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ZUSAMMENFASSUNG

Der Groliteil der heutzutage angewandten Antibiotika gehort zur Gruppe der Naturstoffe
oder wurde durch Modifizierung einzelner funktioneller Gruppen von ihnen abgeleitet. Auf
der Suche nach neuen Antibiotika konzentrieren sich viele aktuelle Forschungsprojekte
erneut auf Naturstoffproduzenten, da Naturstoffe komplexe physiochemische Eigenschaften
bezlglich einer guten bakteriellen Aufnahme, intrazellularen Verfigbarkeit und Bindung an
die Zielstruktur in sich vereinen und durch rationales Design nur sehr schwer nachzuahmen
sind. Es besteht die gerechtfertigte Hoffnung, dass die Untersuchung neuer
Produzentenstamme aus weniger erforschten Nischen potenziell neue antimikrobiell
wirksame Substanzen hervorbringt. Aufierdem konnte durch Genomsequenzierung
festgestellt werden, dass viele Produzentenstamme das Potential besitzen zusatzliche
Sekundarmetabolite zu synthetisieren, welche in sogenannten kryptischen oder stillen
Genclustern codiert sind. Die Aktivierung dieser Gencluster, z.B. durch die Anzucht der
Produzentenstamme unter neuen Wachstums- oder Stressbedingungen, die genetische
Manipulation der Genregulation oder die heterologe Genexpression, ist ebenso Bestandteil
aktueller Forschung. Um diese Auswahl an potenziellen Naturstoffproduzenten effektiv zu
beproben, bendtigt man, neben verbesserten Aufreinigungs- und Dereplikationsmethoden,
vor allem schnelle, robuste und selektive Screeningmethoden, welche einen hohen
Informationsgehalt generieren.

In dieser Arbeit wurde ein Agar-basierter Bioreporteransatz entwickelt und validiert, der ein
kombiniertes Bioaktivitats- und Wirkmechanismus (MOA)-informiertes Screening
ermoglicht. Die verwendeten [-Galaktosidase-basierten Bacillus subtilis Bioreporter-
konstrukte zeigten eine selektive Induktion bei antimikrobieller Interferenz mit einem der
Hauptstoffwechselwege: DNA-Synthese (Pyos-lacZ), RNA-Synthese (PptlacZ und
Preip-lacZ), Proteinbiosynthese (Pomc-lacZ, selektiv fur Translationsarrest) und Integritat der
Zellhulle (Pypua-lacZ und PjarlacZ). Die Induktionsspezifitat der Bioreporterstdmme im
Agar-basierten Testverfahren wurde unter Verwendung von ~90 Referenzantibiotika mit
bekanntem MOA bestatigt. Da P als Bioreporter bisher unbeschrieben war, musste seine
Induktionsspezifitat und -sensitivitat in Bezug auf RNA-Stress sowohl im Agar-basierten
Ansatz sowie in einem flissigen, Luciferase-basierten System eingehend profiliert werden.
Nach der Validierung der Bioreporterstamme, ermdglichte der Agar-basierte Test die
Charakterisierung unbekannter, antimikrobieller Wirkstoffe, wie z.B. die Untersuchung von
Microcionamid A und C. Generell wies die Bioreporter-basierte MOA-Profilierung den

Hauptstoffwechselweg auf, welcher durch die antibiotische Aktivitat spezifisch gehemmt
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wurde, und ermoglichte die Auswahl geeigneter Folgestudien zur Aufklarung der
molekularen Zielstruktur.

Weiterhin wurde der Agar-basierte Bioreporteransatz auf seine Anwendbarkeit im direkten
Screening von Antibiotika-Produzentenstammen untersucht. Es konnte nachgewiesen
werden, dass produzierte antimikrobielle Wirkstoffe durch die direkte Untersuchung von
Agarproben oder Kulturiiberstanden der kultivierten Produzentenstdamme sensitiv detektiert
und bezlglich ihres MOA profiliet werden koénnen, ohne dass eine initiale
Wirkstoffaufreinigung erforderlich war. Dies war besonders interessant, da Antibiotika-
Produzentenstamme oft das genetische Potenzial besitzen, verschiedene antimikrobielle
Sekundarmetabolite zu synthetisieren, welche mit Hilfe der zusatzlichen MOA-Information
der Bioreporterstamme schnell unterschieden werden kénnen. Das Testverfahren bietet
zudem den Vorteil, den gesamten Aufreinigungsprozess eines Wirkstoffes zu Uberwachen,
da unbearbeitete Produzentenstdmme, Extrakte, fraktionierte Proben oder Reinsubstanzen
auf das Vorhandensein der zuvor detektierten Aktivitat inklusive Bioreportersignal getestet
werden konnen. Es konnte weiterhin gezeigt werden, dass der Agar-basierte
Bioreporteransatz in der Lage ist, Polypharmakologie oder synergistische Effekte von
antimikrobiellen Substanzen sensitiv nachzuweisen.

Die selektive Hochregulierung der ausgewahlten B. subtilis Bioreportergene durch
antibiotische Interferenz mit einem der oben genannten Hauptstoffwechselwege war in einer
friheren Transkriptom-Studie entdeckt worden. Die Funktion und Regulation der
identifizierten B. subtilis-Gene sind jedoch nur teilweise charakterisiert. Ein besseres
Verstandnis der initiierten Stressantworten, welche die selektive Induktion der Gene
regulieren, ermdglicht eine verfeinerte MOA-Charakterisierung der induzierenden
Antibiotika und erlaubt potenziell neue Einblicke in zellulare Anpassungs- oder
Resistenzmechanismen. Daher wurde in dieser Arbeit die Regulation der Bioreportergene
rpt, helD und yorB untersucht, welche nach Behandlung mit RNA-, respektive DNA-
Synthese-hemmenden Antibiotika selektiv hochreguliert werden. Bezilglich der
Genregulation von rpt und helD lieBen die Induktionsprofile von Pt und Prep nach
Antibiotikabehandlung, welche zusatzlich in einem quantitativen, Luciferase-basierten
Reportersystem gemessen wurden, auf einen ahnlichen Regulationsmechanismus
schlielen. Weitere Ergebnisse wie Promotor-Deletionsstudien und DNA-Affinitats-
Capturing-Assays, deuteten darauf hin, dass die SigA-regulierten Gene rpt und helD
zu einer cis-kodierten Antisense-RNA-regulierten Stressantwort gehoren, welche
moglichweise selektiv durch das zellulare Erkennen blockierter RNA-Polymerase-Komplexe

induziert wird. Zudem konnte nachgewiesen werden, dass das SP[3-Prophagenprotein YorB
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LexA-reguliert und somit Teil der SOS-Antwort in B. subtilis ist. Schlie3lich wurde die bisher
nicht charakterisierte Funktion von Rpt (friher PpS/YppS) aus B. subtilis aufgeklart. Es
konnte gezeigt werden, dass Rpt eine selektive Resistenz gegen Rifamycine verleiht, indem

es diese spezifisch phosphoryliert und damit inaktiviert.



SUMMARY

Most of todays applied antibiotics belong to the group of natural products or have been
derived from them, by modifying individual functional groups. In the search for new
antibiotics, current research is again concentrating on natural product discovery, since those
compounds combine complex physiochemical properties with regard to good bacterial
uptake, intracellular retainment, and target engagement, which cannot simply be mimicked
by rational design. There is justified hope that the investigation of new producer strains from
less explored niches could reveal new natural products. Genome sequencing has also
shown that many producer strains possess the potential to synthesize additional secondary
metabolites, which are encoded in so-called cryptic or silent gene clusters. The activation of
those gene clusters, e.g., by cultivation of the producer strains under different growth or
stress conditions, genetic manipulation of gene regulation, or heterologous expression, is
also part of current research. In order to effectively screen all those potential natural product
producers, improved purification and dereplication methods are required and, above all, fast,
robust, and selective screening procedures, which generate high content information.

In this thesis, an agar-based bioreporter approach was developed and validated, which
allows for combined bioactivity and mode of action-informed screening. The employed
R-galactosidase-based Bacillus subtilis bioreporter constructs showed selective induction
upon antimicrobial interference with one of the main metabolic pathways: DNA synthesis
(Pyors-lacZ), RNA synthesis (Pppt-lacZ and Phrep-lacZ), protein biosynthesis (Ppmrc-lacZ,
selective for translation arrest) and integrity of the cell envelope (Pypua-lacZ and Pjia-lacZ).
Induction specificity of the bioreporter panel in the agar-based setup was confirmed using
a large set of ~90 reference antibiotics with known MOA. Of note, Pt had not previously
been described as bioreporter and was therefore extensively profiled for its induction
specificity and sensitivity upon RNA stress in the agar-based assay as well as in a liquid,
luciferase-based system. After validation of the bioreporter panel, the agar-based approach
allowed the characterization of unknown antimicrobial agents, like the investigated
compounds microcionamide A and C. Generally, the bioreporter-based MOA profiling
indicated the metabolic pathway(s) of antibiotic interference and allowed for the selection of
adequate MOA follow-up studies to elucidate the exact molecular target.

Furthermore, the agar-based bioreporter approach was evaluated for its applicability in
direct screening of antibiotic producer strains. It could be proven that produced
antimicrobials can be sensitively detected and MOA-profiled by direct probing of agar plugs

or culture supernatants of the cultivated producer strains, with no need for initial compound



purification. This finding was especially interesting as antibiotic producer strains often
possess the genetic potential to synthesize different antimicrobial secondary metabolites,
which can rapidly be distinguished using the additional MOA information of the bioreporter
panel. The assay also bears the advantage to monitor the entire purification process of
a bioactive substance, allowing to test unprocessed producer strains, extracts, fractionated
samples, or pure substances for the presence of the previously detected activity and
bioreporter signal of interest. It could further be shown, that the agar-based bioreporter
approach is able to sensitively detect polypharmacology or synergistic effects of
antimicrobial substances.

The specific upregulation of the selected B. subtilis bioreporter genes upon antibiotic
interference with one of the upper mentioned main metabolic pathways was discovered in a
previous transcriptome study. However, the function and regulation of the identified
B. subtilis genes are only partially characterized. A better understanding of the initiated
stress responses that regulate selective gene induction would enable a refined
MOA characterization of the inducing antibiotics, and potentially allow new insights into
cellular adaptation or resistance mechanisms. Hence, regulation of the bioreporter genes
rpt, helD, and yorB, which are selectively upregulated upon exposure to antibiotics that
inhibit RNA or DNA synthesis, respectively, was investigated in this work. For gene
regulation of rpt and helD, the induction profiles of P.,x and Preip upon antibiotic treatment in
a quantitative, luciferase-based reporter system, already pointed at a similar regulation
mechanism. Further results like promoter deletion studies or DNA affinity capturing assays
indicated, that the SigA-regulated genes rpt and helD both belong to a cis-encoded
antisense RNA-regulated stress response, which is proposed to be selectively induced by
the cellular sensing of stalled RNA polymerase complexes. The SPR-prophage protein YorB
was proven to be LexA-regulated and thus part of the SOS response in B. subtilis. Finally,
the function of B. subtilis Rpt (formerly PpS/YppS), which had not been previously
characterized, was elucidated. It could be shown that Rpt confers selective resistance to

rifamycins by phosphorylation inactivation.
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1. INTRODUCTION

1.1. Current importance of antibiotic research

Antibiotic discovery was initiated with the finding of anti-Treponema pallidum (pathogen
causing syphilis) bioactivity of the synthetically prepared salvarsan in 1909, followed by the
incidental discovery of the first natural product penicillin in 1928. In the subsequent,
so-called golden era of antibiotic discovery (~1940-1960), the scientific community
uncovered a large variety of bioactive compounds, that still build the bases of the majority
of today’s antibiotic treatment options (Figure 1). Already at that time the parallel emergence
of antibiotic resistance was described (Welsch, 1952; Eagle, 1954; Clatworthy et al., 2007).

Discovery of the first representative Streptogramin
A Vancomycin
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Erythromycin
Ison|a2|d Lincomycin
Fusidic acid

Pleuromutllm NaI|d|X|c acid

Polymyxm |
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Selected Examples: E. faecium Daptomycin
CI|r1|c.aI |.ntroc.juct|on and Daptomycin-resistant
antibiotic resistance development S .aureus

Figure 1. Timeline of antibiotic discovery and resistance development. The upper part depicts the year
of discovery for the first identified representatives of each antibiotic class (Silver, 2011; Ling et al., 2015).
Natural products are highlighted in green, while synthetically derived compounds are marked in red. Colored
boxes indicate antibiotics that were further investigated in this graph for parallel resistance development (lower
part). The lower section shows the resistance development against some exemplarily chosen antibiotics after
clinical introduction. Resistant pathogens depicted are Staphylococcus aureus (S. aureus), Shigella spp.,
Streptococcus pneumoniae (S. pneumoniae), Neisseria gonorrhoeae (N. gonorrhoeae), and Enterococcus
faecium (E. faecium) (Centers for Disease Control and Prevention, 2013; Centers for Disease Control and
Prevention, 2020).

What did not appear as a great threat back then as antibiotic resources seemed to be infinite,
has become a major problem in recent years, with dried-out pipelines in antibiotic discovery
and rising numbers of (multi-) resistant pathogenic bacteria (O Neill, 2014; Frieri et al., 2017;
Aslam et al., 2018). Multiple factors have been adding to this shortage: the imprudent use
of antibiotics in agriculture (e.g., for artificial animal fattening or factory farming) (Landers et

al., 2012; Manyi-Loh et al., 2018; Yang et al., 2019), the enhanced medical application of

broad-spectrum antibiotics (often misused or used for preventive measures) (Schroeck et



al., 2015), the general difficulty to find new antibiotic scaffolds in a more exploited
environment, the shrinking efforts in antibiotic research made by pharmaceutical companies
due to its non-profitable and tedious developmental process, the more rapid spread of
antibiotic resistance in a globalized world (MacPherson et al., 2009) and finally, the
environmental accumulation of all produced and applied antibiotics (e.g., in the waste water
of antibiotic production facilities or municipal sewage) (Kraemer et al., 2019; Davies and
Davies, 2010). Although public awareness of the growing threat of antibiotic resistance is
rising, there is need for further education, as for example awareness studies revealed
misbeliefs concerning the appropriate application of antibiotics or the antibiotic resistance
development, i.e., the majority of people asked thought, that humans and not bacteria
become antibiotic resistant (World Health Organization, 2015). In 2014, an expert committee
predicted that by 2050 antimicrobial infections will constitute the most frequent cause of
death (O Neill, 2014). Although it is difficult to predict the extent of such prognoses, we are
indeed facing a post-antibiotic future, if the antibiotic resistance problem is not promptly
tackled from multiple sides. On the one hand our generation has to learn to responsively
handle the remaining precious drugs, e.g., by restricting the medical application or following
a more sustainable antibiotic-free agriculture, while, on the other hand, we have to invest in
the discovery and development of new antimicrobial agents, which can only be achieved by

an extended and stably financed antibiotic research.

