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Summary

Infections with multi drug resistant (MDR) Pseudomonas aeruginosa strains are one of the
emerging threats in the post-antibiotic age. To better treat such infections and to potentially
identify new druggable targets, the mechanisms of how resistance emerges in P. aeruginosa
need to be better understood and characterized. One of the most important resistance
mechanisms for P. aeruginosa is overexpression of the inducible B-lactamase AmpC. The
previously uncharacterized protein YgfB was recently identified to be a novel player in the
complex network leading to AmpC-mediated resistance in the AmpC overexpressing, MDR
P. aeruginosa strain ID40. Y gfB was described to repress production of the amidase AmpDh3,
which is known to degrade certain ampC-inducing cell wall recycling products. Reduced
AmpDh3 levels results in accumulation of these cell wall products and in induction of the ampC
encoded B-lactamase.

In this work, the mechanism of the Y gfB-mediated repression of ampDh3 was elucidated. Y gfB
interacts directly with AlpA, a transcriptional regulator of ampDh3, and prevents AlpA from
binding to its binding site on the ampDh3 promoter. The effect of YgfB repressing ampDh3
and thereby mediating resistance is not limited to the isolate ID40 but could also be observed
in other MDR P. aeruginosa isolates. Furthermore, the expression of alp4 can be induced by
DNA damage, mediated by the fluoroquinolone ciprofloxacin. Increased levels of AlpA lead to
upregulation of ampDh3 expression. In this work it was shown that YgfB, by interacting with
AlpA, attenuates an excessive effect of ciprofloxacin-mediated DNA damage on the AmpDh3
production and therefore also on additive effects of a ciprofloxacin/B-lactam antibiotic
combination.

YgfB is not only found in P. aeruginosa, but also other y-proteobacteria, including many
pathogenic species. AmpDh3 and AlpA are, however, limited mostly to P. aeruginosa. To
identify a general function of YgfB in y-proteobacteria, transcriptomic and interactomic
analyses in P. aeruginosa and Escherichia coli were done. So far, various interaction partners
of YgfB were found in both P. aeruginosa and E. coli. Protein-fragment complementation
assays led to first validations of several interaction partners involved in diverse cellular
functions. Consequently, it can be postulated that the primary function of YgfB may be its
interaction with other proteins and the subsequent influence on cellular processes, the
consequences of which are currently unknown. An interaction with proteins leading to
transcriptional regulation was not found in E. coli and seems therefore to be an exception to

P. aeruginosa rather than the rule.
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In summary, this work provides insights into a novel player in the complex regulation of AmpC-
mediated B-lactam resistance in P. aeruginosa. Evidence is provided that YgfB functions at the
intersection of cell wall recycling and the DNA damage response. Additionally, YgfB likely
interacts with a set of other proteins with diverse functions and these functions might generalize

to other y-proteobacteria.

Zusammenfassung

Infektionen mit multiresistenten Pseudomonas aeruginosa-Stimmen stellen eine wachsende
Bedrohung im post-antibiotischen Zeitalter dar. Um eine effektive Behandlung solcher
Infektionen zu ermdglichen und moglicherweise neue Angriffspunkte fiir Medikamente zu
identifizieren, ist ein besseres Verstindnis und eine Charakterisierung der Mechanismen der
Resistenzbildung bei P. aeruginosa erforderlich. Einer der wichtigsten Resistenzmechanismen
bei P. aeruginosa ist die Uberexpression der induzierbaren B-Laktamase AmpC. Das bisher
nicht charakterisierte Protein YgfB wurde kiirzlich als neuer Akteur im komplexen Netzwerk
identifiziert, das zur AmpC-vermittelten Resistenz im AmpC-iiberexprimierenden,
multiresistenten P. aeruginosa Stamm ID40 fiihrt. Es wurde beschrieben, dass YgfB die
Produktion der Amidase AmpDh3 unterdriickt, von der bekannt ist, bestimmte ampC-
induzierende Produkte des Zellwandrecyclings abzubauen. Ein verminderter AmpDh3-Spiegel
fiihrt zu einer Anhdufung dieser Produkte und zur Induktion der ampC-kodierten -Laktamase.
In dieser Arbeit wurde der Mechanismus der YgfB-vermittelten Repression von ampDh3
aufgeklart. YgfB interagiert direkt mit AlpA, einem Transkriptionsregulator von ampDh3, und
verhindert, dass AlpA an seine Bindungsstelle am ampDh3-Promotor bindet. Dieser Effekt von
YgfB ist nicht auf das Isolat ID40 beschrédnkt, sondern konnte auch bei anderen multiresistenten
P. aeruginosa-Isolaten beobachtet werden.

Des Weiteren kann die Expression des Gens alpA durch DNA-Schiden, welche durch das
Fluorchinolon Ciprofloxacin verursacht werden, induziert werden. Erhohte Level von AlpA
fiihren zu einer Hochregulierung der ampDh3-Expression. In dieser Arbeit wurde gezeigt, dass
YgfB durch Interaktion mit AlpA eine libermiaBige Wirkung Ciprofloxacin-vermittelter DNA-
Schiadigung auf die AmpDh3-Produktion und damit auch auf additive Effekte einer
Ciprofloxacin/B-Laktam-Kombination abschwicht.

YgfB kommt nicht nur in P. aeruginosa, sondern auch in anderen 7y-Proteobakterien,
einschlieBlich vieler pathogener Arten vor. Das Vorkommen von AmpDh3 und AlpA ist
dagegen auf P. aeruginosa und einige wenige andere Arten beschrinkt. Um eine allgemeine

Funktion von YgfB in y-Proteobakterien zu identifizieren, wurden Transkriptom- und
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Interaktomanalysen in P. aeruginosa und Escherichia coli durchgefiihrt. Bislang wurden
verschiedene Interaktionspartner von YgfB sowohl in P. aeruginosa als auch in E. coli
gefunden. Protein-fragment complementation assays fiihrten zu ersten Bestitigungen mehrerer
Interaktionspartner, die an verschiedenen zelluldren Funktionen beteiligt sind. Folglich kann
postuliert werden, dass die primére Funktion von YgfB in der Interaktion mit anderen Proteinen
und der anschlieBenden Beeinflussung von zelluldren Prozessen besteht, deren Folgen derzeit
noch unbekannt sind. Eine Interaktion mit Proteinen, die zu einer Regulation der Transkription
fiihrt, wurde in E. coli nicht gefunden und scheint daher bei P. aeruginosa eher eine Ausnahme
als die Regel zu sein.

Zusammenfassend ldsst sich sagen, dass diese Arbeit Einblicke in einen neuen Akteur in der
komplexen Regulation der AmpC-vermittelten B-Laktam-Resistenz von P. aeruginosa gibt. Es
wird gezeigt, dass YgfB an der Schnittstelle zwischen Zellwand-Recycling und DNA-
Schadensreaktion agiert. Des Weiteren interagiert Y gfB wahrscheinlich mit einer Reihe anderer
Proteine mit unterschiedlichen Funktionen. Dies konnte Riickschliisse auf die Rolle von YgfB

in anderen y-Proteobakterien zulassen.
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1. Introduction

1. Introduction

1.1. Pseudomonas aeruginosa

The Gram-negative, rod-shaped bacterium Pseudomonas aeruginosa is ubiquitous in nature. It
thrives in wet environments and can be found in sinks, showers, toilets, in clinics, as well as in
the environment. It is a facultative pathogen and associated with nosocomial infections of the
immunocompromised host. P. aeruginosa is notorious for its high level of resistance and de-
velopment of multi drug resistance (MDR). Carbapenem-resistant P. aeruginosa has therefore
been classified by the World Health Organization as a priority pathogen for which development
of new therapeutics is urgently needed (Tacconelli et al., 2018; World Health Organization,
2024). P. aeruginosa is part of the ESKAPE group, a group comprising six highly virulent and
often drug resistant bacterial pathogens, namely Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter

species (Rice, 2008).

1.1.1. Epidemiology and P. aeruginosa-associated disease

P. aeruginosa is one of the leading causes of nosocomial infections and is associated with pneu-
monia, especially ventilator associated pneumonia, urinary tract infection, wound infections,
blood stream infections, and infections in burn patients (Reynolds & Kollef, 2021). A recent
study described that in 2019, 559,000 deaths worldwide were caused by P. aeruginosa infec-
tions with an all-cause age standardized mortality rate of 7.4 deaths per 100,000 individuals
(GBD 2019 Antimicrobial Resistance Collaborators, 2022). The syndrome associated with the
highest mortality of P. aeruginosa infections were infections of the lower respiratory tract and
thorax with an age-standardized mortality rate of 3.2 deaths per 100,000 individuals. Blood
stream infections were the syndrome with the second highest mortality rate (2.1 deaths per
100,000 individuals). The Robert Koch Institute has published that in 2022, 4.4% of all bacterial
isolates from stationary patients identified in participating laboratories in Germany were P. ae-
ruginosa isolates (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024).

P. aeruginosa is known for its association with antibiotic resistance. Recent publications ana-
lyzing the global burden of disease of antimicrobial resistance (AMR) have highlighted the
threat of antimicrobial resistance in P. aeruginosa and in general. A recent systematic review
(Antimicrobial Resistance Collaborators, 2022) has shown that in 2019, 4.95 million deaths
worldwide were associated with antimicrobial resistance and of those 1.27 million deaths could

be directly attributed to antimicrobial resistance. Of those, approximately 340,000 deaths were
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associated with AMR in P. aeruginosa and 90,000 directly attributed to AMR in P. aeruginosa.
In the WHO European region, 43,800 deaths were associated and 10,900 could be directly at-
tributed to antibiotic resistant P. aeruginosa infections in 2019 (European Antimicrobial

Resistance Collaborators, 2022).

In addition, P. aeruginosa is known to colonize the lungs of persons with cystic fibrosis (CF),
a genetic disorder caused by mutations in the gene encoding for the cystic fibrosis transmem-
brane conductance regulator CFTR (Kerem et al., 1989). CF leads to reduced mucociliary clear-
ance, buildup of mucus, structural changes in the lung and finally to death (Davis, 2006).
Chronic infections with P. aeruginosa are a major complication in CF patients and treatment to

eradicate P. aeruginosa colonization is highly recommended (Peter J. Mogayzel et al., 2014).

1.1.2. Pathogenicity

P. aeruginosa has a large array of virulence factors at its disposal. Flagella and type IV pili are
needed for attachment to respiratory epithelial cells and are therefore especially important in
infections of the lungs (Bucior et al., 2012).

Among the main virulence factors are the exotoxins secreted by P. aeruginosa. The Pseudomo-
nas Exotoxin A is secreted by the type II secretion system (Gérard-Vincent et al., 2002;
Voulhoux et al., 2000) and was described to ribosylate elongation factor-2, which leads to ces-
sation of protein biosynthesis (Iglewski et al., 1977; Yates & Merrill, 2004). Other exotoxins
such as ExoS, ExoT, ExoU and ExoY are secreted by the type III secretion system (T3SS)
(Hauser, 2009), with ExoS and ExoU being the most important effectors. P. aeruginosa strains
seem to carry either ExoS or ExoU (Feltman et al., 2001), leading to a classification of the
phenotypes of P. aeruginosa isolates as either invasive (ExoS™) or cytotoxic (ExoU") (Horna
& Ruiz, 2021). ExoS has bifunctional toxicity, disrupting cell-to-cell adhesion and inducing
apoptosis in the host (Horna & Ruiz, 2021; Jia et al., 2006; Kaminski et al., 2018; Pederson et
al., 1999). ExoU is cytotoxic due to its phospholipase activity, causing host-cell lysis (Deruelle
et al., 2021; Sato et al., 2003), and is considered to be one of the most potent toxins (Horna &
Ruiz, 2021; Reynolds & Kollef, 2021).

P. aeruginosa also produces several proteases that degrade host-factors such as immunoglobu-
lins and fibrin. In lung infections, they are also described to contribute to damage to the lung.
These include LasA, LasB, alkaline protease, and protease IV (Gellatly & Hancock, 2013).

Additionally, P. aeruginosa is known for its formation of biofilms. Biofilms consist mainly of
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extracellular DNA, polysaccharides, lipids, and proteins that form an extracellular matrix, al-
lowing the bacteria to adhere to surfaces. Biofilms protect the cells from stresses by the envi-
ronment and phagocytosis, promoting colonization of the cystic fibrosis lung (Thi et al., 2020).
The formation of biofilm is linked to quorum sensing, a mechanism by which the cells can
coordinate adaptation to their environment as a function of their density (Bjarnsholt et al.,
2010). Quorum sensing is mediated by autoinducers, small molecules that are constitutively
produced and correlate in concentration to the density of the bacteria present. Autoinducers act
as cofactors of transcriptional regulators and lead to a coordinated response of all bacteria in
the population when present in high enough concentrations (Gellatly & Hancock, 2013).

The Pseudomonas pigments pyocyanin and pyoverdine are responsible for the typical colora-
tion of P. aeruginosa colonies on cetrimide-agar. These also act as virulence factors, whereby
pyocyanine has been described to play a role in induction of oxidative stress in the host, (Lau
et al., 2004), while pyoverdine is a siderophore that is able to remove iron from host-tissue and
acts as a signaling molecule for other virulence factors (Kang et al., 2018).

Lastly, lipopolysaccharide (LPS) is a complex glycolipid tethered to the outer membrane, fac-
ing the extracellular space. LPS is described to play roles in induction of an inflammatory re-
sponse, facilitating interaction with host-receptors, protection from host-factors and antibiotics,
and acts as an endotoxin upon lysis of the bacterial cell. LPS generally consists of three do-
mains. The innermost domain, Lipid A, consists of a disaccharide backbone attached to a sev-
eral fatty acids that anchor LPS to the outer membrane. To Lipid A, the core antigen is attached,
which consists of a branched oligosaccharide. The outermost domain is the O-antigen that is
made up of a carbohydrate polymer. Further details on the biosynthesis, role of LPS in patho-
genicity, and structure of LPS were reviewed extensively by King et al. (2009), Pier (2007) and
Lam et al. (2011).

1.2. Treatment of P. aeruginosa infections

As high resistance to antibiotics is common in P. aeruginosa, susceptibility testing is of great
importance for the treatment (Bassetti et al., 2018; Kalil et al., 2016; Tamma et al., 2021). The
most common therapeutics used for treatment of P. aeruginosa infections are B-lactam antibi-
otics, fluoroquinolones, and aminoglycosides (Bassetti et al., 2018; Reynolds & Kollef, 2021),

which will be introduced in the following.

1.2.1. B-lactam antibiotics and B-lactamase inhibitors

The peptidoglycan of Gram-negative bacteria is a polymeric structure that allows the bacteria

to resist osmotic pressure and gives shape to the cell (Holtje, 1998). The peptidoglycan is made
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up of two alternating building blocks, N-acetylglucosamine (GIcNAc) and N-acetylmuramic
acid (MurNAc) that are connected by a B-(1,4)-glyosidic bond. Each MurNAc¢ monomer in
addition carries an oligopeptide sidechain containing five amino acids. In Gram-negative bac-
teria, these amino acids are L-alanine, D-glutamate, meso-diaminopimelic acid (m-DAP), D-al-
anine, and D-alanine in this order starting from the L-alanine anchor attached to MurNAc.
(Glauner et al., 1988; Heilmann, 1972; reviewed in Vollmer et al., 2008)

The peptide sidechains are crosslinked by penicillin-binding proteins (PBPs) that have DD-
transpeptidase activity, linking the terminal a-amino group of m-DAP of the acceptor peptide
with the carboxy group of the penultimate D-Ala of the donor peptide, with the terminal D-Ala
of the donor peptide being removed during the reaction (Lupoli et al., 2011). The crosslinking
of the peptidoglycan polymer creates a mesh that increases the strength of the sacculus and
allows to withstand osmotic pressure (Vollmer et al., 2008). The synthesis of peptidoglycan
will be described in detail in 1.3.5.1.

B-lactam antibiotics are compounds that target the transpeptidation by PBPs. They are bacteri-
cidal by pseudo-irreversibly binding to penicillin-binding proteins (PBPs), inhibiting the cross-
linking of peptidoglycan (PG) during cell division (Lima et al., 2020; Tipper, 1979; Waxman
& Strominger, 1983). In particular, B-lactam antibiotics mimic the D-Ala-D-Ala dipeptide of
the peptidoglycan prior to crosslinking by PBPs with transpeptidase activity, which leads to
structural and morphological changes that are toxic to the cells as reviewed extensively by
Cushnie et al. (2016). B-lactam antibiotics show a time-dependent killing effect, i.e. the time
the concentration of B-lactams exceeds the minimum inhibitory concentration (MIC) is predic-

tive of therapeutic success (Turnidge, 1998).

B-lactam antibiotics derive their name from their structure, as the core structure of these antibi-
otics is 2-azetidinone, the simplest B-lactam ring, and are among the first line therapeutics used
in treatment of P. aeruginosa infections (Reynolds & Kollef, 2021). The B-lactam antibiotics
can be categorized into different classes based on their structure and activity.

Penicillin was the first antibiotic substance to be discovered and also the first f-lactam antibiotic
(Fleming, 1922). Of the penicillins, only piperacillin and piperacillin in combination with the
B-lactamase inhibitor tazobactam are used in the therapy of P. aeruginosa infections (The
European Committee on Antimicrobial Susceptibility Testing, 2024). In 2022, 18.5% of P. ae-

ruginosa isolates from stationary patients in Germany were resistant to piperacillin and 13.6%



1. Introduction

to piperacillin/tazobactam (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved:
18.04.2024).

Cephalosporins differ from penicillins by their 6-membered dihydrothiazine ring instead of the
5-membered thiazolidine ring. The broad spectrum cephalosporins cefepime, ceftolozan and
ceftazidime are used to treat P.aeruginosa infections (The European Committee on
Antimicrobial Susceptibility Testing, 2024). In 2022, 8.9% of P. aeruginosa isolates of station-
ary patients in Germany were resistant to cefepime and 10.0% to ceftazidime (Robert Koch
Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024). A recent development is the cephalo-
sporin cefiderocol (Fetcroja), for which marketing authorization was approved in Europe in
2020 for “treatment of infections with aerobic Gram-negative bacteria in adults with limited
treatment options” (European Medicines Agency (EMA),
https://www.ema.europa.eu/en/medicines/human/EPAR/fetcroja). Cefiderocol makes use of a
so called “trojan-horse” strategy as it carries a siderophore conjugated sidechain that forms
complexes with free iron (Ito et al., 2016). The siderophore-iron complex is taken up by iron
transporters, in particular PiuA in P. aeruginosa and CirA and Fiu in E. coli, allowing cefidero-
col to cross the outer membrane (Ito et al., 2018). Cefiderocol shows a high affinity to PBP3,
suggesting the killing effect is mainly due to inhibition of this penicillin-binding protein (Ito et
al., 2018).

Of the carbapenem class of B-lactam antibiotics, imipenem and meropenem are used for the
treatment of P. aeruginosa (The European Committee on Antimicrobial Susceptibility Testing,
2024). Carbapenems are characterized by a C2-C3 double bond, a C1 carbon replacing the sul-
fur in the 5-membered ring, and their increased stability to B-lactamases (El-Gamal et al., 2017).
Imipenem is hydrolyzed by the renal dehydropeptidase I (DHP-I) and is therefore combined
with the DHP-I inhibitor cilastatin (Kahan et al., 1983). In 2022, 14.5% of P. aeruginosa iso-
lates of stationary patients in Germany were resistant to imipenem and 5.3% resistant to mero-
penem (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024).

Lastly, among the monobactam class of B-lactams, only aztreonam is used for the treatment of
P. aeruginosa (The European Committee on Antimicrobial Susceptibility Testing, 2024).
11.6% of P. aeruginosa isolates from stationary patients in Germany were resistant to aztre-

onam in 2022 (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024).

Due to the high levels of resistance development by -lactamases, enzymes cleaving the B-lac-
tam ring of the f-lactam antibiotics, antibiotic adjuvants called f-lactamase inhibitors have been

developed. These drugs inhibit B-lactamases and prevent degradation of B-lactam antibiotics.
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Commonly used B-lactamase inhibitors in P. aeruginosa infections are tazobactam, avibactam,
relebactam and vaborbactam (The European Committee on Antimicrobial Susceptibility
Testing, 2024). Tazobactam is commonly combined with piperacillin and ceftolozan is always
administered in combination with tazobactam. Avibactam is combined with ceftazidime and
relebactam is combined with imipenem. Lastly, vaborbactam is combined with meropenem

(The European Committee on Antimicrobial Susceptibility Testing, 2024).

1.2.2. Fluoroquinolones

Bacterial type II topoisomerases are essential enzymes that are important for maintaining the
topology of the bacterial DNA (Goodall et al., 2018). In most bacterial species, two type 11
topoisomerases exist: gyrase and topoisomerase IV (Gellert et al., 1976; Kato et al., 1990). As
reviewed by Collins and Osheroff (2024) gyrase relaxes positively supercoiled DNA and intro-
duces negative supercoils, while topoisomerase IV relaxes positively and negatively super-
coiled DNA. In addition, topoisomerase IV is able to remove tangles and knots from the bacte-
rial DNA.

Gyrase and topoisomerase IV form heterotetramers that are constituted of two subunits each.
For gyrase, these are GyrA and GyrB, and ParC and ParE for topoisomerase IV. GyrA and ParE
form the A-subunit, while GyrB and ParE form the B-subunit of these heterotetramers (Forterre
et al., 2007; Kato et al., 1990; Mizuuchi et al., 1978).

Both gyrase and topoisomerase IV have similar ATP-dependent enzymatic mechanisms. In
short, both enzymes generate double strand breaks in a part of the DNA, thread a second part
of the DNA through the created gap and finally religate the double strand breaks, thereby facil-
itating unwinding or negative supercoiling. Further details on the exact mechanism of the type

IT topoisomerases are reviewed in Collins and Osheroff (2024)

Fluoroquinolones are bactericidal antibiotics that act on gyrase and topoisomerase IV. They
coordinate a central divalent metal cation (usually Mg?") to form a metal ion bridge between
the C3/C4 keto acid of the fluoroquinolone and the hydroxyl group of a serine and the carboxyl
group of an aspartic or glutamic acid of the A subunit of the enzyme (Aldred et al., 2014). The
interaction of a fluoroquinolone with gyrase/topoisomerase IV inhibits the religation of the
double stand breaks that were introduced by the enzymes by stabilizing the cleaved complexes.
The interaction of a fluoroquinolone with gyrase/topoisomerase I'V, with gyrase being the main
target in Gram-negative bacteria (Khodursky et al., 1995), is finally toxic by two different

mechanisms. For one, the stabilization of the cleaved complex inhibits the catalytic function of
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the enzymes as a whole, stalling transcription and DNA-replication which finally leads to a
slow cell death (reviewed by Bush et al., 2020; reviewed by Collins & Osheroff, 2024). This
mechanism usually is observed at lower ratios of drug concentration and minimum inhibitory
concentration (MIC) (Bush et al., 2020). The fluoroquinolones act as type II topoisomerase
inhibitors in this case. The inhibition of transcription might also be toxic by inhibiting expres-
sion of essential genes, resulting in secondary cell death (Collins & Osheroff, 2024).

The second toxic mechanism is observed at higher drug concentration:MIC-ratios where the
fluoroquinolones act as topoisomerase poisons (Bush et al., 2020). The cleaved complexes are
either resolved by dissociation of the fluoroquinolone or removed by a protein, potentially a
nuclease, helicase or exonuclease (Aedo & Tse-Dinh, 2013; Chen et al., 1996; Huang et al.,
2021; Malik et al., 2006; Shea & Hiasa, 2003). The removal of the trapped complexes leaves
behind a fragmented chromosome that needs to be repaired by DNA repair enzymes. This in-
duces the SOS-response, mutagenesis, and finally leads to cell death (Cirz et al., 2006; Lopez
& Blazquez, 2009; Lopez et al., 2007; Tamayo et al., 2009). It was also proposed that part of
the killing mechanism of fluoroquinolones is driven by the formation of reactive oxygen species
(ROS) (Dwyer et al., 2007; Foti et al., 2012), however, the actual impact of this effect is still
under debate and investigation (Dwyer et al., 2015; Hong et al., 2020; Hong et al., 2019; Keren
etal., 2013; Liu & Imlay, 2013).

The used fluoroquinolones for P. aeruginosa infections are ciprofloxacin and levofloxacin (The
European Committee on Antimicrobial Susceptibility Testing, 2024). 10.9% of P. aeruginosa
isolates from stationary patients in Germany were resistant to ciprofloxacin and 15.9% to
levofloxacin (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024).
Ciprofloxacin shows a clear AUC/MIC-dependent antibacterial relationship, meaning that the
ratio of the area under the concentration time curve of ciprofloxacin in the serum and the MIC
of the bacterium to be treated (AUIC) is predictive of successful treatment. Forrest et al. (1993)
described a ratio of 125 SIT™! (inverse serum inhibitory titer integrated over time) to be a sig-
nificant breakpoint of treatment success.

As reviewed by Anwar et al. (2024), the fluoroquinolones have been associated with severe
side-effects in the recent years. These include tendinitis and tendon rupture, myopathy, as well
as cardiac side effects such as increased risk for aortic aneurism and dissection. Furthermore,
neurological side effects such as depression and fatigue were described. This led to the coining

of the term Fluoroquinolone-Associated Disability (FQAD) and to issued use limitations by
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regulatory bodies such as the german BfArM (Bundesamt flir Arzneimittel und

Medizinprodukte, 2019).

1.2.3. Aminoglycosides

Another group of agents that is commonly used to treat P. aeruginosa infections are aminogly-
cosides. The commonly used aminoglycosides are amikacin, gentamicin, and tobramycin, with
amikacin and tobramycin being used preferably (The European Committee on Antimicrobial
Susceptibility Testing, 2024). In 2022, 1.9%, 14.9% and 2.3% of P. aeruginosa isolates from
stationary patients in Germany were resistant to amikacin, gentamicin and tobramycin respec-
tively (Robert Koch Institut, ARS, https://ars.rki.de, Retrieved: 18.04.2024).

Aminoglycosides bind to the 16S rRNA of the 30S subunit of the ribosome, leading to misread-
ing of the mRNA and binding of the incorrect tRNA. Wrong amino acids are integrated in the
nascent peptide, leading to nonsense proteins and cell death. (Becker & Cooper, 2013)

As aminoglycosides are not relevant for this study, they will not be discussed in more detail

here.

1.2.4. Combination therapy

For severe infections with difficult to treat pathogens such as P. aeruginosa, a combination of
two active antibacterial substances, known as double coverage, is often considered and used.
The rationale for a combination therapy arises from three different considerations: i) Utilization
of a synergistic effect of two antibiotics to increase the odds for a positive outcome of a patient
infected with a resistant strain, ii) combination of two antibiotics with different spectra in initial
empiric therapy until susceptibility testing is done might increase the odds of successfully tar-
geting a potentially resistant strain, and iii) prevention of the emergence of antibiotics re-
sistance. Combination therapy for P. aeruginosa typically consists of a f-lactam antibiotic and
an aminoglycoside or a B-lactam and a fluoroquinolone. (Johnson et al., 2011)

The efficacy of such combination therapies in P. aeruginosa and other Gram-negative patho-
gens has been assessed in several in vitro studies, clinical studies, and meta-analyses with mixed
results and this practice remains controversial (Paul et al., 2004; Paulsson et al., 2017; Tamma
et al., 2012; Vardakas et al., 2013). It was also described that using a combination therapy of a
B-lactam with ciprofloxacin in P. aeruginosa might select for mutant strains that are resistant
to a broad-spectrum of antibiotics, mainly due to a mutation in the MexAB-OprM efflux pump
repressor mexR and (Vestergaard et al., 2016). This could potentially be due to SOS-induced
mutagenesis by error prone polymerases following DNA damage resulting from ciprofloxacin

treatment (Cirz et al., 2006).
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Due to the conflicting clinical evidence for the efficacy of combination therapy, and the poten-
tial for increased adverse events and emergence of resistance, the general guidelines for the
treatment of MDR P. aeruginosa infections suggest using in vitro-active novel B-lactams and
B-lactamase inhibitors rather than combinations of older antibiotics that might show synergism
in vitro (Paul et al., 2022; Tamma et al., 2021). Antibiotic combinations should in general only
be used to broaden the antibacterial spectrum in early empiric therapy of severe infections until
susceptibility testing is done to then deescalate to an in vitro active substance in monotherapy.
The only exception is the treatment with polymyxins, aminoglycosides or fosfomycin that
tested as active in vitro. These drugs should generally be combined with a second in vitro active

drug (Paul et al., 2022; Tamma et al., 2021).

1.3. Antimicrobial resistance in P. aeruginosa

P. aeruginosa is known for its high intrinsic resistance to antibiotics and its ability to rapidly
develop resistance. Resistance to antibiotics is mediated by intrinsic factors as well as by ac-
quired resistance factors. P. aeruginosa has high intrinsic resistance, especially due to its tight
outer membrane (OM), inducible expression of efflux pumps, the chromosomally encoded -
lactamase AmpC, and the ability to form biofilm. Additionally, resistance can be acquired by
mutation in target genes, regulatory genes, or by plasmid-mediated resistance factors encoding
for drug degrading enzymes. I will touch shortly on the outer membrane, efflux pumps, bio-

films, and mutation and then focus mainly on AmpC-mediated resistance.

1.3.1.  The outer membrane

The permeability of the OM of P. aeruginosa for hydrophilic solutes has been estimated to be
about 100-fold lower than for E. coli (Yoshimura & Nikaido, 1982), reducing influx of antibi-
otics. Hydrophilic compounds mainly cross the outer membrane by water filled porins, and the
main porin of P. aeruginosa, OprF, was described to exhibit a much lower permeability than
porins in other species (Sugawara et al., 2012). Hydrophobic substances generally cross the
outer membrane by passive diffusion, however, LPS forms a tightly packed barrier, reducing
passive diffusion (Snyder & Mclntosh, 2000). OprD is a porin that is important for the influx
of carbapenems, and loss or downregulation of oprD was associated with reduced susceptibility
to these antibiotics (Kohler, Michea-Hamzehpour, et al., 1999). As reviewed by Lister et al.
(2009), reduced levels of OprD can be caused by mutations in the promoter, premature termi-
nation, mutations in the CDS, exposure to zinc or copper, or by coregulation with the mexEF-
oprN efflux pump. It was described that the positive regulator of the mexEF-oprN efflux pump
MexT negatively regulates oprD (Kohler, Epp, et al., 1999; Ochs et al., 1999).

9
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1.3.2. Efflux pumps

While in total 12 efflux pumps that facilitate active export of substances have been described
in P. aeruginosa (Aeschlimann, 2003; Lister et al., 2009), the main efflux pumps in antibiotic
resistance are the MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY efflux pumps. Ex-
cept for MexXY, each of these efflux pumps consists of a periplasmic membrane fusion protein,

a cytoplasmic membrane transporter, and an outer membrane factor (Lister et al., 2009).

The efflux pumps relevant in this study are the MexAB-OprM and MexEF-OprN efflux pumps.
MexAB-OprM has the broadest spectrum for the export of -lactam antibiotics and B-lactamase
inhibitors and exports ceftazidime, piperacillin, aztreonam and meropenem. Imipenem and
cefepime are not substrates of MexAB-OprM. Furthermore, fluoroquinolones, tetracyclines,
chloramphenicol, and macrolides are exported by MexAB-OprM (Aeschlimann, 2003; Lister
et al., 2009; Poole & Srikumar, 2001). MexAB-OprM is expressed constitutively in wildtypes
and confers intrinsic resistance (Li et al., 1995; Poole et al., 1993). Mutations in the genes mexR
and nalD, encoding for repressors of mexAB-oprM, are associated with overexpression of the
efflux pump and increased resistance to the substrate antibiotics (Adewoye et al., 2002; Saito
et al., 2003; Sobel et al., 2005). Additionally, a mutation in na/C leads to overexpression of
armR, encoding for a protein that interacts with MexR and prevents repression (Cao et al.,
2004).

The main substrates of MexEF-OprN are fluoroquinolones, chloramphenicol, and trimethoprim
(Kohler et al., 1997). mexEF-oprN is expressed at a low level in wildtype strains and the corre-
sponding efflux pump does not play a role in intrinsic resistance (Kohler et al., 1997; Li et al.,
2000). mexEF-oprN 1is regulated by a positive regulator, mexT (Kohler, Epp, et al., 1999).
MexEF-OprN is overexpressed in so called nfxC-type mutants, where the wildtype-inactive
mexT is activated by mutations (Maseda et al., 2000). nfxC-type mutants also generally show
reduced expression of oprD due to the effect of MexT described above and are therefore re-
sistant to carbapenems (Kohler, Epp, et al., 1999; Ochs et al., 1999). Interestingly, MexT was
also described to reduce expression of the mexA4B-oprM efflux pump and to mediate hypersus-
ceptibility to B-lactams in nfxC type mutants (Maseda et al., 2004). Overexpression of mexEF-
oprN was furthermore described to be caused by mutations in mexS or mvaT (Sobel et al., 2005;

Westfall et al., 2006).
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Lastly, instead of encoding an outer membrane factor, the MexXY efflux pump is able to asso-
ciate with the porin OprM (Aires et al., 1999). Substrates are the aminoglycosides, fluoroquin-
olones, tetracycline, chloramphenicol, erythromycin, and cefepime (Aeschlimann, 2003; Lister
et al., 2009). A mutation in the repressor mexZ leads to overexpression of the efflux pump

(Islam et al., 2004; Vogne et al., 2004).

1.3.3. Biofilms and persister cells

When P. aeruginosa cells enter the biofilm state, they become strongly resistant to antibiotics.
The underlying mechanisms mediating this resistance are multifaceted and currently under in-
vestigation as reviewed by Ferndndez-Billon et al. (2023). Selected mechanisms are reduced
drug penetration, upregulation of efflux pumps, horizontal gene transfer, and induction of
AmpC.

Persister cells are frequently observed in biofilms (Wood et al., 2013). They build up a small
subfraction of the population that is tolerant to an antibiotic, even if the strain is susceptible to
this antibiotic (Wilmaerts et al., 2019). Generally, the effect of antibiotic tolerance of persister
cells is attributed to a dormancy of the cells and strongly reduced metabolism, leading to the
loss of activity of antibiotics that act on metabolically active cells such as B-lactam antibiotics
or fluoroquinolones (Lewis, 2010). Upon cessation of treatment, these persisting subpopula-
tions awake and are able to start reproducing again, leading to treatment failure of chronic in-
fections, for example in patients with cystic fibrosis that are infected with P. aeruginosa
(Mulcahy et al., 2010). The mechanisms on how bacteria enter persister state and how awaken-

ing is mediated is currently under investigation and reviewed by Wilmaerts et al. (2019).

1.3.4. Resistance by mutation

Mutation in target genes as well as in regulatory genes leading to overexpression of resistance
factors is another pathway by which P. aeruginosa and other bacteria can acquire resistance.
Resistance to fluoroquinolones, for example, is often mediated by point mutations in the gyr4,
gyrB or parC genes, leading to reduced affinity of these antibiotics (Feng et al., 2019; Higgins
et al., 2003). A study by Cabot et al. (2012) identified AmpC-overproduction, OprD-inactiva-
tion, mutations in gyr4 and parC, and a mutation in mexZ to be the predominant mutation
markers of multidrug resistant P. aeruginosa. Henrichfreise et al. (2007) similarly described
gyrA mutations, MexXY-overexpression, loss of OprD, and AmpC overexpression to be the
most frequent mechanisms of resistance by mutation.

The hypermutator phenotype in P. aeruginosa is characterized by an increased mutation rate

compared to wildtype strains, leading to faster development of resistance due to mutations in
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certain resistance genes and higher rates of multi drug resistance in mutator strains (Blazquez,
2003; Macia et al., 2005). The hypermutable phenotype typically evolves as a response to mu-
tation in genes that play a role in DNA repair such as mismatch repair (mutS, mutL, uvrD)
(Montanari et al., 2007; Oliver et al., 2002; Rees et al., 2019). In addition, mutations in the
genes mutT, mutM and mutY, which are part of the DNA oxidative repair system GO, have also
been shown to lead to hypermutable strains (Mandsberg, Ciofu, Kirkby, Christiansen, Poulsen,
& Hgiby, 2009). The lungs of CF patients in particular seem to be often colonized by hypermu-
tator strains, likely due to the increased pressure to adapt in the CF lung (Ciofu et al., 2005;
Macia et al., 2005; Montanari et al., 2007; Oliver et al., 2000; Rees et al., 2019).

The fluoroquinolone ciprofloxacin induces DNA damage by binding to gyrase and topoisomer-
ase IV as described in 1.2.2. In P. aeruginosa, DNA damage caused by ciprofloxacin leads to
induction of the error-prone polymerases imuABC and dinB and dnaE2, with imuABC and
dnaE?2 being controlled by the LexA-mediated SOS-response (Blazquez et al., 2006; Cirz et al.,
2006). It was shown that exposure to subinhibitory levels of ciprofloxacin increases the muta-
tion frequency in P. aeruginosa, E. coli and Streptococcus pneumoniae (Henderson-Begg et al.,
2006; Thietal.,2011; Valencia et al., 2017). However, Torres-Barcel6 et al. (2015) have shown
that while exposure to subinhibitory concentrations of ciprofloxacin over longer periods of time

leads to increased evolution of resistance, this is not mediated by the SOS-response.
1.3.5. AmpC-mediated B-lactam resistance

1.3.5.1. Synthesis of peptidoglycan

As described in 1.2.1, the murein sacculus of Gram-negative bacteria consists of polymeric
peptidoglycan that is made up of B-(1,4)-glycosidically linked alternating amino sugars, namely
MurNAc and GIcNAc. MurNAc carries a peptide sidechain that is crosslinked between the third
amino acid m-DAP and the fourth amino acid D-Ala to form a mesh that confers stability to

withstand osmotic pressure (Lima et al., 2020; Tipper, 1979; Waxman & Strominger, 1983).

Peptidoglycan is synthesized starting with fructose-6-phosphate. The enzymes GImS, GImM
and GImU generate the intermediate uridine diphosphate-GlcNAc (UDP-GIcNAc) (Badet et
al., 1987; D. Mengin-Lecreulx & J. van Heijenoort, 1996; Dominique Mengin-Lecreulx & Jean
van Heijenoort, 1996), which is then turned into UDP-MurNAc by the enzymes MurA and
MurB, an enolpyruvyl transferase and a reductase (Barreteau et al., 2008). The Mur ligases

MurC, MurD, MurE, and MurF then sequentially add L-alanine (MurC), D-glutamic acid
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(MurD), m-DAP in Gram-negatives (MurE), and a D-Ala-D-Ala as a dipeptide to finally form
UDP-MurNAc-pentapeptide (UDP-MurNAc-5P) (Barreteau et al., 2008).

MraY then tethers UDP-MurNAc-pentapeptide to undecaprenol pyrophosphate that is bound to
the inner leaflet of the inner membrane, removing the UDP moiety, and forming Lipid I in the
process (Bouhss et al., 2004). The protein MurG then forms the B-(1,4)-glycosidal link between
MurNAc and GlcNAc by adding a GIcNAc moiety to the membrane anchored MurNAc-pen-
tapeptide using UDP-GIcNAc as a substrate (Mengin-Lecreulx et al., 1991). This forms Lipid
IT that is subsequently flipped to the outer leaflet of the inner membrane by a flippase, whose
identity is still under investigation. Two likely candidates are MurJ and FtsW (Egan et al.,
2020).

In the periplasmic space, the GlcNAc-MurNac-pentapeptide is integrated into the peptidogly-
can. By means of their transglycosylase activity, the high molecular mass penicillin-binding
proteins (HMM PBP) PBP1a and PBP1b form a -(1,4)-glycosidal link between the MurNAc-
moiety of the imported GlcNAc-MurNAc-pentapeptide and the GIcNAc-moiety of the pepti-
doglycan strand (Handfield et al., 1997; Ishino et al., 1980; Suzuki et al., 1980; Terrak et al.,
1999). The HMM PBPs PBP1a, PBP1b, PBP2, PBP3 (Chen et al., 2017; Legaree et al., 2007),
and, in P. aeruginosa, PBP3a (Liao & Hancock, 1997) then form the aforementioned crosslinks
between the peptidoglycan chains by attaching the m-DAP moiety of the acceptor peptide to

the penultimate D-Ala moiety of the donor peptide, releasing the terminal D-Ala in the process.

1.3.5.2. The peptidoglycan recycling pathway
The peptidoglycan recycling pathway is a mechanism by which bacteria are able to recycle
degradation products of the cell wall. During growth, the cell wall is continuously remodeled
and degraded to allow for the formation of septa, the integration of new PG-strands and the
expansion of the cell (Dik et al., 2018). As reviewed by Park and Uehara (2008), around 60%
of the bacterial cell wall is recycled in each generation. In addition, degradation products of the
cell wall arise under pressure by B-lactam antibiotics as PBPs are inhibited. Several types of
lytic enzymes in the periplasm lead to cell wall degradation products that feed into the pepti-
doglycan recycling pathway in P. aeruginosa.
Lytic transglycosylases (LTs) degrade the murein sacculus by cleaving off GIcNAc-1,6-anhy-
dro-MurNAc (anhMurNAc) and allow for insertion of flagella and secretion systems, remodel-
ing of PG, and aid in division (Heidrich et al., 2002; Holtje et al., 1975; reviewed in Scheurwater
et al., 2008). Eleven LTs have been described in P. aeruginosa (Dhar et al., 2018) and deletion
of the LTs mltG, sit, mitF, and mltD was described to reduce resistance to f-lactam antibiotics
by reducing ampC expression (Sonnabend et al., 2020).
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Cell wall amidases in the periplasm cleave the peptide chain from MurNAc moieties that are
anchored in the cell wall as well as from soluble moieties that have already been removed from
the cell wall, for example by LTs. There are in total three periplasmic amidases in P. aeru-
ginosa: AmiA, AmiB, and AmpDh2. AmiA and AmiB are functional homologs of the E. coli
amidases AmiA and AmiB that share N-acetylmuramyl-L-alanine amidase function, i.e. cleav-
ing the peptide chain from sacculus bound MurNAc (Heidrich et al., 2001; Scheurwater et al.,
2007; Tomioka et al., 1983). In P. aeruginosa, AmiB is essential for survival and plays an im-
portant role in cell separation and in upkeep of the low permeability of the outer membrane. In
contrast, AmiA is nonessential, unlike to its homolog in E. coli (Yakhnina et al., 2015). The
P. aeruginosa homolog of AmiD in E. coli is AmpDh2. It is located in the periplasm, tethered
to the outer membrane and has activity on sacculus bound MurNAc-peptides and on soluble
anhMurNac-peptides that are products of LTs (Juan et al., 2006; Zhang et al., 2013). AmpDh2
has two paralogs, AmpD and AmpDh3. AmpDh3 has previously been described to also be lo-
cated in the periplasmic space (Zhang et al., 2013), however, data of our group (Eggers et al.,
2023) and by Colautti et al. (2023) located AmpDh3 in the cytoplasm, together with the paralog
AmpD.

The low molecular mass penicillin-binding proteins (LMM PBP) have carboxypeptidase and
endopeptidase activity and thereby cleave the terminal D-Ala from a pentapeptide or hydrolyze
the crosslink between the peptide sidechains respectively as reviewed by Sauvage et al. (2008).
In P. aeruginosa, three LMM PBPs have been described and characterized: dacB encodes for
PBP4, dacC for PBPS5, and pbpG encodes for PBP7 (Dhar et al., 2018). PBP5 has carboxypep-
tidase activity, PBP7 endopeptidase activity, and PBP4 has both carboxy- and endopeptidase
activity (Ropy et al., 2015).

The PG degradation products (muropeptides) of the various enzymes present in the periplasmic
space are transported across the inner membrane into the cytoplasm by the permease AmpG
and potentially its paralog AmpP. However, the exact role of AmpP could so far not be eluci-

dated (Kong et al., 2010; Perley-Robertson et al., 2016).

In the cytoplasm, the muropeptides are further metabolized to anhMurNAc to finally feed into
the anabolic pathway of peptidoglycan as an alternative source of UDP-GIcNAc by the proteins
NagZ, LdcA, and AmpD (Dhar et al., 2018).

NagZ has B-N-acetylglucosaminidase activity (Stubbs et al., 2008) and therefore cleaves Glc-
NAc-anhMurNAc-peptides at the GlcNAc-anhMurNAC bond, which results in GIcNAc and
anhMurNAc-peptides (Acebron et al., 2017; Yem & Wu, 1976).
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anhMurNAc-peptides and GlcNAc-anhMurNAc-peptides are metabolized by the amidase
AmpD. This amidase removes the peptide stem from anhMurNAc-peptides, yielding
anhMurNAc, or GlcNAc-AnhMurNAc, depending on the substrate. AmpD has a higher affinity
to anhMurNAc-peptides than to GlcNAc-anhMurNAc-peptides, however (Jacobs et al., 1995;
Lee et al., 2016; Zhang et al., 2013).

Lastly, LdcA is an LD-carboxypeptidase that mainly modifies anhMurNAc-tetrapeptides (anh-
MurNAc-4P), the most abundant muropeptide in the peptidoglycan (Glauner et al., 1988), by
cleaving off the terminal D-Ala to form anhMurNAc-tripeptides (anhMurNAc-3P) (Korza &
Bochtler, 2005; Templin et al., 1999). The tetrapeptides are products of PBPs with DD-carboxy-
peptidase activity such as PBP4 and PBP5 (see above).

The anhMurNAc generated by the three enzymes NagZ, LdcA, and AmpD is then further me-
tabolized in the so-called salvage pathway to generate UDP-MurNAc in P. aeruginosa
(Borisova et al., 2014; Gisin et al., 2013). Additionally, in E. coli, the tri-, tetra- and pentapep-
tides that were cleaved off by AmpD can be transferred directly to UDP-MurNAc by the murein
peptide ligase Mpl (Hervé et al., 2007; Mengin-Lecreulx et al., 1996). While a homolog of Mpl
exists in P. aeruginosa, the exact role of this ligase has not been studied so far (Dhar et al.,
2018).

anhMurNAc is phosphorylated by AnmK to form MurNAc-6-phosphate. MupP then removes
the phosphate to form MurNAc. MurNAc is again phosphorylated by AmgK, but at position 1
to form MurNAc-1-phosphate which is then transformed by MurU to form UDP-MurNAc.
(Bacik et al., 2011; Borisova et al., 2014, 2017; Fumeaux & Bernhardt, 2017; Gisin et al., 2013)
The generated UDP-MurNAc is then reused in the synthesis of peptidoglycan, circumventing

de novo synthesis.

1.3.5.3. The link between AmpC and peptidoglycan recycling

The cephalosporinase AmpC is an ambler class C -lactamase or a group 1 B-lactamase accord-
ing to an updated definition (Ambler, 1980; Bush & Jacoby, 2010; Bush et al., 1995). AmpC is
located in the periplasm and is encoded chromosomally in most Enterobacteriaceae as well as
in other clinically important Gram-negative species such as P. aeruginosa and 4. baumannii,
but can also be plasmid-encoded (reviewed in Jacoby, 2009). The cephalosporins are the pre-
ferred substrate of the AmpC B-lactamases, but AmpC can also degrade penicillins, monobac-
tams, and carbapenems, albeit at a lower or much lower rate, depending on the substance

(Galleni et al., 1988; Galleni & Fréere, 1988; Gates et al., 1986; Murata et al., 1981).
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Resistance mediated by AmpC can generally be classified into four mechanisms: (i) inducible
resistance by chromosomal encoded ampC in response to B-lactam antibiotics, (ii) stable over-
expression of ampC by mutation, (iii) noninducible resistance by chromosomally encoded
ampC genes, and (iv) plasmid encoded ampC genes that can be constitutively overexpressed
(Jacoby, 2009).

Resistance by induction of ampC genes and stable overexpression of ampC are the main
mechanisms relevant to this study and are linked to the peptidoglycan recycling pathway
explained before (1.3.5.1). The degradation of the cell wall by B-lactams leads to the emergence
of GIcNAc-anhMurNAc-peptides, which are further catabolized into anhMurNAc-peptides by
removal of the GIcNAc-moiety. In the cytoplasm, anhMurNAc-peptides displace UDP-
MurNAc-pentapeptides from AmpR, the transcriptional regulator of ampC, and induce a
conformational shift. Under non-inducing conditions, when primarily bound to UDP-MurNac-
pentapeptides, AmpR represses ampC to very low levels. The conformational change in AmpR
upon binding anhMurNAc-peptides leads to derepression of ampC and increased expression
(Jacobs et al., 1997; Jacobs et al., 1994).

As anhMurNAc-peptides are degraded by the amidase AmpD, cleaving the stem peptide off the
anhMurNA c-peptides and reducing their concentration (Jacobs et al., 1994), mutations in ampD
are a frequent cause for constitutive overexpression of AmpC (Schmidtke & Hanson, 2006).
Mutations in the ampR gene are also associated with a stable overexpression of ampC (Kaneko
et al., 2005; Kuga et al., 2000; Tam et al., 2007).

E. coli, A. baumannii and Shigella spp. lack AmpR, which results in a -lactam-uninducible
ampC B-lactamase, which at least in E. coli is regulated as a function of growth rate by a pro-
moter and an attenuator (Bergstrom et al., 1982; Bou & Martinez-Beltran, 2000; Honor¢ et al.,

1986; Jaurin et al., 1981).

As alluded to earlier, production of the AmpC B-lactamase can be induced by B-lactam antibi-
otics. The inducing capacity of B-lactam antibiotics as well as their stability towards hydrolysis
by AmpC differs from compound to compound (Livermore & Yang, 1987; Sanders & Sanders,
1986), which can likely be explained by different affinity to the plethora of penicillin-binding
proteins, leading to different compositions of ampC-inducing catabolites (Sanders et al., 1997).
As reviewed by Macdougall (2011) and Meini et al. (2019), ampicillin, and the first generation
cephalosporins, cefoxitin and cefotetan are strong inducers as well as good substrates of AmpC,
enabling P. aeruginosa and enterobacteria with inducible ampC to be intrinsically resistant to

these antibiotics. Ceftazidime, ceftriaxone, cefotaxime, piperacillin, ticarcillin, and aztreonam
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are good substrates but weak inducers of AmpC production. P. aeruginosa wildtype is suscep-
tible to ceftazidime, piperacillin, ticarcillin and aztreonam but ceftriaxone and cefotaxime are
generally not active against P. aeruginosa (The European Committee on Antimicrobial
Susceptibility Testing, 2024). Imipenem is a strong inducer but poor substrate, and cefepime
and meropenem are both weak inducers and poor substrates. Therefore, P. aeruginosa wildtype
is susceptible to these B-lactams. The use of ampC-inducing B-lactams can select for mutants
that stably overexpress ampC by mutations in the above mentioned ampD, ampR, or dacB in
P. aeruginosa (Bagge et al., 2002; Moya et al., 2009; Schmidtke & Hanson, 2006, 2008; Tam
et al., 2007; Tamma et al., 2019). While older B-lactamase inhibitors show no activity against
AmpC, the novel B-lactamase inhibitors avibactam, relebactam, and vaborbactam are active
against AmpC B-lactamases (de Jonge et al., 2016; Hirsch et al., 2012; Tooke et al., 2019; Wong
& van Duin, 2017; Zhanel et al., 2018).

The regulation of AmpC in P. aeruginosa differs from that in enterobacteria as it is more
complex. For one, next to ampD present in enterobacteria, P. aeruginosa carries two additional
paralogs that also degrade anhMurNAc-peptides, ampDh2 and ampDh3. Additional deletion of
these paralogs is associated with a stepwise increased ampC expression and resistance to f3-
lactam antibiotics (Juan et al., 2006). The authors proposed that depending on the deletion of
ampD paralogs, four different ampC phenotypes in P. aeruginosa might exist: (i) an ampC-
inducible phenotype with basal ampC expression (all three paralogs intact), (ii) an ampC-
hyperinducible phenotype with moderate baseline increased ampC expression (AampD), (iii)
an ampC-hyperinducible phenotype with high levels baseline ampC expression
(AampDAampDh3), and (iv) a completely derepressed phenotype with extremely high level
ampC expression (AampDAampDh2AampDh3).

Next to the typically described mutations leading to ampC overexpression (ampD, ampR), in
P. aeruginosa a mutation in the gene dacB, encoding for the low-molecular mass penicillin
binding protein PBP4, leads to stable overexpression of ampC (Moya et al., 2009). Work by
Torrens et al. (2019) has shown that a mutation in the dacB gene mostly leads to accumulation
of anhMurNAc-pentapeptides (anhMurNAc-5P), while an ampD mutation mainly leads to ac-
cumulation of anhMurNAc-3P. Deletion of dacB has similar effects to exposure to the B-lactam
cefoxitin, which also inhibits PBP4. PBP4 is a bifunctional enzyme with DD-carboxypeptidase
and 4,3-endopeptidase activity, with the DD-carboxypeptidase trimming the terminal D-Ala off
the peptide stem, while the 4,3-endopeptidase cleaves the 4,3-crosslink of muropeptides (Lee

et al., 2015). Therefore, loss of the DD-carboxypeptidase activity explains the accumulation of
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anhMurNAc-5P, which would otherwise be degraded by PBP4 and the increased ampC pro-
duction observed by Torrens et al. (2019) upon loss of dacB.

In P. aeruginosa, AmpR does not only regulate AmpC expression, but acts as a global tran-
scriptional regulator. Kong et al. (2005) described that AmpR negatively regulates PoxB B-lac-
tamases, pyocyanin production, production of the staphylolytic protease LasA, and the genes
lasI and lasR. Furthermore, the authors described that AmpR positively regulates the levels of
LasB elastase, although indirectly, and the repressor of the quorum sensing genes rh/R.
Balasubramanian et al. (2012) described 313 differentially expressed genes upon deletion of
ampR in PAOI and 207 additional differentially expressed genes if the cells were exposed to a
B-lactam, inducing AmpR activity. The authors reported that the efflux pump MexEF-OprN is
negatively regulated by AmpR, and that the efflux pump MexAB-OprM and the porin OprD
might be positively regulated, all via MexT, although independent of B-lactam-induced activity
of AmpR. In addition, Balasubramanian et al. (2012) reported that AmpR positively regulates
quorum sensing, pyocin, and pyocyanin production and also regulated biofilm formation nega-
tively. In addition, they described that AmpR also regulates expression of the permeases AmpG

and AmpP, which have been introduced previously in this thesis.

1.3.5.4. AmpDh3 in P. aeruginosa

AmpDh3 is one of the two paralogs of AmpD in P. aeruginosa (Juan et al., 2006). AmpDh3 is
a tetrameric enzyme with a central zinc ion, which was described to degrade cell wall-bound
peptidoglycan as well as soluble cell wall degradation products by cleaving the peptide moiety
from (anh)MurNAc-peptides, either within the larger PG polymer or as soluble degradation
products (Lee et al., 2013; Zhang et al., 2013). AmpDh3 was first described to be a periplasmic
protein, based on the affinity to synthetic substrates (Zhang et al., 2013). However, data by
Colautti et al. (2023) and by our group (Eggers et al., 2023) has provided evidence that AmpDh3
localizes to the cytoplasm.

Furthermore, Wang et al. (2020) described AmpDh3 to be a toxic effector of the type VI secre-
tion system (T6SS), with the gene PA0808 downstream of ampDh3 encoding the cognate im-
munity protein. Colautti et al. (2023) and work done by our group, however, could not repro-
duce these findings. AmpDh3 was previously described by Moya et al. (2008) to play a role in
virulence of P. aeruginosa in a mouse model of systemic infection, while the paralogs AmpD

and AmpDh2 had no marked effect on the virulence of P. aeruginosa.
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ampDh3 was described to be positively regulated by the antiterminator AlpA that also regulates
the alpBCDE self-lysis cluster (McFarland et al., 2015; Pena et al., 2021). AlpA and the effect
on ampDh3 will be introduced further in 1.4.3.

1.4. Previous work on the role of YgfB in antibiotic resistance

1.4.1. YgfB as a mediator of resistance to B-lactams

In an attempt to identify contributors to B-lactam resistance using a transposon-directed inser-
tion sequencing approach, Sonnabend et al. (2020) first described ygfB to contribute to -lactam
resistance in the multi drug resistant P. aeruginosa isolate ID40. ID40 is a clinical blood stream
isolate that was described to be susceptible to meropenem at an increased dose and resistant to
most other commonly used antipseudomonal B-lactam antibiotics (piperacillin, piperacillin-
tazobactam, cefepime, ceftazidime, aztreonam, imipenem) and fluoroquinolones (ciprofloxacin
and levofloxacin) with the B-lactam resistance being mediated by a point mutation in the dacB
gene (Sonnabend et al., 2020; Willmann, Goettig, et al., 2018). A transposon library of ID40
was generated and grown under the selection pressure of either meropenem or cefepime. De-
termination of the depletion of transposon-inactivated genes in the antibiotic treatment condi-
tion vs. a medium control by sequencing allowed to determine genes that became essential
under selection pressure exerted by the tested antibiotics (Sonnabend et al., 2020). This led to
the identification of ygfB. Accordingly, deletion of ygfB was associated with reduced resistance
to the B-lactam antibiotics meropenem, imipenem, cefepime, ceftazidime, piperacillin, pipera-
cillin/tazobactam, and aztreonam. In addition, expression of the B-lactamase AmpC was re-
duced upon deletion of ygfB. ygfB is located in an operon together with the genes pepP
(PAS5224; aminopeptidase), ubiH (PA5223; 2-octaprenyl-6-methoxyphenol hydroxylase),
TUEID40 03242 (PA5222; hypothetical protein), and ubil (PA5221; 2-octaprenylphenol hy-
droxylase), with ubiH and ubil encoding for essential genes of the ubiquinone biosynthesis

(Sonnabend et al., 2020).

1.4.2. YgfB in other y-proteobacteria

YgfB is found in most y-proteobacteria, many of which are known as human pathogens. YgfB
is found in all the Gram-negative species that belong to the ESKAPE group. Figure 1 (Eggers
et al., 2023) shows an alignment of the amino acid sequence of YgfB proteins from several
y-proteobacteria including important pathogens such as P. aeruginosa, E. coli, K. pneumoniae,

and A. baumannii. To date, two crystal structures have been published, one of YgfB from Hae-

mophilus influenzae (PDB ID 11ZM) and one from Legionella pneumophilia (PDB ID 4GYT).
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Y gfB seems to consist of seven conserved a-helices. Additional research into the structure of a
YgfB ortholog in Haemophilus influenzae suggested the formation of a homodimer (Galkin et

al., 2004).

al a2 a3 ad a5
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St 100 DRADALAGWVNHFLLGLGVTQHKLDKVT-GETGEAIDDLRN-—IADLGYDEDEDNOEEL ——---——-EMSLEEIIEYVRVAALLCHDTETHPQPTAPEVOKPTLH 192
St ATCC 700720 100 DRADALAGWVNHELLGLGVTQHKLDKVT-GETGEAIDDLRN - IAQLGYDESEHOEEL———————- EMSLEEIIEYVRVAALLCHDTETRQQPTAPEVRKPTLH 192
Ab 91 -VESSLGDWSVGEVDAMFLNEFAWFA - - - PEYEEOLVDLTLP IMVFSGIDEEDH INLNELYLMYHTPN-}——----——--———- 174
Kp ATCC 700721 100 DRADALAGWVNHFLLGLGVSJHKLDKVK-DETGEAIDDLRN--IADLGYDEDED ROOPTAPEVRKPTLH 192
Pm Pm70 94 TRADALSEWINHFLLGLGLAQHKLDKEK-GDIGEAIDDLHD--ICRLGYDESDY POLPE----QKPVLH 182
Lp ATCC 33152 102 TRAQAFSEWCEGFTQGLTI )FYEEESQDALQHLME - - FAELDCESL! [LHERELGDSG--TTH 193
Yps YPIII 100 DRADALSGWVNHFLLGLGMLOHKLAQVK-DEVGEAIDDLRN - - IADLGYDED [DOKPTAPEMHKPTLH 192
Hi ATCC 51907 94 TQADSLSDWANQFLLGIGLAQHELAKEK-GEIGEAVDDLOD - - ICQLGYDED EGEIE----SKPVLH 182
Pf ATCC BAA-477 97 ERAAALGOWCQGELAGFGLNSRDSSALS-VEATEVLODLAA--IADVO-DAL| KTVAP---AAKPSLH 185
Ye 8081 100 DRADALSGWVNHFLLGLGMLOHKLAQVK - DEVGEAIDDLRN-—IAQLGYDED DEKPTAPEIRKPTLH 192
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Figure 1: Alignment of YZfB proteins of several y-proteobacteria. Abbreviation of bacterial strains used in the
alignment: Yp: Yersinia pestis; Ve ATCC 39915: Vibrio cholerae serotype O1, strain ATCC 39315 / El Tor Inaba
N16961,; Pp ATCC 47054: Pseudomonas putida, strain ATCC 47054 / DSM 6125 / NCIMB 11950 / KT2440;
Xec ATCC 33913: Xanthomonas campestris pv. campestris, strain ATCC 33913 / DSM 3586 / NCPPB 528 / LMG
568 / P 25; Ec K12: Escherichia coli, strain K12; Sf: Shigella flexneri; St ATCC 700720: Salmonella Typhi-
murium, strain LT2 / SGSC1412 / ATCC 700720, Ab: Acinetobacter baumanii; Kp ATCC 700721: Klebsiella
pneumoniae subsp. pneumoniae, strain ATCC 700721 / MGH 78578; Pm Pm70: Pasteurella multocida, strain
Pm70; Lp ATCC 33152: Legionella pneumophila subsp. pneumophila, strain Philadelphia 1 / ATCC 33152 /
DSM 7513; Yps YPIII: Yersinia pseudotuberculosis serotype O:3, strain YPIII; Hi ATCC 51907: Haemophilus
influenzae, strain ATCC 51907 /DSM 11121 /KW20/Rd; Pf ATCC BAA-447: Pseudomonas fluorescens, strain
ATCC BAA-477 / NRRL B-23932 / Pf-5; Ye 8081: Yersinia enterocolitica serotype O:8 / biotype 1B, strain
NCTC 13174 / 8081. The conserved a-helices are labeled by red boxes. The sequence of P. aeruginosa and the
ones with crystal structures available have been highlighted in boldface. The indicated amino acids are the ones
described to be important in the dimerization interface of YgfB. The figure was reproduced unaltered from Eggers
et al. (2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

1.4.3. The interconnection between YgfB, AlpA and AmpDh3

In an attempt to identify the role of ygfB in ampC regulation and -lactam resistance, differential
expression analysis by RNAseq was done by our group prior to this study, revealing a limited
effect of ygfB deletion on the transcriptome of ID40 (Eggers et al., 2023). In total, next to ygfB,
only eight genes were differentially expressed upon deletion of ygfB, with ampC being the only
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downregulated gene. The amidase ampDh3 and the gene TUEID40 01954 (PA0808), that is
located in the same operon as ampDh3, were upregulated. Additionally, the genes alpBCDE,
which form a self-lysis cluster in P. aeruginosa (McFarland et al., 2015; Pena et al., 2021) and
TUEID40 01945, encoding for a Glyoxalase-like protein, were significantly upregulated.

Later work prior to this study, analyzing mRNA expression and -lactamase activity, has shown
that YgtB is causal for the downregulation of ampDh3, which leads to increased ampC expres-
sion (Eggers et al., 2023). Using a ygfB deletion mutant as well as a conditional deletion mutant
where ygfB had been reintroduced under the control of a rhamnose-inducible promoter, it was
possible to show that mRNA levels of ampDh3 and TUEID40 01954 responded inversely to
increasing levels of ygfB in a dose-dependent fashion. Additionally, mRNA levels of ampC
were positively correlated with the levels of ygfB mRNA. Neither the mRNA levels of ampD
nor ampDh?2 were affected by deletion of ygfB and, while identified in the transcriptome, vali-
dation of the genes of the alpBCDE cluster was not possible, although tendencies of upregula-
tion could be observed. The relationship between the mRNA levels of ygfB, ampDh3 and ampC
was also shown in a time-dependent manner, whereby expression of ygfB was induced in a
conditional ygfB deletion mutant by addition of rhamnose, and mRNA was isolated every
30 minutes after induction, for a total of 3 hours. A clear time-dependent inverse relationship
between levels of ygfB and ampDh3 could be observed, while ampC levels increased in a de-
layed fashion. Finally, using single and double deletion of mutants of ygfB, ampDh3 and
ampDh3/ygfB and measuring mRNA levels, B-lactamase activity and resistance to B-lactam
antibiotics, they were able to show that the upregulation of ampDh3 is causal for the reduced
levels of ampC and consequently the reduced resistance observed upon deletion of ygfB (Eggers

et al., 2023).

