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Zusammenfassung

Zusammenfassung

Die Inhalte dieser Zusammenfassung wurden im Manuskript ,Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues® verwendet und als Preprintartikel auf “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649) veroffentlicht. Das Manuskript
wurde anschlieRend in PLOS Biology publiziert: ,Binsfeld C, et al. (2025)
Systematic screen uncovers regulator contributions to chemical cues in
Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260“. Diese Zusammenfassung habe ich selbst geschrieben,

betreut von Prof. Dr. Ana Rita Brochado.

In gramnegativen Bakterien erfolgen Import und Export vielfaltiger Molekdle,
inklusive Antibiotika, Uber Porine und Effluxpumpen. Aufgrund ihrer Bedeutung
fur die Regulation der Permeabilitat von aufierer und innerer Membran sind
diese Transportmaschinerien auf transkriptioneller und post-transkriptioneller
Ebene stark reguliert. Allerdings ist Uber den Einfluss externer chemischer
Stimuli auf die Regulation des Transports bisher nur wenig bekannt. In diesem
Projekt haben wir daher den Einfluss von 94 definierten chemischen Reizen auf
die transkriptionelle Regulation dreier bekannter Transportergene in Escherichia
coli untersucht und gleichzeitig die Beitrage der Transkriptionsfaktoren MarA,
SoxS und Rob zur Promotoraktivitat quantifiziert. Dabei |0ste ein Drittel aller
getesteten Chemikalien transkriptionelle Veranderungen aus, wobei die meisten
dieser Interaktionen bisher unbekannt waren. Auf diese Weise konnten wir
herausfinden, dass bakteriostatische, aber nicht bakteriozide Antibiotika die
Expression von Effluxpumpen auslésen. Zudem tragt der Transkriptionsfaktor
Rob zu etwa einem Drittel aller gemessenen transkriptionellen Veranderungen
bei und erweist sich somit als deutlich wichtigerer Regulator des Transports als
bisher angenommen. Das Potential unseres Datensatzes wird dadurch
verdeutlicht, dass wir den molekularen Mechanismus von Antibiotika-
Antagonismen mit dem weit verbreiteten Molekll Koffein in E. coli aufklaren
konnten. Zusammenfassend bietet unsere Arbeit einen quantitativen Uberblick
daruber, wie verschiedene Transkriptionsfaktoren die transkriptionelle Reaktion

wichtiger Transportmaschinerien auf chemische Umweltreize umsetzen.



Summary

Summary

The contents of this summary have been used in the manuscript “Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues” and shared as a preprint version on “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649).

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260“. This abstract was written by me under supervision from Prof.
Dr. Ana Rita Brochado.

In Gram-negative bacteria, the uptake and export of a wide range of molecules,
including antibiotics, is facilitated by porins and efflux pumps. Because of their
role in regulating the permeability of the outer and inner membrane to small
molecules, these transport machineries are tightly regulated at the
transcriptional and post-transcriptional levels. However, regulation of transport
by external chemical cues remains poorly understood. Here we investigated
transcriptional regulation of three prominent transporter genes in Escherichia
coli across 94 defined chemical cues, and simultaneously mapped the
contributions of the key regulators MarA, SoxS and Rob to promoter activity.
One third of all tested compounds triggered transcriptional changes, the
majority of which were previously unknown. Importantly, we exposed main
drivers of transport control in E. coli, e.g. bacteriostatic but not bactericidal
antibiotics trigger the expression of efflux pumps, and Rob contributes to ~1/3 of
all measured transcriptional changes, thereby emerging as a more prominent
regulator of transport than previously thought. We showcase the potential of our
resource by elucidating the molecular mechanism of antibiotic antagonisms with
widely consumed caffeine in E. coli. Altogether, our analysis provides a
quantitative overview of how different regulators orchestrate the transcriptional

response of major transport determinants to environmental chemical cues.
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Introduction

Antimicrobial Resistance, Tolerance and Related Survival Mechanisms

The discovery of synthetic and natural antibiotics a century ago has
revolutionized treatment and management of bacterial infections and allowed to
rescue countless lives. However, this breakthrough was rapidly followed by the
discovery and spread of antimicrobial resistance (AMR) (Hutchings et al., 2019).
In the following decades this led to an arms race between development of novel
antibacterial compounds and emergence and spread of respective resistance
mechanisms (Hutchings et al., 2019). Development of new antibiotics slowed

down towards the beginning of the 21°

century as profitability for
pharmaceutical companies became uncertain due to the short windows of
usability caused by antimicrobial resistance (Piddock et al., 2024). Ultimately,
this led to the current situation where widespread resistance against almost all
clinically used antibiotics culminates in close to untreatable infections by pan-
resistant bacteria (Karakonstantis et al., 2019). Taken together, spread of
antimicrobial resistance and lack of novel antimicrobial compounds continue to
pose a major threat to public health, with millions of deaths per year being
directly or indirectly attributable to AMR and predictions forecasting up to 10
million deaths annually by 2050 (Murray et al., 2022; Naghavi et al., 2024).
Amongst the most troublesome species in terms of AMR are many Gram-
negative species, such as Pseudomonas aeruginosa, Klebsiella pneumoniae,
and Acinetobacter baumanii, but also Escherichia coli, perhaps one of the best
studied model organisms in the world (Murray et al.,, 2022; Naghavi et al.,
2024).

Antimicrobial resistance mechanisms vary in the degree of protection they offer
against a given drug and can be broadly classified into two categories — intrinsic
and acquired resistance mechanisms (Darby et al., 2023). The latter are usually
acquired by uptake of mobile genetic elements, like plasmids, bacteriophages
or transposons harbouring the respective antimicrobial resistance gene,
allowing transfer of resistance determinants and spread of AMR even between

unrelated bacterial
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Figure 1: Schematic of cell viability dynamics during antibiotic treatment of resistant,
tolerant and persister cells. Resistant cells (red) are able to continue growth during antibiotic
treatment, while susceptible cells (dashed, grey) are decimated. Tolerant cells (blue) ultimately
are decimated too, but at a slower pace than susceptible cells. Persister cells (green) make up
a small fraction within a susceptible population that can emerge as highly tolerant. Only
resistant bacteria feature increased minimum inhibitory concentration (MIC).

species (Von Wintersdorff et al., 2016). Common types of resistance
mechanisms found on such mobile elements include genes encoding
alternative, non-susceptible targets or enzymes that modify and inactivate the
respective antibiotic, such as beta-lactamases or acetyltransferases (Darby et
al., 2023). Alternatively, de novo mutations in genes of antibiotic targets or
metabolic pathways may cause resistance due to reduced binding affinity
towards the antibiotic. For example, ribosomal genes or topoisomerase
enzymes, which are targeted by protein synthesis inhibitors and quinolones
respectively, can acquire mutations that retain enzymatic activity but prevent
antibiotic action, hence causing resistance to these drugs (Darby et al., 2023).
In contrast, intrinsic resistance is genetically encoded in the bacterial genome,
without the need to mutate de novo. These mechanisms often aim to decrease
intracellular drug concentrations, for example, by induction of efflux pumps, or

hampering antibiotic efficacy by altering central metabolic pathways.
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Alongside antimicrobial resistance, there is the phenomenon of antimicrobial
tolerance, which is characterized by alterations in the dynamics of killing rather
than changes in minimal inhibitory concentration (MIC). Therefore, tolerant
bacteria are able to withstand antibiotic treatment for extended time periods
before being eradicated (Brauner et al., 2016; Helaine et al., 2024). This is often
caused by alterations in growth rate and metabolism, reducing the efficacy of
antibiotics and buying time for the bacteria to survive exposure. Persistence is a
special type of tolerance where a small fraction of a susceptible isogenic
bacterial population is metabolically dormant and hence highly tolerant to most
antibiotics, which only act on growing bacteria (Figure 1: Schematic of cell
viability dynamics during antibiotic treatment of resistant, tolerant and persister
cells.. Once the antibiotic stress ceases, these bacteria can resume growth and
form cultures that are again susceptible to antibiotics (Brauner et al., 2016;
Fisher et al., 2017; Helaine et al., 2024). Finally, the phenomenon of bacterial
heteroresistance resembles persistence in that it only affects a subpopulation of
an otherwise susceptible culture. Here, some cells in a culture emerge as
resistant with increased MICs, however, similarly to persistent cells, this
phenotype is reversible within a few generations after antibiotic pressure
ceases. The mechanisms that lead to this phenotype are lesser understood but
one explanation is transient availability of multiple copies of genes through
tandem amplification that are then able to cause resistance (Andersson et al.,
2019).

Gram-negative Bacteria and Their Cell Envelope

While AMR is common among Gram-negative and Gram-positive species, in
general, Gram-negative species are intrinsically more resistant to antibiotics
due to unique properties of their cell wall (Figure 2: Schematic representation of
the Gram-negative cell envelope.). While Gram-positive bacteria possess a
single plasma membrane topped with a thick layer of peptidoglycan (PG),
Gram-negative bacteria feature a thinner layer of PG and an additional outer
membrane (OM). This outer membrane of the Gram-negative cell envelope acts
as a further permeability barrier and greatly restricts access of antibiotics into
the cell (Cox and Wright, 2013; Darby et al., 2023). Therefore, many antibiotics

5
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that are available to be used against Gram-positive pathogens do not work
against Gram-negative bacteria, despite conserved intracellular targets (Cox
and Wright, 2013). The space between inner membrane (IM) and outer
membrane is termed periplasm and contains a great number of enzymes and
proteins central to the organization of the cell envelope, some of which may

prove as potential targets for future drugs.
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Figure 2: Schematic representation of the Gram-negative cell envelope. Extracellular
compounds and nutrients can cross the outer membrane (OM) directly or via porins, depending
on whether they are lipophilic or hydrophilic and on their polarity. Peptidoglycan (PG) and inner
membrane (IM) can be crossed comparatively freely. Efflux pumps situated in the inner
membrane can pick up compounds from periplasm and cytosol in order to pump them out of the
cell. Tripartite efflux machineries span the whole cell envelope and consist out of an inner
membrane efflux pump, a periplasmatic adaptor protein and an outer membrane porin.

As bacteria need to be able to consume nutrients from the environment there is
a need for uptake routes provided by outer membrane proteins. The most
prominent group of outer membrane proteins are porins, which form channels in
the outer membrane allowing small compounds, solutes and nutrients to diffuse
into the periplasm. In the Gram-negative model organism Escherichia coli the
most important, non-specific outer membrane porins (OMPs) are OmpF and
OmpC, which differ in terms of penetration rates, as well as preferred charge
and polarity of transported solutes (Masi et al., 2017). Interestingly, OmpF
serves as the preferred entry point for many classes of structurally unrelated
antibiotics like B-lactams, fluoroquinolones and tetracyclines, due to its slightly

wider channel compared to OmpC (Nikaido, 2003).
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Since these non-specific porins allow entry of harmful substances into the
periplasm, bacteria developed efflux machineries as a means to rid themselves
of harmful external substances and toxic intracellular metabolites (Li et al.,
2015a). In the case of E. coli, at least 35 such efflux pumps across six families
have been identified with widely varying substrate specificities and functions (Li
et al., 2015a; Teelucksingh et al., 2022a). Most of these machineries are
situated in the inner membrane and transport substrates from the cytoplasm
into the periplasm. However, there are also a few tripartite efflux pumps
consisting of three functional units that span the entire cell envelope (Du et al.,
2018a). The most important and best characterized efflux machinery in E. coli in
terms of intrinsic antimicrobial resistance is such a tripartite assembly named
AcrAB-TolC. Here, AcrB acts as an efflux pump anchored to the inner
membrane, where it is connected to the outer membrane channel TolC via the
periplasmatic adaptor protein AcrA (Du et al., 2018a). In this case, substrates
enter the pump from the periplasm or the interface between periplasm and inner
membrane (Elkins and Nikaido, 2002; Husain and Nikaido, 2010). The export is
then driven by proton-motif force, as is the case for many other efflux pumps
(Du et al., 2018a). Due to their non-specific nature, efflux pumps contribute
substantially to antibiotic sensitivity of bacteria, with notable examples like
Pseudomonas aeruginosa being able to efficiently export the most commonly
used antibiotics, limiting treatment options in such species with capable efflux

machineries (Li et al., 2015a).

On top of porins and efflux machineries, the lipopolysaccharide (LPS)
composition on the exterior of the outer membrane plays a crucial role in
regulating membrane permeability. These sugar moieties, which are anchored
to the outer membrane, affect the charge of the membrane towards the exterior.
Differences in outer membrane charge broadly affect penetration rates of
charged antibiotics. Therefore, mutations in genes associated to LPS
production, maintenance and reorganization are frequently found in clinical
isolates (Delcour, 2009; Maher and Hassan, 2023).
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Regulation of Transport and its Role in Antimicrobial Resistance

Clinical isolates of resistant pathogenic bacteria often feature mutations in
genes associated to membrane permeability, usually leading to a relatively
modest increase in MICs. However, many of these mutations can accumulate
and together cause high-level resistance (Fernandez and Hancock, 2012). As
many of these mutations affect expression of non-specific uptake or exit routes
(e.g. OmpF or AcrAB-TolC, respectively), this consequently causes a broad
resistance phenotype to any drug using the same path. In pathogenic isolates of
E. coli, the previously mentioned porin OmpF is frequently found to be deleted
or mutated in a way that alters its substrate specificity, which greatly restricts
entry of substrate antibiotics (Nikaido, 2003; Delcour, 2009; Maher and Hassan,
2023). Likewise, efflux machineries like AcrAB-TolC are frequently found to be
overexpressed in clinical isolates, resulting in increased efflux of wide ranges of
antibiotics. The deregulation of efflux pumps is often achieved by deletion of
repressors (e.g. AcrR) and overexpression or activation of transcription factors

able to increase expression (Li et al., 2015a; Maher and Hassan, 2023).

Indeed, the expression of porins and efflux pumps is subject to complex
regulation to enable adaptation to a multitude of environmental stresses.
Expression of the two major porins OmpF and OmpC is controlled to a large
extent by the EnvZ/OmpR two-component system (Mizuno and Mizushima,
1990). Usually such two-component systems consist of a sensor and a
transcriptional regulator, whose activity is affected by the sensor protein. EnvZ
serves as sensor at the inner membrane where it interacts with the
environment. Here, it is able to sense external cues like alterations in pH,
osmolarity and nutrient limitation, which then affect transcription of ompF and
ompC in an EnvZ/OmpR-dependent manner (Vergalli et al., 2020). As a sensor
histidine kinase, EnvZ is able to phosphorylate and activate OmpR (OmpR~P),
which leads to repression of ompF and induction of ompC expression (Mizuno
and Mizushima, 1990). In nutrient limiting environments (low osmolarity) such
as laboratory experiments in standard media, OmpF is therefore the most
common porin, while OmpC is the predominant porin in nutrient rich
environments such as the gut of humans and animals (Yoshida et al., 2006). On
top of that, the prominent two component system CpxAR is involved in the

8
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transcriptional regulation of both ompF and ompC, further increasing the
capacity to integrate environmental cues (Batchelor et al., 2005). The CpxAR
system broadly controls and regulates membrane integrity, with porin
composition of the membrane being a key determinant. Similar to EnvZ, CpxA
can sense changes in medium pH and osmolarity, but also damaged LPS and
misfolded proteins (Mitchell and Silhavy, 2019). The interplay between both
two-component systems is further strengthened by the inner membrane protein
MzrA, which interacts with EnvZ to stabilize OmpR~P upon CpxAR activation
(Gerken et al., 2009).

On a posttranscriptional level, translation of ompF and ompC is regulated by
small RNAs such as MicF and MicC (Mizuno et al., 1984; Chen et al., 2004).
These small RNAs bind to the 5’ untranslated region (5’-UTR) of the ompF and
ompC mRNA, respectively, and prevent their translation by masking the
ribosome binding site (RBS). Additionally, stability of porin mRNAs is reduced
upon micF or micC binding, further limiting translation (Andersen et al., 1989;
Andersen and Delihas, 1990; Chen et al., 2004). Expression of micF is
positively controlled by OmpR, amongst others, further strengthening the
importance of the EnvZ-OmpR system for regulation of ompF (Coyer et al.,
1990). Furthermore, both porins are target of inhibition by the small RNA RybB,
which is expressed during stationary phase, causing porin levels to drop in

response to nutrient starvation (Gogol et al., 2011).