1.2. Antibiotic discovery and development

In recent years, only few antibiotics could successfully pass through all clinical trials, with
the majority of approved antibiotic agents comprising derivatives of known antibiotic classes
(Hutchings et al., 2019). To counteract antibiotic resistance development, there is the urgent
need to find new antimicrobial scaffolds, that either show new binding modes on
characterized targets or interfere with new targets, thereby avoiding cross-resistance
(Bush et al., 2011; Walsh and Wencewicz, 2014). Furthermore, resistance breaking agents
are of interest, which specifically combat resistance in combinational treatment with currently
applied therapeutics (Bush and Pucci, 2011; Melander and Melander, 2017; Laws et al.,
2019) or compounds that tackle non-essential virulence pathways (i.e., biofilm formation)
(Rasko and Sperandio, 2010; Martinez et al., 2019). Research groups are also working on
antimicrobial, immunomodulatory agents, that support the inherent host immune response
for more effective elimination of invading pathogens (Liu et al., 2006; Ting et al., 2020).

To date, antibiotic research mostly followed two main strategies: the target-based screening

for and rational optimization of (semi-)synthetic molecules versus the activity-based



screening of naturally or (semi-) synthetically derived samples (Brétz-Oesterhelt and Sass,
2010; Singh et al., 2011). For the former, huge efforts had been invested into developing
low-molecular molecules that displayed optimized binding to the purified bacterial target site
of interest in vitro. Unfortunately, when tested in vivo they often only showed weak
antimicrobial activity, as the predicted targets were not essential in the nutrient-rich host
environment, prone to mutation or could easily be bypassed by acquiring requisite
reaction products from the surrounding (Brotz-Oesterhelt and Sass, 2010). Furthermore,
their physiochemical properties often allowed for improved target-binding, but did not
meet the demands necessary for bacterial cell entry or escaping efflux mechanisms
(Brotz-Oesterhelt and Sass, 2010; Tommasi et al., 2015). The results indicate the difficulties
of computationally predicting suitable bacterial target structures or the impact of molecular
modifications of antimicrobials on every step necessary for effective target engagement in
bacterial whole cell systems. In contrast, natural products have evolved complex
physiochemical properties to combine efficient target-binding, optimized bacterial cell entry,
good cytoplasmic retainment, and resistance-slowing polypharmacology, which make them
a promising source for potentially new antimicrobial scaffolds (Brotz-Oesterhelt and Sass,
2010; Bérdy, 2012; Wright, 2017). This superiority is also displayed by the vast majority of
all applied antibiotics having derived from natural products (Newman and Cragg, 2016;
Wright, 2017). Nonetheless, the major bottleneck in natural product discovery is the frequent
rediscovery of previously isolated compounds (Tulp and Bohlin, 2005; Genilloud, 2017).
To overcome this problem, current research tries to follow new paths, e.g., by investigating
newly discovered or underexplored antibiotic producer species, which colonize more
specialized environmental niches (Wohlleben et al., 2016; Zipperer et al., 2016; Nithya et
al., 2018). Furthermore, genomic approaches revealed that producer strains indeed often
possess large numbers of antibiotic gene clusters and therefore the potential to produce
new antimicrobial secondary metabolites, i.e., indicated by metagenomic data from
non-cultivable microorganisms or the existence of silent gene clusters (Wohlleben et al.,
2016). To free those capacities, different strategies are developed in order to indirectly
(e.g., by growth under stress conditions or in cocultivation) (Seyedsayamdost, 2014; Yoon
and Nodwell, 2014; Netzker et al., 2015) or directly modulate the producer strains gene
expression (Mao et al., 2018; Culp et al., 2019; Wang et al., 2019) or to heterologously
express the gene cluster of interest (Nah et al., 2017).

In parallel, further development of improved extraction methods, facilitated deconvolution
strategies and appropriate high-throughput screening technologies to efficiently purify,

unravel and prioritize potentially interesting bioactive molecules are required (Carrano and



Marinelli, 2015; Ventura et al., 2017). As indicated above, especially bioactivity-based whole
cell screenings are of interest, as they reflect the antibiotic’s potency to overcome the
cumulative bacterial obstacles (e.g., membrane barriers, inactivating enzymes, or efflux
systems). Selection and prioritization can be accomplished by application of
pathogen-specific counter-screenings (Murray et al., 2019) or eukaryotic toxicity assays, but
also by an early mode of action (MOA) classification (Fischer et al., 2004; Urban et al., 2007;
Nonejuie et al., 2016; Wolf and Mascher, 2016; Wex et al., 2021).

1.3. Antibiotic modes of action

Antibiotics are agents that inhibit bacterial growth and reproduction (bacteriostatic) or lead
to bacterial cell lysis (bactericidal). Antibiotic action can be broad-spectrum by interference
with target structures or biosynthetic pathways, which are of common importance and
accessible in all bacteria (Pham et al., 2019) or narrow-spectrum, thereby tackling only a
subset of bacteria, which possess species-specific target structures, target essentiality or
target accessibility (Melander et al., 2018; Alm and Lahiri, 2020). In that regard, antibiotic
accessibility (and therefore also antibiotic activity) is often impeded in Gram-negative
bacteria, due to their additional outer membrane permeability barrier (Hancock, 1997).
To date, most applied antibiotics interfere with enzymes or the cellular structure of one
of the four major biosynthetic pathways of bacteria, thereby inhibiting DNA synthesis,
RNA synthesis, protein biosynthesis or unbalancing cell envelope integrity (Figure 2)
(Bassetti et al., 2013; Wetzel et al., 2021), while each pathway contains multiple antibiotic
target options, with the following sections exemplarily characterizing some of those

pathway-specific antibiotic MOA.

1.3.1. Interference with DNA synthesis
DNA synthesis can be impaired by hampering the function of replication enzymes, by
interference with the nucleotide precursor supply, or by intercalation into DNA. The synthetic
group of quinolones inhibits both essential bacterial type-ll topoisomerases, DNA gyrase,
and DNA topoisomerase IV, with some of those derivatives showing preference for one of
those enzymes (Fournier et al., 2000). DNA gyrase is also targeted by other antibiotics like
aminocoumarins, simocyclinones, cyclothialidines, or zoliflodacin, which is currently in
phase-Ill clinical trials (Basarab et al., 2015a; Khan et al., 2018). Limitation of the nucleotide
precursor supply is, e.g., implemented by the MOA of trimethoprim and sulfonamides, which
interfere with different steps of the folate biosynthesis (Wormser et al., 1982). Furthermore,

the antibiotic 5’-fluorouracil limits the intracellular deoxythymidine monophosphate (dTMP)
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levels by inhibition of the thymidylate synthase (Cohen et al., 1958; Longley et al., 2003; Oe
et al., 2020). Of note, 5'-fluorouracil was shown to possess a dual MOA and can additionally
be metabolized and incorporated into mMRNA, thereby impairing protein synthesis (Cohen et
al., 1958; Singh et al., 2015). Impairment of DNA structure is a MOA that in most cases goes
hand in hand with a high eukaryotic cytotoxicity, as the DNA target is conserved in
eukaryotes. Therefore, those antibiotics are primarily applied in anticancer therapy rather
than antimicrobial chemotherapy (Godzieba and Ciesielski, 2020). There are intercalating
agents like doxorubicin, alkylating agents like mitomycin C, or minor-groove binders like
netropsin (Bhaduri et al., 2018). DNA-binding compounds most likely affect both, DNA and
RNA synthesis, but can show (species-specific) preferred primary inhibition of a single of

those two pathways (Harvey et al., 1976; Opperman et al., 2016).
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Figure 2. Schematic overview of antibiotic interference with the bacterial main metabolic pathways.
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overview of antibiotics interfering with cell envelope integrity was partly adapted from Schneider and Sahl,
2010.



1.3.2. Interference with RNA synthesis
The main target of RNA synthesis impairment is the DNA-dependent RNA polymerase
(RNAP), which usually consists of the subunits a2Bp’w (core RNAP) and a promoter-binding
sigma factor. Rifamycins inhibit the progression of the RNAP by sterically blocking its exit
tunnel and thereby the release of the nascent messenger RNA (mRNA) (Floss and Yu,
2005). They can therefore only inhibit RNA synthesis initiation for mMRNA chains between
3-7 nucleotides, which did not yet leave the exit tunnel, while they cannot affect RNA
synthesis progression at later time points (Campbell et al., 2001; Floss and Yu, 2005).
The antibiotics streptovaricin and sorangicin A possess a similar transcription inhibition
mechanism and bind to the same RNAP binding pocket. Resistance mutations against
rifamycins in the R-subunit of the RNAP similarly affect streptovaricin activity, while
sorangicin A only shows partial cross-resistance (Wehrli and Staehelin, 1971; Campbell et
al., 2005). Transcription initiation is further inhibited by fidaxomicin or a-pyrone antibiotics,
like myxopyronin or corallopyronin, which interfere with different steps in open complex
formation (Tupin et al., 2010; Artsimovitch et al., 2012). Elongation of RNA synthesis is
impaired by streptolydigin, tirandamycin, or pseudouridimicin. While streptolydigin freezes
the nucleotide addition cycle and other catalytic RNAP reactions (Temiakov et al., 2005),
the nucleoside analog pseudouridimicin competes with uridine triphosphate (UTP) for RNAP
binding, thereby hampering native UTP addition to growing mRNA chains (Maffioli et al.,
2017). Thiolutin and holomycin are also discussed to inhibit RNA synthesis. However,
current studies indicate that the inhibitory action is rather an indirect effect based to their
ability to act as chelating agents for zinc ions, which active RNAP is dependent of (Chan et
al., 2017). Transcription is also affected by DNA-binding agents (see chapter 1.3.1.).
A prominent example is the intercalator actinomycin D, which was shown to preferably inhibit
RNA synthesis, while impairment of DNA synthesis could only be observed at highly

elevated antibiotic concentrations (Hollstein, 1974).

1.3.3. Interference with protein synthesis
Impairment of protein biosynthesis is very diverse and can be achieved by direct interference
with the ribosome, amino acid supply or nascent polypeptide chains. Bioactive agents like
chloramphenicol, macrolides, ketolides, lincosamides, or streptogramins, all interact with the
50S ribosomal subunit. Chloramphenicol blocks ribosomal progression by binding to the
acceptor (A)-site and inhibiting the peptidyl transferase reaction (Wilson, 2009). Similarly,
streptogramins of the A-type yield this blockage by interference with the ribosomal

peptidyl (P)-site (Vannuffel and Cocito, 1996). Macrolides, ketolides, lincosamides, and



streptogramins of the B-type are described to block the ribosomal exit tunnel, which hinders
MRNA translocation and destabilizes nascent peptide chains (Tenson et al., 2003). Current
research implicates that the macrolide-dependent translation arrest is selective for nascent
peptide chains of specific proteins and might be part of a peptide-based translation control
(Vazquez-Laslop and Mankin, 2018). Of note, although rather known for introducing
translation arrest, some 50S inhibitors like chloramphenicol, erythromycin, and lincomycin
were also discussed to cause selective stop codon readthrough but no miscoding, thereby
bypassing translation termination by incorporation of an amino acid (Thompson et al., 2004).
Tetracyclines or aminoglycosides target the 30S subunit of the ribosome. While tetracyclines
prevent the attachment of aminoacyl-transfer RNAs (tRNA) to the ribosomal A-site
(Chopra et al., 1992), aminoglycosides interfere with protein synthesis by alteration of the
A-site conformation, thereby leading to the unspecific incorporation of aminoacyl-tRNAs
(Krause et al., 2016). The resulting mistranslated peptides are in most cases non-functional
and are thought to introduce cell membrane damage (Davis et al., 1986). Further targets of
antibiotic translation inhibition are aminoacyl-tRNA synthetases, which catalyze the loading
of amino acids to their cognate tRNAs. Mupirocin (pseudomonic acid) blocks the function of
the isoleucyl-tRNA synthetase by competitive binding with isoleucine, thereby depleting the
isoleucine-charged tRNA levels (Khoshnood et al., 2019). Thiostrepton and fusidic acid both
interfere with GTP-dependent translocation of the ribosome along the mRNA by inhibition of
the elongation factor (EF)-G (Walter et al., 2011; Borg et al., 2015). Elfamycins were shown
to inhibit the function of another bacterial translational GTPase, the EF-thermo unstable
(TU), which is responsible for the aminoacyl-tRNA loading to the ribosomal A-site
(Prezioso et al., 2017). A different kind of protein synthesis impairment is introduced by
puromycin, which leads to premature termination of translation and the intracellular
accumulation of short peptide chains. Puromycin resembles a tyrosyl-tRNA structure but
can be incorporated for every amino acid into the growing peptide chain, precluding further

extension (Aviner, 2020).

1.3.4. Impairment of the cell envelope integrity
The cell envelope is targeted by antibiotic interference with cell wall biosynthesis or the
permeabilization of the cytoplasmic and/or outer membrane. While the cell wall shapes the
bacterial cell and provides the essential rigidity, its biosynthesis is a highly dynamic process
that allows for stable growth and cell division, thereby recycling peptidoglycan (PG)
components (Johnson et al., 2013). Amino acid analogs like D-cycloserine or fosfomycin

target the cytoplasmic production of the PG building block, uridine diphosphate-N-



acetylmuramyl pentapeptide (UDP-MurNAc-pp) by interference with the alanine (Ala)
racemase and the D-Ala-D-Ala ligase or the inhibition of the UDP-N-acetylglucosamine
1-carboxyvinyltransferase MurA, respectively (Neuhaus and Lynch, 1964; Lambert and
Neuhaus, 1972; Silver, 2017). Membrane-associated steps of cell wall biosynthesis are
inhibited by uridyl peptide antibiotics like tunicamycin, which hamper MraY function and
thereby the formation of lipid-I, or by ramoplanin, which was proposed to interfere with
lipid-1l formation via inhibition of MurG and FemXAB aside from its primary MOA by
preventing lipid-Il from being transglycosylated (compare below) (Brandish et al., 1996;
Schneider and Sahl, 2010). In the periplasm glycopeptides, like vancomycin, teicoplanin, or
balhimycin, can bind to the D-Ala-D-Ala terminus of the flipped lipid-Il pentapeptide and
sterically block transglycosylation and transpeptidation (Reynolds, 1989; Schaberle et al.,
2011; Zeng et al., 2016), while lantibiotics or ramoplanin tackle the carbohydrate
pyrophosphate moiety of lipid-ll, either blocking incorporation into the PG layer
(mersacidin-like lantibiotics or ramoplanin) or triggering the formation of a defined
membrane pore (nisin-like lantibiotics) (Brotz et al., 1998; Cudic et al., 2002; Schneider and
Sahl, 2010). Bacitracin blocks the bactoprenol-mediated precursor recycling by
extracellular, zinc-dependent complex formation with undecaprenyl pyrophosphate, which
upon complexation is unable be dephosphorylated and flipped back into the cytosolic
compartment (Schneider and Sahl, 2010; Economou et al., 2013). The most important and
also diverse class of antibiotics is comprised by R-lactam antibiotics. Penicillins,
cephalosporins, carbapenems, or monobactams irreversibly bind and inactivate the
D-D-transpeptidase and D-D-carboxypeptidase activity of penicillin-binding proteins,
by mimicking their substrate, the D-Ala-D-Ala terminus of the PG disaccharide pentapeptide
monomer (Schneider and Sahl, 2010).