A publication by Pea et al. (2021) has described that in the P. aeruginosa strain PAO1, ex-
pression of the alpBCDE cluster and ampDh3-PA0808 (TUEID40 01954) is regulated by the
antiterminator AlpA. AlpA was described to bind to an AlpA binding element (ABE) on the
promoter of alpB and ampDh3 which then allows AlpA to insert into the exit channel of the
RNA polymerase (RNAP). This then prevents the formation of hairpin-loops in the nascent
RNA (Pena et al., 2021; Wen et al., 2022). As the mechanism of termination by intrinsic termi-
nators is due to formation of these hairpin loops (reviewed by Ray-Soni et al., 2016) and
ampDh3 carries two and alpB one intrinsic terminator upstream of the ORF in the promoter
region, it was described by Pena et al. (2021) and Wen et al. (2022) that the interaction of AlpA
with the RNAP renders the RNAP resistant to intrinsic terminators. Therefore, AlpA influences
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the expression of these genes as a positive regulator by allowing the RNAP to read over intrinsic
terminators and expressing the genes downstream.

Additionally, it was described that ciprofloxacin-induced DNA damage leads to increased ex-
pression of alpA and therefore of alpBCDE, and ampDh3 (McFarland et al., 2015; Pena et al.,
2021). The LexA-like repressor of alpA, AlpR, undergoes autocleavage upon DNA damage and
alpA is derepressed. This leads to activation of the programmed cell death pathway by alpBCDE
in a subset of cells in a population as well as to expression of ampDh3-PA0808 (McFarland et
al., 2015; Pena et al., 2021). The alpBCDE-mediated cell lysis pathway has furthermore been
described to contribute to pathogenicity by lysis of a subpopulation of the cells which supported
colonization in a murine lung model by a potential release of virulence factors (McFarland et
al., 2015). The alpR-alpA-ampDh3 pathway therefore provides a link between DNA damage,
self-lysis, and cell wall recycling. Lastly, it was described that AlpA activity is increased by the
alarmone guanosine tetraphosphate (ppGpp), which is part of the stringent response, a response
mechanism of bacteria to amino acid starvation and other stress factors (Battesti & Bouveret,
2006; Cashel & Gallant, 1969; Haseltine & Block, 1973; Pena et al., 2021; Vinella et al., 2005).
ppGpp was also described to be part of a DNA damage response in E. coli (Kamarthapu et al.,
2016).

Data generated by our group prior to this work showed that YgfB negatively regulates the pro-
moter activity of ampDh3 at the same upstream region of the ampDh3 promoter that was de-
fined by Pena et al. (2021) as containing the ABE and being needed for positive regulation of
ampDh3 by AlpA (Eggers et al., 2023). This region is located between -469 bp and -409 bp
upstream of the ampDh3 coding sequence (CDS) and a transcription start site (TSS) lo-
cated -413 bp upstream of the start codon of the CDS was defined. Additionally, two intrinsic
terminators in the ampDh3 promoter were predicted by Pefa et al. (2021), one at posi-
tion -387 bp upstream of the ampDh3 CDS and one between -178 bp and -137 bp upstream of
ampDh3. In their data, the terminator located at position -387 bp had only minor effects on
transcription, while the terminator located between -178 bp and -137 bp was mainly responsible
for affecting AlpA-mediated ampDh3 expression. Figure 2a depicts an overview of the features
of the ampDh3 promoter. The experiments done by our group published in Eggers et al. (2023)
(Figure 2b) have shown that for negative regulation of ampDh3 by Y gfB, the promoter fragment
needs to contain at least the stretch between -464 bp and -1 bp upstream of ampDh3, while a
fragment containing the -180 bp to -1 stretch showed no promoter activity confirming the re-
sults of Pefia et al. (2021). In addition, a -77 bp fragment showed YgfB independent ampDh3

promoter activity, suggesting a second TSS.

22
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Furthermore, it was shown that for regulation of the entire ampDh3 promoter (-532 bp) by ygfB,
the presence of alpA4 was required (Figure 2c). Regulation of the second TSS (-77 bp), however,
was independent of both ygfB and alpA (Eggers et al., 2023).
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Figure 2: Regulation of the ampDh3 promoter by YgfB and AlpA. a) A schematic overview of the ampDh3
promoter, combining data from Pefia et al. (2021) with the data generated previously to this work published in
Eggers et al. (2023). Numbers blow the promoter stretch depict the basepairs upstream of the ampDh3 CDS. TSS1
and TSS2 depict putative transcription start sites, while the grey bar with the blue AlpA depicts the ABE. The red
STOP signs indicate the intrinsic terminators. b and ¢) Promoter luciferase assays are shown where the indicated
promoter fragments (the number indicates the length of the promoter) were fused to the CDS of NanoLuc on the
plasmid pBBR1. The respective strains were transformed with this plasmid and luciferase activity was measured
(Mean and standard deviation (SD) of x-fold luciferase activity to 0O-luc as well as individual data points are
shown). b) To the strain ID40AygfB::tha-ygfB carrying the respective plasmids either no rhamnose (-YgfB) or
0.1% rhamnose (+YgfB) was added to induce expression of ygfB and luciferase activity was measured. Grey areas
indicate how the promoter fragments relate to the promoter depicted in (a). ¢) The strains ID40, ID40AygfB,
ID40AalpA and ID40AygfBAalpA were transformed with the respective plasmid and luciferase activity was meas-
ured. The figure was reproduced unaltered from Eggers et al. (2023) under CC BY 4.0 (https://creativecom-
mons.org/licenses/by/4.0/).

Taken together, these data have provided evidence that ygfB leads to resistance to B-lactam
antibiotics by upregulating ampC. Upregulation of ampC by ygfB is caused by repression of
ampDh3, for which the presence of alpA is essential. Additionally, the regulation of ampDh3
by AlpA and YgfB takes place at the same site of the ampDh3 promoter.
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1.4.4. The effect of YgfB on cell wall derived muropeptides

Y gfB represses ampDh3 in an AlpA-dependent manner and thereby leads to increased expres-
sion of ampC. As described above, loss of the amidase AmpDh3 is associated with increased
ampC expression and resistance in PAO1 caused by an altered composition of catabolites of
the peptidoglycan recycling pathway (Juan et al., 2006). As previously described, the cell wall
recycling products are intimately linked to the expression of ampC via the transcriptional reg-
ulator AmpR (Jacobs et al., 1997; Jacobs et al., 1994; Torrens et al., 2019). The early recycling
products anhMurNAc-3P and anhMurNAc-5P activate ampC expression while the late stage
recycling product that also arises during de novo PG synthesis, UDP-MurNAc-5P, represses
ampC production. Therefore, the balance between anhMurNAc-3P/-5P and UDP-MurNAc-5P
regulates the expression of ampC in P. aeruginosa (Hanson & Sanders, 1999; Jacobs et al.,
1997; Jacobs et al., 1994; Torrens et al., 2019). As described before, AmpDh3 localizes to the
cytoplasm (Colautti et al., 2023; Eggers et al., 2023) and was described to degrade soluble 1,6-
anhMurNA c-containing-peptides (Lee et al., 2013; Zhang et al., 2013). LC-MS/MS data of our
group prior to this study (Figure 3) have shown that the levels of GIcNAc-anhMurNAc-tripep-
tide (GlcNAc-anhMurNAc-3P), anhMurNAc-3P and anhMurNAc-5P are reduced by deletion
of ygfB in an ampDh3-dependent manner (Figure 3a-c). GIcNAc-anhMurNAc levels were in-
creased upon deletion of ygfB in an ampDh3-dependent manner (Figure 3d) and GIcNAc-an-
hMurNAc-3P levels were also increased upon deletion of ampDh3 or ampDh3/ygfB (Figure
3a). Together, this suggests that GIcNAc-anhMurNAc-peptides might be the primary target of
AmpDh3, but AmpDh3 also degrades anhMurNAc-3P and anhMurNAc-5P (Eggers et al.,
2023). Therefore, AmpDh3 likely functions as a surrogate for AmpD in the cytosol. While the
levels of UDP-MurNAc-5P (Figure 3e), UDP-MurNAc (Figure 3f) and anhMurNAc (Figure
3g) were unaffected by deletion of ygfB, the balance of the ampC-activating and ampC-repress-
ing peptides was altered towards the ampC-repressing side in an ampDh3-dependent manner

(Figure 3h), providing a link between the observed levels of ygfB, ampDh3, and ampC.
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Figure 3: YgfB and AmpDh3 modulate the composition of peptidoglycan recycling products. Cytosolic ex-
tracts of the indicated strains were analyzed by LC-MS. In (a-g), the mean and SD of the AUC of the peaks
obtained for the indicated metabolites are shown. Additionally, in (h), the ratio of the ampC-activating anhMur-
NAc-3P and the ampC-inhibiting UDP-MurNAc-5P are shown. Asterisks indicate significant differences of the
logio transformed data using one-way ANOVA with Tukeys test as a post-hoc test (*p <0.05, **p<0.01,
*¥*%p <0.001, ****p <0.0001). The figure was reproduced unaltered from Eggers et al. (2023) under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

In summary, YgfB reduces the expression of ampDh3 in an AlpA-dependent manner. The re-
duced levels of AmpDh3 lead to an accumulation of anhMurNAc-3P/-5P, which stimulate the

expression of ampC via AmpR.

1.5. Research question

The goal of this study was to elucidate the molecular mechanism by which YgfB represses
ampDh3. We hypothesized that YgfB influences the AlpA-mediated regulation of ampDh3 and
changes the muropeptide composition to an ampC-activated state. Furthermore, as there seemed
to be a connection between AlpA and YgfB, we were interested in whether ciprofloxacin-in-
duced DNA damage had an impact on the ygfB-mediated resistance to -lactam antibiotics, as
ciprofloxacin was described to induce expression of alpA and therefore ampDh3. Lastly, as
YgfB is conserved in y-proteobacteria, while AmpDh3 is found only in some other species, we
sought to find out whether there is a function of YgfB that is generalizable and also applies to

other y-proteobacteria.
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2. Materials and Methods

Declaration of contributions

Certain materials and methods described in this section are cited literally from Eggers et al.
(2023). Literal citations are marked with quotation marks and written in italics. The publication
Eggers et al. (2023) was mainly written by PD Dr. Erwin Bohn and me.

The sections 2.3.25 “NanoLC-MS/MS analysis” and 2.3.26 “MS data processing” were written
by Dr. Mirita Franz-Wachtel of the Proteome Center Tiibingen, who also analyzed the samples
that were provided in a Coomassie stained gel by me.

The sections 2.4.19 “Library preparation for RNA sequencing” and 2.4.20 “RNA sequencing”
were written using information provided by Christina Engesser and Jennifer Miiller of the NGS

Competence Center Tiibingen, who also performed the sequencing and data analysis.

2.1. Materials

2.11. Equipment
Table 1: Equipment used in this study.
Equipment Official name Manufacturer
-20°C freezer G 5216 Index 21B/001 Liebherr, Bulle (CH)
o . Thermo Fisher Scientific,
-80°C freezer Hera Freeze HFU T Series Waltham (US)
o Thermo Fisher Scientific,
-80°C freezer Hera Freeze Waltham (US)
Affinity column GSTrap 4B Cytivia, Marlborough (US)

Agarose gel elecotro-
phoresis chamber

Sub-Cell GT Cell

Bio-Rad, Hercules (US)

Agarose gel imaging
system

FastGene FAS-V Imaging System

Nippon Genetics, Diiren

Analytical balance

Competence CPA225D-0CE

Sartorius, Gottingen

Balance

Precision balance EG 4200-2NM

Kern, Balingen

Bioanalyzer Bioanalyzer 2100 Agilent, Santa Clara (US)
Centrifuge Centrifuge 5417R Eppendorf, Hamburg
Centrifuge Centrifuge 5810R Eppendorf, Hamburg
Centrifuge Avanti J-26 XP Beckman Coulter, Brea (US)
Centrifuge Avanti J-26S XP Beckman Coulter, Brea (US)
Densitometer Densicheck Plus Biomerieux, Marcy-IEtoile

(FR)

Electrophoresis cell

Mini-PROTEAN Tetra Vertical Electropho-

Bio-Rad, Hercules (US)

resis Cell
Electroporator Gene Pulser 11 Bio-Rad, Hercules (US)
FPLC system AKTAprime Plus Cytivia, Marlborough (US)
Gel casting Mini-PROTEAN Tetra Cell Casting Module  Bio-Rad, Hercules (US)

Gravity columns

Econo Chromatography Columns, 2.5 x 20

cm

Bio-Rad, Hercules (US)

Heating and magnetic
stirrer

MR3001 K

Heidolph, Schwabach
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Equipment Official name Manufacturer
Heating Block Thermomixer comfort Eppendorf, Hamburg
Hybrid quadrupole-

Orbitrap mass spec-
trometer

Q Exactive HF mass spectrometer

Thermo Fisher Scientific,
Waltham (US)

Ice machine

AF 156 Xsafe

Scotsman, Vernon Hills (US)

Imaging system for
SDS-PAGE gels and
Western blots

Fusion Solo S

Vilma Lourbat, Eberhardzell

Incubator

Function Line

Heraeus, Hanau

Laminar flow cabinet

BDK-S 1200, 1300

Weiss, Sonnenbiihl

LI-COR

LI-COR Odyssey

LI-COR Biotechnology, Bad
Homburg

LightCycler

LightCycler480 11

Roche Diagnostics, Rotkreuz

(CH)
. Thermo Fisher Scientific,
Magnetic Stand MaglJET Waltham (US)
Multistepper Multipette Plus Eppendorf, Hamburg
NanoDro NanoDrop One Thermo Fisher Scientific,
p P Waltham (US)
Thermo Fisher Scientific,
Nanoflow UHPLC EASY-nLC 1200 Waltham (US)
Orbital shaker SU1000 ounlab Instruments, Mann-
Orbital shaker Unimax 2010 Heidolph, Schwabach
Peristaltic pump Pump P-1 glgl)’mama Biotech, Uppsala
pH electrode LE438 1(\{[Jest;ler Toledo, Columbus
pH meter FiveEasy F20 1(\{[Jest;1er Toledo, Columbus
Photometer BioPhotometer Eppendorf, Hamburg
Pipettes Research plus Eppendorf, Hamburg
o . . Hirschmann Laborgerite,
Pipetting aid Pipetus Eberstadt
Power supply PowerPac 300 Bio-Rad, Hercules (US)
. . Thermo Fisher Scientific,
Qubit Fluorometer Qubit 4 Fluorometer Waltham (US)
Refrigerator GKv 6410 Index 23B/001 Liebherr, Bulle (CH)
Refrigerator KT 1840 Index 24A/001 Liebherr, Bulle (CH)
Rotor for centrifuge JLA-8.1000 Beckman Coulter, Brea (US)
Rotor for centrifuge JA-14.50 Beckman Coulter, Brea (US)

SEC column HiLoad 16/600 Superdex 75 pg Cytivia, Marlborough (US)
SEC column HiLoad 16/600 Superdex 200 pg Cytivia, Marlborough (US)
Sequencer [llumina NextSeq 500 [llumina, San Diego (US)

Shaking incubator

Ecotron shaking incubator

Infors HT, Bottmingen

Shaking incubator

Multitron shaking incubator

Infors HT, Bottmingen

Shaking incubator

Minitron shaking incubator

Infors HT, Bottmingen

Sonifier

Sonifier 250

Branson Ultrasonics,
Brookfield (US)

Tank blotting system

Mini Trans-Blot Cell

Bio-Rad, Hercules (US)

Tecan plate reader

Tecan Infinite 200 Pro

Tecan, Mannedorf (CH)

Thermal Printer

DPU-414 Thermal Printer

Seiko Instruments, Chiba (JP)

Thermocycler

C1000 Touch Thermocycler

Bio-Rad, Hercules (US)

Vacuum pump

CVC 2000

Vaccubrand, Wertheim

VIAFLO 12 Channel
Pipette

VIAFLO 12 Channel Pipette 5-125 pl

Integra Biosciences, Zizers
(CH)
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Equipment Official name Manufacturer
VIAFLO 96 Channel ~ VIAFLO 96 Channel Pipetting Head 10-300  Integra Biosciences, Zizers
Pipetting Head ul (CH)
VIAFLO 96 Channel ~ VIAFLO 96 Channel Pipetting Head 5-125 Integra Biosciences, Zizers
Pipetting Head ul (CH)
YIAF LO Pipetting VIAFLO 384 Pipetting Assistant Integra Biosciences, Zizers
aid (CH)
. Thermo Fisher Scientific,

Vortex Vortex Genie 2 Waltham (US)

. . Thermo Fisher Scientific,
Vortex tube holder Multi Tube Holder for Vortex Genie 2 Waltham (US)
Waterbath WB 10 Memmert, Schwabach

Wheel of fortune neoLabLine Rotator neoLab Migge, Heidelberg

21.2.

Table 2: Consumables used in this study.

Consumables

Consumable

Manufacturer/Source

Application

Acrodisc 25 mm w/0.2 um Supor
STRL

Pall Corporation, New York (US)

Sterile filtration

Adhesive sealing foil for realtime

PCR nerbe plus, Winsen/Luhe (RT-)gpCR
Amersham Protran 0.45 NC nitrocel- .

lulose Western blotting membranes Cytivia, Marlborough (US) Western blot
Amicon Ultra 15 ml Centrifugal Fil- o Ultrafiltration of pro-
ters (10 kDa cutoff, 30 kDa cutoff) Merck Millipore, Darmstadt teins

BD Plastipak, Syringe with Luer-Lok  Becton Dickinson, Franklin Lakes Svrinee

adapter (Us) yrng

Combitips advanced, multiple vol- Eppendorf, Hamburg Pipetting

umes

Screw caps for cryotube

Sarstedt, Niimbrecht

Long term storage of
bacteria

Dialysis membrane ZelluTrans,
MWCO 3500

Carl Roth, Karlsruhe

Dialysis

Disposable Reservoirs, 10 ml, Sterile,
Polystyrene

Integra Biosciences, Zizers (CH)

Pipetting reservoir

Disposable Reservoirs, 25 ml, Sterile,
Polystyrene

Integra Biosciences, Zizers (CH)

Pipetting reservoir

Erlenmeyer flask, SIMAX

Kavallierglass, Prague (CZ)

Preparation of solu-
tions, culturing of
bacteria

Gene Pulser/MicroPulser Electro-

. Bio-Rad, Hercules (US) Electroporation
poration Cuvettes, 0.2 cm gap
Glass bottles, Schott Duran DWK Life Sciences, Wertheim Storage of liquids
Gloves (Peha-soft nitrile) Hartmann Heidenheim Protection

Incolulation loop

Greiner Bio-One, Kremsmiinster
(AT)

Inoculation of media

Lightcycler 480 multiwell plates, 96

wells Roche, Rotkreuz (CH) (RT)-qPCR
Lightcycler 480 sealing foils Roche, Rotkreuz (CH) (RT)-gPCR
Injekt, Luer Solo B. Braun, Melsungen Syringe

Micro screw tube

Sarstedt, Niimbrecht

Long term storage of
bacteria

Micro screw tube caps

Sarstedt, Niimbrecht

Long term storage of
bacteria
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Consumable

Manufacturer/Source

Application

Microplate, 96 well, PS, F-bottom
(chimney well), white, Lumitrac,
med. binding

Greiner Bio-One, Kremsmiinster
(AT)

Luciferase based as-
says

Microplate, 96 well, PS, F-bottom,

Greiner Bio-One, Kremsmiinster

clear (AT) Checkerboard assay
ls\g/ioni—PROTEAN TBE Precast Gels, Bio-Rad, Hercules (US) EMSA
?;IE)I;;’PE%T’EZI(\)I; )G X Precast Gels Bio-Rad, Hercules (US) SDS-PAGE
Parafilm Bemis, Neenah (US) Sealing

PCR SingleCap Softstrips dB;;)fym Scientific, Hessisch Olden- PCR

PCR-plate, 96x0.2 ml nerbe plus, Winsen/Luhe (RT)-gPCR

Petri dishes

Greiner Bio-One, Kremsmiinster
(AT)

Preparation of agar
plates

Pipette tips (10 ul)

Brand, Wertheim

Refillable pipette
tips

Pipette tips with filter (10 pl, 100 pl,
200 pl, 1000 ul)

nerbe plus, Winsen/Luhe

Pipette tips with fil-
ter

Pipette tips, 125 pl Griptip (Sterile,
Filter)

Integra Biosciences, Zizers (CH)

Pipetting

Pipette tips, 300 pl Griptip (Sterile,
Filter)

Integra Biosciences, Zizers (CH)

Pipetting

Qubit Assay Tubes

Thermo Fisher Scientific, Waltham
(US)

Fluorometric quanti-
fication of nucleic
acids

Reaction tube (15 ml, 50 ml)

Greiner Bio-One, Kremsmiinster
(AT)

Storage of liquids

Reaction tubes (1.5 ml, 2 ml)

Sarstedt, Niimbrecht

Storage of liquids

Reaction tubes, DNA LoBind (1.5
ml)

Eppendorf, Hamburg

(RT-)gpCR, RNAseq

Reaction tubes, Safe-Lock (1.5 ml, 2
ml)

Eppendorf, Hamburg

Storage of liquids

Reagent Reservoirs, 12 Column, Pyr-

amid Bottom, Non-Sterile, Auto-
clavable, Polypropylene

Integra Biosciences, Zizers (CH)

Checkerboard assay

Reagent Reservoirs, 150 ml Automa-
tion Friendly Clear Advantage (Poly-
styrene)

Integra Biosciences, Zizers (CH)

Checkerboard assay

Reagent Reservoirs, 8 Row, Pyramid
Bottom, Non-Sterile, Autoclavable,
Polypropylene

Integra Biosciences, Zizers (CH)

Checkerboard assay

Round bottom tubes (5 ml, 14 ml),
Falcon

Corning, Corning

Preparation of inoc-
ula at McFarland 0.5
(5 ml), Culturing of
bacteria in liquid
culture (14 ml)

Scalpel

B. Braun, Melsungen

Western blot

Sealing foil, gas-permeable

Thermo Fisher Scientific, Waltham

Susceptibility testing

Us)
Sensititre Gram Negative EUX2NF Thermo Fisher Scientific, Waltham S tibility testin
AST Plate (US) UsceptbIiity festing
Sensititre Gram Negative GN2F AST  Thermo Fisher Scientific, Waltham e .
Plate (US) Susceptibility testing

Serological Pipettes (5, 10, 25, 50 ml)

Corning, Corning

Pipetting

Steritop 45 mm Neck Size, Millipore
Express PLUS 0.22 um

Merck Millipore, Darmstadt

Sterile filtration
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Consumable

Manufacturer/Source

Application

Volumetric flask, Schott Duran

DWK Life Sciences, Wertheim

Preparation of solu-

2.1.3.

tions
Whatman Gel Blotting Paper GE Healthcare, Chicago (US) Western blot
Commercial kits, reagents and enzymes
Table 3: Kits, reagents and enzymes used in this study.
Kit/reagents/enzymes Manufacturer Application
10x PBS powder Merck, Darmstadt Buffer preparation

4x Laemmli buffer

Bio-Rad, Hercules (US)

Preparation of samples for
SDS-PAGE

Ambion Nuclease-Free Water

Thermo Fisher Scientific, Waltham
(Us)

Dilution of RNA, RT-
gPCR

BD BBL Mueller Hinton II broth
(cation-adjusted), powder

VWR, Radnor (US)

Preparation of MHB II me-
dium

BlueBlock PF (10x)

Serva Electrophoresis, Heidelberg

Western blot

Bradford Reagent, 5x concentrate

Serva Electrophoresis, Heidelberg

Protein purification

Clarity Western ECL Blotting
Substrate

Bio-Rad, Hercules (US)

Western blot, detection of
HRP-conjuagted secondary
antibodies

cOmplete, EDTA-free Protease
Inhibitor Cocktail Tablets

Roche Diagnostics, Rotkreuz (CH)

Lysis of bacterial cells, pro-
tein purification

DNAse I, powder

Panreac AppliChem, Darmstadt

Lysis of bacterial cells, pro-
tein purification

DNase I, recombinant, RNase-
free

Roche, Rotkreuz (CH)

DNA digestion for RT-
qPCR and RNA seq

DNeasy UltraClean Microbial Kit

Qiagen, Hilden

Isolation of genomic DNA

Thermo Fisher Scientific, Waltham

Digestion of methylated

Dpnl (US) DNA
GeneRuler 1 kb Plus DNA Lad- Thermo Fisher Scientific, Waltham  Size marker for agarose
der as gel-electrophoresis

Gibco DPBS (Dulbecco's Phos-
phate Buffered Saline)

Thermo Fisher Scientific, Waltham
(Us)

Buffering solution

Illumina Stranded Total RNA
Prep with Ribo-Zero Plus

[llumina, San Diego (US)

Library preperation of
RNAseq

KAPA HiFi plus dNTPs

Roche, Rotkreuz (CH)

PCR for generation of frag-
ments for cloning

Lysozyme from chicken egg
white

Sigma-Aldrich, St. Louis (US)

Lysis of bacterial cells, pro-
tein purification

MagneGST Protein Purification
System

Promega, Madison (US)

GST-pulldown

MagneHis Ni Particles 2mL

Promega, Madison (US)

His-pulldown

Meridian Bioscience, Cincinatti

Confirmation of successful

MangoMix cloned plasmids or mutants
(US) . .
during mutagenesis
MIDORI Green Xtra Nippon Genetics, Diiren Staining of nucleic acids

Monarch Plasmid Miniprep Kit

New England Biolabs, Ipswich
(US)

Isolation of plasmids

NaCl 0.9%, 10 ml

B. Braun, Melsungen

Antibiotic susceptibility
testing

Nano-Glo HiBiT Blotting System

Promega, Madison (US)

Detection of HiBiT-tagged
proteins in Western blot

Nano-Glo HiBiT Lytic Detection
System

Promega, Madison (US)

Detection of HiBiT-tagged
proteins in Western blot
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Kit/reagents/enzymes

Manufacturer

Application

Nano-Glo Luciferase Assay Sys-
tem

Promega, Madison (US)

Promoter luciferase assay

Ni-NTA Agarose

Qiagen, Hilden

Protein purification

Odyssey EMSA Kit LI-COR, Lincoln (US) EMSA
PageRuler Prestained Protein Thermo Fisher Scientific, Waltham  Size marker for SDS-
Ladder, 10 to 180 kDa (US) PAGE and Western blot

Phusion High-Fidelity DNA Pol-
ymerase

Thermo Fisher Scientific, Waltham
(US)

PCR for generation of frag-
ments for cloning, Gibson
mix

QuantiFast SYBR Green PCR
Kit

Qiagen, Hilden

qPCR

QuantiFast SYBR Green RT-
PCR Kit

Qiagen, Hilden

RT-qPCR

Qubit dsDNA BR Assay-Kit

Thermo Fisher Scientific, Waltham
(US)

Fluorometric quantification
of DNA

Qubit RNA BR Assay-Kit

Thermo Fisher Scientific, Waltham
(Us)

Fluorometric quantification
of RNA

RNA Clean & Concentrator-5

Zymo Research, Irvine (US)

RNA clean up

ROTI-Blue, 5x concentrate

Carl Roth, Karlsruhe

Preperation of colloidal
Coomassie solution

Rotiphorese Gel 30 (37.5:1)

Carl Roth, Karlsruhe

Preparation of gels for
EMSA

Thermo Fisher Scientific, Waltham

Salmon Sperm DNA Solution (US) EMSA

T5 Exonuclease 10 U/ul RI?;V) England Biolabs, Ipswich Gibson mix

Taq DNA Ligase 40 U/ul ?{j’;; England Biolabs, Ipswich Gibson mix

gljizsa}r]csiti\; Gel and PCR Clean- Promega, Madison (US) Eéltrsiﬁcation of PCR prod-

ZymoBIOMICS RNA Miniprep
Kit

Zymo Research, Irvine (US)

Isolation of total RNA

21.4.

Table 4: Chemicals used in this study.

Chemicals

Chemical

Manufacturer/Source

Agar

Carl Roth, Karlsruhe

Acetic acid

Merck, Darmstadt

Ammonium Persulfate (APS)

Bio-Rad, Hercules (US)

Ampicillin Sodium

PanReac AppliChem, Darmstadt

Ampuwa, Solution for Irrigation (Water for injection in
bulk), 10 1

Fresenius Kabi, Bad Homburg vor der Hohe

B-mercaptoethanol

PanReac AppliChem, Darmstadt

Aqua ad iniectabilia (Water for injection), 10 ml

B. Braun, Melsungen

Azidothymidine

Thermo Fisher Scientific, Waltham (US)

Aztreonam (European Pharmacopoeia Reference Stand-
ard)

Sigma-Aldrich, St. Louis (US)

Boric acid

PanReac AppliChem, Darmstadt

Bovine serum albumin (BSA)

Carl Roth, Karlsruhe

Calcium chloride dihydrate (CaCl, x 2H,0)

Merck, Darmstadt

Carbenicillin Disodium salt

PanReac AppliChem, Darmstadt
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Chemical

Manufacturer/Source

Ceftazidime pentahydrate (European Pharmacopoeia
Reference Standard)

Sigma-Aldrich, St. Louis (US)

Ciprofloxacin hydrochloride monohydrate (European
Pharmacopoeia Reference Standard)

Sigma-Aldrich, St. Louis (US)

Coomassie Brilliant Blue G-250

Serva Electrophoresis, Heidelberg

Deionized water (DI-water)

In-house water line

Diamino pimelic acid (DAP)

Sigma-Aldrich, St. Louis (US)

Di-sodium hydrogen phosphate heptahydrate (Na2HPO4
x 7 H20)

Merck, Darmstadt

Dithiothreitol (DTT)

PanReac AppliChem, Darmstadt

Ethanol absolut >99,8%, AnalaR NORMAPUR

VWR, Radnor (US)

Ethylenediaminetetraacetic acid (EDTA)

Merck, Darmstadt

Gentamicin sulfate

PanReac AppliChem, Darmstadt

Glucose

Merck, Darmstadt

Glutathione, reduced

PanReac AppliChem, Darmstadt

Glycerol, SOLVAGREEN >98 %

Carl Roth, Karlsruhe

Glycin, PUFFERAN >99 %, p.a.

Carl Roth, Karlsruhe

HEPES

Carl Roth, Karlsruhe

Hydrochloric acid (HCI)

Merck, Darmstadt

Igepal CA-630

Sigma-Aldrich, St. Louis (US)

Imidazole, ReagentPlus, 99%

Sigma-Aldrich, St. Louis (US)

Imipenem monohydrate (European Pharmacopoeia Ref-
erence Standard)

Sigma-Aldrich, St. Louis (US)

Irgasan

Sigma-Aldrich, St. Louis (US)

Isopropyl-p-D-thiogalactopyranosid (IPTG)

VWR, Radnor (US)

Kanamycin sulfate

PanReac AppliChem, Darmstadt

L-Rhamnose Monohydrat, suitable for microbiology,
>99.0%

Sigma-Aldrich, St. Louis (US)

Methanol >99,8%, AnalaR NORMAPUR

VWR, Radnor (US)

Magnesium chloride hexahydrate (MgCl, x 6H,0))

PanReac AppliChem, Darmstadt

Nicotinamide adenine dinucleotide (NAD")

Merck, Darmstadt

N,N,N',N'-Tetramethylethylendiamin (TEMED)

Bio-Rad, Hercules (US)

Orange G

Sigma-Aldrich, St. Louis (US)

PEG-8000

Thermo Fisher Scientific, Waltham (US)

Piperacillin sodium (analytical standard)

Sigma-Aldrich, St. Louis (US)

Potassium acetate (KOAc)

Merck, Darmstadt

Rifampicin >90 %, for biochemistry

Carl Roth, Karlsruhe

SeaKem LE Agarose

Lonza, Basel (CH)

Sodium bicarbonate (NaHCO3)

Sigma-Aldrich, St. Louis (US)

Sodium carbonate (Na2CO3)

Merck, Darmstadt

Sodium chloride (NaCl)

VWR, Radnor (US)

Sodium dihydrogen phosphate monohydrate (NaH2PO4
x H20)

Merck, Darmstadt

Sodium dodecyl sulfate (SDS)

Carl Roth, Karlsruhe

Sodium hydroxide (NaOH)

Merck, Darmstadt

Streptomycin sulfate

PanReac AppliChem, Darmstadt
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Chemical

Manufacturer/Source

Sucrose

Merck, Darmstadt

Tetracycline hydrochloride

PanReac AppliChem, Darmstadt

Triethanolamine

Sigma-Aldrich, St. Louis (US)

Triethylenglycol, 99 %

Thermo Fisher Scientific, Waltham (US)

Tris(hydroxymethyl)aminomethan (Tris-base)

Sigma-Aldrich, St. Louis (US)

Triton X-100 for molecular biology

Sigma-Aldrich, St. Louis (US)

Tween 20 Sigma-Aldrich, St. Louis (US)
2.1.5. Buffers and solutions
Table 5: Buffers and solutions used in this study and their preparation.
Buffer/solution Preparation Application
Tris-base: 60.55 g
Sx SDS-PAGE running buffer ~0cine: 28815 ¢ SDS-PAGE

SDS: 10 g
Ampuwa: ad 2000 ml

Coomassie quick stain solu-
tion

Coomassie brilliant blue G250: 0.8 g

Ethanol: 100 ml
Ampuwa: 900 ml
HC1 6 M: 5 ml
Stir overnight

Coomassie quick stain

Tris-base: 60.0 g

10x blotting buffer Glycine: 288.8 g Western blot transfer
Ampuwa: ad 2000 ml
10x blotting buffer: 100 ml

1x blotting buffer Methanol: 200 ml Western blot transfer

Ampuwa: ad 1000 ml

Ponceau S staining solution

Ponceau S: 1.25 ¢
Glacial acetic acid: 25 g
Ampuwa: Ad 500 ml

Reversible, unspecific
protein stain during
Western blotting

Tris-base: 24 g

NaCl: 88 g .

10x TBS HCI: to pH 7.6 Stock solution
Ampuwa: ad 1000 ml
10x TBS: 100 ml . .

TBS Ampuwa: ad 1000 ml Buffering solution
10x TBS: 100 ml

TBS-T Tween 20 1 ml Z\lfstssh buffer for Western
Ampuwa: ad 1000 ml
10x PBS powder . .

10x PBS Ampuwa: Ad 1000 ml Buffering solution
10x PBS: 100 ml . .

PBS pH 7.4 Ampuwa: 900 ml Buffering solution
Tris-base: 270 g

5x TBE Boric acid: 137.5 g Agarose gel electropho-
0.5 M EDTA (pH 8.0): 100 ml resis, EMSA
Deionized water: ad 5000 ml

o/ .
. Glycerol §7.5 %: 43.5 ml Loading buffer for aga-

Orange G loading dye Orange G: 200 mg rose oel electrophoresis
Ampuwa: Ad 100 ml & P
NaCl: 292.2 g . .

5 M NaCl stock Ampuwa: ad 1000 ml Stock solution for bio-

Sterile filter + autoclave

chemical buffers
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Buffer/solution

Preparation

Application

1 M Tris pH 8 or pH 7.5 stock

Tris-base: 121.14 g
HCI: to pH 8 or pH 7.5
Ampuwa: ad 1000 ml
Sterile filter + autoclave

Stock solution for bio-
chemical buffers

1 M MgCl, stock

MgCl, x 6H,0:203.3 g
Ampuwa: ad 1000 ml
Sterile filter + autoclave

Stock solution for bio-
chemical buffers

0.1 M CaCl,

CaCl, x 2H,0: 14.7 g
Ampuwa: ad 1000 ml
Sterile filter

Preparation of calcium
competent cells

0.1 M CaCl, + 15% glycerol

CaCl, x 2H,0: 14.7 g
Glycerol: 150 g
Ampuwa: ad 1000 ml
Sterile filter

Preparation of calcium
competent cells

0.5 M EDTA pH 8 stock

EDTA:93 g

NaOH: to pH 8
Ampuwa: ad 500 ml
Sterile filter + autoclave

Stock solution for bio-
chemical buffers

0.2 M EDTA pH 8

EDTA: 0.58 g
NaOH: to pH 8

Nuclease-free water: ad 10 ml

DNase digest

1 M imidazole stock

Imidazole: 68.08 g
Ampuwa: ad 1000 ml
Sterile filter + autoclave

Stock solution for bio-
chemical buffers

1 M DTT stock

DTT:7.7125 g
Ampuwa: ad 50 ml
Sterile filter, store at -20°C

Stock solution for bio-
chemical buffers

1 M IPTG stock

IPTG: 119151 g
Ampuwa: ad 50 ml

Induction of protein

Sterile filter, store at -20°C overexpresion
. NAD™: 6.63 g Stock solution for Gib-
100 mM NAD Ampuwa: ad 100 ml son buffer
DNase I: 10 mg Stock solution for bio-
10 mg/ml DNase I Ampuwa: ad 1 ml chemical buffers
10 mg/ml lysozyme Lysozyme: 10 mg Stock solution for bio-

Ampuwa: ad 1 ml

chemical buffers

50 mM Tris, 150 mM NaCl,
25 mM imidazole, 1 mM
DTT,pH 7.5

1 M Tris pH 8 stock: 50 ml
5 M NacCl stock: 30 ml

1 M imidazole stock: 25 ml
1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein purification,
Ni?*-NTA-affinity chro-
matography, reducing
conditions

50 mM Tris, 150 mM NaCl,
25 mM imidazole, pH 7.5

1 M Tris pH 8 stock: 50 ml
5 M NaCl stock: 30 ml

1 M imidazole stock: 25 ml
HCl: topH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein purification, Ni-
affinity chromatography

50 mM Tris, 150 mM NaCl,
25 mM imidazole, 1 mM
DTT, pH 8

1 M Tris pH 8 stock: 50 ml
5 M NacCl stock: 30 ml

1 M imidazole stock: 25 ml
1 M DTT stock: 1 ml

HCI: to pH 8

Ampuwa: ad 1000 ml
Sterile filter

Protein purification,
Ni?*-NTA-affinity chro-
matography, reducing
conditions
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Buffer/solution

Preparation

Application

50 mM Tris, 150 mM NaCl,
25 mM imidazole, pH 8

1 M Tris pH 8 stock: 50 ml
5 M NaCl stock: 30 ml

1 M imidazole stock: 25 ml
HCI: to pH 8

Ampuwa: ad 1000 ml
Sterile filter

Protein purification,
Ni?*-NTA-affinity chro-
matography

50 mM Tris, 150 mM NacCl,
1 mM DTT, pH 7.5 (GST-A)

1 M Tris pH 8 stock: 50 ml
5 M NacCl stock: 30 ml

1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein purification, glu-
tathione affinity chro-
matography, reducing
conditions, dialysis

50 mM Tris, 150 mM NacCl,
10 mM reduced glutathione,
pH 8 (GST-B)

1 M Tris pH 8 stock: 50 ml

5 M NaCl stock: 30 ml
Reduced glutathione: 3.0732 g
HCl: topH 7.5

Ampuwa: ad 1000 ml

Sterile filter

Protein purification, glu-
tathione affinity chro-
matography, elution, re-
ducing conditions

50 mM Tris, 150 mM NacCl,
20% glycerol, 1 mM DTT, pH
7.5

1 M Tris pH 8 stock: 100 ml
5 M NaCl stock: 60 ml
Glycerol: 400 g

1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 2000 ml
Sterile filter

Dialysis

10 mM Tris, 200 mM NacCl,
25 mM imidazole, 5% glyc-
erol, | mM DTT, pH 7.5

1 M Tris pH 8 stock: 10 ml
5 M NacCl stock: 40 ml

1 M imidazole stock: 25 ml
Glycerol: 50 g

1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein purification,
Ni?*-NTA-affinity chro-
matography, reducing
conditions

10 mM Tris, 200 mM NaCl,
25 mM imidazole, 5% glyc-
erol, | mM DTT, pH 7.5

1 M Tris pH 8 stock: 10 ml
5 M NacCl stock: 40 ml

1 M imidazole stock: 25 ml
Glycerol: 50 g

1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein purification,
Ni?*-NTA-affinity chro-
matography, reducing
conditions

10 mM Tris, 200 mM NacCl,
5% glycerol, | mM DTT, pH
7.5

1 M Tris pH 8 stock: 10 ml
5 M NaCl stock: 40 ml
Glycerol: 50 g

1 M DTT stock: 1 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Dialysis, size-exclusion-
chromatography

10x Duplex buffer (1 M
KOAc, 300 mM HEPES)

KOAc:9.815 ¢
HEPES: 7.15 g

NaOH: to pH 7.5
Ampuwa: ad 100 ml
Sterile filter + autoclave

Annealing of oligos for
EMSA

50 mM Tris, 150 mM NacCl,
20% glycerol, pH 7.5

1 M Tris pH 8 stock: 50 ml
5 M NaCl stock: 30 ml
Glycerol: 200 g

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

Protein storage buffer
EMSA
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Buffer/solution

Preparation

Application

Competitor buffer (50 mM
KOAc, 15 mM HEPES)

10x Duplex buffer: 500 pl
Ampuwa: ad 10 ml

EMSA

GST-pulldown buffer (50 mM
Tris, 300 mM NaCl, 0.5%,
Igepal CA-630,2 mM DTT)

1 M Tris pH 8 stock: 50 ml
5 M NaCl stock: 60 ml
Igepal CA-630: 5 ml

1 M DTT stock: 2 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

GST-pulldowns

10x GSH solution

Reduced glutathione: 0.0768 g
30% NaOH: to pH 7.5
GST-pulldown buffer: ad 1 ml

GST-pulldowns, elution
of samples

His-pulldown buffer (50 mM
Tris pH 7.5, 25 mM imidaz-
ole, 300 mM NacCl, 0.5% IGE-
PAL,2 mM DTT

1 M Tris pH 8 stock: 50 ml
5 M NaCl stock: 60 ml
Igepal CA-630: 5 ml

1 M imidazole stock: 25 ml
1 M DTT stock: 2 ml

HCI: to pH 7.5

Ampuwa: ad 1000 ml
Sterile filter

His-pulldowns

Phosphate buffer, pH 6,
100 mM

NaH;PO,; x H,O: 5.965 g
Na,HPO4x 7 H,0: 1.813 g
Measure pH, potentially adjust
Ampuwa: Ad 500 ml

Preparation of cefepime
stock solution

Saturated sodium bicarbonate
solution

NaHCO;:>1¢g
Ampuwa: 10 ml

Preparation of aztre-
onam stock solution

Phosphate buffer, pH 7.2,
10 mM

NaH2PO4 X HzOZ 0.3541 g
Na;HPO4 x 7 H,0: 0.6525 g
Measure pH, potentially adjust
Ampuwa: Ad 500 ml

Preparation of imipenem
stock solution

Buffer K (50 mM triethanola-
mine pH 7.5, 250 mM su-
crose)

Triethanolamine: 3.73 g
Sucrose: 42.79 g
Ampuwa: ad 500 ml

Lysis of bacterial cells

Buffer K supplemented (1 mM
EDTA, 1 mM MgCl,, 0.5%
Triton X-100, 10 pg/ml DNase
I, 20 ng/ml lysozyme, 1:100
cOmplete protease inhibitor
cocktail)

Buffer K: 10 ml

0.5 M EDTA: 20 pl

1 M MgCly: 10 pl
Triton-X100: 50 pl

10 mg/ml DNase I: 10 ul
10 mg/ml lysozyme: 20 pl

25x cOmplete protease inhibitor cocktail:

100 pl

Lysis of bacterial cells

300 mM sucrose

Sucrose: 102.7 g
Ampuwa: Ad 1000 ml
Sterile filter

Electroporation

50 mg/ml DAP

Dissolve in Ampuwa
Sterile filter

Mutagenesis of E. coli

Colloidal coomassie solution

ROTI-Blue, 5x concentrate: 20 ml

Methanol: 20 ml
Ampuwa: 60 ml

Staining of protein gels
for proteomics

5x Isothermal reaction buffer

1 M Tris, pH 7.5 stock: 2 ml
1 M MgCl, stock: 200 pl

10 mM dNTPs: 400 pul

1 M DTT: 200 pl
PEG-8000: 1 g

100 mM NAD™: 200 pl
Ampuwa: ad 4 ml

Gibson assembly
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2.1.6.

Culture media

Table 6: Culture media used in this study and their preparation.

Medium Preparation Application
Tryptone: 10 g .

Luria Bertani (LB) me- Yeast extract: 5 g g;}gg;%nolfi uid

dium, Miller modification =~ NaCl: 10 g q

Deionized water: ad 1000 ml

medium

Tryptone: 10 g
Yeast extract: 5 g

Culturing of bacte-

LB agar NaCl: 10 g ria on solid medium
Agar: 15 g
Deionized water: ad 1000 ml
£12i0£;;§.g5 Culturing of bacte-
No salt LB agar (NSLB) 08 ria on solid me-

Agar: 15 ¢g
Deionized water: ad 1000 ml

dium, mutagenesis

Mueller Hinton Broth, cat-
ion adjusted (MHB II)

BD BBL Mueller Hinton II Broth powder: 22 g
Ampuwa: Ad 1000 ml

Antibiotic suscepti-
bility testing

Tryptone: 20 g
Yeast extract: 5 g

Super optimal broth with NaCl: 0.5 ¢ Growth of bacteria
catabolite repression MgSO4: 4.8 g after transformation
(SOC) Glucose: 3.6 g by heat shock
KCI: 0.186 g
Deionized water: Ad 1000 ml
21.7. Antibiotic stock solutions
Table 7: Antibiotics used in this study and the preparation of their stock solutions.
Antibiotic Stock . Preparation of stock solution
concentration
Ciprofloxacin hydrochloride 5.12 mg/ml Ciprofloxacin monohydrate: 11.92 mg
monohydrate (CIP) ) Ampuwa: Ad 2 ml
Piperacillin sodium (PIP) 5.12 mg/ml lzgzrjgi{lizoglg{l' 26.69 mg
Ceftazidime pentahydrate: 11.93 mg
Na,COs3: ~1.1 mg
Ceftazidime pentahydrate 5.12 mg/ml Dissolve Na,COs in most of necessary water
(CAZ) ’ Dissolve ceftazidime pentahydrate in Na,COs
solution
Ampuwa: Ad 2 ml
tmipenem monohydrate (PM) 512 mgiml LR RN O el Ad 2 mi
Aztreonam: 10.24 (adjust for given correction
Aztreonam (AZT) 5.12 mg/ml factor) . .
Sat. NaHCOjs solution: g.s. to dissolve aztronam
Ampuwa: Ad 2 ml
Gentamicin (Genta) 10 mg/ml Dissolve in Ampuwa, sterile filter
Kanamycin (Kan) 50 mg/ml Dissolve in Ampuwa, sterile filter
Carbenicillin (Carb) 100 mg/ml Dissolve in Ampuwa, sterile filter
Ampicillin (Amp) 100 mg/ml Dissolve in Ampuwa, sterile filter
Tetracyclin hydrochloride (Tet) 10 mg/ml Dissolve in Ampuwa, sterile filter
Irgasan (Irg) 25 mg/ml Dissolve in EtOH, sterile filter
Azidothymidine 100 mg/ml Dissolve in MeOH, sterile filter




2. Materials and Methods

2.1.8. Antibodies
Table 8: Antibodies used in this study and the dilutions used for Western blotting.
Antibody Antigen Raised in Dilution Manufacturer
. . YgfB from
11323 cg;nal rabbit anti- aeruginosa Rabbit 1:500 Kristina Klein
& D40 YefB
Cell Signaling Tech-
gﬁ)ﬁ?ﬁfig OF4) HA-tag Rabbit 1:1000 nology, Danvers
(USA)
Anti-E. coli RNA~ E. coli RNA BioLegend, San Di-
Polymerase 3 Anti- polymerase [3- Mouse 1:1000 ego (USA)
body subunit &
Goat anti-Rabbit IgG . .
. Thermo Fisher Scien-
(H+L) Secondary An- Rabbit IgG Goat 1:10,000 .
tibody, HRP tific, Waltham (USA)
Rabbit anti-Mouse Thermo Fisher Scien-
IgG (H+L) Secondary Mouse IgG Rabbit 1:2000

Antibody, HRP

tific, Waltham (USA)

2.1.9.

Bacterial strains

Table 9: Bacterial strains used in this study. Strain descriptions written in italics and marked with quotation
marks are literally cited from Eggers et al. (2023). Strains described as “this work” were generated by me, strains
described as Bohn lab were generated by coauthors or colleagues in the lab.

Name of strain

Info

Source/Published in

Pseudomonas aeruginosa

ID40 strains

"Clinical bloodstream isolate, resistant
against cefepime, ceftazidime, imipenem,

Bohn lab (Eggers et al., 2023;
Sonnabend et al., 2020;

ID40 ciprofloxacin, levofloxacin, piperacillin Willmann, Gétting, et al.,
and piperacillin/tazobactam" 2018)
"In-frame deletion mutant encoding the

ID40Ayg/B first and last 10 amino-acids of ygfB. For Bohn lab (Eggers et al., 2023;

note: all following deletion mutants are
in-frame deletion mutants"

Sonnabend et al., 2020)

ID40AygfB::tha-ygfB

"vgfB deletion mutant complemented
with pJM220-rha-ygfB carrying the ygfB
coding sequence"

Bohn lab (Eggers et al., 2023;
Sonnabend et al., 2020)

1D40AampDh3

"ampDh3 deletion mutant"

Bohn lab (Eggers et al., 2023)

1D40AampDh3::tha-ampDh3

"ampDh3 deletion mutant complemented
with pJM220-rha-ampDh3 carrying the
ampDh3 coding sequence”

This work (Eggers et al.,
2023)

1D40AygfBAampDh3

"In frame deletion of both ygfB and
ampDh3"

Bohn lab (Eggers et al., 2023)

ID40::ampDh3-HiBiT

"Knock-in mutant carrying a strep-Tag
and the 11 amino acid HiBiT-tag at the
C-terminal end of AmpDh3"

This work (Eggers et al.,
2023)

ID40AygfB::ampDh3-HiBiT

"ygfB deletion mutant with HiBiT tagged
ampDh3"

Bohn lab (Eggers et al., 2023)

ID40AygfB::rha-ygfB::
ampDh3-HiBiT”

"ygfB complementant with HiBiT tagged
ampDh3"

This work (Eggers et al.,
2023)

ID40AalpA

"In-frame deletion mutant of alpA encod-
ing the first and last 10 amino-acids of
alpA "

Bohn lab (Eggers et al., 2023)
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Name of strain Info Source/Published in
"alpA deletion mutant complemented .
ID40AalpA::rha-alpA with pJM220-rha-alpA carrying the alpA ;"(1)1533;&/ ork (Eggers et al.,

coding sequence"

ID40AygfBAalpA

"Double in-frame deletion mutant of

vgfB and alpA"”

Bohn lab (Eggers et al., 2023)

1D40::alpA-HiBiT::HA-alpR

"ID40 wildtype with HiBiT tagged alpA
at the C-terminus and N-terminal HA-
tagged alpR"

Bohn lab (Eggers et al., 2023)

ID40AygfB::alpA-HiBiT::HA-
alpR

"vgfB deletion mutant with HiBiT tagged
alpA at the C-terminus and N-terminal
HA-tagged alpR"

This work (Eggers et al.,
2023)

ID40 pBBR1-532-luc

"ID40 wildtype with plasmid pBBR1-
332-luc”

Bohn lab (Eggers et al., 2023)

ID40AygfB pBBR1-532-luc

"ID404ygfB with plasmid pBBR1-532-
luc”

Bohn lab (Eggers et al., 2023)

Deletion mutant of ygfB, carrying
SmBiT-tagged ygfB under the control of

ID40Ayg/B::tha-SmBiT-yefB a rhamnose inducible promoter inserted Bohn lab
at the Tn7-site
ID40AygfB::tha-SmBiT-ygfB ID40AygfB::rtha-SmBiT-ygfB carrying a Bohn lab
pBBR1 LgBiT pBBRI1 plasmid encoding for LgBiT
B . ID40AygfB::rha-SmBiT-ygfB carrying a
ID40AygfB::tha-SmBiT-yefB pBBR1 plasmid encoding for LgBiT Bohn lab
pBBR1 LgBiT-radA fused to RadA
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
;I};‘];Oﬁf} gZ éﬂl?;{sb?gﬂ_y 2/B pBBRI1 plasmid encoding for LgBiT
- i fused to UbiH
B . ID40AygfB::rtha-SmBiT-ygfB carryinga  Bohn lab
ID40AyefB ,,r.ha-S‘mBlT-y s/B pBBRI plasmid encoding for LgBiT
pBBR1 LgBiT-zip4 fused o ZipA
B . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
II)%A};OI?{ g{i ﬁrll};l f\f?lT_y 2/B pBBRI1 plasmid encoding for LgBiT
- j fused to UvrB
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
g%%olf{; g{Bg "Bri}}?_;r:gﬁ_y &/B pBBR1 plasmid encoding for LgBiT
- ) fused to DinG
3 . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404yg/B::rha-SmBiT-yefB pBBRI1 plasmid encoding for LgBiT
pBBR1_LgBiT-mutL fused to MutL
3 . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
;I;‘];Os{} gﬁ; g?;l_’ir?E]BlT_y &/B pBBRI plasmid encoding for LgBiT
- ) fused to RhIE
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
;]%‘];Oﬁ{ g{Bg ”]Sri}}lf‘_’ir?ng_y &/B pBBRI plasmid encoding for LgBiT
- ) fused to RecG
B . ID40AygfB::rtha-SmBiT-ygfB carryinga  Bohn lab
I%‘];Oél{ g{B ];g,a__os gg};éT-y &/B pBBRI plasmid encoding for LgBiT
pEERl e fused to TUEID40_06036
B . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404ygfB: tha-SmBiT-ye/B pBBRI1 plasmid encoding for LgBiT
pBBR1 LgBiT-psliH fused to PsIH
3 . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
g;%olfi/ gljf; g}};l—}ir;l? iT-yefB pBBR1 plasmid encoding for LgBiT
- ) fused to RbsB
ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab

1D404ygfB::rtha-SmBiT-ygfB
pBBR1 LgBiT-05398

pBBRI1 plasmid encoding for LgBiT
fused to TUEID40_05398
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Name of strain Info Source/Published in
3 . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404yg/B::rha-SmBiT-yefB pBBR1 plasmid encoding for LgBiT
pBBR1_LgBiT-psiB fused to PsIB
B . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404yefB "r.ha_s.m BiT-ygfB pBBRI1 plasmid encoding for LgBiT
pBBR1 _LgBiT-nirQ fused to NirQ
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
;1})34]1301?{ g{i “];gfl_jz%T_y &/B pBBRI plasmid encoding for LgBiT
- ) fused to WaaG
B . ID40AygfB::rtha-SmBiT-ygfB carryinga  Bohn lab
;%A];Oﬁ]{ g{Bg "Bri},l?_]iz};ﬂ_y &/B pBBRI plasmid encoding for LgBiT
- ) fused to MreB
B . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404ygfB: tha-SmBiT-ye/B pBBRI1 plasmid encoding for LgBiT
pBBR1_LgBiT-ygfB fused to YefB
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
I%%Oé{/ g{B Brllzra_—OS SnélgéT_y &/B pBBR1 plasmid encoding for LgBiT
pEERl e fused to TUEID40_05668
3 . ID40AygfB::rha-SmBiT-ygfB carryinga  Bohn lab
ID404yefB ..rha—SmBlT—y &/B pBBR1 plasmid encoding for LgBiT
pBBR1 LgBiT-pleD fused to PleD
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
ID404ygfB::tha-SmBiT-yefB pBBR1 plasmid encoding for LgBiT
pBBR1 LgBiT-reld fused o RelA
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
;%A];Oﬁ]{ g{Bg "Bri},l?;S;E‘IBIT_y &/B pBBRI plasmid encoding for LgBiT
- i fused to SrkA
B . ID40AygfB::rtha-SmBiT-ygfB carryinga  Bohn lab
L%A};Oﬁf/ gﬁ; Brll?;tsbr?;g iT-ye/B pBBRI plasmid encoding for LgBiT
- ) fused to UbiB
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
II)%A};OI?{ g{i iéri}?_jg;]?T_y &/B pBBRI1 plasmid encoding for LgBiT
- ) fused to WaaC
B . ID40AygfB::tha-SmBiT-ygfB carryinga  Bohn lab
ID40AygfB::tha-SmBiT-yg/B pBBRI1 plasmid encoding for LgBiT
pBBR1 LgBiT-rpsE fused to RpsE
B . ID40AygfB::rtha-SmBiT-ygfB carrying a
ID40AyefB::tha-SmBiT-ygfB pBBRI1 plasmid encoding for LgBiT This work
pBBR1_LgBiT-AfID fused to HfID
B . ID40AygfB::rtha-SmBiT-ygfB carrying a
ID40AygfB::tha-SmBiT-ygfB pBBRI1 plasmid encoding for LgBiT This work
pBBR1 LgBiT-ibpA fused to TbpA
B . ID40AygfB::rha-SmBiT-ygfB carrying a
1131%41130}?{ g{i éﬂl?;irng-y &/B pBBRI plasmid encoding for LgBiT This work
- i fused to AsrA
B . ID40AygfB::rha-SmBiT-ygfB carrying a
ID40AyefB::tha-SmBiT-ygfB pBBRI1 plasmid encoding for LgBiT This work
pBBR1 LgBiT-lon fused to Lon
B . ID40AygfB::tha-SmBiT-ygfB carrying a
L%%Oﬁf; g{i éri}?_}lsez]zlpy 2/B pBBRI1 plasmid encoding for LgBiT This work
- ) fused to HemL
B . ID40AygfB::rha-SmBiT-ygfB carrying a
ID40AygfB::tha-SmBiT-yg/B pBBRI1 plasmid encoding for LgBiT This work
pBBR1 LgBiT-lpxB fused to LpxB
B . ID40AygfB::rtha-SmBiT-ygfB carrying a
ID40AygfB::tha-SmBiT-ygfB pBBRI1 plasmid encoding for LgBiT This work

pBBR1_LgBiT-ettA

fused to EttA
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Name of strain

Info

Source/Published in

ID40AygfB::rha-SmBiT-ygfB

ID40AygfB::rtha-SmBiT-ygfB carrying a

. pBBR1 plasmid encoding for LgBiT This work
pBBR1 LgBiT-rpoC fused to RpoC
Other Pa strains
PA14 (DSM No.19882) Clinical isolate from a human burn pa-~ oy 17 grainschweig

tient"

PA14 pBBR1-532-luc

PA14 carrying pBBR1-532-Iuc

Bohn lab (Eggers et al., 2023)

PA14AygfB

"In-frame deletion mutant encoding the
first and last 10 amino-acids of ygfB"

Bohn lab (Eggers et al., 2023)

PA14AygfB pBBR1-532-luc

"In-frame deletion mutant encoding the
first and last 10 amino-acids of ygfB;
with plasmid pBBR1-532-luc"

Bohn lab (Eggers et al., 2023)

ID72

"Clinical bloodstream isolate, MDR
strain”

Bohn lab (Klein et al., 2019;
Willmann, Gétting, et al.,
2018)

"Clinical bloodstream isolate, with plas-  This work (Eggers et al.,
ID72 pBBRI-332-luc mid pBBRI-532-luc" 2023)

"In-frame deletion mutant encoding the This work (Eggers et al.,
ID720y2/B first and last 10 amino-acids of ygfB" 2023)

"In-frame deletion mutant encoding the .
ID72AygfB pBBR1-532-luc first and last 10 amino-acids of ygfB; g(l)l;j,;v ork (Eggers et al.,

with plasmid pBBR1-532-luc"”

1D143

"Clinical bloodstream isolate, MDR
strain"

(Eggers et al., 2023;
Willmann, Gétting, et al.,
2018)

"Clinical bloodstream isolate, MDR This work (Eggers et al.,
ID143 pBBR1-532-luc strain; with plasmid pBBRI1-532-luc"” 2023)
"In-frame deletion mutant encoding the .
1D143AygfB pBBR1-532-luc first and last 10 amino-acids of ygfB; ; g(l)léz;vork (Eggers ctal,
with plasmid pBBR1-532-luc"
PAO1 DMSZ No.22644 "Infectious wound" DMSZ Braunschweig

PAO1 pBBR1-532-luc

PAOI carrying pBBRI1-532-luc

Bohn lab (Eggers et al., 2023)

PAO1Ayg/B

"In-frame deletion mutant encoding the
first and last 10 amino-acids of ygfB(...)"

Bohn lab (Eggers et al., 2023)

PAO1Ayg/B pBBR1-532-luc

In-frame deletion mutant of ygfB carry-
ing pPBBR1-532-luc

Bohn lab (Eggers et al., 2023)

Escherichia coli

SM10 A pir

"thi thr leu tonA lacY supE recA::RP4-2-
Tc::Mu Km Apir". Used for mobilization
of plasmids in P. aeruginosa during mu-
tagenesis

(Simon et al., 1983)

DH5a

One Shot™ TOP10 Chemically

Competent E. coli

"Used for propagation of plasmids dur-
ing cloning"

Thermo Scientific

Thermo Scientific

BL21 DE3

"fhuA2 [lon] ompT gal (A DE3) [dcm]
AhsdS 4 DE3 = ). sBamHIo AEcoRI-B
int::(lacl::PlacUVS5::T7 genel) i21
Anin5". Used for overexpression of pro-
teins using plasmids under control of a
T7 promoter

New England Biolabs (NEB)

Dh5a pirl 16

Used for propagation of plasmids carry-
ing a R6KYy origin, able to propagate
plasmids due to carrying pir gene

(Platt et al., 2000)

B2163

Auxotrophic for diamino pimelic acid
(DAP),

(Demarre et al., 2005)

BW25113

A(araD-araB)567, AlacZ4787(::rrnB-3),
A, rph-1, A(rhaD-rhaB)568, hsdR514,
parent strain of the Keio single gene

CGSC, (Datsenko & Wanner,
2000)
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Name of strain Info

knockout collection, derivative of E. coli
K12

Derivative of BW25113 from Keio col-
lection, AygfB::kan, deletion of ygfB,
carrying a kanamycin resistance cassette
in the CDS of ygfB

Cleaned up version of JW5473-1, kana-
mycin resistance cassette has been ex-
cised using pCP20 plasmid, carries inser-
tion sequence in f7ADC promoter leading
to overexpression of flagella regulon
In-frame deletion mutants of ygfB, con-
taining the first and last 10 amino acids
of ygfB, generated using the pSB890y
plasmid

Source/Published in

Brotz-Oesterhelt Lab, (Baba et

TW5473-1 al., 2006)

BW25113AygfB This work

BW25113AygfB new This work

2.1.10.

Table 10: Plasmids used in this study. Plasmid descriptions written in italics and marked with quotation marks
are literally cited from Eggers et al. (2023). Plasmids described as “this work™ were generated by me, plasmids

Plasmids

described as Bohn lab were generated by coauthors or colleagues in the lab.

Plasmid Info Source/Published in

” - - — R
pEXG2 S;élclllgeflc exchange vector with pBR origin, Gm", (Rietsch et al., 2005)

EXTK “Allelic exchange vector derived from pEXG?2, Bohn lab (Eggers et al.,

p sacB exchanged by thymidine-kinase; Gm®, Tk+”  2023)

“ L . . Bohn lab (Eggers et al.,
pEXG2Ayg/B (]g?fl;)_(gé gfrlvatlve_for the in-frame deletion of 2023 Sonnabend et al..