Transcriptional regulation of the well characterized efflux pump AcrAB-TolC
shows similar levels of complexity. The acrAB operon is controlled by the
divergently transcribed repressor AcrR, which binds to the acrAB promoter
region and negatively regulates transcription (Ma et al., 1996). Binding of
compounds such as the dyes rhodamine 6G, proflavine or ethidium bromide
cause conformational changes in AcrR leading to dissociation and consequently
derepression of the acrAB promoter (Su et al., 2007). As is the case with porins,
two-component systems are also involved in the transcriptional regulation of
acrAB. Expression of acrAB, tolC and several other efflux pumps is increased
by the EvgAS system in response to mild acidic stress and high concentrations

of alkali metals (Eguchi et al., 2003; Eguchi and Utsumi, 2014). In this case,
9
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induction of ftolC by the EvgAS system is indirect, as EvgS induces a small
protein called SafA, which in turn activates the PhoPQ system, leading to
increased tolC expression (Eguchi et al., 2004, 2007, 2011). The PhoQP
system is otherwise activated by low extracellular pH conditions, as well as low
M92+ concentrations in the medium, and increases expression of to/C (Eguchi et
al., 2003). Similarly to the OmpC porin discussed above, a small RNA — SdsR —
is involved in posttranscriptional repression of to/C during stationary phase
(Parker and Gottesman, 2016), and the EnvZ-OmpR system induces

expression of to/C in response to high osmolarity (Shimada et al., 2015).

Finally, expression of both the acrAB operon and to/C is controlled by a set of
three paralogous transcriptional regulators — MarA, SoxS and Rob (Martin et al.,
1999; Rosenberg et al., 2003; Zhang et al., 2008; Seo et al., 2015). These three
regulators are capable of reacting to a wide range of environmental signals,
upon which they induce a global stress response causing multiple antibiotic
resistance (Figure 3) (Chubiz, 2023). Part of the common regulon of all three
regulators are more than 30 genes, amongst others acrAB, tolC and micF,
underscoring the importance of the so-called Mar-Sox-Rob network for
regulation of transport (Nunoshiba et al., 1992a; Barbosa and Levy, 2000;
Bennik et al., 2000; Martin and Rosner, 2002).

The Mar-Sox-Rob Network and its Role in Regulation of Transport

MarA, SoxS and Rob bind to a degenerate binding sequence termed the mar-
sox-rob box, which is 19 base pairs (bp) long and can be found in various
orientations and distances in the promoter region of regulated genes (Martin et
al., 1999). This degenerate sequence allows all three regulators to control the
expression of a common set of more than 30 genes, the Mar-Sox-Rob regulon,
with important functions in drug efflux, membrane permeability, detoxification
and alternative metabolic pathways, allowing bacteria to adapt to a wide array
of external and internal stresses (Martin and Rosner, 2002). The Mar-Sox-Rob
network is distributed widely across the Enterobacteriaceae including related
pathogenic species such as Salmonella enterica or Klebsiella pneumoniae. In
this instance, E. coli is special in that it lacks a fourth regulator — the MarA

10
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homolog RamA — which expands the Mar-Sox-Rob network in the most related
enterobacterial species (Chubiz, 2023). RamA is able to integrate
environmental signals such as indole or bile acids and dominantly regulates

expression of acrAB in S. enterica (Nikaido et al., 2008).

Amongst the three regulators, MarA is the best characterized one to date. It was
discovered during screenings for determinants of intrinsic antimicrobial
resistance and was found to cause multiple antibiotic resistance, hence the
name of the mar operon (Hachler et al., 1991; Cohen et al., 1993a). The
marRAB operon encodes its own repressor MarR, the transcriptional regulator
MarA and the presumably periplasmatic small protein MarB, whose function is
yet unclear. Expression of the marRAB operon is controlled primarily by its
repressor MarR and autoinduction by MarA via the mar-sox-rob box upstream
of the two MarR binding sites within the promoter region (Martin et al., 1996;
Martin and Rosner, 1995; Vinué et al., 2013). Furthermore, many other global
regulators connected to central metabolism and envelope stress, such as Fis,
Crp, CpxR and AcrR are able to fine tune expression of the marRAB operon in
response to diverse growth conditions and stresses (Martin and Rosner, 1997;
Ruiz and Levy, 2010; Lee et al., 2014). Repression of the operon by MarR is
alleviated by small phenolic compounds such as its canonical inducer salicylate,
which causes the MarR dimer to undergo conformational changes and
ultimately dissociate from its binding site (Martin and Rosner, 1995). Curiously,
some protein biosynthesis inhibitors like chloramphenicol and tetracycline
appear to induce the marRAB operon without binding to MarR. However, the
mechanism behind this induction is yet unknown (Martin and Rosner, 1995).
Additionally, MarR may act as a sensor for copper ions (Cu?*), which cause the
formation of cysteine-cysteine disulfide bonds leading to conformational
changes. Interestingly, salicylate appears to be able to release copper from
metabolic enzymes, which could further explain its ability to derepress the
marRAB operon (Hao et al.,, 2014). As mentioned before, overexpression of
marA leads to a multiple antibiotic resistance phenotype, whereas deletion of
marA causes cells to become more sensitive to a range of antibiotics (Hachler
et al., 1991; Cohen et al., 1993a). These phenotypes can be mostly attributed to
the regulation of the AcrAB-TolC efflux pump and MicF small RNA, which in turn

11
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regulates translation of OmpF porin (Cohen et al., 1988; Rosner et al., 1991,
Cohen et al., 1993b; Okusu et al., 1996; Chubiz and Rao, 2011).

Even though SoxS and MarA share an identity of almost 50%, they differ greatly
in the genes they regulate, despite the shared regulon. The preference of either
of the three regulators towards specific genes within the regulon may be
explained by the degeneracy of the mar-sox-rob box (Martin et al., 2000). SoxS
was identified as a determinant for survival during oxidative stress conditions
caused by reactive oxygen and nitrogen species or redox-cycling compounds
(Greenberg et al., 1990; Tsaneva and Weiss, 1990; Amabile-Cuevas and
Demple, 1991; Wu and Weiss, 1991; Nunoshiba et al., 1992a). Regulation of
soxS is in some ways opposite to the marRAB operon, even though it is also
based on a specific regulator named SoxR. In this case, soxR and soxS are
transcribed divergently and SoxR acts as a transcriptional activator instead as a
repressor (Nunoshiba et al., 1992a). Furthermore, the SoxR dimer needs to be
activated to function as a transcriptional activator. This is achieved by oxidation
of an iron-sulfur cluster [2Fe-2S] within each SoxR monomer, leading to a
conformational change, allowing SoxR to induce transcription of soxS (Hidalgo
and Demple, 1994). Canonical inducers of soxS expression are the redox-
cycling compound paraquat (methyl viologen) or phenazine, which ultimately
cause oxidative stress due to formation of reactive oxygen species (ROS)
(Nunoshiba et al., 1992a; Gu and Imlay, 2011). Contrary to MarA, SoxS is an
autorepressor, instead of an autoinducer, ultimately limiting its own expression
(Nunoshiba et al., 1993). Consistent with the role of SoxR in sensing oxidative
conditions, SoxS rather specifically induces expression of several genes
involved in detoxification of reactive oxygen species, such as sodA and fumcC.
(Greenberg et al., 1990; Liochev and Fridovich, 1992).

The least well characterized regulator out of the three is Rob, which was initially
identified as a DNA binding protein at the origin of replication (right origin
binding), hence its name (Skarstad et al., 1993). Later on, Rob was grouped
together with MarA and SoxS based on its sequence similarity and its capability
to induce genes related to antimicrobial resistance and oxidative stress (Ariza et
al., 1995; Jair et al., 1996). In contrast to MarA and SoxS, regulation of Rob
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appears to happen mostly at the posttranscriptional level. Rob is transcribed
constitutively at about 5000-10000 copies per cell, albeit in an inactive form due
to its unique C-terminal domain (Skarstad et al., 1993). This domain causes
Rob to form intracellular aggregates or foci, preventing DNA binding and
therefore its function as transcription factor (Azam et al., 2000). Chemically
unrelated compounds such as bile acids, decanoate or 2,2-bipyridyl are able to
activate Rob by causing dispersion of the intracellular aggregates (Griffith et al.,
2009). Currently, it is not clear how exactly this “sequestration-dispersal”
mechanism works, since purified Rob does not aggregate and is fully active,
opening up possibilities for yet undescribed factors involved in the regulation of
Rob in vivo (Rosner et al., 2002; Griffith et al., 2009). Contrary to its constitutive
expression, Rob acts as an autorepressor at its own promoter, which might
serve to limit extensive induction but allows limited expression throughout
growth (Chubiz et al., 2012).

@ Q ware m SoxR
] |

marR marA marB SOoxR L-i soxS rob

AcrA AcrB TolC MicF small RNA OmpF

Figure 3: Cross-regulation within the Mar-Sox-Rob network and transport related regulon
genes. MarA induces expression of its own operon marRAB, whereas SoxS and Rob repress
their own genes expression, respectively. MarA is able to repress expression of SoxS and Rob,
while both these regulators can induce expression of the marRAB operon. SoxS and Rob are
able to inhibit expression of each other, respectively. Some of these regulatory interactions can
be observed at physiological conditions, while others are only relevant during over-expression
of a given regulator. Figure adapted (Chubiz et al., 2012; Du et al., 2018a).
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In addition to the regulatory mechanisms of marRAB, soxRS and rob mentioned
above, all three regulators also feature a mar-sox-rob box in their respective
promoter regions, implicating cross regulation by each other (Chubiz et al.,
2012). This aspect of how the Mar-Sox-Rob network operates has only been
studied to a limited extent using a few selected canonical inducers and gene
deletions to infer how much the regulators affect each other. The marRAB
operon can be induced by both SoxS and Rob, with Rob being accountable for
up to half the basal expression of marA under physiological conditions (Chubiz
et al.,, 2012). On the contrary, rob and soxS can be repressed by both of the
other regulators, on top of their negative autoregulation. However, this
repression appears to be relevant only at elevated levels of all three regulators
and less so under physiological conditions (Chubiz et al., 2012). Finally, all
three regulators are degraded by the Lon protease, although Rob in its
sequestered form is shielded from Lon by its unique C-terminal domain (Griffith
et al., 2004, 2009). This posttranslational layer of regulation may serve to limit

activation of the stress responses in a temporal manner.

Systematic Approaches to Study Gene Function and Regulation

Gene regulation and impact on corresponding protein levels have been studied
for decades in a way that only encompassed few genes or proteins per study
due to the lack of high-throughput methodologies. In terms of nucleic acids, this
changed with the development and increased availability of sequencing
techniques, such as next generation sequencing (NGS), microarrays and RNA
sequencing, allowing to monitor the whole RNA pool (transcriptome) in a given
sample wusing transcriptomics. Likewise, improved mass spectrometry
techniques allowed surveying the entirety of proteins (proteome) or metabolites
(metabolome). Taken together, all these methodologies allow tracking
thousands of biomolecules simultaneously, hence enabling global comparative
studies between samples. Usually, the bottleneck with these techniques lies in
the amount of samples that can be processed, limiting the number of
perturbations that can be compared, due to the complex machinery and

associated cost required. Another major limitation is the lack of functional
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annotation of the many putative genes identified by sequencing, making more

systematic approaches necessary.

Development of bacterial loss-of-function (LOF) and gain-of-function (GOF)
genetic libraries made it possible to determine conditionally essential genes and
assign function to uncharacterized genes. Such libraries consist of thousands of
individual strains in which single genes are either deleted or overexpressed,
enabling characterization of the whole genome of organisms at once (Baba et
al., 2006; Kitagawa et al., 2005). LOF libraries can be produced using gene
Lambda RED

recombineering or CRISPR Cas9. GOF libraries, on the other hand, are usually

editing methods based on transposon mutagenesis,
plasmid-based and utilize either strong constitutive promoters or ones that are
inducible by e.g. IPTG or L-arabinose. Generally, genetic libraries can be used
either pooled, with thousands of individual mutant strains in the same liquid
culture, or they can be used arrayed, requiring robotics to handle the strains on

agar plates or microtiter plates (Figure 4).

Pooled library Arrayed library Arrayed library
liquid medium solid medium liquid medium
1020000000000 000000000000
000000000000 000000000000
000000QO0000 000000000000
. 000000 ©.@ (@ 000000000000
L\ 000000000000 000000000000
/@ @ OO\ O 0000000000 000000000000
GO F N 000000000000 000000000000
L 2 0000000 0O000| (000000000000

Quantification of fitness
via barcode sequencing

Quantification of fitness via
colony size or optical density

Figure 4: Schematics of high-throughput genetic phenotyping approaches. a) Differences
between pooled and arrayed screening methods. Quantifcation of mutant quantities in pooled
screening approaches is done with barcodes, which can be detected either by sequencing or
using microarrays. Arrayed screenings are performed either in liquid with optical density as
measure of growth or on agar plates using colony size and density to measure fitness.

Both approaches have their strengths and weaknesses in terms of ease of use
and experimental suitability. Use of pooled libraries does not need robotics
equipment but relies on quantification via sequencing, which is overall more
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accessible and can be scaled up well. On the other hand, pooled libraries are
biased in a way that all strains compete with each other, causing slow growing
mutants to be potentially under-represented. Conversely, some mutations that
would normally lead to growth deficits can be alleviated by secreted metabolites
within the whole population. Use of arrayed libraries comes with the immediate
downside of requiring robotics and high expenses in consumables, severely
limiting accessibility. On the positive side, arrayed libraries allow tracking growth
of every mutant strain individually, independent of all other mutant strains, and
are more suitable for genetic interaction screens or alternative readouts, e.g.

fluorescence or luminescence based reporters.

Arrayed LOF libraries made it possible to systematically generate double
mutants across the whole genome, by transferring a deletion with a second
resistance cassete to the arrayed library (Butland et al., 2008; Typas et al.,
2008). Comparison of fitness between the single deletions and the double
mutant provides information that can be used to identify genes or proteins that
belong to the same pathways or fulfill similar functions. This facilitates discovery
of new cellular machineries or missing links in known pathways and between
cellular processes and therefore allows assigning function to undescribed
genes. Furthermore, gene-gene interactions can be used to find conditionally
essential genes, again providing context about gene function and genetic
networks (Babu et al., 2011).

Similarly, genetic libraries allow studying gene-drug interactions using chemical
genomics approaches, treating whole libraries with drugs and comparing each
mutant’s fithess to a non-treated control. This approach can again be used to
infer information about a gene’s function or to place it into specific pathways,
but also to identify the mode of action (MOA) of the drugs used to treat the
bacteria. The latter can be achieved by using inducible promoters or plasmids
increasing the copy number of a gene to consequently increase protein levels.
As increased target protein levels usually require increased concentrations of
the drug, this approach usually leads to drug resistance and allows identification
of the main drug target.
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Finally, liquid handling robotics made it possible to study drug-drug interactions
at a larger scale than ever before. Especially synergistic combinations of
antibiotics have the potential to overcome resistance against individual drugs.
Instead of a clinical application, drug combinations can also be used to perturb
multiple cellular processes at once and to study, e.g., the evolution of resistance
to the combinations compared to the single drugs (Yeh et al., 2009). On the
other hand, some antagonistic antibiotic combinations were shown to suppress
evolution of antimicrobial resistance and therefore need to be understood better
(Chait et al., 2007). Chemical genomics approaches, as mentioned before, can
provide information about the mode of action of individual drugs, but can also
be used to elucidate the mechanisms behind drug interactions (Nichols et al.,
2011). Beyond traditional antibiotics, also non-antibiotics have the potential to
modulate antimicrobial action and therefore need to be systematically explored
(Ejim et al., 2011). Finally, high throughput characterization of drug-interactions
across three gram-negative species revealed drug interactions to be highly
species dependent, adding yet another layer of complexity (Brochado et al.,
2018). Understanding the mechanisms behind drug interactions may enable
rationally design of drug combination treatments in the future that are optimized
for maximum efficacy and low potential to promote evolution of antimicrobial

resistance.
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Aims of this thesis

Inhibition of drug transport across the bacterial membrane has been identified
as one potential mechanism behind antagonistic drug interactions (Brochado et
al., 2018). Therefore, the overarching goal of this thesis is to gain novel insights
into how a multitude of structurally diverse chemicals — including antibiotics —
affect core determinants of drug transport, e.g. AcrAB-TolC and OmpF. As the
Mar-Sox-Rob network is highly important for the regulation of these transport
machineries, as well as antimicrobial resistance and stress responses
generally, this thesis also aims to understand how expression of all of these
genes is affected by chemical stress. As mentioned above, the dynamics within
the Mar-Sox-Rob network have been tested only using artificial overexpression
systems and using a limited range of canonical inducers. To this end, the goal
of this thesis is to learn more about how the whole Mar-Sox-Rob network
behaves under more diverse chemical stress, how cross-regulation is affected
and how much each regulator contributes to the expression of the respective
regulon genes. Understanding of how chemical cues alter bacterial transport
may facilitate the design of novel drugs or drug combination therapies, avoiding

potential drug antagonisms caused by alterations in transport.
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Chapter 1) Probing the Mar-Sox-Rob network with

chemical screening

The contents of this chapter have been used in the manuscript “Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues” and shared as a preprint version on “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649).