While the cell wall is the stabilizing component, membranes form selective barriers, which
allow for controlled uptake and efflux of different molecules. Some compounds show
interaction with specific bacterial lipid components, like the clinically important antibiotic
daptomycin. Although the MOA is still not fully elucidated, it could be shown that upon
complexation with calcium (Ca?*), daptomycin specifically binds to the anionic phospholipid
phosphatidylglycerol and is able to form tripartite complexes with undecaprenyl-coupled cell
envelope precursors, thereby impairing cell wall biosynthesis and leading to massive
membrane rearrangements (Mller et al., 2016; Grein et al., 2020). Ca?*-daptomycin binding
to phosphatidylglycerol was further discussed to lead to the formation of a pore-like complex,
that causes dissipation of the cellular membrane potential (Grein et al., 2020; Straus and

Hancock, 2006). lonophores can modulate the membranes’ ion permeability by acting as



ion carriers or by building ion channels. They often possess antimicrobial activity provoking
a disturbed intra- and extracellular ion equilibrium, an altered electrochemical gradient,
and/or a lower proton motive force, which hampers ATP production (Gale et al., 1981; Kevin
Il et al., 2009). Membrane-targeting cationic antimicrobial peptides (cCAMP) use the negative
charge on the outer leaflet of the bacterial membrane, containing negatively charged
phospholipids (e.g., phosphatidylglycerol or cardiolipin), lipoteichoic acids (cytoplasmic
membrane of Gram-positive bacteria) or lipopolysaccharides (outer membrane of
Gram-negative bacteria), to establish strong electrostatic membrane interactions and
accumulate at its surface. Currently, different models of cAMP membrane impairment are
discussed, including pore formation, unfavorable effects on the membrane integrity, and
detergent-like membrane destabilization (Kumar et al., 2018), while the MOA might be
dependent on the steric and physiochemical properties of each agent. Compounds that
specifically permeabilize the outer membrane are of special interest for combinational
therapy as they might allow target engagement of effective antimicrobial substances, which
normally cannot overcome the outer membrane barrier (Field et al., 2016; Choi and Lee,
2019; Li et al., 2021). Polymyxins (polymyxin B or colistin) were described to disrupt the
outer and to some extent the inner membrane, thereby mainly targeting Gram-negative
bacteria. However, their killing mechanism is not merely outer membrane-related and

remains to be resolved (Trimble et al., 2016).

1.3.5. Further modes of action

Another way of tackling the bacterial metabolism is to unbalance the level of newly
synthesized proteins as shown by acyldepsipeptides (ADEPs) (Brotz-Oesterhelt et al.,
2005). ADEPs act by a dual MOA on the Clp protease: they compete with binding of the
ATPase-component to the ClpP proteolytic core, thereby impairing its native function in
proteolysis and additionally deregulate its function by initiating an unspecific degradation of
nascent polypeptides, less structured proteins (Kirstein et al., 2009), and the essential
cell division protein FtsZ (Silber et al., 2020; Sass et al., 2011). Antibiotics like cerulenin or
triclosan affect bacterial cell viability by impairing de novo fatty acid synthesis.
In Escherichia coli cerulenin hampers the function of the enzymes FabH and FabB, while
triclosan inhibits Fabl (Heath et al., 1999; Heath and Rock, 2004). Of note, cerulenin was
also shown to inhibit eukaryotic sterol and fatty acid synthesis (Funabashi et al., 1989;
Nomura et al., 1972).

In principle, every bacterial cell structure or metabolism could be targeted by an interfering

molecule, but microbial growth inhibition or cell lysis depend on the targets indispensable



function in the bacterial cell combined with the lack of a timely cellular adaptation process.
Indispensability of a target is discussed to enhance the evolutionary selection pressure for
bacterial adaption and the development and spread of resistance, i.e., by target mutation,
enzymatic inactivation, or efflux mechanisms (Rasko and Sperandio, 2010). With the rise of
antibiotic resistance, there is a constant need for new antimicrobial agents. Therefore
current research is following two leads: on the one hand, screening for antimicrobials that
tackle essential pathways either by showing new binding properties on well described
targets (Basarab et al., 2015b), interference with new targets in well described metabolic
pathways (van Eijk et al., 2017), or by hindrance of new biosynthetic pathways (Mak et al.,
2012; Sass and Brotz-Oesterhelt, 2013; McVey et al., 2020). On the other hand,
identification of resistance breaking compounds or anti-virulence agents, which counteract
bacterial biofilm formation, toxin production or interfere with bacterial quorum sensing and
therefore reduce bacterial pathogenicity (Rasko and Sperandio, 2010; Martinez et al., 2019).
As most virulence factors are non-essential for bacterial survival they are proposed to be
less prone to rapid antibiotic resistance development (Rasko and Sperandio, 2010).
Furthermore, those anti-virulence compounds could also be used in combinational treatment
with applied antibiotics (Rezzoagli et al., 2020). The applicability of antibacterial agents in
human therapy is very often limited by the agents’ selectivity in counteracting bacterial
survival, while leaving eukaryotic cells (mostly) unaffected. Hence, antibiotic target
structures and MOA that are specific for bacteria, constitute the preferred basis for new drug
candidates. However, preceding human application all promising agents have to undergo
detailed investigation to fully exclude toxic side effects, e.g., by alternative (eukaryotic)
targets or secondary effects. Especially in the search for new, resistance breaking antibiotics
it is difficult to maintain the high standards of currently applied antibiotics (Rolain and
Baquero, 2016). Of note, antibacterial agents that show high cytotoxicity are often further
investigated and developed for their application in anticancer chemotherapy (compare
DNA-binding agents in chapter 1.3.1.) (Phillips et al., 2000; Yun et al., 2019).

1.4. Bacillus subtilis and its transcriptional gene regulation mechanisms

B. subtilis is a rod-shaped, Gram-positive bacterium, that is classified into the phylum of
Firmicutes (Piggot, 2009). The non-pathogenic strain is commonly found in soil, where it is
able to survive under facultative anaerobic conditions (Nakano and Zuber, 1998). Its low
GC content genome contains approximately 4.2 Mbp, which include ~4100 coding regions
(Kunst et al., 1997). B. subtilis is capable of quorum sensing (Kalamara et al., 2018), biofilm

formation (Arnaouteli et al., 2021), cannibalism (Gonzalez-Pastor, 2011), or natural
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competence development, the latter allowing rapid adaptation by internalization of
exogenous DNA (Piggot, 2009; Brito et al., 2018). Furthermore, in order to survive under
extreme stress conditions, it is able to form heat resistant, dormant endospores
(Errington, 2003). In recent years, in addition to research on the elucidation of the mentioned
survival strategies or the general lifestyle of B. subtilis, a rich selection of genomic
(Kunst et al., 1997; Zhang et al., 2016), transcriptomic (Hutter et al., 2004; Freiberg et al.,
2006; Nicolas et al., 2012), and proteomic (Bandow et al., 2003; Ravikumar et al., 2018)
data sets became available, making B. subtilis the best studied Gram-positive model
organism. The extensive characterization of B. subtilis allows a more detailed picture of the
different bacterial gene regulation mechanisms.

Generally, gene regulation is one of the most important cellular processes as bacterial
survival is dependent on a tightly regulated, but yet quickly adaptable gene expression,
which limits needless consumption of energy and other resources and sustains the fitness

by allowing rapid adaptation to changing environments or different growth conditions.
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Figure 3. Schematic overview of the main transcriptional and post-transcriptional regulation processes
in B. subtilis. The upper DNA strand depicts an exemplary promoter region, that precedes the coding region
(CDS) of a transcribed gene. After formation of the RNAP holoenzyme (sigma factor bound to the core RNAP),
the sigma factor enables selective binding of the transcription complex to the respective sigma factor binding
site indicated by its characteristic -10 and -35 binding region. After successful transcription initiation, the sigma
factor dissociates from the complex and transcription starts at the transcriptional start site (TSS). DNA-binding
proteins shown in the graph are activators (Acti) and repressors (Repr). The regulatory mechanisms depicted
are further described in detail in the following sections.
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This chapter will mainly focus on transcriptional regulation including some
post-transcriptional regulatory mechanisms (Figure 3), which represent, aside from
translational regulation or proteolytic mechanisms, only one dimension of the overall

regulation of B. subtilis metabolism.

1.4.1. B. subtilis sigma factors
RNA synthesis is initiated upon sigma (o) factor binding to the core RNAP, while the o factor
recruits the RNAP to the respective promoter region, allows for promoter melting and
initiates strand separation (Huang et al., 1997; Du Toit, 2014). The best-investigated
Gram-positive model bacterium B. subtilis possesses the essential primary o factor SigA
(o), which regulates the transcription of housekeeping genes, and additionally at least
17 alternative o factors, which determine promoter selectivity (Helmann and Moran, 2001;
Ayala et al., 2020). Alternative o factors compete with SigA for RNAP binding and promote
a selective transcription of their respective growth phase-dependent or stress-responsive
regulons. This alternative transcription is regulated via the modulation of the intracellular
concentration of different o factors, their activity and also availability, i.e., titrated by
anti-o factors, anti-anti-o factors, or other transcriptional regulators (Ayala et al., 2020).
The general stress o factor SigB is the most prominent representative of the alternative
o factors. It is stimulated upon a variety of stress (e.g., heat, salt, or ethanol stress) and
starvation stimuli (e.g., phosphate or glucose limitation) and regulates the expression of
approximately 150 genes, some of which are involved in cellular stress adaptations or
virulence (Hecker et al., 2007). SigD was shown to regulate genes involved in flagellar
assembly, motility, chemotaxis, and the expression of the major vegetative autolysins,
thereby determining heterogenic subpopulations of sessile and motile B. subtilis cells, which
might be advantageous to colonize both, the current location, while motile cells are able to
expand into potentially favorable niches (Helmann and Moran, 2001; Mukherjee and Kearns,
2014). B. subtilis endospore formation represents the last resort in physiological adaptation
to environmental and nutritional stress. SigH can contribute to the initiation of endospore
formation, as it was shown to control the expression of several genes encoding for
sporulation proteins, i.e., the phosphorelay response regulator SpoOA, which is the key
regulator of sporulation, SpoOF, KinA, as well as the transcription of the spollA operon,
containing the forespore-specific early o factor SigF, its anti-o factor SpollAB, and its
anti-anti-o factor SpollAA (Britton et al., 2002; de Hoon et al., 2010). Besides influencing
sporulation initiation, SigH was further described to play a role in natural competence and

controls various physiological processes during transition to stationary phase (Britton et al.,
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2002). After sporulation initiation, the process of endospore formation is spatially and
temporally regulated by various o and transcription factors, but nevertheless they are highly
interlinked (de Hoon et al., 2010). In the forespore, early gene expression is driven by SigF,
followed by SigG-regulated finalization of the forespore formation. In the mother cell, the
transcription of early sporulation genes is controlled by SigE, before the SigG-regulated
SigK-dependent expression of 150 late mother cell-specific genes kicks in (de Hoon et al.,
2010; Higgins and Dworkin, 2012). B. subtilis also possesses seven extracytoplasmic
function (ECF) o factors, which are in most cases co-transcribed in an operon together with
their specific anti-o factor. Upon the respective cell envelope stress signal, the
membrane-localized anti-o factor is inactivated, which allows the initiation of the ECF
o factors’ transcriptional stress response (Helmann, 2016). While SigY, SigZ, and YlaC are
still poorly characterized, SigM, SigW, SigX, and SigV were shown to be activated in
response to cell envelope stress and control cell surface-related functions (Helmann and
Moran, 2001; Gaballa et al., 2017). Although partly overlapping in their promoter recognition
sites, induction by SigM, SigW, SigX, and SigV could be assigned to different regulatory
stress responses. SigM induction was detected upon impairment of cell wall biosynthesis,
heat shock, osmotic, acid or superoxide stress and correlated with adaptive expression of
resistance proteins, detoxification enzymes, and genes important for cell division and
maintenance of PG integrity (Eiamphungporn and Helmann, 2008). The ECF o factor SigW
responds to alkaline stress, membrane active detergents, and different cell envelope
targeting antibiotics like vancomycin or nisin. SigW was shown to be involved in the adaptive
expression of different detoxification enzymes and resistance mechanisms that e.g., alter
the membrane composition or contribute to lantibiotic resistance or fosfomycin inactivation
(Helmann, 2016). Stimulatory stress signals affecting SigX-dependent regulation partially
overlap with the ones described for SigM and SigW. SigX initiates the expression of genes
known to introduce membrane modifications that decreases the negative net charge of the
outer leaflet of the bacterial membrane, thereby potentially protecting the cell from cAMP
inhibitory action (Helmann and Moran, 2001). Furthermore, SigX seems to play a role in
biofilm architecture, septum formation and cell wall biosynthesis (Souza et al., 2014).
SigV is specifically induced upon lysozyme treatment, while it is located and expressed in
the same operon with OatA, a PG O-acetyltransferase which is interestingly connected with

lysozyme resistance (Souza et al., 2014; Helmann, 2016).
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1.4.2. Accessory RNAP subunits and RNAP-binding proteins

Accessory RNAP subunits or RNAP-binding proteins can also modify the transcription
process by alteration of RNAP activity, selectivity, or DNA-binding capacity. While the
a (RpoA), B (RpoB), and B’ (RpoC) RNAP subunits are essential, the & (RpoE), € (RpoY),
and w (RpoZ) subunits are dispensable (at least under laboratory conditions) and therefore
considered accessory subunits (Weiss and Shaw, 2015). RpoY and RpoZ are poorly
characterized in Gram-positive bacteria. The RpoZ subunit was shown to co-purify with the
essential RNAP subunits (a, B, B) in a 2:1:1:1 ratio (a2BB'w) during exponential and
stationary growth in B. subtilis, whereas RNAP subunit stoichiometry was not altered during
sporulation, or following stress conditions (Nicolas et al., 2012; Weiss and Shaw, 2015).
Recent studies in S. aureus revealed that RpoZ might possess a chaperone-like function,
which supports folding and subsequent association of the RpoC subunit with the residual
RNAP subunits. Interestingly, a deletion of RpoZ is connected with RNAP complex instability
and the increased binding of alternative o factors, indicating a stress adaptation mechanism
(Weiss et al., 2016). The RpoE subunit modifies transcription in several ways. It initiates
preferred transcription of strong promoters by destabilizing DNA-RNAP interactions during
open promoter complex formation and was shown to be important for bacterial general
fitness, adaptation to environmental stress conditions, and virulence development
(Weiss and Shaw, 2015). Furthermore, it overall enhances transcriptional activity as well as
RNAP recycling, two processes which are further boosted by its synergistic action with the
RNAP-binding protein HelD (Wiedermannova et al., 2014; Pei et al., 2020).