% 2020)

“pEXG?2 derivative for the in-frame deletion of Bohn lab (Eggers et al.,
PEXG2AalpA alpA-CDS” 2023)

“pEXG?2 derivative for the in-frame deletion of Bohn lab (Eggers et al.,
PEXG2AampDh3 ampDh3-CDS” 2023)

pEXG2::ampDh3-HiBiT

“pEXG?2 derivative for the C-terminal knockin of
Strep-HiBiT tag into ampDh3”

Bohn lab, made by
Genescript (Eggers et al.,
2023)

pEXG2::alpA-HiBiT

“pEXG?2 derivative for the C-terminal knockin of
HiBiT tag into alpA™

Bohn lab, HiBiT tag ob-
tained from Promega
(Eggers et al., 2023)

pEXTKAyg/B

“pEXTK derivative for the in-frame deletion of
ygfB-CDS”

Bohn lab (Eggers et al.,
2023)

pEXTK::HA-alpR

“pEXTK derivative for the N-terminal knockin of
HA-tag into alpR”

This work (Eggers et al.,
2023)

3 . “pETK derivative for the C-terminal knockin of Bohn lab (Eggers et al.,
PEXTK:ampDh3-HiBIT — pppir b ampDh3 2023)
“Mini-TN7 based vector with transcriptional ter- .
pIM220 minators, rhamnose inducible promoter and gl:)/lle 61§ner & Goldberg,
MCS, Gm®”
IM220yefB “pJM220 derivate for the complementation of the 286)211; lglgn(i%ienrs : :}’
P Y ygfB-CDS” ! ?
2020)
“pJM220 derivate for the complementation of the ~ Bohn lab (Eggers et al.,
pIM220aipA alpA-CDS” 2023)
“pJM220 derivate for the complementation of the ~ Bohn lab (Eggers et al.,
pIM220ampDh3 amppDh3-CDS [sic]” 2023)
pIM220_SmBiT-yg/B pIM220 derivative for the introduction of SmBiT- Bohn lab

tagged ygfB at the Tn7-site of ID40
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Plasmid Info Source/Published in
pTNS3 “Ampk, p,l’asmid expressing tnsABCD from Pl (Choi et al., 2008)
and Plac
pFLP2 “Cb*/Amp® sacB*; Flp recombinase” (Hoang et al., 2000)
“Overexpression vector und [sic] control of a tac-
pGEX-4T3 promoter, N-terminal GST tag and a thrombin GE Healthcare
cleavage site; Amp®’
“Overexpression vector under the control of a
pETM-30 T7-promoter, N-terminal His-GST-tag, N-termi- EMBL Heidelberg
nal TEV-cleavage site, Kan®”
“Overexpression vector under the control of a .
PETM-41 T 7—pr0m[;ter, N-terminal His-MBP-tag, Kar]z; ” EMBL Heidelberg
Derivative of pGEX-4T3 for the overexpression of Bohn lab (Eggers et al.,
PGEX-4T3_yefB GST-YgfB derived from P. aeruginosa ID40” 2023)
“Derivative of pETM-30 for the overexpression of Bohn lab (Eggers et al.,
PETM-30_yg/B His-GST-Yng{ Y / ? / 2023) (Fee
Derivative of pPETM30 for the overexpression of
pETM30 _Ec ygfB 6xHis-tagged YgfB derived from E. coli This work
BW25113
Derivative of pPETM30, carrying a stop-codon af-
pETM30_stop ter the coding sequence of His-GST. For purifica-  This work

tion of 6xHis-tagged GST

pETM-41 alpA

“Derivative of pETM-41 for the overexpression of
His-MBP-AlpA™

This work (Eggers et al.,
2023)

“Promoterless basic vector encoding Nanoluc

pNLI1.1 Luciferase” Promega

pVT77 “Vector containing lacl-tdk cassette” (Trebosc et al., 2016)
ME6032 “Modified pVS1-p15A shuttle vector including la- (Heeb et al., 2002),

P cl%-Pyu. promoter, Tc"” (Heeb et al., 2000)

pBBR1-MCS-5 “Broad host range vector, Gm®”’ (Obranic et al., 2013)

“pBBRI1-MCS-5 derivate containing ampDh3

pBBR1-532-luc promoter fragment bp -532 to -1 upstream of CDS 28(())2}?) lab (Eggers et al.,
fused to Nanoluc luciferase”
AmpR, containing LgBiT with an N-terminal GS
pBitl.1C linker for generation of C-terminally LgBiT- Promega
tagged fusion proteins
. pBBR1-MCS-5 derivate carrying LgBiT ampli-
PBBRI_LgBIT fied from pBitl.1C under a lac promoter Bohn lab
AmpR, containing LgBiT with a C-terminal GS
pBitl.IN linker for generation of N-terminally LgBiT- Bohn lab
tagged fusion proteins
Derivative of pBitl.1N carrying a N-terminally
pBitl.IN_LgBiT ygfB LgBiT-tagged YgfB, for amplification of LgBiT- ~ Bohn lab
ygfB CDS and cloning in pPBBR1-MCS5
pBBR1-MCS-5 derivate carrying LgBiT-YgfB
pBBR1 _LgBiT-ygfB under a lac promoter, LgBiT-yg/B amplified from Bohn lab
pBitl.IN LgBiT-ygfB
BBR1 LeBiT-radA pBBR1-MCS-5 derivate carrying LgBiT-RadA Bohn lab
P —-8 under a lac promoter
BBRI LeBiT-ubil pBBR1-MCS-5 derivate carrying LgBiT-UbiH Bohn lab
P —-5 under a lac promoter
BBRI LeBiT-zipd pBBRI1-MCS-5 derivate carrying LgBiT-ZipA Bohn lab
P —-5 P under a lac promoter
BBRI LeBiT-uwB pBBRI1-MCS-5 derivate carrying LgBiT-UvrB Bohn lab
P —-8 under a lac promoter
BBRI LeBiT-dinG pBBR1-MCS-5 derivate carrying LgBiT-DinG Bohn lab
P —-8 under a lac promoter
pBBR1-MCS-5 derivate carrying LgBiT-MutL Bohn lab

pBBR1_LgBiT-mutL

under a lac promoter
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Plasmid Info Source/Published in
pBBRI_LgBiT-recG pBBRI1-MCS-5 derivate carrying LgBiT-RecG Bohn lab
- under a lac promoter
pBBR1_LeBiT-rhiE pBBR1-MCS-5 derivate carrying LgBiT-RhlE Bohn lab
- under a lac promoter
. BBR1-MCS-5 derivate carrying LgBiT-
PBBRI_LgBIT-06036 I%UEID4O 06036 under a l;f:y pr(%mogter Bohn lab
pBBRI LgBiT-pslH pBBRI1-MCS-5 derivate carrying LgBiT-PsIH un-  gohn 1ab
- der a lac promoter
pBBRI LgBiT-rbsB pBBR1-MCS-5 derivate carrying LgBiT-RbsB Bohn lab
- under a lac promoter
. BBR1-MCS-5 derivate carrying LgBiT-
PBBRI_LgBIT-05398 gUEID4O 05398 under a 1;?’ pr;gmogjcer Bohn lab
BBRI LeBiT-psiB pBBRI1-MCS-5 derivate carrying LgBiT-PsIB un-  Bohn 1ab
P —-E51p der a lac promoter
pBBRI_LgBiT-nirQ pBBRI1-MCS-5 derivate carrying LgBiT-NirQ Bohn lab
- under a lac promoter
pBBRI_LgBiT-waaG pBBR1-MCS-5 derivate carrying LgBiT-WaaG Bohn lab
- under a lac promoter
pBBRI_LgBiT-mreB pBBR1-MCS-5 derivate carrying LgBiT-MreB Bohn lab
- under a lac promoter
. BBR1-MCS-5 derivate carrying LgBiT-
pBBRI_LgBIT-05663 I"}UEID4O 05668 under a laf:ypr(%m(;gter Bohn lab
BBRI LeBiT-pleD pBBR1-MCS-5 derivate carrying LgBiT-PleD un-  gohn 1ab
p —-gB1p der a lac promoter
pBBR1_LgBiT-reld pBBRI1-MCS-5 derivate carrying LgBiT-RelA Bohn lab
- under a lac promoter
pBBRI LgBiT-srkA pBBRI1-MCS-5 derivate carrying LgBiT-SrkA Bohn lab
- under a lac promoter
pBBRI_LgBiT-ubiB pBBR1-MCS-5 derivate carrying LgBiT-UbiB Bohn lab
- under a lac promoter
pBBRI_LgBiT-waaC Ef(il:; llzl/iCpSrOSm doirelrvate carrying LgBiT-WaaC Bohn lab
BBRI LeBiT-rosE pBBRI1-MCS-5 derivate carrying LgBiT-RpsE Bohn lab
P —-5 P under a lac promoter
pBBRI_LgBiT-AfID Ei]fef; gf:cpiosm ‘L‘ire‘rvate carrying LgBIT-HID i e
pBBR1_LgBiT-ibpA Effe}:; chcpsmSm ‘zigrvate carrying LgBiT-TopA This work
BBRI LeBiT-asrd pBBR1-MCS-5 derivate carrying LgBiT-AsrA This work
P —-8 under a lac promoter
BBRI LeBiT-lon pBBR1-MCS-5 derivate carrying LgBiT-Lon un- This work
P —-8 der a lac promoter
BBR1 LeBiT-heml pBBR1-MCS-5 derivate carrying LgBiT-HemL This work
p —-8 under a lac promoter
BBRI LoBiT-IoxB pBBR1-MCS-5 derivate carrying LgBiT-LpxB This work
p —-8 P under a lac promoter
BBRI LeBiT-ettd pBBR1-MCS-5 derivate carrying LgBiT-EttA un- This work
p —-8 der a lac promoter
pBBRI_LgBiT-rpoC pBBR1-MCS-5 derivate carrying LgBiT-RpoC This work

under a lac promoter

Suicide plasmid, derivate of pSB890, Pstl restic-

pSBEI0y tion sites removed, Tet®?, R6Ky origin (Weirich et al., 2017)
Derivate of pSB890y containing the first and last

pSB890y ygfB 10 amino acids of ygfB, for mutagenesis of This work
BW25113

pCP20 AmpR, temperature-dependent replication, ther- (Cherepanov &

mal induction of FLP recombinase

Wackernagel, 1995)

44



9%

2. Materials and Methods

2.1.11. Oligonucleotides

Table 11: Primers used for cloning and mutagenesis. Primer descriptions written in italics and marked with quotation marks are cited literally from Eggers et al. (2023).

Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3°¢

PEXG?2 derivates

“Gibson assembly of linearized pEXG?2 (template pEXG2) with up and down fragments (template ID40). Sequencing primers: 3pEXG2 _seq fand 4pEXG2 _seq r. For
validation of mutants the primer GOI seqF / GOI seqR and GOI seqF / GOI seq insideR were used”

gib uni pEXG2 f (linearization of vector) aggtcgactctagaggatcc
gib uni pEXG2 r (linearization of vector) ttccggctcgtataatgtgt
3pEXG2 seq f tactgtgttagcggtctg
4pEXG2 seq r gatccggaacataatggtg

1572alpA up F

agctaattccacacattatacgagccggaaagtaccccgageatccac

1573alpA up R

aataccatgtttcaaagtaccgagcaggeggaggtggggatcgtgggc

1574 alpA dn F

tttttagegetcgececacgatecccaccetcegectgeteggtactttg

PEXG2AalpA 1575alpA dn R tcgagceceggggatectetagagtcgacctttgaagetgegaatgege
1578AlpA seq F ttggctcggacatggatg
1579alpA seq R caagcgtccgtatatggg
1580alpA inside R ctgtcgaagagcaccctg
959 ampDH3 up F agctaattccacacattatacgagccggaaccaggtgatcetgtcgatg
960 ampDH3 up R atgctgaccatcgactacaacagctatcgetacgetctgaacgagaaatacee
961 ampDH3 dn F tcaggccgggtatttctegttcagagegtagegatagcetgttgtagtcgatg
PEXG2AampDh3 967ampDh3 dn R tcgageccggggatectctagagtegacctttcatcctgaccctetgeg
963ampDH3 seq F attcggccattcgatgag
964ampDH3 seq R cggaggctttccatcatce
965ampDH3 inside R gccttccagatgeatttec

PEXG2::alpA-HiBiT

1620alpAHiBiT up F

agctaattccacacattatacgagccggaaggacttgccgegetcecagate

1621alpAHiBiT up R

ttcttgaacagecgecagecgetcactcecactcgaaccaccgetcgageegegetegeccacgateee

1622alpAHiBiT dn F

gagtgageggctggcggctgtticaagaagattagctaaaaaaatttctgtatgaaaacggettttcec

1623alpAHiBiT dn R

gaattcgagctcgageecggggatcetctagagtcgacctaggtgcteggeacgatac

1624alpAHiBiT seq F

ggcgggatttcgtecttg

1625alpAHiBIT seq R

gagcttggcteggacatg

1081HiBIiT inside R

tcttcttgaacageegee

PEXG2-ampDh3-HiBiT up

“Gibson assembly of linearized pEXG?2
with ampDh3_up fragment (ID40 as tem-
plate) and strep-HiBiT fragment”

1072 ampDh3 up F

agctaattccacacattatacgagccggaaatgctgaccatcgactacaac

1073ampDh3 up R

cttctcaaattgaggatgactccacgegetggecgggtatttetegtt

1074strep-HiBiT F

ctctacgctctgaacgagaaatacceggecagegegtggagtcatee

1075strep-HiBiT R

tcgageccggggatectctagagtegacctttagetaatcttcttgaacagecg
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Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

1073ampDh3 up R

cttctcaaattgaggatgactccacgegetggecgggtatttetegtt

PEXG2-ampDh3-HiBiT

“Gibson assembly of linearized pEXG2-
ampDh3-HiBiT up (pEXG2-ampDh3-
HiBiT up as template) and downstream

1076peXG2-HiBiTup_lin_F (Linearization of
vector)

ttagctaatcttcttgaacagecgecageegetcactecactcgaaccac

1077peXG2-HiBiTup lin_R (Linearization of
vector)

aaatcggccagceagttgcaggttcaggecgaggtcgactctagaggateec

1078ampDH3dn F

ggctggcggctgttcaagaagattagetaagecattaaccgegageg

1285ampDh3dn R

tcgagcccgggeatectctagagtegacctgetggtgaccetgcetetac

fragment” 1080ampDH3 seq F gaaggaactctacgaggeceg
1081HiBIiT inside R tcttcttgaacagecgec
963ampDh3 seq R attcggccattcgatgag
1371pEXG2 lin R aaacgcaaaagaaaatgccg

pEXTK
“Gibson assembly with linearized pEXG2
and lacl-tdk fragment from pVT77,;1375-

1372pexAZTlin F

gcaggtaagctaattccacac

1373lacl-tdK F

cttccataatcggcattttcttttgegtttttaatcgtggegatgectttc

1374lacl-tdk R

tcgtataatgtgtggaattagettacctgegacaccatcgaatggtgcaaaac

1375pEXTKseql F

cttatgtcaattcgagaattacg

1378 sequencing primer”’ 1376pEXTKseq2 R gagattcgtgcggaacatg
1377pEXTKseq3 F acctatacgcgaactgac
1378pEXTKseq4 F gttaacggcgggatataac

pPEXTK derivates

“Gibson assembly of linearized pEXTK (template pEXTK) with up and down fragment (template ID40). Sequencing primers: 1388pEXT seqF and 4pEXG2 _seq r For

validation of mutants the primer GOI seqF / GOl seq R and GOI seq F/GOI inside R were used”

1gib_uni pEXG2 F (linearization of pEXTK
vector)

aggtcgactctagaggatcc

1467gib_uni pEXTK R (linearization of
pEXTK vector)

ttccggcetegtataatgtgtggaattagettacctge

1388pEXT seqF

accctgaattgactctcttce

704pEXG2 ygfB up F

agctaattccacacattatacgagccggaagtagcagtcgatctcgecag

pPEXTKAygfB 707pEXG2 ygfB dn R ctcgecgaggeggecatgecggtetcgecgecttcactgeactgaggttte
“Template for ygfB insert derived from 708ygfB seq F catgaccttcacttcgttg
PEXG24ygfB” 709ygfB seq R cttgtcgagaatctgcac

710ygfB inside R ggaagtcatggaatacctg

pEXTK-HA-alpR

1599HAalpR up F

agctaattccacacattatacgagccggaaggacatggatgactcccg

1600HAalpR up R

gtaagcgtaatctggaacatcgtatgggtacataggtggaaagactaaggg

1601HAalpR_dn_F

tacccatacgatgttccagattacgcttacccatacgatgttccagattacgetgaactca-
aagatcgcatcaagg

1602HAalpR dn R

tcgagceccggggatectctagagtcgaccttcagaccageaccgagtac
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Plasmid Primer for Gibson Cloning/PCR/Sequencing  Sequence 5‘-3¢
1603HAIpR seq F gcgaaacgcacggtcatc
1604HAalpRseq R gcgetccagatcggaaatg
1248 HA inside R tggaacatcgtatgggtaage
PEXTK-ampDh3-HiBiT 1072 ampDh3 up F agctaattccacacattatacgagccggaaatgctgaccatcgactacaac
v . ) 1285ampDh3 dn R tcgagcceggggatcctetagagtcgacctgetggtgaccctgcetctac
Gibson assembly using linearized 1080ampDH3 seq F AACRAACHCIACRARICE
PEXTK and ampDh3-strep-HiBiT frag- npTo_S€q_ £2358 £3BECCE
s ” 1081HiBiT inside R tettcttgaacagecgec
ment (from pEXG2-HiBiT as template)
963ampDh3 seq R attcggccattcgatgag

pJM220 derivatives
“Gibson assembly of linearized pJM220 (template pJM220) with coding seqeunce of GOI. For validation of plasmids the primers 777pJM220 _seq f and
778pJM220 seq r were used”

777pIM220 seq f ttttcaagatacagcgtgaa

778pIM220 seq r gcccaaacataacaggaaga

773Gib_uni pJM220 F (linearization of vector) tacctcgcgaaggecttgea

pIM220 _alpA

“Gibson assembly of linearized pJM220 774Gib_uni_pJM220 R (linearization of vec-

aagcttctcgaggaattectge

; . tor)
W;atil;]lgﬁ OjO,,d’”g sequence of ID40 (tem- 2074 pJM220 alpA F agtgctctgcaggaattcctcgagaagcttatgtttcaaagtaccgag
p 2075pJM220 alpA R ctggttggcctgcaaggcecttcgegaggtattagegetcgeccacgate

773Gib_uni_pJM220 F (linearization of vector) tacctcgcgaaggecttgea

pIM220 ampDh3

“Gibson assembly of linearized pJM220 774Gib_uni pJM220 R (linearization of vec-

aagcttctcgaggaattectge

with ampDh3 coding sequence of ID40 tor)
(template ID40)”
2072pJM220 ampDh3 F agtgctctgcaggaattcctcgagaagcttatgetgaccatcgactacaac
2073pJM220 ampDh3 R ctggttggcctgcaaggecttcgegaggtatcaggecgggtatttcteg
pIM220_SmBiT-ygfB 1986Gib_uni_ pJM220-SmBiT-YgfB lin-F atgtccactcagaattccgec
SmBIiT amplified using 1987/1988 using 774Gib_uni pJM220 r aagcttctcgaggaattectge
pBiT2.1C as template, pJM220 ygfB lin-  1987Gib-pJM220-SmBiT-YgfB F ctctgcaggaattcctcgagaagcettgtgaccggetaccggetg
earized using 1986/774 1988Gib-pJM220-SmBiT-YgfB R ggcgctgtaggcggaattctgagtggacatacctgacgaccctecaccte
Others
845Gib pGEX4T3 R ggaattcggggatccacgeg
pGEX4T3 ygfB 846Gib pGEX4T3 F cgggtcgactcgagegge
“Gibson assembly of linearized pGEX4T3 843Gib pGEX4T3 ygfB F gatctggttccgegtggatecccgaattccatgecggtetcgecggece
with coding sequence of ygfB (template 844Gib pGEX4T3 ygfB R atcgtcagtcagtcacgatgeggecgetcgagtegaccegtcagtgcagtgaaggettgggagegg
1ID40); 847 and 848 sequencing primer” 847pGEX4T3 seq F atgttgtatgacgctcttga

848pGEX4T3 seq R caagaattatacactccgct
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Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

1693T7 prom

taatacgactcactataggg

1694T7 term sw

gctagttattgctcagegg

pETM-41 _alpA

“Gibson assembly of linearized pETM-41
with coding sequence of alpA (template
ID40); 1693 and 1694 sequencing pri-

”

mer

1769 pETM41 lin F

taatgaggtaccggatccgaattcgage

1770 pETM41 lin R

gcccatggegecctgaaaataaag

1771 pETM41 MBP-AlpA-fw

gagaatctttattttcagggcgecatgggctttcaaagtaccgagcaggeg

1772_pETM41_MBP-AlpA_rw

gagctcgaattcggatceggtaccteattattagegetcgeecacgat

pETM-30_ygfB

“Gibson assembly of linearized pETM-30
with coding sequence of ygfB (template
ID40); 1693 and 1694 sequencing pri-

>

mer

1824 pETM-30 linF

taaggtaccggatccgaattcg

1825 pETM-30 linR

gecatggegecctgaaaa

1826 pETM-30 ygfB insert F

gagaatctttattttcagggcgccatggegatgtccactcagaattccgec

1827 pETM-30 ygfB insertR

acggagctcgaattcggatccggtaccttagtgcagtgaaggettggg

pETM30 Ec ygfB

“Gibson assembly using linearized
PETM30 (1824/1825) and Ec_ygfB (tem-
plate E. coli BW25113); Sequencing pri-
mer: 1693/1694”

2508 pETM30 Ec-ygfB f

gagaatctttattttcagggcgccatggcgatgtctatacagaacgaaatgec

2509 pETM30_Ec ygfB r

gacggagctcgaattcggatceggtaccttattagtgtagagteggtttttgtac

pETM30_stop

Gibson assembly of a pETM30 plasmid
linearized with the shown primers, insert-
ing a stop codon behind the GST coding
sequence; Sequencing primer: 1693/1694

2607pETM30 stop f

gagaatctttattttcagggcgcecatggegtaaggtaccggatcegaattcg

2608pETM30_stop r

acggagctcgaattcggatccggtaccttacgecatggegecctgaaaa

pSB90y ygfB
Gibson assembly of the linearized

pSB890y plasmid with up and down frag-
ments of ygfB, Template: E. coli
BW25113, plasmid was sequenced with
357/358, mutants were confirmed by PCR

347 pSB890y fwd (linearization of vector);
from AG Schiitz

caagctcaataaaaagccccac

348 pSB890y rev (linearization of vector);
from AG Schiitz

caagagggtcattatatttcgeg

2602pSB890y yefB up f

gttattccgcgaaatataatgaccctcttgggtaatatcgecagegtaac

2603pSB890y ygfB up r

atgtctatacagaacgaaatgcctggttacccagaagtacaaaaaccgactc

2604pSB890y yefB dn f

ttagtgtagagtcggtttttgtactictgggtaaccaggcatttcgttctg

2605pSB890y yefB dn r

ccaccgceggtgggactttttattgagcttggcggattictigtcgggata

357 p890seqF; from AG Schiitz

cgtcaccaaatgatgttattcc

with 2232/2233 and 2232/2606 358 p890seqR; from AG Schiitz gtteagaagcggtgtaagte
2232Keio JW5473-1 ygfB f ggttaaacagaacgctgtgg
2233Keio JW5473-1 ygfB r gcetgecttegtetttagace
2606pSB890y ygfB inside r ggtcaatcacttcctgettg
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Plasmid Primer for Gibson Cloning/PCR/Sequencing  Sequence 5‘-3¢
Screening clones after excision of kan® by
pCP20 2225 Keio proof ki cagtcatagccgaatagect

2232 and 2233 were used as well as 2225

Screening for insertion of IS-element in
fIhDC promoter

2485Ec¢ flIhDC ko dnF

ttaaacagcctgtactctctgttcatccagaatgtgtttcagcaactcg

2486Ec flhDC ko dnR

ccaccgeggtggggctttttattgagettgaagegagagtaattaaactgatg

pBBR-532-Iuc

“Gibson assembly of linearized pBBR
with ampDh3 promoter fragment -1 to -
532 prior to CDS (template ID40) and
nanoluc (template pNLI.1); Sequencing
primer: 944 and 945

946 pBBR1 lin R

gegttaatattttgttaaaattcgeg

947 pBBR1 lin F

gectggootocctaatgag

948 nanoluc pBBR-F

aacgcgaattttaacaaaatattaacgcttacgccagaatgegttcg

949nanoluc pbbr R

ctttccatcatccgaaaaaaggtgaaaaccatggtcttcacactcgaagattte

950ampDH3 532 F

cccaacgaaatcttcgagtgtgaagaccatggttttcaccttttttcggatgatg

951 ampDH3 532 R

gagttagctcactcattaggcaccccaggetagecgetetgtcgaggg

944 pBBR1 seqF

cttattcaggcgtageac

945 pBBR1 seqR

cttattcaggcgtageac

pBBR1_Igbit and derivates

Sequencing primer for N-terminally LgBiT-tagged constructs made from PBBR1 LgBiT-ygfB: 2481 and 1757

2431 lgbit-x sequniF gtaacagggaccctgtgg
1757pBBRseqlgbitF tcgcagtcggectattgg
1758pBBRseqlgbitR gcaccccaggctttacac

pBBRI1 lgbit

Gibson assembly of linearized pPBBR1-
MCSS5 with LgBiT-insert amplified from
pBitl.1C

Sequencing primer: 1757/1758

1753pBBRlaclinF (linearization of backbone)

catagctgtttcctgtgtgaaattg

1754pBBRlaclinR (linearization of backbone)

gcegttaatattttgttaaaattcgeg

1755pbbrlgbitF

ttaacgcgaattttaacaaaatattaacgcttagcetgttgatggttactcggaaca

1756pBBRIgbitR

gataacaatttcacacaggaaacagctatggtcttcacactcgaagatttcgttg

pBiT1.IN LgBiT-ygfB

Gibson cloning of linearized pBit1.1N and
ygfb (Template ID40)

Sequencing primer: 1743/1744

1773 1gBit-ygfB-for (linearization of backbone)

tccaccgetcgagectee

1774 1gBit-ygfB-rev (linearizatio of backbone)

taagctagcagatcttctagagtcgggg

1775 1gBit-ygfB-gib-for

ggegggageggaggtgoagactcgageggtggatecactcagaattcegectac

1776 1gBit-ygfB-gib-rev

cgcecccgactctagaagatetgetagettagtgcagtgaaggettggg

1743p2.1NCseqF

ctcgaacaccgagegace

1744p2.1NCseqR

agttgtggtttgtccaaactcatc

pBBBR1 LgBiT-ygfB

Gibson assembly of linearized pBBR1-
MCSS5 (1753/1754) with LgBiT-ygfB in-
sert amplified from pBiT1.IN_LgBiT-

yefB
Segencing primer: 1757/1758

1777 pBBRIgbit-ygfBgib-for

acgcgaattttaacaaaatattaacgcttagtgcagtgaaggcttggg

1778 pBBRIgbit-ygfBgibRev

gataacaatttcacacaggaaacagctatgatggtcttcacactcgaagatttc

pBBRI1 lIgbit-radA
Gibson assembly of linearized

1754pBBRlaclinR (linearization of backbone)

gegttaatattttgttaaaattcgeg

1773 1gBit-ygfB-for (linearization of backbone)

tccaccgetegagectee
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Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

pBBR1 LgBiT-ygfB and insert amplified
from ID40

1965 1gBitradA F

gggagecggaggtggagoctcgageggtggagccaaggcecaagegeatg

1966 lgbitradA R

ttaacgcgaattttaacaaaatattaacgctcactcgaagagggcgte

pBBR1 _Igbit-ubiH

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from ID40

1971 Igbit ubiH-F

gggageggaggtggagoctcgageggtggaagcaaggtcaacctggcg

1972 Igbit ubiH_R

ttaacgcgaattttaacaaaatattaacgectacageggeegegegee

pBBRI1 _lgbit-zipA

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from 1D40

1969 lgbit zipA F

gggagcggagotggagoctcgageggtggaatatcggtetgegegaatg

1970 Igbit zipA R

ttaacgcgaattttaacaaaatattaacgctcagegcttctgcatcagg

pBBRI1 lIgbit-uvrB

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

1967 lgbit uvrB_F

gggageggaggtgoagoctcgageggtggagatacgttccaactcgacte

1968 Igbit uvrB R

ttaacgcgaattttaacaaaatattaacgctcagacgttgaccaggeg

i g 2076pBBRIgbitdinGF gggageggaggtegagectcgageggtggactcagegecgaactcaag
I()}]?‘ti Io{rizl];i]?rigl- dglginearize d 2077pBBRIgbitdinGR ttaacgcgaattttaacaaaatattaacgctcaggegatttcccgecg
pBBR1 LgBiT-};lgtB and insert amplified 2088d%ngGseq1R ticaccagticcggeage
from 1D40 2089dingGseq2R gaaatcgcecgatetcttc
2090dinGseq3R ttcctgcageageacgte

pBBR1 LgBiT-mutL

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from ID40

2082pBBRIgbitmutlnewF

gggagcggagotggagoctcgageggtggaagtgaageacegegtate

2083pBBRIgbitmutLnewR

ttaacgcgaattttaacaaaatattaacgctcagegtccgegeaggaa

pBBR1 _LgBiT-recG

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from ID40

2080pBBRIgbitrecG F

gggageggagatggagoctcgageggtggaaccgagetgtccagggte

208 1pBBRIgbitrecG R

ttaacgcgaattttaacaaaatattaacgctcacacttgaccgtattgetgg

2084 recGseqlR

tggcaggtaagetecteg

2085recGseq2R

ccgaggttgocaaggaag

pBBR1 LgBiT-rhlE
Gibson assembly of linearized

2078pBBRIgbitPA3950rhlE F

gggagcggagotogagoctcgageggtggaacgttcgetteecteggte

2079pBBRIgbitPA3950rhlE R

ttaacgcgaattttaacaaaatattaacgcctatttgccggatgeceg

pBBR1_LgBiT-ygfB and insert amplified  2086rhlseqlR ttgtcgccatggatcgag

from ID40 2087rhlEseq2R aaccaggaccagtgcacg

pBBR1_LgBiT-06036 25811gbit06036 gggagcggaggtggaggctcgageggtggaaagtticgaaggcacccagtectacg
Gibson assembly of linearized

pBBR1_LgBiT-ygfB and insert amplified  25821gbit06036 ttaacgcgaattttaacaaaatattaacgctcageggetggegegge

from ID40

pBBR1 LgBiT-pslH 25191gbitpslH F ggagcggaggtggaggoctcgageggtggacgtattctctggatectgeectac

Gibson assembly of linearized

25201gbit psIH R

ttaacgcgaattttaacaaaatattaacgcctatgcgcatgecggeg




IS

2. Materials and Methods

Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

pBBR1 LgBiT-ygfB and insert amplified
from ID40

pBBR1_LgBiT-rbsB 2536lgbitrbsBFwd gggagcggaggtegagectcgageggtggaatgaagegggtegettee
Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified  2537IgbitrbsBRev ttaacgcgaattttaacaaaatattaacgctcagggegeggtcaccaa
from ID40

pBBR1 LgBiT-05398 2432 1gbit 05398 Fwd gggageggaggtggagectcgageggtggageggcgectaccgacge

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from 1D40

2433 1gbit 05398 Rev

ttaacgcgaattttaacaaaatattaacgctcagcattggecggtetectcg

pBBR1 LgBiT-psiB

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

2447 Igbit psIB Fwd

gggageggaggtggagoctcgageggtggaaacgecgtcgecccget

2448 Igbit psIB Rev

ttaacgcgaattttaacaaaatattaacgctcaggctttcttctcgtegetg

2449 Igbit psIB Seql

ttgcagaagaccttcctg

pBBR1_LgBiT-nirQ

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from ID40

2436 Igbit nirQ Fwd

ggageggaggtggagoctcgageggtggacgggacgegacaccctte

24371gbit nirQR

ttaacgcgaattttaacaaaatattaacgctcaggegacatggagatcg

pBBR1_LgBiT-waaG

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from 1D40

2443 1gbit waaG fwd

cgggageggaggtegaggctcgageggtggaaccetggegttcatecte

2444 1gbit waaG rev

ttaacgcgaattttaacaaaatattaacgctcatgaggccteccegag

pBBR1_LgBiT-mreB
Gibson assembly of linearized

2566l1gbitmreB Fwd

gggagcggagotogagoctcgageggtggattcaaaaaattgegtggcatg

pBBRI1 LgBiT-ygfB and insert amplified  2567IgbitmreBrev ttaacgcgaattttaacaaaatattaacgcttactcggtggagageagg
from ID40

pBBR1 LgBiT-05668 2440 1gbit 05668 fwd gggagcggaggtggaggctcgageggtggacgecgttggaatggetgg
Gibson assembly of linearized 2441 Igbit 05668 rev ttaacgcgaattttaacaaaatattaacgctcagtcctgcagcagggte
?rBOEE]ID—“IZ)gBIT_yng and insert amplified 2442 1gbit 05668 seql tcgetggagegceatgaac

pBBR1_LgBiT-pleD 2578lgbitpleD fwd gggageggaggtegagectcgageggtggaatgaccgageacgatgac
Gibson assembly of linearized 25791gbitpleD rev ttaacgcgaattttaacaaaatattaacgcttatcgagegtegggacg
If)rBOEI}]IDZI(J)gBIT-yng and insert amplified 2580IgbitpleDseqlF gcgatcgtcatggaagtc

pBBR1_LgBiT-relA 2429 pBBRIgbit rela FWD gggagcggaggtegagectcgageggtggagtacaggtgagagegeac
Gibson assembly of linearized 2430pBBR Igbit relA rev ttaacgcgaattttaacaaaatattaacgctcaaggcgtacggttgcg




(43

2. Materials and Methods

Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

pBBR1 LgBiT-ygfB and insert amplified
from ID40

pBBR1_LgBiT-srkA 25641gbitsrkA Fwd gggagcggaggtegagectcgageggtggacceccatcecttcgaccaac
Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified  2565Igbit srkARev ttaacgcgaattttaacaaaatattaacgctcagaacagececgeagegg
from ID40

pBBR1 LgBiT-ubiB 25851gbitubiBFwd gggageggaggtggagactcgageggtggaaagetectegetgteege
Gibson assembly of linearized 2586lgbitubiBrev ttaacgcgaattttaacaaaatattaacgcctageggegcaggatcag
PBBRI_LgBiT-ygfB and insert amplified 25871gbitubiBseqlF gacgaactcgacctgctc

from ID40

pBBR1 LgBiT-waaC

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

2445 Igbit waaC fwd

gggageggaggtggaggctegageggtggaagggtactgetggicaaga

2446 Igbit waaC rev

ttaacgcgaattttaacaaaatattaacgctcatcggagggtctceg

pBBR1_ LgBiT-rpsE

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from ID40

2568lgbit rpsE Fwd

gggagcggagotggagoctcgageggtggageaaacaacgageaaaag

25691gbitrpseE Rev

ttaacgcgaattttaacaaaatattaacgcttagagaatctectcgacge

pBBR1 LgBiT-hflD

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from 1D40

2774pBBr_Igbit-hflD neu f

gggagcggagotggagoctcgageggtggaagegatccgegacageaac

2775pBBr_lgbit-hflD neu r

ttaacgcgaattttaacaaaatattaacgcggetggceteeccggecatg

pBBR1 LgBiT-lpxB

Gibson assembly of linearized

pBBRI1 LgBiT-ygfB and insert amplified
from 1D40

2776pBBr_lgbit-lpxB _f

gggageggaggtggaggctegageggtggagetgacggatigegegtag

2777pBBr_lgbit-lpxB r

ttaacgcgaattttaacaaaatattaacgctcagcggegcetccaccag

pBBR1 LgBiT-rpoC

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

2778pBBr _lgbit-rpoC f

gggageggaggtggagoctcgageggtggaaaagacttgcttaatctgtigaaaaace

2779pBBr_lgbit-rpoC _r

ttaacgcgaattttaacaaaatattaacgcttagttaccgetcgagttcage

pBBR1 LgBiT-ettA

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from ID40

2781pBBr_lgbit-ettA

gggageggaggtggaggactcgageggtggagetcagtacgtctacaccatg

2782pBBr_lgbit-ettA r

ttaacgcgaattttaacaaaatattaacgcttacgccagtttcttgtageg

pBBR1_LgBiT-hemL
Gibson assembly of linearized

2783pBBr_Igbit-hemL f

gggagcggagotogagoctcgageggtggatecegttccgaaacgetg

2784pBBr_Igbit-hemL r

ttaacgcgaattttaacaaaatattaacgcgceecgegaagaggatcatttc
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Plasmid

Primer for Gibson Cloning/PCR/Sequencing

Sequence 5°-3¢

pBBR1 LgBiT-ygfB and insert amplified
from ID40

pBBR1 LgBiT-ibpA

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

2785pBBr Igbit-ibpA

gggagcggagotogagoctcgageggtggaageaacgctttttceeteg

2786pBBr_lgbit-ibpA r

ttaacgcgaattttaacaaaatattaacgcttactggttgtecagtgecg

pBBR1 LgBiT-lon

Gibson assembly of linearized
pBBR1_LgBiT-ygfB and insert amplified
from 1D40

2787pBBr _lgbit-lon f

gggagcggagotogagoctcgageggtggaaaaacactegtegaattgece

2788pBBr_lgbit-lon_r

ttaacgcgaattttaacaaaatattaacgcctaatgegtgctaattcgetec

pBBR1 LgBiT-asrA

Gibson assembly of linearized

pBBR1 LgBiT-ygfB and insert amplified
from 1D40

2789pBBr Igbit-AsrA f

gggageggaggtgoagactcgageggtggaagegaccaggacattaatcee

2790pBBr_lgbit-AsrA r

ttaacgcgaattttaacaaaatattaacgctcaggecgggaacageac

Table 12: Primers used for (RT)-qPCR.

Name

Sequence 5°-3°¢

Pa rpoS F tgccgatccatgtggtcaag

Pa rpoS R gttggcgatttcttcgggtg

Pa gytB F cgtaacctgaacaactacatcgag
Pa gytB F aagtacttgcccatctectgttc
Pa ygfB F tccatatagtccgtetegee

Pa ygfB R gggtttcctegeeggttt

Ec gyrB F gctgttetttgtegttcagtte

Ec gyrB R aatcgtatggagcgtcgttate
Ec ygfB f acgcaaccgaagctggataa
Ec yefB r cgtcttcgtcgtaacccagt
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2.1.12. Software and web applications

Table 13: Software used in this study.

Name of software Developer/Citation Application
bel2fastq v2.19.0.316 Illumina Inc, San Diego (US) Demultiplexing RNAseq data
BioRender Science Suite Inc., Toronto (CA)  Creation of figures
BLAST Camacho et al. (2009) Sequence analysis
BV-BRC Olson et al. (2023) If)atabqse of bacteria and viruses, in-
ormation on genes and proteins
Siﬁﬁn(c)ed\mlcano Blighe (2024) Generation of volcano plots
Quality control of demultiplexed
fastp v0.20.1 Chen et al. (2018), Chen (2023) RNAseq data
ggplot2 v3.4.2 Wickham (2016) Visualization of RNAseq data
Graphpad Prism v10.1.1 %g[))hpad Software LLC, Boston Statistical analysis, plotting of data
i—control v2.0.10.0 Tecan Group Ltd., Mannedorf Software to control Tecan Infinite
T (CH) 200 Pro

Mlustrator CS6 v16.0.0 Ad(?be Systems Incorporated, San Vector graphics editor

José (US)

. LI-COR Biosciences GmbH, Bad  Software to control LI-COR Odys-

Image Studio v5.2.5 .. . .

Homburg vor der Héhe sey, image analysis

Wayne Rasband (Schneider et al., .
ImageJ v1.53¢ 2012) Image processing

Kanehisa (2019), Kanehisa et al.

KEGG (2023), Kanehisa and Goto (2000) Database of information on genes

LabGuru Biodata Inc., Westborough (US) Electronic lab notebook, LIMS

LightCycler 480 Roche Diagnostics, Rotkreuz Software to control LightCycler 480,

Software v1.5.0 (CH) data analysis

MaxQuant v1.6.14.0 Cox Lab (Cox & Mann, 2008) Analysis of mass-spectrometric data

Microsoft Office . Word processing, presentations, data

Professional Plus 2019 Microsoft, Redmond (US) management

MultiQC v1.7 Ewels et al. (2016) Visualization of RNAseq QC data

3§-cl(ir62:/rnaseq pipeline Patel et al. (2023) Analysis of RNAseq data

Cox Lab (Tyanova, Temu, Analysis of mass-spectrometric da-
Perseus v2.0.10.0 Sinitcyn, et al., 2016) tasets generated by MaxQuant
Adobe Systems Incorporated, San . .

Photoshop CS6 v13.0.1 José (US) Raster graphics editor

plotly v4.10.2 Plotly Technologies Inc. (2015) Visualization of RNAseq data

Rv4.3.2 ZR(;%))re Team (R Core Team, Statistical analysis, plotting of data

S;cl(i]tl;ence Manipulation Stothard (2000) Scrambling of sequences

SnapGene v4.2.11 GSL Biotech LLC, Boston (US) * sualization and annotation of DNA
and cloning procedures

STRING v12.0 Szklarezyk et al. (2023) Enrichment analysis, analysis of pro-
tein networks

UniProt The UniProt Consortium (2023) Databasg of sequence and functional
information on proteins

VolcaNoseR Goedhart and Luijsterburg (2020)  Generation of volcano plots
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2.2. Microbiological methods

22.1. Culturing of bacteria

Liquid cultures of bacteria were grown in Luria-Bertani medium (LB) at 37°C with shaking at
180-200 rpm unless otherwise specified. Antibiotics were added to the medium as needed in
appropriate concentration. For growth on solid medium, bacteria were cultured on LB agar,
supplemented with antibiotics as appropriate. Solid media were prepared by mixing LB medium
with 1.5% agar and autoclaving the mixture. To prepare the plates, the LB agar was melted in
a microwave and stirred intermittently using a stir bar and stirring plate. Once the agar was fully
melted, medium was allowed to cool to about 50°C. Appropriate antibiotics were added to the
desired concentration. The liquid agar was then poured into petri dishes and allowed to solidify

with the lid open inside a laminar flow cabinet. The plates were then stored at 4°C for later use.

2.2.2. Turbidimetric determination of bacterial concentration
To measure the cell density of bacteria in a liquid culture, the optical density of the sample at
600 nm (ODs0o) was measured. The photometer was blanked against the used medium. As an

approximation of cell number, it was assumed that ODeoo = 1 = 107 cells/ml.

2.2.3. Determination of colony forming units

To determine the actual number of living cells in a sample, the colony forming units (CFU)
were counted on agar medium. The sample was serially diluted in either PBS or 0.9% NaCl
solution. Following appropriate dilution steps that were previously determined via ODgoo meas-
urement, 100 pl were plated on LB agar plates and spread with a glass spreader. After 24-
48 hours of growth, the colonies on the plate were counted. The actual cell number in the sample

could then be calculated.

2.24. Long term storage of bacteria

For long term storage of bacteria, glycerol stocks were prepared. The bacteria were grown in
5 ml of LB medium overnight, harvested by centrifugation at 4000 x g for 10 minutes and re-
suspended in 3 ml of LB medium containing 20% glycerol. For storage, 1 ml each was trans-
ferred to a cryotube yielding three individual stocks. One stock was used as a use-stock, while

two were kept as a backup. The stocks were frozen at -80°C for long-term use.

2.2.5. Minimum inhibitory concentrations of antibiotics
Antibiotic susceptibility testing was done as described previously (Eggers et al., 2023): “For
antibiotic susceptibility testing by microbroth dilution, bacterial strains were grown overnight

at 37°C in LB medium. Physiological NaCl solution was inoculated to a McFarland standard
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of 0.5. Subsequently 62.5 ul of the suspension were transferred into 15 ml MH broth and mixed
well. According to the manufacturer’s instructions, 50 ul of the suspension was transferred into
each well of a microbroth dilution microtiter plate (Sensititre™ GN2F, Sensititre™ EUX2NF
(Thermo Fisher Scientific)). Microtiter plates were incubated for 18 h at 37°C and ODeoo was
measured using the Tecan Infinite® 200 PRO. Bacterial strains were considered as sensitive to
the respective antibiotic concentration if an ODesoo value below 0.05 was measured” (Eggers et
al., 2023, p. 14). The adjustment to a McFarland standard of 0.5 was done using the Biomerieux

Densicheck densitometer.

2.2.6. Checkerboard assays

To study the effect of antibiotic combinations, checkerboard assays were done. These are two-
dimensional MIC assays, where two antibiotics are combined, each in log2-fold dilutions. One
antibiotic dilution is added along the abscissa of a 96-well plate, while the second dilution one
is added along the ordinate of a 96-well plate. This yields a different concentration of each
antibiotic in each well of the 96-well plate and after inoculation and overnight incubation the
growth-inhibitory effect of each particular combination of concentrations could be studied.
Figure 4 shows a schematic workflow of a checkerboard assay done for a combination of
ceftazidime and ciprofloxacin in the ID40 wildtype strain. After formatting the plate with anti-
biotics, each well except the sterility control was inoculated with the strain to be tested. After
incubation for 20 hours at 37°C, the ODsoo of each well was measured. For each well, the ratio
of the well absorbance and the mean of the absorbance of the sterility control wells was calcu-
lated. For each antibiotic combination and each strain, at least two replicates were done. The
mean of the signal/blank ratio was calculated and if this value was <1.5, this combination of
antibiotics was considered to be growth inhibitory. Plotting the means of the ratios as a heatmap
allowed reading of the MICs for each antibiotic alone or in combination with the second anti-

biotic.
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Figure 4: Schematic overview of workflow for the checkerboard assay. As an example, a combination of
ciprofloxacin (CIP) and ceftazidime (CAZ) is used. Ceftazidime is added in log,-fold dilutions in the abscissa of
a 96-well plate and ciprofloxacin in log,-fold dilutions in the ordinate of a 96-well plate. After inoculation with
bacteria, the plate is incubated at 37°C for 20 hours and the ODggo is measured. The ratio of the turbidity of a
particular well and the mean of the sterility control are calculated. If the mean of at least two replicates is <1.5,
this particular antibiotic combination is classified as growth inhibitory. The MIC for a particular antibiotic alone
and in combination can be read from a heatmap of the combinations and plotted in a table. In this example, the
effect of a combination of CAZ with 2 pug/ml of CIP is highlighted. In this case, the combination of 32 pg/ml CAZ
and 2 pg/ml of CIP is also the combination with the largest effect. In addition, FIC indices can be calculated as
described in Equation 1. Created with BioRender.com.

The ratio of the MIC for antibiotic A in combination with antibiotic B and the MIC of antibiotic
A alone allowed for calculation of the fractional inhibitory coefficient (FIC) for antibiotic A.
Adding the FIC for antibiotic A and antibiotic B gave the FIC index, which is a measure for
synergism, antagonisms, or additive effects of the antibiotic combination. FIC indices were
calculated as shown in Equation 1:

Equation 1: Calculation of FIC indices. MICcombination: MIC for a particular antibiotic in combination with a
second one. MICjjone: MIC of a particular antibiotic not combined with a second one. FIC: Fractional inhibitory

coefficient.

MICA,combination MICB,combination
MICA,alone MICB,alone

= FIC, + FICy = FIC index

If a FIC index was < 0.5, that antibiotic combination was considered synergistic. If the FIC
index was between >0.5 and < 1, the combination was considered additive, and, if the FIC index

was between >1 and < 4, indifferent. A FIC index of > 4 was considered antagonistic.
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The method of the checkerboard was described in detail in Eggers et al. (2023). “Stocks of
antibiotics to test were prepared by dissolving them according to CLSI M100 Performance
Standards for Antimicrobial Susceptibility Testing (Clinical and Laboratory Standards Institute,
2018) in the indicated solvent and diluent to a final concentration of 5.12 mg/ml. Salts were
corrected for their mass. Used antibiotics: Ciprofloxacin hydrochloride monohydrate (Sigma-
Aldrich; European Pharmacopoeia Reference Standard), piperacillin sodium (Sigma-Aldrich,
analytical standard), imipenem (Sigma-Aldrich; European Pharmacopoeia Reference Stand-
ard), ceftazidime pentahydrate (Sigma-Aldrich; European Pharmacopoeia Reference Stand-
ard) and aztreonam (United States Pharmacopeia Reference Standard).

Working stocks were then prepared by serial dilution in MHB Il medium. Plates for checker-
boards were prepared by adding 25 ul of each antibiotic at 4x the final concentration to be
tested in the respective well in a flat bottom, transparent 96-well plate (Greiner). In one column
a growth control was prepared by adding 50 ul of MHB Il medium. A sterility control was
prepared in a second column by adding 100 ul of MHB II medium. Inocula of the strain to be
tested were prepared by inoculating physiological NaCl solution to a McFarland standard of
0.5 from overnight cultures. 125 ul of this solution were then added to 15 mL of MHB Il medium
and 50 ul of this inoculum added to the wells containing antibiotics as well as to the growth
control wells. Plates were incubated for 20 hours at 37°C. After incubation the ODeoo values
were determined using a Tecan Infinite® 200 PRO. Each assay was prepared in duplicate. For
each replicate, the ratio of signal for each well and the mean of the sterility control was calcu-
lated. The mean value of both replicates was calculated. If the value was smaller than 1.5, this

concentration was considered to be inhibitive” (Eggers et al., 2023, pp. 14, 15).

2.2.7. Induction of DNA damage

“Induction of DNA-damage using ciprofloxacin was adapted from Pena et al. (Pefia et al.,
2021). Overnight cultures were subcultured in LB for 3 h at 37°C and grown until exponential
phase. The cultures were diluted to ODsoo 0.5 and 32 ug/ml ciprofloxacin (Sigma-Aldrich) was
added to the cultures if not otherwise stated. Cultures were incubated for two hours at 37°C
and harvested by centrifuging appropriate cell numbers for the desired downstream analyses”

(Eggers et al., 2023, p. 14).

2.2.8. Determination of mutation frequency
The mutation frequency of bacteria was determined as described previously (Mandsberg, Ciofu,
Kirkby, Christiansen, Poulsen, & Hoiby, 2009). Bacterial strains to be tested were directly loop-

streaked from frozen glycerol stock onto LB agar to obtain single colonies. This was done to
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later be able to assess that the single original colonies were susceptible to streptomycin. LB
agar plates containing 500 pg/ml of streptomycin (STR) were prepared. To prepare the culture
for the assessment of mutation frequency, a single colony from the LB agar plate was picked
and streaked onto a LB + STR plate to assess susceptibility. The inoculation loop was then
dipped into 20 ml of LB medium in a 100 ml flask. The liquid culture was incubated for
24 hours with shaking at 37°C. If the LB + STR plates had no growth on them the next day, the
liquid cultures could be plated to count the CFU. First, the ODeoo of the cultures was measured
and subsequently, the entire 20 ml of liquid culture were centrifuged for 15 minutes at 4000 x g
and the pellet was resuspended in 1 ml of 0.9% NaCl solution. A dilution series was prepared
by adding 100 pul of the original suspension to 900 pl of 0.9% NaCl solution until a dilution of
107" was reached. 100 ul of the dilution steps 10° and 10°! were plated in triplicates on the LB
+ STR plates and 100 pl dilutions steps of 10®to 107! plated on LB agar in duplicates. After
48 hours of growth, the CFU on the plates were calculated. The mutation frequency was deter-
mined by dividing the CFU on the STR plates by the total CFU. The result is the ratio of bacteria

that have spontaneously acquired resistance to STR by mutation.

2.2.9. Determination of persister fraction

The determination of the persister fraction was modified from Wilmaerts, Focant, et al. (2022).
Overnight cultures of the bacterial strain to be tested were cultured in 5 ml of LB medium in
100 ml flasks. After overnight growth, bacteria were diluted 1:100 in 5 ml of LB medium and
grown for another 16 hours. The CFU of the pre-treatment bacteria was counted by plating and
the bacteria were subsequently treated with 10x their MIC of ciprofloxacin dissolved in sterile
water or with sterile water as a vehicle control. The bacteria were incubated for 5 hours, allow-
ing the ciprofloxacin to kill all bacteria except the persister cells. Subsequently, the bacteria
were washed twice with PBS and plated to measure the CFU count. After 48 hours of incuba-
tion, the CFU on the plates was be counted. The persister fraction was calculated by dividing

the post-treatment CFU by the pre-treatment CFU.

2.210. Preparation of electrocompetent bacteria

Electrocompetent bacteria were prepared by using the method of Choi et al. (2006). Overnight
cultures of bacteria (P. aeruginosa or E. coli) to be transformed were harvested using centrifu-
gation for 5 minutes at 4000 x g. The pellets were washed twice with 5 ml of 300 mM sterile
filtered aqueous sucrose solution using centrifugation for 5 minutes at 4000 x g. After the sec-
ond wash, the pellet was resuspended in 100 pl of 300 mM sucrose solution and stored on ice

for electroporation. To save time if only one culture had to be prepared, the overnight culture
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was distributed in four 1.5 ml reaction tubes. The cells were harvested by centrifugation at
10,000 x g for 1 minute and washed twice using 1 ml of 300 mM aqueous sucrose solution,
again centrifuging at 10,000 x g for 1 minute after each wash step. After washing, the pellets
were resuspended in a combined total of 100 pl of 300 mM sucrose and stored on ice for elec-

troporation.

2.2.11. Preparation of chemically competent bacteria

Chemically competent E. coli cells were prepared by streaking cells on a LB agar plate and
growing them overnight. A single colony was selected and grown in LB medium with shaking
overnight. The overnight culture was diluted 1:100 in 400 ml of LB medium and grown until
and ODeoo of 0.4-0.6 was reached. 50 ml of the cells each were distributed in eight falcon tubes
and stored on ice for 20 minutes. The cells were then harvested by centrifuging at 4°C at
4000 x g for 10 minutes. The supernatant was removed and the cells resuspended in 3 ml of ice
cold 0.1 mM CaCl: per falcon tube and incubated on ice for 30 minutes. The cells were centri-
fuged at 4°C at 4000 x g for 10 minutes, the supernatant was discarded and the pellet resus-
pended in 6.4 ml of ice cold 0.1 M CaClz containing 15% glycerol. 100 ul of the cells each
were transferred in 1.5 ml reaction tubes stored on ice and frozen in liquid nitrogen. The com-

petent cells were then stored at -80°C for later usage.

2.2.12. Transformation of bacteria by electroporation

For transformation by electroporation, 100 pl of the prepared electrocompetent bacteria were
mixed with 100 ng of the plasmid to be transformed on ice. The bacteria were pulsed using a
BioRad GenePulser II set to 2.5 kV, 200 Q, 25 pF. Subsequently, 1 ml of LB medium was
added and the mixture was incubated at 37°C with shaking for 1-2 hours. The bacteria were
then harvested by centrifugation at 10,000 x g for 1 minute. The supernatant was discarded and
the cells were resuspended in the remaining volume. Of this, 10 and 100 pl were plated on LB
agar plates containing appropriate antibiotics and incubated at 37°C overnight to obtain single

colonies. Transformants were confirmed by PCR.

2.2.13. Transformation of bacteria by heat shock

To transform chemically competent E. coli cells by heat shock, either 100 ng of plasmid or 8 pl
of Gibson reaction was added to 100 pl of previously prepared competent cells. The mixture
was incubated on ice for 20 minutes and subsequently heat shocked at 42°C for 30 seconds.
The mixture was then incubated on ice for 2 minutes and 1 ml of SOC medium was added

afterwards. The cells were incubated at 37°C with shaking for 1 hour and afterwards harvested
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by centrifugation at 10,000 x g for 1 minute. The supernatant was removed and the cells resus-
pended in the remaining volume. Of this, 10 and 100 ul were plated on LB agar with appropriate

antibiotics. Transformants were confirmed by PCR.

2.3. Biochemical methods

2.3.1. Preparation of whole cell lysates of bacteria

After appropriate treatment of bacteria, the ODsoo was measured. 1 ml of bacterial culture was
centrifuged at 10,000 x g for 1 minute and resuspended in water and 4x Laemmli buffer con-
taining 10% B-mercaptoethanol. To calculate to volume of water and 4x Laemmli buffer, Equa-

tion 2 was used:

Equation 2: Equation used to calculate volume of water and 4x Laemmli buffer needed for preparation of
whole cell lysates.

ODgoo * 0.1
2

The volume calculated was used for the water and the 4x Laemmli buffer. This resulted in a

V [ml] =

final concentration of ODeoo = 10 in the sample. The prepared sample was boiled at 95°C for

10 minutes and briefly centrifuged before loading.

2.3.2. SDS-PAGE

Appropriate volumes of protein samples prepared in 4x Laemmli buffer were loaded onto
BioRad TGX precast protein gels used at appropriate concentrations according to the protein
of interest. 1x SDS-PAGE running buffer was prepared from 5x stock using deionized water
(DI-H20) and used as a running buffer for the SDS-PAGE. The SDS-PAGE was carried out at
110 V constant for 60-70 minutes. As a size marker, 4 ul of PageRuler Plus Prestained Protein

Ladder was loaded onto one lane of the gel.

2.3.3. Coomassie staining

To do an unspecific staining of proteins separated on an SDS-PAGE gel, Coomassie staining
was done. The gel was transferred into a plastic box and rinsed three times using warm tap
water. Then, the gel was covered with water and heated in a microwave until boiling. The gel
was again rinsed three times with warm water and subsequently covered with the Coomassie
quick stain solution. Again, the gel was heated in a microwave until the Coomassie quick stain
solution came to a boil. The gel was then incubated on a shaker while still covered with the
staining solution for 10 minutes. The staining solution was poured off to be reused and the gel

rinsed several times with warm water. The gel was covered with water and a tissue was placed
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in the water. The gel was then left on a shaker overnight to destain. The next day the gel was

imaged using a Vilber Fusion Solo S.

2.3.4.  Western blot
Western blots were done by first separating the proteins in a sample by SDS-PAGE. The pro-

teins were then transferred onto a nitrocellulose membrane using a tank blotting system. The
transfer buffer was prepared by mixing one part 10x blotting buffer with two parts methanol
and seven parts cool water for injection (Ampuwa). The transfer was carried out at 350 mA
constant for 60 minutes at 4°C. After the transfer, the membrane was reversibly stained with
Ponceau S to confirm that the proteins had been successfully transferred to the membrane. For
that, the membrane was rinsed with DI-H>O and covered for 10 minutes with the Ponceau stain-
ing solution. Subsequently, the stain was washed off with DI-H20 and the gel was imaged using
the Vilber Solo Fusion S imager. The marker was then labeled using a pencil and the membrane
was cut into several pieces in case multiple proteins were to be detected. The membrane was
transferred to a petri dish and covered with a known volume of 1x BlueBlock to block unspe-
cific binding of antibodies to the membrane. The membrane was incubated in 1x BlueBlock for
1 hour at room temperature or overnight at 4°C. Afterwards, the primary antibody was added
at an appropriate dilution and incubated for 1 hour at room temperature or overnight at 4°C.
The membrane was then washed three times using TBS-T, each time shaking for 3-5 minutes.
The membrane was again covered with a known volume of 1x BlueBlock and the secondary
antibody coupled to horseradish peroxidase was added at an appropriate concentration. The
membrane was again incubated for 1 hour at room temperature or overnight at 4°C. Afterwards,
the membrane was again washed three times with TBS-T as described above and a final time
with PBS. ECL substrate was added to the membrane to generate chemiluminescence. To image
the Western blot, first a white light image was taken to record the marker and then an image
recording the chemiluminescence was taken to detect the specific proteins against which the
antibodies were directed. The imaging was again done using a Vilber Solo Fusion S imager.

In case the protein to be detected was a HiBiT-tagged protein, detection was performed using
the Nano-Glo HiBiT Blotting System, making use of a split-luciferase system. HiBiT, together
with the protein LgBiT forms an active luciferase that generates chemiluminescence when the
substrate furimazine is added. The kit was used according to the instructions of the manufac-
turer. First, after the transfer and the Ponceau stain, the membrane was transferred into a petri
dish containing TBS-T. Then the Nano-Glo HiBiT Blotting Reagent was prepared by diluting
the 10x Nano-Glo Blotting Buffer with water and adding the 200x concentrated LgBiT protein
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to a final concentration of 1x each. The TBS-T was removed from the petri dish and the Nano-
Glo HiBiT Blotting Reagent was added and the membrane was incubated for 1 hour at room
temperature or overnight at 4°C. The Nano-Glo Luciferase Assay Substrate was then diluted
500-fold in the reagent and mixed by rocking the petri dish. The membrane was incubated for
5 minutes and afterwards the chemiluminescent signal imaged as described above. Quantifica-
tion of Western blots using ImageJ was done as described in Stael et al. (2022), normalizing

the intensities to a loading control.

2.3.5. Overexpression of proteins

To overexpress proteins and to further purify them, the CDS of the protein of interest was
cloned in an appropriate expression vector. This yielded a fusion protein with the protein of
interest tagged with an affinity tag for purification (i.e. a hexa-histidine-tag or a GST-tag) and
possibly, a solubility tag such as a maltose-binding protein (MBP)-tag.

The expression vectors used in this study carry the CDS under control of a T7 promoter flanked
by a LacO site, as well as the lacl gene. The chemically competent T7 expression strains E. coli
BL21(DE3) were transformed with the expression vectors. These strains carry the gene for the
T7-polymerase under control of a lacUV5 promoter. Lacl binds to the LacO site, preventing the
T7-polymerase from binding to its promoter and expressing the protein of interest. By addition
of IPTG to the culture, binding of Lacl to LacO is inhibited and expression of the T7-polymer-
ase is induced. This allows the induced T7-polymerase to transcribe the CDS downstream of
the T7 promoter site. (Dubendorff & Studier, 1991)

Cultures of the expression strains were prepared by diluting overnight cultures to an ODeoo of
0.1-0.2 in desired volumes of LB medium supplemented with appropriate antibiotics. Usually,
1000 or 2000 ml of medium were used. Expression cultures were grown at 37°C with shaking
until an ODeoo of 0.6-0-8 was reached. If the expression was carried out at 37°C, IPTG was now
added at an appropriate concentration, usually 1 mM. If the expression was to be done at lower
temperatures, the cultures were shifted to the desired temperature and equilibrated for
30 minutes. After equilibration, IPTG was added to a desired final concentration, usually 1 mM.
Before addition of IPTG, the ODsoo was measured and a sample for SDS-PAGE was taken as
described in 2.3.1. Expression was carried out for a desired duration, usually overnight if ex-
pression was done at lower temperatures, and for 3 h if expression was done at 37°C.

After expression, a sample for SDS-PAGE was taken as described before. The success of the

expression was then analyzed by SDS-PAGE.
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2.3.6. Lysis of bacterial cells by sonication

To lyse bacteria in order to produce whole cell lysates for pulldown assays, or to purify proteins
that were overexpressed, the bacteria were pelleted by centrifugation at 6000 x g for 10 minutes
and resuspended in an appropriate volume of lysis buffer that was supplemented with DNase I,
lysozyme, Triton X-100, and “cOmplete” protease inhibitor. The resuspended cells were then
lysed by sonication with the sonicator set to 20% output and 50% duty cycle. Depending on the
size of the pellet, different sonicator heads and tips were used as well as different sonication
times. The lysates were stored on ice in between sonication steps. Subsequently, the lysates
were centrifuged at 35,000 x g to remove cell debris and the supernatant was sterile filtered
with a 0.22 uM syringe filter prior to further use.

Samples were taken for the total resuspended pellet, the slurry after lysis, and the supernatant
after centrifugation by adding 10 pl of sample to 20 pl of 4x Laemmli buffer supplemented
with B-mercaptoethanol. SDS-PAGE was done to analyze whether the protein of interest re-

mained soluble after lysis.

2.3.7. Ni2*-NTA affinity chromatography

Ni**-NTA affinity chromatography was used to purify proteins that carried a hexa-histidine tag
(6xHis). For Ni**-NTA affinity chromatography, 5 ml of Ni**-NTA beads per 1 1 of initial ex-
pression culture were added to a gravity flow column. The beads were washed with 4x the
column volume of water for injection (i.e. 20 ml for a 5 ml column), and then equilibrated with
4x the column volume of sterile filtered lysis buffer without supplements, i.e. the same buffer
that was used for lysis by sonication but without DNase I, lysozyme, protease inhibitor, or Tri-
ton X-100. The lysis buffer usually contained 15-25 uM of imidazole to reduce unspecific bind-
ing of proteins to the beads.