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260“. The pTU175-lux empty vector that was used by me to
construct all reporter plasmids was constructed and shared Morgane Wartel.
Cloning of reporter plasmids and corresponding strains was done by me with
help from Regina Tschertok. | performed all screening and follow up
experiments in this chapter and conceptualization and data analysis were done
under supervision from Prof. Dr. Ana Rita Brochado. All figures and text in this
chapter were produced by me under supervision from Prof. Dr. Ana Rita

Brochado.

Unravelling transcriptional regulation of transport-related genes in E.

coli under chemical stress

We set out to systematically investigate the transcriptional response of a set of
prominent genes controlling transport in E. coli across 94 defined chemical
stresses in a concentration resolved manner. To meet our aim of uncovering the
cross-talk between transport-related genes, rather than genome-wide
transcriptional analysis, we prioritized an experimental design that enables
close quantitative monitoring of transcriptional changes (even if small) in a set
of promoters over a range of compound concentrations. Therefore, we
constructed plasmid-based luminescence reporters for 7 genes, 6 of which
contain the degenerate Mar-Sox-Rob box in their promoter region: the key
transcription factors marA, soxS and rob, acrAB and tolC, which are both
components of the major efflux pump AcrAB-TolC, and the small-RNA MicF, a
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post-transcriptional regulator of ompF (Ramani et al., 1994). In addition, we
included a reporter of ompF transcription, to monitor the transcriptional
response of transport-related genes that are not under direct control of MarA,
SoxS or Rob (Methods, Tables 1 and 2). Our promoter selection was prioritized
based on impact of each gene product on intrinsic antibiotic resistance. Even
though E. coli has more than 30 efflux pumps, AcrAB-TolC is widely described
as the most impactful for intrinsic antibiotic resistance, and, in addition, it is
under tight transcriptional control (Nishino and Yamaguchi, 2001; Sulavik et al.,
2001; Teelucksingh et al., 2022b). Similarly, OmpF is the dominant porin for
intrinsic resistance under our working conditions (Choi and Lee, 2019; Nichols
et al,, 2011), and mutations in acrB and ompF are frequently selected in
laboratory evolution experiments under antibiotic pressure, highlighting their
determinant role in intrinsic resistance (Suzuki et al., 2014). MicF was included
because of its prominent OmpF posttranscriptional control while being itself
under tight transcriptional regulation (Ramani et al., 1994), and MarA, SoxS and
Rob were included because they orchestrate large transcriptional responses to
different environmental and chemical stresses, and their regulons include

several of the transport genes mentioned above.

In total, we probed 658 compound-promoter pairs. As many compounds, and
specifically antibiotics, are known to cause vast transcriptional -effects
(Andersson and Hughes, 2014; Goh et al., 2002), we included a reporter strain
containing a promoterless/leaky luminescence reporter (empty vector control,
EVC) to better control for possible non-specific transcriptional effects of each
compound. We assembled a collection containing 94 compounds including all
major antibiotic classes, human-targeted drugs (e.g. aspirin), gut metabolites
(e.g. bile acids) and small-molecules found in common foods (e.g. vanillin,
Figure 5, Table 4). We ensured high overlap of the compound library with our
previous work on systematic assessment of drug combinations in Gram-
negative bacteria (61 out of 79 compounds) (Brochado et al., 2018), to enable
downstream integration of the datasets for interpretation purposes. All
compound-promoter pairs were probed in duplicates across four compound
concentrations (2-fold dilutions, Figure 31). Maximum concentrations were

adjusted to be close to minimum inhibitory concentration (MIC) for
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antimicrobials, 500 uM for most non-antimicrobials, and up to 1 mM for small
compounds with similarity to canonical inducers (positive controls, e.g.
salicylate, Table 4, Methods).

Transcriptional reporter 658 compound-promoter
Antibiotics pairs
500 bp | LuxCDABE Ve N
Promoter Folate Memb Nucleic acids -~ eﬁﬂoeﬁﬁ,ﬁ?ﬁﬂeé
marRABp synthesis g§ o
EVC Protein ’ (=)
Cell-wall synthesis £
\'3 2
cbD“n
I Water Anti-infective ~ | marrABp
Bacterial g
Researchd metabolite e
compoun
. Food g .
micFp 2
-
ompFp metabolite Human drug E “ieng, v,
4 ol =k - ‘llui.“
Non antibiotics Time (h)
Water  Salicylate concentration
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Figure 5: Schematic overview of screening approach. Lux-based transcriptional reporters of
7 key transport-related genes and the compound library used in this study to probe 658
compound-promoter interactions. Growth and luminescence were periodically measured over
12 h. Figure adapted from manuscript (Binsfeld et al., 2025).

Briefly, growth (optical density, ODgoo nm) and luminescence for each reporter
strain were periodically monitored over 12 hours in the presence of each
individual compound at all concentrations (Methods). Area under the curve for a
period of 8h (AUC) was used as a proxy for growth (ODauc) and luminescence
(Luxauc) profiles (onset of stationary phase, Figure 31). As expected, growth
was reasonably constant across all reporter strains, while luminescence
showed a large dynamic range depending on the promoter, with tolCp showing
the lowest and ompFp the highest signal (Figure 6a and 6b). High data quality is
reflected by Pearson correlation between replicates above 0.8 across all
promoters, except for tolCp, likely due to its weak promoter strength (Figure 6c¢).
We excluded the possibility that some compounds, namely protein synthesis
inhibitors, could increase plasmid copy number (as previously reported for
different origin of replication (Sambrook et al., 1989)) by quantitative PCR
(Figure 6d). Nonetheless, since the effect of compounds expected to trigger its
expression via oxidative stress — e.g. phenazine methosulfate — could be

captured here, we decided to keep tolCp in our dataset.
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Figure 6: Quality controls of growth and luminescence screening data. a) Boxplots of
growth (ODayc) across all reporters and replicates. Each boxplot represents a 384 well-plate (n
= 384). Negative controls (water treatment) are displayed in black (n = 8 per strain). 1 & 2 refer
to biological replicates. Center, upper and bottom lines represent 50, 75 and 25% percentiles,
whiskers extend to 1.5x inter-quartile range (IQR) and points beyond whiskers are represented
individually. b) Boxplots of luminescence (AUC_yx) data across all reporters and replicates.
Each boxplot represents a 384 well-plate (n = 384). Negative controls (water treatment) are
displayed in black (n = 8 per strain). 1 & 2 refer to biological replicates. Center, upper and
bottom lines represent 50, 75 and 25% percentiles, whiskers extend to 1.5x IQR and points
beyond whiskers are represented individually. ¢) Pearson replicate correlation of growth
(ODauc), luminescence (LUXayuc) and normalized luminescence (LUXauc/ODayc) between the
duplicates of each strain. d) Treatment with protein biosynthesis inhibitors does not affect copy
number of pTU175 plasmids. Relative fold-change of pTU175-Lux-EVC and pBR322 after
treatment with 2 pg/ml chloramphenicol compared to a negative control using gPCR. Three
biological replicates are shown. Figure adapted from manuscript (Binsfeld et al., 2025).

Next, we systematically assessed Compound-Promoter Interactions (CPls),
which we define as increased or decreased promoter activity as measured by
our luminescence reporter in the presence of the compound (Methods, Figure
31). Briefly, we computed an interaction score for any given compound-
promoter pair based on its deviation of normalized Iluminescence

(Luxauc/ODayc) to the compound-EVC. We subsequently Z-transformed the
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interaction scores (Z-scores) to allow comparability of promoters of varying
signal intensity. Finally, significant CPIs were called based on a double cutoff on
mean Z-scores and rank-sum test p-value comparing the Z-score distributions

of each compound-promoter with that of water-promoter (Figure 7a, Methods).
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Figure 7: Summary of screening results. a) Compound-promoter interactions in E. coli.
Volcano plot summarizing the screen results shows 53 significant CPIs (colored by promoter)
amongst 658 tested (+water, n=672 in total). X-axis: mean Z-scores (n=4 concentrations x 2
biological replicates = 8). Y-axis: Benjamini Hochberg adjusted p-value of double-sided rank-
sum statistical tests between Z-scores of compound-promoter pairs (n=8) and water (n=16). b)
General features of compound-promoter interactions (CPIs). Number (No) of interactions per
promoter (left), their classification according to novelty (upper right corner) and whether they
involve an antibiotic (lower right corner) are shown. ¢) General features of CPIs: number of CPIs
per compound classified as up and down-regulation. Figure adapted from manuscript (Binsfeld
et al., 2025).
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While the majority of the 28 compounds are antibiotics, ~1/3 of all identified
CPIs involve non-antibiotic compounds, showing that non-antibiotics also
modulate transport across the cell envelope (Brochado et al., 2018; Ricaurte et
al., 2024) (Figure 7c). The number of interactions per promoter varies between
three for soxSp and tolCp and 13 for marRABp, confirming differences in
promoter specificity towards chemical cues.
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Figure 8: Network of identified compound-promoter interactions. 53 significant compound-
promoter interactions are shown as edges in a Sankey diagram connecting the compounds (left,
source nodes) to the promoters (right, target nodes). Edge thickness represents mean Z-scores
(n = 8), while node size represents the total number of interactions. Figure adapted from
manuscript (Binsfeld et al., 2025).
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In addition, more than half of the 28 compounds triggered at least two
promoters, confirming vast regulatory cross-talk between the major players of
transport in E. coli (Figure 7b). Protein synthesis inhibitors emerge as the most
promiscuous compounds, as tetracyclines and macrolides triggered
simultaneous transcriptional responses in up to 5 out of 7 promoters (Figure
8c). Looking at individual CPls, we were able to recapitulate several canonical
compound-promoter pairs, including salicylate-marRABp (Alekshun and Levy,
1999; Cohen et al.,, 1993b), paraquat-soxSp (Nunoshiba et al., 1992b),
procaine-micFp (Ramani et al., 1994), procaine-ompFp (Rampersaud and
Inouye, 1991), and 2,2-bipyridyl-micFp (Rosner et al., 2002), confirming that our
screen correctly captures existing knowledge (Figure 8 and examples at Figure
9a and 9b).
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Figure 9: Screening identifies canonical marA/soxS/micF promoter interactions.
Previously known CPls salicylate-marRABp, paraquat-soxSp and 2,2-bipyridyl-micFp are
captured by our screening approach. a) Growth (ODggy nm) and b) luminescence (RLU) profiles
over time for marRABp (left), soxSp (middle) and micFp (right) basal activity (grey) and with
increasing concentrations of salicylate, paraquat or 2,2-bipyridyl, respectively (conc., Table 4)
are shown. One out of two biological replicates is shown. Figure adapted from manuscript
(Binsfeld et al., 2025).
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Compound-dependent repression occurred mostly for the rob promoter,
consistent with previous reports that rob is subject to repression by e.g. MarA
and SoxS (Chubiz et al., 2012; Michan et al., 2002; Schneiders and Levy, 2006)
(Figure 7a & Figure 8). Furthermore, our network shows a rather specific
oxidative-stress response of soxSp, also consistent with previous reports
(Chubiz et al., 2012). Importantly, our approach misses known interactions, for
instance vanillin-marRABp or chloramphenicol-marRABp (Brochado et al.,
2018; Hachler et al., 1991). We attribute this to the facts that we used stringent
statistical cutoffs to minimize false positive discovery, and comparatively low
concentrations aiming at identifying stronger and specific interactions. Thus, we
are most likely underestimating CPIs. Nevertheless, ~80% of all CPIs we
describe here have not been previously reported (Figure 7b). For instance, we
identified tetracycline derivatives, e.g. doxycycline and minocycline, as novel
marRABp inducers, beyond the previously reported tetracycline itself (Hachler
et al., 1991). Importantly, we identified macrolides (azithromycin, clarithromycin
and erythromycin) and antifolates (sulfonamides and trimethoprim) as novel
antibiotic classes triggering several of the tested promoters (Figure 8). Beyond
antibiotics, we identified the widely consumed food ingredient caffeine as novel

marRABp and micFp inducer.

General principles driving transport compound-promoter interactions

Capitalizing on our efforts of assessing promoter activity across environmental
cues, we next aimed at uncovering general features driving environment-
dependent transport regulation in E. coli. Since many of our CPls involved
antibiotics, we questioned whether antimicrobial activity is a pre-requisite for
modulating gene expression. Indeed, we observed that our set of 28
compounds instigate, on average, lower minimum growth (ODayc) when
compared to the compounds that did not trigger the tested promoters (Figure
10a). However, also compounds without antimicrobial activity at the
concentrations tested (e.g. vanillin, caffeine, growth identical to control at all
concentrations tested) are represented among our CPls, and thus antimicrobial
activity is not required to trigger transcriptional changes in transport related

genes (Figure 10a).
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Figure 10: General principles driving transport compound-promoter interactions. a) Most
compounds identified within CPIs have antimicrobial effect. Distribution of minimum growth (0.1
quantile of all ODAUC measurements for a given compound, 4 concentrations x 8 strains x 2
replicates = 64 values) of all compounds tested (ny, = 94), classified according to whether they
are (or not) involved in CPls. P-value from a double-sided rank sum statistical test between the
two distribution depicted in the plot is shown (null-hypothesis is that both distributions are
identical). Boxplots indicate 25th, 50th and 75th percentiles, and whiskers extend up to 1.5
times the interquartile range (IQR) from the 25th and 75th percentiles. b) Bacteriostatic
antibiotics are over-represented within strong CPls. Mean Z-scores distributions of all tested
compound-promoter pairs involving antibiotics (ny. = 384), classified according to whether the
antibiotic is bactericidal or bacteriostatic. P-value from a double-sided rank sum statistical test
between the two distributions depicted in the plot is shown (null-hypothesis is that both
distributions are identical). Boxplots indicate 25" 50™ and 75" percentiles, and whiskers extend
up to 1.5 x IQR from the 25" and 75" percentiles. ¢) Compounds within CPIls are over-
represented among antagonistic drug interactions. Boxplots of ratios antagonisms over
synergies (total 369 interactions) for all tested compounds which overlap with our previous work
(Brochado et al., 2018) (nya = 60), classified according to whether they are (or not) involved in
CPIs. P-value from a one-sided rank sum statistical test is shown. Center, upper and bottom
lines represent 50, 75 and 25% percentiles, whiskers extend to 1.5x IQR and points beyond
whiskers are represented individually. Figure adapted from manuscript (Binsfeld et al., 2025).
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Next, we asked whether the nature of the antibiotic — bactericidal or
bacteriostatic — correlates with its ability to trigger transcriptional changes amid
the tested promoters. Interestingly, we found that bacteriostatic antibiotics are
enriched for extreme Z-scores (Figure 10b). In fact, bacteriostatic antibiotics
such as tetracyclines, macrolides or sulfonamides account for half of the 53
CPIs described here. Next, because our previous work showed that antagonism
is often associated with decreased intracellular antibiotic concentrations
(Brochado et al., 2018), we hypothesized that compounds impacting transport
regulation could decrease the concentration of certain antibiotics, and thus
exhibit antibiotic antagonism. We combined our results with the data from our
previous study, and found that the compounds that are represented in our set of
53 CPIs have indeed a higher chance than other tested compounds to be
involved in antagonistic interactions (Figure 10c). Driven by the fact that growth
inhibition is a strong trait of the compounds represented in the 53 CPIs (Figure
10a), we probed whether growth alone could explain the extent of promoter

induction for any given promoter.
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Figure 11: Correlation of promoter activity to growth inhibition. a) marRABp activity
inversely correlates with growth. Z-scores of all compound-marRABp tested pairs including
water across 4 concentrations and 2 biological replicates (n) are plotted against growth (ODayc).
A strong negative linear relationship is illustrated by the line of best fit (Huber robust model).
Correlation p-value (double sided t-test) shown. b) Promoter activity is generally not correlated
with growth. Pearson correlation coefficients of Z-scores versus growth (ODayc) for each
individual promoter. A strong negative Pearson correlation (>0.6) is only observed for marRABp
and acrABp, while robp shows the opposite behavior. Correlation p-value (double sided t-test) <
0.005 for all promoters. Figure adapted from manuscript (Binsfeld et al., 2025).
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By assessing correlation of Z-scores versus growth (ODayc) across all
compounds for each individual promoter, we observed strong and significant
negative correlation for marRABp and acrABp — meaning that these promoters
get progressively stronger activation with increasing inhibitory capacity of the
compound at hand (Figure 11a and 11b). This striking observation points
towards a generalizable, non-specific, growth-driven response of marRABp
across environments, in addition to the widely reported stress-specific response
based on de-repression of promoter activity through compound-repressor
binding (salicylate-MarR) (Alekshun et al., 2001; Hao et al., 2014).