The elongation factors NusA associates with the progressing RNAP complex after
dissociation of the o factor and was shown to be involved in RNAP pausing and intrinsic
transcription termination (Yakhnin and Babitzke, 2002; Mondal et al., 2016). The elongation
factors NusB and NusG are also capable of RNAP binding (Doherty et al., 2006). While in
B. subtilis their exact functions remain elusive, they both seem to play a role in transcription
termination, with NusG also affecting RNAP pausing and translocation (Yakhnin and
Babitzke, 2002; Doherty et al., 2006). A further example for the modification potential of
RNAP-binding proteins is the enzyme Fin, which was described to modulate transcription
by competing with SigF for the same RpoC-binding site, thereby inhibiting SigF regulation
and initiating the transition to a SigG-mediated late forespore regulation (Wang Erickson et
al., 2017).
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1.4.3. DNA-binding transcription factors
Another way of regulating gene expression is facilitated by DNA-binding transcription factors
(TFs), which can influence RNAP promoter-binding as well as RNA synthesis progression.
DNA-binding is most commonly associated with a TFs helix-turn-helix (HTH) motif, which
allows them to specifically bind a respective DNA operator motif (Brennan and Matthews,
1989). After association with the respective operator site, activators stimulate transcription
by supporting RNAP recruitment to suboptimal promoter sequences or by structural
remodeling of the promoter site. In contrast, repressors negatively modulate gene
expression by steric hindrance of RNAP-binding and -progression, alterations of the local
DNA structure and its accessibility, or counteraction of the positive regulation by another TF
(Bervoets and Charlier, 2019). In B. subtilis, TF-dependent regulation is mostly implemented
by repressors, which are described to constitute the majority of DNA-binding TFs in this
organism. Furthermore, many, often global, regulatory TFs can act as both, repressor and
activator (Moreno-Campuzano et al.,, 2006). Known examples in B. subtilis are the
ambiactive TF ComkK, the key regulator of competence development (Susanna et al., 2006)
or the transition state regulator AbrB, which coordinates adaptive, post-exponential gene
expression (Hoch, 2017). The majority of two-component systems also utilizes this way of
gene regulation to adapt to changing environmental conditions. While the membrane-bound
histidine kinases are capable of sensing extracellular stimuli and mediate the activation of
intracellular response regulators, the response regulators often constitute TFs, which are
able to initiate cellular adjustments by modulating an adaptive gene expression
(Fabret et al., 1999). Of note, many promoter regions also possess several repressors
and/or activator binding sites that allow for the integration of various modulatory signals and
a more interlinked and fine-tuned transcriptional response. The activity or DNA binding
capacity of TFs is either regulated by their intracellular abundance, influenced by binding of
small effector molecules to allosteric sites of some TFs, or by chemical modification

(e.g., phosphorylation) (Bervoets and Charlier, 2019).

1.4.4. Regulatory small RNAs and RNA stability
Gene regulation complexity is yet further multiplied by a group of regulatory small RNAs
(sRNA), the so-called antisense RNAs (asRNA). Their RNA-RNA regulation can be
classified into cis or trans acting, meaning that asRNAs are encoded complementary to their
target RNA in the same loci or are located and produced at a different position in the
chromosome, respectively. While cis-encoded asRNAs display perfect complementary

sequence homology, frans-acting asRNAs only possess limited complementarity with their
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targeted mRNA and therefore often depend on RNA-binding chaperones like Hfq
(Oliva et al., 2015). Upon target-binding, asRNAs can alter mRNA stability, promote
degradation, modify regulator accessibility, or regulate translation of the respective mRNA
(Oliva et al., 2015; Ul Haq et al., 2020). Cis-encoded regulatory elements are further
discussed to directly interfere with transcription of the complementary target RNA, e.g., by
steric hindrance of the complementary occurring RNAP initiation and progression, which is
a process that happens most likely in accordance with the respective asRNA regulation
(Bordoy and Chatterjee, 2015).

Having outlined different mechanisms of direct modulation of the transcription process,
an additional regulatory level of gene expression is represented by the intracellular stability
of the respective transcription products. The mRNA half-lives in B. subtilis vary from
approximately 1 min to more than 15 min, which largely influences the intracellular levels of
MRNA available for subsequent translation (Hambraeus et al., 2003). Generally, mRNA
stability is influenced by its secondary structure, the RNA degradosome, including different
endo- and exonucleases, RNA-binding proteins, potential 5 or 3’ untranslated regions
(UTRs), sRNA interactions, or ribosome binding (Bechhofer and Dubnau, 1987; Dambach
et al., 2013; Vargas-Blanco and Shell, 2020). It was shown for some bacteria, including
B. subtilis, that upon various stress conditions the half-live of their transcriptome is altered,
allowing a rapid, adaptive, and selective translation of genes important for cellular adaptation

and survival (Vargas-Blanco and Shell, 2020).

1.5. Aims of this thesis

Natural product discovery was and remains the most promising source in the search for new
antibiotics. One goal of this thesis was the development and validation of a rapid, robust,
and selective antimicrobial screening tool on the basis of different B. subtilis bioreporter
strains, that combines the activity-based agar diffusion approach, commonly used in
antibacterial screening, with reliant MOA information. For this, promoter regions of different
bioreporter genes, which had previously been shown to be selectively upregulated only upon
treatment with antibiotics interfering with the same metabolic pathway (Mascher et al., 2004;
Freiberg et al., 2006; Urban et al., 2007), were fused to a detectable reporter gene.
Upon antibiotic exposure, the bioreporters should specifically and sensitively signal
interference with the main metabolic pathways: DNA synthesis, RNA synthesis, protein
biosynthesis and the maintenance of cell envelope integrity. After validation of the
bioreporter assay using a large set of pure reference antibiotics with known MOA to ensure

their MOA profiling capacity in this setup, the assay was meant to be utilized as an entry test
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for MOA classification of uncharacterized antimicrobial substances, thereby allowing the
selection of adequate follow-up studies to elucidate the exact molecular target structure.
In this regard, a further aim was to utilize the bioreporter suite to acquire MOA information
about the newly discovered antibacterial secondary metabolites microcionamide A and C,
produced by the fungus Clathria basilana.

As most MOA profiling tools are dependent on more or less purified antimicrobial agents,
the objective was to adapt the agar-based bioreporter approach for direct screening of
antibiotic producer strains, with no need for any upfront extraction or purification procedure.
This was to be followed by the investigation of a large set (~500) of partly uncharacterized
actinomycetes strains of the Tubingen strain collection, with the aim to verify the
MOA classification potential of the bioreporter approach in direct screening and to potentially
identify new antimicrobial compounds.

Specific upregulation of the B. subtilis genes upon antibiotic treatment had been discovered
in previously published transcriptome studies (Hutter et al., 2004; Freiberg et al., 2006).
Although the genes were shown to be selectively induced upon antibiotic interference with
a specific metabolic pathway, to date their function and regulation remains only partly
characterized. Therefore, the further goal of this thesis was to elucidate the transcriptional
regulation of the bioreporter genes yorB, rpt, and helD involved in signaling DNA and
RNA stress, respectively, with particular focus on the new bioreporter gene rpt. The in-depth
characterization of their gene regulation aimed for an improved understanding of the cellular
adaptions initiated by B. subtilis in response to RNA and DNA stress signals and vice versa,
to better profile the MOA of antibiotics, causing B. subtilis to initiate a stress response that
leads to the selective induction of those bioreporter genes. This investigation was especially
interesting, as my bioreporter results indicated that the promoters Pt and Preip are induced
similarly in response to different RNA synthesis inhibiting antibiotics, pointing at a potentially
similar way of regulating rpt and helD gene expression in B. subtilis. To date, Rpt (formerly
PpS/YppS) has not been characterized in B. subtilis. Therefore, an additional objective of
this thesis was the elucidation of its function, in order to understand the potential benefit for

the B. subtilis cell to strongly upregulate rpt expression in response to RNA stress.
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2. SUMMARY OF RESULTS

2.1. The agar-based bioreporter approach
2.1.1. Validation of sensitivity and induction specificity

B. subtilis was chosen as model organism, due to the rich selection of different data sets
characterizing its transcriptomic, proteomic, or phenotypical stress response upon exposure
to different antibiotics (Bandow et al., 2003; Freiberg et al., 2006; Nonejuie et al., 2016).
Furthermore, the Gram-positive organism is highly susceptible to most antibiotics, allowing
a bioreporter-based MOA profiling for the majority of antimicrobial agents, while the antibiotic
MOA information is often directly transferable to pathogenic species. For bioreporter
construction, the promoters of the B. subtilis genes yorB, ypuA, lial (yvql), bmrC (yhel), and
helD (yvgS), which had previously been described to be specifically upregulated upon
antibiotic stress (Hutter et al., 2004; Freiberg et al., 2006; Urban et al., 2007; Mascher et al.,
2004; Wenzel et al., 2014), were individually fused during this thesis project to the
R-galactosidase gene lacZ and genomically integrated into the amyE locus of the sporulation
deficient strain B. subtilis 1S34 (Piggot, 1973). After the construction of the five different
B. subtilis bioreporter strains, indicative of DNA stress (Pyos-lacZ), RNA stress (Pheip-lacZ),
translation arrest (Pomrc-lacZ) or impairment of cell envelope integrity (Pypua-lacZ and
Pia-lacZ) and the subsequent optimizations of the agar-based bioreporter approach in
regard to maximal induction sensitivity, each bioreporter was validated for MOA specificity
using a subset of 90 pure reference antibiotics with well characterized MOA. Of note,
bioreporter-based MOA profiling results were obtained rapidly, after overnight incubation.
It could be proven that in the agar-based bioreporter approach Pyoms-lacZ, Pomrc-lacZ,
Pypua-lacZ, and Pia-lacZ sensitively and specifically detect antibiotics interfering with their
respective biosynthetic pathway (Figure 1 and Table S1, Publication 1). Phrep-lacZ showed
specific, but only weak induction signals upon treatment with RNA synthesis inhibitors in the
agar-based bioreporter approach (Figure S1, Publication 1), which did not meet our goal of
robust and sensitive MOA detection in this screening setup. After re-analyzing previous
microarray data (Freiberg et al., 2006) we identified the B. subtilis gene rpt (formerly
ppSlyppS; the new annotation is based on our elucidation of its function as rifampin
phosphotransferase in chapter 2.2.2), which showed massive upregulation after treatment
with the RNAP inhibitors corallopyronin and rifampin. And indeed, the alternative RNA stress
bioreporter Ppy+-lacZ displayed strong and selective induction solely by RNA stress inducing
compounds in the agar-based bioreporter setup (Figure S1 and Table S1, Publication 1).

For example, Ppt-lacZ showed selective induction of all RNAP inhibiting compounds,
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including rifamycins, streptovaricin, corallopyronin A, fidaxomicin, sorangicin A, or
streptolydigin, and intercalating agents that are described to inhibit RNA synthesis
(e.g., actinomycin D and echinomycin). For signaling cell envelope stress, two different
bioreporters were employed to better characterize antimicrobial MOA interfering with this
pathway. Pyyua-lacZ responded more broadly to the disturbance of cell wall biosynthesis or
cell membrane integrity, while induction of Pja-lacZ seemed to signal stress upon
interference with membrane-associated steps of the undecaprenyl precursors (e.g., lipid-Il)
cycling, necessary for cell wall biosynthesis. Pyos-lacZ inducing compounds like quinolones,
doxorubicin, mitomycin C, or phleomycin all showed an additional weak signal for P,pua-lacZ,
which was not detected in a luciferase-based liquid system (Urban et al., 2007) and might
hint at the sensitive detection of secondary effects in the agar-based setup due to bioreporter
overnight incubation (Table S1, Publication 1). None of the five reporter strains were
induced upon treatment with ionophores (e.g., nigericin), fatty acid synthesis inhibitors
(e.g., triclosan), protein synthesis inhibitors that act by miscoding (e.g., kanamycin), by
impairment of aminoacyl-tRNA synthesis (e.g., mupirocin), or by antimicrobial agents
causing protein stress (e.g., diamide) (Table S1, Publication 1).

Generally, the agar-based bioreporter assay is bioactivity-dependent, as the induction signal
forms at the borders of the zone of inhibition (ZOI), where the antibiotic concentration is
appropriate to cause a cellular stress response that leads to selective induction of the
bioreporter genes. All bioreporters sensitively responded to interference with their respective
pathways even upon treatment with low antibiotic concentrations, with the bioreporters
Pyors-lacZ and Pp-lacZ sensing subinhibitory antibiotic concentrations (induction was
visible without detection of ZOI) of ciprofloxacin (0.01-0.025 pg) or fidaxomicin
(0.01-0.05 pgq), respectively (Figure S2, Publication 1).

2.1.2. MOA profiling of microcionamide A and C
Having evaluated the specificity and sensitivity of the agar-based bioreporter approach,
the tool was applicable for MOA profiling of uncharacterized compounds. Our collaboration
partners in Dusseldorf provided us with the pure substances microcionamide A and C, that
showed strong cytotoxic activity against different tumor cell lines (A-2780, Ramos,
Jurkat J16, Nomo-1, HL-60) ranging from 2.6-28 uM for microcionamide A and 0.45-1.9 uM
for microcionamide C (Table 5, Publication 2). While both compounds were shown to induce
apoptotic cell death in human lymphoma and leukemia cell lines (Figure 3, Publication 2),
only microcionamide C appeared to interfere with autophagic processes under starvation

conditions in embryonic fibroblasts (Figure 4, Publication 2). The compounds showed no
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activity up to 100 yM against Mycobacterium tuberculosis as well as Gram-negative
pathogens, like Enterobacter aerogenes, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and E. coli. The minimal inhibitory concentration (MIC) for
S. aureus and E. faecium were determined to correspond to 6.3 yM (microcionamide A
and C) and 12.5 uyM (microcionamide A and C), respectively (MIC experiments were
conducted by Jan Straetener and Dr. Anne Berscheid with the exception of M. tuberculosis,
which was tested by our collaboration partners in Dusseldorf) (Table S10-2, Publication 2).
The agar-based bioreporter approach was applied as an entry test to elucidate the overall
metabolic pathway of interference. Bioreporter-based MOA profiling revealed a selective
induction of Pypua-lacZ and Piia-lacZ for both compounds, hinting at membrane-associated
disturbance of the undecaprenyl precursors cycling (Figure 5, Publication 2). Based on those
results adequate follow-up studies were selected to further confirm the proposed MOA.
Jan Straetener and Dr. Anne Berscheid conducted a membrane potential assay in
S. aureus NCTC8325 that strongly indicated dissipation of the membrane potential already
at low antibiotic concentrations below the MIC (0.2 uM for microcionamide A, 0.8 uM for

microcionamide C) (Figure 6, Publication 2).