The sterile filtered supernatants of the cell lysates from the lysis step were then added to the
column and incubated for 15 minutes at 4°C on a rolling mixer. This allowed the 6xHis-tagged
proteins to bind to the beads. Subsequently, the column was fixed in a laboratory stand and the
valve of the column opened to collect the flow through that contained the proteins that had not
bound to the beads. The flow through was collected in a 50 ml plastic tube and kept on ice.
The beads were then washed with one column volume of lysis buffer and the first wash fraction
collected in a 50 ml plastic tube and kept on ice. Then, a second wash step was done with up to
five column volumes of lysis buffer. To monitor the second washing step, a benchtop Bradford
assay (Hammond & Kruger, 1988) was done. For this purpose, a 5x Bradford reagent was di-

luted 5-fold with water for injection and 100 pl of this reagent were added to each well of a
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transparent 96-well plate. To monitor the amount of protein in the wash fractions, 10 pl of
sample was taken from the tip of the column and added to one well with Bradford reagent. The
intensity of the blue color then allowed an estimation of the amount of protein present in the
sample. Washing of the beads was done until no more protein could be detected in the Bradford
assay or until a volume of 5 column volumes for the second wash fraction was reached. The
second wash fraction was also collected in a 50 ml plastic tube and kept on ice.

To elute the proteins from the column, an elution buffer was prepared by mixing 15 ml of 1 M
aqueous imidazole solution with 30 ml of lysis buffer. The elution buffer was added carefully
to the column and the protein concentration was monitored using the benchtop Bradford assay.
The first elution fraction was collected in a 50 ml plastic tube until the protein amount seen in
the Bradford assay dropped visibly. Then, a second elution fraction was collected until there
was barely any protein detected in the Bradford assay.

Samples for SDS-PAGE were prepared by adding 10 pl of sample to 20 ul of 4x Laemmli
buffer supplemented with B-mercaptoethanol for the flow through samples, and 20 pl of sample
to 10 pul of 4x Laemmli buffer supplemented with B-mercaptoethanol for the wash and elution
samples, and boiled at 95°C for 5 minutes. Success of the purification was then analyzed by

SDS-PAGE.

2.3.8. Reverse-Ni?*-NTA affinity chromatography

Reverse Ni2+-NTA affinity chromatography was done to separate 6xHis-tagged TEV-protease,
the 6xHis-tag itself, or the 6xHis-tagged fusion protein from the cleaved, now untagged protein
of interest (see 2.3.13).

The Ni2+-NTA column was prepared as described in 2.3.7, but after incubation with the pro-
teins, the flow through was collected for further usage down the line as it contained all non-
6xHis-tagged proteins, i.e. the protein of interest but not the 6xHis-TEV-protease or 6xHis-
tagged solubility tags.

2.3.9. Glutathione affinity chromatography

Glutathione-S-transferase (GST)-tagged proteins were purified by glutathione affinity chroma-
tography. For this, a GSTrap 4B column (column volume = 1 ml) was connected to a peristaltic
pump and washed with 5 column volumes (CV) water and equilibrated with 5 CV GST-A
buffer. Subsequently, the lysates containing the GST-tagged protein were loaded on the column
and the column was then washed with 5 CV GST-A buffer. The GST-tagged proteins were
eluted from the column using 5 CV GST-B buffer, containing 10 mM reduced glutathione. The
column was regenerated with 3 CV of GST-A buffer and the flow through of the first loading
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step was loaded again on the column, followed by the steps described above. Samples for SDS-

PAGE were taken as described in 2.3.7.

2.3.10. Upconcentration by ultrafiltration

Proteins were upconcentrated using Amicon Ultra Centrifugal Filters. Protein solution was
added to a filter at an appropriate molecular weight cutoff and centrifuged for 5 minutes at
4000 x g at 4°C. The flow through was collected and the filter was rinsed with a pipette using
the protein solution to improve filter efficiency. The procedure was repeated until a desired

volume was reached or until visible precipitation by protein was seen.

2.3.11.  Size exclusion chromatography

Size exclusion chromatography (SEC) was done to separate proteins by size. This allowed fur-
ther clean-up of proteins that were purified by affinity chromatography or to remove cleavage
products after a proteolytic digest. For this purpose, an AKTAprime plus (GE Healthcare) sys-
tem was used together with HiLoad Superdex prep grad columns (Cytivia). Depending on the
size of the protein of interest and the volume of protein solution to be injected, different pore
sizes and column volumes were chosen. For proteins with a molecular mass between 8 and 50
kDa, a Superdex 75 pg resin was chosen, and for a molecular mass of 30 and 250 kDa a Super-
dex 200 pg resin was chosen. Column sizes in this study were always 16/600, providing a col-
umn volume of 120 ml.

For purification of proteins, first the AKTA system, the tubing and the column were washed
with water and equilibrated with sterile filtered running buffer. The protein solution was up-
concentrated using Amicon Ultra centrifugal filters as described in 2.3.10 to a volume of 2% of
the column volume. In case precipitates formed before an appropriate volume of sample was
reached, two separate runs had to be done. Prior to injection, the protein sample was centrifuged
at 20,817 x g (maximum speed) for 10 minutes and the supernatant withdrawn using a syringe
with a needle, avoiding the collection of the pellet. A sample for SDS-PAGE analysis was taken
by mixing 20 pl protein sample with 10 pl 4x Laemmli buffer and boiled at 95°C for 5 minutes.
Air was removed from the syringe and the protein solution was injected into the sample loop of

the AKTA system. The method for SEC is shown in Table 14.

Table 14: Method for SEC. Fractions of 1 ml were collected between 40 ml and 90 ml elution volume.

Breakpoint Volume Conc.e ntration Flow Fractionation Val.v«.a
running buffer position

1 0 ml 100% 0.5 ml/min  No Inject

2 20 ml 100% 1 ml/min No Load

3 40 ml 100% 1 ml/min 1 ml fractions Load

4 90 ml 100% 1 ml/min No Load

5 150 ml 100% 1 ml/min No Load
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Fractions of 1 ml were collected between 40 ml and 90 ml of elution volume. Elution was mon-
itored by measurement of UV-absorbance at 280 nm. According to the chromatogram, samples
of the elution fractions were taken by mixing 20 pl of sample with 10 pl of 4x Laemmli buffer
and boiling at 95°C followed by SDS-PAGE analysis. Fractions that had the pure protein of

interest were pooled and used for downstream applications.

2.3.12. Dialysis

To exchange the buffer in which a protein was stored, dialysis was done. For this, an appropriate
volume of dialysis buffer (for details see method of purification of specific protein) was pre-
pared that allowed for a large enough concentration gradient of the component that was to be
removed or introduced by dialysis. The protein solution was transferred into a ZelluTrans dial-
ysis tube (Roth) with a cutoff of 3,500 Da. The tube containing the protein solution was then
allowed to float in a large beaker containing the dialysis buffer and a stir bar. The dialysis was

carried out with stirring overnight at 4°C.

2.3.13. TEV-protease digest

In case a tag or fusion protein had to be removed from the protein of interest, a TEV-cleavage
site was inserted between the tag and the protein of interest. This amino acid sequence is highly
specific for the TEV-protease (Parks et al., 1994). This protease can then be used to separate
the protein of interest and the tag. For this purpose, 1 ml of purified 6xHis-tagged TEV-protease
at a concentration of 0.5 mg/ml was added to the protein solutions to be treated during dialysis.
To separate the reaction products, either reverse Ni*?*-NTA affinity chromatography or size ex-

clusions chromatography was done.

2.3.14. Photometric quantification of proteins

Protein concentrations were measured using a NanoDrop spectrophotometer. The UV-absorb-
ance at 280 nm was measured in triplicates with the spectrophotometer blanked with the buffer
in which the protein was stored. The mean of the triplicates was calculated and inserted in the
equation of the Lambert-Beer-Law (Equation 3), where A is the absorbance measured by the
nanodrop and ¢ is the molar absorbance coefficient, calculated for each protein to measure by
ExPASy ProtParam (Wilkins et al., 1999). The pathlength [ was set to 1 cm as the nanodrop
automatically normalized the absorbance to 1 cm. This gave the molar concentration ¢ of pro-

tein.

Equation 3: Equation of Lambert-Beer-Law used to calculate protein concentrations. A = absorbance meas-
ured, € = molar absorbance coefficient of the proteins at 280 nm [I/(mol*cm)], ¢ = molar concentration [mol/1], I
= pathlength [cm]

A=¢c*xcx*l
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2.3.15. Storage of proteins
Proteins were diluted to desired concentrations after photometric quantification using the ap-
propriate buffer and aliquoted in appropriate volumes. Aliquots were snap frozen by dropping

the tubes in liquid N2 and stored at -80°C.

2.3.16. Expression and purification of His-MBP-AlpA and His-MBP

“For purification of His-MBP-AIpA and His-MBP, expression cultures of 1 liter LB medium
were inoculated at an ODsoo of 0.15 with starter cultures of E. coli BL21 carrying either pETM-
41 AlpA or pETM-41 stop. Expression cultures were grown until an ODeoo of 0.6—0.8 at 37 °C.
The cultures were then shifted to 20 °C and equilibrated for 30 min. IPTG was added to a final
concentration of 1 mM and expression was carried out at 20 °C for 18 h. Cultures were har-
vested by centrifuging at 6000 x g for 10 min at 4 °C. Pellets were resuspended in 35 ml lysis
buffer (50 mM Tris, 150 mM NaCl, 25 mM imidazole, pH 7.5) supplemented with lysozyme,
Triton X-100, DNase and cOmplete protease inhibitor cocktail (Roche). Bacteria were lysed by
sonication for 3 x I min on ice at 20% amplitude and 50% duty cycle. Cell debris was removed
by centrifuging the lysate at 35,000 % g for 1 h at 4 °C. The supernatant was sterile filtered
through a 0.22 um syringe filter (Millipore) and affinity-purified in a gravity flow column using
Ni**-NTA-agarose beads (Qiagen). After binding of the His-tagged proteins to the columns,
columns were washed with lysis buffer and proteins were eluted using elution buffer (lysis buffer
+ 350 mM imidazole). Fractions were analyzed via SDS-PAGE and Coomassie staining. Elu-
tion fractions were dialyzed in 3 liter dialysis buffer (50 mM Tris, 150 mM NaCl, 20% V/V
glycerol at pH 7.5) using Slide-A-Lyzer dialysis cassettes (ThermoFisher) with 20 kDa cutoff
and 12-30 ml volume. Pure protein was aliquoted and stored at —80 °C after snap freezing with
liquid nitrogen” (Eggers et al., 2023, p. 15).

His-MBP-AIpA had a final concentration of 24.4 uM in 15 ml of protein solution. This added
up to a final yield of 23.63 mg of protein per liter of culture. His-MBP had a final concentration
0of 297.4 uM in 10 ml of protein solution and a final yield of 132.4 mg of protein per 1 liter of
expression culture. SDS-PAGE gels from the purification are shown in Figure 32 in the appen-
dix.

2.3.17. Expression of GST

“Expression and purification were performed as above [2.3.16], using the strain E. coli BL21
carrying [...] carrying pGEX4T3 stop [...]. Differing from above [2.3.16], the expression was
carried out at 25 °C. For resuspension and lysis of the bacterial pellet, GST-A buffer (50 mM
Tris, 150 mM NaCl, I mM DTT, pH 7.5) supplemented with lysozyme, Triton X-100, DNase and
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protease inhibitor was used. For purification, a GSTrap™ HP 1 ml column (Cytiva) connected
to a peristaltic pump was used. After loading the column and collecting the flow through the
column was washed using GST-A buffer and the protein eluted using GST-B-buffer (50 mM
Tris, 150 mM NaCl, 10 mM reduced glutathione, pH 8). After column regeneration, the flow
through was loaded on the column once again and also washed and eluted. The obtained eluate
fractions were pooled and dialysed against 10 liter of PBS pH 7.4 and 0.5 mM DTT using a
ZelluTrans (Roth) dialysis tube with a 3.4 kDa cutoff and frozen in dialysis buffer. Analysis by
SDS-PAGE and protein storage was done as described above” (Eggers et al., 2023, p. 15).

The obtained protein had a final yield of 152.1 uM GST in 9 ml. This corresponded to a final
yield of 34.9 mg protein per liter of expression culture. SDS-PAGE gels from the purification

are shown in Figure 33 in the appendix.

2.3.18. Expression and purification of YgfB

“Expression and purification were performed similar to as described for His-MBP and His-
MBP-AlpA, using the strain E. coli BL21 carrying pETM30 _YgfB, however, the expression was
carried out at 25 °C. This purification step yielded His-GST-TEV-YgfB. Then, His-tagged TEV-
protease was added to the elution fraction containing His-GST-TEV-YgfB and dialyzed in 2|
dialysis buffer (50 mM Tris, 150 mM NaCl, 1 mM DTT at pH 7.5) using a ZelluTrans (Roth)
dialysis tube with a 3.4 kDa cutoff over night at 4 °C.

The yielded cleavage product was purified using reverse Ni**-affinity chromatography using
Ni’*-NTA-agarose beads equilibrated with sterile filtered dialysis buffer and the flow through
containing only YgfB was collected, aliquoted and stored as above. Fractions were analyzed
via SDS-PAGE and Coomassie staining” (Eggers et al., 2023, p. 15).

In total, 22 ml of YgfB at a concentration of 123.3 uM was recovered. This corresponds to a
yield of 53.4 mg of protein per liter of expression culture. SDS-PAGE gels from the purification

are shown in Figure 34 in the appendix.

2.3.19. Expression and purification of His-GST-EcYgfB and His-GST

The CDS of ygfB derived from BW25113 was cloned in the plasmid pETM30, yielding
pETM30 Ec ygfB. After transforming E. coli BL21(DE3) cells with this plasmid, they could
be used for purification of the fusion protein His-GST-EcYgfB. The protein was purified in two
steps, with a Ni**-NTA affinity chromatography step followed by SEC. The expression was
induced with 1 mM IPTG in 1 liter of LB medium and the protein was expressed overnight at
25°C with shaking. After harvesting the cells, the pellet was resuspended in supplemented lysis
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 25 mM imidazole, 1 mM DTT) as described in
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2.3.6. After centrifugation, the 6xHis-tagged construct was purified by Ni**-NTA-affinity chro-
matography. Figure 35 in the appendix shows a Coomassie stained gel of the purification frac-
tions. Elution fraction 1 was further dialyzed against 1 liter of dialysis buffer (50 mM Tris
pH 7.5, 150 mM NaCl, 10% (m/V) glycerol, 1 mM DTT) overnight. As the elution fraction
after the Ni>*-NTA affinity chromatography showed some contaminations, the protein was fur-
ther purified by SEC. The dialyzed protein was concentrated using a 30 kDa Amicon Ultra
Centrifugal Filter and loaded on a HiLoad 16/600 Superdex 75 pg size exclusion column with
50 mM Tris pH 7.5, 150 mM NacCl, 10% glycerol (m/V) and 1 mM DTT as a running buffer.
The chromatogram of the SEC is shown in Figure 36a in the appendix. Fractions were collected
and loaded on an SDS-PAGE gel and stained with Coomassie for analysis (Figure 36b in the
appendix). Fractions 8-20 were pooled, which resulted in 12 ml of protein solution at a final
concentration of 52.3 uM. This corresponded to a final yield of 31.5 mg of protein per 1 liter
of expression culture.

His-GST was purified in the same manner as His-GST-EcYgfB using the plasmid
pETM30_stop. Since the SDS-PAGE analysis of the fraction of the Ni>*-NTA purification step
(Figure 37 in the appendix) showed a much cleaner product than the His-GST-EcYgfB purifi-
cation, no SEC step was done after dialysis. The purification yielded 15 ml of 84.3 uM of His-
GST, which corresponded to 36.7 mg of protein per 1 liter of culture.

2.3.20. Pulldown assay with cell lysates

“Day cultures were inoculated at an ODeoo of 0.1 in 500 ml of LB with overnight cultures of
ID40AygfB::alpA-HiBiT::HA-alpR and grown for 5 h at 37 °C. Cultures were harvested by
centrifuging for 10 min at 6000 x g. Cell pellets were resuspended in 5 ml pulldown-buffer
(50mM Tris pH 7.5, 300 mM NaCl, 0.5% IGEPAL, 2 mM DTT) supplemented with cOmplete
protease inhibitor cocktail, DNase I, lysozyme and Triton-X 100. Cells were lysed by sonifica-
tion, cell debris removed by centrifugation and supernatants were used for downstream appli-
cation after sterile filtration.

1 ml of recombinant GST or GST-YgfB protein at a concentration of 10 uM was incubated with
100 ul 50% MagneGST (Promega) bead-slurry equilibrated with pulldown-buffer for 45 min at
4 °C and washed two times with 500 ul pulldown-buffer. The beads were then incubated with
1 ml of cell lysate for 45 min at 4 °C. After washing the beads three times with 700 ul pulldown-
buffer, the bound proteins were eluted from the beads using 100 ul pulldown-buffer supple-
mented with 25 mM glutathione. 33 ul of 4x Laemmli buffer was added to the eluate and the
samples were boiled for 10 min at 95 °C. For the input samples, 10 ul of GST-tagged protein
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was mixed with 10 ul of cell lysate. In total, 20 ul 4x Laemmli buffer was added and samples
were boiled at 95 °C for 10 min. Samples were analysed by SDS-PAGE and Western Blot using
the Nano-Glo HiBiT blotting system (Promega)” (Eggers et al., 2023, pp. 15, 16).

Pulldown with cell lysates of E. coli were done the same as for P. aeruginosa. In case LC-
MS/MS analysis was done downstream of the pulldown, samples prepared in Laemmli buffer

as described above were used.

2.3.21. Pulldown assay with recombinant proteins

Pulldown assays done with recombinant proteins were done to study direct interactions between
two proteins. “I ml of recombinant His-MBP-AIpA and His-MBP at a concentration of 10 uM
was incubated with 100 ul MagneHis™ Ni Particles (Promega) equilibrated with pulldown-
buffer (50 mM Tris pH 7.5, 25 mM imidazole, 300 mM NaCl, 0.5% IGEPAL, 2mM DTT) for
45 min at 4 °C and washed 2 times with 500 ul pulldown-buffer. In total, 1 ml of recombinant
YgfB at a concentration of 10 uM was added to the beads and incubated for 45 min at 4 °C.
After washing the beads three times with 700 ul pulldown-buffer, the bound proteins were
eluted with 75 ul pulldown-buffer supplemented with 350 mM imidazole. In total, 25 ul 4x
Laemmli buffer were added to the eluate and the samples were boiled for 10 min at 95 °C. For
the input samples, 10 ul of His-tagged protein was mixed with 10 ul of rYgfB. After addition of
20 ul 4x Laemmli buffer the samples were boiled at 95 °C for 10 min. Proteins were detected
by SDS-PAGE and Western blot as described above” (Eggers et al., 2023, p. 16).

2.3.22. Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assays (EMSA) were done to study the binding of His-MBP-
AlpA to the ampDh3 promoter, namely the stretch of the promoter that contained the AlpA
binding element (ABE). Near-infrared labeled DNA probes (IRDye 700 by LI-COR) were in-
cubated with proteins and resolved on a non-denaturing polyacrylamide gel. The migration of
the labeled probes could be detected by using the LI-COR Odyssey Imaging System using the
700 nm channel. When proteins bound to the DNA probe, the migration of the probe in the
polyacrylamide gel was retarded due to the larger size of the DNA:protein-complex. This is
called a band-shift. If another protein, such as YgfB, would inhibit the interaction of the DNA-
binding protein and the DNA-probe, then the shift intensity would be reduced or completely
abrogated. Figure 5 shows a schematic depiction of the EMSA done in this study. In addition,
as a negative control probe, the DNA sequence of the DNA-probe was scrambled using the

Sequence Manipulation Suite (Stothard, 2000).
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Electrophoresis

Figure 5: Schematic overview of the EMSA experiments done in this study. In 1, only fluorescently labeled
DNA probe is loaded on the gel, while in 2 a non-DNA-binding protein is added to the probe. In both conditions,
the labeled probe migrates to the bottom of the gel in the electrophoresis. In 3, a DNA-binding protein is added to
the probe, leading to a change in migratory behavior of the DNA probe. This leads to a band shift. In 4, a second
protein that interacts with the DNA-binding protein is added to the reaction mix. The DNA-binding protein can no
longer bind to the DNA and no band shift appears. In 5, a second protein that does not interact with the DNA-
binding protein is added to the mix. The DNA-binding protein can bind to the DNA and a band shift can be seen.
The figure was created with BioRender.com.

DNA-labeled probes were generated by ordering 5’-IRDye 700-labeled oligonucleotides from
IDT. Sequences for the labeled oligos were as follows (for the oligos that contain the ABE, the
ABE is marked with asterisks):

Sense oligonucleotide containing the ABE: 5-CGG TGT TGC ACG CGG *CGG GAC GCT
CGC GGT AGT TTT* TTC CCA TGA TCA CG-3'

Antisense oligonucleotide containing the ABE: 5'-CGT GAT CAT GGG AAA *AAA CTA
CCG CGA GCG TCC CGC CGC* GTG CAA CAC CG-3

Scrambled sense oligonucleotide: 5'-GTT TAC TAG GTC GAG GTA CTT CGA CGC GCG
CCG TCT GCT AGC GCG GTC TG-3" and

Scrambled antisense oligonucleotide: 5'-CA GAC CGC GCT AGC AGA CGG CGC GCG
TCG AAG TAC CTC GAC CTA GTA AAC-3’

“The oligonucleotides were annealed by mixing them in equimolar amounts in duplexing buffer
(100 mM Potassium Acetate; 30 mM HEPES, pH 7.5) and heating to 100 °C for 5 min in a PCR
cycler. The cycler was then turned off and the samples were allowed to cool to room tempera-
ture while still inside the block. The annealed product was then diluted with water to 6.25 nM
for EMSA experiments” (Eggers et al., 2023, p. 16).

Binding reactions for EMSAs were prepared by mixing DNA probes at a final concentration of
0.3125 nM with proteins in 20 pl of reaction mix per reaction. The final buffer composition in
each reaction mix consisted of 32.5 mM Tris, 67.5 mM NacCl, 9% glycerol, 12.5 mM KOAc,
3.75 mM HEPES, 50 mM KCl, 3.5 mM DTT, 0.25% Tween 20, and 0.025 pg/ml (0.5 pg total)

72



2. Materials and Methods

of sheared salmon sperm DNA as a blocking agent of unspecific protein-DNA-interactions.
His-MBP and His-MBP-AlpA were added to a final concentration of 1.25 uM and YgfB or
BSA added to a final concentration of either 5 uM or 12.5 uM, depending on the condition.
Binding reactions were prepared by first mixing buffer components, then adding YgfB or BSA
and subsequently His-MBP or His-MBP-AlpA. After preincubation of the proteins for 10 min
at 20°C to allow protein-protein-binding to take place, the fluorophore-labeled DNA-probes
were added. The binding reactions were then incubated in the dark for 30 min at 20°C. “For
resolving the reactions, 4% polyacrylamide gels containing 30% triethylene glycol were cast
(For two gels: 2 ml ROTIPHORESE®Gel 30 37.5:1 (Roth), 4.5 ml triethylene glycol (Sigma-
Aldrich), 1.5 ml 5x TBE-buffer, 7ml ddH20O, 15 ul TEMED, 75 ul 10% APS). The gels were
preequilibrated for 30 min at 130V in 0.5x TBE-buffer. Samples with added 10x orange dye
were then loaded onto the gel at 4 °C and the voltage set to 300 V until the samples entered the
gel completely. The voltage was then turned down to 130V and the gel was run until the mi-
gration front reached the end of the gel. The gels were imaged using the Licor Odyssey imaging
system using the 700 nm channel. For generation of the figures, the scanned image was con-

verted to greyscale and brightness and contrast adjusted” (Eggers et al., 2023, p. 16).
2.3.23. Split-luciferase assays

“Subcultures were harvested by centrifuging at 5000 x g for 10 min. Cell pellets were washed
once by resuspending in 1 ml PBS and centrifuged at 10,000 % g for 1 min. The pellet was re-
suspended 1 ml PBS and the ODesoo was measured. Bacteria corresponding to an ODsoo = 1
were harvested by centrifugation at 10,000 x g for 1 min. The pelleted bacteria were resus-
pended in 500 ul buffer K adapted from Dietsche et al. (Dietsche et al., 2016) (50 mM triethan-
olamine pH 7.5, 250 mM sucrose, I mM EDTA, 1 mM MgCls, 0.5% Triton-X 100, 10 ug/ml
DNase, 20 ug/ml lysozyme, 1:100 cOmplete protease inhibitor cocktail) and incubated on ice
for 30 min. For quantification of HiBiT-tagged proteins, 50 ul Nano-Glo HiBiT Lytic Reagent
containing 1 ul furimazine and 2 ul recombinant LgBiT were added to 50 ul lysate in a white
flat-bottom 96-well plate (Greiner) in technical triplicates. Plates were incubated for 10 min
and chemiluminescence was measured using a Tecan Reader Infinite 200 Pro plate reader

(500 ms integration time)” (Eggers et al., 2023, p. 15).

2.3.24. Sample preparation for proteomics
Samples in 4x Laemmli buffer were prepared for proteomics using a short gel run. 25 pl per
sample were loaded on a Protean Mini TGX gel with 10 wells, 30 pul per well. The gel was run

with SDS-PAGE running buffer for 10 minutes at 110 V constant until the samples entered the
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gel about 1 cm. The gel was stained overnight with colloidal Coomassie, then destained with
water by shaking for 5 minutes and imaged. The gels were then transferred to the proteome

center for analysis.

2.3.25. NanoLC-MS/MS analysis
NanoLC-MS/MS analysis as well as data processing was done by Dr. Mirita Franz-Wachtel of

the Proteome Center Tiibingen. The following section was written by Dr. Mirita Franz-Wachtel

of the Proteome Center Tiibingen.

“Proteins in Coomassie-stained gel pieces were digested in gel with trypsin (Borchert et al.,
2010), and extracted peptides were desalted (Rappsilber et al., 2007) and finally analyzed on
an Easy-nLC 1200 system coupled to a Q Exactive HF mass spectrometer (all Thermo Fisher
Scientific) as described previously (Aly et al., 2023) with slight modifications: peptides were
separated using a 57 minute segmented gradient from 10-33-50-90% of HPLC solvent B (80%
acetonitrile in 0.1% formic acid) in HPLC solvent A (0.1% formic acid) at a flow rate of 200
nl/min. The mass spectrometer was operated in data-dependent mode, collecting MS spectra in
the Orbitrap mass analyzer (60,000 resolution, 300-1750 m/z range) with an AGC target and a
maximum ion injection time set to 3x106 and 25 ms, respectively. The 7 most intense precursor
ions were sequentially fragmented with a normalized collision energy of 27 in each scan cycle
using higher energy collisional dissociation (HCD) fragmentation. In all measurements, se-
quenced precursor masses were excluded from further selection for 30 s. MS/MS spectra were
recorded with a resolution of 60,000, whereby AGC target and fill time were set to 105 and

220ms, respectively.”

2.3.26. MS data processing
The following section was written by Dr. Mirita Franz-Wachtel of the Proteome Center Tii-

bingen.

“Processing of MS spectra were performed with MaxQuant software package version 1.6.14.0
(Cox & Mann, 2008) with integrated Andromeda search engine (Cox et al., 2011). The respec-
tive MS datasets were searched against a P. aeruginosa PAO1 (UP000002438) and/or an Esch-
erichia coli K12 (UP000000625) databases, both obtained from UniProt (uniprot.org, last ac-
cesses: UP000002438: 07.10.2020 UP000000625: 30.11.2023), whereby the sequence of YgfB

was removed from the Escherichia coli database, and against a database of 286 commonly

74



2. Materials and Methods

observed contaminants. Trypsin was defined as protease with a maximum of two missed cleav-
ages. Oxidation of methionine, and protein N-terminal acetylation were specified as variable
modifications, and carbamidomethylation on cysteine was set as fixed modification. Mass tol-
erance was set to 4.5 parts per million (ppm) for precursor ions and 20 ppm for fragment ions.
Peptide, protein and modification site identifications were reported at a false discovery rate
(FDR) of 0.01, estimated by the target-decoy approach (Elias & Gygi, 2010). iBAQ (Intensity
Based Absolute Quantification) and LFQ (Label-Free Quantification) values were calculated,

and the “match between runs” option was enabled (Tyanova, Temu, & Cox, 2016).”

2.3.27. Protein-fragment complementation assay

Protein-fragment complementation assays (PCA) were used to screen for potential in vivo pro-
tein-protein interactions. For each protein of interest (POI) to be tested, the corresponding cod-
ing sequence of the gene of interest (GOI) encoding the POI was cloned to generate the plasmid
pBBR1 LgBiT-GOI. This plasmid allowed to express the POI with an N-terminal LgBiT tag.
The strain ID40AygfB::rha-SmBiT-ygfB was transformed with the plasmid. The strain lacked
vgfB at the native locus but had it reintroduced under a rhamnose inducible promoter at the Tn7-
site with an N-terminal SmBiT tag as described in 2.4.15. SmBiT and LgBiT are parts of a split-
luciferase with a low affinity to each other that form a functional luciferase only if they come
in close proximity. Therefore, if the POI and YgfB interacted on a physical level, the luciferase
was reconstituted and could, upon addition of the substrate furimazine, generate chemilumines-
cence.

The ID40AygfB::tha-SmBiT-ygfB strains that harbored the respective pBBR1 LgBiT-POI
plasmid were grown overnight in LB medium with 75 pg/ml of gentamicin and 0.1% rhamnose
to induce expression of the LgBi1T-GOI fusion protein. The next day, day cultures were prepared
by 1:20 dilution in LB medium with 75 pg/ml of gentamicin and 0.1% rhamnose and grown for
2-3 hours. The ODsoo was measured and the bacterial cultures were diluted to an ODeoo of 0.2
in 1 ml of medium. 50 pl of each culture was added in triplicates to a white 96-well plate,
resulting in 107 bacteria per well. The Nano-Glo Luciferase Assay reagent was prepared by
mixing 1 pl of Nano-Glo Luciferase Assay Substrate with 49 ul Nano-Glo Luciferase Assay
Buffer per reaction. 50 pl of the reagent was then added to each well that contained 50 pl of
bacteria. The plate was then shaken for 5 minutes on a plate shaker and chemiluminescence

was measured using a Tecan Infinite 200 Pro plate reader.
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2.4. Molecular biological methods

24.1. Polymerase chain reaction (PCR) to generate fragments for
cloning

Polymerase chain reaction was done to either amplify certain stretches of genes as inserts for
cloning, to generate linearized plasmid backbones for cloning, or to confirm successful cloning
or mutants during mutagenesis. To generate PCR fragments to be used for further cloning, usu-
ally the KAPA HiFi PCR kit by Roche was used. Alternatively, the Phusion High-Fidelity DNA
polymerase was used, when amplification by KAPA polymerase was unsuccessful. For either
polymerase, the GC-rich buffers were used if the GC-content of the target sequence was ~60%
or higher. The compositions of the master mixes are shown below. These were added in the
order as written, the master mix was mixed by pipetting up and down and the volume for one
reaction each was distributed in PCR tubes. The final volume of one reaction was 25 ul for
KAPA and 20 pl for Phusion. Table 15 shows the composition of the master mix for KAPA
PCR and Table 16 the composition for Phusion PCR.

Table 15: Composition of master mix for KAPA PCR. Reagents were added in the order as written.

Reagent Volume for 1 reaction Final concentration
Nuclease-free water Ad 25 pl -
5x KAPA HiFi Buffer (Fidelity or GC) 5 ul 1x
10 mM KAPA dNTP Mix 0.75 ul 0.3 mM
10 uM forward primer 0.75 pl 0.3 uM
10 uM reverse primer 0.75 ul 0.3 uM
20 ng per reaction for PCR
Template DNA As needed with gDNA, 2 ng per reac-
tion for PCR with plasmid
1 U/ul KAPA HiFi DNA polymerase 0.5 ul 05U

Table 16: Composition of master mix for Phusion PCR. Reagents were added in the order as written.

Reagent Volume for 1 reaction Final concentration
Nuclease-free water Ad 20 pl -
5x Phusion HF Buffer or 5x GC Buffer 4 pul 1x
10 mM dNTP 0.4 pl 0.2 mM
10 uM forward primer 1 pl 0.5 uM
10 uM reverse primer 1l 0.5 uM
50 ng per reaction for PCR
Template DNA As needed with gDNA, 4 ng per reac-
tion for PCR with plasmid
Phusion High-Fidelity DNA Polymerase 0.2 pl 0.02 U/ul

The prepared PCR tubes were placed in a thermocycler, and depending on the polymerase,
melting temperature of the primers, and length of the amplicon, the cycling protocol was

adapted. For amplification of fragments for cloning, the annealing was usually done with a
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temperature gradient, allowing different annealing temperatures per reaction. With this ap-
proach unspecific amplification could be minimized. The cycling protocol for KAPA PCR is

shown in Table 17 and the protocol for Phusion PCR in Table 18.
Table 17: Cycling protocol for KAPA PCR.

Step Temperature Duration Cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30s

Annealing 52°C-72°C 30s 25-35
Extension 72°C 30 s/kb

Final extension 72°C 5 min 1

Table 18: Cycling protocol for Phusion PCR.

Step Temperature Duration Cycles
Initial denaturation 98°C 30s |
Denaturation 98°C 10s
Annealing 52°C-72°C 30s

30 s/kb for genomic 25-35
Extension 72°C DNA, 15 s/kb for plas-

mid DNA
Final extension 72°C 5 min 1

24.2. Colony PCR to screen mutants or transformants

For confirmation of successful cloning or mutagenesis by colony PCR, MangoMix was used.
This is a ready-to-use PCR mix containing all components except water template and primers,
and already includes loading dye. For ease of use when checking colonies, some material was
taken from to colony with a pipette tip and added to the prepared MangoMix PCR reaction. The
cells were then lysed during denaturation and template DNA was released into the mix. The

PCR reactions were set up as described in Table 19.

Table 19: Composition of master mix for MangoMix PCR.

Reagent Volume for 1 reaction Final concentration
Nuclease-free water Ad 15 pl -
2X MangoMix 7.5 ul 1x
10 uM forward primer 0.5 pl 0.333 uM
10 uM reverse primer 0.5 pl 0.333 uM
Small amount of material
Template

from colony

The cycling conditions for the MangoMix PCR were adapted to ensure complete lysis of the
bacteria added to the mix. For this the initial denaturation was longer than usual. The cycling

conditions are shown in Table 20.
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Table 20: Cycling protocol for MangoMix PCR.

Step Temperature Duration Cycles

Initial denaturation 95°C 8 min 1

Denaturation 95°C 30s

Annealing 2°C below 10west. melting 305 30
temperature of primers

Extension 72°C 30 s/kb

Final extension 72°C 5 min 1

2.4.3. Agarose gel electrophoresis

To analyze PCR reactions or to check integrity of purified RNA, agarose gel electrophoresis
was done. This allows separation of various DNA fragments by size. To prepare a gel, first 0.5x
TBE buffer was prepared by adding one part 5x TBE buffer to nine parts deionized water.
Agarose was weighed in and 0.5x TBE buffer was added to a final concentration of 1% agarose.
The mixture was heated in a microwave until the agarose dissolved. The desired volume of
agarose gel was poured into a fresh flask and allowed to cool. MIDORI Green Xtra DNA stain
was then added in a dilution of 1:20,000 and mixed. The liquid agarose was then poured into a
gel tray with a comb with an appropriate well number that was fitted into a casting stand. The
gel was allowed to solidify and transferred into the electrophoresis chamber filled with 0.5x
TBE buffer. Then, the comb was removed and the gel was loaded by mixing 5ul of the PCR
product with 2 pl of orange G loading dye in case of amplification by KAPA or Phusion PCR
or directly loading 5 pl per well in case of PCR with MangoMix. The gel was run at 110 V
constant for 30 minutes and then imaged using a FastGene FAS-V imaging system.

To check the integrity of purified RNA, 1 ul of RNA sample was mixed with 3 pl of Orange G
loading buffer. The entire sample was loaded on a 1% agarose gel and ran at 110 v constant for
20 minutes. The RNA was assumed as intact if clear bands for the 16S- and 23S-rRNA could

be seen.

244, Isolation of PCR products

In case PCR was done to generate fragments for downstream cloning, the PCR products were
purified using the Wizard SV Gel and PCR Clean-Up System by Promega. For this, the PCR
reactions that had the least unspecific products as seen in agarose gel electrophoresis were se-
lected and pooled. The purification was then done as described by the manufacturer.

24.5. Isolation of plasmids

To isolate plasmids, E. coli strains carrying the plasmid to be isolated were grown overnight in

LB medium containing appropriate antibiotics. The cultures were centrifuged and plasmid was
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isolated using the Monarch Plasmid Miniprep Kit (New England Biolabs) according to the in-
struction of the manufacturer. Depending on the copy number of the plasmid, the volume of
liquid culture had to be adapted. For high-copy plasmids, 5 ml of liquid culture was sufficient.
If the plasmid had a low copy number, the bacteria were grown in 20 ml of liquid culture. For
isolation, the culture was split in two parts and two isolations were done in parallel. Addition-
ally, twice the volume as specified by the manufacturer was used per parallel-isolation for the
alkaline lysis. This is because the upper limit of the kit as specified by the manufacturer is 5 ml
of liquid culture per isolation. The column-based purification step was then done with the nor-

mal volumes as specified. The plasmid was eluted in 50 pl of elution buffer.

2.4.6. Isolation of genomic DNA
Genomic DNA (gDNA) was isolated using the DNeasy UltraClean Microbial Kit by Qiagen.
Bacteria were grown overnight in LB medium and gDNA was isolated according to the manu-

facturer.

24.7. Isolation of total RNA
Total RNA was isolated using the ZymoBiomics RNA Miniprep Kit. For this purpose, after the

treatment of interest, ODesoo was measured. ODesoo = 1 was pelleted by centrifugation and washed
twice with 500 pl ice cold PBS. The cells were then resuspended in 100 ul of ice-cold PBS and
transferred to a ZR BashingBead Lysis Tube. 750 pl of DNA/RNA shield was added and the
tubes were fixed in a Multi-Tube Holder fixed to a Vortex Genie 2. The samples were then
processed at maximum speed for 20 minutes. The samples could be kept frozen at -80°C pre-
vious to further isolation. To further isolate the total RNA, the samples homogenized in
DNA/RNA shield were thawed and RNA was isolated according to the instructions of the man-
ufacturer. The DNase digest as described by the manufacturer was done as described.

After isolation a second DNase digest was done using the Roche DNase 1. For this, a master
mix was prepared by mixing 5 pl of 10x buffer per reaction with 1 pl of DNase I per reaction.
Of this mixture, 6 pul of master mix were added to each sample. The samples were incubated at
37°C for 30 minutes. To stop the DNase I digest, 2 ul of 0.2 M EDTA were added per sample
and the samples were incubated at 72°C for 10 minutes.

The product of the DNase digest was further purified using the RNA Clean & Concentrator-5
kit by Zymo Research as described by the manufacturer. The samples were eluted in a final
volume of 20 pul DNase/RNase-free water.

Subsequently, the concentration of isolated total RNA was determined using a Qubit fluorom-

eter with the Qubit RNA BR Assay-Kit. The integrity of the isolated RNA was checked by
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agarose gel electrophoresis. The RNA was deemed intact, if clear bands for the 16S- and 23S-
rRNA could be seen.

Successful digestion of DNA by DNase I was controlled by quantitative PCR (qPCR) as well
as reverse-transcription quantitative PCR (RT-qPCR). Targets that were amplified were house-
keeping genes such as gyrB or rpoS as well as genes that were potentially deleted. This gave
information whether there was still DNA present in the sample that could interfere with down-

stream applications such as RNAseq and if gene deletions were successful.

2.4.8. Photometric quantification of nucleic acids

Nucleic acid concentrations were determined using a Nanodrop One. The Nanodrop was

blanked against the medium in which the nucleic acid was dissolved.

24.9. Fluorometric quantification of nucleic acids
Fluorometric quantification of nucleic acids was done using a Qubit fluorometer. Depending
on the type of nucleic acid (RNA or DNA) a different kit was used. The fluorometer was used

according to the instructions of the manufacturer (ThermoFisher Scientific).

2.4.10. Gibson assembly for cloning of plasmids

Recombinant plasmids were generated by Gibson assembly (Gibson et al., 2009). This method
allows the joining of multiple overlapping pieces of DNA in one reaction. “For this purpose,
vector fragments and inserts were amplified by PCR using the KAPA HIFI PCR Kit (Roche)
and assembled using a Gibson Mix for 30 min at 50 °C. The reaction product was transformed
in E. coli Dh5a and selected on LB agar plates with appropriate antibiotics” (Eggers et al.,
2023, p. 13).

If KAPA PCR was unsuccessful, Phusion PCR was alternatively used. Usually, 30 overlapping
bases between fragments were enough to yield successful reaction products. The composition

of the Gibson Mix is shown in Table 21.

Table 21: Composition of Gibson mix used in this study.

Reagent Volume for 1 reaction Final concentration
5x Isothermal reaction buffer 2 ul 1x

Taq DNA Ligase 40 U/ul 1 ul 4 U/ul

T5 Exonuclease 10 U/ul 0.004 ul 0.004 U/ul

Phusion DNA Polymerase 2 U/ul 0.0125 0.025 U/ul
Nuclease-free water ad 10 ul -

Chemically competent E. coli Dh5a or Top10 were transformed with the reaction product of
the Gibson assembly by heat shock. The cells were plated in LB agar plates containing appro-

priate antibiotics. The obtained colonies carrying the recombinant plasmids were screened by
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colony PCR. Positive clones were grown for plasmid preparation and confirmed by Sanger

sequencing.
2.4.11. Excision of the kanamycin resistance cassette from Keio

strains

Excision of the kan® cassette from the strains of the Keio collection (Baba et al., 2006) was
done as described by Cherepanov and Wackernagel (1995), using the protocol of Jeffrey Bar-
rick published on the website barricklab.org (Barrick et al., 2023). Overnight cultures of the
respective strains were transformed with the plasmid pCP20, carrying an ampicillin resistance
cassette amp®, and encoding a FLP recombinase, by electroporation. As the plasmid has a tem-
perature sensitive origin of replication and encodes the FLP recombinase under a temperature-
dependent promoter, the incubation steps after the electroporation were done at 30°C instead of
37°C. Single colonies were picked and grown in LB medium containing 50 pg/ml kanamycin
overnight at 43°C to induce production of the FLP recombinase as well as to select for a loss
of pCP20. The overnight culture was then diluted 10°-fold and 50 pl were plated on LB agar.
The plates were incubated at 30°C overnight. Single colonies were than patched on LB plates
containing either kanamycin (50 pg/ml), or carbenicillin (200 pg/ml), and LB plates without
antibiotic and grown overnight with the LB and LB + kanamycin plates grown at 37°C and the
LB + carbenicillin plates grown at 30°C.

Clones that were susceptible to both antibiotics were confirmed by PCR and stored as glycerol

stocks for long term usage.

2.4.12. Sanger sequencing of plasmids

To confirm plasmids were correct after cloning, Sanger sequencing was done by Eurofins Ge-
nomics. Appropriate primers for sequencing were designed to cover about 800-1000 bp of DNA
sequence of interest. The plasmids were isolated and diluted to 50-100 ng/ul. 15 pl of plasmid

were mixed with 2 pl of sequencing primer per reaction and sent to Eurofins for sequencing.

2.4.13. Whole plasmid sequencing

Whole plasmid sequencing was done with Eurofins Genomics to confirm that plasmids were
correct after cloning. Whole plasmid sequencing was used in case the inserts were too large to
be covered properly by Sanger sequencing or to confirm the correctness of the backbone se-
quence of a plasmid. Plasmids were isolated and diluted to 30 ng/ul. At least 10 pl of plasmid

were sent to sequencing.
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2.4.14. Mutagenesis of P. aeruginosa by homologous recombination

In-frame deletion mutants of P. aeruginosa were generated by allelic exchange as described
previously (Eggers et al., 2023; Hmelo et al., 2015; Klein et al., 2019; Sonnabend et al., 2020).
For this, between 800 and 900 bp upstream of the gene containing the first 30 bases, including
the start codon, and 800 to 900 bases downstream of the gene of interest, including the stop
codon, were amplified by PCR using genomic DNA as a template. Overhangs were introduced
by PCR to allow for joining of the fragments. The fragments were cloned into the suicide plas-
mids pEXTK or pEXG2 by Gibson assembly. These plasmids are able to replicate in E. coli,
but not in P. aeruginosa, and thus are only able to propagate when inserted into the genome of
P. aeruginosa by homologous recombination. These plasmids were transformed into the con-
jugative E. coli strain SM10Apir and mobilized into P. aeruginosa by conjugation. Conjugation
was done by bi-parental mating, mixing 200 pl of overnight culture of the donor stain and
400 pl of overnight culture of the recipient strain. The mixture was centrifuged at 10,000 x g
for one minute, the supernatant discarded and the pellet resuspended in the remaining liquid.
The cells were then spotted on a LB plate and incubated at 37°C overnight. The next day, the
cells were resuspended in 2 ml of LB medium and 20 pl and 100 pl of the slurry was plated on
LB agar plates containing 75 pg/ml gentamicin and 15 pg/ml irgasan. This allowed for the se-
lection of P. aeruginosa clones that have integrated the plasmids by homologous recombina-
tion, as the plasmid contains a gentamicin resistance cassette but does not replicate in P. aeru-
ginosa. The E. coli cells are killed by the irgasan. Of these clones, four were picked and streaked
overnight on LB agar plates, allowing for a second crossover, resulting either in deletion mu-
tants or a reversion back to wildtype. To counter select the clones that underwent a successful
second crossover event, all the clones that still carried the integrative plasmid had to be killed.
For this, the plasmid pEXG2 encodes a sacB cassette derived from Bacillus subtilis, encoding
for levansucrase. Levansucrase produces a toxic product from sucrose, thus conferring sucrose
sensitivity (Hmelo et al., 2015; Ried & Collmer, 1987; Steinmetz et al., 1983). To select for
double crossover exconjugants, of each of the four clones streaked on LB medium, a liquid
culture in LB medium containing 20% sucrose was prepared and grown overnight with shaking
at 37°C. Of this culture a three-loop-streak was done on NSLB agar plates containing 15%
sucrose and incubated overnight at 37°C. From these plates, single colonies were picked and
patched on LB agar containing 75 pg/ml gentamicin and on LB agar without antibiotics to
screen for gentamicin susceptible clones. After overnight incubation, gentamicin susceptible

clones were screened by colony PCR using primers flanking the gene of interest, as well as
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primers that bind inside the region to be deleted. Positive clones were grown in 5 ml of LB
medium and the next day, genomic DNA was isolated and the PCR was repeated. The mutants
were then stored as glycerol stocks. In case the plasmid pEXTK was used, the procedure was
the same, but the counter selection after the second cross over was different. “In pEXTK, the
sacB gene is replaced by a thymidine kinase gene. If pEXTK based mutator plasmids were used
in the mutagenesis procedure, the positive selection to obtain a second crossover was per-
formed by incubating merodiploidic clones for 3 hin 5 ml LB medium containing IPTG (1 mM).
Subsequently, bacteria were positively selected by streaking bacteria on LB agar plates con-
taining 200 ug/ml azidothymidine (Acros Organics) and 1 mM IPTG” (Eggers et al., 2023, p.
13).

Figure 6 shows a schematic overview of the mutagenesis procedure.
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Figure 6: Principle of allelic exchange utilized in this study. The allelic exchange vector is mobilized into
P. aeruginosa by conjugation. A first crossover happens by homologous recombination at one of the flanking
regions of the shortened gene of interest. As the allelic exchange vector cannot replicate in P. aeruginosa, only
merodiploids that have integrated the vector into their genome remain viable after antibiotic selection. Utilizing
sacB or a thymidine kinase, a counter selection is done. This forces a second crossover, reverting the bacterium
back to wildtype or to a mutant. The figure was reproduced unaltered from Figure 1 in Hmelo et al. (2015). Re-
produced with permission from Springer Nature.

2.4.15. Complementation of P. aeruginosa by Tn7-insertion

Rhamnose-inducible complementant strains of ID40 were generated as described by Choi and
Schweizer (2006). The CDS of the gene of interest to complement was PCR-amplified using
genomic DNA as a template and inserted by Gibson assembly into the miniTn7 element (Gm®)

present on the plasmid pJM220 (Meisner & Goldberg, 2016). The CDS was inserted down-
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stream of a rhamnose-inducible promoter that was also located on the miniTn7-element. P. ae-
ruginosa strains to complement were transformed with the pJM220 plasmid and the helper
plasmid pTNS3 by electroporation. pTNS3 harbors a Tn7 transposase, allowing insertion of the
miniTn7-constructs at the attTn7 site of P. aeruginosa. The insertion of the miniTn7 construct
was verified by PCR. The gentamicin resistance cassette was then excised by transforming the
P. aeruginosa strains with the FLP-recombinase expressing plasmid pFLP2 (Cb®, sac™) by
electroporation. The strains were streaked on NSLB agar containing 15% sucrose to cure them
from the pFLP2 vector. Loss of the plasmid and the gentamicin resistance cassette was tested
by patching colonies on LB agar containing either 200 pg/ml carbenicillin or 75 pg/ml gen-

tamicin and on NSLB agar containing 15% sucrose. Finally, colonies were verified by PCR.

2.4.16. Mutagenesis of E. coli by homologous recombination

E. coli BW25113 strains were mutated by allelic exchange using the suicide plasmid pSB890y.
Due to its origin R6Ky, pSB890y is not able to replicate in E. coli BW25113 except when
integrated in the genome. For cloning, the E. coli strain Dh5apirl 16 was used that carries the
pir gene, encoding for the Tr-protein. This protein is required for replication of plasmids carry-
ing the R6KY plasmid (Germino & Bastia, 1982; Shafferman et al., 1982; Stalker et al., 1982).
Same as before, the gene of interest was cloned in a truncated version with 800 bp upstream
and downstream of the scar site. As described before, the pSB890y plasmid carries a sac B gene
for counterselection.

For conjugation in E. coli BW25113 strains, chemically competent E. coli B2163Anic35 were
transformed with the plasmid and grown in 5 ml of LB medium containing 6 pg/ml tetracycline
and 50 pg/ml diaminopimelic acid (DAP), as the E. coli p2163Anic35 is auxotroph for DAP
(Babic et al., 2008). E. coli f2163Anic35 is able to transfer its plasmid by mating (Babic et al.,
2008) and thus was used to transfer the suicide plasmid to E. coli BW25113.

For this purpose, 900 pl of the prepared culture of E. coli 2163Anic35 carrying the pSB890y
plasmid and 900 pl of overnight culture of BW25113 were mixed, pelleted by centrifugation at
5000 x g for 1 minute, washed twice with 1 ml of LB medium without supplements, and finally
resuspended in 100 pl of LB medium supplemented with 50 pg/ml DAP. The slurry was then
spotted on a LB agar plate containing 50 pg/ml DAP and incubated overnight at 37°C. The next
day, the spot was scraped off and resuspended in 1 ml LB medium. The suspension was diluted
1:100 with LB medium and 100 pl were plated on LB agar plates containing 12.5 ug/ml tetra-

cycline. As the donor strain is unable to grow without DAP and the plasmid itself does not
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replicate in E. coli BW25113, except when integrated by homologous recombination, this al-
lowed for the selection of the merodiploid clones that had the plasmid integrated in the genome
by homologous recombination. Two merodiploids were picked and grown in 5 ml LB medium
overnight at 37°C to allow for a second crossover. The next day, a counter selection was done
using sucrose, as the plasmid encodes a sacB gene that allows for counter selection using su-
crose due to the production of a toxic product from sucrose by levansucrase, the gene product
of sacB (Ried & Collmer, 1987; Steinmetz et al., 1983). For the counter selection, 1.5 pul of the
prepared overnight cultures were diluted in 1 ml LB medium and plated on a LB agar plate
containing 15% sucrose and incubated at 37°C overnight. The next day, the success of the sec-
ond crossover was tested by screening for tetracycline susceptible clones by patching on LB
agar plates containing 12.5 pg/ml tetracycline and of LB agar plates without antibiotics. After
overnight incubation at 37°C, tetracycline susceptible clones were screened by colony PCR for
the correct size of the truncated gene of interest. Positive clones were grown in liquid culture,
genomic DNA was isolated and the PCR repeated. Mutants were stored as glycerol stocks for

long term usage at -80°C.

2.4.17. Quantitative polymerase chain reaction

Quantitative polymerase chain reaction (qQPCR) was done using the QuantiFast SYBR Green
PCR Kit by Qiagen. gPCR was mainly done to control for successful digestion of DNA by
DNase I to avoid DNA interfering with the downstream application. As target genes, either of
the housekeeping genes gyrB or rpoS was used. The master mix was used according to the
instructions of the manufacturer and transferred to a 96 well PCR plate. The samples were di-
luted to an RNA concentration of 50 ng/ul and 1 pl of sample was added per reaction. The PCR
plates were sealed with transparent foil and the qPCR reaction was carried out in a LightCycler
480 IT (Roche). The qPCR protocol is listed in Table 22. Primers used for qPCR are listed in
Table 12.

2.4.18. Reverse-transcription quantitative polymerase chain reaction

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) was done to quantify
the abundance of mRNA in a sample. For this, the QuantiFast SYBR Green RT-PCR Kit (Qi-
agen) was used, a one-step RT-qPCR kit. The master mix was prepared as described by the
manufacturer and 24 pl were added to the wells of a 96 well PCR plate. The samples were
diluted to 50 ng of RNA per ul using RNase-free water and 1 pl was added to the master mixes.
RT-gqPCR was carried out with primers for the genes of interest as well as for either of the

housekeeping genes gyrB or rpoS. The RT-qPCR was done in a LightCycler 480 II (Roche)
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with the cycling conditions shown in Table 22. Primers used for RT-qPCR are listed in Table
12. A melting curve was recorded to see if the amplified PCR product consisted of one species
or if there were several products due to unspecific binding of primers. Samples of biological

replicates were always run in technical duplicates.

Table 22: Cycling conditions for gPCR and RT-qPCR. For qPCR the reverse transcription step was done to
keep conditions equal between both methods and to increase comparability.

Target
Step temper- Ramp rate Hold Cycles  Acquisition mode
ature
Reverse transcription 50°C 4.4 °C/s 10min 1 None
Initial denaturation 95°C 4.4 °C/s 5 min 1 None
Denaturation 95°C 4.4 °C/s 10s None
Annealing 60°C 2.2 °C/s 10s 40 None
Extension 72°C 4.4 °C/s 30s Single
95°C 4.4 °C/s 5 min 1 None
46°C 4.4 °C/s 10s 1 None
Melt curve Continuous (10 acquisi-
95°C 0.06 °C/s - 1 .
tions per °C)
Cool 40°C 2.2 °C/s 20s None

The data analysis was done using the LightCycler 480 software, using the second derivative
max method for absolute quantification. The obtained values for the crossing point (Cp), the
PCR cycle at which the fluorescence signal crosses above the background threshold, were then
used to calculate the gene expression according to Pfaffl (2001). The Pfaffl method requires the
knowledge of the amplification efficiency of each primer pair, i.e. if indeed there is a doubling
of the amplicon in each cycle of the PCR. An efficiency of 2 displays that this particular primer
pair indeed doubles the amount of generated amplicon in each cycle. To obtain the efficiency
of a primer pair, a serial dilution was done by diluting a chosen sample in two-fold steps and
run in duplicates. The primer efficiency could then be calculated by the LightCycler software
by selecting the runs as a standard curve. The mean of the Cp values of the technical duplicates
was calculated and then the mean of the Cp values of the biological replicates of the control
was calculated for the gene of interest as well as for the reference gene. The individual Cp
values and the efficiency of each sample was then inserted in Equation 4 with the control being
the mean of the control samples for each gene. The individual values of the control condition

were also treated as a sample.

Equation 4: Equation for calculation of relative gene expression as described by Pfaffl (2001). Ratio = rela-
tive expression, E' = primer efficiency, Cp = crossing-point value
ACptarget(control-sample)

. E
ratio = (Etarget)
(Eref)

ACpref(control—sample)
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This gave the relative expression of each gene of interest in the different conditions. The relative

expression could then be further plotted and analyzed.

2.4.19. Library preparation for RNA sequencing

Library preparation of RNA samples for RNAseq was done by Christina Engesser of the NGS
Competence Center Tiibingen (NCCT) together with me.

As a first quality control step prior to library preparation, the concentration of total RNA was
measured using the Qubit RNA BR Assay Kit. For library preparation (depletion of ribosomal
RNA, fragmentation, cDNA synthesis, poly(A)-tailing, adapter ligation and specific amplifica-
tion of adapter-ligated cDNA by PCR), the kit [llumina Stranded Total RNA Prep with Ribo-
Zero Plus was used according to the instruction of the manufacturer with an initial input of
200 ng of total RNA per sample.

After library preparation, the quality of the individual libraries was controlled by Bioanalyzer
using the Bioanalyzer High sensitivity DNA Kit. The libraries were then pooled in two pools,
one for each species of bacteria tested, with a concentration of 8 nM of cDNA per pool. The
concentration of the pools was measured using the Qubit DS DNA HS assay Kit and quality of
the pools was controlled by Bioanalyzer using the Bioanalyzer High Sensitivity DNA Kit.

2.4.20. RNA sequencing

Sequencing of the pooled libraries was done in two batches by Christina Engesser (NCCT) on
an [llumina NextSeq 500 with a MidOutput Flowcell v2.5, 2x75 bp (runmode 74, 10, 10, 74)
with a final input of 1 pM and a PhiX spike-in of 1%.

The data analysis was done by Jennifer Miiller of the NCCT. The following section was written

using information provided by Jennifer Miiller.

The sequencing was demultiplexed with bel2fastq (v2.19.0.316) and quality was checked with
fastp (v0.20.1) and visualized using MultiQC (v1.7). The analysis of the RNAseq was then
performed with the nf-core/rnaseq pipeline (v.3.11.2), using hisat2 as an aligner. The default
settings were used for the analysis, except for the featurecounts group type, which was set to
gene_id. The featurecounts feature type was set to transcript. The featurecounts tables were
used for downstream analysis and visualization. The deseq2 gc.R script was adapted and the
data were visualized with EnhancedVolcano (v1.14.0), ggplot2 (v3.4.2), plotly (v4.10.2), and
the VolcaNoseR web application (Goedhart & Luijsterburg, 2020). Genes with an adjusted p

value of <0.01 and a log> fold change of >2 or <-2 were considered differentially expressed.
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2.4.21.  AmpDh3 promoter activity assay

“To determine the activity of the ampDh3-promoter, various ampDh3-promoter-luciferase re-
porter constructs such as the plasmid pBBR-ampDh3-532-nanoluc were transformed into Pseu-
domonas aeruginosa strains via electroporation according to the protocol of Choi et al. (Choi
et al., 2000) [...] Overnight cultures were subcultured for 3 h in 5 ml LB containing 75 ug/ml
gentamicin. ODeoo was measured and cultures were diluted to an ODsooof 0.2 in I ml LB. 50 ul
were transferred into a white flat bottom 96-well plate in triplicates and 50 ul of Promega
NanoGlo Luciferase assay reagent (Promega) prepared according to the manufacturer’s in-
structions was added to the wells. The plate was then shaken for 10 min at RT and chemilumi-

nescence was measured using a Tecan Infinite Pro 200 plate reader” (Eggers et al., 2023, p.

13).

2.5. Statistical methods

Statistical analysis of RNAseq data as well as of raw NanoLC-MS/MS data is described in the
respective chapter (2.4.20 and 2.3.25)

2.51. Definitions of replicates and sample size

A biological replicate n was defined as a distinct biological entity, i.e., a distinct bacterial cul-
ture. Technical replicates were repeated measurements prepared from the same biological rep-
licate. The mean of technical replicates was calculated to obtain the value of a biological repli-
cate. The sample sizes in this study ranged from n = 1 to n = 19. Statistical analysis was only

done, when a condition had at least n = 3 biological replicates.

2.5.2. Welch'’s t test

Two-tailed Welch’s ¢ test was done to compare exactly two groups that had unequal variances
in GraphPad Prism v10.1.1. The data were tested for normality using Shapiro-Wilks test as well

as by graphical analysis using Q-Q-plots. The test was done with a confidence level a of 95%.

2.5.3. One-way ANOVA

One-way ANOVA was done to compare three or more unmatched groups that were affected by
one factor. GraphPad Prism v10.1.1 was used for the analysis. Normality was analyzed by
Shapiro-Wilks test as well as by graphical analysis using Q-Q-plots. If the data were not nor-
mally distributed, a logio transformation was done, and checked again. The groups were tested
for equal variances by Brown-Forsythe test. One-way ANOVA was then done with the post-
hoc test being adapted to the comparisons made. In all cases, an a threshold of 0.05 was chosen.

If all groups were compared to each other, Tukey’s multiple comparisons test was done. If all
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groups were compared to a control group, Dunnett’s multiple comparison test was done and if

only preselected pairs of groups were compared, Sidak's multiple comparisons test was done.

254. Two-way ANOVA

Two-way ANOVA was done to compare the means of three or more unmatched groups that
were influenced by two factors using GraphPad Prism v10.1.1. As before, normality was ana-
lyzed by Shapiro-Wilks test as well as by graphical analysis using Q-Q-plots. Heteroscedastic-
ity was tested by Spearman’s rank correlation coefficient test. Two-way ANOVA was then

done with an appropriate post-hoc test as described in 2.5.3, with an o threshold of 0.05.

2.5.5. Data analysis of pulldown-MS data using Perseus

Analysis of the pulldown-MS data was done using the Perseus software platform v2.0.10.0
(Tyanova, Temu, Sinitcyn, et al., 2016) on LFQ intensity values that were obtained from
MaxQuant as described in section 2.3.26. Data were cleaned by removing proteins that were
“only identified by site” by MaxQuant, i.e. identification only by peptides with modified amino
acids, as these identifications are typically irrelevant. In addition, for pulldown assays done in
P. aeruginosa 1D40, all proteins that were annotated as E. coli proteins, as these were likely
contaminants from the purification of GST or GST-Y gfB.

The matrix was imported into Perseus and LFQ intensity values were categorically annotated
into groups of replicates. To check for variations between groups and replicates, a principal
component analysis was done. The LFQ intensity values were then log> transformed and filtered
based on valid values. All rows that had three valid values in at least one group were kept, while
the rest was discarded. This ensured that only unambiguous measurements were kept for anal-
ysis. Missing values were then replaced with values sampled from a normal distribution with a
width of 0.3 and a down shift of 1.8, with the mode set to “Total matrix” to sample from the
entire matrix and not from each column. Multi scatter plots of the data were then created and
the Pearson correlation was calculated to estimate the degree of correlation between the repli-
cates. Additionally, histograms of the data log> transformed LFQ intensity values were created
to verify a normal distribution of the data and to control that the imputed values fell within this
normal distribution. The data were then analyzed by two-sided two-sample ¢ test with an SO of
2 and an FDR of 0.01. FDR was calculated by permutation-based FDR with the number of
randomizations set to 250.

Proteins that had a g value of <0.01 and a positive log> fold change when comparing the GST-

YgfB condition with the GST control were considered as interactors.
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In the P. aeruginosa dataset, proteins that derived from the purification of GST or GST-YgfB
could be excluded previously to the analysis in Perseus, as these were annotated as E. coli pro-
teins. For the E. coli BW25113 condition, this was not possible. Therefore, pulldowns were not
only done with whole cell lysates as bait, but also with pulldown buffer as a mock condition.
All proteins that were present in the mock-pulldown condition except GST or GST-YgfB could
be considered as contaminants. To perform statistical analysis for interactors of YgfB in
BW25113, the data had to be cleaned by removing purification contaminants. For this, the
“GST-YgfB + Lysate” and GST + Lysate” conditions were compared by two-sided multiple ¢
test with the “GST-YgfB + Mock” and “GST + Mock”, respectively, with an SO of 2 and an
FDR of 0.01. Proteins that had significant differences and were enriched in the “+Lysate” con-
dition vs. the “+Mock” condition in either the GST-Y gfB or the GST comparison were catego-
rized as potential interactors of either GST or GST-YgfB and could be ruled out as contami-
nants. Statistical analysis by multiple ¢ test comparing “GST-YgfB + Lysate” vs. “GST + Ly-
sate” was then done as described above using the cleaned dataset of potential interactors of
either protein. To be classified as an interactor of GST-YgfB, a protein had to be significantly
enriched in the “GST-YgfB + Lysate” vs. “GST + Lysate” comparison as well as in the “GST-
YgfB + Lysate” vs. “GST-YgfB + Mock” comparison. The data was visualized using the Volca-
NoseR web application (Goedhart & Luijsterburg, 2020).
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3. Results

Declaration of contributions
Parts of the results shown in chapter 3.1 and 3.2 have been published in Eggers et al. (2023).