Among new marRABp inducers, we independently validated that marRAB
native expression is indeed induced by clarithromycin treatment using RTq-PCR
(Figure 12a). In addition, RTg-PCR analysis revealed that sulfamethoxazole
also triggers marRABp, although our screening approach was unable to capture
it due to stringent cutoffs (Figure 12a). These findings provide a basis for
promiscuous marRABp transcriptional activation by structurally diverse
compounds, such as salicylate, clarithromycin and sulfamethoxazole (Figure
12b). We then confirmed that concentration-dependent transcriptional activation
of marRABp by clarithromycin and sulfamethoxazole remains irrespective of
whether its repressor MarR is present or not (Figure 12c and 12d). Even though
weaker, the inverse tendency was observed for robp, where reporter expression
increases with growth (Figure 11b). This finding increases the scope of previous
observations that MarA may directly or indirectly cause rob down-regulation
(Chubiz et al., 2012; Schneiders and Levy, 2006), as we find they follow this
opposite trend across several environmental conditions. For the remaining
promoters no comparable correlation was observed, suggesting growth-

independent regulation.
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Figure 12: Clarithromycin and sulfamethoxazole are novel inducers of marRABp
expression. a) RNA levels of marA after treatment with salicylate (positive control),
clarithromycin and sulfamethoxazole. Data was double normalized to a non-treated control and
to the house-keeping gene recA (Methods). Three biological replicates are shown. b) Chemical
structures of known and novel marRABp inducing compounds. ¢) Induction of marRABp by
clarithromycin, as well as its negative correlation with growth remain irrespective of the
presence of MarR. Luminescence profiles over growth were measured across a linear range of
clarithromycin concentrations from 0 pg/ml to 119.6 ug/ml in wild-type and AmarR background.
Growth-normalized luminescence is plotted against growth for two independent biological
replicates, and lines-of-best-fit are shown to highlight strong correlation between the two
variables. d) Induction of marRABp by sulfamethoxazole, as well as its negative correlation with
growth, are independent of MarR. Luminescence profiles over growth were measured across a
linear range of sulfamethoxazole concentrations from 0 pg/ml to 101.2 yg/ml in wild-type and
AmarR background. Growth-normalized luminescence is plotted against growth for two
independent biological replicates, and lines-of-best-fit are shown to highlight strong correlation
between the two variables. Figure adapted from manuscript (Binsfeld et al., 2025).
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Chapter 2) Mapping regulator contributions to

compound-promoter interactions

The contents of this chapter have been used in the manuscript “Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues” and shared as a preprint version on “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649).

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260¢.

| constructed the mutant reporter strains, performed the screening experiments
and supplied the input data (Scores) for the statistical model. Roberto Olayo-
Alarcon, Mara Stadler and Prof. Dr. Christian Mduller conceptualized the
statistical model. Roberto Olayo-Alarcon programmed the R code to run the
statistical model and supplied the coefficients as output data. | further analyzed
the data under supervision from Prof. Dr. Ana Rita Brochado. Figures 14 and
15a were produced by Roberto Olayo-Alarcon and we produced Figure 20
together. Figure 15b and 15c were produced by Prof. Dr. Ana Rita Brochado. All
other figures in this chapter were produced by me under supervision from Prof.
Dr. Ana Rita Brochado. All text in this chapter was produced by me under
supervision from Prof. Dr. Ana Rita Brochado with input from Roberto Olayo-

Alarcon and Prof. Dr. Christian Mdller.

To gain more specific insight into the mar-sox-rob network operational modes —
in particular into whether and how regulator-promoter hierarchy changes across
environmental cues — we generated individual knockout strains of the regulators
marA, soxS and rob, and again probed the 658 compound-promoter pairs with
our initial chemical library. Promoter preference towards a given regulator (as
seen by loss of reporter activity upon regulator deletion) could already be
observed for marRABp, soxSp, acrABp and micFp through altered basal

promoter activity without any stress (Figure 13a). In most cases there seems to

31



Chapter 2) Mapping regulator contributions to compound-promoter interactions

be a preference for a single regulator, for instance, acrABp activity decreases
only when MarA is absent. Nonetheless, micFp seems to be differently
controlled, as its activity decreases in the absence of either MarA or Rob,
pointing towards cooperation between these two regulators to sustain micF
basal expression. Our findings add on previous observations of how the

different regulators influence promoter activity (Chubiz et al., 2012; Chubiz and

Rao, 2011).
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Figure 13: Deletions of marA, soxS and rob alter promoter basal activity and antibiotic
susceptibility. a) log, fold-change of water-promoter mean normalized luminescence
(Luxayc/ODayc) of each deletion background in relation to the wild-type are plotted. The dashed
line represents the median of log, fold-change of water-promoter mean Luxayc/ODayc across all
promoters, and deletion backgrounds. Water-promoter mean Luxayc/ODayc over 16 replicates
per reporter (n = 8 x 2 biological replicates = 16). b) Deletion of marA, soxS or rob sensitizes
bacteria to several compounds at sub-inhibitory concentrations. Top: boxplots of the residuals of
the lines-of-best-fit between growth (ODxyc) of the regulator mutants and wild-type for all tested
pairs including water (EVC) across all 4 concentrations and 2 biological replicates. Negative
residuals represent compounds concentrations to which the regulator mutant is more sensitive
than the wild-type. White and gray boxes represent all residuals and a subset of compound
concentrations with 0.2 < wild-type ODayc < 0.7, respectively. The number of data points is
indicated below each box plot. Boxplots indicate 25", 50" and 75" percentiles, and whiskers
extend up to 1.5 times the interquartile range (IQR) from the 25" and 75th percentiles. p-value
from a one-sided statistical t-test comparing full and subset residuals per mutant are shown.
Bottom: Residuals of the lines-of-best-fit between growth (ODayc) of AmarA and wild-type for all
tested pairs including water (EVC) across all 4 concentrations and 2 biological replicates plotted
against growth of the wild-type (containing EVC). Gray region corresponds to 0.2 < wild-type
ODauc < 0.7. Figure adapted from manuscript (Binsfeld et al., 2025).
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For instance, MarA not only increases acrABp and micFp activity upon
overexpression as it has been shown before (Cohen et al., 1988; Okusu et al.,
1996), but also determines their basal expression in the absence of any
chemical or genetic stress (Figure 13a). In addition, we observed that deletion
of either marA, soxS or rob sensitizes E. coli towards multiple growth inhibiting
compounds, particularly at sub-MIC concentrations (Figure 13b). This highlights
that, despite their different responses towards various compounds, the three
regulators uniquely contribute to ensure optimal growth. Next, we built a simple
statistical model using Lasso regression for hierarchical interactions (Bien et al.,
2013) to estimate the contribution of MarA, SoxS and/or Rob to CPIs in our
dataset. Briefly, we modeled the transcriptional effect of each compound on a
given promoter as a function of compound concentration and regulator
presence/absence.The individual regulator and compound concentration

contributions to the observed changes in promoter activity are captured in the

model coefficients Pi with j € {conc,rob, mar4, soxS} (Methods, Figure 14).
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Figure 14: Schematic of the Lasso regression model. Schematic of the statistical model
used to estimate regulator contributions to CPIs. Details described in Methods. Figure adapted
from manuscript (Binsfeld et al., 2025).

Lasso penalization (Tibshirani, 1996) was used to obtain sparse model
coefficients, and as a result, the majority of the values for each p across all

modelled CPls is O (or very nearly 0), with positive and negative deviations
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reflecting positive or negative contributions to promoter activity in the presence
of a given compound (Figure 15a). As our aim was to build an interpretable
statistical model, we used all of the available data for each CPI to estimate the
corresponding regulator contributions B; To assess the robustness of these
inferred contributions, we performed 10-fold cross-validation and calculated the

average out-of-sample R? value (Methods).
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Figure 15: Distributions of coefficients and Out-of-sample R? values. a) Boxplots of
contribution coefficients B and 6 grouped by name. Center, upper and bottom lines represent
50, 75 and 25% percentiles, whiskers extend to 1.5x IQR and points beyond whiskers are
represented individually. Due to the nature of the data — very sharply zero-centered — 25" 50"
and 75" overlap. b) Scatterplot of out-of-sample R? versus wild-type mean Z-scores for all
compound-promoter pairs. CPls are represented with darker color. ¢) CPIs have higher than
background out-of-sample R? Boxplot of out-of-sample R? for all compound-promoter pairs and
for CPls. Center, upper and bottom lines represent 50, 75 and 25% percentiles, whiskers
extend to 1.5x IQR and points beyond whiskers are represented individually. Figure adapted
from manuscript (Binsfeld et al., 2025).

34



Chapter 2) Mapping regulator contributions to compound-promoter interactions

Higher R? values indicate greater robustness and predictive reliability of the
estimated regulator contributions. Firstly, the model accurately captures strong
compound concentration dependent effects (reflected by large absolute values
for Peconc, Figure 15a), stressing the added-value of concentration-resolved
experiments. We also estimated coefficients for synergistic regulator
contributions 0: Omara soxs, Omara.rop @Nd Bsoxs rop. HOWeEVer, we observed that these
are much more modest than single regulator coefficients (Figure 15a), and
therefore decided to focus on single regulator contributions (Bmara, Bsoxs, Brob) tO
the 51 CPlIs identified in our initial wild-type dataset (2 CPls, Phleomycin-
marRABp and Phleomycin-acrABp, could not be assessed in the regulator
deletion mutants due to very poor growth). As expected, compound promoter
pairs with high interactions Z-scores tend to have higher out-of-sample R?
(Figure 15b), and significant CPls have indeed higher out-of-sample R? than the

majority of all pairs (Figure 15c, two-sided rank-sum test p-value < 0.0001).

In order to facilitate interpretation, we computed multiplied model coefficients
(B*) by multiplying B by the absolute Z-score of the corresponding CPlIs in the
wild-type. Thus, B* reflect the overall relevance of a regulator towards change in
promoter activity by a given compound in the wild-type, since it accounts for the
amplitude of the change. B* differs from B in that all B* for weak (or null)
compound-promoter interactions scores in the wild type are close to zero
(Figure 16a and 16b). Notably, all regulators were found to have both positive
and negative contributions to promoter activity depending on the compound-
promoter pair (Figure 16a), suggesting a high network cross-talk and plasticity
towards the environment. Consistent with its rather specific role in response to
oxidative stress, SoxS has the tightest zero-centered coefficient B* distribution,
with the least number of strong negative or positive contributions. MarA
emerges as the most prominent regulator across all stresses, with the highest
number of non-zero contributions, which are positive in most instances (Figure
16a). Interestingly, the far less well characterized Rob plays a more prominent
role than SoxS across a variety of stresses, with both positive and negative
strong contributions to ~1/3 of all CPIs (Figure 16a).
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Figure 16: Mapping regulator contributions to compound-promoter interactions. a)
Regulator contributions to CPIs are complex and multi-directional. Multiplied coefficients (B*) of
MarA, SoxS and Rob of 651 compound-promoter pairs versus wild type mean Z-scores are
plotted (nita). Dot size reflects the out-of-sample R? of the corresponding compound-promoter
pair. Pairs without R? are represented with the smallest size. Density distributions of total B* and
wild-type mean Z-scores are represented on the top and right side of the main plot, respectively.
B* corresponding to 51 significant CPIs are colored according to regulator and projected into the
right axis to facilitate visualization. b) Scatterplot of multiplied coefficients B* versus model
coefficients B of single regulator contributions, colored by regulator. Figure adapted from
manuscript (Binsfeld et al., 2025).
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distributed by promoter. Figure adapted from manuscript (Binsfeld et al., 2025).
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Overall, our approach captures contributions of MarA, SoxS or Rob to only 31
out of 51 compound-regulator pairs (Figure 17a and 17b). This result is
expected, since contributions of other regulatory elements are certainly in place
and not taken into account here — e.g. regulation by other transcription factors,
such as OmpR or AcrR (Du et al.,, 2018b). Concomitantly, several CPls
involving ompFp and robp — the first does not even contain a mar-sox-rob box —
are not influenced by any of the three tested regulators (Figure 17b). Yet, we
quantified MarA, SoxS or Rob contributions to as many interactions involving
ompFp, presumably emerging from indirect regulatory network effects.
Importantly, the three regulators play a role in pretty much all CPls involving
acrABp and micFp. Among the 31 CPls for which we could map regulator
contributions, only 12 mapped to a single regulator - MarA, SoxS or Rob (Figure
18a). For the remaining 19 CPls, they can only be fully achieved when two or all
three regulators are in place (Figure 18a). A more explicit/functional inspection
of regulator contributions to CPls revealed striking observations. First, the
transport-controlling regulatory response to tetracyclines and macrolides is
vastly different, despite their common mechanism of action — inhibition of

protein synthesis (Figure 18b).

a b
- Macrolide acrABp
Qo
3515
E g marRABp
o & Tetracycline
S o©10-
g . e
.g g Rifampicin mm Positive
— 3 .
g E DNA-damage _ Negative
Eo micFp
520" "
E ey
2 Oxidative-stress 8o
z £ R
0 - g
= L Human-drug robp 2
single multiple o
ﬂ o
S [MarA [ImarA-soxS Food . ompr %
= BSoxS EmarA-rob [ ]soxSp gn
E ERob @ marA-soxS-rob g &

Figure 18: Most CPls depend on two or all three regulators. a) Number of CPIs depending
on single of multiple regulators, colored according to which regulators have B*+0. b) Regulator-
CPI network. Regulator contributions to 31 CPIs are shown as edges in a Sankey diagram
connecting the compounds (left nodes, grouped according to class or purpose) the promoters
(right nodes) via the regulators (middle). Edge thickness and node size represent B*, and the
total number of interactions, respectively. Figure adapted from manuscript (Binsfeld et al.,
2025).
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While response to macrolides seems to be strictly driven by MarA, tetracyclines
induce a much more complex response involving all three regulators. Another
interesting observation is that acrABp expression is almost exclusively
controlled by MarA across all compounds tested, with Rob playing a very minor
and even negative role (Figure 18a and Figure 19). Even though MarA control
of acrABp is well supported by several studies (Okusu et al., 1996; Ruiz and
Levy, 2014, 2010), our results indicate that this is a prevalent regulatory
relationship across environments, where SoxS and Rob have minor and rather
specific contributions. Interestingly, not all compounds triggering marRABp
necessarily trigger acrABp though, so other factors, such as alternative

regulation by AcrR might be determinant in these cases.
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Figure 19: Expression of acrABp is primarily driven by MarA. a) Correlation of acrABp
promoter activity with growth is lost upon marA deletion. Pearson correlation coefficients of Z-
scores versus growth (ODayc) for each individual promoter in AmarA. Correlation p-value
(double sided t-test) shown above bars. b) acrABp and marRABp promoter activities are
strongly correlated in a MarA-dependent manner. The mean Z-scores of all pairs including
water (n=384) of acrABp plotted against marRABp. Correlation p-values (double sided t-test)
and Pearson correlation coefficients are shown. Inlay shows B4 to acrABp promoter activity in
the wild-type for all CPIs involving acrABp. Figure adapted from manuscript (Binsfeld et al.,
2025).

A very different pattern is observed for micFp, where CPls are the net outcome
of a complex regulatory pattern of positive and negative contributions of MarA,
SoxS and Rob (Figure 18b). We highlight a few examples where micFp
expression is strongly influenced by one (caffeine), two (salicylate) or all three

(tetracycline and paraquat) regulators (Figure 20).
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Figure 20: Regulator contributions to specific promoters are compound dependent. 3
(top) and Z-scores (bottom) of micFp interactions with caffeine, salicylate, paraquat and
tetracycline in wild-type and AmarA, AsoxS and Arob. 3 corresponds to the regression
coefficient quantifying the contribution of each regulator to the observed effect. Lines are
colored by strain and indicate mean Z-scores of two biological replicates (dots). Depending on
the compound, micFp activity mostly depends on a single (caffeine), on two (salicylate), or on all
three regulators (tetracycline and paraquat). Figure adapted from manuscript (Binsfeld et al.,
2025).

Our results so far show how E. coli diversifies its response to different chemical
stresses and, most importantly, provide a quantitative overview on regulator

contribution to promoter activity.
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Chapter 3) Understanding Rob-dependent

induction of micFp expression by caffeine

The contents of this chapter have been used in the manuscript “Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues” and shared as a preprint version on “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649).

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260¢.

All mutant and reporter strains in this chapter were created by me. All
experiments except TPP/proteomics were performed by me with help from
Manuela Fuchs and Prof. Dr. Franziska Faber for northern blotting.
Conceptualization and data analysis were done under supervision of Prof. Dr.
Ana Rita Brochado. The TPP/proteomics experiments were conceptualized
performed and analyzed by Lucia Pérez Jiménez and Prof. Dr. André Mateus.
The TPP/proteomics data was further analyzed by me and Prof. Dr. Ana Rita
Brochado performed the GO enrichment analysis. Figures 22c, 26 and 27 were
produced by Prof. Dr. Ana Rita Brochado. All other figures and text in this
chapter were produced by me under supervision from Prof. Dr. Ana Rita

Brochado.

