgcacgcaggtterccg@ccgcttgggtggagaggotattcggctatgactgggcacaacagacaatcggcigetetgatgccgecgtgttocggetgtcagegcagyyycgcccggttetTtTitgicaagaccgacety

T3 acaac
52 gaccgggcaaaaaacaaa

618 tccggtgocctgaatgaactgcaggacgaggcagegcggetatcgtggctggccacgacgggcgticcttgcgcagctgtgctcgacgttgtcactgaagcgogaaggyactggctgetattgggcgaagtgccgagyca

694 tccggtgccctgaatg

—---aaggtcaggcagcg acaac
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Deletion of kan-cassette in the sapA- gene of the double knockout AdppA-AsapA

sapA
del-resistan 4 gtaagatagcctctttacataaaatcoccttaatatt gccaggtattatcgtctettttggtgattgetggacttgtgagtggteagge
del resistan 1 ttacgacccctgaacacaaacggtaatggcazatgtcattaaatattagtaagatagectetttacataaaatcccttaatatthtorgccaggtattategtetettttggtoattgctggacttqtgagtagteapac
FRT FRT PS2

del-resistan 94 aatcgccgcgcctgaatctcccccgcatgctgatatccgcgacagcggttttjgtgcaggccggagctgctt:taaQCFcctata ttcctagaj:acaggaacttcggaataggaaFtaaggaggatactcatat tc

del resistan 141 aatcgecgogoctgaatotccccogoatgetgatatcogogacageggttitdatqtaggetagagetgettaiaagticetata) tctctaga ataggaacc:ﬂggaataggaa taaggaggatattcatatggte
del-resistan 234 tggcacttagcccgcctggcaacgcctcccctgccggggtgca—tcgcgagaaacaggatgaggtgaaaaaaccjtg%ctatcttcaccttacgccgcattttgttattgattgtcaccttgttcctgctgacc
del resistan 281 tggtacttagcccgtttggtaacgectectttgotggggtgtaatege aaacaggy

sapA stop

Deletion of cm-cassette in the oppA gene of the triple knockout AdppA-AsapA-AoppA

opph + 200 b 1 tgtgtctcgacaggggagacacagtacqaatcgacataaggtoategtetgaatcaccagaatasataaagteggtgatagtaatacytaacgataaagtaacctgacageagaaagtetecgagectgtgeagggtece
TEOL oppd fw

; art oppA
opph + 200 b 141 aatccgggattacacatgetggttaataccagtaattataatqagggagtccaadagacaatgaccaatatcaccaagagaagtttagtageagetgegteetagetycoptaatggcagggaatytegegetggeage
tROL oppd fw 1 - tgctggrta-taccagtaattataatgagogagteasaadacaatoaccaacatcaccaagagaagtttagtageagetggegttetygetgcqptaatgg----------------------

opph + 200 b 281 tgatgtacccgeaggegtcacactggeggaaaaacaaacactggtacqtaacaatqgticagaagttcagtcattagateegeacaaaattgaaggtyttceggagtctaatatcagecgagacctgtttyaaggettac
TROL oppd fw 102 tgtagac £0gagergettogaagt teetatactt

oppk + 200 b 1679 taaagcagaacaacagctggataaggattcggecattgttectgtttattactacgtgaatgegegtctggtgaaaccgtgggttggtggetataccggeaaagatecgetggataatacctatacceggaatatgtaca

tKOl oppA re 566 taagg agga: tattcata tggctataccggeaaagatocgetggataatacectatacceggaatatgtaca
stop oppA

oppA + 200 b 1819 ttgtgaagcactpatggcaatacgtgogggcaggagtgtectgctecacggtgtetgatttttatogoattacagaaggcacaggccagaagqtagagcaatgttaaaatttattctacotcgotgtotgoaagcgqattos

TR0l oppA re 636 ttgtgaagcactpatggcaatacgtggggcaggagtgtectgctecacggtgtetgatttttategeattacataaggeacagqg