Some passages have been cited literally from this publication. These citations were formatted
in italics and are marked with quotation marks. The publication Eggers et al. (2023) was mainly
written by PD Dr. Erwin Bohn and me. Figures in the results section of this work that were
adopted, adapted or modified from Eggers et al. (2023) have originally been created by me,
with the exception of Figure 7a, which was created together with PD Dr. Monika Schiitz. The
data originally published in Eggers et al. (2023) that are presented in the results section of this
work were generated by me or under my supervision.

The RNAseq as well as the data evaluation shown in 3.3.1 were done in collaboration with the
NGS Competence Center Tiibingen (NCCT). Sequencing was done by Christina Engesser and
data analysis by Jennifer Miiller.

The NanoLC-MS/MS analysis of the interactome, including sample preparation of protein sam-
ples that were provided in a gel by me and the generation of LFQ data shown in 3.3.2 were
done by Dr. Mirita Franz-Wachtel of the Proteome Center Tiibingen.

All other data shown in this work were generated by me or under my supervision.

3.1. Regulation of AmpC and B-lactam resistance by YgfB

As described in the introduction, it has previously been shown that deletion of ygfB increases
expression levels of ampDh3, which in turn leads to a shift in cell wall metabolic products. This
shift in cell wall products modulates the activity of the regulator of ampC, AmpR, and thus
AmpC levels and resistance to -lactam antibiotics. This relationship has been shown by tran-
scriptomic analysis as well as by RT-qPCR. AlpA has been shown to be a transcription factor

of ampDh3 and to be essential for transactivation of ampDh3 upon deletion of ygfB.

3.1.1. Validation of transcriptome on the protein level

To validate the findings of the RNAseq, as well as of the RT-qPCR experiments on a proteomic
level, we investigated the production of YgfB and AmpDh3. For this purpose, strains that had
the ampDh3 gene exchanged with ampDh3 fused to a HiBiT-tag were generated by homologous
recombination. HiBiT is an eleven amino acid tag and part of a split-NanoLuc luciferase. Add-
ing the second part of the split-luciferase, LgBiT, reconstitutes NanoLuc to form a working

luciferase generating chemiluminescence upon addition of the substrate furimazine.
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Using this system allowed the levels of AmpDh3 to be measured by Western blot, as well as by
96-well plate-based measurement. We genomically tagged ampDh3 with a sequence encoding
the HiBiT tag in ID40 wildtype, ygfB deletion background, as well as in a conditional ygfB
deletion mutant where ygfB had been reinserted under the control of a rhamnose inducible pro-
moter at the Tn7-site of P. aeruginosa. This yielded the strains 1D40::ampDh3-HiBiT,
ID40AygfB::ampDh3-HiBiT, and ID40AygfB::tha-ygfB::ampDh3-HiBiT, respectively. These
strains were then used to track AmpDh3 production as a response to ygfB deletion and/or in-

duction. The data shown in this section have been published in Eggers et al. (2023).

3.1.1.1.  Concentration-dependent relationship between ygfB and ampDh3

To validate the influence of ygfB deletion, the AmpDh3-HiBiT production in the ID40 wildtype,
vgfB deletion, and complementation background was analyzed by Western blotting. The strains
were grown in LB medium and whole cells lysates were prepared (Figure 7). For the
complemented strain, rhamnose was added to the medium in different concentrations (0%,
0.001%, 0.01%, and 0.1%) to induce expression of ygfB. Figure 7a shows the Western blot of
a dataset representative of three individual experiments, while Figure 7b and Figure 7c show a
semi-quantification of the band intensities of three independent replicate sets. “It should be
noted that the antibodies we used for detection of YgfB produced an unspecific band very close
to YgfB but at a slightly higher molecular weight and that YgfB and AmpDh3 were detected on
separate blots” (Eggers et al., 2023, p. 3).

Deletion of ygfB strongly increased the levels of AmpDh3-HiBiT. Increasing the levels of
rhamnose added to the complemented strains clearly correlated with increasing protein levels
of YgfB, while the levels of AmpDh3-HiBiT were negatively correlated with the levels of

rhamnose added to the medium.
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Figure 7: Western blot to validate data of RNAseq and RT-qPCR. a) “Whole cell lysates of the indicated
strains were used for SDS-PAGE and Western blots. The detection of YgfB and AmpDh3 was done on separate
Western blots, each with RpoB as a loading control. As primary antibodies, anti-YgfB or as a loading control anti-
RpoB antibodies and as secondary antibody anti-IgG-HRP antibodies were used and detection was done using
ECL. For determination of AmpDh3, recombinant LgBiT was used. LgBiT binds to HiBiT resulting in a functional
luciferase. The cleavage of the substrate furimazine leads to detectable chemiluminescence. Data are representa-
tive of three independent experiments” (Eggers et al., 2023, p. 4). Rhamnose was added in the indicated concen-
trations to medium of the complemented strain to induce production of YgfB. b + ¢) Quantification of Western
blot band intensity using ImageJ of the blots shown in a) as well as two other replicates. b) shows the quantification
of YgfB and (¢) the quantification of AmpDh3-HiBiT. Asterisks indicate significant differences, comparing either
the wildtype and ygfB-deletion strain or the 0% rhamnose condition with the increasing rhamnose conditions. ns:
not significant, *¥p<0.01, ***p<0.001, one-way ANOVA, Sidak's multiple comparisons. Plotted are mean and
standard deviation as well as individual data points from » = 3 individual experiments. The figure has been adapted
from Eggers et al. (2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

To further quantify the levels of AmpDh3-HiBiT, split-luciferase assays that allowed measure-
ment of protein levels using a plate reader were done (Figure 8). ID40, ID40AygfB, and
ID40AygfB::rtha-ygfB::ampDh3-HiBiT were grown in LB medium as before. ID40 and
ID40AygfB were additionally treated with 0.1% rhamnose, while 0%, 0.001%, 0.01%, or 0.1%
rhamnose was added to ID40AygfB::tha-ygfB::ampDh3-HiBiT to induce increasing levels of
vgfB expression. Cells were lysed and recombinant LgBiT and substrate were added to the ly-
sates that contained the HiBiT-tagged protein.
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Figure 8: Quantification of AmpDh3-HiBiT levels. To quantify the levels of AmpDh3-HiBiT, ID40::ampDh3-
HiBiT, ID40AygfB::ampDh3-HiBiT, and 1D40AygfB::rha-ygfB::ampDh3-HiBiT were grown for 3 hours in LB
medium and then chemically lysed. Addition of recombinant LgBiT to the lysates containing the HiBiT-tagged
proteins led to the reconstitution of a working luciferase. Addition of furimazine as a substrate generated chemi-
luminescence that could be measured using a plate reader, giving information on the levels of HiBiT-tagged protein
present in the lysate. Rhamnose was added to the culture at the indicated concentrations. Plotted are the relative
levels of luciferase activity normalized to ID40 wildtype without added rhamnose. Comparisons were done by
one-way ANOVA comparing the conditions as indicated by the brackets, using Sidak's multiple comparisons as a
post-hoc test. ****p<0.0001. Plotted are the mean and standard deviation as well as individual data points of n = 3
biological replicates. The figure has been adapted from Eggers et al. (2023) under CC BY 4.0 (https://creativecom-
mons.org/licenses/by/4.0/).

The levels of AmpDh3-HiBiT were strongly increased (~28-fold) in the ID40AygfB strain com-
pared to the wildtype. Addition of increasing concentrations of rhamnose to the complemented
strain carrying rhamnose-inducible ygfB reduced the levels of AmpDh3-HiBiT about 8-fold,
48-fold, and 70-fold, respectively, as compared to the condition without rhamnose. In addition,
there was no significant difference between AmpDh3-HiBiT production in ID40 wildtype and
ID40AygfB when rhamnose was added, highlighting that the effect on AmpDh3-HiBiT by ad-
dition of rhamnose was indeed due to an increased production of Y gfB and not due non-specific
effects of rhamnose. These results could further solidify the inverse relationship between Y gfB

and AmpDh3 and as such, also on downstream effects of AmpDh3.

3.1.1.2. Time-dependent relationship between ygfB and ampDh3

The temporal relationship of ygfB-induction and subsequent ampDh3 expression observed on a
transcriptomic level was also validated on the protein level. For this, the strain ID40AygfB::rha-
vgfB::ampDh3-HiBiT was grown in LB medium and 0.1% rhamnose was added at time point
0 min. At this time point and every subsequent 30 min for 180 min in total, a sample was taken
from the growing culture and whole cell lysates were prepared for Western blotting. Figure 9a
shows a Western blot representative of three independent Western blots. In Figure 9b and ¢, a

semi-quantification of the Western blot band intensities that was done using ImageJ is shown.
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Figure 9: Western blot time course to track YgfB and AmpDh3-HiBiT production. a) “The expression of
vgfB in ID40AygfB: :rha-ygfB.::ampDh3-HiBiT was induced with 0.1% rhamnose at time point zero and samples
were taken from the growing culture in LB medium at the indicated time points. Then, whole cell lysates were
prepared and used for SDS-PAGE and Western blots. The 0.1% condition depicts a strain grown under constant
rhamnose supplementation. The detection of YgfB and AmpDh3 was done on separate Western blots, each with
RpoB as a loading control. As primary antibodies, anti-YgfB or anti-RpoB antibodies and as secondary antibody
anti-IgG-HRP antibodies were used, and detection was done using ECL. For determination of AmpDh3, recom-
binant LgBiT was used. LgBiT binds to HiBiT resulting in a functional luciferase. The cleavage of the substrate
furimazine leads to detectable chemiluminescence. Data are representative of three independent experiments”
(Eggers et al., 2023, p. 5). b and ¢) Western blot band intensities of three independent experiments were semi-
quantified using Imagel. Plotted are the loading control-normalized intensities of YgfB (b) and AmpDh3-HiBiT
(¢) compared to time point 180 min and time point O min, respectively. In (b), all relative intensities were compared
with the time point 180 min using one-way ANOVA and Dunnett's multiple comparisons as a post-hoc test. In (c),
all relative intensities were compared to the 0 min time point using one-way ANOVA and Dunnett's multiple
comparisons as a post-hoc test. *p<0.05, **p<0.01. Plotted are mean and standard deviation as well as the indi-
vidual data points of n = 3 biological replicates. Figure has been adapted from Eggers et al. (2023) under CC BY
4.0 (https://creativecommons.org/licenses/by/4.0/).

While YgfB levels were strongly increased already after 30 min and continued to rise through-
out the experiment, levels of AmpDh3-HiBiT remained constant after 30 minutes and then
dropped off sharply. Quantification of the band intensities of three independent Western blots
using independently samples could confirm this impression.

Again, a split-luciferase assay was used to further measure the levels of AmpDh3-HiBiT in the
cells upon induction of YgfB. As for the Western Blot, the same strain and setup were used,
but at the sampling time points a fixed volume was taken from the growing culture, washed
using PBS, and 10° cells (ODsoo = 1) were harvested by centrifugation. The pellets were then
frozen in liquid nitrogen and chemically lysed only once all samples had been collected to avoid

protein degradation by lysing at different time points. The levels of AmpDh3-HiBiT in the
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lysate were then measured by a luciferase assay as shown in Figure 10. This assay allowed a
more exact tracking of the levels of AmpDh3-HiBiT following induction of ygfB expression,

and again a sharp decline could be observed after 60 minutes.
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Figure 10: Time course analysis of AmpDh3-HiBiT levels following ygfB-induction by split-luciferase assay.
0.1% rhamnose was added to cultures of the strain ID40AygfB::rha-ygfB::ampDh3-HiBiT at time point 0 min to
induce production of YgfB. Levels of AmpDh3-HiBiT were then measured by taking samples every 30 minutes,
freezing the pellets, and later lysing the cells by chemical lysis. The levels of AmpDh3-HiBiT could then be quan-
tified by adding recombinant LgBiT, leading to a reconstituted luciferase that, upon addition of furimazine as a
substrate, produced chemiluminescence. Luciferase activity at each time point was normalized to the time point
0 min. Time points were analyzed by one-way ANOVA, with Dunnett's multiple comparisons as a post-hoc test,
comparing each time point to time point O min. Plotted are means, standard deviations, as well as individual data
points of n = 3 biological replicates. **p<0.01, ****p<0.0001. Figure was adapted from Eggers et al. (2023) under
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Together, the data of the Western blot and of the split-luciferase assay show that there is a
temporal connection between levels of YgfB and AmpDh3, further solidifying the evidence that
AmpDh3-levels are regulated by YgfB. In concert with the previous experiments on mRNA
expression and B-lactamase activity, as well as analysis of PG recycling products that was de-
scribed in the introduction, we were able to show that ygfB clearly regulates expression of
ampC, and therefore resistance via repression of ampDh3. The repression of ampDh3 affects

the composition of muropeptides, leading to ampC-induction.

3.1.2. Regulation of alpA and ampDh3 by ciprofloxacin and ygfB

It has been previously described that DNA damage leads to autocleavage of the repressor AlpR,
whose main function is to repress the expression of the regulatory protein AlpA (McFarland et
al., 2015). AlpA acts as an antiterminator and as such regulates expression of the alpBCDE self-
lysis cluster as well as of the amidase ampDh3 (Pefia et al., 2021). The fluoroquinolone ciprof-
loxacin has long been known to induce DNA damage by binding to the DNA-gyrase and topoi-
somerase IV and inducing single- and double-strand breaks as reviewed in Drlica and Zhao
(1997). This leads to activation of the SOS-response by autocleavage of LexA as well as auto-

cleavage of LexA-like repressors such as AlpR (McFarland et al., 2015).
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As we had previously found that AlpA is essential for YgfB to regulate ampDh3 expression
and furthermore that YgfB regulates the ampDh3 promoter at the same site that was described
for AlpA by Pefia et al. (2021), we figured that there is a possible relationship between YgfB
and AlpA in the regulation of ampDh3 and as such AmpC. To further investigate this relation-
ship, the influence of ciprofloxacin-induced DNA damage and presence or absence of YgfB on

the protein levels of AmpDh3, AlpA and AlpR was investigated.
3.1.2.1.  Effect of ciprofloxacin and ygfB on AmpDh3 production

To confirm the findings of Pefa et al. (2021), we first aimed to determine the abundance of
AmpDh3 after exposure to suprainhibitory levels of ciprofloxacin. Additionally, we were inter-
ested in how YgfB levels were affected by ciprofloxacin, and if YgfB modulated the effect of
ciprofloxacin on AmpDh3. After two hours of incubation with 32 pg/ml (4x MIC) of ciprof-
loxacin, the cultures of ID40::ampDh3-HiBiT and ID40AygfB::ampDh3-HiBiT were harvested
for preparation of whole cell lysates and analyzed by Western blot (Figure 11). Levels of YgfB
remained unchanged upon induction of DNA damage by addition of ciprofloxacin, while a
strong upregulation of the levels of AmpDh3-HiBiT could be observed. Deletion of ygfB in-
creased the protein levels of AmpDh3-HiBiT as expected, while concurrent deletion of ygfB

and addition of ciprofloxacin increased the levels of AmpDh3-HiBiT even further.
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Figure 11: Western blot showing protein levels of AmpDh3-HiBiT and YgfB upon addition of suprainhibi-
tory levels of ciprofloxacin. Cultures of ID40::ampDh3-HiBiT and ID40AygfB::ampDh3-HiBiT were grown to
ODsoo = 0.5. 32 pg/ml (4x MIC) of ciprofloxacin was added to the +CIP condition to induce DNA damage. The
cultures were incubated for 2 hours and then harvested for preparation of whole cell lysates and Western blotting.
AmpDh3-HiBiT and YgfB were each detected on separate Western blot membranes and thus each have their own
loading control (RpoB) shown. Detection of AmpDh3-HiBiT was done using the Nano-Glo HiBiT Blotting Sys-
tem. YgfB and RpoB were detected by a-YgfB and a-RpoB antibodies, HRP-conjugated secondary antibodies and
ECL substrate respectively. Blots shown are representative of three individual experiments.

With this data we were able to confirm that the effect of DNA damage on AmpDh3 production
described by Pena et al. (2021) could also be observed in the clinical isolate ID40. DNA damage
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induced by ciprofloxacin did not seem to affect the levels of YgfB, suggesting DNA damage
acting on AmpDh3-levels downstream of Y gfB. Concurrent deletion of ygfB and induction of
DNA damage seemed to have slight additive effects on the levels of AmpDh3-HiBiT, which
led us to hypothesize that Y gfB might modulate the AmpDh3-inducing effects of DNA damage.

3.1.2.2.  Effect of ciprofloxacin and ygfB on AlpA and AlpR production

As Pefia et al. (2021) described the effect of DNA damage on alpBCDE and ampDh3 expression
to be due to antitermination by AlpA, we investigated whether there was an interconnection
between the regulation of ampDh3 by Y gfB and by AlpA or AlpR. For this purpose, the strains
ID40::HA-alpR::alpA-HiBiT and ID40AygfB::HA-alpR::alpA-HiBiT were created by homolo-
gous recombination. This allowed us to track the levels of HA-AlpR and AlpA-HiBiT by West-
ern blotting. 32 pg/ml ciprofloxacin (4x MIC) were added to cultures of the respective strains
to induce DNA damage. This should lead to autocleavage of AlpR and production of AlpA as
described previously (McFarland et al., 2015; Pefa et al., 2021). Figure 12a depicts a repre-
sentative Western blot, showing again no effect of DNA damage on the levels of YgfB.
HA-AIpR levels were reduced in the +CIP conditions, confirming that AlpR is cleaved upon
induction of DNA damage in ID40. HA-AIpR levels were, however, not affected by the deletion
of YgfB. Additionally, AlpA-HiBiT levels were increased upon induction of DNA damage by
ciprofloxacin as described previously. Similarly, AlpA-HiBiT levels were also increased upon
deletion of ygfB, however, the effect was smaller to that observed upon the addition of CIP.
Interestingly, concurrent ygfB deletion and addition of CIP did not increase the levels of AlpA-
HiBiT further in comparison to either single treatment condition. As the changes in AlpA-
HiBIiT levels were rather small, which made them hard to detect on a Western blot, we addi-
tionally quantified the AlpA-HiBiT levels using a split-luciferase assay. This allowed us to
track also subtle changes in protein levels with higher confidence. The results of this experiment
are shown in Figure 12b. Again, we observed a similar effect on the levels of AlpA-HiBiT,
namely that CIP treatment and ygfB deletion both increased the levels of AlpA-HiBiT, while a
combination of both conditions did not have an additive effect on AlpA-HiBiT levels. These
data have been published in been published in Eggers et al. (2023).
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Figure 12: Western blot and split-luciferase assay showing YgfB, AlpR and AlpA levels in ID40 upon dele-
tion of ygfB and addition of suprainhibitory levels of ciprofloxacin. a) “Whole cell lysates of the indicated
strains were used for Western blot analyses. +CIP conditions were treated with 32 ug/ml of ciprofloxacin for 2 h.
The detection of YgfB, AlpR and AlpA was done on separate Western blots, each with RpoB as a loading control.
As primary antibodies, anti-HA, anti-YgfB or anti-RpoB antibodies and as secondary antibody anti-IgG-HRP an-
tibodies were used and detection was done using ECL. For detection of AlpA-HiBiT, recombinant LgBiT was used.
LgBiT binds to HiBiT resulting in a functional luciferase. The cleavage of the substrate furimazine leads to detect-
able chemiluminescence. Data are representative of three independent experiments” (Eggers et al., 2023, p. 11).
b) The strains ID40::HA-alpR::alpA-HiBiT and ID40AygfB::HA-alpR::alpA-HiBiT were treated as in (a). “Quan-
tification of AlpA by measuring luciferase activity of AlpA-HiBiT in lysed cell extracts. Conditions not treated with
CIP depicted as yellow circle, conditions with added CIP depicted as purple up-pointing triangle” (Eggers et al.,
2023, p. 11). The data shows mean and SD of x-fold luciferase activity relative to ID40 -CIP. Significant differ-
ences calculated by two-way ANOVA with Dunnett's multiple comparisons as a post-hoc test comparing all groups
to ID40 -CIP as a control group are indicated by asterisks. *0.05. n = 3. The figure has been adapted from Eggers
et al. (2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

The fact that AlpR seemed to be only affected by CIP exposure, while AlpA seemed to be
modulated by both CIP-induced DNA damage as well as by the presence of ygfB suggested that
Y gfB might predominantly regulate ampDh3 expression by acting on the levels of AlpA.

3.1.3. YgfB interacts with AlpA to repress ampDh3

As YgfB seemed to regulate ampDh3 expression via AlpA or AlpR, we hypothesized that YgfB
interacts with AIpR or AlpA. We figured that an interaction with AlpA is more likely than an
interaction with AlpR as deletion of YgfB did not affect the levels of AlpR but increased the
levels of AlpA. If YgfB interacted with AlpR and, for example, stabilized it, preventing auto-
cleavage, levels of AlpR should be reduced in the AygfB condition and even more so in the
AygfB +CIP condition. However, as levels of HA-AIpR were unaffected by deletion of ygfB, a
protein-protein interaction with AlpA downstream of AlpR was more likely.

Another indicator that an interaction of YgfB with AlpA would hypothetically be more likely
than with AlpR, is the net charge of the three proteins at pH 7.4. AlpA is positively charged
with a theoretical pl of 9.78, while AlpR is negatively charged (theoretical pI=15.79). As YgfB
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is also strongly negatively charged with a theoretical pl of 4.30, an interaction of the negatively
charged YgfB with the positively charged AlpA is more likely than with the negatively charged
AlpR.

3.1.3.1.  GST-pulldown assays

To test the hypothesis that YgfB interacts with AlpA, the strain ID40AygfB::HA-alpR::alpA-
HiBiT was generated. This strain allowed us to perform pulldown assays from cell lysates using
recombinantly purified GST-YgfB derived from ID40 as well as GST as a control. The tagged
proteins (HA-tagged AlpR and HiBiT-tagged AlpA) could then be detected using Western blot-
ting. GST-Y gfB had been purified previously by members of our group while GST was purified
in this work (2.3.17 in the method section, Figure 33 in the appendix).

Assay establishment

A first experimental setup consisted of cell lysates prepared from overnight cultures of
ID40AygfB::HA-alpR::alpA-HiBiT lysed by sonication in pulldown buffer containing 50 mM
Tris pH 7.5, 150 mM NaCl, and 2 mM DTT. To improve the lysing conditions, the pulldown
buffer was additionally supplemented with Triton X-100, lysozyme, DNase and protease inhib-
itor. The insoluble proteins and cell debris were removed by centrifugation. GST or GST-YgfB
at a concentration of 10 pM were bound to washed magnetic GSH-beads and subsequently
washed with pulldown buffer. The cell lysates were then added, incubated with the proteins
bound to the beads and again washed with pulldown buffer. To elute the bound proteins from
the beads, the beads were boiled in 4x Laemmli buffer.

To test the planned experimental setup, we performed a pilot pulldown assay as described
above. The results of this test assay are shown in Figure 13. The assay conditions are described
in more detail than typical to further highlight the modifications done during assay optimiza-

tion.
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Figure 13: Results of a pilot GST-pulldown assay using GST-YgfB or GST as bait and whole cell lysates of
ID40AygfB as prey. Lysates of ID40AygfB::HA-alpR::alpA-HiBiT were prepared by sonication in pulldown
buffer (50 mM Tris pH 7.5, 150 mM NacCl, 2 mM DTT) supplemented with Triton X-100, DNase, lysozyme, and
protease inhibitor. GST or GST-YgfB at a concentration of 10 uM were bound to 50 pl of magnetic beads and
washed with pulldown buffer. Cell lysates were added to the proteins bound to the beads and again washed three
times with pulldown buffer. To elute the bound proteins, the beads were boiled in 4x Laemmli buffer. To prepare
the input samples, 10 pl of bait proteins were mixed with 10 pl of cell lysates and boiled with 20 ul 4x Laemmli
buffer. a) Western blotting shows that both HA-AlpR and AlpA-HiBiT remain intact during lysis and are soluble
in the supernatant fraction (the fraction of soluble protein after removing cell debris by centrifugation) that is added
to the beads. b) Western blot of the input and elution fraction for HA-AIpR and AlpA-HiBiT shows that
AlpA-HiBiT but not HA-AlpR seems to interact with GST-Y gfB. The images of the blot were adjusted by chang-
ing brightness and saturation in an attempt to get the intensities for HA-AlpR and AlpA-HiBiT as similar as pos-
sible without creating too high of a background. ¢) SDS-PAGE and Coomassie stain of the input and elution
samples. GST (27.8 kDa) and GST-YgfB (45.9 kDa) have been indicated by arrows. d) Western blot analysis of
the supernatants and wash fractions after addition of prey proteins. SN: Supernatant of the beads containing all
proteins that have not bound to either the beads or the bait proteins. W1-3: Wash fractions after the beads were
incubated with prey cell lysates and then washed using pulldown buffer. These fractions contain lightly bound
proteins and Western blot analysis shows sufficient washing conditions. a-d) Images of gels or blots were trimmed
and lanes removed that were not needed to make a sufficient point. This is indicated by boxes around the blots or
gels. AlpA-HiBiT and HA-AIpR were always detected on separate blots. Brightness and contrast were always
adjusted for the entire gel/blot and trimming was always done after adjustment. AlpA-HiBiT was detected using
the Nano-Glo HiBiT Blotting kit, and the HA-tag was detected by primary antibodies directed against HA and
HRP conjugated secondary antibodies by ECL.

To screen whether the proteins of interest remained soluble in the supernatant, a Western blot
was done using samples taken before the lysis, after the lysis and of the supernatant after cen-
trifugation (Figure 13a). Both HA-AIpR as well as AlpA-HiBiT remained soluble in the super-
natant, indicating that in theory a potential interaction between either protein could be detected.
Figure 13b shows a Western blot of the input and elution fraction detecting HA-AlpR and
AlpA-HiBiT and Figure 13c an SDS-PAGE gel with subsequent Coomassie staining. For the

input fraction, 10 pl of whole cell lysates and 10 pl of recombinant bait protein were mixed and
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prepared in 4x Laemmli buffer. The elution fraction consisted of the supernatant of the beads
boiled in 4x Laemmli buffer. In Figure 13b, no band can be seen for HA-AIpR in the elution
fraction for neither the GST, nor the GST-Y gfB condition. This suggests no interaction between
YgfB and HA-AlpR. When looking at AlpA-HiBiT, a band for AlpA-HiBiT can be detected in
the GST and GST-YgfB condition. The AlpA-HiBiT band in the GST-YgfB condition is
stronger than in the GST condition, suggesting an interaction between Y gfB and AlpA-HiBiT,
while there is some background of AlpA-HiBiT binding to either GST or the beads.

As shown in Figure 13c, the interacting proteins could not be detected by Coomassie staining.
However, Coomassie staining served as a good control for the purity of the bead-bound pro-
teins. In Figure 13d, the wash conditions were evaluated by Western blot detecting AlpA-
HiBiT. The wash conditions seem sufficient, as after three washes no more protein could be
detected. Interestingly, the band for AIpA-HiBiT in the supernatant (i.e. the fraction of proteins
that have not bound to either of the bait proteins) of the GST-YgfB condition is much more
intense than in the GST-condition. This is counterintuitive as one would expect a depletion of
AlpA-HiBiT in the supernatant after binding to GST-Y gfB.

The pilot pulldown assay indicated that YgfB might interact with AlpA. However, we also
observed a band for AlpA-HiBiT in the GST control. This might be due to several causes such
as unspecific interactions of AIlpA-HiBiT with GST or the magnetic glutathione beads. Because
of this, further optimization of the assay conditions was required.

As described above, an interaction of YgfB with AlpR was unlikely, due to the effect of YgfB
and ciprofloxacin on the levels of AlpR. As we did not see an interaction between AlpR and
YgfB in the pilot pulldown assay either, we did not further investigate a potential interaction

between YgfB and AlpR but concluded that AlpA is a more likely interaction partner of YgfB.

YqafB and AlpA interact on a protein-protein level

After a successful pilot assay, we further optimized the conditions for the GST-pulldown assay
to reduce background binding of AlpA-HiBiT to GST (data of optimization tests not shown
here). We finally continued with assay conditions as described in the Methods section (2.3.20).
In short, we prepared day cultures to harvest the cell lysates for the pulldowns instead of using
overnight cultures as the ID40AygfB::HA-alpR::alpA-HiBiT produced large amounts of biofilm
in overnight cultures, which made handling quite difficult. Additionally, we increased the NaCl
concentration to 300 mM to reduce unspecific electrostatic interactions between GST and
AlpA-HiBiT and added 0.5% Igepal CA-630 as a non-ionic, non-denaturing detergent to further
reduce unspecific interactions. Additionally, instead of eluting the proteins from the beads by

boiling them in 4x Laemmli buffer, we used an elution buffer that consisted of pulldown buffer
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supplemented with 250 mM reduced glutathione. The purpose of this was to exclude proteins
that interacted directly with the beads or precipitated by selectively eluting GST or GST-YgfB
and their binding partners by high glutathione conditions.

Figure 14a shows results from pulldown assays with the established assay conditions using GST
and GST-YgfB as bait and cell lysates of ID40AygfB::HA-alpR::alpA-HiBiT as prey. A clear
band for AlpA-HiBiT in the GST-Y gfB condition can be observed in the elution fraction, while
no background band is present in the GST condition. The bands for AlpA-HiBiT in the elution
fraction runs slightly higher when compared to the input fraction. This is most likely due to a
change in buffer condition in the elution fraction when compared to the input fraction. Figure
14b shows an SDS-PAGE gel stained with Coomassie where the pulldown fractions as well as
just GST-Y gfB itself has been loaded on the gel. We also observed a slightly different migration
of the GST-YgfB protein alone when not mixed with the lysates. This provided further hints

that the difference in migration is due to different buffer systems.
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Figure 14: GST-pulldown assay with GST or GST-YgfB as bait and cell lysates of ID40AygfB::HA-
alpR::alpA-HiBiT as prey. Lysates of ID40AygfB::HA-alpR:.alpA-HiBiT were prepared by sonication in pull-
down buffer (50 mM Tris pH 7.5, 300 mM NacCl, 0.5% Igepal, 2 mM DTT) supplemented with protease inhibitor,
Triton X-100, DNase, and lysozyme after growth in 500 ml of day culture for 5 hours. After removal of the cell
debris by centrifugation, the supernatant was used as prey for the pulldown. GST or GST-YgfB (10 uM) were
coupled to 100 pl of magnetic glutathione beads, washed and incubated with the prey lysates. After further wash-
ing, the glutathione coupled proteins were eluted from the beads by resuspending in pulldown buffer containing
250 mM reduced glutathione. The elution fractions were then prepared for SDS-PAGE and Western blotting using
4x Laemmli buffer. For the input samples, 10 pl of bait and 10 pl of prey protein were mixed and prepared in 4x
Laemmli buffer. a) Western blot analysis of the input and elution fraction detecting AlpA-HiBiT using the Nano-
Glo Blotting System. The Western blot is representative of five experiments. The figure has been adapted from
Eggers et al. (2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). b) SDS-PAGE analysis with
Coomassie staining of the input and elution fraction. GST-YgfB was loaded to control for buffer effects in the
migratory behavior of the protein.
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The pulldown assay provided evidence that AlpA-HiBiT and GST-Y gfB interact at the protein-
protein level. This data has been published in Eggers et al. (2023). The fact that no band corre-
sponding to AlpA-HiBiT could be observed in the GST condition, indicates that the interaction
seen between GST-YgfB and AlpA-HiBiT is most likely due to an interaction between the
Y gfB part of the fusion protein. While unlikely, it cannot be ruled out that the interaction might
be due to the HiBiT-tag carried by AlpA interacting with Y gfB. However, the pulldown exper-
iment cannot distinguish, whether the interaction between YgfB and AlpA is direct or mediated
by a second, or even third binding partner as part of a larger protein complex. For this purpose,

pulldowns using recombinantly purified proteins were needed.

3.1.3.2.  His-pulldowns using purified proteins show a direct interaction between
His-MBP-AIpA and YgfB
To further validate the previously seen interaction between YgfB and AlpA (3.1.3.1), we per-
formed His-pulldowns using recombinantly expressed and purified His-MBP or His-MBP-
AlpA as bait and recombinant purified YgfB as prey (method section 2.3.16 and 2.3.18, appen-
dix Figure 32 and Figure 34). In these experiments, either His-MBP or His-MBP-AlpA were
coupled to magnetic Ni?*-NTA beads and YgfB was added as prey.
This allowed to further exclude potential confounders in the GST-pulldowns, such as an unspe-
cific interaction of AlpA-HiBiT with the beads or a potential interaction between GST-Y gfB
and the HiBiT-tag itself that was carried by AlpA. Most importantly, however, the assay al-
lowed to gain insights into whether the interaction between YgfB and AlpA was direct, or if
there was a third or even more potential bridging factors that facilitated a protein-protein inter-
action as part of a larger complex. As these potential factors are present in cell lysates that were
used in the GST-pulldown assay but should not be present when both interactors were expressed
recombinantly and purified, an interaction seen in this assay should provide evidence for a di-
rect protein-protein interaction. In addition, reversing the bait and prey proteins would further
underline the strength of the evidence for an interaction
Figure 15 shows a Western blot that was done with the input and eluate fractions of the recom-

binant His-pulldown. This data has been published in Eggers et al. (2023).
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Figure 15: Recombinant His-pulldowns using His-MBP or His-MBP-AIpA as bait and YgfB as prey. 1 ml
of recombinant His-MBP or His-MBP-AlpA at a concentration of 10 uM was coupled to magnetic Ni*-NTA
beads and washed with pulldown buffer. 1 ml of recombinant YgfB at a concentration of 10 uM was added to the
beads and incubated. After further washing steps, the Ni?*-NTA bound His-tagged proteins were eluted with a
high imidazole buffer and samples for Western blotting were prepared. The input samples were prepared by mixing
10 pul of bait and prey protein each and preparing samples in 4x Laemmli buffer. YgfB was detected by a a-YgfB
antibody and an HRP-conjugated secondary antibody using ECL. The figure has been adapted from Eggers et al.
(2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

In the His-MBP condition, a very light band can be observed for YgfB. The much more intense
band corresponding to YgfB in the His-MBP-AIpA condition, however, points to a clear en-
richment of YgfB.

In summary, the pulldown assay using recombinantly expressed and purified proteins provided
further evidence for an interaction between YgfB and AlpA. The GST-pulldown assay could
be reproduced with the bait and prey proteins reversed and using a different method for captur-
ing the bait protein. Furthermore, the usage of only two recombinant proteins provided evidence
for a direct interaction between YgfB and AlpA

The next question now was, how the interaction between Y gfB and AlpA affected the regulation
of the ampDh3 promoter and therefore the composition of muropeptides, AmpC levels and

finally the resistance to B-lactam antibiotics.

3.1.3.3.  Electrophoretic mobility shift assays

We hypothesized that YgfB interacts with AlpA and that this interaction might inhibit the ca-
pacity of AlpA to bind to the ampDh3 promoter. This would explain why in the ygfB deletion
strain of ID40, levels of AmpDh3 are increased, as more AlpA would be able to bind to the
AlpA binding element of the ampDh3 promoter and facilitate antitermination, resulting in in-
creased expression of ampDh3.

To test this hypothesis, electrophoretic mobility shift assays (EMSA) were done. EMSAs allow
to study interactions of proteins with DNA by tracking the migration of labeled DNA (the
probe) by gel-electrophoresis. DNA that has no protein bound migrates faster than DNA that is
bound by a protein, as this larger complex is less mobile. This leads to a band shift of the labeled

DNA when an interacting protein is added to the DNA.
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We used this method to study the binding of His-MBP-AIpA to a fragment of the ampDh3
promoter that contained the ABE, the site of the ampDh3 promoter where AlpA has been de-
scribed to bind (Pefia et al., 2021) and where both AlpA and Y gfB have been shown to regulate
the expression of ampDh3. More precisely, 5’-IRDye 700 labeled double stranded DNA frag-
ments that contained the ABE, the -35 and -10 elements, as well as the transcription start site
(TSS), were used as probes. These fluorescent probes could be detected using the LI-COR Im-
aging System in the 700 nm near-infrared channel. Adding YgfB to the reaction mix could
provide evidence that the interaction of AlpA and YgfB reduces the capacity of AlpA to bind
to the ABE.

Figure 16 shows a representative EMSA where 1.25 uM His-MBP or His-MBP-AlpA were
added to 0.3125 nM of IRDye 700-labeled DNA-probe containing the part of the ampDh3 pro-
moter described above. As a control, an IRDye 700-labeled probe was used, where the DNA
sequence of the probe containing the ABE was scrambled, i.e. bases were randomly switched.
Y gfB or bovine serum albumin (BSA) were added to His-MBP-AlpA at final concentrations of
5 uM or 12.5 uM to investigate if an interaction between AlpA and YgfB could abrogate the
shift seen for His-MBP-AIpA and if this effect was specific for YgfB or could also be abrogated
by other proteins. The binding reactions were loaded on a 4% polyacrylamide gel containing
TBE as a buffer system. In addition, the gels contained 30% triethyleneglycol to stabilize pro-
tein-DNA interactions (Sidorova et al., 2010). After resolving the reactions on the gel, the
IRDye 700-labeled probes were imaged using the LI-COR system. This data has been published
in Eggers et al. (2023).
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Figure 16: Electrophoretic mobility shift assays show that YgfB interferes with AlpA binding to the AlpA
binding element of the ampDh3 promoter. IRDye 700-labeled DNA probe or scrambled IRDye 700-labeled
DNA-probe was incubated at room temperature with 1.25 uM of His-MBP or His-MBP-AlpA. As a control, a
reaction mix was prepared where no protein was added to the DNA-probes. In addition, YgfB or BSA at final
concentrations of 5 uM or 12.5 uM was added to the binding mix. The binding reactions were loaded on a 4%
polyacrylamide gel with TBE as a buffering system and electrophoresis was carried out at 4°C. After electropho-
resis, the labeled DNA-probes were imaged using the LI-COR Odyssey imaging system. Free ABE denotes free
probe containing the AlpA binding element, while AlpA:ABE denotes the shift in migration of the DNA-probe
due to an interaction between AlpA and the DNA-probe. The figure is representative of five individual experi-
ments. a) To increase the dynamic range and improve the interpretability of the EMSA, the free labeled probe and
band shifts by protein-DNA-interactions were recorded separately. b) The entire gel was imaged to record free
and shifted DNA-probe simultaneously. The figure has been reproduced unchanged from Eggers et al. (2023)
under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

As seen by the band shift in the His-MBP-AIpA condition, His-MBP-AlpA but not His-MBP
binds to the stretch of the ampDh3 promoter that was used as a probe, here labeled as ABE as
it contains the AlpA-binding element. When the probe was scrambled, a slight background
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binding of His-MBP-AIpA to the scrambled probe could be observed, pointing to some unspe-
cific protein-DNA interactions. This could confirm the findings of Pefia et al. (2021) that AlpA
interacts with the ampDh3 promoter. When Y gfB was added to the binding reaction, the inten-
sity of the shift seen for His-MBP-AlpA was reduced to the levels of the unspecific DNA-
interaction between His-MBP-AIpA and the scrambled probe, while this was not the case when
BSA was added in equal concentrations. The band shift observed in the EMSA experiments,
when His-MBP-AIpA was added to the IRDye 700-labeled DNA probe, was always rather weak
but highly reproducible, pointing to a transient or weak interaction between AlpA and the DNA.
This could be due to the nature of the interaction itself or due to the size of the His-MBP-AlpA
fusion protein. Attempts to purify AlpA without any tags, however, were unsuccessful. As the
pETM41 expression vector also contains a cleavage site for the protease derived from the fo-
bacco etch virus (TEV protease) (Parks et al., 1994) between the His-MBP-tag and the protein
of interest downstream of His-MBP (AlpA in this case), we attempted to cleave off the His-
MBP tag by digesting the protein using the TEV protease (2.3.13). However, several different
buffer conditions and downstream purification methods to separate His-MBP and the TEV pro-
tease from -AlpA such as reverse Ni**-NTA affinity chromatography (2.3.8) or size exclusion

chromatography (2.3.11) did not yield any soluble -AlpA protein but rather, aggregated protein.
3.1.4. The effect of ygfB on B-lactam resistance applies to other MDR

P. aeruginosa strains
“To investigate whether the prominent role of YgfB in f-lactam resistance holds true also for
other MDR P. aeruginosa strains, ygfB was deleted in the clinical blood stream infection iso-
lates ID143 and ID72 as well as in the more sensitive strains PAOI and PA14. As depicted in
Table 23, f-lactam resistance was also decreased in the investigated P. aeruginosa strains,
indicating that the presence of YgfB seems to be of general importance to achieve higher re-

sistance of P. aeruginosa to f-lactam antibiotics” (Eggers et al., 2023, p. 11).
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Table 23: Effect of ygfB deletion in other P. aeruginosa strains. ID143 and ID72 are MDR clinical isolates,
PAOI1 and PA 14 are susceptible lab strains. MIC values are given as pg/ml, classification is according to EUCAST.
Values written in bold indicate a reduction in MIC compared to the wildtype. Green cells indicate that the strain
is classified as susceptible or susceptible at an increased dosage according to EUCAST, while red cells indicate
that the strain is resistant according to EUCAST. Some MIC values lie in between the window between resistance
and susceptibility. Such values classify the corresponding strain as susceptible at an increased dosage. For P. ae-
ruginosa, some antibiotics do not have a classification of susceptibility, but strains are always classified as sus-
ceptible at an increased dosage. For these antibiotics, the breakpoint for susceptibility has been replaced by the
placeholder value 0.001 pg/ml. MEM: meropenem, IPM: imipenem, FEP: cefepime, CAZ: ceftazidime, PIP: pip-
eracillin, TZP: piperacillin + tazobactam, AZT: aztreonam, CIP: ciprofloxacin

Carbapenems Cephalosporins Penicillins bl:[c(;:;:s qlﬂlrlll(:)ll;)(:l-es
MEM IPM FEP CAZ PIP TZP AZT CIP
MIC S< 2 0.001 0.001 0.001 0.001 0.001 0.001 0.001
MIC R> 8 4 8 8 16 16 16 0.5
ID143 WT 32 32 16 32 >128 >128 >32 >4
ID143AygfB 2-4 2 8 <2-2 <16 8 4 >4
ID72 WT 16 32 32 >32 >128 >128 32 <0.125
ID72AygfB 2 4 2 4 <16 <8 8 0.125
PAO1 <0.5! 8 2 <1-2 <16 <4 4 <0.125
PAOI1AygfB <0.5! <1 2 <1-2 <16 <4 2 <0.125
PA14 WT <0.5! <1 <1 2 <4 nd 4-8 <0.125
PA14AygfB <0.5! <1 <1 2 <4 nd 4 <0.125

A comparison of the typical ampC-overexpression associated genes dacB, ampD, and ampR of
ID72 and ID143 with those of PAOI1, revealed that ID72 carries five point mutations in ampD
and ID143 carries a 15-bp deletion in the ampD gene. While the dacB gene of ID143 is intact,
ID72 carries two point mutations in the dacB gene. ID143 carries three point mutations in the
ampR genes while ampR of ID72 was the same as PAO1.

The effect of ygfB deletion seemed especially pronounced in the MDR strains ID72 and ID143,
where deletion of ygfB was able to break resistance towards all tested f-lactam antibiotics. This
is in contrast to ID40, where deletion of ygfB reduced resistance, but not below the resistance
breakpoint (Eggers et al., 2023; Sonnabend et al., 2020). With the exception of the MIC of
imipenem in PAOI, the effect of ygfB deletion in the susceptible strains PA14 and PAO1
seemed to be less pronounced, however, as the MIC values were close to the limit of detection
of the MIC assay plates used, conclusions on whether the effect of ygfB is smaller in more
susceptible strains and more pronounced in resistant strains could not be made.

To further generalize the previously observed effect of ygfB deletion on ampDh3, we tested the
influence of ygfB deletion on the promoter activity of ampDh3 in the strains used in the MIC
assay and ID40 (Figure 17a). For this purpose, the strains were transformed with the plasmid
pBBR1-532-luc as a reporter. On this plasmid, the promoter of the ampDh3 gene is fused to the

luciferase NanoLuc. When the promoter is active, NanoLuc is expressed and in presence of the
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substrate furimazine, chemiluminescence is generated that can be quantified using a plate
reader. In addition to the effect of ygfB deletion in each strain, the basal levels of ampDh3

promoter activity are shown in Figure 17b.
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Figure 17: Deletion of ygfB leads to increased ampDh3 promoter activity in other P. aeruginosa strains.
a and b) “ampDh3 promoter activity was determined as described in the materials and methods for the indicated
strains using the plasmid pBBR harboring the reporter construct ampDh3-532-luc comprising the ampDh3 pro-
moter fragment between position -532 and -1 upstream of the CDS of Nanoluc. Data depict mean and SD”” (Eggers
et al., 2023, Figure legend Supplementary Fig. 7). a) “Luciferase activity of ygfB deletion strains relative to the
“wildtype” is shown using data from n=3-15 individual experiments. Asterisks indicate significant differences
compared to the “wildtype” strain (*p<0.05, **p<0.1 ***p<0.001, ****p<0.0001, two-tailed Welch’s t-test)”
(Eggers et al., 2023, Figure legend Supplementary Fig. 7). b) “Basal promoter activity is shown for the indicated
strains using data from n=3-15 individual experiments. Asterisks indicate significant differences compared to
ID40 (*p<0.05, ****p<0.0001; one-way ANOVA, Dunnett’s multiple comparisons comparing to ID40)” (Eggers
et al., 2023, Figure legend Supplementary Fig. 7). The figure has been reproduced unchanged from Eggers et al.
(2023) under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

In all tested strains, deletion of ygfB increased the activity of the ampDh3 promoter. Basal levels
of ampDh3 promoter activity did not seem to be predictive of the resistance to f-lactam antibi-
otics, as the susceptible strain PAO1 and the resistant strain ID40 have similar basal promoter
activity, while in the susceptible strain PA14 the promoter activity for ampDh3 was much
higher compared to ID40. The resistant strain ID143, however, had a higher basal activity of
the ampDh3 promoter when compared to ID40. The data shown in this section have been pub-

lished in Eggers et al. (2023).

3.2. Influence of YgfB on B-lactam/ciprofloxacin combinations

As shown previously, deletion of ygfB and the resulting upregulation of ampDh3 expression
led to reduced resistance to B-lactam antibiotics in ID40 and other MDR P. aeruginosa strains.
As ciprofloxacin also had the effect of increasing the levels of AmpDh3, we wondered if this
might be a potential pathway by which the fluoroquinolone ciprofloxacin and B-lactam antibi-

otics had synergistic effects. In addition, since YgfB inhibits activity of AlpA on the ampDh3
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promoter, we were interested to find out how the presence of YgfB affected a combination of

ciprofloxacin and B-lactam antibiotics.
3.2.1. Achievable serum levels of ciprofloxacin break resistance to [3-

lactam antibiotics in ID40
To test if ciprofloxacin influenced the resistance towards B-lactam antibiotics in 1D40, we
planned to expose ID40 to subinhibitory levels of ciprofloxacin and to determine the levels of
AmpDh3 as well as the MIC towards different antipseudomonal -lactam antibiotics. In a first
step, we needed to determine an appropriate concentration of ciprofloxacin to use for these

experiments.

3.2.1.1. Pharmacokinetic considerations to mimic serum levels achievable in high
dose ciprofloxacin regimens

To study the combinatory effect of ciprofloxacin and -lactam antibiotics, we wanted to expose
ID40 to levels of ciprofloxacin that could theoretically be reached in the serum of patients but
would still be subinhibitory. ID40 is resistant to f-lactam antibiotics (MIC: 8 pg/ml, cutoff ac-
cording to EUCAST: 0.5 ng/ml (The European Committee on Antimicrobial Susceptibility
Testing, 2024)), and deletion of ygfB itself does not affect resistance towards ciprofloxacin in
ID40 (Sonnabend et al., 2020). To determine an appropriate concentration to be used for the
experiments, common dosing regimens as well as published pharmacokinetic data were con-
sidered.

The document “Dosages (v 14.0)” by EUCAST that is part of the clinical breakpoint tables
v 14.0 (The European Committee on Antimicrobial Susceptibility Testing, 2024), as well as the
professional information for “Ciprobay® 400 mg, 400 mg/200 ml, Infusionslésung”, a cipro-
floxacin infusion of 400 mg per infusion (Bayer Vital GmbH, 2023), define an increased dosage
for ciprofloxacin as 400 mg of intravenously administered ciprofloxacin three times daily
(400 mg q8h i.v.). Bioequivalent to this is the oral administration of 750 mg of ciprofloxacin
twice every 12 hours, i.e. twice daily. For infections with P. aeruginosa, increased dosages of
ciprofloxacin are recommended, which reflects itself in the EUCAST breakpoints for cipro-
floxacin that generally report all P. aeruginosa MICs as susceptible at an increased dosage but
never as susceptible (The European Committee on Antimicrobial Susceptibility Testing, 2024).
Pharmacokinetic data on ciprofloxacin administered intravenously as well as orally have been
published in the FDA approved prescribing information for “CIPRO® IV (ciprofloxacin) injec-
tion, for intravenous use” by Bayer Healthcare (Bayer HealthCare Pharmaceuticals Inc., 2022).

While the intravenous CIPRO® product by Bayer has been discontinued from marketing, the
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prescribing information still provides insights into the pharmacokinetics and the same infor-
mation is also contained in the prescribing information of CIPRO® for oral use (Bayer
HealthCare Pharmaceuticals Inc., 2021). The prescribing information gives steady-state state
pharmacokinetic parameters for the area under the concentration-time curve of the serum con-
centration of ciprofloxacin over 24 hours in steady-state (AUC0-24n)ss) in [(ng*h)/ml] as well
as maximal serum concentrations in steady-state Cmax,ss in [pg/ml]. AUC0-24n)ss for ciprofloxa-
cin administered at 400 mg 1.v. q8h is 32.9 (ug*h)/ml and Cmaxssis 4.07 pg/ml.

Next to official documents by the marketing authorization holders, several studies have reported
on the pharmacokinetics of ciprofloxacin administered in the high dose intravenous regimen
(400 mg 1.v. g8h).

For example, Lipman et al. (1998) reported pharmacokinetic data of 16 patients without any
renal dysfunction that suffered from severe sepsis. Patients were treated with intravenous
ciprofloxacin 400 mg q8h for infections with multiple bacterial species. Levels of ciprofloxacin
were measured by HPLC in plasma samples drawn at day 0, day 2, and between day 6 and day
8 for steady-state parameters. In steady-state, the mean AUC over 8 hours (AUCo-sh;ss) was
15.5 4.7 (ug*h)/ml and the Cmaxss value was 6.45+ 1.54 ng/ml. When multiplying the
AUCo-snss value with 3, we obtained the AUCss over 24 hours, which would be
AUCo-24h,ss = 46.5 (ug*h)/ml.

Shah et al. (1995) reported a mean plasma AUCo-shss value of 14.6 (ug*h)/ml and a plasma
Cmax,ss value of 5.85 pg/ml in 12 younger female and male patients aged 18 to 40 years. In 12
elderly female and male patients (>65 years), they reported mean values of
AUCo-8h,ss = 19.0 (ug*h)/ml and Cmax,ss= 6.83 pg/ml. Multiplying the area under the curve for
8 hours with 3 to get to the AUC for 24 hours results in AUCo-24h,ss = 43.8 (ug*h)/ml for young
patients and an AUCo-24n,ss = 57 (ng*h)/ml in elderly patients.

In another study by Shah et al. (1994), mean serum AUCo-24nss values of 32.9 + 8.83 (ug*h)/ml
were determined. These are the same as the data published by Bayer in the prescribing infor-
mation, potentially due to the prescribing information being informed by this study.

In Table 1 of their publication, Schlender et al. (2018) have provided an overview of the litera-
ture regarding pharmacokinetic properties of ciprofloxacin for different dosages as well as dif-
ferent regimens. As expected, pharmacokinetic properties of ciprofloxacin are highly variable
depending on the patient collective.

To study the effect of subinhibitory concentrations of ciprofloxacin on the resistance to B-lac-

tams in ID40, we wanted to use a concentration that was relatively high to see the largest effect
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while still being physiologically relevant. As serum levels of drugs have peak and through lev-
els due to the levels rising during infusion and then being excreted after, which leads to de-
creasing concentrations, the levels are never constant. As this cannot, or only with much effort
be mimicked in our experiments, we had to settle for a constant concentration to use as a com-
promise. This constant concentration should ideally have the same area under the curve as that
which could be therapeutically reached over 24 hours.

To approximate an achievable AUCo-24nss in a constant concentration of ciprofloxacin, we set-
tled for an exposure of the bacteria to 2.5 pg/ml of ciprofloxacin over 18 hours. 18 hours as an
exposure duration was chosen as this is the minimum time prescribed for incubation of the
Sensititre MIC plates used for determination of the MICs towards antipseudomonal p-lactam
antibiotics. This allowed to increase the actual concentration of ciprofloxacin while still keeping
the AUC constant. As shown in Equation 5, this constant concentration given over 18 hours
corresponds to an AUCo-24hss 0f 45 (ng*h)/ml that can be obtained in some patients as described

above.

Equation 5: Exposing bacteria to 2.5 png/ml of ciprofloxacin over 18 hours results in the same AUC of ciprof-
loxacin as that obtained in 24 hours in the serum of some patients treated with the 400 mg i.v. q8h high dose
regimen of ciprofloxacin. AUCy.o4ns: Area under the concentration-time curve of ciprofloxacin in 24 hours in
steady-state in serum. cis: Concentration of ciprofloxacin used for further experiments.

ug * h
AUC,_ =45
0—24h,ss ml
ng * h
o AUCy_24n,ss _ 45 ml__,¢ Hg
test ™ exposure time 18 h “ ml

Forrest et al. (1993) have shown that the main relevant parameter predicting successful treat-
ment of bacterial infections with ciprofloxacin was the ratio of the AUC in serum/plasma over
24 hours and the MIC of the bacterium (AUCo-24n/MIC, AUIC). If this ratio was >125 SIT™! * h
(inverse serum inhibitory titer integrated over time), significantly better outcomes could be ob-
served for the parameters likelihood of clinical cure, likelihood of microbiological cure, and
time to bacterial eradication. This classified the AUIC as a critical breakpoint in treatment of
ciprofloxacin. They suggested an AUIC <125 SIT! * h to be representing inadequate antimi-
crobial activity, AUIC of 125 to 250 SIT! * h to be acceptable, and an AUIC of 250 to
500 SIT! * h to be optimal.

As 1ID40 has a MIC of 8 pg/ml for ciprofloxacin and the AUCo-24n in our subsequent experi-
ments was 45 (ug*h)/ml, the AUIC would be 5.625 SIT-! * h. Obviously, this is well below the
breakpoint of >125 SIT™! * h, which in this case was actually desired, as we wanted to study the

effect of subinhibitory ciprofloxacin exposure on the resistance towards -lactam antibiotics.
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This is obviously only a very rough approximation of the processes that take place in actual
patients, as concentrations of antibiotics are never constant and concentrations at the site of
infection differ from those in serum/plasma. However, in order to mechanistically study the
effects of subinhibitory ciprofloxacin on the resistance of ID40 to B-lactam antibiotics, this

approximation was enough to continue with the experiments.

3.2.1.2.  Subinhibitory levels of ciprofloxacin and deletion of YgfB have an additive
effect on AmpDh3 production

First, we wanted to study the effect of subinhibitory ciprofloxacin over a longer period of time
on AmpDh3 production. We were interested to investigate if in these conditions, AmpDh3 pro-
duction would be increased by ciprofloxacin and also if the DNA damage induced by cipro-
floxacin together with a ygfB-deletion had additive effects on the levels of AmpDh3. The strains
ID40::ampDh3-HiBiT and ID40AygfB::ampDh3-HiBiT were grown overnight in LB medium.
The next day, inocula of the strains were prepared the same as for MIC assays, i.e. by adjusting
to a McFarland of 0.5 in 0.9% NaCl solution. 25 pl of the inoculum were added to 6 ml of LB
medium, ciprofloxacin was added to the +CIP conditions in a final concentration of 2.5 pg/ml
and the cultures were grown with shaking for 18 hours. The next day, whole cell lysates were
prepared and the production of AmpDh3-HiBiT and YgfB was determined by Western blot.
Figure 18 shows a representative Western blot of three individual experiments. These data have

been published in Eggers et al. (2023).
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Figure 18: Subinhibitory levels of ciprofloxacin lead to increased AmpDh3 abundance. To monitor the effect
of subinhibitory levels of ciprofloxacin over a longer period of time, overnight cultures of ID40::ampDh3-HiBiT
and ID40AygfB::ampDh3-HiBiT were adjusted to a McFarland standard of 0.5 in 0.9% NaCl solution. 25 pl were
added to 6 ml of LB medium together or not with 2.5 pg/ml of ciprofloxacin (+CIP or —CIP, respectively). The
cultures were incubated with shaking for 18 hours and the next day harvested for preparation of whole lysates and
Western blotting. AmpDh3-HiBiT and YgfB were each detected on separate Western blot membranes and thus
each have their own loading control (RpoB) shown. Detection of AmpDh3-HiBiT was done using the Nano-Glo
HiBiT Blotting System. YgfB and RpoB were detected by a-YgfB and a-RpoB antibodies, HRP-conjugated sec-
ondary antibodies and ECL substrate respectively. Blots shown are representative of three individual experiments.
The figure has been adapted from Eggers et al. (2023) under CC BY 4.0 (https://creativecommons.org/li-
censes/by/4.0/).

As previously seen for suprainhibitory concentrations of ciprofloxacin in 3.1.2.1, also subin-
hibitory ciprofloxacin concentrations induce the production of AmpDh3-HiBiT in ID40
wildtype and ID40AygfB. The increase in production of AmpDh3-HiBiT in the wildtype +CIP
condition is less than when comparing the increase in ID40AygfB. Concurrent deletion of ygfB
and treatment with subinhibitory ciprofloxacin resulted in a strong increase of AmpDh3-HiBiT
production. This should theoretically also be associated with a stronger reduction in -lactam

resistance.

3.2.1.3. Minimum inhibitory concentrations of 3-lactams are reduced when 1D40 is
exposed to physiologically achievable concentrations of ciprofloxacin

To test if the ciprofloxacin-induced DNA damage that led to increased production of AmpDh3
was associated with a reduced resistance to -lactam antibiotics, the MIC of several different
mutants towards different antipseudomonal B-lactam antibiotics was determined as described
in 2.2.5 using Sensititre EUX2NF and GN2F MIC plates. In the +CIP condition, ciprofloxacin
was added to a final concentration of 2.5 pg/ml to the MHB 1II broth. After 18 hours of incuba-
tion at 37°C, the MICs were determined.
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Table 24 lists the MIC towards antipseudomonal B-lactams and ciprofloxacin for the strains
ID40 wildtype, ID40AygfB, ID40AampDh3, and ID40AalpA, as well as the double deletion
mutants ID40AygfBAampDh3 and ID40AygfBAalpA with and without 2.5 pg/ml ciprofloxacin

in the medium.

Table 24: MIC assay of D40 strains with and without 2.5 pg/ml ciprofloxacin. MICs of the indicated antibi-
otics for the indicated strains were either determined in the presence (+CIP) or absence (-CIP) of 2.5 pg/ml of
ciprofloxacin in the medium. MIC values are given as pg/ml, classification is according to EUCAST. Values
written in bold indicate a reduction in MIC compared to the wildtype without ciprofloxacin. Green cells indicate
that the strain is classified as susceptible or susceptible at an increased dosage according to EUCAST, while red
cells indicate that the strain is resistant according to EUCAST. Some MIC values lie in between the window
between resistance and susceptibility. Such values classify the corresponding strain as susceptible at an increased
dosage. For P. aeruginosa, some antibiotics do not have a classification of susceptibility, but strains are always
classified as susceptible at an increased dosage. For these antibiotics, the breakpoint for susceptibility has been
replaced by the placeholder value 0.001 pg/ml. MICs were measured after 18 h of incubation at 37°C. MEM:
meropenem, IPM: imipenem, FEP: cefepime, CAZ: ceftazidime, PIP: piperacillin, TZP: piperacillin + tazobactam,
AZT: aztreonam, CIP: ciprofloxacin

Mono- Fluoro-
Carbapenems | Cephalosporins Penicillins bactams quin-
olones
MEM IPM | FEP CAZ PIP TZP AZT CIp
MIC S< 2 0.001 0.001 0.001 0.001 0.001 0.001 0.001
MIC R> 8 4 8 8 16 16 16 0.5
ID40 WT o 8-16 64 32 >32 128 128 >32 >4
ID40AampDh3 O 8 64 32 >32 128 >128 >32 >4
1D40AalpA I 8 64 32 >32 64 >128 32 >4
ID40 WT o 2 32 4 8 32 32 4 4
ID40AampDh3 § 2 32 8 16 32 16 8 2
1D40AalpA 2 32 <1 8 32 16-32 4 2
ID40AygfB N 4 16 16 32 64 32-64 16 >4
ID40AygfBAampDh3 | T 8 64 32 >32 >128 128 32 >4
ID40AygfBAalpA I 8 32 16 >32 >128 128 32 >4
ID40AygfB o 1-2 4 4 4-8 <16 <4 2 4
ID40AygfBAampDh3 § 2-4 32 4 8-16 64 16-32 4 4
ID40AygfBAalpA 1-2 32 <1 8 32 16-32 4 2

The single gene deletions of either ampDh3 or alpA did not have a marked effect on the re-
sistance to any of the tested antibiotics. For some antibiotics and combinations, the resistance
was reduced 2-fold, which might be an effect but could also be well within the noise of the
assay leading to fluctuations.

When exposing D40 wildtype or the AampDh3, or AalpA mutants to 2.5 pg/ml of ciprofloxa-
cin, the resistance towards all of the tested antibiotics was reduced 2-fold to 64-fold for all
tested P-lactams. The resistance towards meropenem, cefepime, ceftazidime, and aztreonam
could even be broken by combination with 2.5 pg/ml ciprofloxacin. Concurrent deletion of

ampDh3 was able to increase resistance for cefepime, ceftazidime and aztreonam. This effect
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was again not large (2-fold increase) and could again be well within random fluctuations of the
assay. Deletion of alpA4 did not have the same effect as ampDh3, however, and in one condition,
the MIC in the AalpA strain was even reduced to below 1 pg/ml.

The ID40AygfB deletion mutant displayed reduced resistance against all tested antipseudo-
monal B-lactam antibiotics as expected. Concurrent deletion of either ampDh3 or alpA reverted
the resistance phenotype seen for the ygfB deletion mutant back to the wildtype, or almost back
to the wildtype for some conditions. This further emphasized the importance of alp4 and
ampDh3 in the ygfB-mediated resistance to -lactam antibiotics.

If ygfB was deleted and the strains were exposed to subinhibitory levels of ciprofloxacin how-
ever, resistance to all tested -lactam antibiotics was broken. Concurrent deletion of ampDh3
or alpA increased the resistance to -lactam antibiotics in most conditions back to the levels of
ID40 wildtype exposed to ciprofloxacin. However, in the absence of ciprofloxacin, the double
deletion was not able to restore the resistance to the levels of ID40 wildtype. Interestingly, again
the deletion of ampDh3 had a more general effect in reverting the AygfB phenotype, while
deletion of alpA was able to increase resistance only for some antibiotics. This suggests that
alpA might not be the only factor regulating for the expression of ampDh3 as its deletion does
not phenocopy the ampDh3 deletion.