Caffeine induces proteome-wide changes in a Rob-dependent manner

To showcase the potential of our dataset for uncovering new molecular
mechanisms, we chose to validate and further investigate the physiological
consequences of caffeine-induced increase of micF promoter activity — caffeine-
micFp interaction (Figure 8). Our choice was anchored to two points: first, it
involves caffeine - a widely used food ingredient not previously known to impact
transport regulation in prominent enterobacteria. Second, because caffeine-
micFp interaction emerges from our dataset as the top CPI being
primarily/exclusively controlled by Rob (Figure 20 and Figure 21a), which is by
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far the least functionally characterized regulator, in comparison to MarA and
SoxS. We started out by validating our initial observation that caffeine triggers
micF expression. Indeed, MicF small RNA levels increase ~6-fold in the
presence of caffeine when compared to no-caffeine control, as measured by
Northern blot (Figure 21b). On top of that, we also confirmed that the level of

OmpF is significantly decreased in the presence of caffeine (Figure 21c).
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Figure 21: Caffeine is a novel Rob specific inducer of micFp expression. a) Caffeine-micFp
interaction is primarily controlled by Rob. B* for all CPls with non-zero Rob coefficients (n = 17),
colored by regulator. b) Caffeine increases MicF small RNA levels. Northern blot analysis (top)
confirming increased levels of small RNA MicF upon caffeine treatment (1 mM). One out of
three biological replicates (quantification at the bottom) is shown. ¢) Caffeine decreases OmpF
protein levels. Immunoblot analysis using whole cell lysate and an E. coli OmpF specific
antibody shows OmpF decreased levels upon caffeine treatment (1 mM). One out of three
biological replicates (quantification at the bottom) is shown. Figure adapted from manuscript
(Binsfeld et al., 2025).

Furthermore, our screen showed that caffeine-micFp interaction is lost in the
absence of Rob, and we confirmed that rob complementation reverts this
phenotype back to wild-type (Figure 22a). Our next step was towards
understanding the mechanism by which caffeine triggers Rob regulatory activity.
It has been previously suggested that Rob transcriptional activity is triggered via
post-translational modifications upon ligand interaction, either via direct
interaction or foci dispersal (Chubiz et al., 2012; Griffith et al., 2009; Shi et al.,
2022). Therefore, we first tested whether Rob could directly interact with
caffeine in vitro using isothermal titration calorimetry (ITC), but no binding was
detected (Figure 22b, Methods). Next, we used in vivo thermal proteome
profiling (TPP (Savitski et al., 2014; Mateus et al., 2018, 2020; Kurzawa et al.,
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2020)), aiming to find caffeine-induced protein thermal stability changes that
could explain the observed phenotype. In particular, we hypothesized that either
direct binding or induction of Rob foci dispersal by caffeine, could cause Rob
(de)stabilization in vivo. However, no substantial change in stability of Rob (or
other proteins) was observed, precluding us to elucidate the mechanism of the
caffeine-rob interaction at this stage. Nonetheless, our results show an
extensive proteome adjustment in response to caffeine, with change in

abundance of >200 proteins.
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Figure 22: Supporting material for rob-caffeine interaction. a) Complementation of rob in
the Arob mutant re-enabled activation of micFp transcriptional activity upon caffeine treatment
(as measured by our luminescence reporter), as in the wild-type. Luminescence (RLU) profile
over time for micFp basal activity (water) and upon treatment with caffeine in 96-well plates are
shown. Average across 3 biological replicates is shown, error bars represent standard
deviation. b) Caffeine does not interact with Rob. The plot shows a binding isotherm
representing the integrated heats (after baseline and dilution correction) over increasing molar
ratio of caffeine-Rob, as obtained by ITC. ¢) Gene Ontology enrichment analysis for protein
abundance changes upon caffeine treatment in E. coli. Figure adapted from manuscript
(Binsfeld et al., 2025).

Gene Ontology enrichment analysis (Methods) revealed significant changes in
few biological function GO categories (Figure 22c, Methods), of which we found

“protein insertion into membrane” of particular relevance. Specifically, the levels
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of all detected B-barrel assembly machinery proteins (Bam, 4 out of 5) are
decreased upon caffeine treatment (Figure 23a). As the Bam machinery
mediates the assembly of OMPs in Gram-negative bacteria, its decrease can
potentially impact the levels of all OMPs. Indeed, we observed a strong
enrichment of OMPs among all decreased proteins (Figure 23a), thereby
suggesting that caffeine could strongly impact membrane permeability way
beyond MicF and its targets. Finally, all protein changes upon caffeine
treatment are lost in the absence of Rob (deletion mutant, Figure 23b), thereby

ultimately establishing Rob as a key regulator of E. coli response to caffeine.
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Figure 23: Caffeine induces proteome-wide changes in a Rob-dependent manner. a)
Proteome-wide response to caffeine in E. coli. Volcano plot showing how -logo(p-value) relates
to log,(fold-change) of caffeine treated compared to untreated cells. The p-values correspond to
double-sided rank-sum test between fold-changes of a given protein and those of the entire set
of proteins, after Benjamini-Hochberg correction for multiple testing. Median fold-changes
across 6 caffeine concentrations at the two lower temperatures are shown (Methods).
Horizontal and vertical lines correspond to p-value = 0.05 and log,(fold-change) = O,
respectively and n refers to the total number of proteins detected. The double-sided Fisher’s
exact test p-value for enrichment of OMPs among significantly decreased proteins is shown. b)
Comparison of proteome changes between wild type and Arob upon caffeine treatment.
Horizontal and vertical lines correspond to log,(fold-change) = 0. The black line represents the
1-to-1 diagonal and n refers to the total number of proteins detected. Median across three
replicates treated with increasing caffeine concentrations is shown (Methods). Figure adapted
from manuscript (Binsfeld et al., 2025).
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Rob-dependent caffeine-micFp interaction underlies species-specific

antibiotic antagonisms in E. coli

As OmpF is a major entry point for antibiotics in E. coli, we hypothesize that
caffeine could decrease compound uptake (as we previously showed (Brochado
et al., 2018)) in a Rob-dependent manner, thereby causing antibiotic

antagonism (Figure 24).
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Figure 24: Proposed model for the molecular mechanism of caffeine-ciprofloxacin
antagonism. Caffeine triggers expression of MicF small RNA in a Rob-dependent manner,
which then binds to the 5’-UTR of ompF mRNA to inhibit and decrease OmpF protein levels.
This ultimately prevents ciprofloxacin from entering the cell, resulting in caffeine-ciprofloxacin
antagonism. Figure adapted from manuscript (Binsfeld et al., 2025).

In order to test this hypothesis, we first re-evaluated the outcome of caffeine
combination with ciprofloxacin and amoxicillin, two different antibiotics
predominantly taken up through OmpF in E. coli, and which our previous work
showed to be antagonistic (Brochado et al., 2018). Indeed, a checkerboard
assay confirmed the antagonism, showing that the concentration of antibiotics
needed to inflict a given inhibitory effect progressively increases with increasing
caffeine concentrations (isoboles moving rightward, Figure 25). For instance,
amoxicillin ICsp (inhibitory concentration of 50%) increases by ~40% in the

presence of 55.5 pg/ml of caffeine (Figure 26).

44



Chapter 3) Understanding Rob-dependent induction of micFp expression by

caffeine

Figure 25: Caffeine-antibiotic antagonisms in E. coli are micF-,
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Figure 26: MIC shifts of ciprofloxacin and amoxicillin due to caffeine. Caffeine shifts
antibiotic MIC curves towards resistance. MIC curves (growth vs antibiotic concentration) for the
wild-type are shown for ciprofloxacin (left) and amoxicillin (right) with and without 55.5 pg/ml
caffeine. The data shown is a snapshot of the checkerboard assays (Figure 25) at 0 and 55.5
pg/ml caffeine. Three individual replicates per experiment are shown (dots). The lines represent
line-of-best fit of a three-parameter logistic model (Methods) using all replicates with and without
caffeine. Dotted vertical and horizontal line represent 50% growth inhibition and corresponding
concentration (IC50), respectively. Figure adapted from manuscript (Binsfeld et al., 2025).

Next, we confirmed that deletion of micF or ompF mostly abolished the caffeine-
ciprofloxacin antagonism (straight vertical isoboles), confirming that these two
molecular players are key to the antagonism (Figure 25b). Furthermore, we also
observed that both caffeine antagonisms with ciprofloxacin and amoxicillin are
strictly Rob-dependent, as rob deletion equally abolished both antagonisms
(Figure 25c). Genetic complementation of micF, ompF and rob reverted the
phenotypes close to wild-type again (Figure 27). Importantly, deletion of marA,
otherwise also upregulated by caffeine in a Rob-dependent manner, did not
affect the caffeine-ciprofloxacin antagonism (Figure 28a, 28b and 28c), further
establishing Rob’s major role in regulating caffeine response in E. coli. Also
here, marRABp induction by caffeine was re-established upon complementation
of rob (Figure 28d). In summary, our results suggest that caffeine is a novel and
specific inducer of Rob transcriptional activity and this fully explains the

molecular mechanism of antibiotic antagonism in E. coli.
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Figure 27: Genetic complementation in deletion mutants reverts caffeine-antagonisms to
wild-type levels. Upper panels correspond to ciprofloxacin/amoxicillin MIC curves with and
without 55.5 pg/ml caffeine for the depicted deletion mutants, while the lower panels show the
corresponding complementation. Data analysis was done as in panel a. The distance between
the MIC curves is minimal in the deletion mutants (loss of antagonism), and re-established upon
complementation. The data shown for the deletion mutants is a snapshot of the checkerboard
assays (Figure 25) at 0 and 55.5 ug/ml caffeine. Figure adapted from manuscript (Binsfeld et
al., 2025).

Interestingly, our previous work showed that antagonisms involving caffeine
seem to be specific to E. coli, as they were not found for the closely related
species Salmonella enterica Typhimurium (Brochado et al., 2018). Indeed, also
here we could confirm that caffeine does not change ciprofloxacin activity
against S. Typhimurium (Figure 29a). Nonetheless, our previous work also
showed that ciprofloxacin antagonism with caffeine occurs for a gut commensal
E. coli strain (Brochado et al., 2018) as well, suggesting that the mechanism
could be more general within E. coli. While not extensively assessing this
question, we could confirm that the antagonism occurs also in a urinary tract
infection E. coli isolate (Figure 29b), suggesting that it could be relevant for

commensal and pathogenic E. coli across different niches in the human host.
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Figure 28: Caffeine induces marRABp in a Rob-dependent manner. a) Luminescence
(RLU) profiles of marRABp basal activity (grey) and with increasing concentrations of caffeine
(conc, Table 4) over time are shown. One out of two biological replicates is shown. e) Z-scores
of caffeine-marRABp interaction showing its dependency on Rob. Lines are colored by strain
and indicate mean Z-scores of two biological replicates (dots). f) Deletion of marA does not
affect the antagonism between ciprofloxacin and caffeine. Isobologram for caffeine-ciprofloxacin
for E. coli AmarA as done in Figure 25. g) Complementation of rob in the Arob mutant re-
enabled activation of marRABp transcriptional activity upon caffeine treatment (as measured by
our luminescence reporter), as in the wild-type. Luminescence (RLU) profile over time for
marRABp basal activity (water) and upon treatment with caffeine in 96-well plates are shown.
Average across 3 biological replicates is shown, error bars represent standard deviation. Figure
adapted from manuscript (Binsfeld et al., 2025).
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Figure 29: Caffeine-ciprofloxacin antagonism is absent in S. enterica but conserved in a
clinical E. coli isolate. a) Absence of caffeine-ciprofloxacin antagonism in S. Typhimurium.
Isobologram for caffeine-ciprofloxacin for S. Typhimurium. Details as in Figure 25. b) Caffeine-
ciprofloxacin antagonism against a pathogenic E. coli strain. Isobologram for caffeine-
ciprofloxacin for E. coli CFT073. Details as in Figure 25. Figure adapted from manuscript
(Binsfeld et al., 2025).

One possible explanation for the S. Typhimurium phenotype could be that, even
though all regulators (MarA, SoxS, Rob and MicF) and effectors (MicF and
OmpF) are also present in S. Typhimurium, their response to caffeine is
different than in E. coli. Thus, we first assessed if the absence of caffeine
antagonism in S. Typhimurium could be explained by lack of micF
transcriptional induction by caffeine. We quickly disproved this hypothesis by
using a reporter system to quantify the activity of the micF promoter (similar to
the E. coli), as we observed that, also in S. Typhimurium, caffeine treatment
increases micFp expression (Figure 30a). In addition, we could also confirm that
caffeine treatment reduces the level of OmpF in S. Typhimurium (Figure 30b),
but not necessarily of other OMPs, as it occurs in E. coli. It has been previously
suggested that OmpF-mediated uptake is not as determinant for ciprofloxacin
activity against S. Typhimurium, as it is for E. coli (Piddock, 2002). Indeed, we
observed that deletion of ompF alone (no addition of caffeine) decreases
ciprofloxacin sensitivity in E. coli, but not in S. Typhimurium (Figure 30c and
30d), suggesting that lack of conservation of antagonism with caffeine is likely

due to different antibiotic uptake mechanisms between the two species.
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Figure 30: Caffeine-ciprofloxacin antagonism is absent in S. Typhimurium despite
conserved regulatory mechanism. a) Caffeine induces micFp activity in S. Typhimurium.
Luminescence profiles of S. Typhimurium micFp reporter strain over time +/- caffeine (2 mM).
Mean luminescence (dots) and standard deviations (error bars) over 4 biological replicates. b)
Caffeine does not inhibit growth of E. coli or S. Typhimurium. Caffeine MIC curves (growth vs
caffeine concentration) of E. coli and S. Typhimurium wild-type strains. Mean growth (ODayc,
dots) and standard deviations (error bars) over 3 and 4 biological replicates for E.
coliand S. Typhimurium, respectively. ¢) Ciprofloxacin MIC is not altered upon OmpF deletion
in S. Typhimurium. Ciprofloxacin MIC curves (growth vs antibiotic concentration) of S.
Typhimurium wild-type and AompF. Mean growth (ODayc, dots) and standard deviations (error
bars) over 4 replicates. Inlay: Immunoblot analysis using total protein extractions and an OmpF
polyclonal antibody shows OmpF decreased levels upon caffeine treatment (2 mM). One out of
3 biological replicates is shown. d) Ciprofloxacin MIC decreases upon OmpF deletion in S.
Typhimurium. Ciprofloxacin MIC curves (growth vs antibiotic concentration) of E. coli wild-type
and AompF. Mean growth (ODpyc, dots) and standard deviations (error bars) over 3 or 4
biological replicates. Figure adapted from manuscript (Binsfeld et al., 2025).

Altogether, this example illustrates how challenging it is to predict final outcome
of CPIs on drug transport across species, even closely related ones for which
the regulatory response to the environmental cues is conserved.
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Discussion

The content of this chapter has partially been used in the manuscript
“Systematic Characterization of Transport Regulation in Escherichia coli across
defined environmental cues” and shared as a preprint version on “biorxiv.org”
(doi: https://doi.org/10.1101/2024.08.26.609649). Several passages have been
expanded with original content by myself.

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260“. The Discussion was written by me under supervision from
Prof. Dr. Ana Rita Brochado with input from Roberto Olayo-Alarcon and Prof.
Dr. Christian Muller regarding the statistical model and from Lucia Pérez

Jiménez and Prof. Dr. André Mateus regarding TPP/proteomics, respectively.

Transport across the bacterial cell envelope has been subject of study for
decades, with important constituents like AcrAB-TolC and OmpF, and also
central regulators such as MarA, SoxS and Rob being extensively characterized
(Chubiz, 2023; Du et al., 2018b). Despite vast molecular evidence on how each
of these proteins plays a role in a complex regulatory cascade, we mostly lack
comprehensive approaches that provide general overviews on how all the
different players come together to orchestrate a coordinated response. Here we
provide an integrative systematic approach to assess the transcriptional
response of a small set of transport-related genes to environmental cues
(CPIs), while quantitatively assessing regulator contributions to each response.
Such an approach enabled not only the discovery of new CPls, such as
caffeine-micFp and macrolides-marRABp, but most importantly, allowed us to
disentangle the relative contribution of each central regulator to the observed
phenotype. Our results endow several previous observations, such as that not
all compounds being effectively effluxed (Du et al., 2018b; Pagés et al., 2008;
Ricci et al., 2023) are capable of inducing expression of efflux genes, or that
transport regulation underlies antibiotic antagonism (Brochado et al., 2018).