2.1.3. Direct screening of antibiotic producer strains

A further aim of this thesis was to establish the agar-based bioreporter approach in direct
screening of antibiotic producer strains to gain additional, reliant MOA information on the
produced antimicrobials, with no need for initial and laborious compound purification.
The setup was validated using six well-characterized actinomycetes producer strains, that
were known to produce the natural products rifamycin B (Amycolatopsis mediterranei
NBRC 14843), porfiromycin (a mitomycin C derivate) (Streptomyces ardus NBRC 13490),
novobiocin (Streptomyces niveus NBRC 12917), erythromycin (Saccharopolyspora
erythraea NBRC 13426), chloramphenicol (Streptomyces venezuelae NBRC 13096), or
ADEP (Streptomyces hawaiiensis NRRL 15010). Each producer strain was individually
cultivated for several days on solid media for optimal antibiotic production. After cultivation,
agar plugs of each producer strain were sampled, embedded in the bioreporter-strain
containing agar and incubated overnight. After incubation, all bioreporter strains showed the
expected induction pattern, with the bioreporter signal matching the MOA of the produced
antibiotic (Figure 2, Publication 1).

In a subsequent screening approach of uncharacterized producer strains, approximately
500 actinomycetes strains of the Tubingen strain collection were evaluated in the direct

agar-based bioreporter approach. Producer strains were cultivated on at least two different
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solid media and initially tested for B. subtilis 1S34 activity, with 240 of them lacking activity.
Of note, 280 of the 500 actinomycetes strains were additionally tested against
E. coli ATCC25922 to evaluate their Gram-negative bioactivity and to check for
Gram-negative-only activities, which would hint at an outer membrane target that is not
covered by our Gram-positive B. subtilis bioreporter strains. Of the 280 samples, 38 showed
bioactivity against both, B. subtilis 1S34 and E. coli ATCC25922, while no bioactivity could
be detected that was selectively present only for E. coli ATCC25922 (Data S1,
Publication 1). The remaining 270 B. subtfilis-bioactive actinomycetes were analyzed in the
agar-based bioreporter approach against the full bioreporter panel. For 94 actinomycetes
samples we could detect at least one reliable bioreporter signal. Of note, after incubation,
some actinomycetes agar plugs showed blue coloration themselves. If this coloration was
visible for all five bioreporters, we classified the signal as unspecific, and attributed it to the
actinomycetes’ potential to produce an inherent 3-galactosidase. For some agar plugs such
unspecificity could be excluded, yet they yielded an induction of more than one bioreporter,
either hinting at the production of multiple antimicrobial compounds, or implicating a dual
MOA of a single antimicrobial agent. In order to validate the obtained MOA information and
to check for potentially new antimicrobial activities, an extended subset of the bioreporter
inducing actinomycetes as well as few non-inducing activities were further investigated to
identify the produced bioactive compounds. Extraction of one Petri dish of the grown
producer strain (the same that was initially used for the agar-based bioreporter screening)
was in most cases more than sufficient for compound deconvolution via agar extraction,
high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis, and/or
HPLC-tandem MS (HPLC-MS-MS) analysis (purification and dereplication experiments
were conducted by our collaboration partners mentioned in Publication 1). Notably,
bioreporter application also allowed to monitor the whole purification procedure, by testing
culture supernatants, extracts, fractionations, or pure substances for the initially observed
induction pattern (Figure 3, Publication 1). In total, 28 compounds were dereplicated,
that validated the reliability of the agar-based bioreporter approach but were not new to the
scientific community (Table 1, Table S3, and Data S2, Publication 1). However, some of the
antimicrobial agents, like telomycin, had not previously been described to be produced by
the Tlbingen strain collection. Generally, the bioreporter signals concurred with the
described MOA of the 28 dereplicated antimicrobial agents in all cases. For instance,
investigation of the strain Tu2108 yielded a selective induction of the translation arrest
bioreporter (Pvmrc-lacZ), while dereplication uncovered the substance berninamycin. In the

literature, berninamycin is described to bind to the ribosomal 50S subunit and inhibit protein
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synthesis progression by hindering the incorporation of amino acids (Reusser, 1969), which
perfectly suits the bioreporter profiling results. For strain Tu2641, impairment of cell
envelope integrity (Pypua-lacZ) combined with the further indication of the inhibition of cell
membrane-associated steps of undecaprenyl precursors cycling (Pja-lacZ) were signaled
by the bioreporter panel. The following purification and dereplication procedure revealed the
production of the cyclic depsipeptide antibiotic telomycin. Although the exact MOA of
telomycin is not fully understood, it was shown to exhibit bactericidal activity upon binding
to the membrane phospholipid cardiolipin (Johnston et al., 2016). The DNA stress
bioreporter (Pyors-lacZ) was shown to be induced by the cultivated producer strain Tu2471,
which turned out to produce the DNA-binding agent chrysomycin A, that was shown to inhibit
DNA synthesis (Wei et al., 1982). Substances dereplicated from non-inducing samples
possessed MOA that were known not to be covered by the applied bioreporter panel
(e.g., ionophores like monactin (TuG102), omomycin (TuG343), or boromycin (GoK12/9))
(Table S1, Publication 1), with some of them producing substances with up to date poorly
characterized MOA. Strain Ti2401 produced two different substances, albomycin &1 and
C-1027 under liquid or solid cultivation conditions, respectively. The additional information
of the differential bioreporter signal for both unpurified samples (agar plug or culture
supernatant) allowed an early discrimination of the diverse production pattern (Figure 4,
Publication 1). Negative controls, like solvents, commonly purified bioactive metabolites
from actinomycetes, or media components, were also tested for antimicrobial activity and
bioreporter induction, but were shown not to interfere with the agar-based bioreporter setup
(Table S2, Publication 1).

2.1.4. Further applications in polypharmacology and synergism
For the producer strain GOK16/4 a triple induction of Pyos-lacZ, Prt-lacZ, and Ppmrc-lacZ was
detected. What was initially hinting at the production of multiple antimicrobials could be
traced back to the single compound chartreusin (Table S3 and Data S2, Publication 1).
Testing the pure substance against the different bioreporters confirmed the induction pattern
seen for the producer strain and indicated interference with multiple bacterial targets by the
single compound chartreusin (Figure 5A, Publication 1). Detection of polypharmacology was
further validated by the investigation of the recently published antimicrobial substance
SCH-79797, which was described to possess a dual MOA interfering with folate metabolism
and bacterial membrane integrity (Martin et al., 2020). The agar-based bioreporter approach

reliably confirmed this dual MOA profile, with SCH-79797 inducing both cell envelope stress
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bioreporters (Pypua-lacZ and Pja-lacZ) in combination with the DNA stress bioreporter
(Pyors-lacZ) (Figure 5B, Publication 1).

The bioreporter tool was also investigated for its application in detecting synergistic antibiotic
effects. For this, we spotted trimethoprim next to a subinhibitory concentration of
sulfamethoxazole on a Pyom-lacZ containing agar plate. When gradually diminishing the
spotting distance, an additional induction zone could be identified, that confirmed the
synergistic effect of both substances to interfere with DNA synthesis (Figure 5C,

Publication 1).

2.2. In-depth characterization of the B. subtilis genes rpt and helD

2.2.1. Induction of Prpt, Pheip and Pyors bioreporter constructs in response to RNA

and DNA stress

RNA and DNA synthesis are two independent processes that are essential for bacterial
growth, yet they both utilize the same DNA template and therefore need to be tightly coupled
to guarantee unaffected performance of both metabolic pathways. Hence, we further
analyzed the B. subtilis stress response upon treatment with antibiotics that target
transcription and/or replication, focusing on the bioreporters Pp-lacZ and Phep-lacZ
signaling RNA stress and Pyos-lacZ for the detection of DNA stress. In contrast to Preip-lacZ,
the Pp-lacZ construct was shown to additionally detect DNA-binding agents that interfere
with RNA synthesis (Figure S1, Publication 1). Interestingly, Ppt-lacZ covered intercalators
like echinomycin or the minor groove binder netropsin, which did not induce stress sensed
by our DNA stress reporter Pyos-lacZ. Vice versa, intercalators like doxorubicin or the
alkylating agent mitomycin C selectively signaled interference with DNA synthesis by the
sole induction of the DNA stress bioreporter Pyos-lacZ. Only few DNA-binding antibiotics,
like chartreusin or gilvocarcin V, showed an induction of both, the RNA and DNA stress
bioreporter (Figure 1 and Table S2, Manuscript 1).
In the agar-based setup, the induction strength of Prep-lacZ was generally weaker in
comparison to Ppe-lacZ upon treatment with the different RNAP inhibitors (Figure S1,
Publication 1 and Figure 1, Manuscript 1). We therefore hypothesized, that the induction
upon treatment with DNA-binding agents seen for P-lacZ might be missed for Prep-lacZ
due to the generally lower induction signal, and that P,x-lacZ and Phrep-lacZ might actually
be induced by a similar set of antibiotics via the same stress response. In order to most
sensitively quantify the induction strength of both RNA synthesis bioreporters, the
Photorhabdus  luminescens luciferase-based  bioreporters  Pp-luxABCDE  and

Prep-luxABCDE were constructed. For better comparison, both bioreporters were

23



investigated in Belitzky minimal medium (BMM) in order to monitor their expression under
similar growth conditions. After 210 min, Pp+-luxABCDE and Prep-luxABCDE were
selectively induced by RNA synthesis inhibitors (Figure 2 and Table S3, Manuscript 1),
with comparable induction patterns for all antibiotics tested. RNA synthesis inhibitors again
yielded higher induction fold changes for P,-luxABCDE in comparison to the fold changes
observed for Preip-luxABCDE (Figure 2 and Table S3, Manuscript 1), thereby supporting our
hypothesis that DNA-binding agents interfering with RNA synthesis might be missed in the
agar-based setup due to the generally weaker induction strength of Preip-lacZ. Nevertheless,
the evaluation in a luciferase-based system sensitively detected that P-luxABCDE and
Prei-luxABCDE are strongly induced by the same RNAP-binding agents, but are also
responsive to the same DNA-binding agents, thereby supporting the idea of a similar gene

regulation mechanism.

2.2.2. Function of Rpt and HelD in response to RNA stress
Both bioreporter genes, rpt and helD, are selectively upregulated only upon treatment with
RNA synthesis inhibitors. Hence, their role in conferring resistance to those strongly inducing
substances was investigated. MICs of different antibiotics were determined for the different
knockout mutants B. subtilis 168 Arpt and B. subtilis 168 AhelD. For comparison, we used
B. subtilis 168 AamyE as a reference strain to determine wildtype (WT) MIC levels. Of note,
the amyE gene encodes for a non-essential a-amylase, that is frequently used as an
integration target site in B. subtilis (Shimotsu and Henner, 1986; Hartl et al., 2001).
As amyE inactivation did not have negative impact on growth in other (Juhas and Ajioka,
2016) and our experiments, we chose this deletion mutant as an unrelated control, as it had
undergone the similar knockout procedure in comparison to the other knockout strains of
interest. B. subtilis 168 Arpt showed a 16-32-fold, 4-8-fold, and 4-fold lower MIC for rifamycin
SV, rifampin, and rifabutin, respectively, while all other tested RNA synthesis inhibitors
matched WT MIC (Table 1, Manuscript 1). Prior to this work, the function of Rpt had not
been determined in B. subtilis. Based on sequence homologies, rpt was either annotated as
a phosphoenolpyruvate synthase, an enzyme important in gluconeogenesis
(McCormick and Jakeman, 2015), or a rifampin phosphotransferase enzyme, which
selectively inactivates rifamycins (Spanogiannopoulos et al., 2014). The results of the
antibiotic susceptibility testing supported the idea of Rpt being a selective rifamycins
inactivating phosphotransferase enzyme. To verify the effect of rpt deletion, the knockout
mutant B. subtilis 168 Arpt was complemented using an integrative, isopropyl--D-

thiogalactopyranoside (IPTG)-inducible S707-rpt construct (B. subtilis 168 Arpt aprE::Pspac-
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S707-rpt). Of note, S707 was described to be the 5’ untranslated region (UTR) of the rpt
gene (Nicolas et al., 2012). Upon IPTG induction, the rifampin MIC returned to WT level
(Table S1, Manuscript 1).

Heterologous overexpression of B. subtilis rpt in E. coli XL1 blue (E. coli XL1 blue
pBS2E-Pspac-S707-rpt), which is naturally devoid of a Rpt enzyme homolog, led to high-level
rifampin resistance (128-fold MIC increase) (Table S1, Manuscript 1). To confirm that
B. subtilis Rpt is able to inactivate rifampin by phosphorylation, IPTG-induced cultures of
E. coli XL1 blue pBS2E-Pspac (Vector control, which is devoid of S707-rpt) and
E. coli XL1 blue pBS2E-Pspac-S707-rpt were grown for 24 h in the presence of 100 ug/mL
rifampin. Culture supernatants were subsequently investigated via HPLC-MS analysis
(all HPLC-MS experiments have been conducted by Andreas Kulik). While the mass of
unmodified rifampin (m/z 821.3) was present in all samples, the mass of phosphorylated
rifampin (m/z 901.3) was only detectable upon overexpression of B. subtilis rpt, proving
the function of B. subtilis Rpt as rifampin phosphotransferase enzyme (Figure S1,
Manuscript 1). On the basis of this function elucidation, we proposed the name rpt for
B. subtilis ppS/yppS and Rpt for the corresponding protein. Of note, the name rph - in the
style of the first discovered rifampin phosphotransferase found in actinomycetes called rph
(Spanogiannopoulos et al., 2014) - was already taken in the B. subtilis gene annotation and
thus no longer available.

HelD was previously described to bind to the RNAP and enhance transcriptional activity as
well as the recovery of stalled RNAP (Wiedermannova et al., 2014; Newing et al., 2020; Pei
et al., 2020). A deletion of helD did not influence the MIC values for most antibiotics tested,
but the mutant showed a more sensitive phenotype upon treatment with the closely related
antibiotics corallopyronin A (16-fold) and myxopyronin A (> 32-fold) (Table 1, Manuscript 1).
A similar trend could be observed for B. subtilis 168 ArpoE (Table 1, Manuscript 1), which
was also chosen for MIC determination on the basis of its described function to act
cooperatively with HelD on transcriptional (re-)cycling (Wiedermannova et al., 2014; Pei et
al., 2020).