Curriculum vitae

184

Curriculum vitae

Education

02/2011-present

02/2011-08/2014

01/2010-12/2010

10/2005 - 12/2010

08/1996 - 06/2005

Work experience and internships

08/2015-present

02/2011-08/2014

07/2014-04/2015

04/2007- 01/2009

PhD student and research assistant at Heinrich-Heine-
Universitat Dusseldorf

Titel: Uptake of the dipeptide-like antibiotic negamycin
into bacterial cells

Supervisor: Prof. Dr. Heike Brotz-Oesterhelt

Scholarship of the ,Studienstiftung des deutschen
Volkes“

Diplomathesis at the University of British Columbia,
Vancouver

Titel: FurA is a stress-sensor in Mpycobacteria and is
negatively requlated by WhiB7

Supervisor: Prof. Dr. Wolfgang Wohlleben (Universitat
Tibingen), Prof. Dr. Charles J. Thompson (University of
British Columbia)

Diploma in Biology (Eberhard-Karls Universitat, Tibingen)
Degree Diploma; Final grade: 1.0
High school degree, Gymnasium Hochdahl, Erkrath

Final grade: 1.9

Junior Product Manager VASC, St. Jude Medical GmbH,
Eschborn

Teaching assistant ,Cytological and histological basics”
and ,pharmaceutical Biology 1 for pharmacy-students,
Heinrich-Heine-Universitat Dussseldorf

Internship in Therapeutic Value Management, Janssen-
Cilag GmbH, Neuss

- product management, communication, health outcome
management

Teaching assistant ,Microbiology“, ,Cell-biology” and
,Genetics” for biology-students,



Curriculum vitae

185

01/2003-09/2005

01/2001-12/2002

Additional skills

Advanced training

Languages

Computer skills

Personal interests

Eberhard-Karls-Universitat Tibingen

Temporary work, NewLab BioQuality AG, Erkrath
- receptionist and accounting

- insights in lab work

volunteer experience, EJH Hochdahl
- leading and organizing a kids-group ,, Teenie-Club“

yInterdisciplinary Graduate and Research Academy
Disseldorf” (iGrad)

- ,Introduction to good scientific practice”
- ,Presenting Science 1
- ,Fundamentals of Project Management”

- ,Career planning in business-How to shape up your
future”

workshops of the be.boosted-Shaping Future Global
leaders program

-“Effective negotiation”

-“Effective communication”

German: native speaker

English: fluent in spoken and written
Italian: intermediate

French: basic

Latin: degree: Latinum

MS Office, GraphPad Prism, Reference Manager, Endnote

Tennis, skiing, running, traveling, reading, meeting friends



Publications

186

Publications

Paper:

Poster:

Presentation:

Wenzel, M., Chiriac A. |., Otto, A., Zweytick D., May C., Schumacher, C,,
Gust, R., Albada, H. B., Penkova, M., Kramer U., Erdmann, R., Mtzler-
Nolte, N., Straus, S. K., Bremer, E., Becher, D., Brotz-Oesterhelt, H.,
Sahl, H.-G., Bandow, J. E. “Small cationic antimicrobial peptides
delocalize peripheral membrane proteins“ Proc Natl Acad Sci USA
(2014), Epub 2014 March 25.

Schumacher, C.§, Berscheid, A.§, Zerfal}, 1., Lampe, U., Abst, A,
Frankenstein-Paul, H., Bendas, G., Glisenkamp, K.-H.,Brotz-Oesterhelt,
H. ,Negamycin enterst he bacterial cell via multiple uptake routes”

in preperation

Schumacher, C., Zerfali, 1., Glisenkamp, K.-H., Brotz-Oesterhelt, H.
“Investigations on the molecular route of Negamycin uptake” 7. Joint
Ph.D. Students Meeting, Freudenstadt, Germany, November 2012.