Importantly, we provide a set of new general findings suggesting a paradigm
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change in our perception of how E. coli controls its transport. For instance,
marA regulation is mostly investigated in the presence of salicylate, which
releases marA transcriptional repression by binding MarR (Alekshun et al.,
2001). However, other compounds seem to regulate marA in a growth
dependent manner, even in the absence of MarR. While this has been
described for salicylate and tetracycline (Hachler et al., 1991; Cohen et al.,
1993b; Martin and Rosner, 1995) and observed by us for many protein
biosynthesis inhibitors and folate inhibitors (Figure 8), so far no mechanism has
been identified. The promoter region of the marRAB operon features (potential)
binding sites for multiple global transcriptional regulators, including CpxR, Cra,
Crp, Fis and Nac, which — with the exception of CpxR — are all directly
connected to regulation of central carbon metabolism and adaptation to growth
conditions (Martin and Rosner, 1997; Ruiz and Levy, 2010; Shimada et al.,
2011; Weatherspoon-Griffin et al., 2014; Aquino et al., 2017). Curiously,
preliminary experiments point towards CpxR being central for the induction of
marRABp by clarithromycin but not other identified inducers from our screening,
suggesting there is not just one single mechanism that explains how marRABp
reacts to growth inhibition. Deletion of the other regulators mentioned above did
not affect any of the biosynthesis inhibitor-marRABp pairs induction. However,
deletion of any of these global regulators affects dozens to hundreds of genes

and therefore results have to be verified carefully.

Another interesting finding is that ~1/3 of all CPls depend on Rob. This is well
beyond what is generally described or perceived, and indicates that a much
better understanding of Rob-dependent regulation is crucial to fully comprehend
transport transcriptional control. Interestingly, almost all CPls involving Rob also
involve MarA, or MarA and SoxS (Figure 18a), which certainly renders full
functional characterization more challenging. Exceptionally, our data suggests
that Rob alone seems to have complete control of caffeine response in E. coli
way beyond transcription where we observed significant changes in the
abundance of >200 proteins, including several OMPs, in a Rob-dependent
manner. Despite several attempts, we were not yet able to decipher the
molecular mechanism by which caffeine triggers Rob transcriptional activity and

its downstream effects. Similarly, at this stage it is still unclear how exactly
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caffeine induces such a proteome-wide adjustment via a single regulator.
Studying interactions of Rob with compounds such as caffeine is especially
difficult since methods relying on protein purification seem to automatically
render Rob active (Rosner et al., 2002; Griffith et al., 2009). This could be one
explanation why we were not able to detect physical binding of caffeine to Rob
using ITC (Figure 22). This basically restricts us to use in vivo methodologies,
such as the 2-D TPP approach we chose to better understand the impact of
caffeine on E. coli. However, also here we did not detect any stability changes
of Rob in response to caffeine. In an attempt to find proteins that could lie
upstream of Rob in a signal cascade, we searched for proteins stabilized by
caffeine in both wild-type and Arob backgrounds and found ArcA and lbpB as
candidates. However, neither deletion did affect induction of robp by caffeine.
Finally, it is very interesting that a compound such as caffeine, which does not
inhibit growth in a meaningful way at the concentrations used, causes
downregulation of most outer membrane proteins, albeit to a limited extent
(Figure 23). Furthermore, this effect appears to depend completely on Rob,
which is not known to have such a vast impact on the outer membrane. Parts of
the Rob regulon are genes involved in remodeling of LPS and fatty acids, which
could perhaps provide a signal that ultimately also affects the composition of
outer membrane proteins via the BAM machinery. This aspect of the Rob
regulon needs to be understood better and could increase the importance and
roles attributed to Rob. Beyond caffeine and Rob, we readily acknowledge that
other regulators than those we selected will most certainly also play a role in
controlling the transcriptional response of the promoters we selected, and also
that the compounds we used will most certainly inflict wider transcriptional
changes than those we monitored. Nonetheless, this study, even if limited to 7
promoters, shows the potential of our approach to generate valuable insight into

the extensive cross-talk of complex transcriptional regulatory networks.

A second aspect to highlight is the potential of our dataset for mining molecular
mechanisms. We showcased it by exposing how caffeine-micFp interaction
underlies caffeine-antibiotic antagonism through impaired antibiotic uptake, in a
Rob-dependent manner. Even if caffeine causes only a modest increase in
antibiotic resistance (up to~40%), this finding features the potential impact of
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the immediate environment for treatment efficacy through transport modulation,
and supports future predictive design of drug combinations. As we did not do
any experiments in animal models and did not strictly adhere to standard
methodologies when it comes to assessing MICs, it is difficult to judge whether
our findings about caffeine related antagonisms have clinical relevance or not.
However, for this project these experiments would have been out of scope and
did not align with our focus to gain mechanistic insights into transport-related
drug interactions. Nonetheless, future studies focusing on systematically
assessing combinations of antibiotics with other antibiotics and non-antibiotics
in a clinical background will surely be necessary to translate findings from basic
research into clinical practice. Studies in this direction could also utilize more
specialized drug libraries, for example focusing on compounds found in the
ecological niches of the bacteria, specific infection or tissue sites, or a broader

range of human targeted drugs.

Given the ever increasing evidence of transport’s prevalent role in the bacterial
response to harsh environments, for instance in modulating the impact of
human-targeted-drugs in gut microbes (Maier et al., 2018), or potentially
contributing to bioaccumulation within the gut microbiota thereby modulating
drug action on the host (Klinemann et al., 2021), the scope of our findings and
approach goes well beyond E. coli or even enterobacteria. Nonetheless, our
data indicate that the ultimate physiological consequences of (even) conserved
compound-promoter interactions are not necessarily conserved across species.
More specifically, we showed that even if caffeine-micFp interaction, and the
subsequent decrease in OmpF levels are conserved between S. Typhimurium
and E. coli, this is not sufficient to yield caffeine antagonism in S. Typhimurium.
Several reasons could explain this phenomenon, for instance the presence and
alternative regulation by caffeine of additional outer membrane porins in S.
Typhimurium, or a more prevalent role of efflux versus uptake (Li et al., 2015b;
Maher and Hassan, 2023; Piddock, 2002). Based on these findings, we foresee
a challenging, but unavoidable and important task in mapping key determinants
of transport functions across different bacteria. Nonetheless, our data supports
that caffeine antagonisms extend to commensal pathogenic E. coli strains,

advocating for further investigation of its potential relevance in host contexts.
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Outlook

Several aspects of this project are still not completed and have more potential
for novel discoveries. As mentioned before, CpxR appears to be crucial for the
induction of marRABp by clarithromycin. To this end, further experiments need
to be conducted to determine how clarithromycin affects CpxR activity. In a
broader sense, it would be interesting to screen the whole genome for genes
that break the interaction between protein synthesis inhibitors and marRABp.
This could be achieved by conjugation of the respective reporter plasmids to the
whole KEIO collection and a subsequent screening in liquid media. This could
provide additional insight about whether the induction of marRABp reacts to,
e.g., altered growth conditions/growth rate or the specific effects of protein
inhibition. Another experiment in this direction could be to monitor activity of
marRABp under artificially controlled growth rates by modulating e.g.

temperature or nutrient levels.

Even though it is difficult to determine how Rob activity is induced by caffeine,
there are still a few possibilities to be explored. Transcriptomics experiments of
cells treated with caffeine in wild-type and DmicF backgrounds have been
performed and await analysis. This dataset could provide further candidates
that react to caffeine and direct a signal towards Rob to change its activity.
Furthermore, this dataset could provide insights into how the extensive
reorganisation of the outer membrane in response to caffeine is orchestrated.
To test if there are other proteins interacting with Rob, one could use the His-
tagged Rob protein used for purification to perform crosslinking and pull-down
assays. Finally, similar to the approach above, one could conjugate a micFp
reporter plasmid into the KEIO collection to screen for mutants that break the

micFp-caffeine interaction.
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Materials and Methods

The contents of this chapter have been used in the manuscript “Systematic
Characterization of Transport Regulation in Escherichia coli across defined
environmental cues” and shared as a preprint version on “biorxiv.org” (doi:
https://doi.org/10.1101/2024.08.26.609649).

The manuscript was subsequently published at PLOS Biology: “Binsfeld C, et
al. (2025) Systematic screen uncovers regulator contributions to chemical cues
in Escherichia coli. Doi: https://doi.org/10.1371/journal.pbio.3003260, PLoS Biol
23(7): e3003260¢.

The materials and methods section was written by me under supervision from
Prof. Dr. Ana Rita Brochado with the exception of the paragraph about the
statistical model which was produced by Roberto Olayo-Alarcon and Prof. Dr.
Christian Muller. Lucia Pérez Jiménez and Prof. Dr. André Mateus provided

input on the paragraph about TPP/proteomics.

Growth medium, reporter plasmids and strain construction

A summary of all strains used in this study can be found in Table 1. Escherichia
coli BW25113 and Salmonella enterica subsp. enterica ser. Typhimurium
14028S were used as wild-type strains (WT) and cultured in Lysogeny Broth
(LB Lennox) adjusted to pH 7.5 at 37°C. The medium was supplemented with
kanamycin (50 pg/ml, CatNo. K1876-5G, Sigma-Aldrich-Merck), carbenicillin
(100 pg/ml, CatNo. Cay20871-5, Biomol) or spectinomycin (100 ug/ml, CatNo.
S4014-5G, Sigma-Aldrich-Merck) when selection was required for strain

construction.

All plasmids constructed in this study are listed in Table 2. Reporter plasmids
for E. coli were assembled by restriction-ligation using enzymes EcoRI and Xhol
(Sall in case of acrABp, CatNos. R3101S, R0146S, R3138S, NEB) to linearize
the backbone vector pTU175-LUX. T4 DNA ligase (CatNo. M0202S NEB) was
used for plasmid assembly following supplier instructions. Reporter plasmids for
S. Typhimurium were assembled using Gibson Assembly, using Xhol for

plasmid linearization. Vector pTU175-LUX is a low copy plasmid with a pSC101
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origin of replication constructed from pTU175(Uehara et al., 2010). by insertion
of an oriT, a spectinomycin resistance cassette and the full luxCDABE operon
(amplified from Plasmid #44918, AddGene) with a putative RBS for basal
expression — used as empty vector control, EVC. The pASCOT-LUX vector is a
variant of pTU175-LUX with a carbenicillin resistance cassette instead of
spectinomycin used for Salmonella. DNA inserts were digested with the
respective restriction enzymes and assembled into the plasmid backbone
utilizing T4 DNA ligase according to a standard protocol (NEB). Plasmids were
transformed into E. coli BW25113 and Salmonella Typhimurium 14028S by
transformation (TSS transformation) and electroporation, respectively. The
protein expression vector for purification of Rob-6xHis was created by insertion
of a PCR fragment containing rob into pET28a using restriction-ligation as
mentioned above with Hind-lll and Ncol (CatNos. R3104S, R3193S NEB). The
plasmid was subsequently transformed into E. coli BL21 (DES3).

Deletions of AmarA, AsoxS and AompF were derived from the KEIO collection
in case of E. coli (Baba et al., 2006) or a similar knockout-library in case of S.
Typhimurium (Porwollik et al., 2014). Mutations were confirmed using PCR and
transduced into wild type BW25113 or ST14028s using P1 and P22 phage,
respectively. Deletion of rob in E. coli was done with Lambda RED
recombineering according to the protocol of Datsenko and Wanner (Datsenko
and Wanner, 2000), similar to how the KEIO collection strains were created.
Kanamycin resistance cassettes were subsequently removed using the pCP20

plasmid.

Genetic complementation of Arob and AompF were achieved by assembling
PCR products of wild type rob and ompF with 500 bp of respective promoter
regions into the pKD13 backbone using Gibson Assembly (Gibson et al., 2009).
PCR fragments containing respective genes, kanamycin cassette and FRT sites
were then transferred to the native locus of respective deletion strains using
Lambda RED recombineering (Datsenko and Wanner, 2000). Positive clones
were selected using kanamycin as a selection marker and gene insertions were
subsequently transferred into clean backgrounds using P1 transduction,
followed by excision of the kanamycin cassette using plasmid pCP20. Deletion

of micF was complemented using a version of the pTU175 vector, where the
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luxCDABE operon was replaced by micF with its respective 500bp promoter
region. The resulting pTU175-micF-comp was transformed into the AmicF

deletion background using TSS transformation (Chung et al., 1989).

Compound-promoter screens

The compound-promoter screen for E. coli BW25113 (wild type, as well as
AmarA, AsoxS and Arob backgrounds) containing each reporter plasmid —
arcABp, marRABp, soxSp, robp, micFp, ompFp, tolCp and EVC - was done in
black 384 well-plates with clear bottom (CatNo. 781097, Greiner-Bio One,
Germany), in 40 uyl LB Lennox. The compound library contains 94 diverse
compounds purchased from Biomol (Germany), MP Biomedicals (Germany), or
Sigma-Aldrich-Merck (solvents, concentrations and purchase details listed in
Table 4). The highest screening concentration of compounds with antimicrobial
activity was adjusted to MIC for antimicrobials, 500 pM for most non-
antimicrobials, and up to 1 mM for small compounds with similarity to canonical
inducers (positive controls, e.g. salicylate, Table 4). Four working
concentrations were achieved through 1:2 serial dilutions using a Biomek i7
liquid handler (Beckman Coulter, Figure 31). Precultures were grown overnight
and diluted to an ODggo nm of 1 (WT) or 0.1 (deletion backgrounds) and used to
inoculate 384 well plates using a Singer Rotor+ replicator (Singer Instruments,
UK), resulting in further ~1:600 dilution and starting OD of ~0.003 and ~0.0003.
Transparent breathable membranes (Breathe-Easy®, Sigma-Aldrich-Merck)
were used to seal plates, which were then incubated at 37°C, shaking at 800
rom using a Cytomat 2 incubator (Thermo Scientific). Growth (ODggo nm) and
reporter activity (luminescence) were measured in 30-minute intervals over 12
hours in a Synergy H1 plate reader (Agilent, USA). The screen was performed
in biological duplicates, resulting in 768 growth and luminescence curves per
strain. Data analysis was performed using R (version 4.2.2). A representation of
the analysis pipeline can be found in Figure 31. Baseline-correction of growth
curves was done by subtraction of initial ODgoo nm before growth onset (time 1-2
hours). Area under the curve was calculated for growth (ODayc) and
luminescence (Luxauc) curves between 0 and 8 h in case of the wild type and
between 1 and 9 h for the deletion background strains to account for the

differences in inoculum size mentioned above. This eight-hour interval covers
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lag phase, exponential phase and transition into stationary phase assuming

regular, non-stressed growth — using water instead of any compound.
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@
-~ UXCDABE i a
ori ‘ "
acrA

micF o
Spec? fnai

Salicylate-marRABp

ompF
soxS

rob [

Assembly of chemicals into a Experimental plates are inocculated with over-night cultures pre-

Selection of reporter strains, library at four concentrations diluted to OD,,, 0.1, growth and luminescence are recorded 12h

drugs and concentrations

b
® @ 1@ h
s Wator ol 8 o g Pearson = * prs =7
; 454 . g 3 — inreg qur  bo7 B e Cen
g - y_reg, Rsqr = 0,787 - Teio 6 g
L L l l 5 5 S 4 qu.-an% 0936 4 T.;
at 4
i 5 | -3 .Y g «
1 g » B H y 2 s H . e a @ fodin gMur
u Y d H i . o = k o
: 5 B EIRE . 3“ I ry " g >
v -’ -." EEl i g o1 [ EIR . . T -1 .
LI ; K4 H e % | B Fe
£ A | BT Rl A o
Ik ] : : T T T T T T T T
," " 1 o !E EE=- 200 400 600 800 1000 [ 1 2 3
uantant ] e lesa®"
— - o Mean LUX,,,/OD, . EVC Mean-Z-scores
duee goed
Calculate (AUC) until 8h for skl a5 pi Calculation of line of best fit using robust huber regression. Residuals are
growth and luminescence —/ Lux/OD and center by median / used as scores and Z-transformed. Hits are called using stringent cutoffs
. /

Figure 31: Schematic representation of the screen workflow and data processing.
a) Schematic screen workflow. Details described in methods. b) Schematic of data processing.
Details described in methods. Figure adapted from manuscript (Binsfeld et al., 2025).

Non-growing samples (less than 10% of median ODayc across all compounds,
reporters and concentrations) were removed from further analysis (250-419
wells out of 6144 wells total, depending on strain background), and
luminescence was then normalized by growth (Luxauc/ODauc). Based on the
premise that most compounds in the library do not induce/inhibit expression of
any of the promoters, compound-promoter interactions were defined to be the
deviation (residuals) of the line-of-best fit (Huber robust linear regression)
(Huber, 1981) of normalized luminescence between a given promoter and the
EVC. This method allows to better control for possible non-specific
transcriptional effects of each compound, as we observed that normalized
luminescence for EVC can in fact change across compounds/concentrations.
Importantly, we observed that the robust linear fits had reasonably high R?,
indicating that this approach captures and corrects well non-specific effects, and
positive and negative deviations (residuals) reflect compounds which increase
or decrease promoter expression, respectively. The interaction scores

(residuals) were subsequently Z-transformed (Z-scores) to allow comparability
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of promoters of varying signal intensity. Finally, significant compound-promoter
interactions were called based a double cut-off on mean Z-score of all
compound concentrations and replicates for each compound-promoter pair (1)
and Benjamini-Hochberg (Benjamini and Hochberg, 1995) adjusted double
sided rank-sum test p-value (<0.05) comparing the Z-scores distributions of
each compound-promoter to water-promoter. Most Mean Z-scores are
calculated with all 8 values (4 concentrations x 2 replicates), while in some
cases data of up to three concentrations was removed due to poor growth as
detailed earlier. However, phleomycin is the only case calculated with only 2
values (3 out of 4 concentrations over-killed) and there is no case where a
compound was completely removed in the wild-type background. In all deletion
backgrounds phleomycin became lethal at all four concentrations and was

removed entirely as the only drug.