2.2.3. Upregulation of rpt and helD in response to RNAP stalling
As indicated by the investigation of Py-lacZ and Phrep-lacZ (Table S2, Manuscript 1), but
also Pup-luxABCDE and Prep-luxABCDE (Figure 2 and Table S3, Manuscript 1), both
bioreporters respond to a panel of differently acting RNA synthesis inhibitors. Deduced from
the MOA of those structurally diverse compounds, the mechanism of RNAP stalling was

suspected to represent the common stress signal leading to selective rpt and helD
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upregulation. To investigate this hypothesis, the background expression (luminescence
signal of untreated cells grown in BMM after 210 min) of P,,-luxABCDE was monitored in
different knockout mutants (AhelD, ArpoE, Amfd, and AuvrB), that are described to affect
transcription in B. subtilis. For this, the plasmid pBS3Clux-P+-luxABCDE was transferred
into the respective naturally competent B. subtilis 168 deletion mutants, where the reporter
construct P-luxABCDE was genomically integrated into the sacA locus. As reference strain
we used the isogenic B. subtilis 168 AamyE. B. subtilis 168 AperR was chosen as negative
control, which is devoid of the transcriptional repressor of peroxide stress (Giedroc, 2009)
and should not have direct effects on rpt expression. Interestingly, B. subtilis 168 AhelD and
B. subtilis 168 ArpoE showed significantly enhanced P p-luxABCDE background expression
in comparison to B. subtilis 168 AamyE, while all other knockout strains displayed values
close to the reference background luminescence of B. subtilis 168 AamyE (Figure 3,

Manuscript 1).

2.2.4. Regulation of gene expression of rpt and helD
Transcriptional regulation was first investigated using different promoter deletion or
promoter modification constructs. For rpt and helD, we could delete the upstream promoter
region up to the previously proposed SigA-dependent promoter sites (constructs
Prot 123pp-lacZ and Phreip_120pp-lacZ) (Nicolas et al., 2012), with no changes in the respective
expression pattern (Figure 4, Manuscript 1). Upon deletion of the -35 region of the SigA
binding sites, both constructs (Pt 108op-lacZ and Preip_113vp-lacZ) could not (or only very
weakly) be induced upon RNA synthesis stress by e.g., rifampin or fidaxomicin anymore,
which confirmed their dependency to be expressed by this housekeeping o factor (Figure 4,
Manuscript 1). Interestingly, both promoters natively possess a 102 bp (helD) or 110 bp (rpt)
long 5’UTR (Figure S3B, Manuscript 1). An alignment of the promoter fragments Pyt 1230p
and Preip_1200p, Which both retained induction specificity, revealed a highly conserved 13 bp
nucleotide motif at the downstream end of both promoter regions (Figure S4, Manuscript 1).
In order to investigate the regulatory impact conferred by this region we deleted the last
14 bp (Pr¢) and the last 15 bp (Preip) of their downstream promoter regions, including the
conserved 13 nucleotides. The larger deletion of Prep is due to one additional nucleotide
that is present only in the Prep 13 bp consensus sequence (compare Figure S4,
Manuscript 1). Upon deletion of this motif, both constructs, Pt peiabpps-lacZ and
Pheip_peitsbpps-lacZ, showed enhanced background expression and loss of induction
specificity, indicating that this region is essential for the selective upregulation of rpt and

helD due to transcriptional stress (Figure 4, Manuscript 1). To verify that this effect was not
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solely due to the shortening of the respective 5’UTR, a rpt promoter construct was
generated, that was randomly modified in 6 out of 13 of the conserved nucleotides, thereby
keeping the length of the 5’UTR unchanged. Nevertheless, a modification of this region
(Prot_moditabpps-lacZ) also led to a deregulated rpt expression (Figure 4A, Manuscript 1). The
generation of a construct only containing the SigA binding site of P, fused to the lacZ
reporter (Pt oniysiga-lacZ) revealed that the observed deregulated rpt expression by deletion
or modification of the conserved 13 bp nucleotide motif basically resembles a constitutive
SigA-dependent expression, hinting at a repressive mechanism that controls induction
specificity at the downstream end of the promoter (Figure 4A, Manuscript 1). Deregulation
was also confirmed in a quantitative system. P pel14bpps-luxABCDE showed significantly
higher background luminescence signals in comparison to the unmodified Pp+-luxABCDE,
with an approximately 68-fold higher background expression after 210 min of growth
(Figure 5A and Figure 5C, Manuscript 1). Furthermore, it was not inducible after antibiotic
treatment for none of the compounds tested (Figure 5B, Manuscript 1). A comparison of the
relative luminescence units (RLU) in relation to ODsoo demonstrated that upon induction of
Prt-luxABCDE by RNA synthesis inhibitors the values approximated to the (untreated)
background levels measured for Pt pel14bpps-luxABCDE (Figure 5C, Manuscript 1).

Aiming to identify a TF that regulates rpt expression, we tried to detect DNA-binding proteins
that specifically bind to the conserved 13 bp, which had been found to confer induction
specificity. The DNA affinity capturing assay (DACA) is a sensitive method to identify such
proteins. Here, DNA-bound proteins are co-purified with the biotin-tagged DNA fragment of
interest and analyzed via semi-quantitative mass spectrometry (the latter has been
performed by our collaboration partner Mirita Franz-Wachtel). Four different DNA fragments
were investigated for their protein binding capabilities: three versions of the rpt promoter
fragment and, as an independent control, one yorB promoter fragment (fragment 4,
200 bp of length), that should identify unspecific DNA-binding proteins. For the rpt promoter
fragments, the largest one comprised 200 bp containing the conserved 13 bp (fragment 1),
while the other two were shortened by 30 (fragment 2) or 126 nucleotides (fragment 3) at
the downstream end, thereby deleting the 13 bp consensus motif and further parts of the
5'UTR, respectively (Table S4, Manuscript 1). After incubation with B. subtilis cytoplasm, the
DNA-bound proteins were purified and identified via NanoLC-MS/MS analysis. Interesting
candidates were followed up by expressing P bioreporter constructs in the respective
B. subtilis deletion mutant of the detected protein, assuming that the missing regulatory
protein leads to the observed deregulation of rpt expression. The method was verified for

yorB regulation, which had previously been proposed to be LexA-dependent (Au et al., 2005)
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and showed specific induction of SOS response inducing antibiotics (Table S1,
Publication 1) (Urban et al., 2007). And indeed, in the DACA experiment, LexA could be
detected in highly elevated label-free quantification (LFQ) levels for fragment 4 (Table S6,
Manuscript 1), while subsequent expression of Pyoms-lacZ in B. subtilis 168 AlexA displayed
enhanced background expression and deregulated induction specificity (Figure S6,
Manuscript 1) as it had been seen for Pt upon deletion or modification of the 13 conserved
nucleotides (Figure 4, Manuscript 1). However, fragment 4 also showed enhanced binding
of other transcriptional regulators like Xre or GamR (YbgA) (Table S6, Manuscript 1).
Nevertheless, expression of Pyos-lacZ in B. subtilis 168 AgamR did not influence the
bioreporter’s background expression or induction specificity (Figure S6, Manuscript 1),
indicating that yorB induction upon DNA stress is selectively regulated by LexA.
Although, we could confidently confirm the method by proving the LexA-dependent
regulation of yorB expression and also identified several promising candidates by DACA,
which showed preferred binding to the rpt promoter fragments, we were unable to find a
DNA-binding protein that conferred induction specificity to rpt in follow-up experiments be
the validated procedure. While some of the 45 tested candidates had minor modulatory
effects on the background expression of P,p-lacZ, none led to the loss of induction specificity
(Table S5 and Table S7, Manuscript 1).

Further analysis of the Pt and Preip revealed two SigA bindings sites on the complementary
strand. Interestingly, for both of them, the -35 region of the SigA binding site is located in
the region of the conserved 13 nucleotides (Figure 6A, Manuscript 1) (Nicolas et al., 2012).
The opposite strand of the rpt promoter was described to encode a small RNA (sRNA) called
ncr1015 (120 bp) or S708 (628 bp), dependent on the study (Irnov et al., 2010; Nicolas et
al., 2012). For the helD promoter region, no complementary sRNA has been annotated, but
transcript levels on the complementary strand seemed to be upregulated under some growth
conditions (Nicolas et al., 2012; Zhu and Stulke, 2017). We therefore hypothesized, that rpt
and helD are both regulated by a complementarily expressed asRNA (cis-encoded asRNA)
mechanism. To test this, the -10 region of the SigA binding site of the complementary sRNA
ncr1015/S708 was modified, while leaving the conserved 13 nucleotides that were
previously shown to confer induction specificity unchanged (Figure 6B, Manuscript 1).
This manipulation also led to rpt deregulation and loss of induction specificity (Figure 6C,
Manuscript 1), pointing at a role of the complementary expression of the cis-encoded sRNA

in rpt repression.
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2.2.5. Conservation of rpt regulation in other Bacillales
Homologs of B. subtilis Rpt could confidently be detected in different Actinomycetales,
Myxococcales, Clostridiales, and Bacillales, while they were only considered homologous if
they possessed a protein identity > 0.5 (Kanehisa and Goto, 2000) and a conservation of
the reported rifamycin-binding sites (Stogios et al., 2016). A previous study of
Spanogiannopoulos and colleagues showed that some actinomycetes utilize a
rifampin-associated regulatory element (RAE) in order to control rph (encodes for a
Rpt homolog in actinomycetes) expression (Spanogiannopoulos et al., 2014). Upon
investigation of the promoter regions of the different rpt homolog containing bacteria, the
RAE was detectable in many Actinomycetales, while minor variations of the regulatory
element were even present in some Myxococcales (Figure 7, Manuscript 1). However, the
promoter regions of all other examined bacterial orders were devoid of the RAE motif
(Figure 7, Manuscript 1). As my regulatory studies had shown that the specific upregulation
of rpt and helD gene expression was dependent on the conserved 13 nucleotides (compare
chapter 2.2.4.), all promoter regions were investigated for this motif. Interestingly, the
13 bp consensus motif located in the B. subtilis P, region was identified for a subgroup of
different rpt homolog containing Bacillales (e.g., Bacillus licheniformis ATCC14580
(NC_006270.3), Paenibacillus lautus (NZ_CP032412.1), Bacillus amyloliquefaciens MT45
(NC_014551.1), and Brevibacillus formosus (NZ_CP018145.1)) (Figure 7 and Figure S7,
Manuscript 1). In those strains the rpt homologs were located at different positions in the
chromosome and flanked by a variety of different genes. Nevertheless, an alignment of the
different potential promoter regions revealed a conservation of approximately 200 bp
containing all regions that we hypothesize to play a regulatory role in rpt expression in
B. subtilis 168: the SigA binding site of P, the ribosomal binding site in Py, and the
SigA binding site of the complementary sRNA ncr1015/S708 (Figure S8, Manuscript 1).
In comparison, rpt promoter regions of other Bacillales, that were devoid of the
13 bp consensus sequence (Figure 7, Manuscript 1), including the Bacillus cereus group,

did not display any sequence similarity to the conserved promoter region of ~200bp.
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3. DISCUSSION

3.1. The agar-based bioreporter approach
3.1.1. Sensitivity and specificity of the bioreporter strain induction

The model organism B. subtilis was selected as strain background for the agar-based
bioreporter approach, with the advantages lying in its good characterization concerning
e.g., transcriptomic or proteomic data sets (Bandow et al., 2003; Fischer et al., 2004;
Freiberg et al., 2006) and its high susceptibility to most antibiotics, which allows MOA
profiling for the majority of antimicrobials. Although the target-area of antibiotic interference
can most often be transferred to other bacteria, some of those antibiotics would not be able
to approach their targets in Gram-negatives due to the additional outer membrane barrier
that restricts compound permeation. Furthermore, antimicrobials that selectively target
specific structures or enzymes of the outer membrane (Hart et al., 2019) would of course
not be covered in our Gram-positive bioreporter approach, but could easily be detected in
a Gram-negative activity-based counter-screening (compare E. coli ATCC25922 screening
in chapter 2.1.3.). The agar-based bioreporter screening of pure compounds with known
MOA confirmed a reliable detection of antibiotic interference with the main biosynthetic
pathways: DNA synthesis (Pyos-lacZ), RNA synthesis (Ppt-lacZ), translation arrest
(Pbomrc-lacZ), and impairment of cell envelope integrity (Pypua-lacZ and Pjia-lacZ). Bioreporter
induction occurred after overnight incubation at the borders of the ZOI, where the antibiotic
concentration was not high enough to kill the bacterial cell, but sufficient to cause an
adaptive cellular stress response. The size of the ZOl was not only dependent on the
antibiotic’s activity but also on its agar diffusion potential. Testing different dilutions of one
antibiotic revealed the high sensitivity of the bioreporters even at low antibiotic
concentrations. For Pyos-lacZ and Pp-lacZ induction was even detectable upon treatment
with subinhibitory concentrations of ciprofloxacin or fidaxomicin, respectively.

Generally, the antibiotic induction profiles of Pyoms-lacZ, Pemrc-lacZ, and Pypua-lacZ were
comparable to the results obtained by Urban and colleagues in a luciferase-based liquid
system (Urban et al., 2007), while we extended the panel of tested reference antibiotics.
Only after treatment with quinolones, mitomycin C, or phleomycin a divergent weak induction
signal of Pypua-lacZ could be detected, additionally to the expected Pyom-lacZ signal.
We hypothesize that this induction is due to the readout after overnight incubation in the
agar-based setup in comparison to the readout after 3 h in the luciferase-based
liquid system, the former potentially revealing long-term secondary antibiotic effects.