Together, these data suggest that presence of YgfB might inhibit additive effects of B-lactam
antibiotics and ciprofloxacin. In the deletion mutant of ygfB, the combination of B-lactam anti-
biotics and ciprofloxacin had a much larger effect, which seemed partly mediated by AlpA-
induced AmpDh3 production. However, this effect does not seem to be monocausal for the

combined action of the antibiotics, but other factors might also play a role.

3.2.2. Checkerboard assays give further insights in the additive ef-

fects of ciprofloxacin and B-lactam antibiotics
Performing MIC assays in combination with a constant dose of ciprofloxacin provided a one-
dimensional view of the interplay of B-lactam antibiotics and ciprofloxacin in the various mu-
tants. To gain better insights into how the antibiotics interact in combination, checkerboard
assays were done. Essentially, this is a two-dimensional MIC assay, where two antibiotics are
combined in different concentrations. One antibiotic is added in logz-fold dilutions along the
abscissa of a 96-well plate and the other one in logz-fold dilutions against the ordinate of a 96-
well plate. As one row or column always contains only the log>-fold dilutions series of one
antibiotic without any second antibiotics added, this assay also allows to determine the MIC for

each antibiotic tested individually, as well as the inhibitory effect of the antibiotic combination
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at specific concentrations. The methods of the checkerboard assay, as well as the calculation of
the FIC index as measure for synergism, additive effects, or antagonism, are explained in detail
in the methods section under heading 2.2.6 on page 56. The classification of synergism accord-
ing to the FIC index was done as follows: FIC index < 0.5: synergism, FIC index between > 0.5
and < 1: additive effect, FIC index between > 1 and < 4: indifferent effect, and FIC index > 4:
antagonism.

Table 25, Table 26, Table 27, and Table 28 plot the results of checkerboard assays using
ceftazidime (CAZ), piperacillin (PIP), imipenem (IPM), and aztreonam (AZT), each in combi-
nation with ciprofloxacin. These B-lactam antibiotics were chosen, as each of them represents
a different subclass of f-lactam antibiotics, i.e. ceftazidime is a cephalosporin, piperacillin a
penicillin, imipenem a carbapenem, and aztreonam a monobactam.

The effect of these combinations was tested for the ID40 wildtype as well as in the deletion
strains ID40AygfB, ID40AampDh3, ID40AygfBAampDh3, ID40AalpA, and ID40AygfBAalpA.
Additionally, the effect of the antibiotic combinations was tested in the conditional, rhamnose-
inducible deletion mutants I1D40AygfB::rtha-ygfB, 1D40AampDh3:.:tha-ampDh3, and
ID40AalpA::tha-alpA.

For each antibiotic combination, the MIC for one antibiotic alone and in combination with the
second one is plotted. The MIC of the first antibiotic in combination is always plotted with the
second one at a concentration at the resistance breakpoint as well as a concentration one log>
step above the breakpoint according to EUCAST. (The European Committee on Antimicrobial
Susceptibility Testing, 2024). Additionally, the values in combination with 2 ng/ml of CIP are
shown to allow comparison with the results of 3.2.1.3 where 2.5 ng/ml of CIP were combined
with the B-lactam antibiotics. In addition, the combination that had the largest combined effect
is shown, i.e. the combination of antibiotics in which each concentration had the highest relative
difference to the MIC of a single antibiotic. This in essence minimizes the FIC value of each
antibiotic, and therefore also the FIC index. From this largest effect, in addition the FIC index
was calculated and is also shown. MIC values that are written in bold show a decrease in MIC
in respect to the wildtype. Cells of the table with a red background indicate that the particular
MIC in that cell is above the defined resistance breakpoint. Cells with a green background in-
dicate that the MIC is below the resistance breakpoint. The checkerboard assay data have been

published in Eggers et al. (2023).
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Table 25: Results of checkerboard assays combining ceftazidime and ciprofloxacin. The effect of the antibiotic combination was tested in the indicated strains of ID40. In
the +0.1% rha conditions, 0.1% rhamnose has been added to the medium to induce production of the complemented gene. MIC values are given in pg/ml, values written in bold
indicate a decrease of the MIC value compared to ID40 wildtype. Cells colored red: resistant. Cells colored green: susceptible or susceptible at an increased dosage. Resistance
breakpoints according to EUCAST for ceftazidime: resistant >8 pg/ml, susceptible at an increased dosage <8 pg/ml. Resistance breakpoints according to EUCAST for cipro-
floxacin: resistant >0.5 pg/ml, susceptible at an increased dosage <0.5 pg/ml. FIC index < 0.5: synergism, FIC index between > 0.5 and < 1: additive effect, FIC index between
> 1 and < 4: indifferent effect, and FIC index > 4: antagonism.

MIC ceftazidime [png/ml] MIC ciprofloxacin [png/ml] MIC of largest combined effect
Strain 0.1% 0.5 ug/ml  +2 pg/ml +8pg/ml  +16pg/ml | CAZ cIp FIC
rha Alone ng/ml ne ne Alone ne ne .
CIP CIP CIpP CAZ CAZ [ng/ml] [ng/ml] index
1D40 - 128 128 64 32 8 4 4 32 2 0.5
ID40AygfB - 32 32 16 8 8 2 1 8 2 0.5
ID40AampDh3 - 64 64 64 16 8 4 2 16 2 0.5
ID40AygfBAampDh3 - 128 128 64 32 8 4 4 32 2 0.5
ID40AalpA - 128 128 64 16 8 4 2 16 2 0.375
ID40AygfBAalpA - 128 128 64 16 8 4 2 16 2 0.375
ID40Ayg/B: tha-yg/B - 32 32 16 8 8 2 1 8 2 0.5
::rha-
> > + 128 64 64 32 8 4 4 32 2 0.5
- 64 64 64 32 8 4 4 8 4 0.625
ID40AampDh3::tha-ampDh3
+ 32 32 32 32 8 4 4 0.5 4 0.516
- 128 128 128 32 8 4 4 32 2 0.5
ID40AalpA::rha-alpA
+ 64 32 32 16 8 4 2 16 2 0.5
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Table 25 shows the results of the checkerboard assay for the combination of ceftazidime and
ciprofloxacin. Deletion of ygfB alone reduced the MIC for ceftazidime alone 4-fold. Concurrent
deletion of ygfB and either ampDh3 or alpA was able to restore the susceptibility phenotype
back to the wildtype level. The same effect was observed with 0.5 pg/ml and 1 pg/ml of ciprof-
loxacin (CIP) in combination with ceftazidime (CAZ). Deletion of ygfB did not affect resistance
to ciprofloxacin alone. However, when combined with 8 pg/ml ceftazidime, resistance to
ciprofloxacin was reduced by 2-fold, and with 16 pg/ml, it was reduced by 4-fold. Concurrent
deletion of alpA or ampDh3 partially rescued this phenotype. When having one antibiotic of
the combination fixed at the resistance breakpoint or one step above, resistance in the second
antibiotic could not be broken. However, in the combination with 2 png/ml of CIP in ID40AygfB,
the resistance for CAZ could be broken, which was also the largest combined effect. FIC indices
indicated that the combination of ceftazidime and ciprofloxacin was synergistic in ID40, but
only barely so (Synergism: FIC index < 0.5). The deletion of genes did not affect the FIC index,
except for alpA, where it was reduced to 0.375. The effect of the combination with 2 pg/ml CIP
was lower than in the previous experiment where the effect of 2.5 pg/ml of CIP was tested.
Here, 2.5 ng/ml of CIP was enough to reduce the MIC of ID40 wildtype towards CAZ to
8 nug/ml, breaking resistance, while in the checkerboard assay resistance could only be broken
with 2 pg/ml of CIP when ygfB was deleted. The conditional deletion mutants without added
rhamnose showed similar behavior as the in-frame deletion counterparts. In the ygfB comple-
mentant strain, the resistance phenotype was restored to the wildtype upon addition of ygfB,
while the ampDh3 and alpA conditional deletion mutants showed a more susceptible phenotype

upon addition of rhamnose.
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Table 26: Results of checkerboard assays combining piperacillin and ciprofloxacin. The effect of the antibiotic combination was tested in the indicated strains of ID40. In
the +0.1% rha conditions, 0.1% rhamnose has been added to the medium to induce production of the complemented gene. MIC values are given in pg/ml, values written in bold
indicate a decrease of the MIC value compared to ID40 wildtype. Cells colored red: resistant. Cells colored green: susceptible or susceptible at an increased dosage. Resistance
breakpoints according to EUCAST for piperacillin: resistant >16 pg/ml, susceptible at an increased dosage <16 pg/ml. Resistance breakpoints according to EUCAST for cipro-
floxacin: resistant >0.5 pg/ml, susceptible at an increased dosage <0.5 pg/ml. FIC index < 0.5: synergism, FIC index between > 0.5 and < 1: additive effect, FIC index between
> 1 and < 4: indifferent effect, and FIC index > 4: antagonism.

MIC piperacillin [pg/ml] MIC ciprofloxacin [pg/ml] MIC of largest combined effect
Strain 0.1% 05 i ugml 42 pg/ml +16 pg/ml  +32pg/ml | PIP CIP FIC
rha Alone ng/ml ne ne Alone ne he .
CIP CIP CIpP PIP PIP [pg/ml] [ng/ml] index
1D40 - 256 256 256 64 4 4 4 64 2 0.75
ID40AygfB - 128 64 32 8 4 2 1 32 1 0.5
ID40AampDh3 - 256 256 128 64 4 4 4 64 2 0.75
ID40AygfBAampDh3 - 256 256 128 64 4 4 4 64 2 0.75
1D40AalpA - 512 256 256 32 8 4 2 32 2 0.312
ID40AygfBAalpA - 512 256 128 64 8 4 4 64 2 0.312
ID40Ayg/B: tha-yg/B - 64 64 64 8 4 2 2 8 2 0.625
::rha-
> % + 256 256 256 64 4 4 4 64 2 0.75
- 256 256 128 64 4 4 4 64 2 0.75
ID40AampDh3:.tha-ampDh3
+ 64 64 64 32 4 4 2 32 2 1
- 512 512 256 64 4 4 4 64 2 0.75
ID40AalpA::tha-alpA
+ 128 64 32 16 8 2 1 32 1 0.375
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Table 26 shows the results of the piperacillin (PIP)/ciprofloxacin combination. Deletion of ygfB
reduced resistance to piperacillin alone by 2-fold compared to the wildtype and combination
with 0.5 pg/ml or 1 pg/ml of ciprofloxacin reduced the resistance in the AygfB mutant 4-fold
or 8-fold respectively, while not breaking resistance. In combination with 2 png/ml of CIP, re-
sistance to PIP could be broken in the ID40AygfB strain. The effect of AygfB could again be
rescued by concurrent deletion of ampDh3 or alpA. Looking at the MICs for ciprofloxacin,
resistance to ciprofloxacin alone was not affected by deletion, except for alpA4, where resistance
was increased. However, the values for the MIC of ciprofloxacin varied between 4 pg/ml and
8 ng/ml in these assays. Thus, the increase of the CIP MIC was likely due to variation. In com-
bination with 16 or 32 ug/ml PIP, the MIC for ciprofloxacin was not affected in the wildtype,
while deletion of ygfB reduced the MIC values in combination 2- and 4-fold. As before, the
concurrent deletion of alpA or ampDh3 reverted the phenotype to the wildtype levels. Looking
at the largest combined effect, deletion of ygfB reduced the combination from 64 pg/ml pipera-
cillin together with 2 ng/ml of ciprofloxacin to 32 pg/ml of piperacillin together with 1 png/ml
of ciprofloxacin. Concurrent deletion of either alp4 or ampDh3 was able to abrogate the effect
of ygfB deletion. The FIC index was reduced from 0.75 to 0.5 (from additive to synergistic)
upon deletion of ygfB in the wildtype. In a AampDh3 or AalpA background, deletion of ygf/B
did not alter the FIC index. Overall, the results of the checkerboard assay were similar to the
results of the MIC assay with 2.5 pg/ml CIP, in which a break of resistance for PIP was only
possible in the ygfB deletion mutant in combination with 2.5 pg/ml of CIP. In the conditional
deletion mutants in the absence of rhamnose, the resistance phenotype was similar to the re-
spective deletion mutants. Expression of ygfB by addition of rhamnose restored the phenotype

back to the wildtype, while complementation of ampDh3 and alpA reduced resistance.
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Table 27: Results of checkerboard assays combining imipenem and ciprofloxacin. The effect of the antibiotic combination was tested in the indicated strains of ID40. In
the +0.1% rha conditions, 0.1% rhamnose has been added to the medium to induce production of the complemented gene. MIC values are given in pg/ml, values written in bold
indicate a decrease of the MIC value compared to ID40 wildtype. Cells colored red: resistant. Cells colored green: susceptible or susceptible at an increased dosage. Resistance
breakpoints according to EUCAST for imipenem: resistant >4 pg/ml, susceptible at an increased dosage <4 pg/ml. Resistance breakpoints according to EUCAST for ciproflox-
acin: resistant >0.5 pg/ml, susceptible at an increased dosage <0.5 pug/ml. FIC index < 0.5: synergism, FIC index between > 0.5 and < 1: additive effect, FIC index between > 1

and < 4: indifferent effect, and FIC index > 4: antagonism.

MIC imipenem [pg/ml]

MIC ciprofloxacin [png/ml]

MIC of largest combined effect

Strain 0.1% +0.5 +1 pg/ml  +2 pg/ml +4 pg/ml +8 pg/ml IPM CIP FIC
rha Alone ng/ml s s Alone s s .
CIP CIP CIP IPM IPM [pg/ml] [ng/ml] index
ID40 - 64 64 64 32 8 8 8 16 4 0.75
ID40AygfB - 16 16 16 8 8 4 2 1! 4 0.56
ID40AampDh3 - 64 64 32 32 4 4 4 32 1 0.75
ID40AygfBAampDh3 - 64 64 64 32 8 8 8 16 4 0.75
ID40AalpA - 64 64 64 32 8 8 4 8 4 0.625
ID40AygfBAalpA - 64 64 64 32 8 8 4 4 0.625
- 32 32 16 16 8 4 4 4 0.625
ID40A ::rha-
ve/B::xha-ye/B + 64 64 64 32 8 8 8 16 4 0.75
- 64 64 64 32 8 8 8 16 4 0.75
ID40AampDh3:.tha-ampDh3
+ 32 32 32 16 8 4 4 1 4 0.531
- 64 64 64 32 8 8 8 16 4 0.75
ID40AalpA::tha-alpA
+ 32 32 32 32 8 4 4 1 4 0.531
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For imipenem (IPM) and ciprofloxacin (Table 27), a similar pattern to that seen for CAZ and
PIP was observed for both single and combined antibiotics. Deletion of ygfB reduced resistance
to both IPM alone and in combination with CIP. Concurrent deletion of either ampDh3 or alpA
rescued the ygfB-mediated phenotype. In this combination, resistance to IPM could only be
broken in the AygfB strain when combined with 4 pg/ml of CIP, unlike before, where 2 pg/ml
of CIP was enough to break resistance. This suggests a higher baseline level of resistance of
ID40 towards imipenem. For the combination, deletion of ygfB in the wildtype background
reduced the FIC index from 0.75 to 0.5625. In a AampDh3 or AalpA background, deletion of
vgfB again did not alter the FIC index. When combined with 2.5 pg/ml of CIP, resistance to
IPM was broken in the ID40AygfB strain, suggesting that the concentration of CIP needed to
break resistance to IPM may lie between 2 and 2.5 ug/ml of CIP. As before, the conditional
deletion mutants in the absence of rhamnose behaved similarly to the single deletion mutant
counterparts, with addition of rhamnose rescuing the ygfB phenotype and increasing suscepti-

bility in the ampDh3 and alpA complementant strain.
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Table 28: Results of checkerboard assays combining aztreonam and ciprofloxacin. The effect of the antibiotic combination was tested in the indicated strains of ID40. In
the +0.1% rha conditions, 0.1% rhamnose has been added to the medium to induce production of the complemented gene. MIC values are given in pg/ml, values written in bold
indicate a decrease of the MIC value compared to ID40 wildtype. Cells colored red: resistant. Cells colored green: susceptible or susceptible at an increased dosage. Resistance
breakpoints according to EUCAST for aztreonam: resistant >16 pg/ml, susceptible at an increased dosage <16 pg/ml. Resistance breakpoints according to EUCAST for cipro-
floxacin: resistant >0.5 pg/ml, susceptible at an increased dosage <0.5 pg/ml. FIC index < 0.5: synergism, FIC index between > 0.5 and < 1: additive effect, FIC index between
> 1 and < 4: indifferent effect, and FIC index > 4: antagonism.

MIC aztreonam [pg/ml] MIC ciprofloxacin [png/ml] MIC of largest combined effect
Strain 0.1% +0.5 +1 pg/ml  +2 pg/ml +16 pg/ml  +32 pg/ml AZT CIP FIC
rha Alone pg/ml ne ne Alone me ne .
CIP CIp CIP AZT AZT [png/ml] [pg/ml] index
1ID40 - 64 64 32 16 8 2 1 16 2 0.5
ID40AygfB - 16 16 16 4 8 - - 4 2 0.5
ID40AampDh3 - 32 32 16 8 8 1 -! 2 0.5
ID40AygfBAampDh3 - 64 32 32 32 8 4 0.5 2 4 0.531
1D40AalpA - 32 32 32 8 8 2 0.5 2 0.5
ID40AygfBAalpA - 128 32 32 16 16 2 0.5 16 2 0.25
ID40Ayg/B: tha-yg/B - 16 16 8 4 8 - - 4 2 0.5
::rha-
> ” + 32 32 32 16 8 2 0.5 16 2 0.75
- 32 32 32 16 8 2 - 16 2 0.75
ID40AampDh3:.tha-ampDh3
+ 16 16 16 8 8 - - 0.5 4 0.531
- 64 64 32 16 8 2 1 16 2 0.5
ID40AalpA:: tha-alpA
+ 16 16 16 8 8 - - 0.5 4 0.531
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Similar results as before could be observed for the combination of aztreonam and ciprofloxacin
(Table 28). However, unlike before, deletion of ygfB itself was able to break resistance to az-
treonam alone, with the effect being partially rescued by simultaneous deletion of ampDh3 or
alpA. The combination with 0.5 pg/ml or 1 pg/ml of ciprofloxacin did not reduce the resistance
any further. When looking at ciprofloxacin, deletion of ygfB itself did not affect resistance
against ciprofloxacin alone. In combination, 16 pg/ml of aztreonam was enough to inhibit
growth, and thus no MIC values for ciprofloxacin in combination with 16 ug/ml or 32 pg/ml
of aztreonam could be measured. Combination with 2 pg/ml of ciprofloxacin, which also re-
sulted in the largest combined effect for most mutants, was enough to break resistance for all
strains. The effect was again potentiated by deletion of ygfB and rescued by double deletion of
alpA or ampDh3. The FIC index for the combination was not markedly affected by any gene
deletion. The checkerboard assay results were consistent with those of the MIC assay using
2.5 pg/ml of CIP. Complementation experiments showed the same behavior as in the other
combinations. The ygfB phenotype was rescued upon addition of rhamnose and the susceptibil-
ity was increased upon addition of rhamnose to the ampDh3 or alpA complemented strain. The

effect of ygfB deletion on reduction of resistance seemed to be most pronounced for aztreonam.

“Measurement of MIC values for ID40, AampDh3 or AalpA showed that the combination of
ciprofloxacin and p-lactam antibiotics reduced MIC values for the tested antibiotics in all three
strains compared to single treatment in a similar manner. Deletion of ygfB further decreased
the MIC values by two to three log2 steps as compared to ID40 depending on the p-lactam
antibiotic used (Table 25, Table 26, Table 27, Table 28). This can be explained by the AlpA-
induced AmpDh3 production, as additional deletion of either alpA or ampDh3 restored the
resistance to f-lactam antibiotics to the levels of ID40 wildtype” (Eggers et al., 2023, p. 10).
In the ID40 wildtype strain, resistance to either antibiotic could not be broken in combination.
When ygfB was deleted, resistance to B-lactam antibiotics could only be broken when the anti-
biotic was combined with ciprofloxacin at a concentration above the resistance breakpoint ac-
cording to EUCAST (2 pg/ml in this case, 4-fold increase to EUCAST breakpoint). This re-
flects the results from chapter 3.2.1, in which 2.5 ng/ml of ciprofloxacin was able to break
resistance to all tested B-lactams in the ID40AygfB strain.

“In the absence of rhamnose, the conditional deletion mutants responded to treatment with
various f-lactams, alone or in combination with ciprofloxacin, like the corresponding single
deletion mutants as confirmed by comparison of the MIC values. Upon rhamnose supplemen-

tation the MIC values of antibiotics measured for the conditional ygfB deletion mutant were
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similar to the MIC values for the ID40 wildtype. In contrast, the conditional ampDh3 and alpA
deletion mutants showed lower f-lactam resistance upon rhamnose treatment. This indicates,
that under these conditions, the effect of YgfB can be overridden” (Eggers et al., 2023, p. 10).

Taken together, the checkerboard experiments with the various mutants as well as with the
conditional mutants underline the repressing role of ygfB in the AlpA-mediated activation of
ampDh3 resulting in resistance to combinations of ciprofloxacin and B-lactams. Y gfB seems to
inhibit a potential crosstalk between ciprofloxacin and B-lactams by inhibiting the DNA dam-
age-induced effect of AlpA on ampDh3 expression. However, deletion of ampDh3 or alpA itself
did not seem to reduce the combinatory effect of ciprofloxacin and B-lactam antibiotics, sug-
gesting that next to this pathway, there are other factors at play that lead to an additive effect of

antibiotic combination.

3.3. Further studies on the role of YgfB and ciprofloxacin in

P. aeruginosa and E. coli

In the previous chapters, the molecular action of YgfB affecting resistance towards B-lactam
antibiotics as well as towards a combination of B-lactams and ciprofloxacin in P. aeruginosa
was described, leading to a working model of the interrelationship between YgfB, AlpA, and
AmpDh3 and consequences on resistance to B-lactam antibiotics that will be discussed later.

As shown in the introduction, ygfB is present in many y-proteobacteria while a/p4 is only found
in P. aeruginosa as confirmed by Nucleotide BLAST and Protein BLAST (Camacho et al.,
2009). Searching for orthologs of AmpDh3 in other y-proteobacteria yielded many results such
as AmiD in E. coli. However, when directly comparing E. coli AmiD with AmpDh2 and
AmpDh3 of P. aeruginosa, the sequence seemed to have more similarity to AmpDh2 than
AmpDh3. Nevertheless, orthologs of AmpDh3 seem to be present in some other y-proteobac-
teria. Due to the lack of AlpA and the limited presence of AmpDh3, we speculated that YgfB
might have also a more general function in y-proteobacteria, while the repression of the AlpA-

induced ampDh3 expression might be a unique feature of P. aeruginosa.

As we have shown that ygfB might modulate the AlpR-AlpA-dependent response to ciproflox-
acin in P. aeruginosa, we hypothesized that the main regulatory role of ygfB only comes into
effect under the stimulus of ciprofloxacin-induced DNA damage, explaining why the differen-

tially expressed gene set upon deletion of ygfB was rather limited.
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We therefore initially asked the following questions:
(1) Does YgfB transcriptionally regulate a distinct gene set in other species such as
E. coli?
(i)  Is ygfB mainly relevant as a transcriptional regulator in a DNA damage-induced

state?

3.3.1. The ygfB-modulated transcriptomic response to ciprofloxacin
To answer these questions, RNAseq was done with the P. aeruginosa strain ID40 and the E. coli
strain BW25113. For each species, four conditions were tested in triplicate. Triplicate overnight
cultures of the wildtype strain and a ygfB deletion mutant were grown by preparing two subcul-
tures from each overnight culture in parallel. The subcultures were grown to ODesoo 0.5 and
ciprofloxacin at 4x the MIC was added to the medium of one of the parallel subcultures (+CIP
condition). The cultures were incubated for 2 hours with shaking at 37°C, after which RNA was
isolated and RNAseq was performed. Differential expression analysis of the different condi-
tions was done to identify genes that respond to the different stimuli.

3.3.1.1.  The ygfB modulated ciprofloxacin response in P. aeruginosa |D40

To study the ygfB modulated response to ciprofloxacin in ID40, samples were prepared for
RNAseq as described above. 32 pg/ml of ciprofloxacin was added to the medium of the +CIP
conditions of ID40 and ID40AygfB.

Effect of ygfB deletion
We have previously shown the effect of ygfB deletion in ID40 using transcriptomics (Eggers et

al., 2023). Comparing the ID40AygfB and ID40 conditions allowed validation of the previously
described transcriptomic analysis. Unexpectedly, the differential expression analysis resulted
in a different expression profile in ID40AygfB vs. ID40 in this experiment as compared to before
(Figure 19). All significantly differentially expressed genes are also listed in Table 34 in the
appendix.
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Transcriptomic changes in ID40AygfB vs. ID40
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Figure 19: Transcriptome comparing ID40AygfB with ID40. Upregulated genes (red): log, fold change >2,
adjusted p value <0.01; downregulated genes (blue): log, fold change <-2, adjusted p value <0.01. Data analysis
as described in the methods. n = 3. All differentially expressed genes and in addition ampC are labeled.

While ampDh3 was still strongly upregulated upon deletion of ygfB, neither the gene in the
same operon as ampDh3, TUEID40 01954 (logz fold change of 2.99, adjusted p value of 0.48),
nor the alpBCDE self-lysis cluster was significantly upregulated (logz fold change between 1.25
and 2.15, however, non-significant adjusted p values). Similarly, TUEID40 01945 had a non-
significant logz fold change of 2.27 (padj. = 1). ampC had a log: fold change of -1.86 with an
adjusted p value of 1. In contrast to the first differential expression analysis of ID40AygfB vs.
ID40, next to ampDh3 now also the genes cefD 2, yjjl, mntH2, and TUEID40 01950 were
upregulated. Interestingly, these genes lie downstream of ampDh3 and have been shown to be
upregulated upon ectopic overexpression of alpA in PAOI (Pefia et al., 2021). This could be
explained by reduced inhibition of the action of AlpA upon deletion of ygfB.

Response to ciprofloxacin

The differentially expressed genes in the ID40 +CIP vs. the ID40 condition represented the
transcriptomic response to DNA damage induced by ciprofloxacin. In total, 160 out of 6544
genes were differentially expressed in ID40 upon exposure to 32 pg/ml CIP for 2 hours, with
157 being upregulated and 3 genes being downregulated. 65 of the differentially expressed
genes had orthologs in PAO1, while 84 differentially expressed genes had similarity to genes
found in phages infecting P. aeruginosa. For two genes, orthologs only in other P. aeruginosa
strains could be found and for nine genes, no ortholog could be assigned.

The genes were searched in UniProt (The UniProt Consortium, 2023), KEGG (Kanehisa, 2019;
Kanehisa et al., 2023; Kanehisa & Goto, 2000), and the BV-BRC database (Olson et al., 2023)
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to assign functions. The genes that were differentially expressed upon exposure to 32 pg/ml of
ciprofloxacin were mostly the same as previously described by Cirz et al. (2006). Most of the
genes were associated with DNA-metabolism and repair (recA4, recN, imuB, lexA), DNA-repli-
cation (gyrB), nucleotide metabolism (ndrA4, ndrB), pyocin synthesis (prtN, pys2, pys2 2, ptrB
TUEID40 04251), and LexA-controlled genes of the SOS-response (imuB, sulA2,
TUEID40 00205, lexA, suld, yebG, TUEID40 05264, recA, recN). Additionally, we and Cirz
et al. (2006) found alp4, ampDh3, and the alpBCDE cluster upregulated upon addition of
32 pg/ml ciprofloxacin.

As the focus of this study was not to elucidate the ciprofloxacin response per se and the response
itself has been thoroughly described, it will not be further discussed here. The significantly

differentially expressed genes are listed in Table 35 in the appendix.

The yqfB modulated ciprofloxacin response in ID40

To identify genes that were part of the ygfB modulated CIP response, the conditions ID40AygfB

+ CIP and ID40 +CIP were compared. This comparison would allow to identify genes that are

only regulated by ygfB in response to DNA damage. A volcano plot of differentially expressed

genes in the comparison with an adjusted p value of <0.01 and a log> fold change of >2 or <-2

is shown in Figure 20. In addition, all significantly differentially expressed genes with the re-

spective logz fold changes and adjusted p values are listed in Table 36 in the appendix.
Transcriptomic changes in ID40AygfB +CIP vs. ID40 +CIP
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Figure 20: Differentially expressed genes in the comparison ID40AygfB +CIP vs. ID40 +CIP. The conditions
ID40AygfB +CIP and ID40 +CIP were compared. In the +CIP condition, 32 pg/ml of ciprofloxacin was added for

2 hours. Upregulated genes (red): log, fold change >2, adjusted p value <0.01; downregulated genes (blue): log,
fold change <-2, adjusted p value <0.01. Data analysis as described in the methods. n = 3.
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Except ygfB, no genes were differentially expressed in the comparison. Interestingly, also genes
that were shown to be differentially expressed by ygfB deletion such as ampDh3 were non-
significantly differentially expressed in this comparison (ampDh3: logz fold change of 1.70
with an adjusted p value of 1).

Nevertheless, it was previously shown that the AmpDh3 protein abundance is increased slightly
in the ygfB deletion mutant exposed to ciprofloxacin in comparison to the wildtype exposed to
ciprofloxacin (Figure 11, page 97). As summarized in Table 29, the pattern observed for
AmpDh3 seems to hold true for all genes that were found to be repressed by ygfB either in this
study or previously (Eggers et al., 2023). The expression was increased either upon exposure
to ciprofloxacin or deletion of ygfB. Furthermore, the concurrent deletion of ygfB and exposure
to ciprofloxacin demonstrated a tendency towards elevated expression levels compared to
wildtype exposed to ciprofloxacin, although the results were not statistically significant (Figure
20). Therefore, many AlpA-regulated genes (Pefia et al., 2021) seem to be also regulated by
vgfB and concurrent deletion of ygfB and exposure to ciprofloxacin seems to have slight addi-
tive effects. Interestingly, ampC expression was neither affected by exposure to ciprofloxacin

in the wildtype nor the ygfB deletion background.

Table 29: log: fold expression relative to ID40 WT -CIP for ygfB regulated genes. Values written in bold:
Significant difference compared to ID40 WT-CIP with an adjusted p value of <0.01.

log: fold change relative to ID40 -CIP

Locus tag Gene name 1ID40 ID40AygfB
-CIP +CIP -CIP +CIP
TUEID40_03245 ygfB 0 1.14 -5.03 -4.67
TUEID40_04486 ampC 0 0.93 -1.86 -1.64
TUEID40_01955 ampDh3 0 6.86 5.63 8.56
TUEID40_01954 TUEID40_01954 0 2.61 2.99 4.19
TUEID40_01840 alpB 0 5.77 1.72 6.61
TUEID40_01839 alpC 0 5.76 1.99 6.71
TUEID40_01838 alpD 0 6.72 2.15 7.63
TUEID40_01837 alpE 0 5.67 1.26 6.56
TUEID40_01945 TUEID40_01945 0 2.53 2.28 3.92
TUEID40_01949 cefD 2 0 3.5 3.21 5.2
TUEID40_01950 TUEID40_ 01950 0 5.02 4.46 6.7
TUEID40 01951 yijL 0 4.35 3.71 5.93
TUEID40_01953 mntH2 0 4.21 3.95 5.77
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3.3.1.2. The ygfB-modulated ciprofloxacin response in E. coli BW25113

To identify a potential role of ygfB in E. coli and to see if ygfB modulates a response to ciprof-
loxacin in E. coli, the experiment done in ID40 was repeated in the K12 derivative BW25113
(Datsenko & Wanner, 2000). BW25113 is the parent strain of the Keio collection, a library of
knockouts of all non-essential genes in E. coli (Baba et al., 2006). To obtain a clean ygfB dele-
tion mutant, the Keio strain JW5473-1, a BW25113 strain that contains a disruption of the ygfB
gene by a kanamycin resistance cassette was used. The kanamycin resistance cassette was ex-
cised using the plasmid pCP20 as described in 2.4.11, yielding the clean, in-frame ygfB deletion
mutant BW25113AygfB.

To study the ygfB modulated response of BW25113 to ciprofloxacin, the strains were exposed
to 4x the MIC of ciprofloxacin. To determine the MIC of BW25113 and BW25113AygfB to
ciprofloxacin, a simple microbroth dilution assay was done, which yielded an MIC for cipro-
floxacin of 0.03125 pg/ml in the BW25113 wildtype and ygfB deletion mutant.

Cultures were grown and treated with ciprofloxacin as described in 3.3.1.1 for ID40 except that
0.125 pg/ml of ciprofloxacin was added for 2 hours in the +CIP condition. Again, RNA was
isolated and RNAseq was done. Differential expression analysis gave information on the genes
responding to the different stimuli.

Effect of ygfB deletion

As YgfB can also be found in E. coli, but the genes that were shown to be affected by YgfB in

P. aeruginosa (alpA and ampDh3) are not, we wanted to elucidate the role of YgfB in E. coli.
To identify genes regulated by ygfB in BW25113, the transcriptome of BW25113AygfB and
BW25113 was compared. Genes with an adjusted p value of <0.01 and a log: fold change of
>2 or <-2 were considered differentially expressed. Figure 21 shows a volcano plot of the results
of the differential expression analysis. In addition, all significantly differentially expressed

genes are listed in Table 37 in the appendix.
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Transcriptomic changes in BW25113AygfB vs. BW25113
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Figure 21: Transcriptome comparing BW25113AygfB with BW25113. Upregulated genes (red): log, fold
change >2, adjusted p value <0.01; downregulated genes (blue): log, fold change <-2, adjusted p value <0.01. Data
analysis as described in the methods. n = 3. The top 15 differentially expressed genes as well as pepP were labeled.

Surprisingly, all upregulated genes were part of the flagellar regulon. This is a large network of
genes that is regulated in a hierarchical fashion and contains most, if not all, structural as well
as regulatory genes of flagella synthesis and motility. The flagellar regulon is regulated by the
master regulator FIhD4Ca, which acts as a transcription factor and is responsible for activating
all regulatory and structural components of the flagellar machinery. FIhD4C: activates class 2
promoters of the flagellar regulon directly, including expression of the sigma factor fli4. FliA
in turn activates a class 3 promoter of the regulon, expressing late genes of flagellar synthesis.
(Fitzgerald et al., 2014)

The only downregulated gene was pepP, which is a downstream neighbor of ygfB on the same
operon.

This finding led to the hypothesis that YgfB might inhibit the transcriptional activator function
of FIhD4C2 by protein-protein interaction, similarly to its interaction with AlpA in P. aeru-
ginosa. However, Parker et al. (2019) described that the Keio collection carries high levels of
secondary mutations in the promoter region of the master regulator of the flagellar regulon,
fIhDC, leading to stable overexpression of the master regulator and the regulon and therefore,
increased motility compared to the poorly motile BW25113 parent strain. They described in-
sertion sequence (IS) elements in the promoter of fIADC. Therefore, the BW25113 wildtype
and BW25113AygfB strains were checked for such an IS element by PCR (Figure 22).

133



3. Results

Q
)
> >
bp < o < »
SR\ &
20000 4 < g £2
10000
7000
) -
4000
3000 - -
2000 — | S—
1500 — | (— =
1000 — | |— - -
700 — | — e
500 — H
500 — H
300 — .
200 — -
75 —

Figure 22: PCR for the flhDC promoter. Primers binding on the f/AD ORF and on the uspC ORF upstream of
fIhD were used to amplify the promoter region of fIADC. Size of the amplicon without any IS element in the
promoter: 990 bp.

The PCR indicated that the BW25113AygfB strain likely carries an IS element in the promoter
of the fThDC operon, leading to overexpression. Further analysis by Sanger sequencing of the
fIhDC promoter of BW25113 and BW25113AygfB annealed the traces in BW25113AygfB to
the IS1A insertion sequence. This insertion sequence has a size of 772 bp (Patel & Matange,
2021), which correlated to the size difference seen in PCR. As a result, we concluded that the
difference in expression of flagellar genes in BW25113AygfB is not due to an actual effect of
vgfB deletion, but rather due to a secondary mutation by an insertion element, which was further
underlined by our futile attempts to complement the apparent ygfB phenotype in
BW25113AygfB (not shown).

To test if the upregulation of flagella genes might have skewed the analysis of the tran-
scriptomic experiment somehow and masked a differential regulation, which could otherwise
have been seen, the upregulated genes of the fIADC regulated flagellar regulon were excluded
in the data analysis. Figure 23 shows a volcano plot of the results of the new analysis with a
significance threshold of padj. <0.01 and a logz fold change of >2 or <-2. Table 38 in the ap-

pendix additionally shows all significantly differentially expressed genes.
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Transcriptomic changes in BW25113AygfB vs. BW25113 with flagella genes excluded
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Figure 23: Transcriptomic analysis of genes differentially expressed in BW25113AygfB vs. BW25113 with
flagella genes upregulated by IS element in fTADC promoter removed. Upregulated genes: log, fold change
>2, adjusted p value <0.01; downregulated genes: log, fold change <-2, adjusted p value <0.01. Data analysis as
described in the methods. n = 3. The genes ampC and amiD (the next closest homolog to ampDh3) have been
labeled.

When the flagella genes were removed, no genes except ygfB were significantly differentially
expressed. pepP, which was previously downregulated and is not a part of the flagella regulon,
was now non-significantly downregulated (logz fold change of -2.35, adjusted p value of 0.1).
The genes ampC and amiD, which are labeled in the figure, were not differentially expressed.
ampC encodes for the B-lactamase that is regulated by YgfB in P. aeruginosa and amiD en-
codes for a paralog of AmpD and is the gene most closely related to ampDh3. Comparing amiD
with ampDh2 and ampDh3 of P. aeruginosa shows closer similarity of amiD to ampDh2, sug-
gesting that it is the ortholog of ampDh?2 rather than ampDh3. From this experiment, we con-
cluded that ygfB most likely has no transcriptional effects in E. coli.

Response to ciprofloxacin in BW25113
Comparison of the BW25113 +CIP with the BW25113 condition yielded the differentially ex-

pressed genes upon exposure to 0.125 pg/ml of ciprofloxacin (4x MIC).

In total, 49 genes out of 4490 genes were upregulated with a threshold of a logz-fold change of
>2 and an adjusted p value of <0.01 and 10 genes of 4490 genes were downregulated with a
loga-fold change of <-2 and an adjusted p value of <0.01.

Searching the differentially expressed gene in UniProt (The UniProt Consortium, 2023), KEGG
(Kanehisa, 2019; Kanehisa et al., 2023; Kanehisa & Goto, 2000), and the BV-BRC database

(Olson et al., 2023) provided information on the function of the genes. Similarly, as in ID40,
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most genes were related to the DNA. Ten upregulated genes were involved in DNA repair
(dinB, dinl, lexA, recX, recA, polB, recN, umuC, umuD, yebG), two in nucleotide metabolism
(nrdA, nrdB), and four genes involved in translesion repair (dinB, umuC, umuD, recA), with
umuC and umuD forming the DNA-polymerase V complex (Kato & Shinoura, 1977). As in
ID40, many genes that were upregulated are part of the LexA-regulated SOS-response (sul4,
dinB, dinD, dinF, dinl, yebG, umuC, umuD, recA, recN, lexA, polB, tisB), as well as LexA-
independent response (recX) (Courcelle et al., 2001; Simmons et al., 2008).

Previous studies had also looked at the transcriptomic response of E. coli to ciprofloxacin. Bie
et al. (2023) treated K-12 MG1655 with subinhibitory ciprofloxacin and Sun et al. (2020)
treated K-12 MG1655 with a suprainhibitory concentration. Both groups then performed
RNAseq to identify the differentially expressed genes. Both groups found mostly overlapping
genes to the ones we identified in the transcriptome.

Like in ID40, the ciprofloxacin response of BW25113 was not the main interest of this study
and will not be discussed further here. Table 39 in the appendix shows the entirety of significant
differentially expressed genes in BW25113 upon exposure to 0.125 pg/ml of ciprofloxacin for

2 hours.

The ygfB modulated response to ciprofloxacin in BW25113

To identify genes that might be part of a ygfB modulated ciprofloxacin response in BW25113,
the conditions BW25113AygfB +CIP and BW25113 +CIP were compared. Figure 24 shows a
volcano plot of the log fold change and the -logio adjusted p values of each gene. In Figure
24a, a volcano plot with all genes, including the flagella genes, is shown, while in Figure 24b
the flagella genes that were upregulated due to the ISIA element in the fIADC promoter were
removed. In addition, significantly differentially expressed genes that include the flagella genes
are listed in Table 40, and significantly differentially expressed genes without the genes of the

flagellar regulon are listed in Table 41.
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Figure 24: Transcriptome of the ygfB modulated response to ciprofloxacin in E. coli BW25113. The condi-
tions BW25113AygfB +CIP and BW25113 +CIP were compared. In the +CIP condition, 0.125 pg/ml of ciprof-
loxacin was added for 2 hours. a) All genes were analyzed. b) Flagella genes that were upregulated due to ISTA
element in fIADC promoter were removed from the analysis. a + b) Upregulated genes (red): log, fold change >2,
adjusted p value <0.01; downregulated genes (blue): log, fold change <-2, adjusted p value <0.01. Data analysis
as described in the methods. n = 3.

When the upregulated fIADC flagellar genes were included in the analysis, 9 genes were differ-
entially expressed upon deletion of ygfB in a +CIP background. The flagellar genes cheA, cheW,
fliA, fliC, motA, motB, tap, and tar were upregulated, while ygfB and pepP were downregulated.
When removing the flagellar genes from the analysis, only ygfB and pepP were differentially
expressed, with both being downregulated. As pepP neighbors ygfB downstream on the same
operon, we figured that the differential expression of pepP was likely due to expression being

affected by the mutagenesis and not due to an actual effect of the gene deletion.
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Together, like in P. aeruginosa 1D40, ygfB did not seem to modulate a response to ciprofloxacin
in E. coli BW25113. Unlike in ID40, ygfB deletion itself did not affect expression of any genes
in BW25113.

3.3.2. The interactome of YgfB in P. aeruginosa and E. coli

By transcriptome analysis, we have shown that the role of ygfB on a transcriptional level is
rather limited. In P. aeruginosa, YgfB regulates expression of ampDh3 and potentially of
alpBCDE by interacting with the transcriptional regulator of these genes, AlpA. In E. coli how-
ever, ygfB does not seem to regulate any genes on the transcriptional level. Unpublished prote-
omic data of our group also shows that upon deletion of ygfB in ID40, many more proteins are
differentially abundant in comparison to differentially produced transcripts.

This suggests that YgfB might play a different cellular role, potentially by interacting with other
proteins. To identify such putative interaction partners of YgfB, pulldown-MS experiments
were done in P. aeruginosa and E. coli. Here, the entire fraction of interacting proteins in a
pulldown assay was analyzed by NanoLC-MS/MS, providing an overview of the entirety of the
interactome. We hoped that this could provide an insight into the further role of YgfB and give

information on a conserved function in P. aeruginosa and E. coli.

3.3.2.1. Interactome of YgfB in P. aeruginosa

First, we set out to determine the interactome of YgfB in P. aeruginosa 1D40. For this, the
pulldown was repeated using whole cell lysates of cells grown for 5 hours as described in the
methods section under 2.3.20, and as shown in Eggers et al. (2023) and in the results section of
this work under 3.1.3.1.

Pulldowns were done in triplicates using GST or GST-Y gfB as a bait. The eluate fraction of the
pulldown was then analyzed by NanoLC-MS/MS at the Proteome Center Tiibingen. The LFQ
values for each condition were then used as raw data for analysis using Perseus as described in
2.5.5 in the methods section. In short, the quantity of proteins found in the GST-Y gfB condition
was compared with the quantity of proteins found in the GST condition by multiple ¢ test anal-
ysis with a false discovery rate (FDR) of 0.01. Proteins that were significantly enriched in the
GST-YgfB condition with a g value (multiplicity adjusted p value) of <0.01 were classified as
potential interaction partners.

Figure 25 shows a volcano plot of the logz fold change of protein abundance in the GST-Y gfB
vs. GST comparison as well as the -logio p value of each comparison. Of note, the -logio p value

and not the ¢ value as a multiplicity adjusted p value is plotted, as the program Perseus that was
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used for the statistical analysis rounded ¢ value that were low enough to 0, making them im-
possible to plot. Proteins that were significantly more abundant with a ¢ value of <0.01 are
labeled in red and classified as potential interactors. Proteins that were significantly less abun-
dant are marked in blue and were not further analyzed. Table 42 in the appendix shows all

interactors of YgfB in ID40.
Interactome of YgfB in ID40
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Figure 25: Interactome of YgfB in P. aeruginosa 1D40. Plotted is the log, fold abundance of proteins in the
eluate fraction, comparing the GST-YgfB vs. GST conditions, as well as the -logo p value of this comparison.
Comparisons were done by two-sided multiple ¢ test with an FDR of 0.01. n = 3. Proteins marked red were more
abundant in the GST-YgfB condition and had a g value of <0.01. These are classified as interactors. Proteins
marked blue were less abundant with a g value of <0.01. -log;o p values instead of ¢ values (multiplicity adjusted
p values) are plotted because the program Perseus that was used for data analysis, rounded low g values to 0,
making them impossible to plot. Selected interactors were labeled.

In total, 118 proteins could be identified as potential interacting proteins of YgfB in P. aeru-
ginosa 1D40. Searching for the function of the proteins in various databases, such as UniProt
(The UniProt Consortium, 2023), KEGG (Kanehisa, 2019; Kanehisa et al., 2023; Kanehisa &
Goto, 2000), or the BV-BRC database (Olson et al., 2023) provided information on functional
associations of the interacting proteins. The interactome included eleven proteins that were re-
lated to DNA repair (DnaB, DnaX, UvrA, UvrB, RdgC, RecA, RecG, DnaE, RadA, MutL,
MID). In addition, five proteins were associated with translation (LepA, RpsB, RpsE, RplS,
SelB). Five proteins were associated with synthesis of lipopolysaccharide (WaaC, WaaU,
LpxB, LptB, LptD) and interestingly, Y gfB seemed to interact also with GyrB and ParE, the B-

subunits of both bacterial type II topoisomerases, gyrase and topoisomerase IV (Aldred et al.,
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2014). Also, two proteins that are involved in the biosynthesis of phenazine as precursors of
PQS were found as interactors of YgfB (PgsC, PgsD).

To enable the identification of distinct cellular functions of protein-protein interactions involv-
ing YgfB, an enrichment analysis of gene ontology terms of biological processes (Table 30)

was carried out using STRING (Szklarczyk et al., 2023).

Table 30: Enrichment analysis of biological processes using STRING. Analysis was done on GO terms of
biological processes of all proteins identified in the interactome. Analysis was done with an FDR (false discovery
rate) of <0.05, a minimum strength of >0.01, and a minimum count in the network of 2. Observed count is the
number of proteins that have the associated GO term in the interactome and background count the total number of
proteins in the entire proteome that carry this GO term. Strength is the logo ratio of the observed number proteins
with an associated term vs. the expected number of proteins with an associated term in a random dataset of the
same size and is a measure of the strength of the enrichment effect. FDR is a measure of the significance of the
enrichment as multiplicity adjusted p values by Benjamini-Hochberg procedure.

observed back-
term ID term description ground  strength FDR
count
count
G0:0006289 Nucleotide-excision repair 3 4 1.55 2.39E-02
G0:0006401 RNA catabolic process 4 9 1.32 1.06E-02
G0:0034605 Cellular response to heat 4 9 1.32 1.06E-02
G0:0009266 Response to temperature stimulus 5 15 1.2 5.30E-03
G0:0051276 Chromosome organization 6 30 0.98 8.40E-03
G0:0009628 Response to abiotic stimulus 6 44 0.81 3.99E-02
G0:0006259 DNA metabolic process 15 136 0.72 8.34E-05
G0:0006281 DNA repair 8 72 0.72 1.95E-02
G0:0033554 Cellular response to stress 15 143 0.69 1.30E-04
G0:0009605 Response to external stimulus 9 98 0.64 2.75E-02
G0:0090304 Nucleic acid metabolic process 26 365 0.53 2.21E-05
GO:0044260 Cellular macromogz;::le metabolic pro- 30 471 0.48 2 21E-05
GO:0006139 Nucleobase—contrflining compound meta- 31 554 0.42 1 00E-04
bolic process
G0O:0051716 Cellular response to stimulus 23 429 0.4 5.30E-03
G0:0043170 Macromolecule metabolic process 45 875 0.39 3.99E-06
G0:0046483 Heterocycle metabolic process 34 707 0.36 6.10E-04
G0:0050896 Response to stimulus 27 561 0.36 5.40E-03
GO:0034641 Cellular nitrogen compound metabolic 43 901 0.35 2 79E-05
process
GO:1901360 Organic cyclic compound metabolic 35 758 034 9 50E-04
process
GO:0006725 Cellular aromati:r((;z):slgound metabolic 34 735 0.34 1.20E-03
G0:0044238 Primary metabolic process 64 1513 0.3 1.88E-06
GO0:0006807  Nitrogen compound metabolic process 58 1440 0.28 2.21E-05
G0:0044249 Cellular biosynthetic process 38 940 0.28 5.30E-03
GO:0009058 Biosynthetic process 39 988 0.27 5.90E-03
GO:1901576  Organic substance biosynthetic process 37 945 0.27 1.06E-02
G0:0071704 Organic substance metabolic process 72 1858 0.26 1.88E-06
G0:0044237 Cellular metabolic process 69 1811 0.25 5.31E-06
GO:0008152 Metabolic process 74 2078 0.23 1.31E-05
G0:0009987 Cellular process 90 2891 0.17 2.21E-05

The top three most enriched clusters in the interactome of YgfB in ID40 were “Nucleotide-

excision repair” (UvrA, UvrB, Mfd), “RNA catabolic process” (DeaD, RhIB, Rph, and Rne),
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as well as “Cellular response to heat” (AsrA, CIpA, Lon, PA2725). The “Response to temper-
ature stimulus” cluster contained the same proteins as the “Cellular response to heat” cluster,
with DeaD being also present here. A cluster that contained many proteins that seemed rela-
tively specific was the “Cellular response to stress” cluster (AsrA, ClpA, DeaD, Lon, Mfd,
MutL, PA2725, PA3019, Ppx, RadA, RecA, RecG, RelA, UvrA, and UvrB).

In addition, an analysis for enrichment of local STRING network clusters (Szklarczyk et al.,
2023) was done (Table 31). Local STRING network clusters are protein clusters that were com-
putationally calculated using the full STRING network of P. aeruginosa. Enrichment of pro-

teins that belonged to these clusters was then tested.

Table 31: Enriched local STRING network clusters in interactome of YgfB in ID40. Analysis was done on
local STRING network clusters. Analysis was done with an FDR (false discovery rate) of <0.05, a minimum
strength of >0.01, and a minimum count in the network of 2. Observed count is the number of proteins that have
the associated cluster term in the interactome and background count the total number of proteins in the entire
proteome that carry this cluster term. Strength is the log) ratio of the observed number proteins with an associated
term vs. the expected number of proteins with an associated term in a random dataset of the same size and is a
measure for the strength of the enrichment effect. FDR is a measure of the significance of the enrichment as
multiplicity adjusted p values by Benjamini-Hochberg procedure.

observed background

term ID term description strength FDR

count count
CL:662  SOS response, and Mismatch repair 5 14 1.23 0.0072
CL:660 DNA repair 6 22 1.11 0.0048
CL:658 DNA repair, and Mismatch repair 9 43 0.99 0.0012
Catalytic activity, acting on DNA,
CL:653 and Regulation of DNA metabolic 10 65 0.86 0.0018
process

In the local STRING network enrichment, most clusters were related to DNA repair. The high-
est enriched cluster was the SOS response and mismatch repair cluster (MutL, RadA, RecA,
UvrA, and UvrB) followed by the DNA repair cluster (all of the above and RdgC). Next fol-
lowed the DNA repair and mismatch repair cluster, which contained all of the proteins above
as well as DnaB, DnaE, and DnaX. The last enriched cluster was the “Catalytic activity, acting
on DNA, and Regulation of DNA metabolic process” cluster, which contained all of the pro-
teins above as well as HepA.

The functional analyses further underlined the notion that YgfB in P. aeruginosa mostly
seemed to interact with proteins involved in DNA repair, as terms that are involved with this
function had the highest enrichment strength. In addition, RNA catabolism, heat response, as

well as a general stress response seemed to be of importance.

Validation of interactome in vivo

To validate candidates of the interactome experiment in vivo, protein-fragment complementa-
tion assays (PCA) were done. For this purpose, the strain ID40AygfB::rtha-SmBiT-ygfB was
generated. The strain lacked ygfB at the native locus but had it reintroduced at the Tn7-site
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carrying a SmbiT tag under the control of a rhamnose-inducible promoter. Unlike the HiBiT
tag used previously in this work, which has a high affinity for LgBiT, SmBIT is part of the
NanoLuc split-luciferase but has a low affinity for its counterpart LgBiT. The CDS of proteins
of interest (POI) was cloned in the plasmid PBBR1 LgBiT (LgBiT-GOI), yielding LgBiT-POI-
fusion proteins. If the POI and YgfB interacted, SmBiT and LgBiT would come in proximity
leading to a reconstituted luciferase, which would generate chemiluminescence upon addition
of the substrate furimazine. This allowed validation of the candidates identified in the interac-
tome experiment in the native environment of the cell and might give further information on
whether the interaction seen in the pulldown is biologically relevant.

In total, 15 candidates that were identified as potential interactors by the analysis described in
this work (UvrB, RpsE, WaaC, RecG, MutL, PsIH, RadA, PsIB, NirQ, WaaG, MreB, RapA
UbiB, RelA and SrkA), as well as 8 other candidates that had already previously been selected
based on alternative analyses of the data (RhIE, UbiH, ZipA, DinG, TUEID40 06036, RbsB,
TUEID40 05398, TUEID40 05668) were screened by PCA. The results of the PCA are shown

in Figure 26. Luciferase activity relative to a LgBiT control that carried no POI is shown.
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Figure 26: Screening for interacting proteins of YgfB. The strain ID40AygfB::tha-SmBiT-ygfB was transformed
with pBBR1-LgBiT-GOI plasmids where the LgBiT-GOI is constitutively expressed. The transformants were
grown in LB medium overnight with 0.1% rhamnose to induce production of SmBiT-YgfB. After subculturing for
2-3 hours, 50 ul of culture containing 107 bacteria were added to a white 96 well plate in triplicates. 50 pl of
luciferase detetion reagent was added and the chemiluminescence was measured. Plotted are the mean and SD of
the logio transformed data relative to a LgBiT control where no POI was fused to LgBiT, as well as individual data
points. Asterisks indicate significant differences to the LgBiT control by one-way ANOVA done with the logio
transformed data. Dunnett's multiple comparisons test was used as a post-hoc test. *p<0.05, ****p<(0.0001. n = 1-
19 biological replicates.

In the screen for potential interaction partners, three candidates that were identified in the in-
teractome of YgfB in ID40 could be validated in vivo. These included the protein UvrB, which

is part of the UvrABC repair complex, responsible for DNA repair by nucleotide excision repair
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(NER) and is particularly important for sensing DNA damage (Verhoeven et al., 2002). Another
interactor was the small ribosomal subunit protein uS5, encoded by the gene rpsE. The protein
will be referred to as RpsE throughout the rest of this work and has been described to play an
important role in translational accuracy in E. coli (Kirthi et al., 2006; Takyar et al., 2005).
Lastly, we could also validate the Lipopolysaccharide heptosyltransferase 1, encoded by the
gene waaC. As for RpsE, the protein will be called WaaC throughout this work. WaaC is im-
portant in the biosynthesis of the inner core region of lipopolysaccharide (LPS), which tethers
the O-antigen to the membrane bound Lipid A (de Kievit & Lam, 1997). The relatively low
percentage of interacting proteins that could be validated in vivo suggested that the interactome
produced a rather large number of false positive hits, potentially due to the non-native environ-
ment during the pulldown. Additionally, the protein tags in the fusion proteins might affect their

functions, leading to an effect on interaction.

YafB does not affect mutation frequency or persister formation in 1D40

As UvrB could be validated to interact with YgfB in vivo with the strongest effect, the mutation
frequency decline protein MfD seemed to be a potential interactor of YgfB (although not tested
in the PCA, as due to the large number of potential interactors, only a limited selection of pro-
teins could be screened), and lastly because DNA repair seemed to be the most prominent bio-
logical function of the interactors of YgfB in ID40, we asked whether YgfB interacting with
UvrB or other proteins that are involved in DNA repair might affect the mutation frequency of
ID40. We hypothesized this, as Mfd-mediated recruitment of NER was described to be involved
in higher mutation rates in B. subtilis (Million-Weaver et al., 2015).

The mutation frequency was tested as described in 2.2.8 by growing a streptomycin (500 pg/ml)
susceptible colony of both ID40 and ID40AygfB in 20 ml of LB medium over 24 hours to allow
mutations to accumulate. The entirety of this culture was then serial diluted and plated on LB
agar plates as well as on LB agar plates containing 500 pg/ml streptomycin to count CFU for
each condition. The ratio between the colonies that grew on the streptomycin plates (the colo-
nies that had acquired resistance to streptomycin by mutation) and the total CFU in the culture
represented the mutation frequency. Figure 27a shows the results of the mutation frequency
assay.

Next to mutation frequency, we also tested whether ygfB had an effect on the number of per-
sister cells emerging upon treatment with ciprofloxacin in ID40. UvrB and other components
of the NER were described to be important in persister cell survival in E. coli due to the cells
relying on NER to repair accumulated oxidative DNA damage (Wilmaerts, Govers, et al.,

2022). The fraction of persister cells was determined as described in 2.2.9. For this, stationary
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cultures of the strains ID40 and ID40AygfB treated with 10x the MIC of ciprofloxacin in liquid
culture for 5 hours to induce persister cell formation, as well as with water as a vehicle control.
CFU were counted before and after treatment to determine the fraction of cells that went into
persister state and that could be awakened from persistence after antibiotic removal. The ratio
of CFU before and after ciprofloxacin treatment reflects the persister fraction and is a measure-
ment of the combined effect of persistence entry as well as awakening. Results from the deter-

mination of the persister fraction are shown in Figure 27b.
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Figure 27: Mutation frequency and persister fraction in ID40 wildtype and ID40AygfB. a) Mutation fre-
quency was determined by growing a streptomycin susceptible colony of each strain in 20 ml of LB medium for
24 hours to allow natural mutations to accumulate. The cultures were then serial diluted and plated on LB medium
to count the total number of cells, as well as on LB agar plates containing 500 pg/ml of streptomycin to count the
colonies that had acquired resistance to streptomycin by mutation. The mutation frequency is the ratio of the col-
onies counted on the streptomycin plate and the LB plate, respectively. Plotted are the mean and SD of the logio
transformed data. n =2 b) The persister fraction was determined by exposing stationary cultures of ID40 or
ID40AygfB to either water as a vehicle control or 10x the MIC of ciprofloxacin for 5 hours. The CFU before and
after the treatment were counted by plating serial dilutions. The persister fraction is the ratio of CFU after the
treatment and before the treatment. Plotted are the mean and SD of the logio transformed data. n = 2.

Neither mutation frequency nor the persister fraction upon exposure to ciprofloxacin seemed to
be affected by deletion of ygfB. The mutation frequency was about 5x10 in both ID40 and
ID40AygfB. The persister fraction was around 5x107 in ID40 wildtype and the ygfB deletion
mutant while the vehicle control behaved as expected, meaning no change in cell numbers in
the stationary culture for the 5-hour duration. These findings suggested that ygfB had no effect
on either the mutation frequency nor the persister fraction emerging upon treatment with cipro-

floxacin in ID40.
3.3.2.2. Interactome of YgfB in E. coli BW25113

The interactome experiment of YgfB in P. aeruginosa 1D40 yielded a large number of potential
interaction partners of which only a small part could be validated. We therefore tried to refine

our search for interaction partners. As YgfB is also present in E. coli, but no function is known
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so far, we figured that a conserved function in P. aeruginosa and E. coli might be mediated by
a common interaction partner. Repeating the pulldown in E. coli and then searching for proteins
that interacted with YgfB in both species might provide further information on the role of YgfB.
We chose the E. coli K12 derivative BW25113 for these experiments. As in the experiments
with P. aeruginosa ID40, a ygfB deletion background was needed for the pulldown assay. Since
the BW25113AygfB strain, which we used previously for transcriptomic analysis, carried an
insertion sequence in the fI/ADC promoter, leading to an overactive flagella regulon, the strain
BW25113AygfB_new was generated by homologous recombination as described in 2.4.16 in
the methods section. The fTADC promoter of this deletion mutant was also confirmed by PCR
to be the same as the wildtype.

His-GST-EcYgfB derived from BW25113 and His-GST were purified as bait for the pulldown
assay (method section 2.3.19, Figure 36 and Figure 37 in the appendix). With the purified pro-
teins as bait, the pulldown interactome experiment was repeated with whole cell lysates of
E. coli BW25113AygfB as a prey. The pulldown was carried out in the same fashion as for
P. aeruginosa ID40 i.e. using magnetic GSH-beads for binding the bait proteins, the same buff-
ers, volumes etc. In this experiment, two additional conditions were included besides adding
cell lysates to the bead-bound His-GST or His-GST-EcYgfB proteins. Pulldown buffer was
added to His-GST or His-GST-EcYgfB as a mock condition to determine contaminants in the
bait proteins that resulted from the purification process. These controls were particularly im-
portant as the proteins were purified in E. coli and the pulldown was also performed with lysates
from E. coli, which prevented the preselection of contaminant proteins as it was done in the
P. aeruginosa 1D40 pulldown.

The pulldown assays were done in triplicates and the elution fractions were analyzed by
NanoLC-MS/MS at the Proteome Center Tiibingen to determine the interactome. As previ-
ously, the LFQ values were used for analysis using the software Perseus (Tyanova, Temu,
Sinitcyn, et al., 2016) as described in 2.5.5. Unlike to the analysis in ID40, contaminators had
to be removed from the dataset prior to analyzing the difference in protein abundance between
the His-GST and His-GST-EcYgfB condition. Therefore, the LFQ values of the bait protein +
lysate was compared with the bait protein + mock condition for each His-GST and His-GST-
EcYgfB. The analysis was done with a two-sided multiple 7 test with an FDR of 0.01 and an S0

of 2. Proteins that were significantly more abundant in the lysate condition vs. the mock condi-
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tion could be classified as potential interactors of either construct, while non-significant or sig-
nificantly less abundant proteins could be classified as contaminants that stemmed from the
purification process.

Therefore, all proteins that were significantly more abundant in either condition were kept,
while the others were discarded from the further analysis. With the cleaned dataset, a compari-
son between His-GST-EcYgfB + Lysate and His-GST + Lysate could be done. Again, this
comparison was done with a two-sided multiple 7 test with an FDR of 0.01 and an SO of 2. All
proteins that were significantly more abundant in this comparison (His-GST-EcYgfB + Lysate
vs. His-GST + Lysate) and significantly more abundant in the comparison of His-GST-EcY gfB
+ Lysate vs. His-GST-EcYgfB + Mock were considered as potential interactors. Figure 28
shows as volcano plot of the His-GST-EcYgfB + Lysate vs. His-GST + Lysate comparison. All

proteins that are marked red were classified as potential interactors of YgfB in BW25113.
Interactome of YgfB in BW25113
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Figure 28: Interactome of YgfB in E. coli BW25113. Plotted is the log, fold abundance of proteins in the eluate
fraction, comparing the “His-GST-EcYgfB + Lysate vs. His-GST + Lysate” conditions as well as the -logjo p value
of this comparison. Comparisons were done by two-sided multiple ¢ test with an FDR of 0.01 and an SO of 2 on
the contamination-cleaned background. » = 3. Proteins marked in red are classified as interactors as they were
significantly enriched in the “His-GST-EcYgfB + Lysate vs. His-GST + Lysate” comparison as well as in the
“His-GST-EcYgfB + Lysate vs. His-GST-EcYgfB + Mock” comparison with a g value of <0.01. Proteins marked
in blue were less abundant with a ¢ value of <0.01. Proteins that were more abundant but not marked in red had
no significant enrichment in the His-GST-YgfB + Lysate vs. His-GST-YgfB + Mock” comparison. -logio p values
instead of ¢ values (multiplicity adjusted p values) are plotted because the program Perseus, which was used for
data analysis, rounded low ¢ values to 0, making them impossible to plot. Selected interactors were labeled.