DNA and RNA quantification by gPCR and RT-qPCR

To confirm plasmid copy number stability after treatment with protein
biosynthesis inhibitors, overnight cultures of E. coli BW25113 harboring
plasmids pTU175-Lux-EVC or pBR322 were diluted 1:100 in fresh LB medium
and grown at 37°C with agitation until exponential phase (OD g0 nm ~0.4).
Chloramphenicol was added to half of the cultures to a final concentration of 2
pg/ml followed by further cultivation for 30 minutes. Total DNA was extracted
using the Monarch Genomic DNA Purification Kit (NEB) using the
manufacturer’s instructions. All experiments were conducted in three biological
replicates. Relative plasmid number fold changes were estimated by
comparison with a non-treated control. All DNA oligos used in this study are
listed in Table 3.

To confirm induction of marA after treatment with salicylate clarithromycin and
sulfamethoxazole, overnight cultures of wild-type E. coli BW25113 were diluted
1:100 in fresh LB medium and grown at 37°C with agitation until exponential
phase (OD oo nm ~0.4). Salicylate, clarithromycin and sulfamethoxazole were
added to cultures to a final concentration of 1 mM, 40 yM and 0.8 mM,

respectively, while controls were left untreated, followed by further cultivation for
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30 minutes. Total RNA was extracted using the Monarch Total RNA Miniprep
Kit (NEB) using the manufacturer’s instructions. Luna Universal One-Step RT-
gPCR Kit (NEB) was used to prepare cDNA and as reagent for RT-qPCR
according to the manufacturer’s instructions. All experiments were conducted in
at least three biological replicates and relative expression levels were estimated
as previously described (Livak and Schmittgen, 2001), using gyrA expression

as reference.

Lasso regression for estimation of regulator contributions of compound-

promoter interactions

Firstly, the interaction scores gathered from the different genetic backgrounds
were quantile normalized to account for baseline changes in expression due to
regulator deletions. These normalized scores were then further pre-processed
to consider the baseline values obtained from exposure to water through a soft-
thresholding approach. Namely, we subtract the value of the water-promoter
score from compound-promoter scores gathered in the same genetic
background. In cases where the compound-promoter score is lower than the
corresponding water-promoter score, the compound-promoter score is set to 0.
These normalized and water-thresholded scores are then centered and scaled

prior to modelling.

Once pre-processed, we modelled the scores for a given CPI as a function of
compound concentration and genetic background, resulting in a design matrix
X = [Xeone» Xrob» Xmara, Xsoxs] With dimensions nx4 (n being the number of
samples). Compound concentration is a discrete variable (X.,,. € {1,2,4,8}"),
while genetic background is represented as a binary variable to indicate
regulator presence/absence (X, ., Xmarar Xsoxs € {0,1}"). We also include all
pairwise interactions between the variables in X in our model. In this way, our

model can be stated as:

4 4
1
Y =B+ E BJ-XJ-+EE 0 X; Xy + ¢
-

jEk
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where ¥ € R" is the vector of pre-processed interaction scores for a given CPI,
Bo is a CPl-specific intercept; is the effect that variable
j € {conc,rob,marA,sexS} has onY, 0;, captures the pairwise interaction effect
between variables j and k, where j, k € {conc, rob,marA,sox5} and j # k, and

€ models technical and biological noise.

To select for a parsimonious model, we estimate model coefficients via
regularized maximume-likelihood estimation with lasso penalization (Bien et al.,
2012; Tibshirani, 1996). Furthermore, we restrict non-zero interaction terms 8;;
to only be present if both associated individual effects §; and §, are also non-
zero (strong hierarchy). This restriction prioritizes explaining Y in terms of main
effects 3, and interactions are only included if the response cannot be solely

captured by linear additive effects. Given that the log-likelihood of our model is
_ 1 T2
1(Bo.B,6) = [IY —Bo - XB — S X0X"|I3

the complete optimization problem for the hierarchical interaction model is:

A
mingg 1(Bo, B,6) + A “B”l +E“B||1

st.0 =07, ||Hj'||15|[3}"

where A > 0 is the lasso penalization parameter that controls the sparsity of

coefficients B and 6.

We solve this optimization problem using the efficient implementation provided
in the R package hierNet (version 1.9)(Bien et al., 2012). The optimal value
for A was determined through 4-fold cross validation. We selected the A value
that was within one standard error of the A that minimized the cross validation
error. In this way, the nature of the individual effects that drug concentration and
regulator presence have on changes in gene expression in response to a given

chemical stressor are captured in the sign and magnitude of the coefficients .
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Interaction coefficients 8, potentially reflecting added synergistic effects, were
negligible compared to concentration or single regulator coefficients, and were

therefore excluded from further analysis.

Regulator contribution coefficients (B) to compound-promoter pairs were then
multiplied by the absolute of mean Z-scores of the wild type — multiplied
coefficients B*— thereby reflecting the strength of the compound-promoter
interactions in wild type, in addition to regulator contribution. This approach
facilitates interpretation and enables better understanding of regulator
contributions to strong compound-promoter interactions in the wild type.

We performed a 10-fold cross-validation to provide a robustness measurement
of each compound-promoter pair's regulator contributions using a “out-of-
sample R?’ metric. In this procedure, the data for each compound-promoter pair
was randomly divided into a training set (75% of the data) and a testing set
(25% of the data). The model was trained on the training set, and its out-of-
sample performance was evaluated on the testing set. The average R? per
compound-promoter pair was estimated considering the results from folds
where the ground-truth test set values had a variance > 0 (i.e. more than one
unique value). For compound-promoter pairs for which all contribution

coefficients are invariably zero, R? cannot be estimated.

Determination of Minimum Inhibitory Concentration (MIC)

Compound Minimum Inhibitory Concentration (MIC) against E. coli and
Salmonella strains was quantified using liquid growth assays in LB-Lennox in
microtiter plates in preparation for screening or checker board assays. The
assay was performed in 96-well plates in 100 ul, and conditions similar to those
used in the screening approach described above. Drugs were diluted linearly in
11 equal steps, allowing for finely resolved quantification of antimicrobial
efficacy. Growth curves were analysed similar to those from the screening
approach, and growth after 8h was approximated by ODayc.

MIC curves were generated to assess complementation of micF, ompF and rob

in the respective deletion genetic backgrounds. We used our checkerboard
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assays to select a suitable caffeine concentration where antagonism was
observed for the wild type: at 55.5 pg/ml caffeine the ciprofloxacin and
amoxicillin MIC curves are shifted towards higher concentrations (ED Fig 5a).
We then followed the procedure described above (in 384 well-plates, 40 ul) for
obtaining MIC curves for ciprofloxacin and amoxicillin with the complemented
mutants in the presence and absence of 55.5 ug/ml caffeine. The MIC curves
were estimated as previously described (Brenzinger et al., 2024) by fitting a
three-parameter logistic model to the drug dosage response curves using the R-

package drc (Ritz et al., 2015), using ODauyc sn as proxy for growth.

Isothermal Titration Calorimetry

Purification and subsequent ITC of Rob-6xHis with caffeine were carried out
essentially as described previously (Chubiz et al., 2012). Briefly, Rob was
expressed in E. coli BL21 (DE3) from a pET28a plasmid harboring the E. coli
Rob open reading frame, fused to a C-terminal 6xHis-tag. 4x 2 | cultures in LB
medium were grown at 37°C to an ODggp of 0.6 and expression was induced by
addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG), followed by
protein expression at 18°C overnight. Pellets were harvested by centrifugation
and resuspended in lysis buffer (50 mM Tris-HCI pH 8.0, 200 mM NaCl, 10 mM
imidazole, 1 mM TCEP, 10% glycerol, protease inhibitors, DNase), followed by
lysis via sonication and centrifugation at 4°C at 30000 xg for 30 min. The
soluble lysate was then loaded onto 5 ml Ni-NTA agarose beads. After intensive
washing of the beads, the Rob protein was eluted with IMAC elution buffer (20
mM Tris-HCI pH 8.0, 200 mM NaCl, 250 mM imidazole, 1 mM TCEP, 10%
glycerol). As a second purification step, target protein containing IMAC eluates
were pooled and subjected to size-exclusion chromatography on a HilLoad
Superdex 75 16/600 pg column, equilibrated to SEC buffer (200 mM NaCl, 20
mM Tris-HCI pH 8.0, 10% glycerol, 1 mM DTT). SEC peak eluates were pooled
and concentrated to 14.35 mg/ml. Samples were aliquoted, frozen in liquid

nitrogen and stored at -80°C.
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Isothermal titration calorimetry (ITC) experiments were done using a MicroCal
PEAQ-ITC titration calorimeter (Malvern) equilibrated to 25°C. Rob was
adjusted to 50 yM in dialysis buffer (20 mM HEPES, 200 mM NaCl, pH 8).
Caffeine solutions were prepared fresh in the same buffer to a final
concentration of 10 mM. The experimental parameters used with the PEAQ-ITC
system were 18 times 2 pl injections at 4 seconds duration, 150 seconds

spacing, 750 rpm stirring speed, and a reference power of 10 ucalls.

Proteomics

In vivo two-dimensional thermal proteome profiling (2D-TPP) with wild type E.
coli BW25113 and AmarA backgrounds was performed as previously described
(Mateus et al., 2020, 2018) with a caffeine concentration gradient ranging from
0 - 400 uM (0, 4.1 uM,10.2 uM, 25.6 uM, 64 uM, 160 pM, 400 uM). A single
culture of mid-exponential cells was split before treatment. Protein digestion,
peptide labelling, MS-based proteomics and data analysis for assessment of
protein thermal stability changes were performed as previously described
(Kurzawa et al., 2020; Mateus et al., 2020, 2018). Caffeine-induced changes in
protein abundance without temperature denaturation were calculated as the
median fold-change across all caffeine concentrations (4.1 uM - 400 uM) at the
lowest two temperatures (42°C, 45.4°C, n = 12). Benjamini-Hochberg adjusted
double-sided rank-sum test was used to compare the fold-change distributions
of each protein to the background (entire dataset). Gene Ontology (GO)
analysis (for biological process) was performed to identify functional enrichment
among significantly abundant proteins (p-value < 0.05) in E. coli. Gene
annotations were obtained from EcoCyc (https://ecocyc.org). Statistical
enrichment analysis among all detected proteins (n=1177) was performed using
Fisher’'s exact test. No correction for multiple testing was done, as the p-values
were generally high (low risk for false positives), and a correction would deem
all changes non-significant, thereby increasing the risk for false negatives.

Thus, GO terms with a p-value < 0.05 were considered significantly enriched.
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Quantification of OmpF levels by Western Blot

E. coli and S. enterica OmpF levels were quantified by Western blotting.
Caffeine treated and untreated cultures were prepared in three biological
replicates each by 1:100 dilution of over-night cultures in 20 mL LB-medium and
grown at 37°C and 180 rpm shaking. Caffeine was added to half of the flasks at
a concentration of 1 mM, while the other half of the flasks served as a negative
control. Cultures were grown until ODgyy of ~0.8, followed by pelleting via
centrifugation (10 min, 4000g, 4°C). Pellets were resuspendet in 200 ul 4%
SDS solution, heated to 95°C for 5 min and stored at -80°C until used. The
Pierce™ BCA Protein Assay Kit (Fisher Scientific, Germany) was used to
calculate total protein concentration of all samples according to the
manufacturer’s instructions. Samples were adjusted to 4 ug/ul protein with 4%
SDS solution and mixed in equal parts with 2x Laemmli buffer containing 2-
mercaptoethanol. Aliquots containing 20 ug of total protein (10 pl) were boiled
for 5 min at 95°C to denature any proteins. Samples were separated by SDS-
PAGE on a 10% gel at 80 V for 3.5 h and transferred to a PVDF membrane via
Trans-Blot® Turbo™ system (BioRad), according to the manufacturer’s
instructions. A specific rabbit aOmpF antibody (kindly provided by Joel Selkrig,
Aachen, Germany) and a rabbit aRecA antibody (ab63797, Abcam) were used
as primary antibodies at dilutions of 1:20000 and 1:5000, respectively, to detect
OmpF and RecA on the PVDF membrane. For both primary antibodies, we
used an HRP-coupled secondary antibody (A0545, Sigma), and Pierce™ ECL
Western Blotting-Substrate (Thermo Scientific) to visualise OmpF using an
chemiluminescence imager (Intas Science Imaging Instruments GmbH,

Germany).

Quantification of MicF small RNA by Northern blotting

Bacterial cultures were grown to exponential phase (ODgpo ~0.4) and treated
with 1 mM caffeine for 30 minutes or left untreated as negative control. Samples
were then mixed with 0.2 volumes of STOP solution (95% ethanol, 5% phenol)
and snap-frozen in liquid nitrogen to prevent RNA degradation. Total RNA was
extracted using the hot phenol method. Cell pellets were thawed and
resuspended in 65°C lysis buffer (40 mM EDTA pH 8, 200 mM NaCl, 0.5%
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SDS, 100 mM Tris-HCI pH 7.5), incubated for 5 minutes at 65°C in a water bath
and subsequently mixed with acidic phenol (ROTI Aqua-Phenol, Roth).
Samples were mixed thoroughly by vortexing, snap-frozen in liquid nitrogen and
centrifuged for 10 minutes. The upper aqueous phase was then mixed with the
same volume of chloroform-isoamyl alcohol (24:1) and mixed again by
vortexing. The resulting upper phase was then mixed with 1/10™ volume of 3M
sodium acetate (pH 4.5) and one volume isopropanol to precipitate total RNA
for 30 minutes on ice. Supernatants were subsequently removed, pellets dried
and resuspended in RNAse free water. Northern blotting, radioactive labelling of
DNA oligonucleotides, hybridization and signal detection were all performed as
previously described (Fuchs et al., 2023). Signals were subsequently analysed

using ImagedJ software (Schindelin et al., 2012; Schneider et al., 2012).

Checkerboard Assays

Quantification of interactions between caffeine and ciprofloxacin and/or
amoxicillin was performed using checkerboard assays. In brief, a checkerboard
assay resembles a two-dimensional MIC assay, with two different drugs being
combined across concentration gradients. The assays were performed in 96- or
384-well plates in biological quadruplicates and conditions similar to the
screening described above. Growth inhibitory effect (ODauyc after 8h) was
determined in a series of 7 (vertical dilution series) equally spaced
concentrations for caffeine and 11 (horizontal dilution series) equally spaced
concentrations for the antibiotic. Concentrations were adapted for E. coli, S.
enterica, and respective deletion mutants (Arob, AmicF, AmarA and AompF).
Fitness was calculated by normalization of ODayc of each well with the no-drug
control. Lines of equal fitness (isoboles) were estimated by the contours derived
from drug-interaction-surfaces. Provided that caffeine alone does not show
inhibitory effects at the concentrations tested, antagonism with ciprofloxacin or
amoxicillin is reflected by increased concentrations of ciprofloxacin or
amoxicillin needed to inflct a given inhibitory effect with increasing

concentrations of caffeine (isoboles moving rightward, Figure 25).
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Table 1: Bacterial strains used throughout this thesis