Schumacher, C., ZerfaR, 1., Glisenkamp, K.-H.,Brotz-Oesterhelt, H.
“Investigations on the molecular route of Negamycin uptake”
Jahrestagung der Vereinigung fir Allgemeine und Angewandte
Mikrobiologie (VAAM), Bremen, Germany, March 2013. Published in:
Tagungsband BIOspektrum (2013); S. 104. FTP0O65

Schumacher, C., Berscheid, A., Zerfal3, I., Glisenkamp, K.-H., Brotz-
Oesterhelt, H. “Negamycin enters the bacterial cell via multiple uptake
routes” Gordon Research Conferences: New Antibacterial Discovery &
Development, Ventura CA United States, March 2014

Schumacher, C., Berscheid, A., Zerfal3, |., Glisenkamp, K.-H., Brotz-
Oesterhelt, H. “Uptake of the antibiotic negamycin into bacterial cells”
24 ECCMID, Barcelona Spain, May 2014

Schumacher, C., Zerfali, 1., Glisenkamp, K.-H., Brotz-Oesterhelt, H.
“Progress in the sperabillin project and the uptake of negamycin® InA
(Innovative Antibiotika aus NRW) Progress-Meeting, Bochum,
Germany, January 2013.

Schumacher, C., Zerfali, 1., Glisenkamp, K.-H., Brotz-Oesterhelt, H.
“Untersuchungen zum molekularen Mechanismus der Aufnahme
Peptid-haltiger Antibiotika in die Bakterienzelle” Herbsttagung der
Doktorandenforen - Studienstiftung des deutschen Volkes, Koln,
Deutschland, November 2013.

§ Both authors contributed equaly to this work.



Publications 187

Schumacher, C., Zerfali, 1., Glisenkamp, K.-H., Brotz-Oesterhelt, H.
“Uptake of the antibiotic negamycin into  bacterial cells” InA

(Innovative Antibiotika aus NRW) Progress-Meeting, Mettmann,
Germany, December 2013.



Acknowledgements 188

Acknowledgements

| thankfully acknowledge Prof. Heike Brotz-Oesterhelt for letting me carrying out my PhD-
thesis in her laboratories, for her time, advice and support in my research. Furthermore |
want to thank her for encouraging me to participate in different conferences and gaining
experience in the pharmaceutical industry.

| want to thank Prof. Peter Proksch for his kind support and contribution to my thesis, by
being my second supervisor.

To Prof. Reinhold Egger my “Vertrauensdozent” from the Studienstiftung des deutschen
Volkes, who gave me advices during my PhD and was encouraging me at any time point.
Furthermore | want to thank the “Studienstiftung des Deutschen Volkes” for supporting me
during my PhD and for the great opportunities they offered.

| cannot thank enough my colleagues: my Postdoc Anne Berscheid, Peter Sass, Heike
Goldbach-Gecke, Kirsten Famulla, Dhana Thomy, our adopted Lena Hammerschmidt, Imran
Malik, Clemens Lux, llka Zerfald and Katharina Arenz for supporting me, for cheering me up in
times of “research-frustration” and for making the last years to such a precious experience.

Especially | want to thank Kirsten, Heike, Lena and Dhana who became very close friends and
| really miss the chats, the laughter and coffee together. | cannot wait for the next girls-
nights, dinners and trips to come. | want to thank Andy Marmann and Thomas Gecke, who
quickly became good friends and part of our group and unforgettable BBQ-Parties too.

| want thank my other colleagues and friends: Ido, Alex and Christopher. We experienced so
many thinks together in the last years, from Karneval and parties to cooking evenings.

| wish to thank my family: my parents, my siblings and David and Charlotte (and of course
Amélie and Emil). You were always supporting me, giving me advices, cheering me up,
encouraging me, cursing with me if | needed it and always believed in me, even when | had
my doubts. Thank you so much for that!

To my close friends Nici, Moritz, Inga, Frank, Kathi, Elena, Anna and Julia, whom | always can
count on no matter where | am. You were always interested in my PhD, and stayed next to
me at any time.

And of course to my Blondie group: Henni, Jenny and Dani. They started the “research-path”
with me and became amazing friends. Even though we are distributed all over Germany, you
are always there for me, support me and | want to thank you for that.

To Emanuele Ciglia | want to give a special thanks. You were always there for me, supporting
me, listening to my complains, you cheered me up, distracted me and you always believed in
me. You stayed close to me even when | was frustrated and upset and you always had a
good advice. We did the “project PhD” together and became an amazing team.