In total, 41 proteins met the criteria to classify them as an interactor. These are also listed in

Table 43 in the appendix. Searching for functions of the interacting proteins of YgfB in
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BW25113 in the databases UniProt (The UniProt Consortium, 2023), KEGG (Kanehisa, 2019;
Kanehisa et al., 2023; Kanehisa & Goto, 2000), and the BV-BRC database (Olson et al., 2023)
provided information on the interacting proteins. Eight proteins were involved in the biogenesis
of LPS (LpxB, WaaB, RfaC/WaaC, WaaU, WaaY, WbbK, WecF, YibB), three were part of the
ribosomal large subunit (RplF, RplK, RplX), with TypA also being important for assembly of
the large ribosomal subunit. YgfB in BW25113 also seemed to potentially interact with the
RNA-polymerase, as both the DNA-directed RNA polymerase subunit beta (encoded by rpoB)
and the DNA-directed RNA polymerase subunit beta' (encoded by 7poC) could be identified in
the interactome. Fadl and FadJ are involved in the degradation of long-chain fatty acids and
have been annotated in KEGG to be involved in degradation of geraniol, valine, leucine, iso-
leucine, and benzoate degradation. HemG and HemL were also found to potentially interact
with YgfB in BW25113 and have been annotated as playing a role in biosynthesis of porphy-
rins. Analysis of local cluster enrichment in STRING (Szklarczyk et al., 2023) provided further

information on enrichment of certain functional classifications in the interactome (Table 32)

Table 32: Local cluster enrichment of STRING clusters in interactome of YgfB in BW25113. Analysis was
done on local STRING network clusters. Analysis was done with an FDR (false discovery rate) of <0.05, a mini-
mum strength of >0.01 and a minimum count in the network of 2. Observed count is the number of proteins that
have the associated cluster term in the interactome and background count the total number of proteins in the entire
proteome that carry this cluster term. Strength is the log; ratio of the observed number proteins with an associated
term vs. the expected number of proteins with an associated term in a random dataset of the same size and is a
measure for the strength of the enrichment effect. FDR is a measure of the significance of the enrichment as
multiplicity adjusted p values by Benjamini-Hochberg procedure.

observed  background

term ID term description strength FDR

count count
CL-3565 Galactosyltraqsferase activity, ar.ld. 3 5 178 0.0126
Acetylglucosaminyltransferase activity
CL:3561 Llpopolysaccha.rlde core region meta- 4 17 138 0.0126
bolic process
CL-3520 Llpopplysaccharlde l?losynthe51s, and 6 38 12 0.0032
Lipopolysaccharide transport
CL-3397 Polysac.charlde blOSYIl'FthlC process, 3 120 0.83 0.0126
and Lipopolysaccharide transport
CL:37 Translation, and Protein export 9 161 0.75 0.0126

The cluster that was most strongly enriched was a cluster that contained proteins that had ga-
lactosyltransferase activity and acetylglucosaminyltransferase activity (WaaB, WaaU, WaaY).
The “Lipopolysaccharide core region metabolic process” cluster contained WaaB, RfaC/WaaC,
WaaU, and WaaY, which could also be found in the “Lipopolysaccharide biosynthesis, and
Lipopolysaccharide transport” cluster, where additionally also LpxB and YibB were found. The
“Polysaccharide biosynthetic process, and Lipopolysaccharide transport™ contained all afore-
mentioned protein but also WecF and WbbK. As all these clusters were related to LPS biogen-

esis, this seemed to be the most important function of interactors of YgfB in E. coli. Lastly, the
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“Translation, and Protein export” cluster was also enriched, comprising the proteins EttA,
GlyQ, RplF, RplK, RplX, RpoB, RpoC, SecA, and TypA.

3.3.2.3. Common interacting proteins in ID40 and BW25113

To further refine the search for interacting proteins of YgfB in P. aeruginosa ID40 and E. coli
BW25113, interactors of YgfB in BW25113 were searched for homologs in PAO1 by protein
BLAST (Camacho et al., 2009). Comparison of the interactome of YgfB in ID40 and BW25113
then revealed common interacting proteins of YgfB. These are listed in Table 33. In total, ten
proteins could be identified as common interactors of YgfB in ID40 and BW25113. The com-
mon interactors entailed EttA, HemL, HfID, IbpA, Lon, AsrA (an alternative Lon protease in

P. aeruginosa), LpxB, RpoC, UbiB, and WaaC, also known as RfaC in E. coli.
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Table 33: Common interacting proteins of YgfB in P. aeruginosa ID40 and E. coli BW25113. Shown are the log, fold abundance value in the GST-Y gfB condition vs. the
GST control. The ¢ value (adjusted p value) of multiple two-sided ¢ test is shown.

P. aeruginosa 1D40 E. coli BW25113
Majority log: fold Majority log: fold
Gene rotein Protein names abundance value Gene rotein Protein names abundance value
names P D GST-YgfB 1 names P D GST-YgfB 1
vs. GST vs. GST
Energy-dependent transla- i Energy-dependent translational )
ettA Q9HVI1 tional throttle protein EttA 2.28 2.88E-03 ettA POA9W3 throttle protein EtA 2.15 2.39E-03
heml P4R247 Glutamqte- 1-semialdehyde 285 0 hemL P23893 Glutamate- 1.-sem1aldehyde 2,1- 1.87 3.31E-03
2,1-aminomutase (GSA) aminomutase
High frequency lysogeniza- High frequency lysogenization
HfiD QOIOLI tion protein HfID homolog 4.99 0 HfD P25746 protein HfID >34 0
ibpA QI9HZ98 Heat-shock protein IbpA 4.42 0 ibpA P0OC054 Small heat shock protein IbpA 3.49 0
lon
(PA1803) QO12T9 Lon protease 1.84 9.14E-03
Jon: asrA lon POAIMO Lon protease 10.94 0
(PA0779) QOI5F9 Lon protease 1.88 7.20E-03
Lipid-A-disaccharide syn- . . .
IpxB QI9HXYS thase 2.72 0 IpxB P10441 Lipid-A-disaccharide synthase 6.02 0
rpoC QOHWC9 DNA-directed RNA p(fly- 358 0 rpoC POART7 DNA-directed RNA polymerase 1031 0
merase subunit beta subunit beta
ubiB QIHUBS Pr"bablegﬁgm kinase 2.86 0 ubiB POA6AO  Probable protein kinase UbiB 235 0
waaC QYHUFS Heptosyltransferase [ 8.95 0 rfaC  P24173 Lipopolysaccharide hepto- 2.99 1.55E-03
: syltransferase 1
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To test if the common interacting proteins could be validated in vivo, pPBBR1_LgBiT-GOI con-
structs with the CDS of the ID40 genes were generated. As previously, the strain
ID40AygfB::rha-SmBiT-ygfB was transformed with the construct and PCAs were done. PCA
with LgBiT-UvrB was also done as a positive control and as a negative control, LB medium

was mixed with luciferase reagent. The results of the PCA are shown in Figure 29.
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Figure 29: PCA of common interacting proteins in ID40 and BW25113 in ID40. The strain ID40AygfB::rha-
SmBiT-ygfB was transformed with pBBRI1-LgBiT-GOI plasmids where the LgBiT-GOI is constitutively
expressed. The transformants were grown in LB medium overnight with 0.1% rhamnose to induce production of
SmBiT-YgfB. After subculturing for 2-3 hours, 50 pl of culture containing 107 bacteria were added to a white 96-
well plate in triplicates. 50 pl of luciferase detetion reagent was added and the chemiluminescence was measured.
In addition, an LB control where LB medium was mixed with luciferase detection reagent is shown as a negative
control and LgBiT-UvrB is shown as a positive control. Plotted are the mean and SD of the log)o transformed data
relative to a LgBiT control where no POI was fused to LgBiT, as well as individual data points. Asterisks indicate
significant differences to the LgBiT control by one-way ANOVA done with the logio transformed data. Dunnett's
multiple comparisons test was used as a post-hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n = 3-9
biological replicates.

Of the 10 tested constructs, four showed increased luciferase activity compared to the LgBiT
background and therefore these candidates could be validated in vivo. These were HfID, WaaC,
UbiB and HemL. WaaC had been tested before in the general screen and the findings could
therefore be reproduced. Luciferase activity of LgBiT-UbiB was increased in the previous
large-scale screen non-significantly, but could now be successfully validated. Interestingly, four
proteins also showed a significantly lower luciferase activity when compared to the LgBiT con-
trol (LpxB, RpoC, Lon, IpbA). As the LgBiT control theoretically represents stochastic assem-
bly of SmBiT and LgBiT, one could argue that reduced luciferase activity to this control might

also be due to a protein-protein interaction, although as part of a larger complex that prevents
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LgBiT and SmBIT from interacting by keeping them spatially separated. If one takes this as-
sumption, eight out of ten screened candidates could be validated in vivo, making the search for
a common interactome very successful.

Combining the proteins that produced a significantly higher signal in the PCA done with the
common interaction partners and those identified in the larger screen that was done previously,
we were able to validate a total of six interaction partners of YgfB in ID40. These were HemL,
HfID, RpsE, UbiB, UvrB, and WaaC. These interaction partners might inform further studies

on the generalizable cellular function of YgfB in the future.
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4.Discussion

Declaration of contribution

Certain parts of the discussion are cited literally from Eggers et al. (2023). These citations were
formatted in italics and are marked with quotation marks. The publication Eggers et al. (2023)

was mainly written by PD Dr. Erwin Bohn and me.

4.1. The role of YgfB in B-lactam resistance in P. aeruginosa

4.1.1. Molecular regulation of resistance by YgfB

It has previously been shown in the MDR clinical P. aeruginosa isolate ID40 that deletion of
vgfB reduces the resistance towards most antipseudomonal B-lactam antibiotics by reducing
expression of the B-lactamase AmpC (Sonnabend et al., 2020). As described in the introduction,
previous data of our group showed that deletion of ygfB led to increased expression of the cell
wall amidase ampDh3, which degrades anhMurNac-peptides by removing the peptide moiety
(Juan et al., 2006).

It is known that in P. aeruginosa, ampC is regulated by muropeptides that arise during pepti-
doglycan recycling and de novo synthesis. These muropeptides bind to the transcriptional reg-
ulator of ampC, AmpR. The soluble peptidoglycan precursor UDP-MurNAc-pentapeptide
binds to AmpR and represses ampC expression, while anhMurNAc-peptides, cell wall catabo-
lites that arise early in the peptidoglycan recycling pathway, replace UDP-MurNAc-pentapep-
tides from AmpR and induce ampC expression via a conformational change in AmpR (Hanson
& Sanders, 1999; Jacobs et al., 1997; Jacobs et al., 1994; Torrens et al., 2019). YgfB modulates
the composition of peptidoglycan recycling products in an ampDh3-dependent manner and by
this pathway leads to increased expression of ampC. The goal of this study was to elucidate the
molecular mechanism by which YgfB regulates ampDh3.

We were able to show that YgfB represses ampDh3 not only on the mRNA level, but also on
the protein level, providing further evidence for this inverse relationship. Using pulldown as-
says, we have shown that YgfB interacts directly with the antiterminator AlpA, which is a tran-
scriptional regulator of ampDh3, and by this direct interaction interferes with AlpA binding to
the AlpA binding element (ABE) on the ampDh3 promoter. Furthermore, ciprofloxacin-in-
duced DNA damage leads to increased expression of alp4 and ampDh3. This process is, how-

ever, dampened by Y gfB interacting with AlpA. Lastly, it was possible to provide evidence that

152



4. Discussion

the effect of ygfB seems also present in other P. aeruginosa strains, providing evidence for a

generalized effect.

It was previously shown that in PAO1, the antiterminator AlpA regulates expression of the
ampDh3-PA0808 operon (PA0808 = TUEID40 01954) and the alpBCDE self-lysis cluster
(Pena et al., 2021). It was proposed that AlpA binds to the promoter of the alpBCDE and
ampDh3 genes and subsequently to the RNA polymerase (RNAP), allowing RNAP to read over
intrinsic terminators that are positioned downstream of the transcription start site of alpBCDE
and ampDh3 (Pefia et al., 2021; Wen et al., 2022). Expression of a/p4 is regulated by the LexA-
like repressor AlpR, which is autocleaved upon DNA damage that can, for example, be induced
by the fluoroquinolone ciprofloxacin (McFarland et al., 2015). Autocleavage of AlpR leads to
derepression of alpA and therefore to increased expression of ampDh3 and alpBCDE. Previous
data generated by our group also showed that presence of alp4 was essential for ygfB to repress
the promoter activity of ampDh3. In addition, the minimal promoter region needed for YgfB to
repress the activity of the ampDh3 promoter was the same minimal region that was described
by Pena et al. (2021) to be needed for positive regulation of ampDh3 by AlpA.

As there seemed to be an interplay between ygfB, alpR, alpA, and ampDh3, we analyzed the
protein expression of AmpDh3, AlpA and AlpR upon exposure to suprainhibitory levels of
ciprofloxacin and studied the impact ygfB had on the system (Figure 11, Figure 12). Both ciprof-
loxacin-induced DNA damage as well as deletion of ygfB increased the abundance of AmpDh3.
Concurrent deletion of ygfB and exposure to ciprofloxacin only increased the abundance of
AmpDh3 slightly in comparison to exposure to ciprofloxacin in the wildtype. We observed no
effect of ygfB deletion on AlpR, while the levels of AlpR were reduced upon exposure to ciprof-
loxacin, as expected, due to autocleavage of AlpR. Abundance of AlpA behaved similarly to
that of AmpDh3, but with a smaller effect size. AlpA levels were increased both upon exposure
to ciprofloxacin and deletion of ygfB, but concurrent exposure to ciprofloxacin and deletion of
ygfB did not increase the AlpA levels further when compared to either condition alone.

This suggested that the effects of ciprofloxacin and ygfB intersect at the AlpR/AlpA-mediated
regulation of ampDh3. However, why were AmpDh3 and AlpA levels not increased (much)
further by exposure to ciprofloxacin in a AygfB background? It was described previously that
alpR is an essential gene and that loss of alpR induces alpA expression, which results in
alpBCDE-mediated cell lysis (McFarland et al., 2015). Additionally, Pena et al. (2021) de-

scribed that ectopic overexpression of alpA is toxic even in the absence of the alpBCDE genes.
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Consequently, this could indicate that there is a maximum tolerable level of AlpA for the indi-
vidual bacterial cell. This might explain why AlpA and AmpDh3 levels were not significantly
elevated in the ciprofloxacin-treated ygfB deletion mutant as compared to the ciprofloxacin-
treated wildtype (AmpDh3 and AlpA) or the untreated deletion mutant (AlpA). It can be pos-
tulated that any cell in which the abundance of the proteins encoded by the alpABCDE operon
exceeds a certain threshold undergoes lysis. However, at this point, there is no evidence to

support this hypothesis.

As YgfB seemed to regulate the expression of ampDh3 via the AlpR-AlpA-pathway, we hy-
pothesized that YgfB interacts with either AlpR or AlpA and represses ampDh3 this way. Em-
ploying pulldown assays using whole cell lysates as well as purified proteins as prey, we were
able to show that YgfB interacts directly with the antiterminator AlpA (Figure 14, Figure 15).
The fact that the pulldown assays were reproducible when switching the bait proteins (pull-
down 1: GST-YgfB as a bait and whole cell lysates as prey, pulldown 2: His-MBP-AlpA as a
bait and purified YgfB as a prey), further strengthened the evidence that YgfB and AlpA inter-
acted directly.

We did not observe an interaction between YgfB and AlpR. While a potential interaction of
YgfB with AlpR could have been disrupted by the N-terminal HA-tag that was fused genomi-
cally to the coding sequence of alpR, an interaction of YgfB with AlpA was more likely than
with AlpR based on previous data. For one, the levels of AlpA were affected by deletion of
vgfB, while those of AlpR were not. If one were to hypothesize about a potential effect of YgfB
on AlpR, one could imagine that Y gfB might stabilize AlpR, preventing autocleavage. As levels
of AlpR without and with ciprofloxacin were not affected by deletion of ygfB, however, this
could be ruled out. Additionally, YgfB as well as AlpR are negatively charged at pH 7.4 with
a theoretical pl 0f4.30 and 5.79, respectively, as calculated by ProtParam (Wilkins et al., 1999).
AlpA, however, is positively charged with a theoretical pl of 9.78, further indicating that an
interaction between AlpA and YgfB is more likely than an interaction between AlpR and Y gfB.
The fact that the levels of AlpA were increased when ygfB was deleted in ID40, might be ex-
plained by a potential destabilization of AlpA that is bound by YgfB, while free AlpA might be
more stable. This is, however, obviously very hypothetical and further evidence would be re-

quired to even make a lightly confident statement about this matter.

As we have provided evidence that YgfB interacts directly with AlpA, we hypothesized that
YgfB represses ampDh3 production by preventing AlpA from binding to the AlpA-binding
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element on the ampDh3 promoter. We employed EMSAS to study the binding of AlpA to the
ampDh3 promoter and to investigate if YgfB prevented this binding by protein-protein interac-
tion (Figure 16).

We were able to replicate the findings of Pefia et al. (2021) using a His-MBP-AlpA fusion
protein, as we were unable to purify native AlpA without any solubility tag. The band shift we
observed for the interaction of His-MBP-AlIpA with a DNA-probe containing the AlpA binding
element (ABE) was, however, rather weak and smeary, albeit specific for His-MBP-AlpA, as
no band shift was observed in the His-MBP control. We hypothesized that the observed weak
shift intensity could be explained by the nature of the interaction between AlpA and the ABE:
“The model proposed suggests that AlpA first binds to the promoter at the putative ABE, and
then to the RNA polymerase (RNAP), allowing RNAP to bypass the intrinsic terminator posi-
tioned downstream (Pena et al., 2021; Wen et al., 2022). Recently, Wen et al. confirmed these
data by solving the AlpA-loading complex consisting of a nucleic acid scaffold corresponding
to the positions -31 to 31 of the Paps promoter together with RNAP, 7%, and AlpA by cryo-EM
(Wen et al., 2022). These data might suggest that for a robust binding of AlpA to the ABE,
stabilization by RNAP and ¢’° seems to be required. In contrast to Wen et al., we did not succeed
in obtaining native AlpA and therefore used a His-MBP tag to solubilize AlpA. We speculate
that the addition of the His-MBP tag to the AlpA in combination with the lack of the other
components of the AlpA-loading complex such as RNAP and ¢’° is very likely the reason why
we ended up with a highly reproducible but only weak binding of AlpA to the ABE” (Eggers et
al., 2023, p. 12).

When adding YgfB to the His-MBP-AlpA:ABE binding reaction, the band shift intensity ob-
served for the AlpA:ABE interaction was reliably reduced to the level of an unspecific interac-
tion between His-MBP-AIpA and a scrambled DNA-probe. Adding BSA as a control instead
of YgfB did not reduce the shift intensity observed, pointing towards a specific effect of YgfB.
While not the most robust, the EMSA data provide further evidence for YgfB interfering with
AlpA binding to the ampDh3 promoter and controlling the levels of ampDh3 by this route.

To gain further insights into the role of ygfB in P. aeruginosa in general, the MIC of the
wildtype strain and ygfB deletion mutants was determined in the MDR P. aeruginosa strains
ID72 and ID143 as well as in the susceptible laboratory strains PA14 and PAO1 (Table 23).
Additionally, the activity of the ampDh3 promoter was analyzed (Figure 17).

In general, all tested strains showed increased ampDh3 promoter activity as a response to dele-

tion of ygfB, suggesting that the repressive action of ygfB on ampDh3 expression is not a special
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feature limited to ID40 but can rather be seen as a general asset present in P. aeruginosa. Inter-
estingly, the basal levels of ampDh3 promoter activity were not associated with the resistance
of a particular strain, suggesting that ampDh3 expression per se is not predictive of B-lactam
resistance.

In the resistant strains ID143 and ID72, deletion of ygfB led to a highly pronounced reduction
of resistance. Unlike in ID40, deletion of ygfB was able to break resistance to all tested f-lactam
antibiotics in these strains. In the susceptible strains PA14 and PAOI1, a pronounced reduction
in MIC could, however, not be observed upon deletion of ygfB. Several reasons for this could
be discussed. On the one hand, the MIC assay plates used to determine the MICs only have a
limited range of concentrations for each antibiotic to be tested. As the MICs for some antibiotics
in PA14 and PAO1 were already close to the limit of detection for the MIC plate and the rest,
being out of range, could not be measured at all, it might just be that one would need to repeat
the MIC assay using other plates with lower concentration to observe an effect of ygfB deletion.

The impact of ygfB deletion on the strains ID72 and ID143 will be discussed in 4.1.3.

Combining several lines of data, i.e. the fact that YgfB and AlpA regulate the ampDh3 promoter
at the same minimal responsive element (Eggers et al., 2023), the direct protein-protein inter-
action between YgfB and AlpA, the EMSA data suggesting that presence of YgfB seems to
interfere with AlpA binding to the ABE, and the previous data provided by Peia et al. (2021)
and Wen et al. (2022) led us to develop the following model of the effect of YgfB on the regu-
lation of the ampDh3 promoter.

a) When no AlpA is present, the RNA polymerase (RNAP) starts transcription at the tran-
scription start site (TSS). Transcription is, however, terminated by an intrinsic termina-
tor positioned downstream of the TSS and upstream of the CDS of ampDh3 and
TUEID40 01954. Expression of ampDh3 is therefore suppressed.

b) AlpA is able to bind to the AlpA binding (ABE) on the ampDh3 promoter that is located
between the -35 and -10 region as described by Peia et al. (2021), forming the AlpA-
loading complex together with RNAP and 6’° (Wen et al., 2022). After the AlpA-load-
ing complex is formed, AlpA is then able to load onto the RNAP by interacting with the
RNA exit channel, forming the AlpA-loaded complex. Due to the position of AlpA in
the RNA exit channel and its structure forming a nozzle, RNA hairpin formation inside
the exit channel by an intrinsic terminator is prevented. This steric hindrance by AlpA
therefore leads to resistance of RNAP to intrinsic terminators in the AlpA-loaded state

(Wen et al., 2022).
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The RNAP in the intrinsic terminator-resistant state is now able to transcribe ampDh3
downstream of the intrinsic terminator.

¢) YgfB interacts with AlpA and prevents it from binding to the ABE and entering the
AlpA-loading complex. No AlpA-loaded complex can therefore be formed, RNAP re-
mains susceptible to intrinsic terminators, and transcription of ampDh3 inhibited.

Figure 30 shows a graphic overview of our proposed model for the effect of YgfB on ampDh3.

ampDh3 >TUEIDAO_01954>—

: ampDh3 >TUEID40_01954 @

ampDh3 >TUEID40_01954>—

Figure 30: Proposed model of the effect of YgfB on ampDh3 expression. a) In absence of AlpA, the RNAP
starts transcription at TSS but transcription is terminated due to an intrinsic terminator in the promoter of ampDh3
(STOP sign). RNAP is released, leading to a stop of transcription. b) As described by Pefia et al. (2021), AlpA
binds to the AlpA binding element (ABE) in the promoter of ampDh3 (blue). This allows AlpA to load onto RNAP
and allows it to read over the intrinsic terminator that is located upstream of the CDS of ampDh3. This results in
transcription of the ampDh3-gene. ¢) YgfB interacts directly with AlpA. This prevents AlpA from binding to the
ABE and from facilitating antitermination. Presence of YgfB thus reduces the levels of AmpDh3 by inhibiting the
antitermination activity of AlpA. The figure was adapted and modified from Fig. 7 in Pefia et al. (2021) under CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

P

As the mechanism of antitermination by AlpA for the alpBCDE genes should theoretically be
identical as for ampDh3, expression of alpBCDE could be expected to also be controlled by
YgfB. Indeed, in the differential expression analysis using RNAseq comparing ID40AygfB and
ID40 done in Eggers et al. (2023), the alpBCDE genes were upregulated upon deletion of ygfB.
Attempts to validate these data by RT-qPCR were, however, unsuccessful. Additionally, a pilot
experiment not shown in this work using an al/pB promoter fused to NanoLuc showed no in-
creased alpB promoter activity upon deletion of ygfB in ID40. The promoter activity of alpB
was, however, increased in the P. aeruginosa strains PAO1, ID72 and ID143, suggesting po-
tential strain by strain differences. Furthermore, the EMSA was repeated in the same manner
as it was shown in this work but using the a/pB promoter as a probe. Here, similar results to the
ampDh3 probe were observed, suggesting a potential effect of YgfB also on alpB. As these

experiments were not in the scope of this project, focusing mainly on ampDh3 and the influence
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on resistance, no further follow-up experiment was performed. Due to a limited number of rep-
etitions, they were not shown in this work and do not provide enough evidence to make any
claims on the effect of YgfB on alpB. Nevertheless, it might remain interesting to investigate
how the regulation of alpBCDE and ampDh3 by YgfB differs and if there are any factors me-
diating potential differences. Additionally, it would be interesting to determine the molecular

basis of potential differences in transcriptional activity of the ampDh3 and alpB promoter.

Cai et al. (2022) have found that ampDh3-PA0808 and the genes alpDE are positively regulated
by the extracytoplasmic function sigma factor (ECFo) Hxul in PAOI1. This sigma factor is
highly conserved in P. aeruginosa and part of the Hxu cell-surface-signaling pathway that has
recently been described to be part of the response to host heme molecules (Cai et al., 2022;
Otero-Asman et al., 2019). hxul mRNA levels were also increased upon exposure to various
host stress conditions such as iron limitation, oxidative stress by H202, anoxic conditions or
nitric oxide stress conditions (Cai et al., 2022). To identify genes regulated by the Hxu system,
Cai et al. (2022) performed RNAseq using an /sxul overexpression construct in PAO1. Among
metabolic and virulence pathways important for infection of the host, the regulon of HuxI in-
cludes the ampDh3 operon as well as the genes alpDE as part of the alpBCDE operon. These
findings were validated using promoter-/acZ fusion constructs. Interestingly, a lacZ-fusion of
the DNA sequence 500 bp upstream of the alpD CDS showed increased galactosidase activity
upon hxul overexpression, suggesting a promoter of the alpDE genes that is independent of the
alpB promoter (Cai et al., 2022; Pefia et al., 2021). In addition, overexpression of xul increased
colonization of PAO1 in several murine infection models, including a murine sepsis model (Cai
etal., 2022; Yang et al., 2022).

How Hxul regulates ampDh3 and alpDE, and if it also regulates the complete alpBCDE operon
is so far unknown. Cai et al. (2022) were able to define a consensus sequence for a Hxul-binding
site in several promoters, however, the promoters of ampDh3 and alpDE do not contain this
consensus sequence, suggesting indirect regulation. As AlpA regulates both the ampDh3 op-
eron and the alpBCDE operon by antitermination (Pefia et al., 2021), it might be interesting to
see if the response of these genes to Hxu inductors is dependent on alpA or regulated inde-
pendently. As AlpA activity is stimulated by the stringent response (Pefia et al., 2021), genes
of the Hxul regulon might modulate AlpA activity in a similar way or even via the stringent
response itself, therefore facilitating increased antitermination. As we have shown that YgfB
represses ampDh3 expression and potentially alpBCDE expression by interacting with AlpA,

it would be interesting to study if Y gfB modulates the Hxu response of these genes. In addition,
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it might be possible that regulation by Hxul takes place at the second, AlpA- and Y gfB-unreg-
ulated promoter of ampDh3 described in 1.4.3. As ampDh3 and ygfB play a role in ampC over-
expression, Hxu inductors might also reduce B-lactam resistance in AmpC overexpressing

strains such as 1D40.

4.1.2. The role of YgfB in combination of B-lactam antibiotics and

ciprofloxacin

Combinations of B-lactam antibiotics with other antibiotics have been used empirically in the
treatment of drug resistant P. aeruginosa strains (Johnson et al., 2011). In recent times, combi-
nation therapy has, however, been subject of debate with respect to its efficacy (Paul et al.,
2004; Paulsson et al., 2017; Tamma et al., 2012; Vardakas et al., 2013) and, in the case of
ciprofloxacin, could even been associated with increased emergence of drug resistant strains
(Vestergaard et al., 2016).

As YgfB inhibits a potential synergistic pathway for the combination of B-lactam antibiotics,
1.e. the DNA damage-induced activation of ampDh3 production via AlpA leading to hypothet-
ically reduced ampC expression and YgfB inhibiting the activity of AlpA, we investigated the

role of ygfB in antibiotic combinations.

Initially, to study the effect of ciprofloxacin on the resistance to f-lactam antibiotics in ID40,
MIC assays in combination with one fixed concentration of ciprofloxacin were done (3.2.1).
This concentration was chosen in a way to approximate the area under the concentration-time
curve of the serum concentration of ciprofloxacin over 24 hours in steady-state (AUC(0-24h),ss)
that could be found in some patients, resulting in the used concentration of 2.5 pg/ml ciprof-
loxacin. This concentration is obviously just an approximation for in vitro studies and is un-
likely to reflect on pharmacodynamics and kinetics taking place in the actual human body.

To then gain further insights into the relationship between B-lactam antibiotics and ciprofloxa-
cin, checkerboard assays were done (3.2.2). These assays allow studying the effect of two an-
tibiotics on the growth inhibition in different concentration and can be used to quantify antibi-
otic combinations into synergistic, additive, indifferent and antagonistic based on the fraction
inhibitory coefficient index (FIC index) (Berenbaum, 1978). The calculation of the FIC index
is described in 2.2.6, but in short, the FIC index is a measurement of the degree of combinatory
effect, whereas a lower value indicates a higher combinatory effect. For classification of FIC
indices we applied the following cutoffs in accordance with previous studies (Sopirala et al.,

2010; Walsh et al., 1995; White et al., 1996): FIC index < 0.5: synergism, FIC index between
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> (.5 and < 1: additive effect, FIC index between > 1 and < 4: indifferent effect, and FIC index

> 4: antagonism.

Combination of commonly used antipseudomonal B-lactam antibiotics with ciprofloxacin led
to a dose-dependent reduction of resistance to B-lactam antibiotics. The effect on reduced re-
sistance by addition of ciprofloxacin was not or only weakly affected by deletion of ampDh3
or alpA in a wildtype background, suggesting that the AlpA-AmpDh3 pathway is not relevant
for antibiotic crosstalk in the wildtype. In a ygfB deletion strain, combination of ciprofloxacin
with B-lactams reduced resistance to all tested antibiotics in an alpA- and ampDh3-dependent
manner as the effect of ygfB deletion was nullified upon additional deletion of alp4 and
ampDh3. Therefore, subinhibitory levels of ciprofloxacin can reduce the resistance to several
B-lactam antibiotics in D40, even breaking resistance in high enough concentrations. In ab-
sence of ygfB, this effect was partially mediated by the AlpR-AlpA pathway, but presence of
vgfB seemed to be a factor preventing combinatory effects of B-lactam antibiotics and ciprof-
loxacin in ID40.

For none of the combinations and strains, except for aztreonam and ciprofloxacin, where AygfB
itself already broke resistance towards aztreonam, it was possible to break resistance towards
both combinations of antibiotics at once (e.g. a combination of 8 pg/ml of ceftazidime and
0.5 pg/ml of ciprofloxacin would inhibit growth) by deletion of ygfB. This highlights that while
the DNA damage induced pathway of AlpA leading to increased AmpDh3 production is a po-
tential pathway of a combined action of ciprofloxacin and B-lactams, and this pathway is inhib-
ited by ygfB, the effect of ygfB deletion on cross-resistance in ID40 is not large enough to sen-
sitize ID40 to this antibiotic combination.

The FIC indices calculated for the different combinations varied between additive (>0.5,
imipenem and piperacillin in ID40 wildtype) and synergistic (<0.5, ceftazidime and aztreonam
in ID40 wildtype). Deletion of ygfB reduced the FIC indices in the combinations of ciproflox-
acin with imipenem and piperacillin in an ampDh3-dependent manner. The effect was further-
more dependent on alpA in the imipenem/ciprofloxacin combination. While one might interpret
these results as ygfB preventing synergism of imipenem/aztreonam in combination with ciprof-

loxacin, the FIC indices likely vary too much for an appropriate interpretation.

Next to the potential cross resistance mechanism mediated by Y gfB, other cross resistance path-

ways in P. aeruginosa might exist. One of these factors is, for example, overexpression of the
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mexEF-oprN regulator mexT. As described above, fluoroquinolones are substrates of these ef-
flux pumps. In addition, mexT negatively regulates the porin oprD that is important for the entry
of carbapenems (Kohler, Epp, et al., 1999; Maseda et al., 2000; Ochs et al., 1999). mexT is
therefore a potential cross-resistance factor to a combination of imipenem and ciprofloxacin.
Unpublished data of our group did not experimentally confirm this notion in ID40, however,
there is also no alteration in mexT or its promoter in ID40 in comparison to PA14 and mexT is
also not overexpressed.

As ciprofloxacin likely induces several error prone polymerases in P. aeruginosa (Cirz et al.,
20006), exposure to subinhibitory levels of ciprofloxacin over a longer period has been associ-
ated with a higher rate of mutator strains (Wassermann et al., 2016), and combinations of ciprof-
loxacin and B-lactam antibiotics were described to select for MDR strains (Vestergaard et al.,
2016). The gained knowledge of these experiments is obviously limited to basic research and
understanding regulatory connections in P. aeruginosa. The actual feasibility of trying to re-
sensitize B-lactam resistant P. aeruginosa strains by combining a -lactam with ciprofloxacin
and a ygfB inhibitor is therefore limited by potential emergence of resistance, increased toxicity

in a patient exposed to polypharmacy and also simply a lack of effect strength.

4.1.3. Working model of the role of ygfB

Tying together the data generated in this study regarding the molecular regulation of ampDh3
by YgfB and regarding the effects of ciprofloxacin on -lactam resistance with the data gener-
ated previously, it was possible to generate a working model of the action of YgfB and how it
affects the crosstalk between ciprofloxacin, AmpDh3 and AmpC.

In the absence of YgfB, AlpA is able to bind to the ABE on the ampDh3 promoter. This results
in antitermination, leading to expression of ampDh3. Increased levels of AmpDh3 facilitate
increased degradation of anhMurNAc-peptides by cleaving off the peptide stem from the muro-
peptides, yielding anhMurNAc and peptide. This changes the balance between anhMurNAc-
peptides and UDP-MurNAc-5P towards the UDP-MurNAc-pentapeptide side. Both anhMur-
NAc-peptides and UDP-MurNAc-5P can bind to AmpR, but binding of anhMurNAc-peptides
to AmpR stimulates ampC expression while binding of UDP-MurNAc-5P represses ampC ex-
pression. Consequently, increased levels of AmpDh3 result in reduced ampC production.

If YgfB is present, AlpA is bound by YgfB and can no longer bind to the ABE on the ampDh3
promoter. This results in reduced ampDh3 expression as the RNAP can no longer read over the
intrinsic terminator in the ampDh3 promoter. Reduced levels of AmpDh3 lead to an accumula-

tion of anhMurNAc-peptides and activation of ampC expression by increased interaction of
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anhMurNAc-peptides with AmpR. As a result, AmpC levels and thereby -lactam resistance is
increased.

The expression of AlpA is stimulated by DNA damage that can be induced by ciprofloxacin
(McFarland et al., 2015; Pefia et al., 2021) . The repressor of AlpA, AlpR, is autocleaved upon
DNA damage and AlpA is derepressed. This results in increased expression of ampDh3 and in
reduced resistance to B-lactam antibiotics, potentially by downregulation of ampC. Y gfB seems
to have a dampening role in this pathway, potentially blocking overboarding activity of AlpA
that might result in unfavorable outcomes.

Figure 31 depicts a graphic representation of the working model generated.
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Figure 31: Working model of the role of YgfB. a) In the absence of YgfB, AlpA is able to bind to the promoter
of ampDh3 and induce expression of ampDh3 by antitermination. Ciprofloxacin induces the autocleavage of AIpR
which leads to derepression of the alpA promoter, thereby inducing production of AlpA and downstream, of
AmpDh3. Increased levels of AmpDh3 lead to degradation of anhMurNAc-peptides by cleaving off the peptide
chain, changing the balance between the anhMurNAc-peptides and UDP-MurNAc-pentapeptides towards UDP-
MurNAc-pentapeptides. As anhMurNAc-peptides activate ampC expression by binding to AmpR and UDP-Mur-
NAc-pentapeptides repress ampC expression by binding to AmpR, increased levels of AmpDh3 change the ratio
of ampC activation and repression towards repression, resulting in reduced ampC levels and reduced B-lactam
levels. b) YgfB interacts directly with AlpA, preventing it from binding to the ampDh3 promoter. This results in
reduced antitermination by AlpA and therefore reduced levels of AmpDh3. anhMurNAc-peptides accumulate and
change the balance in favor of ampC activation. AmpC levels increase and the resistance to B-lactam antibiotics is
increased. The figure was adapted and modified from Eggers et al. (2023) under CC BY 4.0 (https://creativecom-
mons.org/licenses/by/4.0/).

Overall, the model of AlpA-mediated regulation of ampDh3 by YgfB and the downstream ef-

fects on AmpC and resistance seem relatively watertight. The effect of ciprofloxacin on ampC
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expression downstream is, however, only made by inference and by the observed effect on
resistance to B-lactam antibiotics. In the transcriptomic experiment, no downregulation of ampC
upon exposure to ciprofloxacin could be observed neither in the wildtype nor ygfB deletion
background. These results challenge the proposed effect of ciprofloxacin in the working model.
The finding of an ampDh3/alpA-dependent effect on crosstalk between ciprofloxacin and -lac-
tam antibiotics in a ygfB deletion background could potentially be explained by auxiliary effects
of an overactive AlpA leading to increased cell death. It would therefore be imperative to show
the relationship between ciprofloxacin and ampC expression by another method such as RT-
gPCR to finally establish if there is an actual link between ciprofloxacin and ampC expression.
The shown data links cell wall recycling with the programmed cell death and DNA damage via
the AlpA-AmpDh3 regulation. As the Alp-pathway and AmpDh3 have been implicated in vir-
ulence (McFarland et al., 2015; Moya et al., 2008), deletion of ygfB and the effect of ciproflox-

acin might affect colonization of the host somehow.

We propose that AmpDh3 is active in the cytoplasm, acting as a secondary amidase next to
AmpD. AmpDh3 was described to locate to the cytoplasm and to preferentially degrade cell
wall-bound muropeptides based on data generated using synthetic substrates (Lee et al., 2013;
Zhang et al., 2013). However, data by our group and others have shown that AmpDh3 is likely
localized in the cytoplasm (Colautti et al., 2023; Eggers et al., 2023). The effect of ygfB deletion
on resistance of ID72 and ID143 was much more pronounced than in D40 (3.1.4). The common
difference between ID72 and ID143 in comparison to ID40 is that both strains carry potentially
inactivating mutations in the ampD gene while ampD of 1D40 is intact. Although ID72 and
ID143 carry other mutations associated with ampC overexpression, ampC might be stably over-
expressed at least in part due to the ampD mutation in both strains. If AmpDh3 levels are in-
creased upon deletion of ygfB, the effect on reduction of resistance might be larger in ID72 and
ID143 because AmpDh3 would be the sole amidase degrading anhMurNAc-peptides present in
the cytosol, while in ID40 AmpDh3 acts secondary to AmpD in the cytosol and only takes on
additional degradation roles, leading to smaller effects upon changes in abundance, underlining

arole for AmpDh3 as a secondary amidase.

As it was described that the carbapenems meropenem and imipenem are stable to hydrolysis by
AmpC, one might wonder how deletion of ygfB reduces the resistance towards these antibiotics.
Earlier data has shown that resistance to imipenem is caused by a combination of loss of OprD,

the porin responsible for the entry of carbapenems into the periplasm, and presence of AmpC
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(Livermore, 1992). Mutational loss of oprD only conferred resistance if AmpC was present,
highlighting the importance of the B-lactamase in imipenem resistance (Livermore, 1992) and
that an interplay between the porin and AmpC is mandatory for resistance to imipenem.

An indirect positive regulation of the porin oprD, by AmpR negatively regulating mexT, was
described by Balasubramanian et al. (2012). This putative regulation was independent of ampC-
inducing conditions by exposure to penicillin G, suggesting muropeptide-independent regula-
tion of mexT by AmpR. Using penicillin G as an AmpR activator is questionable due to the
intrinsic resistance of P. aeruginosa, which is likely mediated by impermeability of the outer
membrane (Suginaka et al., 1974, 1975). However, at the very high concentration of penicillin
G used by Balasubramanian et al. (2012) (100 pg/ml), some drug might be able to cross the
outer membrane and act as an inducer. As this potential crossregulation is independent of muro-
peptides, this data is likely irrelevant in the interplay between AmpC and OprD.

Another cause for an increased resistance spectrum of ID40 might be the AmpC T105A variant
(PDC-3) found in ID40 (Sonnabend et al., 2020). This variant was described to lead to an ex-
tended spectrum of AmpC, increasing the catalytic efficiency for imipenem, piperacillin, and
cefepime 10-fold, 6.25-fold and 15-fold respectively (Rodriguez-Martinez et al., 2009).
Zamorano et al. (2010), however, were not able to link AmpC polymorphisms to increased
resistance to imipenem, cefepime, or meropenem, as they were able to demonstrate that these
polymorphisms are also present in susceptible strains such as PA14 and the resistance of these
strains to either of the antibiotics was not affected by the polymorphism. It might be possible
that the effect of ygfB on the carbapenems can simply be explained by AmpC being able to
hydrolyze carbapenems at very high enzyme concentrations, which are present in derepressed
strains such as ID40. However, Zamorano et al. (2010) also found that deleting dacB or ampD
to cause stable overexpression of ampC in susceptible strains with either wildtype or extended
spectrum AmpC did not affect the resistance to imipenem or meropenem, while cefepime was
affected. This suggests no effect of ampC overexpression or AmpC variants on carbapenem
resistance.

Together, there is likely a large strain-by-strain variation in factors mediating resistance. The
resistance to imipenem and reduced susceptibility to meropenem of ID40 is likely caused by a
combination of ampC overexpression and reduced oprD expression (unpublished data of our
group), but changing the A105 in AmpC of ID40 back to threonine to match the PAO1 AmpC
and studying the effect of ampC deletion in ID40 might nevertheless give further insights into
the role of the PDC-3 AmpC variant in ID40 and how resistance to carbapenems is affected by
AmpC in ID40.
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Another open question is, if and how ygfB is regulated in P. aeruginosa. So far, even identifi-
cation of a promoter of ygfB in ID40 was unsuccessful. Additionally, expression levels of ygfB
do not differ between the resistant strains ID40, ID72 and the susceptible strains PA14 and
PAOI (unpublished data of our group). Identifying a promoter of ygfB and finding potential
regulators could provide further information on how ygfB affects resistance in P. aeruginosa.
Even if a promoter was identified, it might also be possible that ygfB is simply constitutively
expressed and not regulated. In this case, it might solely function as a repressor of overactive
cellular responses and the effect of YgfB on -lactam resistance might be merely a byproduct

of this repression.

All in all, these results highlight the complicated and highly regulated pathways of resistance
in P. aeruginosa and provide a new player in B-lactam resistance and potentially cross-re-
sistance to fluoroquinolones. Unraveling these pathways and how they change by mutations in
MDR clinical isolates is key to better understanding resistance of P. aeruginosa and to the de-
velopment of new therapeutics to combat the gigantic threat of multi drug resistance in the post-

antibiotic age.

4.2. The further cellular role of YgfB in P. aeruginosa and

E. coli

As homologs of YgfB are found in many y-proteobacteria while AlpA is found in no other
species and AmpDh3 is found rather rarely, we sought to identify additional roles of YgfB in
P. aeruginosa and E. coli. In addition, E. coli does not carry an ampR gene and ampC is not
inducible in this species (Honor¢ et al., 1986). This suggested that there are other functions of
YgfB in y-proteobacteria that are unrelated to ampC expression and B-lactam resistance.

We hypothesized that ygfB might play a role in modulating the response to DNA damage and
ciprofloxacin and that the limited transcriptomic response we initially observed in ID40 upon
deletion of ygfB might be explained by the main regulation of ygfB taking place only under
DNA damage-induced conditions. To answer these questions, we used transcriptomic analysis
comparing ygfB deletion strains in P. aeruginosa 1D40 and E. coli BW25113 with the respec-

tive wildtypes in the presence of non-induced or ciprofloxacin-induced DNA damage.
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4.21. The transcriptomic response to ygfB and the ygfB modulated

ciprofloxacin response
Repetition of the transcriptomic analysis of the ID40AygfB and the ID40 wildtype resulted in
different differentially expressed genes than before (3.3.1.1). As before, ampDh3 was strongly
upregulated upon deletion of ygfB, while ampC was non-significantly downregulated. In addi-
tion, the other genes identified previously were also regulated in the same direction as in the
previous experiment but non-significantly. Novel significant differentially expressed genes
comprised the genes cefD 2, yjjL, mntH2, and TUEID40 01950. Interestingly, these genes
were also differentially expressed in the transcriptome done by Pefia et al. (2021) as a response
to ectopic overexpression of alpA. This suggests that ygfB might be a potential factor preventing
overactivity of AlpA that could lead to toxic effects.
Analysis of the ciprofloxacin response of ID40 reflected the response of PAOI1 to ciprofloxacin
found before (Cirz et al., 2006), with most genes being part of the SOS-response or part of the
DNA damage response (3.3.1.1). Interestingly, all genes that were upregulated by deletion of
vgfB were also upregulated upon exposure to ciprofloxacin. Analysis of the ygfB-modulated
response to ciprofloxacin yielded no differentially expressed genes except ygfB. Nevertheless,
the expression of all ygfB regulated genes was slightly, non-significantly increased in a ygfB
deletion background exposed to ciprofloxacin compared to the wildtype exposed to ciproflox-
acin.
All ygfB-repressed genes therefore followed the trend that was also observed for AmpDh3 on
the protein level (Figure 11, page 97). Together with the fact that ygfB repressed genes are also
affected by AlpA overexpression (Pefa et al., 2021), this provides further evidence that ygfB
likely represses the activity of AlpA.
Surprisingly, ampC was not differentially expressed upon exposure to ciprofloxacin, neither in
the wildtype nor ygfB deletion background, which questions the validity of the working model
presented in 4.1.3.
Potentially, the concentration of ciprofloxacin used for induction of DNA damage was too low.
In their experiment, Cirz et al. (2006) exposed PAO1 to 8x the MIC of ciprofloxacin for 2 hours,
while the concentration used in our experiments (32 pg/ml) corresponded to 4x the MIC of
ID40 towards ciprofloxacin. As described in 1.2.2, the effect of ciprofloxacin-induced DNA
damage is supposedly dose-dependent, with lower concentrations leading to a slow death by
inhibition of gyrase function and higher concentrations leading to gyrase poisoning and a frag-

mented genome (Bush et al., 2020; Carret et al., 1991; Drlica et al., 2008). Torres-Barcel¢ et al.
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(2015), however, also observed activation of the SOS-response at subinhibitory concentrations,
suggesting that DNA damage is induced even at lower concentrations of ciprofloxacin. As the
observed differentially expressed genes in the ciprofloxacin exposed condition vs. the unex-
posed condition matched previously described genes, the dose of ciprofloxacin was likely ap-

propriate and there is simply no ygfB-modulated response to ciprofloxacin in ID40.

In E. coli, no effect of ygfB could be observed (3.3.1.2). While in the used BW25113AygfB
strain the flagella regulon was upregulated due to an insertion element in the fIADC gene (Parker
et al., 2019), no other genes were differentially expressed upon deletion of ygfB. Similarly, to
previous studies, the ciprofloxacin response included genes of the SOS-response and DNA re-
pair (Bie et al., 2023; Sun et al., 2020). As in ID40, no ygfB modulated ciprofloxacin response
could be observed in BW25113. The sole differentially expressed gene pepP lies downstream
of ygfB in the same operon and we therefore figured that the differential expression was likely

caused by the mutagenesis process itself.

In all the transcriptomic experiments, barely any downregulated genes were found and many
genes that were less abundant or more abundant were non-significant. This might suggest that
there could have potentially been a technical problem during the sequencing that affected the
resolution of the sequencing. Due to this, it might be possible that some potential candidates
were missed. Additionally, the BW25113AygfB strain could have been a problem due to the
upregulated flagella regulon masking the readout. Even though the data analysis was repeated
with the flagella genes excluded, repetition of the RNAseq experiment itself using the in-frame
deletion strain that was generated for the following experiments could provide additional clues

on a potential effect of ygfB in E. coli.

4.2.2. The interactome of YgfB in P. aeruginosa and E. coli

As the main function of ygfB in P. aeruginosa and E. coli is likely not a transcriptional regula-
tion and because the interaction of YgfB and AlpA had been shown to be likely causal for the
repression of ampDh3, we hypothesized that Y gfB exerts its function by interacting with other
proteins and regulating cellular processes in this way. Pulldown assays using recombinant GST-
tagged YgfB derived either from P. aeruginosa 1D40 or E. coli BW25113 as a bait and cell
lysates of ygfB deletion mutants of either strain as prey were done, and the interacting protein
fraction analyzed by mass-spectrometry (3.3.2). In total, 118 potential interaction partners of

YgfB in ID40 and 41 interaction partners in BW25113 could be identified.
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In P. aeruginosa, these were mostly proteins that play a role in DNA repair. Surprisingly, AIpA
that was identified previously as an interaction partner, was not among the potential interactors
of YgfB. A protein-fragment complementation assay (PCA) using a split-luciferase in which
one part of the luciferase (SmBiT) was fused to YgfB and the other one (LgBiT) to a potential
interacting protein was used as a follow-up screen to validate interactions partners. Three in-
teractors could be validated in an initial screen, namely UvrB, RpsE and WaaC (Figure 26).

In E. coli, the interactome of YgfB mostly pertained to proteins involved in the biogenesis of
LPS. The statistical analysis of the E. coli pulldown LFQ data had to be modified in comparison
to that of ID40, as contaminants that might have been present due to the purification process of
the bait protein in E. coli BL21 could not simply be excluded based on species. It might there-
fore be possible that potential interacting proteins have been lost during the analysis, explaining
why only 41 potential interactors were found in BW25113 while 118 were found in ID40.

To further gain insights into the generalized role of YgfB in P. aeruginosa and E. coli, the in-
teractomes of YgfB in both species were then compared to identify proteins that interacted with
YgfB in both species. These were in total ten proteins (EttA, HemL, HfID, IbpA, Lon, AsrA
(an alternative Lon protease in P. aeruginosa), LpxB, RpoC, UbiB, and WaaC). All these com-
mon interacting proteins were tested by PCA in P. aeruginosa (Figure 29). Of these ten, the
proteins HfID, UbiB, and HemL were identified as new interactors, with WaaC having been
identified previously.

Therefore, in total, six interacting proteins of YgfB in P. aeruginosa could be identified in the
pulldown-MS approach: UvrB, RpsE, WaaC, HfID, UbiB, and HemL. UvrB and RpsE were
found only in ID40, while the others were part of the interactome of both ID40 and BW25113.
No inference whether this is a direct or indirect interaction could be made from this screen,

however.

UvrB is part of the nucleotide excision repair (NER) that is mainly important for repairing inter-
strand cross links and bulky DNA adducts resulting from UV-irradiation, but can also repair
other DNA-lesions (Verhoeven et al., 2002; reviewed in Wozniak & Simmons, 2022). The NER
is carried out by four proteins, UvrA, UvrB and UvrC, and UvrD. UvrA:z dimers recognize
DNA-lesions and binds an UvrBz dimer, forming a tight complex with the damaged DNA (Case
et al., 2019; Pakotiprapha et al., 2012). UvrA: leaves the complex and UvrC is recruited to the
UvrB2-DNA-complex. UvrC makes two incisions upstream and downstream of the DNA-
lesion, allowing UvrD to remove the lesion, with the gap finally being filled by DNA
polymerase (Kraithong et al., 2021; Lin & Sancar, 1990, 1992).
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Y gfB of Haemophilus influenzae was also described to form a dimer (Galkin et al., 2004). An
interaction of a potential YgfB dimer with UvrB might affect the interaction of UvrB2 and
UvrA:z or UvrB2 and UvrC, regulating the NER in this way somehow. Interestingly, UvrA also
appeared in the interactome of P. aeruginosa Y gfB, although this protein was not tested in the
PCA. Therefore, it might be possible that YgfB binds to either of the proteins during the initial
formation of the DNA damage recognizing tetramer. Therefore, testing UvrA in a PCA to test
for a potential interaction might provide further clues on the impact of YgfB on NER. In addi-
tion, testing for a direct protein-protein interaction using pulldown assays with recombinant
proteins might give clues on which protein of the UvrA2B: tetramer interacts with YgfB.

NER was described to be involved in higher mutation rates in B. subtilis (Million-Weaver et
al., 2015). We hypothesized that an interaction of YgfB with UvrA or UvrB might affect the
mutation rate of ID40 and therefore measured the frequency of mutation to streptomycin. De-
letion of ygfB did not affect the mutation frequency of ID40. There is a difference between the
mutation frequency and mutation rate, however, as mutation frequency represents the number
of mutants in a culture at a particular time point, while mutation rate reflects the likelihood of
a particular cell acquiring a mutation in its lifetime (Pope et al., 2008). Measurement of the
mutation rate offers the benefit of being more robust to jack-pot mutations (Luria & Delbriick,
1943) and giving more insight into biological processes (Rosche & Foster, 2000), but requires
a much higher effort and special assay design in comparison to the relatively simple measure-
ment of the mutation frequency. Therefore, to initially test if clues for an altered mutation rate
was present in ID40 upon deletion of ygfB, mutation frequency measurement was done (Figure
27a). As this did not seem to be the case, no follow-up studies were done.

Next to an effect on mutation rate, UvrB was also implicated in persister formation in E. coli
as the cells rely on NER to repair accumulated oxidative DNA damage (Wilmaerts, Govers, et
al., 2022). No change in persister formation upon deletion of ygfB was observed in ID40 (Figure
27b) or BW25113, however (data not shown). The actual role of the interaction of YgfB with
the NER is therefore so far elusive.

RpsE or small ribosomal subunit S5 is a ribosomal protein that is part of the 30S subunit of the
ribosome. Together with S3 and S4, S5 forms the entry pore for the mRNA into the ribosome
(Schluenzen et al., 2000; Takyar et al., 2005; Wilson & Nierhaus, 2005). Mutations in the sub-
units S4 and S5 were associated with reduced translational fidelity and accuracy, suggesting a
role in the same (Agarwal et al., 2015; Kirthi et al., 2006; Takyar et al., 2005). As YgfB also
potentially interacts with other ribosomal proteins of the 30S and 50S subunit in both ID40 and
BW25113, it might be possible that YgfB just binds somewhere to the ribosome and not directly
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to the S5 subunit. Further studies into the role of YgfB in the ribosome and if it regulates some
processes thereof are warranted before any interpretation can be made.

WaaC, also called RfaC in E. coli, is a glycosyltransferase important for the synthesis of the
LPS inner core. WaaC catalyzes the addition of the first heptose moiety to Kdo2-Lpid A (Lipid
A that is functionalized by addition of two 3-deoxy-d-manno-octo-2-ulosonic acid moieties)
(Chen & Coleman, 1993; de Kievit & Lam, 1997; Gronow et al., 2000; Kadrmas & Raetz,
1998), and therefore plays an integral role in the initial synthesis step of inner core biogenesis.
Deletion of waaC/rfaC leads to truncated LPS and emergence of the deep-rough phenotype in
E. coli (Brabetz et al., 1997). Such deep-rough mutants exhibit increased susceptibility to so-
dium dodecyl sulfate (SDS), bile salts and hydrophobic antibiotics in E. coli (Meller et al.,
2003). In P. aeruginosa, deletion of waaC was not successful (de Kievit & Lam, 1997), how-
ever, strains with deep rough phenotypes do exist in P. aeruginosa and they were described to
exhibit increased susceptibility to polymyxin (Yokota & Fujii, 2007). ID40AygfB interestingly
shows a slightly increased susceptibility to colistin, an antibiotic of the polymyxin group, in
comparison to the wildtype (Sonnabend et al., 2020). The effect of an interaction of Y gfB with
WaaC/RfaC might be the underlying reason for this effect, but this requires further investigation
in membrane hydrophobicity, permeability, and resistance to polymyxins. Next to WaaC/RfaC,
also many other proteins that play a role in LPS were identified as interactors in ID40 and
BW25113, providing clues that this cellular function might be of interest for further studies.
Another biosynthetic enzyme is the hemL-encoded glutamate-1-semialdehyde 2,1-aminomu-
tase (GSA-AM). GSA-AM plays an important role in the early synthesis of porphyrin and heme.
In particular, GSA-AM forms a complex with the glutamyl-tRNA reductase (GluTR) to syn-
thesize 5-aminolevulinic acid, a precursor of tetrapyrrole, from the glutamyl-tRNA (Luer et al.,
2005). The biosynthesis of heme is highly regulated by protein-protein interactions (Zamarrefio
Beas et al., 2022), but clues for a potential involvement of YgfB are so far lacking.

Not much is known about the function of UbiB in bacteria, except that it is a probable protein
kinase and that in E. coli it has been described to be part of the first monooxygenation of oc-
taprenylphenol as part of the biosynthesis of ubiquinone (Poon et al., 2000). The UbiB super-
family comprises an ancient kinase family that is present in bacteria, archaea, and eukaryotes
(Leonard et al., 1998). However, experimental kinase activity of UbiB superfamily proteins and
the role in ubiquinone biosynthesis have been rather elusive. Stefely et al. (2015) have shown
that in mitochondria, the UbiB protein ADCK3 adopts a protein kinase-like (PKL) fold, but that
certain parts of the structure lead to autoinhibition of kinase activity. Therefore, the exact role

of UbiB in ubiquinone synthesis remains unclear. Interestingly, YgfB lies in an operon with the
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genes ubil and ubiH, both of which have also been associated with ubiquinone biosynthesis
(Hajj Chehade et al., 2013; Young et al., 1973). An involvement of YgfB in ubiquinone bio-
synthesis might therefore be at least imaginable.

In E. coli, HfID was described to take part in degradation of the lambda CII protein, a transcrip-
tional factor for lysogenization of the phage lambda, and therefore negatively regulating lyso-
genization of the phage (Kihara et al., 2001). As the Alp operon was described to be phage
derived (Pena et al., 2021), this might be a link to YgfB.

The protein set that interacts with YgfB in P. aeruginosa so far is rather diverse. Three are
involved in metabolic pathways (WaaC, UbiB, HemL), two in transcriptional regulation (AlpA,
HfID), one in DNA repair (UvrB) and one in translation (RpsE).

The LgBiT-fusions of HemL, UbiB and HfID showed lower relative luciferase activity com-
pared to UvrB, RpsE and WaaC and therefore the actual status as an interacting protein has a

higher uncertainty.

Together, the interactome provides some hints on the cellular role of YgfB in P. aeruginosa
and in E. coli. However, further work is needed to understand the implications of these potential
interactors. For one, the proteins that tested positive in the PCA should be tested by pulldown
assays using either recombinant proteins or cell-lysates as bait to further investigate their inter-
action with YgfB. With this, it might be possible to differentiate between directly interacting

proteins and proteins that interact as part of larger complexes.

No clear impact on cellular function as a response to YgfB interaction can be made out. The
proteins that were confirmed as potential interacting proteins are very heterogeneous and no
direct link to a function can be deduced from an interaction at this point. It can be hypothesized
that the primary function of YgfB might consist of interacting with other proteins and thereby
influencing so far unknown cellular processes, with currently unknown consequences. Further-
more, regulation of transcriptional processes by interaction as it was observed for P. aeruginosa
does not seem to be present in E. coli, and therefore seems to be an exception to P. aeruginosa

rather than the rule.
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9.1. Protein purification
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Figure 32: SDS-PAGE gels stained with Coomassie monitoring the purification of His-MBP-AIpA and His-
MBP. a) Purification of His-MBP-AIpA (64.57 kDa) expressed in one liter of LB medium using the strain E. coli
BL21(DE3) pETM41_alpA after induction with 1 mM IPTG overnight at 20°C. b) Purification of His-MBP (44.52
kDa) expressed in one liter of LB medium using the strain E. coli BL21(DE3) pETM41 and 1 mM IPTG for in-
duction. a + b) Purification was done by Ni?*-NTA affinity chromatography using 50 mM Tris pH 7.5, 150 mM
NaCl and 25 mM imidazole as a buffer, followed by a dialysis against 50 mM Tris pH 7.5, 150 mM NaCl and
20% (V/V) glycerol. Samples of the indicated, purified fractions were taken, loaded on an SDS-PAGE gel, and
subsequently stained with Coomassie. His-MBP-AlpA: Elution 1 and 2 pooled, final concentration of 24.4 uM in
15 ml. Yield: 23.63 mg of protein per 1 liter of culture. His-MBP: Elution 1 kept, final concentration of 297.4 pM
in 10 ml. Yield 132.4 mg of protein per liter of expression culture.
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Figure 33: SDS-PAGE gels stained with Coomassie monitoring the purification of GST. Purification of GST
(25.50 kDa) expressed in one liter of LB medium using the strain E. coli BL21(DE3) pGEX4T3 after induction
with 1 mM IPTG overnight at 25°C. Purification was done using a GSTrap HP 1ml column as described in the
method section with 50 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.5 as a lysis buffer, and eluted using 50 mM
Tris, 150 mM NaCl, 10 mM reduced glutathione, pH 8 as a buffer. The eluate fractions were dialyzed against 10
liter of PBS pH 7.4 containing 0.5 mM DTT with a ZelluTrans dialysis tube. Samples of the indicated purified
fractions were taken, loaded on an SDS-PAGE gel, and subsequently stained with Coomassie. Elution 1 and 2
were pooled. Final concentration: 152.1 uM GST in 9 ml. Yield of 34.9 mg protein per liter of expression culture.
Protein was frozen in dialysis buffer.
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Figure 34: SDS-PAGE analysis of YgfB purification fractions. a) Purification of His-GST-YgfB (48.53 kDa)
expressed in one liter of LB medium using the strain E. coli BL21(DE3) pETM30_ygfB after induction with 1 mM
IPTG overnight at 25°C. Purification was done by Ni?*-NTA affinity chromatography. b) Results of TEV cleavage
of His-GST-YgfB, yielding His-GST- (28.86 kDa) and -YgfB (19.69 kDa). Elution 1 stems from the purification
shown in (a) and served as an input to the TEV cleavage. Post cleavage indicates the whole reaction after overnight
digest. The flow through contains all proteins in the digestion mix that have not bound to the Ni?*-NTA beads,
containing -YgfB. Elution reflects an elution of the reverse Ni?-NTA chromatography and contains all 6xHis-
tagged components of the reaction that have bound to the Ni**-NTA beads. Yield: 22 ml of YgfB at a concentration
of 123.3 uM. 53.4 mg of protein per 1 liter of expression culture

L &
& & & &
s < obo & ~<~‘°°\ Vv N ¥
¢ & & p & ¥ o By & &

R\

,3- 8 & » e () & )
wa & o & T ¥ 0 ¢
180 -
150
100|
70|

55

40
35|

25|

Figure 35: SDS-PAGE of purification fractions by Ni?’-NTA chromatography for His-GST-EcYgfB. Purifi-
cation of His-GST-EcYgfB (50.30 kDa) expressed in one liter of LB medium using the strain E. coli BL21(DE3)
pETM30_Ec_ygfB after induction with 1 mM IPTG overnight at 25°C. Purification was done by Ni>*-NTA affinity
chromatography using 50 mM Tris pH 7.5, 150 mM NaCl and 25 mM imidazole and 1 mM DTT as a buffer.
Elution 1 was dialyzed against 50 mM Tris pH 7.5, 150 mM NaCl and 10% (m/V) glycerol and 1 mM DTT.
Samples of the indicated purified fractions were taken, loaded on an SDS-PAGE gel, and subsequently stained
with Coomassie. Elution 1 was taken for further purification by SEC.
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Figure 36: Size-exclusion chromatography of His-GST-EcYgfB. Elution fraction 1 of the Ni**-NTA affinity
chromatography containing His-GST-EcYgfB (50.03 kDa) was upconcentrated using a 30 kDa Amicon Ultra Cen-
trifugal Filter. The upconcentrated protein solution was loaded on a HiL.oad 16/600 Superdex 75 pg size exclusion
column with 50 mM Tris pH 7.5, 150 mM NacCl, 10% glycerol (m/V) and 1 mM DTT as a running buffer. a)
Chromatogram of the SEC purification. Fractions of 1 ml were collected at the indicated steps of the chromato-
gram, and loaded on an SDS-PAGE gel (b),which was then stained with Coomassie. Fractions 8-20 were pooled
for storage of the protein.
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Figure 37: Purification of His-GST. Purification of His-GST (29.09 kDa) expressed in one liter of LB medium
using the strain E. coli BL21(DE3) pETM30_stop after induction with 1 mM IPTG overnight at 25°C. Purification
was done by Ni**-NTA affinity chromatography using 50 mM Tris pH 7.5, 150 mM NaCl and 25 mM imidazole
and 1 mM DTT as a buffer. Elution 1 was dialyzed against 50 mM Tris pH 7.5, 150 mM NaCl and 10% (m/V)
glycerol and 1 mM DTT. Samples of the indicated purified fractions were taken, loaded on an SDS-PAGE gel,
and subsequently stained with Coomassie. a) Gel showing samples before induction, after induction as well as
purification. All samples were run on the same gel but the image has been trimmed for better visualization. b)
Second gel showing total cells, lysate after sonication as well as supernatant after centrifugation.
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9.2. RNAseq
9.2.1.