Name Species Strain Genotype BSL | Origin Resistance
A(araD-araB)567,
AlacZ4787(::rrB-
AB10001 | E. coli BW25113 | 3), A-, rph-1, S1 Typas none
A(rhaD-rhaB)568,
hsdR514
F— endA1 ginV44
thi-1 recA1 relA1
gyrA96 deoR
nupG purB20
AB10005 | E. coli DH5a @80dlacZAM15 S1 Typas none
A(lacZYA-
argF)u169,
hsdR17(rK—
mK+), A—
AB10013 | 5 ENterica | 440085 | . s2 |Typas |none
yphimurium
AB30003 | E. coli BW25113 | AompF s1 | This none
study
AB30004 | E. coll BW25113 | AmarA S1 ;Z'jy none
AB30043 | E. coll Bw25113 | PTUT7S-pMicF- | o | This Spectinomycin
lux rep study
AB30045 | E. coll Bw25113 | PTUT75-pTolC- | o4 | This Spectinomycin
lux rep study
AB30046 | E. coll BwW25113 | PTUT75-pOmpF- | o | This Spectinomycin
lux rep study
AB30067 | E. coli Bw25113 | PTUT7S-pMarR- | o | This Spectinomycin
lux rep study
AB30068 | E. coli Bw25113 | PTU175-pSoxS- | g | This Spectinomycin
lux rep study
AB30069 | E. coli BW25113 | PTUT75-pRob-lux | | This Spectinomycin
rep study
AB30070 | E. coli Bw25113 | PTUT75-pACTAB- | o | This Spectinomycin
lux rep study
AB30081 | E. coli Bw25113 | PTUT7S-EVC-ux | o | This Spectinomycin
rep study
S. enterica pASCoT- This -
AB30084 | 3-SR | 140288 | PR ne S2 | jigy | Ampicilin
AB30127 | S-enterica | 5505 | PASCOT-pMICE- | g5 | ThIS 01 icillin
Typhimurium Lux study
AB30212 | E. coli BW25113 | AmicF g1 | This none
study
AB30219 | E. coli BW25113 | Arob s1 | This none
study
. AmarR pTU175 This : .
AB30257 | E. coli BW25113 EVC S1 study Spectinomycin
. AmarR pTU175 This : .
AB30258 | E. coli BW25113 | Lo 0 S1 | quay | SPectinomycin
AB30305 | E. coli BW25113 | AsoxS S1 gt';'jy none
. AsoxS pTU175 This . .
AB30306 | E. coli BW25113 EVC S1 study Spectinomycin
AB30307 | E. coli BW25113 | ASoxSpTUT7S | g | This Spectinomycin
ptolC study
. AmarA pTU175 This . .
AB30308 | E. coli BW25113 EVC S1 study Spectinomycin
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AB30309 | E. coli BW25113 | AmarApTUT7S | gy | This Spectinomycin
pmicF study
AB30310 | E. coli BW25113 | AmarApTUT7S | gy | This Spectinomycin
pompF study
AB30311 | E. coli BW25113 | AmarApTUT7S | gy | This Spectinomycin
pacrA study
AB30312 | E. coli BW25113 | AMarApTUT7S | oy | This Spectinomycin
ptolC study
. AmarA pTU175- This . .
AB30332 | E. coli BW25113 omarRAB S1 study Spectinomycin
AB30333 | E. coli BW25113 | AMarApTUT7S- | oy | This Spectinomycin
pPSOXS study
AB30334 | E. coli BW25113 | AMarApTUT7S- | oy | This Spectinomycin
prob study
AB30335 | E. coli BW25113 | AS0xS pTUT75- | o | This Spectinomycin
pacrAB study
. AsoxS pTU175- This . .
AB30336 | E. coli BW25113 pmarRAB S1 study Spectinomycin
AB30337 | E. coll BW25113 | ASOxS pTUT7S- | oy | This Spectinomycin
pSOxS study
AB30338 | E. coll BW25113 | ASOxS pTUT7S- | oy | This Spectinomycin
prob study
AB30339 | E. col BW25113 | ASOxS pTUT7S- | oy | This Spectinomycin
pmicF study
AB30340 | E. coll BW25113 | ASOxS pTUT7S- | oy | This Spectinomycin
pompF study
. Arob pTU175- This . .
AB30341 | E. coli BW25113 EVC S1 study Spectinomycin
AB30342 | E. coli BW25113 | Arob pTU17S- | oy | This Spectinomycin
pacrAB study
AB30343 | E. coli BW25113 | Arob pTU17S- | oy | This Spectinomycin
ptolC study
. Arob pTU175- This . .
AB30344 | E. coli BW25113 omarRAB S1 study Spectinomycin
AB30345 | E. coli BW25113 | Arob pTU17S- | oy | This Spectinomycin
psoxS study
AB30346 | E. coli BW25113 | Arob pTU17S- | oy | This Spectinomycin
prob study
AB30347 | E. coli BW25113 | Arob pTU17S- | oy | This Spectinomycin
pmicF study
AB30348 | E. coli BW25113 | A0P PTUT7S- | oy | This Spectinomycin
pompF study
AB30463 | S:enterica |y 5085 | AompF s2 | This none
Typhimurium study
AB10027 | E. coll CFT073 | - S2 | DSMZ | none
F—endA1 ginV44
thi-1 recA1 relA1
gyrA96 deoR
nupG purB20 Jbr
AB20127 | E. coll DHsa | g80diaczAM15 | S1 39 | Ampicilin
A(lacZYA- 9
argF)u169,
hsdR17(rK -
mK+), A
F— ompT gal dcm
. lon hsdSB(rB— This :
AB20206 | E. coli BL21 mB—) [malB+]K- S1 study Kanamycin
12AS)
AB30538 | E. coli BW25113 | rob::rob S1 This none
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study

AB30539 | E. coli BW25113 | AmicF pTUT75- | g4 | This Spectinomycin
MicF-comp study

AB30536 | E. coli BW25113 | ompF::ompF S1 ltr;'jy none

. rob::rob pTU175- This : .

AB30543 | E. coli BW25113 pmarRAB-lux rep S1 study Spectinomycin

AB30542 | E. coli BW25113 | FOD:rob pTUT7S- | o | This Spectinomycin
pMicF-lux rep study

Table 2: Plasmids and plasmid carrying strains used throughout this thesis

Primers

Name Strain Plasmid Name | Plasmid backbone used Source
AB2001 | E. Col pTU175- STU1754uxCDABE | - Typas Lab,
op10 luxCDABE Heidelberg
ﬁ\82004 S-H C53“ 212%255_ pTU175-luxCDABE | 29.& 30 | This study
AB2004 | E. Col pTU175-acrAB | pTU175-luxCDABE | 57 & 58 | This study
#B2004 | £ Col pTU175-s0xS | pTU175-luxCDABE | 43 & 44 | This study
£82004 | = Col pTU175-rob pTU175-uxCDABE | 47 & 48 | This study
£B2004 | E. ol pTU175-ompF | pTU175-luxCDABE | 53 & 54 | This study
£B2004 | E. ol pTU175-micF | pTU175-luxCDABE | 51 & 52 | This study
AB2005 | E. ol pTU175-t0IC | pTU175-luxCDABE | 31 & 32 | This study
/252008 E-H %3” ﬁﬁ?;%‘Z\TB'E pTU175-uxCDABE | - Brochado Lab
2‘320” E-H%g” PASCoT-micF | pASCoT-luxCDABE ?21& This study
2\82000 EH cl:joelli pKD13 oKD13 ) \If\;(ta)stermann
2\82004 EOS?I(IJ pKD46 pKD46 ) \If\;istermann
?82005 [E)Hc‘:joelli pCp20 pCP20 ) \If\;istermann
AB2012 | E. col pBR322 pBR322 - EK,T;E Lab,
Heidelberg
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, Typas Lab,
AB2000 | E. coli pET-28a PET-28a . EMBL
3 BL21 .
Heidelberg
AB2020 | E. coli 658 & .
6 BL21 pET-28a-Rob pET-28a 659 This study
AB2027 | E. coli 1121 & .
7 DH5a pKD13-rob pKD13 1122 This study
AB2027 | E. coli 1125 & .
9 DH5a pKD13-ompF pKD13 1126 This study
AB2028 | E. coli pTU175-micF- 1161 & .
4 DH5a comp pTU175-luxCDABE 1162 This study

Table 3: DNA oligonucleotides used throughout this thesis

fwd

Number | Primer name sequence

29 EE‘VV%TU 175_Lux_pMarRA TGTCGGGAATTCtctgttgcggaaagagcatcc

30 S_LrESTU 175_Lux_pMarRA TGGTCTCTCGAGattagttgccctggcaagtaattagtige
31 RL _pTU175 Lux TolC-fwd | TGTCGGGAATTCatcatcccggcaaccatctcc

32 RL _pTU175 Lux TolC-rev | TGGTCTCTCGAGttgcattcctigtggtgaagcag

43 RL_pTU175_Lux_pSoxS- TGTCGGGAATTCagcggtcgcececgggttacg

RL _pTU175 Lux_pSoxS-

44 rev TGGTCTCTCGAGaaatctgcctcttttcagtgttcagticg
47 ENLd—pTU 175_Lux_pRob- TGTCGGGAATTCccgtttttaatacgatccgacagttcaatcg
48 RL_pTU175_Lux_pRob-rev '(I:'SGTCTCTCGAGaaaatatcctcatcctttcaacaacgagca
51 stde—pTU 175_Lux_pMicF- TGTCGGGAATTCaggtctggtcgccatctacatc
52 il:/_pTU 175_Lux_pMicF- TGGTCTCTCGAGgggagttattctagttgcgagtgaagg
53 stde—pTU 175_Lux_pOmpF- TGTCGGGAATTCcgatcatcctgttacggaatattacattge
54 RL pTU175 Lux pOmpF- | TGGTCTCTCGAGtatttattaccctcatggttttttitatgacacct
rev gc

57 fI?NLd_pTU 175_Lux_pAcrAB- TGTCGGGAATTCacaaattcgcatttgtggaatataatctcc
58 rReI;I_pTU 175_Lux_pAcrAB- TGGTCTGTCGACatgtaaacctcgagtgtccg

: CGGCGCAGTATGAAGATCTCGAGTAGGTCTGG
99 SB5 MicF fw TCGCCATCGC
181 ST pMicF rev GGTACCGTTGTGGTCTCggtcactattttagttgcgaatg
591 dRob KanFRT fwd tccaattacctgatgtcaggtgctcgttgttgaaaggatgaggatattttg

- - tgtaggctggagctgcttc
592 dRob_KanFRT rev gggacatctcgcatctggacgcccctgcattagatgagctgcagegtt
aaattccggggatccgtcgacc

580 5S-rRNA_Nblot_probe CTACGGCGTTTCACTTCTGAGTTC
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GTCTGGTCGCCATCTACATC

524 micF_Nblot_probe GGGGTAAACAGACATTCAGA

658 Rob-6xHis_fwd GATATACCatggatcaggccggcattattcg

659 Rob-6xHis_rev GGCCGCAAGCTTacgacggatcggaatcagcag

1161 GA_pTU-micF-comp_fwd GCATCGGCGGCGCAGTATGAAGATCTCGAGAG

1162 GA_pTU-micF-comp_rev

CAG CTATCG ATC CAT GGG GCC CGC GGC
CGC AAA AAA AAC CGA ATG CGA GGC ATC

1121 pKD13 rob_fwd

gagaatagga acttcgaact gcaggtcgac ttaacgacgg
atcggaatca gcag

1122 pKD13_rob_rev

gtcaaacatg agaattaatt ccggggatcc ccgtttttaa
tacgatccga cagttcaatc

1125 pKD13_ompF_fwd

gagaatagga acttcgaact gcaggtcgac ttagaactgg
taaacgatac ccacagc

1126 pKD13_ompF_rev

gtcaaacatg agaattaatt ccggggatcc cgatcatcct
gttacggaat attacattgc

Table 4: Compounds used for reporter screening

Drug Highest Highest Supplier Cat. No
conc (uM) conc (ug/ml)
Water 0.000 0.000 - -
1-Methyluric acid 1000.000 91.070 Sigma M6885-
100MG
2,3-DHBA 1000.000 154.120 Sigma 126209-5G
2'-2'-Bipyridyl 500.000 78.090 Sigma D216305-
10G
4-Aminobenzoic acid 500.000 68.570 Sigma A9878-5G
4-aminosalicylic acid 1000.000 153.140 Sigma A79604-
100G
A22 5.000 1.358 Sigma SML0471-
10MG
Acetylsalicylic acid 1000.000 180.160 Sigma A5376-100G
Adrenalin 500.000 109.835 Sigma E4642-5G
Amikacin 1.000 0.586 Sigma PHR1654-
1G
Amoxicillin 5.500 2.010 Sigma A8523-5G
Azithromycin 3.000 2.247 Biomol LKT-
A9834.500
Aztreonam 0.100 0.044 MP Biomedicals 215041501
Bacitracin 200.000 284.538 Sigma 11702-5G
Benzalkonium 40.000 14.881 Sigma B6295-100G
Berberine 500.000 168.183 Sigma 14050-10G
Bleomycin 0.200 0.303 Biomol Cay13877-
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10
Butyrate 500.000 55.045 Sigma 8202360250
Caffeine 1000.000 194.190 Sigma C0750-5G
Catechin 500.000 145.135 Sigma C1251-5G
CCCP 25.000 5.116 Sigma C2759-
250MG
Cefaclor 2.500 0.920 Sigma C6895-
100MG
Cefotaxime 0.020 0.010 Sigma C7039-
100MG
Cefsulodin 25.000 13.863 Sigma C8145-
250MG
Cerulenin 45.000 10.047 Sigma C2389-5MG
Cetirizine dihydrochloride | 500.000 230.905 Sigma C3618-
50MG
Chloramphenicol 3.000 0.969 MP Biomedicals 219032105
Chlorhexidine 1.000 0.505 Sigma 282227-1G
Cidofovir 500.000 139.595 Sigma C5874-
10MG
Ciprofloxacin 0.030 0.010 Sigma 17850-5G-F
Clarithromycin 40.000 29.918 Sigma C9742-
100MG
Clindamycin 4.500 2.076 Biomol LKT-
C4532.50
Colistin 0.300 0.380 Sigma PHR1605
Curcumin 500.000 184.193 Biomol Cay81025
Cycloserine D 75.000 7.657 Sigma C6880-1G
Deoxycholic acid 500.000 196.285 Sigma 30960-25G
Dopamine 500.000 94.820 Sigma H8502-5G
Doxorubicin 4.000 2.320 Biomol Cay15007-
50
Doxycycline 1.000 0.513 Sigma D9891-1G
EDTA 500.000 146.120 Carl Roth 8040.2
EGCG 50.000 22.919 Sigma E4143-50MG
Erythromycin 20.000 14.679 Sigma E5389-1G
Estradiol 500.000 136.190 Sigma E8875-1G
Ethidiumbromide 500.000 197.147 Sigma E1510-10ML
Fosfomycin 0.500 0.091 Sigma P5396-1G
Fusidic acid 200.000 107.738 Sigma F0881-1G
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Gentamicin 2.000 1.033 Sigma G1914-
250MG
Hydrocortisone 500.000 181.230 Sigma H4001-1G
Ibuprofen 500.000 103.140 Sigma 17905-1G
Imipenem 0.500 0.159 Biomol Cay16039-
25
Indole 1000.000 117.150 Sigma 13408-25G
Levofloxacin 0.100 0.036 Sigma 28266-1G-F
Lithocholic acid 500.000 188.285 Sigma L6250-10G
Loperamide 250.000 256.753 Sigma PHR-1162-
1G
Water 0.000 0.000 - -
Mecillinam 0.200 0.065 Sigma 33447-
100MG
Meropenem 0.200 0.088 Sigma M2574-
10MG
Metformin 1000.000 165.620 Biomol Cay13118-5
Metronidazole 5.000 0.856 Sigma M3761-5G
Minocycline 1.000 0.494 Biomol Cay14454-
50
Mitomycin C 1.500 0.501 Biomol Cay11435-5
Moxifloxacin 0.200 0.088 Sigma SML1581-
50MG
Nitrofurantoin 15.000 3.572 Sigma N7878-10G
Noradrenalin 500.000 159.630 Sigma A0937-1G
Novobiocin 30.000 19.038 Sigma 74675-5G
Omeprazole 500.000 172.700 Biomol Cay14880-
100
Oxacillin 10.000 4.234 Sigma 28221-1G
Paraquat 20.000 5.143 Sigma 36541-
100MG
Penicillin G 10.000 3.725 Sigma P8721-25MU
Phleomycin 3.500 4.996 Biomol Cay15549-
10
Piperacillin 0.500 0.270 Sigma P8396-1G
Piperine 500.000 142.670 Sigma W290904-
100G-K
PMS 30.000 9.190 Sigma P9625-1G
Polymyxin B 0.200 0.277 Sigma P0972-1MU
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Procaine 45000.000 10633.950 Sigma P9879-50G
Progesterone 500.000 157.230 Sigma P8783-1G
Pseudomonic acid 4.000 2.003 Biomol Cay23238-
50
Puromycin 45.000 24.499 Biomol Cay13884-
100
Quercetin 500.000 151.120 Sigma Q4951-10G
Quinine 1000.000 324.420 Sigma 22620-5G
Rifampicin 10.000 8.229 Sigma R3501-1G
Salicylate 1000.000 138.120 Sigma 247588-
100G
Serotonine 500.000 106.340 Biomol Cay14332-
100
Sodium urate 1000.000 227.301 Sigma U2875-5G
Spectinomycin 10.000 4.954 Sigma S4014-5G
Spiramycin 25.000 21.076 Sigma S9132-1G
Sulfamethoxazole 100.000 25.330 Biomol Cay23613-
25
Sulfamonomethoxine 200.000 56.060 Sigma S0508-
250MG
Testosterone 500.000 144.210 Sigma 86500-1G
Tetracycline 1.000 0.444 Sigma 87128-25G
Thiourea 500.000 38.060 Sigma T8656-100G
Tobramycin 2.000 0.935 Sigma T4014-
100MG
Trimethoprim 2.000 0.581 Sigma T7883-5G
Tunicamycin 25.000 21.125 Sigma T7765-5MG
Vanillin 1000.000 152.149 Sigma V1104-2G
Verapamil 500.000 227.301 Biomol Cay14288-5
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