One explanation for the Pyua-lacZ induction by this group of antimicrobials could be their
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ability to induce oxidative stress, which might impair the function of proteins relevant for
maintenance of cell envelope integrity (Dwyer et al., 2007; Dapa et al., 2017; Hong et al.,
2019). Generally, Pypua-lacZ was upregulated by all antibiotics that disrupt cell envelope
integrity, with the exception of ionophore antibiotics. Previous studies postulated that ypuA
is expressed from a SigM-dependent promoter (Jervis et al., 2007). However, ECF o factor
binding sites are often described to possess a specificity for one o factor but sometimes also
allow the recognition of other ECF ¢ factors (Helmann, 2016). Interestingly, ypuA expression
was also shown to be modulated by SigV (Zellmeier et al., 2005), which supports the finding
that Pypua is broadly induced by diverse cell envelope interfering agents. In comparison to
Pypua-lacZ, Pia-lacZ induction could only be observed for glycopeptides, lantibiotics,
daptomycin, telomycin, ramoplanin, bacitracin, or lysolipin |, while the large group of
R-lactams did not yield an induction signal. Lial, which encodes for a small membrane
protein, is located in the hexacistronic operon lialH-liaGFSR, which is autoregulated by the
three-component system LiaFSR (Jordan et al., 2006; Radeck et al., 2017). Based on the
MOA of inducing antibiotics, Mascher and colleagues proposed lial induction to be
responsive to perturbations of the lipid-Il cycle (Mascher et al., 2004). However, lial induction
was also shown to be triggered by unspecific stressors, such as alkaline shock or exposure
to detergents (Radeck et al., 2017). Not surprisingly, most of the Pja-lacZ inducing
antibiotics tested in this thesis are described to interfere with different steps of
bactoprenol-mediated precursor cycling (Schneider and Sahl, 2010). Bacitracin, for
example, is known for its zinc-dependent binding to the extracellular undecaprenyl
pyrophosphate, which upon complex formation cannot be dephosphorylated and recycled
into the cytosolic compartment (Schneider and Sahl, 2010; Economou et al., 2013).
The MOA of daptomycin, telomycin, and lysolipin are until now not fully elucidated.
Nevertheless, it was postulated that Ca?*-daptomycin activity and its insertion into the
membrane is dependent on the level of the anionic phospholipid phosphatidylglycerol in the
membrane (Miller et al., 2016; Mdller et al., 2016; Taylor and Palmer, 2016; Grein et al.,
2020), while the MOA of telomycin seems to be dependent on the bacterial phospholipid
cardiolipin (Epand et al., 2016; Johnston et al., 2016). Those results suggest that /ial might
also be induced upon interference with phospholipid components of the cytoplasmic
membrane. However, Ca?*-daptomycin was recently shown to form tripartite complexes with
undecaprenyl-coupled cell envelope precursors upon phosphatidylglycerol-binding
(Grein et al., 2020), thereby impairing undecaprenyl precursor cycling. It therefore remains
elusive, if lial induction could generally be caused by an impairment of membrane integrity

upon phospholipid-binding or if substances like telomycin, which show selective binding to
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cardiolipin might also possess currently unknown mechanisms to affect undecaprenyl
precursor cycling. Of note, the dissipation of membrane integrity by ionophores, which act
as ion carriers or initiate the formation of ion channels thereby modulation the membranes’
ion permeability, does not lead to an induction of lial.

The upregulation of Pymc-lacZ was observed for antibiotics inducing translation arrest
by various MOA. For example, chloramphenicol or erythromycin directly bind to the
50S ribosomal subunit and inhibit the peptidyl transferase reaction, or the translocation of
the polypeptide chain by blockage of the ribosomal exit tunnel, respectively (Tenson et al.,
2003; Wilson, 2009). Tetracyclines bind to the 30S ribosomal subunit and stall the ribosome
by inhibiting the aminoacyl-tRNA from binding to the ribosomal A-site (Chopra et al., 1992).
Inhibitors of EF-G, like fusidic acid of thiostrepton, prevent the ribosomal progression by
blocking the GTP-dependent translocation of the ribosome (Borg et al., 2015). The bmrC
gene encodes for a subunit of the multidrug ABC transporter BmrCD (Torres et al., 2009).
However it remains puzzling, why bmrC expression is induced by such a structurally diverse
group of translation stalling agents, although a bmrCD deletion mutant did not display
increased sensitivity to any of the tested compounds inducing its induction (Torres et al.,
2009). Due to the structural diversity of inducing substances one can hypothesize that bmrC
is induced by a specific stress response signal upon translation arrest, rather than a direct
drug sensing mechanism. Protein synthesis inhibitors that led to miscoded proteins
(e.g., aminoglycosides), blocked aminoacyl-tRNA synthesis (e.g., mupirocin), or acted by
abortive translation (e.g., puromycin) induce different kinds of stress and did not yield a
Pvmrc-lacZ signal. An exception is represented by the aminocyclitol antibiotics spectinomycin
and hygromycin B, which are often described as untypical aminoglycosides. Both are
associated with ribosomal stalling rather than miscoding (Borovinskaya et al., 2007;
Borovinskaya et al., 2008) and accordingly induced Ppmrc-lacZ. Puromycin and classical
miscoding agents, like kanamycin or streptomycin, increase the intracellular levels of
non-functional, aberrant peptides or proteins, which bacterial cells try to counteract by the
initiation of the so-called heat-shock response (Bandow et al., 2003; Shaw et al., 2003;
Freiberg et al., 2006; Kindrachuk et al., 2011). This stress response typically leads to the
upregulation of chaperones (e.g., DnaK or GroEL/S) and proteases (e.g., CIpCP), trying to
restore cellular protein homeostasis (Hecker et al., 1996; Elsholz et al., 2017). Exposure to
mupirocin was shown to evoke the stringent response in B. subtilis (Bandow et al., 2003),
as mupirocin depletes the isoleucine-charged tRNA levels by its competitive binding with
isoleucine to the isoleucyl t-RNA synthetase (Khoshnood et al., 2019), thereby mimicking

amino acid starvation conditions.
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DNA stress was detected upon treatment with inhibitors of the bacterial type-Il DNA
topoisomerases (e.g., quinolones or novobiocin), the nucleotide precursor supply
(e.g., trimethoprim or 5’-fluorouracil), or by some intercalators or alkylating agents
(e.g., daunomycin or mitomycin C, respectively). As expression of yorB was shown to be
LexA-dependent (see chapter 2.2.4), it can be concluded that all Py inducing compounds
lead to an initiation of the SOS response in B. subtilis. YorB encodes for a protein of
unknown function and was shown to be located in a SPR-prophage derived chromosomal
region (Kunst et al., 1997). Based on its origin and its strong and selective LexA-regulated
induction, it is tempting to hypothesize that the temperate bacteriophage uses yorB
expression by the bacterial SOS response to sensitively sense and react to the host’s
struggle for survival, e.g., by influencing the decision of the bacteriophages to leave the host
by initiation of a lytic cycle. Interestingly, this mechanism was described for the GILO1
bacteriophage. After infection of Bacillus thuringiensis, the GILO1 bacteriophage exploits the
transcriptional repressor LexA of its host for maintenance of the lysogenic state. However,
upon DNA damage LexA-dependent repression is abolished, which induces the expression
of genes involved in virion maturation and host lysis and thereby entrance into the lytic cycle
of GILO1 bacteriophage (Fornelos et al., 2018).

The bioreporter Preip-lacZ showed selective but weak induction only of RNAP-binding
agents in the agar-based bioreporter assay. We therefore re-analyzed previously conducted
microarray data (Freiberg et al., 2006) and established the P+lacZ bioreporter as an
alternative, which displayed strong and selective induction of direct RNAP inhibiting
substances (e.g., rifampin or fidaxomicin), but also weaker signals for DNA-binding agents
that block RNA synthesis (e.g., actinomycin D, echinomycin or netropsin). Interestingly,
DNA-binding agents, that did not show an induction signal for Pyos-lacZ, could be
successfully detected with Py+-lacZ, while only few antibiotics, like chartreusin or gilvocarcin
V, were able to induce both, Pp+lacZ and Pyos-lacZ (see chapter 2.2.1.). Generally,
DNA-binding agents most likely act as roadblocks hindering both metabolic pathways,
replication and transcription, as both metabolic processes are dependent on the same
DNA template. Nevertheless, it could be shown for some antibiotics like actinomycin D or
mitomycin C, that they primarily interfere with transcription or replication, respectively
(Harvey et al., 1976). The bioreporters seem to sensitively detect those preferences by
selectively inducing PplacZ (actinomycin D) or Pyos-lacZ (mitomycin C). The MOA of
DNA-binding agents are often not well described in bacteria due to their eukaryotic toxicity
and primary application in anticancer chemotherapy. Studies in eukaryotes describe

anthracycline intercalators like doxorubicin to act as human type IIA topoisomerase (Top2)
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poison that block Top2 binding to DNA (at high concentrations), DNA religation (at low
concentrations), induce DNA double and single strand breaks, and generate reactive oxygen
species (compare additional weak induction of Pypua-lacZ by doxorubicin in chapter 2.1.1.)
(Pommier et al., 2010). Interestingly, doxorubicin strongly induces the DNA stress
bioreporter Pyors-lacZ, which was confirmed to be LexA-dependent and therefore belongs to
the SOS response. The SOS response is a highly sensitive control pathway that is initiated
upon RecA-dependent sensing of elevated levels of single stranded DNA. The following
activation of RecA results in the proteolytic autodigestion of the LexA repressor and the
subsequent transcription of the SOS response regulon (Lovett et al., 1994; Au et al., 2005).
The dependency of the stress response on the detection of single stranded DNA indicates
that doxorubicin most likely also induces DNA strand breaks in B. subtfilis. In addition,
this implies that DNA-binding agents that only show P./lacZ induction, do not cause
DNA strand breaks in B. subtilis. This hypothesis is supported by the DNA-binding agent
echinomycin, which selectively induces P-lacZ, and is not known for any strand break
capability (Huang et al., 1982). The combinational MOA profiling using P,os-lacZ and the
newly established bioreporter Pp+-lacZ supports an early discrimination of the diverse
activities of DNA-binding agents, helping to dissect the primary B. subtilis stress response

initiated upon antibiotic impairment.

3.1.2. Microcionamide A and C act on the bacterial cell envelope
The validation of the agar-based bioreporter approach with antibiotics of known MOA
allowed the subsequent testing and MOA profiling of uncharacterized antimicrobial
compounds. Our collaboration partners provided us with the pure agents microcionamide A
and C, which were tested against the bioreporter panel. Both compounds showed selective
and combined induction of the cell envelope stress bioreporters Pypua-lacZ and Pja-lacZ.
While Pypua is broadly induced upon stress inflicted on the cell envelope, the induction of
Piar hinted at a membrane associated target, most likely inhibiting steps of the
bactoprenol-mediated precursor cycling. Furthermore, the induction signals excluded a
mechanism comparable to the MOA of ionophores, as none of the previously tested
ionophores yielded a Pypua-lacZ or Pja-lacZ induction signal. This bioreporter-based MOA
profiling facilitated the selection of adequate follow-up studies. The subsequent investigation
of the S. aureus NCTC8325 membrane potential revealed the strong membrane
depolarization even after treatment with low antibiotic concentrations of microcionamide A
and C further showing that those compounds indeed act on the bacterial cell envelope, and

thereby independently confirm the bioreporter MOA profiling. The results indicate a
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mechanism comparable to nisin, which is known to bind to the carbohydrate pyrophosphate
moiety of lipid-Il and form a membrane pore (Schneider and Sahl, 2010). The lantibiotic
would show similar bioreporter signals (Table S1, Publication 1) and would also destabilize
the membrane potential (Ruhr and Sahl, 1985). The Gram-positive-only activity of
microcionamide A and C suggests that the compounds are not able to pass through the
outer membrane to reach their cytoplasmic membrane target, which can be explained by
their molecular mass of approximately 875 Da and 889 Da, respectively, or by active efflux,
counteracting their intracellular retainment. The observed cytotoxicity of microcionamide A
and C, as well as their induction of apoptosis, could be due to an additional, unrelated
eukaryotic target. Then again, lial induction was previously speculated to be responsive to
interference with phospholipid components of the cytoplasmic membrane, like cardiolipin
(compare chapter 3.1.1.). The impairment of membrane integrity by interaction with a
phospholipid component that is equally present in eukaryotes (cardiolipin can be found in
the inner membrane of mitochondria (Schlame, 2008)), could putatively also account for the
detected cytotoxic effects. This hypothesis is further supported by the observed inhibition of
autophagy by microcionamide C, as cardiolipin was recently proposed to play a role in
autophagosome formation (Manganelli et al., 2021). Nevertheless, the exact underlying
mechanisms of the cytotoxic activity of microcionamide A and C remain unclear and would

need to be elucidated in further studies.

3.1.3. Applicability in direct screening of antibiotic producer strains
The agar-based bioreporter approach was further investigated for its applicability in direct
screening of antibiotic producer strains. For validation, cultivated samples of six known
antibiotic producer strains were directly tested in the agar-based bioreporter screening.
After overnight incubation, MOA-informed ZOI could confidently be detected, matching the
MOA of the antibiotic described to be produced by the respective producer strain.
The setting allowed a direct MOA classification of produced antimicrobials with no need for
initial time-consuming and laborious compound purification. This represents a big advantage
in comparison to other MOA profiling tools, as they are often only suitable for the
investigation of pure or at least partly purified antimicrobial agents (Urban et al., 2007;
Nonejuie et al., 2016; O'Rourke et al., 2020). One limitation of the agar-based bioreporter
assay is its deficiency to directly elucidate the exact molecular target, which makes
substance purification for downstream MOA analysis unavoidable. Nevertheless, the rapid
and reliant bioreporter information generally allows to prioritize activities of interest before

purification, e.g., by solely investigating bioactivities that interfere with only one specific
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metabolic pathway, or by the selective follow-up on non-inducing compounds, that most
likely interfere with other, but also potentially new cellular target structures.

The agar-based bioreporter approach was further verified by the investigation of
approximately 500 uncharacterized actinomycetes strains of the Tubingen strain collection.
For validation purposes, different producer strains which either had or had not triggered
a bioreporter signal were chosen for further investigation. Chemical analytics resulted in the
dereplication of 28 antimicrobial substances. Of note, during the purification process,
the bioreporters proved a useful tool to monitor the presence of the compound of interest,
allowing to test supernatants, extracts, fractions, and purified compounds for the previously
observed reporter signal. Furthermore, the bioreporter information added a MOA-informed
dimension to the dereplication process, which accelerated compound deconvolution. For all
21 bioreporter-positive producer strains, the previously observed induction signal matched
the antibiotic MOA described in literature. For example, Ti6430 strongly induced the
bioreporter for translation arrest (Pvmrc-lacZ). Purification and dereplication uncovered the
produced antibiotic pactamycin, which binds to the 30S subunit and affects translational
initiation and elongation by preventing the release of the initiation factors and blocking
tRNA-binding to the ribosome (Brodersen et al., 2000). Consequently, this interference
hinders ribosomal progression, which was sensitively detected by the induction of
Pvmrc-lacZ. Of note, the induction specificity of the respective bioreporter strains is discussed
in chapter 3.1.1. in more detail. The remaining seven antimicrobial activities were initially
chosen for further investigation, as they were not covered by the bioreporter panel.
Although not showing an induction, they were not devoid of MOA information, containing the
information of non-interference with the main metabolic pathways. And indeed, the
dereplicated substances clustered with antibiotic classes that were previously shown not to
be covered by the applied bioreporter panel, including three ionophores (monactin,
omomycin, and boromycin), a siderophoric tRNA synthesis inhibitor (albomycin 1), and
three substances with to date uncharacterized MOA (griseorhodin A, lobophorin A and E).
The additional MOA information obtained from the direct agar-based bioreporter screening
not only allowed monitoring of the purification process, but also enabled an early
discrimination of diverse or multiple antibiotic production of a single producer strain, which
is especially useful as producer strains are often genetically capable of producing different
bioactive secondary metabolites (Seyedsayamdost, 2014; Yoon and Nodwell, 2014).
For example, strain Tu2401 was shown to synthesize C-1027 or albomycin &1 when grown
on agar or in liquid culture, respectively. In a solely activity-based screening the diverse

antibiotic production would have been overlooked, as both samples displayed similar
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bioactivity against B. subtilis. However, the additional bioreporter-based MOA information
immediately uncovered the production of two differently acting antimicrobial agents.
One strain many compounds (OSMAC) describes a strategy to exploit the full potential of
an antibiotic producer strain by application of different cultivation conditions including
changes in physical parameters (e.g., temperature, aeration, pH, or salinity), nutrient
availability (e.g., carbon, nitrogen, or sulfur sources), fermentation (liquid or solid cultivation),
or by application of epigenetic modifiers (e.g., DNA methyltransferase or histone
deacetylase inhibitors) (Bode et al., 2002; Romano et al.,, 2018; Pan et al., 2019).
Furthermore, cocultivation with other bacterial strains or fungi was also proven to modulate
antimicrobial production (Oh et al., 2007; Pan et al., 2019). As OSMAC strategies are often
laborious and quickly yield great amounts of conditioned samples, the application of the
agar-based bioreporter approach represents an efficient screening tool to directly monitor
differences in antimicrobial production. Of note, this is also the case for other strategies of
activating silent gene clusters, like genome editing or heterologous expression (Nah et al.,
2017; Mao et al., 2018). For initial validation of the direct agar-based bioreporter approach,
we investigated the well explored order of actinomycetes producer strains, which are known
to yield a high antibiotic rediscovery rate (Tulp and Bohlin, 2005; Genilloud, 2017). The high
number of rediscovered antibiotics was useful for MOA comparison and validation of the
direct agar-based bioreporter approach. Nevertheless, the bioreporter assay is not limited
to this order of producer strains as cultivation of antibiotic producers happens independently,

while the approach is suitable for concomitant screening of a variety of different samples.