Table 34: Significantly differentially expressed genes in transcriptome of P. aeruginosa ID40AygfB vs. ID40. Data analysis as described in the methods. n = 3. Genes with
an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

Differentially expressed genes ID40AygfB vs. ID40

Gene ID Gene names Product PAO1 ortholog log: fold change Adjusted p value
TUEID40 01949 cefD 2 Isopenicillin N epimerase PAO0813 3.22 5.27E-04
TUEID40 01950 TUEID40 01950 hypothetical protein PA0812 4.46 1.73E-16
TUEID40 01951 yjjL L-galactonate transporter PAO811 3.71 9.51E-09
TUEID40 01953 mntH2 Divalent metal cation transporter MntH PA0809 3.95 5.12E-12
TUEID40 01955 ampDh3 N-acetylmuramoyl-L-alanine amidase AmiD precursor PA0807 5.63 9.98E-43
TUEID40 03245 vgfB hypothetical protein PA5225 -5.03 2.61E-11

9.2.2.

Table 35: Significantly differentially expressed genes in transcriptome of P. aeruginosa ID40 +CIP vs. ID40. Data analysis as described in the methods. n = 3. Genes with
an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

Differentially expressed genes in ID40 +CIP vs. ID40

Ortholog ID (PAOL1 or Ortholog organism (If log: fold

Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 00161 ~ TUEID40 00161  Mu-like prophage I protein  AOA2DIGNS3 9CAUD © Se“domong]sgphage VW- 6.08 1.19E-59
Mu-like prophage major head Pseudomonas phage
TUEID40 00162 TUEID40 00162 prophage maj Q6TM67 BPD31 D3112 (Bacteriophage 6.53 3.86E-91
subunit gpT D3112)
TUEID40 00205 TUEID40 00205 hypothetical protein PA2288 PAOLI 3.58 3.84E-12
TUEID40 00206 TUEID40 00206 hypothetical protein PA2287 PAOLI 3.94 2.93E-21
TUEID40 00207 TUEID40 00207 M48 family peptidase PA2286 PAOLI 4.07 1.35E-25
TUEID40 00600 TUEID40 00600 hypothetical protein PA1942 PAOLI 3.39 1.88E-08
TUEID40_01195 arul p“tatwebzo' i‘;lt;’:é%g‘r‘:ﬁe decar- PA1417 PAOI 3.50 1.02E-14
TUEID40 01197  TUEID40 01197  Putative FAD-linked oxidore- PA1416 PAOIL 3.19 2.21E-07

ductase
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .
Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 01319  TUEID40 01319 Acyl-CoA dehydrogenase, PA1284 PAOL 3.76 6.15E-13
- - short-chain specific
TUEID40 01320  TUEID40 01320 transcriptional regulator Betl PA1283 PAOI1 3.63 5.10E-07
TUEID40 01321 smvd Methyl viologen resistance pro- PA1282 PAOI 5.04 5.26E-35
- tein SmvA
TUEID40 01457 nrdA Ribonucleoside-diphosphate re- PA1156 PAOI 4.03 2.24E-17
- ductase 1 subunit alpha
TUEID40 01458 nrdB Ribonucleoside-diphosphate re- PA1155 PAOI 3.86 1.69E-25
- ductase subunit beta
TUEID40 01460  TUEID40 01460 hypothetical protein PA1153 PAOI 3.77 2.52E-18
TUEID40 01461 pys2 Pyocin-S2 PA1150 PAOI 6.50 3.86E-197
TUEID40 01836 TUEID40 01836 hypothetical protein PA0912 PAOI 5.88 1.29E-44
TUEID40 01837 alpE hypothetical protein PAQ911 PAOI 5.67 1.55E-51
TUEID40 01838 alpD hypothetical protein PA0910 PAOI 6.72 2.38E-61
TUEID40 01839 alpC hypothetical protein PA0909 PAOI 5.76 1.33E-28
TUEID40 01840 alpB hypothetical protein PA0908 PAOI 5.77 2.76E-30
TUEID40 01841 alpA hypothetical protein PA0907 PAOI 3.64 2.67E-09
TUEID40 01948  TUEID40 01948 Endoribonuclease L-PSP PA0814 PAOI 435 4.79E-08
TUEID40 01949 cefD 2 Isopenicillin N epimerase PAO813 PAOI 3.50 2.50E-08
TUEID40 01950  TUEID40 01950 hypothetical protein PA0812 PAOI 5.02 1.03E-27
TUEID40 01951 yjjiL L-galactonate transporter PAO811 PAOI 4.36 1.64E-19
TUEID40_01952 hdl IVa (S)'z'haloacfiehaloge“ase PA0810 PAOI 2.94 1.02E-03
TUEID40_01953 mntH? Divalent metal cation trans- PA0809 PAOI 421 1.43E-17
~ porter MntH
TUEID40 01955 ampDh3 N-acetylmuramoyl-L-alanine PA0807 PAOI 6.86 6.28E-80
- amidase AmiD precursor
TUEID40 02147 TUEID40 02147  “BM doma“;ciﬁmammg pro- PA0709 PAOIL 3.77 5.08E-07
TUEID40 02186 suld2 SOS cell division inhibitor PA0671 PAOI 3.34 5.05E-03
TUEID40_02187 imuB impB/mucB/ StzriiB family pro- PA0670 PAOLI 327 1.06E-06
TUEID40 02545  TUEID40 02545 hypothetical protein PA4623 PAOI 3.17 8.07E-03
TUEID40 02708 recN DNA repair protein RecN PA4763 PAOI1 3.17 1.92E-06
TUEID40 02834  TUEID40 02834 hypothetical protein PA4881 PAOI 4.20 9.00E-12
TUEID40 03605 gyiB DNA gyrase subunit B PA0004 PAOI -2.64 1.37E-03
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Gene ID (ID40) Gene name ID40 product Orthololg)lill)gg’AOI or Ortholll(())% ;rAgglil)sm af l(c)lgl;::;lg Adjusted p value
TUEID40 03608  TUEID40 03608 hypothetical protein PA0007 PAOI1 -2.74 1.39E-03
TUEID40 03662  TUEID40 03662 hypothetical protein PA0050 PAOI1 -3.08 2.32E-03
TUEID40 04247 prtN Pyocin activator protein PrtN PA0610 PAOI1 4.43 4.19E-55
TUEID40 04249  TUEID40 04249 hypothetical protein No ortholog PAOI 5.64 1.14E-45
TUEID40 04250 ptrB hypothetical protein PA0612 PAOI 5.98 2.67E-154
TUEID40 04251  TUEID40 04251 hypothetical protein PA0613 PAOI1 5.52 6.96E-97
TUEID40 04252  TUEID40 04252 hypothetical protein PA0614 PAOI1 6.99 9.88E-125
TUEID40 04253  TUEID40 04253 Chitinase class I PA0629 PAOI1 6.84 1.52E-121
TUEID40 04254  TUEID40 04254 hypothetical protein PA0630 PAOI1 6.85 9.56E-132
TUEID40 04255  TUEID40 04255 hypothetical protein PA0631 PAOI1 6.74 6.33E-176
TUEID40 04256  TUEID40 04256 hypothetical protein PA0633 PAOI1 7.54 3.50E-178
TUEID40 04257  TUEID40 04257 hypothetical protein PA0634 PAOI1 7.50 1.33E-294
TUEID40 04258  TUEID40 04258 hypothetical protein PA0635 PAOI1 7.58 2.84E-234
Lambda phage tail tape-meas-
TUEID40 04259  TUEID40 04259 ure protein PA0636 PAOI 6.82 1.92E-138
(Tape meas lam C)
TUEID40 04260  TUEID40 04260 Phage minor tail protein PA0637 PAOI 6.77 1.92E-138
TUEID40 04261  TUEID40 04261 Phage minor tail protein L PA0638 PAOI 6.58 1.62E-191
TUEID40 04262  TUEID40 04262 NIpC/P60 family protein PA0639 PAOI 6.64 3.45E-179
TUEID40 04263  TUEID40 04263  bacteriophage lambda tail as- PA0640 PAOI 6.11 9.87E-125
- - sembly protein [
TUEID40 04264  TUEID40 04264 hypothetical protein PA0641 PAOI 6.22 2.44E-142
TUEID40 04265  TUEID40 04265 hypothetical protein No ortholog 6.00 1.70E-56
TUEID40 04266  TUEID40 04266 hypothetical protein PA0643 PAOI 5.50 4.81E-66
TUEID40 04267  TUEID40 04267 hypothetical protein PA0644 PAOI 5.06 1.43E-36
TUEID40 04268  TUEID40 04268 hypothetical protein PA0645 PAOI 5.29 1.54E-54
TUEID40 04269  TUEID40 04269 hypothetical protein PA0646 PAOI 4.98 4.42E-51
TUEID40 04270  TUEID40 04270 hypothetical protein PA0647 PAOI 5.09 1.13E-49
TUEID40 04271  TUEID40 04271 hypothetical protein PA0648 PAOI 4.94 2.36E-40
. . Pseudomonas phage
TUEID40 04678  TUEID40 04678 hypothetical protein A0A481UZH5 9CAUD VB Pac CF118b 3.89 1.13E-13
Pseudomonas phage
TUEID40 04679  TUEID40 04679 hypothetical protein Q6TM48 BPD31 D3112 (Bacteriophage 3.69 1.10E-16

D3112)
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .
Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
Pseudomonas phage
TUEID40 04680  TUEID40 04680 hypothetical protein Q6TM49 BPD31 D3112 (Bacteriophage 4.44 3.62E-33
D3112)
Pseudomonas phage
TUEID40 04681 TUEID40 04681 hypothetical protein Q6TMS50_BPD31 D3112 (Bacteriophage 4.65 1.47E-21
D3112)
Pseudomonas phage
TUEID40 04682  TUEID40 04682 hypothetical protein Q6TM51 BPD31 D3112 (Bacteriophage 5.00 9.87E-25
D3112)
TUEID40 04683 TUEID40 04683 hypothetical protein AOAS5A4MZC4 9CAUD  Pseudomonas phage Ps60 4.82 1.33E-43
TUEID40 04684  TUEID40 04684 hypothetical protein AOA075CEZ1 9CAUD Pseudoﬁ‘l’)iags phage 4.98 4.88E-44
TUEID40 04685  TUEID40 04685 hypothetical protein AOA076FWZ1 9CAUD Pse“dgg‘}‘/’[i%phage 5.35 8.99E-53
TUEID40 04686  TUEID40 04686 hypothetical protein AOA076FR13_9CAUD Pse“dgg‘}‘/’[i%phage 5.19 1.92E-56
TUEID40 04687  TUEID40 04687 ' rophage tlfr‘é fg%;?lfape Meas= AOAOUSKRL2 9VIRU Bacteriophage sp 5.74 3.59E-58
TUEID40 04688  TUEID40 04688 hypothetical protein AOAO076FST1_9CAUD Pseudgl;l\j’[i%phage 6.09 2.54E-50
Pseudomonas phage
TUEID40 04689  TUEID40 04689 hypothetical protein Q6TM60 BPD31 D3112 (Bacteriophage 6.09 4.57E-64
D3112)
TUEID40 04690  TUEID40 04690 hypothetical protein AO0AO0A7DJQ8 9CAUD  Pseudomonas phage H70 6.10 2.19E-116
Pseudomonas phage
TUEID40 04691  TUEID40 04691 hypothetical protein Q6TM62 BPD31 D3112 (Bacteriophage 6.02 9.46E-55
D3112)
Pseudomonas phage
TUEID40 04692  TUEID40 04692 hypothetical protein Q6TM63 BPD31 D3112 (Bacteriophage 5.88 2.01E-70
D3112)
. . Pseudomonas phage
TUEID40 04693  TUEID40_ 04693 hypothetical protein A0A481V096 9CAUD VB Pae CF177b 6.04 6.71E-49
TUEID40 04694  TUEID40 04694 hypothetical protein AOAO076FRF0_9CAUD Pse“dggll\‘/’[i%phage 5.87 1.13E-65
TUEID40 04695  TUEID40 04695 hypothetical protein AOAOUSDWNI1 9VIRU Bacteriophage sp 6.20 4.84E-103
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .
Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 04696  TUEID40_04696  Mu-like prophage majorhead = \ 719306 9cAUD Pseudomonas phage 6.13 3.55E-99
- - subunit gpT - AIIMS-Pa-B1
Pseudomonas phage
TUEID40 04697  TUEID40 04697 hypothetical protein Q6TM68 BPD31 D3112 (Bacteriophage 6.17 3.61E-42
D3112)
TUEID40 04698  TUEID40 04698 Mu-like prophage I protein AO0AQUSKMY7 9VIRU Bacteriophage sp 5.87 7.77E-51
Phage virion morphogenesis Pseudomonas.phage
TUEID40 04702  TUEID40 04702 : ) Q6TM73_BPD31 D3112 (Bacteriophage 4.95 1.07E-37
family protein D3112)
TUEID40 04703  TUEID40 04703  Phage Mu protein F like protein ~ AOAOUSG7H2 9VIRU Bacteriophage sp 5.31 1.18E-52
TUEID40 04704  TUEID40 04704 hypothetical protein AOAQ0A7DJC8 9CAUD  Pseudomonas phage H70 5.51 1.62E-70
TUEID40 04705 TUEID40 04705 hypothetical protein AOAOA7DIQ1 9CAUD _ Pseudomonas phage H70 5.80 9.19E-74
TUEID40_04706  TUEID40_04706 hypothetical protein L7P7N6_9CAUD Pseud‘}rg‘]’;l;j phage 2.92 4 47E-04
TUEID40 04707  TUEID40_04707 hypothetical protein L7P832_9CAUD Pseudo]rg‘]’)n;j phage 4.50 7.87E-22
TUEID40 04708  TUEID40 04708 hypothetical protein H6VSN3 9CAUD Pseudcg‘]’;;g phage 5.75 1.41E-54
Pseudomonas phage
TUEID40 04709  TUEID40_04709 hypothetical protein Q6TM79_BPD31 D3112 (Bacteriophage 6.23 5.26E-61
D3112)
TUEID40 04710  TUEID40 04710 hypothetical protein AOA125RNHO 9CAUD Pse“d‘}n];‘glg‘g phage 6.19 3.21E-62
TUEID40_04711  TUEID40_04711 hypothetical protein L7P831_9CAUD Pse“d‘}n];‘gl;j phage 6.30 9.63E-60
TUEID40 04712  TUEID40 04712 hypothetical protein L7P7J8_9CAUD Pse“d‘}n];‘l’)n;j phage 6.56 1.44E-84
TUEID40 04713  TUEID40 04713 hypothetical protein AOSMNO 9CAUD Casadabanvirus DMS3 6.60 2.78E-56
TUEID40 04714  TUEID40 04714 hypothetical protein L7P7T5_9CAUD P Seud‘}n];glzaj phage 6.54 3.67E-34
Mor transcription activator Pseudomonas phage
TUEID40 04715  TUEID40_04715 ription actiy Q6TMS3_BPD31 D3112 (Bacteriophage 3.63 1.41E-15
family protein
D3112)
TUEID40 04716  TUEID40 04716 hypothetical protein AOA0S2SYM3 9CAUD  Lscudomonas phage 5.16 1.40E-67

YMC11/11/R1836
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .
Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 04717  TUEID40 04717 hypothetical protein L7P7Y1 9CAUD Pseudj’gggagzphage 5.33 1.81E-33
Pseudomonas phage
TUEID40 04718  TUEID40 04718 hypothetical protein Q6TM86_BPD31 D3112 (Bacteriophage 6.25 4.29E-114
D3112)
Pseudomonas phage
TUEID40 04719  TUEID40 04719 hypothetical protein Q6TM87 BPD31 D3112 (Bacteriophage 6.56 2.06E-90
D3112)
TUEID40 04720  TUEID40_04720 hypothetical protein AOA125RNA3_9CAUD Pseud‘}rg‘]’;l;‘; phage 6.48 9.74E-191
Pseudomonas phage
TUEID40 04721  TUEID40 04721 hypothetical protein Q6TM88 BPD31 D3112 (Bacteriophage 6.53 1.19E-170
D3112)
TUEID40 04722  TUEID40 04722 hypothetical protein L7P7W6 9CAUD Pseudc}g‘]’;;j phage 6.36 2.84E-272
TUEID40 04723  TUEID40 04723  Dacteriophage MuGamlike 1 155pN99 gcaup ~— Pscudomonas phage 6.42 8.57E-154
- - protein - JBD69
TUEID40 04724  TUEID40 04724 hypothetical protein AOA125RN98 9CAUD Pse“d‘}n];‘glggs phage 6.56 2.50E-99
. . Pseudomonas phage
TUEID40 04725  TUEID40 04725 hypothetical protein AOAOA1IWYS8 9CAUD VB PaeS PAOI Ab30 6.21 8.37E-251
TUEID40 04726 ~ TUEID40 04726 hypothetical protein AOA076FX19 9CAUD Pseudg‘:‘l\j’[f%phage 6.54 6.01E-57
TUEID40 04727  TUEID40 04727 hypothetical protein B7SDS0_9CAUD P Seudoﬁi’,ga; phage 6.68 6.95E-206
TUEID40 04728  TUEID40 04728 hypothetical protein L7P7S2_9CAUD P Se“dj’gll‘)’gagzphage 6.71 7.44E-231
TUEID40 04729  TUEID40 04729 MY DNA'bmfeli‘;g domainpro-  pispRE 9CAUD P Seud"l\n}&’g@s phage 6.36 2.73E-121
TUEID40 04730  TUEID40_04730 hypothetical protein AOA125RN92_9CAUD Pseud(}rg‘]’;lg‘; phage 532 2.67E-51
TUEID40 04731  TUEID40_04731 hypothetical protein AOA125RN90_9CAUD Pseud‘}rg]’)ng‘gs phage 5.11 1.02E-55
TUEID40 04732  TUEID40 04732 ~ DNA-binding transcriptional = 1 155pNg9 9cAUD Pseudomonas phage 2.96 5.48E-09
- - regulator Nlp - JBD69
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .
Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 04751 eddA Alkaline phos‘;g?tase D precur- PA3910 PAOIL 4.40 1.81E-21
TUEID40_04800 pys2 2 Pyocin-S2 PA3866 PAOI 6.11 1.50E-147
TUEID40 05070 recA recombinase A PA3617 PAO1 2.84 1.78E-05
TUEID40 05264  TUEID40 05264 hypothetical protein PA3414 PAOI 3.51 1.94E-15
TUEID40_05265 yebG DNA damage-inducible protein PA3413 PAOI 341 1.67E-09
TUEID40 05687 suld Cell division inhibitor SulA PA3008 PAOI 2.75 1.53E-04
TUEID40 05688 lexA LexA repressor PA3007 PAOI 3.25 2.36E-08
TUEID40_06142  TUEID40_06142  Phage integrase family protein ~ AOASQ2F3N6_9CAUD Se“ﬁ%nslgg?;ﬁ?age 4.09 7.97E-30
TUEID40 06143  TUEID40 06143 hypothetical protein AO0AS5Q2F449 9CAUD P Se“ﬁ%nslggﬁﬁ?age 5.17 2.07E-25
TUEID40 06144  TUEID40_06144 hypothetical protein AOA2K8HL62_9CAUD Pseudomonas phage 4.24 2.94E-40
- - - vB PaeP E220
TUEID40 06145  TUEID40_06145 hypothetical protein AOAS5Q2FAHO 9CAUD Pseuﬁ%rggg?;ﬁ?age 5.02 3.22E-58
TUEID40 06146  TUEID40 06146 hypothetical protein H2BD41 9CAUD Pseudopmhf;;‘; phage 4.52 1.06E-35
TUEID40_ 06147  TUEID40_06147 hypothetical protein AOA2KS8I958 9CAUD st‘éd%r;‘ggaznggge 5.05 2.95E-35
TUEID40 06148  TUEID40 06148 hypothetical protein No ortholog 2.97 3.44E-03
Pseudomonas phage
TUEID40 06153  TUEID40_06153 hypothetical protein AOAI40IES9 9CAUD  YMCI11/07/P54 PAE B 2.77 8.97E-07
P
TUEID40 06154  TUEID40 06154 hypothetical protein H2BD48 9CAUD Pseudopmh?;;; phage 3.40 1.31E-20
TUEID40 06155 recT recombmigf;‘ﬁgg{ CPATPIO  AQAOPOAJBO PSEAI  Pseudomonas aeruginosa 575 3.72E-144
TUEID40 06156  TUEID40 06156 Y dJ-like viral recombinase 4 4oy 15y a9 gcayp ~— Pscudomonas phage 5.47 1.72E-77
- - domain protein - vB Pae BR153a

TUEID40 06157  TUEID40 06157 hypothetical protein No ortholog 3.75 1.66E-19
TUEID40 06158  TUEID40 06158 hypothetical protein AOAS5Q2F8MO0 9CAUD P Se“ﬁ%nslgg?;ﬁ?age 3.09 4.79E-05
TUEID40 06159  TUEID40 06159 hypothetical protein No ortholog 3.31 2.17E-12
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .

Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
. . Pseudomonas phage D3

TUEID40 06160  TUEID40 06160 hypothetical protein Q9MC67_BPD3 (Bacteriophage D3) 4.65 5.63E-35
. . Pseudomonas phage

TUEID40 06161  TUEID40 06161 hypothetical protein AO0A2KS8I9C2 9CAUD VB PacP E220 5.18 5.86E-60
. . Pseudomonas phage

TUEID40 06162  TUEID40 06162 hypothetical protein A0A481V406 9CAUD VB Pae BRI150a 5.46 8.86E-31

Pseudomonas phage
TUEID40 06163  TUEID40 06163 hypothetical protein AOA127KNE3 9CAUD  YMCI11/07/P54 PAE B 5.88 2.48E-77
P
TUEID40 06164  TUEID40 06164 hypothetical protein AO0A9X4SUP9 PSEAI Pseudomonas aeruginosa 5.28 1.55E-35
TUEID40 06165  TUEID40 06165 hypothetical protein A0A481V3J9 9CAUD Pseudomonas phage 5.58 8.13E-45
vB Pae CF126a

TUEID40 06166  TUEID40 06166 hypothetical protein No ortholog 6.04 3.77E-54
. . Pseudomonas phage

TUEID40 06170  TUEID40_06170 hypothetical protein AOAA36VMCS_9CAUD B PosS.DIALL 4.94 1.36E-41

TUEID40 06171  TUEID40 06171 hypothetical protein H2BD69 9CAUD Pseudc’;‘l;’;;; phage 521 3.10E-42

TUEID40 06172 dnaB Replicative DNA helicase PA4931 PAOI 5.40 5.28E-71

Pseudomonas phage
TUEID40 06173  TUEID40 06173  Endodeoxyribonuclease RusA ~ AOA127KND5 9CAUD  YMC11/07/P54 PAE B 5.10 6.51E-27
P

TUEID40 06174  TUEID40 06174 hypothetical protein AOASQ2FAE6 9CAUD Pse“;l%‘ggg?;ﬁihage 4.12 6.38E-23

TUEID40 06181  TUEID40 06181  Terminase-like family protein ~ AOASQ2F495 9CAUD Pse“;l%‘ggg?;ﬁihage 3.44 2.93E-09

TUEID40 06182  TUEID40 06182 hypothetical protein AOAS5Q2F2W3_9CAUD Pseuﬁfjggg?;ﬁihage 3.07 5.06E-04

TUEID40 06184  TUEID40 06184 hypothetical protein AOA5Q2F417 9CAUD P Se“ﬁ%nslgg?;ﬁ?age 3.99 1.15E-17
. . Pseudomonas phage

TUEID40 06185  TUEID40 06185 hypothetical protein AO0AA36VLDS 9CAUD VB PaeS-D14H 4.16 6.65E-19

TUEID40 06186  TUEID40_06186 hypothetical protein AOAS5Q2FAD9 9CAUD Pseuﬁ%ﬁgg?;ﬁ?age 3.54 4.79E-07

TUEID40 06187  TUEID40_06187 hypothetical protein AOA5Q2F981 9CAUD Pseudomonas phage 3.31 1.10E-04

AUS531phi
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Ortholog ID (PAOL1 or Ortholog organism (If log: fold .

Gene ID (ID40) Gene name ID40 product phage) not PAO1) change Adjusted p value
TUEID40 06188  TUEID40 06188 hypothetical protein AOASQ2F7A0 9CAUD Pseui%nslgg?;ﬁihage 3.40 3.02E-04
TUEID40 06189  TUEID40 06189 hypothetical protein AO0A5Q2F8J3 9CAUD Pseuﬁgnslggal‘;ﬁihage 3.71 9.44E-09
TUEID40 06191  TUEID40 06191 Phage tail protein AOA5Q2F486_9CAUD P Se“ﬁ%nslgg?;ﬁ?age 2.89 1.20E-03
TUEID40_06200  TUEID40 06200  Are-like Dﬁ?o?;?f‘“g domain ) ASE7TKYR6_9CAUD © Se”domogé‘;lphage Me- 6.52 2.66E-114
TUEID40 06201  TUEID40 06201 hypothetical protein No ortholog 5.88 3.28E-154
TUEID40 06202  TUEID40_06202 hypothetical protein AOASE7FQ38_9CAUD Pse“dom"g:: lphage Me- 6.19 4.18E-136
TUEID40 06203  TUEID40 06203 hypothetical protein No ortholog 5.59 1.52E-105
TUEID40 06215  TUEID40 06215 hypothetical protein No ortholog 3.73 7.24E-07

v1¢

9.2.3. Differentially expressed genes in ID40AygfB +CIP vs. ID40 +CIP

Table 36: Significantly differentially expressed genes in transcriptome of P. aeruginosa ID40AygfB +CIP vs. ID40 +CIP. Data analysis as described in the methods. n = 3.
Genes with an adjusted p value of <0.01 and a log; fold change of >2 or <-2 were considered differentially expressed.

Gene ID Gene names Product PAO1 ortholog log: fold change Adjusted p value

TUEID40 03245 PA5225 -5.80 3.13E-18

vg/B hypothetical protein

9.24. Differentially expressed genes in BW25113AygfB vs. BW25113

Table 37: Significantly differentially expressed genes in transcriptome of E. coli BW25113AygfB vs. BW25113. Data analysis as described in the methods. n = 3. Genes
with an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

BW25113 ID Gene K12 UniProt Protein names log: fold change Adjusted p
name  Entry Name value
BW25113 1071 fleM FLGM ECOLI Negative regulator of flagellin synthesis (Anti-sigma-28 factor) 3.17 2.66E-04
BW25113 1073 fleB FLGB ECOLI Flagellar basal body rod protein FlgB (Putative proximal rod protein) 5.24 2.68E-05
BW25113 1074 flgC  FLGC ECOLI Flagellar basal-body rod protein FlgC (Putative proximal rod protein) 5.64 1.98E-05
BW25113 1075 fleD  FLGD ECOLI Basal-body rod modification protein FlgD 4.89 4.18E-07
BW25113 1076  flegE  FLGE ECOLI Flagellar hook protein FIgE 4.10 3.29E-05
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BW25113 ID Gene K12 UniProt Protein names log: fold change Adjusted p
name  Entry Name value
BW25113 1077 fleF  FLGF ECOLI Flagellar basal-body rod protein FlgF (Putative proximal rod protein) 3.74 1.85E-03
BW25113 1078 fleG  FLGG ECOLI Flagellar basal-body rod protein FlgG (Distal rod protein) 4.47 2.44E-04
BW25113 1080  flal FLGI ECOLI Flagellar P-ring protein (Basal body P-ring protein) 4.03 6.05E-03
BW25113 1082 flgK FLGK ECOLI Flagellar hook-associated protein 1 (HAP1) 5.03 3.16E-34
BW25113 1083 fleL.  FLGL ECOLI Flagellar hook-associated protein 3 (HAP3) (Hook-filament junction protein) 3.87 3.81E-14
BW25113 1194 ycgR YCGR ECOLI Flagellar brake protein YcgR (Cyclic di-GMP binding protein YcgR) 3.99 3.82E-07
BW25113_1421 trg MCP3_ECOLI Methyl-accepting chemotaxis protein I11 élr\(/fg;-)ﬂl) (Ribose and galactose chemoreceptor 3.09 1.95E-03
BW25113 1881 cheZ CHEZ ECOLI Protein phosphatase CheZ (EC 3.1.3.-) (Chemotaxis protein CheZ) 3.93 2.49E-13
BW25113 1882 cheY CHEY ECOLI Chemotaxis protein CheY 3.67 2.69E-08
Protein-glutamate methylesterase/protein-glutamine glutaminase (EC 3.1.1.61) (EC
BW25113 1883 cheB CHEB ECOLI 3.5.1 .44) (Chemotaxis response regulator. proteir}—glutamate methylesterase/ glutarpine de- 428 R.97E-10
- - amidase) (Methyl-accepting chemotaxis proteins-specific methylesterase/deamidase)
(MCP-specific methylesterase/deamidase)
BW25113 1884 cheR CHER ECOLI Chemotaxis protein methyltransferase (EC 2.1.1.80) 5.22 1.97E-10
BW25113 1885 tap  MCP4 ECOLI Methyl-accepting chemotaxis protein IV (MCP-1V) (Dipeptide chemoreceptor protein) 6.26 2.09E-37
BW25113 1886  tar MCP2 ECOLI Methyl-accepting chemotaxis protein II (MCP-II) (Aspartate chemoreceptor protein) 7.33 2.09E-37
BW25113 1887 cheWw CHEW ECOLI Chemotaxis protein CheW 4.79 2.05E-17
BW25113 1888 cheA CHEA ECOLI Chemotaxis protein CheA (EC 2.7.13.3) 6.17 5.34E-37
BW25113 1889 motB.  MOTB _ECOLI Motility protein B (Chemotaxis protein MotB) 5.26 7.17E-25
BW25113 1890 mot4 MOTA ECOLI Motility protein A (Chemotaxis protein MotA) 7.07 8.74E-29
BW25113 1922 /lid FLIA_ECOLI RNA polymerase sigma factolr FliA (RNA polymera.se sigma factor for flagellar operon) 6.13 537623
(Sigma F) (Sigma-27) (Sigma-28)
BW25113 1923 fliC  FLIC ECOLI Flagellin 4.30 1.00E-29
BW25113 1924  fliD FLID ECOLI  Flagellar hook-associated protein 2 (HAP2) (Filament cap protein) (Flagellar cap protein) 4.55 4.95E-11
BW25113 1938  fliF FLIF ECOLI Flagellar M-ring protein 4.23 1.06E-03
Xaa-Pro aminopeptidase (EC 3.4.11.9) (Aminoacylproline aminopeptidase) (Aminopepti-
BW25113 2908 pepP AMPP_ECOLI pep da(se PID ¢ APP)_%) (X-Proyaﬁnnopep - dasg ptidase) ( pep 2.35 5.06E-03
BW25113 2909 ygfB  YGFB ECOLI UPF0149 protein YgfB -9.46 6.57E-32

Table 38: Significantly differentially expressed genes in transcriptome of E. coli BW25113AygfB vs. BW25113 with flagella genes upregulated by fIADC mutation
excluded. Data analysis as described in the methods. # = 3. Genes with an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

BW25113 ID Gene K12 UniProt Protein names log: fold change Adjusted p
name  Entry Name value
BW25113 2909 ygfB  YGFB ECOLI UPFO0149 protein YgfB -9.45 4.06E-31
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9.2.5. Differentially expressed genes in BW25113 +CIP vs. BW25113

Table 39: Significantly differentially expressed genes in transcriptome of E. coli BW25113 +CIP vs. BW25113. Data analysis as described in the methods. n = 3. Genes
with an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

91¢

BW25113 ID I?ae;llz K12 UniProt Entry Name K12 Protein names log: fold change Adjusted p value
BW25113 0060 polB DPO2 ECOLI DNA polymerase 11 (Pol II) 3.454 6.82E-14
BW25113 0231 dinB DPO4 ECOLI DNA polymerase IV (Pol IV) (Translesion synthesis poly- 4263 8 18E-62

- - merase IV) (TSL polymerase V)
BW25113 0621 dcuC DCUC ECOLI Anaerobic C4-dicarboxylate transporter DcuC 3.935 8.61E-12
BW25113 0946 zapC ZAPC ECOLI Cell division prot.em ZapC.(FtsZ-asso.mated protein C) (Z- 4199 430E-05
- — ring-associated protein C)
BW25113 0958 sulA SULA ECOLI Cell division inhibitor SulA 5.173 9.11E-124
BW25113 1061 dinl DINI ECOLI DNA damage-inducible protein I 5.553 1.45E-89
BW25113 1140 intE INTE ECOLI Prophage integrase IntE (Int(Lambda).) (Prophage el4 in- 5333 5 76F-08
- - tegrase) (Prophage lambda integrase)
BW25113 1141 visE VXIS ECOLI Prophage excisionase-like pr'oteln (Excisionase-like protein 7484 1 13E-44
- - from lambdoid prophage 14)
BW25113 1143 ymfl YMFI ECOLI Uncharacterized protein Ymfl 6.076 4.97E-190
BW25113 1144 ymfJ YMFJ ECOLI Uncharacterized protein YmfJ 9.362 1.20E-208
BW25113 1146 croF CROE ECOLI Prophage transcriptional regqlatpry protein (Putative !amb- 7700 9 18E-49
- - doid prophage el4 transcriptional regulatory protein)
BW25113 1147 ymfL YMFL ECOLI Uncharacterized protein YmfL 8.403 2.03E-136
BW25113 1148 ymfM YMFM ECOLI Uncharacterized protein YmfM 8.863 2.54E-51
BW25113 1150 ymfR YMFR ECOLI Uncharacterized protein YmfR 7.967 3.10E-16
BW25113 1151 beeE BEEE ECOLI Protein BeeE 8.058 6.04E-42
BW25113 1152 javE JAYE ECOLI Putative protein JayE (Putative prote}n JayE from lambdoid 3195 | 46E-37
- - prophage e14 region)
Uncharacterized protein YmfQ (Uncharacterized protein
BW25113 1153 ymfQ YMFQ ECOLI YmfQ in lambdoid prophage e14 region) 7.677 2.83E-18
BW25113 1154 stfP STFP_ECOLI Uncharacterized protein ‘StfP (Uncharacterlzgd protein StfP 7 641 5 33F-06
from lambdoid prophage ¢14 region)
BW25113 1155 tfaP YMFS ECOLI Uncharacterized protein YmfS 5977 3.13E-08
Prophage tail fiber assembly protein homolog TfaE (Tail fi-
BW25113 1156 tfaE TFAE_ECOLI ber assembly protein homolog from lambdoid prophage 5.674 5.50E-12

eld)
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BW25113 ID I(l;ae;z K12 UniProt Entry Name K12 Protein names log: fold change Adjusted p value
BW25113_1157 StfE STFE_ECOLI Putative uncharacterized protein Sth (Side tail fiber protein 8277 2 10E-05
homolog from lambdoid prophage e14)
BW25113 1166 ariR ARIR ECOLI Probable two-component-system connector protein AriR 5.393 3.99E-12
BW25113 1183 umuD UMUD ECOLI Protein UmuD (DNA polymerase V) (Pol V) 4.926 1.82E-10
BW25113 1184 umuC UMUC ECOLI Protein UmuC (DNA polymerase V) (Pol V) 3.675 2.75E-08
BW25113 1285 amr PDER ECOLI Cyclic di-GMP phosphodiesterase PdeR -3.358 1.45E-06
BW25113_1497 ydeM YDEM_ECOLI Anaerobic sulfatase-maturating enzyme homolog YdeM 3.909 1.91E-03
(AnSME homolog)
BW25113 1498 ydeN YDEN ECOLI Uncharacterized sulfatase YdeN 3.158 1.80E-04
BW25113 1511 IsrK LSRK ECOLI Autoinducer-2 kinase (AI-2 kinase) -2.914 6.06E-03
Autoinducer 2 import ATP-binding protein LsrA (AI-2 im-
BW25113 1513 Isrd LSRA_ECOLI oo r&TP_bin ding prftepin LsrA) ( -3.381 5.78E-05
BW25113 1514 IsrC LSRC ECOLI Autoinduc.er 2 import system permease protein LsrC (AI-2 3201 2 16E-03
- - import system permease protein LsrC)
BW25113 1521 \xaB UXAB ECOLI Altronate oxidoreductase (Tagaturonate dehydrogenase) 3341 | 46E-03
- - (Tagaturonate reductase)
BW25113 1847 yebF YEBF _ECOLI Protein YebF 3.516 4.68E-29
BW25113 1848 yebG YEBG _ECOLI Uncharacterized protein YebG 5.462 7.24E-125
BW25113 2008 yeeA YEEA ECOLI Inner membrane protein YeeA 3.595 1.33E-41
BW25113 2009 sbmC SBMC ECOLI DNA gyrase inhibitor 3.848 9.39E-38
Ribonucleoside-diphosphate reductase 1 subunit alpha (Pro-
BW25113 2234 nrdA RIR1_ECOLI tein B1) (Ribonucleoside-diphosphate reductase 1 R1 subu- 3.957 4.28E-12
nit) (Ribonucleotide reductase 1)
Ribonucleoside-diphosphate reductase 1 subunit beta (EC
BW25113 2235 nrdB RIR2 _ECOLI 1.17.4.1) (Protein B2) (Protein R2) (Ribonucleotide reduc- 2.919 2.34E-06
tase 1)
BW25113 2236 yfaE YFAE ECOLI Uncharacterized ferredoxin-like protein YfaE 3.397 1.03E-05
BW25113 2255  arnd ARNA_ECOLI Bifunctional polymyxin resistance protein ArnA (Poly- 23,184 1.89E-06
- - myxin resistance protein Pmrl)
BW25113 2567 rnc RNC ECOLI Ribonuclease 3 (Ribonuclease I1I) (RNase I1I) -2.861 7.74E-03
BW25113 2616 recN RECN ECOLI DNA repair protein RecN (Recombination protein N) 6.395 6.35E-303
BW25113 2698 recX RECX ECOLI Regulatory protein RecX (Protein OraA) 5.137 2.15E-40
BW25113 2699 recA RECA ECOLI Protein RecA (Recombinase A) 5.585 2.31E-203
BW25113 2882 xanQ XANQ ECOLI Xanthine permease XanQ -3.956 8.14E-07
BW25113_2883 gquaD GUAD_ECOLI Guanine deaminase (Guanase) (Guanine aminase) (Guanine 3775 439E-05

aminohydrolase)
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BW25113 ID I(l;ae;z K12 UniProt Entry Name K12 Protein names log: fold change Adjusted p value
BW25113 3091 uxaAd UXAA ECOLI Altronate dehydratase (D-altronate hydro-lyase) 3.820 8.48E-11
BW25113 3092 wxaC UXAC_ECOLI Uronate isomerase (Glucurog:gt isomerase) (Uronic isomer- 4072 7 14E-18
BW25113 3645 dinD DIND ECOLI DNA damage-inducible protein D 6.343 4.68E-149
BW25113 3707 tnaC LPTN ECOLI Tryptophanase operon leader peptide (TnaC) 3.724 8.14E-07
BW25113 3708 tnad TNAA ECOLI Tryptophanase (L-tryptophan indole-lyase) (TNase) 3.102 1.78E-03
BW25113 3832 rmuC RMUC ECOLI DNA recombination protein RmuC 2.963 2.07E-06
BW25113 4043 lexA LEXA ECOLI LexA repressor 3.634 7.09E-49
BW25113 4044 dinF DINF ECOLI DNA damage-inducible protein F 2.779 1.99E-07
BW25113 4464 ygfO GHXQ ECOLI Guanine/hypoxanthine permease GhxQ -3.596 9.46E-07
BW25113 4519 icdC IDH ECOLI Isocitrate dehydrogenase [NADP] (IDH) 6.756 6.79E-18
BW25113 4613 dinQ DINQ ECOLI Uncharacterized protein DinQ 2.558 6.43E-03
BW25113 4618 tisB TISB ECOLI Small toxic protein TisB (LexA-regulated protein TisB) 8.462 9.36E-224
BW25113 4692 ymfN YMFN ECOLI Protein YmfN 8.995 4.23E-36
BW25113 4693 ymfN YMFN ECOLI Protein YmfN 8.613 6.78E-113

9.2.6. Differentially expressed genes of BW25113AygfB +CIP vs. BW25113 +CIP

Table 40: Significantly differentially expressed genes in transcriptome of E. coli BW25113AygfB +CIP vs. BW25113 +CIP. Data analysis as described in the methods.
n = 3. Genes with an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially expressed.

BW25113 ID Gene K12 UniProt Protein names log: fold change Adjusted p
name  Entry Name value
BW25113 1885 tap  MCP4 ECOLI Methyl-accepting chemotaxis protein IV (MCP-IV) (Dipeptide chemoreceptor protein) 4.98 1.54E-06
BW25113 1886  tar MCP2 ECOLI Methyl-accepting chemotaxis protein II (MCP-II) (Aspartate chemoreceptor protein) 6.38 3.42E-07
BW25113 1887 cheWw CHEW ECOLI Chemotaxis protein CheW 4.47 1.67E-08
BW25113 1888 ched CHEA ECOLI Chemotaxis protein CheA (EC 2.7.13.3) 5.78 2.31E-20
BW25113 1889 motB.  MOTB_ECOLI Motility protein B (Chemotaxis protein MotB) 4.52 3.78E-10
BW25113 1890 mot4 MOTA ECOLI Motility protein A (Chemotaxis protein MotA) 5.87 1.43E-11
BW25113 1922 flid FLIA_ECOLI RNA polymerase sigma facto.r FliA (RNA polymera.se sigma factor for flagellar operon) 497 R 91E-03
(Sigma F) (Sigma-27) (Sigma-28)
BW25113 1923  fliC FLIC ECOLI Flagellin 2.96 5.46E-04
Xaa-Pro aminopeptidase (EC 3.4.11.9) (Aminoacylproline aminopeptidase) (Aminopepti-
BW25113 2908 pepP AMPP ECOLI pep da(se Pl ( API}_%) (X_Pmyagl mopeptidas 5 ptidase) ( pep 2.61 3.78E-10
BW25113 2909 ygfB  YGFB ECOLI UPF0149 protein YgfB -11.69 1.12E-17
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Table 41: Significantly differentially expressed genes in transcriptome of E. coli BW25113AygfB +CIP vs. BW25113 +CIP with flagella genes upregulated by flhDC
mutation excluded. Data analysis as described in the methods. n = 3. Genes with an adjusted p value of <0.01 and a log, fold change of >2 or <-2 were considered differentially
expressed.

BW25113 ID Gene K12 UniProt Protein names log: fold change Adjusted p
name  Entry Name value
Xaa-Pro aminopeptidase (EC 3.4.11.9) (Aminoacylproline aminopeptidase) (Aminopepti-
BW25113 2908 pepP AMPP_ECOLI dase P IT) (APP-IT) (X-Pro aminopeptidase) -2.60 1.42E-09
BW25113 2909  ygfB  YGFB ECOLI UPF0149 protein YgfB -11.68 2.37E-17

9.3. Interactomic analysis

9.3.1. Interactome of YgfB in ID40

Table 42: Interactome of YgfB in P. aeruginosa 1D40. log, fold change calculated by two-sided two-sample ¢ test with an FDR of 1%. ¢ value (multiplicity adjusted p value)
is shown as calculated in two-sided ¢ test. -logio p value is shown as volcano plots show this data. All proteins that had a ¢ value of <0.01 were classified as interactors

Gene Majority . log: fold
names protein IDs Protein names change GST- ¢ value -logio p value
YgfB vs. GST
aer QOI13F6 Methyl-accepting chemotaxis protein Aer (Aerotaxis receptor Aer) 1.77 3.24E-03 2.41
amn QI9HX46 AMP nucleosidase (EC 3,2,2.4) 2.39 1.64E-03 243
chpA Q91696 histidine kinase (EC 2,7,13,3) 4.55 0 3.47
clpA QOI0LS ATP-binding protease component ClpA 2.54 0 2.11
clpVl Q91742 AAA+ ATPase ClpV1 3.49 0 3.36
cobW Q9HZQ2 Zinc chaperone CobW (EC 3,6,5,-) 2.96 0 1.84
dctD QI9HU19 C4-dicarboxylate transport transcriptional regulatory protein DctD 1.82 5.31E-03 1.65
deaD Q91003 ATP-dependent RNA helicase DeaD (EC 3,6,4,13) (Cold-shock DEAD box protein A) 3.96 0 2.33
dnaA QI17C5 Chromosomal replication initiator protein DnaA 2.04 5.27E-03 1.16
dnaB Q9HUN3 Replicative DNA helicase (EC 3,6,4,12) 2.59 0 291
dnaE Q9HXZ1 DNA polymerase III subunit alpha (EC 2,7,7,7) 3.98 0 1.69
dnaX QI1311 DNA polymerase III subunit gamma/tau (EC 2,7,7,7) 3.69 0 3.00
eitd QOHVII Energy-dependent translational throttlefzz(t)(t)er:ilét]ti:f (EC 3,6,1,-) (Translational regulatory 298 2 88E-03 2923

fth QI9HXPS Signal recognition particle protein (EC 3,6,5,4) (Fifty-four homolog) 2.38 0 2.83
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Gene Majorit log: fold
names ro t;lein I]};s Protein names change GST- ¢ value -logio p value
P YgfB vs. GST
frul QI9HY55 phosphoenolpyruvate--protein phosphotransferase (EC 2,7,3,9) 3.31 0 2.72
fisA P47203 Cell division protein FtsA 2.86 0 2.57
QIpKI QOHY41 Glycerol kinase 1 (EC 2,7,1,30) (ATP:gly(c(gglli-phosphotransferase 1) (Glycerokinase 1) 3.06 0 229
gor P23189 Glutathione reductase (GR) (GRase) (EC 1,8,1,7) 2.10 2.57E-03 2.17
gyrB Qo17C2 DNA gyrase subunit B (EC 5,6,2,2) 3.91 0 2.70
heml P4R24T Glutamate-1-semialdehyde 2,1-am1pomutase (GSA) (EC 5,4,3,8) (Glutamate-1-semialdehyde 285 0 1.63
aminotransferase) (GSA-AT)
hflD QII0L1 High frequency lysogenization protein HfID homolog 4.99 0 3.61
hisC2 QOHZ68 Histidinol-phosphate aminotransferase 2 (F;l(;si,g,) 1,9) (Imidazole acetol-phosphate transami- 355 0 236
hom P29365 Homoserine dehydrogenase (HDH) (EC 1,1,1,3) 3.38 0 2.14
ibpA Q9HZ98 Heat-shock protein IbpA 4.42 0 3.34
lepA QI15G8 Elongation factor 4 (EF-4) (EC 3,6,5,n1) (Ribosomal back-translocase LepA) 4.81 0 2.99
® Al(l)g03) Q9I2T9 Lon protease (EC 3,4,21,53) (ATP-dependent protease La) 1.84 9.14E-03 1.36
(lg’go‘;s;% QII5F9 Lon protease (EC 3,4,21,53) (ATP-dependent protease La) 1.88 7.20E-03 1.35
IptB Q9HVV6 Lipopolysaccharide export system ATP-binding protein LptB 341 0 2.10
iptD QII502 LPS-assembly protein LptD 1.95 2.43E-03 2.21
IpxB QI9HXYS Lipid-A-disaccharide synthase (EC 2,4,1,182) 2.72 0 2.75
Irp QI9HTP6 Leucine-responsive regulatory protein 3.48 0 2.89
mexT Q91070 Transcriptional regulator MexT 2.00 3.36E-03 1.60
mfd Q9HZK3 Transcription-repair-coupling factor (TRCF) (EC 3,6,4,-) 2.19 3.86E-03 1.05
. tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase (EC 2,8,4,3) ((Dimethylallyl)aden-
miaB Q31470 osine tRNA methylthiotransferase MiaB) (tRNA-i(6)A37 methylthiotransferase) 314 0 4.08
mreB QI9HVUO Cell shape-determining protein MreB 4.32 0 2.51
UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol
murG Q9HWO1 N-acetylglucosamine transferase (EC 2,4,1,227) (Undecaprenyl-PP-MurNAc-pentapeptide- 3.30 0 2.50
UDPGIcNAc GlcNAc transferase)
mutL Q9HULS DNA mismatch repair protein MutL 4.93 0 2.56
nirQ Q51481 Denitrification regulatory protein NirQ 4.84 0 2.73
PA0399 QII6AI Cystathionine beta-synthase 2.16 3.40E-03 1.33
PA0429 Q91688 Nucleotide-diphospho-sugar transferase 2.05 2.48E-03 2.09
PA0495 Q91623 Carboxyltransferase domain-containing protein 1.84 9.00E-03 1.37
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Gene Majority . log: fold
names protein IDs Protein names change GST- ¢ value -logio p value
YgfB vs. GST
PA0853 Q91588 Probable oxidoreductase 3.97 0 3.78
PA1339 Q91405 Amino acid ABC transporter ATP binding protein 1.77 5.36E-03 1.83
PA1458 G3XCT6 Chemotaxis protein CheA (EC 2,7,13.,3) 2.27 3.93E-03 1.05
PA1807 Q91217 Probable ATP-binding component of ABC transporter 2.38 2.99E-03 2.37
PA1964 QI12E0 Probable ATP-binding component of ABC transporter 3.60 0 2.27
PA2462 QO1120 Filamentous haemagglutinin FhaB/tRNA nuclease CdiA-like TPS domain-containing protein 2.30 0 2.95
PA2537 Qo10U7 Probable acyltransferase 2.23 2.91E-03 2.79
PA2567 QOI0R8 Cyclic di-GMP phosphodiesterase PA2567 (c-di-GMP PDE) (EC 3,1,4,52) 2.72 0 1.88
PA2707 Q910D5 AAA+ ATPase domain-containing protein 3.92 0 3.37
PA2725 Q910B7 Probable chaperone 2.68 0 2.84
PA2812 Q91031 Probable ATP-binding component of ABC transporter 2.48 2.78E-03 1.66
PA3024 QY9HZI2 Probable carbohydrate kinase 1.91 2.34E-03 2.20
PA3026 Q9HZIO FAD-binding PCMH-type domain-containing protein 9.61 0 5.21
PA3271 Q9HY X0 histidine kinase (EC 2,7,13,3) 1.95 3.46E-03 1.88
PA3285 QI9HY VS Probable sigma-70 factor, ECF subfamily 5.02 0 4.61
PA3297 QI9HYU6 Probable ATP-dependent helicase 3.14 0 1.94
PA3349 QI9HYP7 Probable chemotaxis protein 4.70 0 1.55
PA3481 QI9HYCS Iron-sulfur cluster carrier protein 2.73 2.59E-03 1.15
PA3728 Q9HXR4 AAA family ATPase 1.81 3.97E-03 1.99
PA3822 QO9HXIO0 Sec translocon accessory complex subunit YajC 1.85 4.00E-03 1.87
PA3849 QI9HXF7 Nucleoid-associated protein PA3849 2.58 0 248
PA4465 Q9HVV3 Nucleotide-binding protein PA4465 2.29 2.51E-03 1.56
PA4604 QI9HVI5 CobW C-terminal domain-containing protein 1.86 6.23E-03 1.39
PA4686 Q9HVA9 Chromosome partitioning protein ParA 4.58 0 3.45
PA4722 QI9HV76 Aminotransferase (EC 2,6,1,-) 2.45 0 2.51
PA4843 Q9HUW7 Probable two-component response regulator 3.77 0 3.12
PA4928 QI9HUNG6 UPF0313 protein PA4928 5.58 0 3.99
PA4974 Q9HUIJ1 Probable outer membrane protein 1.76 3.83E-03 1.97
PA5027 Q9HUE2 UspA domain-containing protein 2.02 3.19E-03 1.46
PA5028 Q9HUEI1 AAA domain-containing protein 2.00 5.40E-03 1.26
PA5196 Q9HTZ3 Putative ATP-dependent zinc protease domain-containing protein 2.82 0 3.03
PA5225 Q9HTWS5 UPF0149 protein PA5225 7.13 0 3.93
PAS5252 QO9HTU2 Probable ATP-binding component of ABC transporter 2.90 0 2.22
PA5376 QOHTI8 Probable ATP-binding component of ABC transporter 3.29 0 2.02
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Gene Majority . log: fold
names protein IDs Protein names change GST- ¢ value -logio p value
YgfB vs. GST
PA5438 QI9HTCS Probable transcriptional regulator 3.15 0 2.88
parE Q9HUJS DNA topoisomerase 4 subunit B (EC 5,6,2,2) (Topoisomerase IV subunit B) 3.65 0 4.00
phhC P43336 Aromatic-amino-acid aminotransferase (EC 2,6,1,57) 3.09 0 1.90
pilB P22608 Type IV pilus assembly ATPase PilB 2.21 2.54E-03 1.77
pilYl Q9HVMS Type IV pilus biogenesis factor PilY1 (Pilus-associated adhesin PilY 1) 2.75 0 2.46
plsB QI9HXW7 Glycerol-3-phosphate acyltransferase (GPAT) (EC 2,3,1,15) 3.46 0 2.01
ppk PODP44 Polyphosphate kinase (EC 2,7,4,1) (ATP-pglyphosphate phosphotransferase) (Polyphosphoric 435 0 216
acid kinase)
Exopolyphosphatase (ExopolyPase) (EC 3,6,1,11) (Polyphosphate: ADP phosphotransferase
ppx QIZNT0 POVPIER ( (Po%ylzl:ADP) I()hosphotrans)férasey)p(Esz,7,4,l) o ) 1.95 2.46E-03 2.21
pqsC Q914X1 2-heptyl-4(1H)-quinolone synthase subunit PqsC (EC 2,3,1,230) 2.83 0 2.28
pasD P20582 Anthraniloyl-CoA anthraniloyltransferase (EC 2,3,1,262) (2-heptyl-4(1H)-quinolone synthase 204 321E-03 143
PgsD) (PgsD)
psiB QOIIN7 mannose-1-phosphate guanylyltransferase (EC 2,7,7,13) 6.29 0 2.75
psiH QIIINI1 PsIH 3.93 0 3.60
xS G3XD97 HTH-type transcriptional regulator PtxS 2.59 0 2.23
pyrH 082852 Uridylate kinase (UK) (EC 2,7,4,22) (Uridine monophosphate kinase) (UMP kinase) (UMPK) 2.53 3.27E-03 0.93
radA P96963 DNA repair protein RadA (EC 3,6,4,-) (Branch migration protein RadA) 4.73 0 2.85
rapA QI9HYT6 RNA polymerase-associated protein RapA (EC 3,6,4,-) (ATP-dependent helicase HepA) 4.54 0 2.76
rdgC QI9HYX7 Recombination-associated protein RdgC 2.77 0 2.46
recA P08280 Protein RecA (Recombinase A) 2.46 0 2.78
recG Q9HTL3 ATP-dependent DNA helicase RecG (EC 3,6,4,12) 2.27 2.62E-03 1.88
reld Q91524 GTP pyrophosphokinase 4.56 0 5.08
rhiB Q9HXES ATP-dependent RNA helicase RhIB (EC 3,6,4,13) 2.80 2.68E-03 1.20
rho QI9HTVI Transcription termination factor Rho (EC 3,6,4,-) (ATP-dependent helicase Rho) 1.75 3.33E-03 2.64
vibH QIHWX5 6,7-dimethyl-8-ribityllumazine synthase gDsl\/lIlilg)synthase) (LS) (Lumazine synthase) (EC 1.92 3 43E-03 1.92
rne Q9HZMS Ribonuclease E (RNase E) (EC 3,1,26,12) 1.98 2.41E-03 1.97
rph P50597 Ribonuclease PH (RNase PH) (EC 2,7,7,56) (tRNA nucleotidyltransferase) 3.14 0 2.67
rplS Q9HXQ2 Large ribosomal subunit protein bL.19 (508 ribosomal protein L19) 1.81 2.36E-03 2.74
rpoC QIHWC9 DNA-directed RNA polymerase sul?unit t?eta’ (RNAP subunit be.ta‘) (E'C 2,7,7,6) (RNA poly- 358 0 274
merase subunit beta') (Transcriptase subunit beta")

rpoN P49988 RNA polymerase sigma-54 factor 2.29 2.29E-03 1.25
rpsB 082850 Small ribosomal subunit protein uS2 (30S ribosomal protein S2) 2.00 2.84E-03 3.97
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Gene Majority . log: fold
names protein IDs Protein names change GST- ¢ value -logio p value
YgfB vs. GST
rpsE Q9HWF2 Small ribosomal subunit protein uS5 (30S ribosomal protein S5) 4.32 0 5.38
selB Q9HV02 Selenocysteine-specific elongation factor 2.40 2.81E-03 1.85
Polyamine aminopropyltransferase 1 (Putrescine aminopropyltransferase 1) (PAPT 1) (Sper-
spekl QOX6RO ! pmi]?i}i]ne synthase 1)((SPDS 1) (SPDS$ 11))}(]EC 2,5,1,16) ) )P 361 0 159
spuB Q916J3 Probable glutamine synthetase 4.23 0 2.78
srkA Q91632 Stress response kinase A (EC 2,7,11,1) (Serine/threonine-protein kinase SrkA) 3.39 0 2.50
trkA Q917B0 Trk system potassium uptake protein TrkA 3.26 0 2.48
tRNA-cytidine(32) 2-sulfurtransferase (EC 2,8,1,-) (Two-thiocytidine biosynthesis protein A
tied QII4E6 ! G2 (tRNA 2—thiocyti(dine biosyl)lt(hesis protei};l TtcA) ! b : 2.26 2.74E-03 2.05
ubiB Q9HUBS Probable protein kinase UbiB (EC 2,7,-,-) (Ubiquinone biosynthesis protein UbiB) 2.86 0 2.17
uup Q9HZI7 ATP-binding protein Uup (EC 3,6,1,-) 491 0 2.80
uvrd Q9HWGO UvrABC system protein A (UvrA protein) (Excinuclease ABC subunit A) 2.51 2.71E-03 1.53
uvrB P72174 UvrABC system protein B (Protein UvrB) (Excinuclease ABC subunit B) 3.53 0 2.33
waaC Q9HUF5 Heptosyltransferase | 8.95 0 4.73
waaG QI9HUF6 UDP-glucose:(Heptosyl) LPS alpha 1,3-glucosyltransferase WaaG 9.78 0 3.76
xpt QI9HTQ6 Xanthine phosphoribosyltransferase (XPRTase) (EC 2,4,2,22) 344 0 3.25
9.3.2. Interactome of YgfB in BW25113

Table 43: Interactome of YgfB in E. coli BW25113. log; fold change calculated by two-sided two-sample ¢ test with an FDR of 1%. ¢ value (multiplicity adjusted p value) is
shown as calculated in two-sided ¢ test. -logio p value is shown as volcano plots show this data. All proteins that had a ¢ value of <0.01 in the comparison of both “GST-YgfB
+ Lysate vs. GST + Lysate” and” GST-YgfB + Lysate vs. GST-YgfB + Mock” were classified as interactors

Gene Majority log: fold change
names protein Protein names GST-YgfB + Lysate ¢ value -logio p value
IDs vs. GST + Lysate
amiA P36548 N-acetylmuramoyl-L-alanine amidase AmiA 2.45 1.46E-03 2.04
bipA PODTTO Large ribosomal subunit assembly factor BipA 2.66 0 2.57
ettA POA9W3 Energy-dependent translational throttle protein EttA 2.15 2.39E-03 2.13
fadl P76503 3-ketoacyl-CoA thiolase 6.81 0 4.50
fadJ P77399 Fatty acid oxidation corpplex su.bunit alpha;Enoyl-CoA hydratase/3-hydroxybutyryl-CoA 6.64 0 3.06
epimerase;3-hydroxyacyl-CoA dehydrogenase
gadE P63204 Transcriptional regulator GadE 3.63 0 3.65
gadX P37639 HTH-type transcriptional regulator GadX 4.62 0 3.40
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Gene Majority log: fold change
names protein Protein names GST-YgfB + Lysate ¢ value -logio p value
1Ds vs. GST + Lysate
gatY POC8J6 D-tagatose-1,6-bisphosphate aldolase subunit GatY 4.47 0 4.47
alpC P0A996 Anaerobic glycerol-3-phosphate dehydrogenase subunit C 6.63 0 3.97
alyQ P00960 Glycine--tRNA ligase alpha subunit 3.30 0 1.57
hemG POACB4 Protoporphyrinogen IX dehydrogenase [menaquinone] 4.90 0 2.61
hemlL P23893 Glutamate-1-semialdehyde 2,1-aminomutase 1.87 3.31E-03 2.94
hflID P25746 High frequency lysogenization protein HfID 5.34 0 4.04
hsdS P05719 Type-1 restriction enzyme EcoKI specificity protein 4.10 0 3.63
htrL P25666 Protein HtrLL 5.26 0 4.84
ibpA P0CO054 Small heat shock protein IbpA 3.49 0 4.97
lon POAIMO Lon protease 10.94 0 4.03
IpxB P10441 Lipid-A-disaccharide synthase 6.02 0 6.81
minD POAEZ3 Septum site-determining protein MinD 2.87 0 1.94
narG P09152 Respiratory nitrate reductase 1 alpha chain 2.19 2.42E-03 2.09
pfiB P09373 Formate acetyltransferase 1 3.16 0 2.73
pssA P23830 CDP-diacylglycerol--serine O-phosphatidyltransferase 11.32 0 5.34
rfaB P27127 Lipopolysaccharide 1,6-galactosyltransferase 4.81 0 2.80
rfaC P24173 Lipopolysaccharide heptosyltransferase 1 2.99 0 2.80
rfaY P27240 Lipopolysaccharide core heptose(Il) kinase RfaY 4.61 0 2.97
rplF POAGS5 508 ribosomal protein L6 2.29 3.37E-03 1.52
rplK POA7)7 508 ribosomal protein L11 3.05 1.41E-03 1.14
rplX P60624 508 ribosomal protein .24 2.06 3.34E-03 2.01
rpoB POASV2 DNA-directed RNA polymerase subunit beta 2.18 2.37E-03 2.01
rpoC POAST7 DNA-directed RNA polymerase subunit beta 10.31 0 4.83
rsxC P77611 Electron transport complex subunit RsxC 8.21 0 6.71
secA P10408 Protein translocase subunit SecA 3.21 0 2.88
ubiB POAG6AQ Probable protein kinase UbiB 2.35 1.55E-03 2.85
usg P08390 USG-1 protein 3.26 0 2.76
waalU P27242 Lipopolysaccharide 1,2-N-acetylglucosaminetransferase 5.93 0 3.69
wbbK P37751 Putative glycosyltransferase WbbK 2.85 0 2.36
wecF P56258 TDP-N-acetylfucosamine:lipid II N-acetylfucosaminyltransferase 5.06 0 3.27
ybjX P75829 Uncharacterized protein YbjX 7.48 0 5.15
yeeX POASMO6 UPF0265 protein YeeX 7.87 0 4.22
yheO P64624 Uncharacterized protein YheO 6.56 0 341
yijO P32677 Uncharacterized HTH-type transcriptional regulator YijO 6.26 0 6.88
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