3.2. In-depth characterization of the B. subtilis genes rpt and helD
3.2.1. Prpt and Preip share a similar antibiotic induction specificity

The induction specificity and strength of the newly established RNA stress bioreporter
(Pmt-lacZ) was additionally profiled in a quantitative system (Pp+luxABCDE).
All luminescence signals (RLU) were normalized to an ODeoo of 1, while the induction
threshold was set to 200 %, always comparing with the background luminescence signal of
untreated B. subtilis cells. Analysis confirmed the reliant and specific upregulation of
Prt-luxABCDE only upon treatment with RNA synthesis inhibitors up to 240 min of
incubation, after which the stated induction threshold was no longer suitable for
discrimination. Interestingly, inhibitors of RNA synthesis initiation could already
sensitively be detected for P,+-luxABCDE after 10 min of antibiotic treatment. Generally, the
initiation process represents the crucial step in the regulation of RNA synthesis. Upon

RNAP holoenzyme binding to the o factor binding site in the promoter region, the formation
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of a transcription-competent open promoter complex is critical for RNA synthesis initiation.
Interestingly, promoter escape and therefore a stable transcription of full-length RNA in
E. coli only takes place in 30-50 % of all initiation attempts. For the remaining cases,
the initiation complex is prone to abortive cycling, leading to the repeated production and
release of short mRNAs (Henderson et al.,, 2017). The length of those abortive mRNA
oligomers can vary, while different studies propose their regulatory role in transcription
initiation at other promoter sites (Goldman et al., 2011; Nickels, 2012; Druzhinin et al., 2015;
Henderson et al., 2017). Transcription initiation is best investigated in E. coli, while it remains
elusive if abortive cycling is as frequently utilized in B. subtilis (Whipple and Sonenshein,
1992). The rapid and strong upregulation of P.-luxABCDE by RNA synthesis initiation
inhibitors could indicate that interference with the highly dynamic initial step of transcription
is generally less tolerated and therefore stress affecting transcription initiation might more
sensitively be sensed. In chapter 3.2.3., the stalling of RNAP is discussed to most likely
account for the rpt inducing stress signal. As E. coli data indicates that only about half of the
RNAPs proceed to stable full-length transcription (Henderson et al., 2017), this means that
only half of the promoter-bound RNAP complexes reach downstream mRNA regions.
Hence, RNAP stalling stress (and therefore rpt induction) might more rapidly and strongly
accumulate upon inhibition of the initiation process in comparison to downstream inhibitory
effects on RNAP progression executed by RNA synthesis elongation inhibitors.

The quantitative luciferase-based setup also allowed sensitive comparison of the two
RNA stress bioreporters. It could be shown, that P+/luxABCDE and Phep-luxABCDE are
actually induced by the same panel of antibiotics, with P, displaying a more powerful
induction strength in both systems. For this reason, Phrep-lacZ induction by DNA-binding
agents like echinomycin was not detectable in the generally less sensitive agar-based setup.
Of note, Preip was previously characterized in a firefly luciferase-based system, showing no
induction of DNA-binding agents like actinomycin D after 90 min (Urban et al., 2007).
This was also the case after 90 min using our bacterial luciferase-based bioreporter setup.
However, we also monitored Pren-luxABCDE expression at later time points. After 240 min
of actinomycin D treatment, we could observe Pren-luxABCDE luminescence signals
exceeding the threshold of 200 %, while specificity for RNA synthesis inhibitors was still
given at this time point. Furthermore, other DNA-binding agents that were not investigated
by Urban and colleagues, but are described to interfere with RNA synthesis like the
intercalator echinomycin (Foster et al., 1985), also showed induction of P+-luxABCDE and
Phreip-luxABCDE after 210 min (the more sensitive P,+-luxABCDE already exceeded the

induction threshold of 200 % after 90 min). The observed, similar induction patterns of
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Prot-luxABCDE and Phrep-luxABCDE upon treatment with different antibiotics supported
a similar way of gene regulation. This result was especially interesting as previously
published microarray data had only shown very few genes that displayed this selective and
strong upregulation solely upon treatment with the RNA synthesis inhibitors rifampin and
corallopyronin (Freiberg et al., 2006). Furthermore, none of the two B. subtilis genes had

been elucidated for its gene regulation prior to the current project.

3.2.2. Function of Rpt and HelD in adaptation to RNA stress
The strong and selective upregulation of rpt and helD in response to RNA stress made us
investigate their potential function in adaptation to those antibiotics, especially as the
function of Rpt had not previously been characterized in B. subtilis. The knockout strains
B. subtilis 168 Arpt and B. subtilis 168 AhelD were tested for their antibiotic susceptibility
against a panel of RNA synthesis inhibitors that had previously induced the bioreporter
genes in our study. For comparison, the isogenic reference strain B. subtilis 168 AamyE was
investigated for WT MIC levels. B. subtilis 168 Arpt displayed a selective drop in MIC only
for rifamycin antibiotics. Due to sequence homologies, B. subfilis Rpt is annotated as
putative phosphoenolpyruvate synthetase or rifampin phosphotransferase. While both
enzymes possess an ATP binding domain, and a histidine domain important for
phospho-transfer, parallels which explain the annotation of the two different genes, they
possess different functions: the phosphoenolpyruvate synthetase is an enzyme involved in
gluconeogenesis (McCormick and Jakeman, 2015) and the rifampin phosphotransferase is
a resistance enzyme that selectively inactivates rifamycins by phosphorylation
(Spanogiannopoulos et al., 2014). The decreased MIC of B. subtilis 168 Arpt only after
treatment with rifamycins indicated that Rpt acts as rifampin phosphotransferase in
B. subtilis. Heterologous overexpression of S707-rpt from a high-copy plasmid in
E. coli XL1 blue, which is naturally devoid of a rifampin phosphotransferase gene, yielded
high level resistance (128-fold MIC increase), as has been previously shown for rifampin
phosphotransferases from other species (Spanogiannopoulos et al., 2014). Furthermore,
complementation of the knockout B. subtilis 168 Arpt by IPTG-induced overexpression of
S707-rpt in the aprE locus yielded WT MIC levels. Of note, S707 is described as 5’UTR
preceding rpt (Nicolas et al., 2012). This construct was generated before the investigation
of the gene regulation of rpt and helD. With the knowledge that we acquired during the
regulatory studies (compare chapter 3.2.4.), it might be likely that overexpression of
S707-rpt only returned to WT MIC levels in the B. subtilis 168 Arpt background, due to the

presence of the regulatory 5’UTR region. While the 5’UTR promoter region possesses the
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ability to repress SigA-dependent rpt expression under unstressed growth conditions, it likely
also does so if preceded by an IPTG-inducible promoter instead of the native
SigA o factor binding site. A deletion of helD showed no changes in MIC in comparison to
WT susceptibility for most tested RNA synthesis inhibitors, with the exception of the closely
related a-pyrone antibiotics corallopyronin A and myxopyronin A, which showed strongly
decreased MIC values for the AhelD mutant. The underlying mechanism of this observation
is elusive so far. However, function and RNAP binding of HelD are well investigated in
B. subtilis (Wiedermannova et al., 2014; Newing et al., 2020; Pei et al., 2020). On the
one hand, the binding site for myxopyronin (Ho et al., 2009) lies in close vicinity to the one
described for HelD (Wiedermannova et al., 2014), which might sterically hinder antibiotic
binding to RNAP in the presence of HelD and therefore decrease antibiotic potency. On the
other hand, the function of HelD might counteract the MOA of corallopyronin A and
myxopyronin A in the inhibition of RNA synthesis. While myxopyronin blocks clamp
opening and DNA loading to the active site by a still unknown mechanism (Mukhopadhyay
et al., 2008; Belogurov et al., 2009; Artsimovitch et al., 2012), HelD introduces large
conformational changes that cause RpoC clamp opening, thereby releasing the
DNA template from the active site of the stalled RNAP (Newing et al., 2020). Interestingly,
we could detect the same selective drop in corallopyronin A and myxopyronin A MIC using
B. subtilis 168 ArpoE. RpoE is an accessory RNAP subunit that was shown to enhance
transcription and RNAP recycling and to act synergistically with HelD (Wiedermannova et
al., 2014). However, further studies are needed to elucidate the molecular mechanism of
corallopyronin A and myxopyronin A inhibition by HelD and RpoE.

Although rpt and helD could be induced by a broad range of structurally and mechanistically
different transcription inhibitors, they only affected B. subtilis sensitivity for some selected
compounds (e.g., inactivation of rifamycins by Rpt). Hence, rpt and helD are induced upon
transcriptional stress that is common to all inducing RNA synthesis inhibiting substances,

and not by direct compound sensing.

3.2.3. Induction of the RNA stress response genes rpt and helD is correlated with
enhanced intracellular levels of stalled RNAP

Rpt and helD are induced by a diverse group of RNA synthesis inhibitors. In order to

elucidate the stress signal that leads to induction, we tried to deduce a common mechanism

of antibiotic interference from the described MOA. Interestingly, induction was observed for

antimicrobial agents that directly bind to the RNAP complex in different ways (e.g., rifampin,

fidaxomicin, streptolydigin) (Ho et al., 2009; Lin et al., 2018) but also by DNA-binding agents,
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which inhibit transcription by sterically blocking RNAP progression (e.g., actinomycin D,
echinomycin) (Gause et al., 1968; Hollstein, 1974). Therefore, elevated intracellular levels
of stalled RNAP were suspected to initiate the stress response that led to upregulation of
rpt and helD. This idea was further addressed by monitoring P-luxABCDE background
expression (luminescence signal of untreated strains after 210 min of growth in BMM) in
different B. subtilis 168 knockout mutants, affecting transcription efficacy. In comparison to
the reference luminescence of B. subtilis 168 AamyE, B. subtilis 168 AhelD and ArpoE
showed significantly enhanced Pp+luxABCDE background expression. As previously
mentioned, HelD and RpoE are both described to enhance transcriptional cycling and
facilitate the recovery of stalled RNAP, which is further potentiated by them acting in
synergism (Wiedermannova et al., 2014; Newing et al., 2020; Pei et al., 2020). Those
findings support the hypothesis of rpt and helD expression being responsive to enhanced
levels of stalled RNAP. For the mutants B. subtilis 168 AuvrB and Amfd, no enhanced
Prt-luxABCDE background expression levels could be detected. The selection of those two
genes was based on the expression profiles of Pyos-lacZ and Pp-lacZ upon treatment with
RNA and DNA synthesis inhibitors (compare chapter 3.1.1). It could be seen that rpt
induction was responsive to DNA-binding agents that did not evoke chromosomal
fragmentation (DNA strand breaks) but rather acted as DNA-bound roadblocks, most likely
causing replication-transcription conflicts (Merrikh et al., 2012). As the nucleotide excision
repair (NER) regulates the repair of DNA lesions (Kisker et al., 2013), we presumed that
elimination of the major players of the prokaryotic NER pathway, UvrB and Mfd, might
potentially affect rpt expression levels. UvrB is part of the UvrABC excinuclease complex,
which is involved in the detection and repair of DNA lesions (Lenhart et al., 2012; Kisker et
al., 2013). Of note, uvrA, uvrB and uvrC are all LexA-dependent and therefore part of the
SOS response (Au et al.,, 2005). Mfd belongs to a subpathway of the NER, called
transcription-coupled repair (TCR). The protein was shown to translocate along DNA and is
able to dislodge stalled RNAP from DNA lesions, subsequently promoting DNA repair by the
NER machinery (Ayora et al., 1996; Adebali et al., 2017). Furthermore, Mfd is discussed to
produce genetic diversity by error-prone repair under starving conditions (Leyva-Sanchez et
al., 2020). In general, the observed, unchanged background expression of P+ luxABCDE
in the AuvrB and Amfd mutants might be explained by the applied assay conditions. Under
rather unstressed growth conditions (readout after 210 min of growth in BMM), the impact
of the deletions might not be severe, especially as B. subfilis is not exposed to any
DNA lesions inducing stressors (e.g., UV radiation, chemical treatment, or oxidative stress),

where Mfd and UvrB are crucial to maintain genome fidelity.
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3.2.4. Gene expression of rpt and helD may be regulated by a cis-encoded asRNA
mechanism

To identify the promoter regions important for regulation of rpt and helD, we compared
sequence identity, promoter composition, and putative TF binding sites (Sierro et al., 2008;
Nicolas et al., 2012; Zhu and Stulke, 2017). Furthermore, expression was monitored upon
promoter deletion or modification. The upstream promoter region could be deleted up to the
proposed SigA binding site (Nicolas et al., 2012) with no changes in rpt and helD induction
specificity after treatment with RNA synthesis inhibitors. Upon deletion of the -35 region of
the SigA binding sites, both promoters lost their strong inducibility, which confirmed their
SigA-dependent expression. Furthermore, this attested the existence of a 5’UTR preceding
both genes, as the translational start site is located ~100 bp downstream of the SigA binding
site. The general distribution in length of different putative 5’ leader regions in B. subtilis
indicated that most of them possess a length of up to 40 nucleotides (~52 %), with ~15 %
being larger than 100 bp (Irnov et al., 2010). However, it remains elusive if those short
5'UTRs (<40 bp) possess a regulatory function, as further RNA-seq data indicated that most
MRNAs in B. subtilis have short unprocessed 5 ends (Nicolas et al., 2012). For their
annotation of RNA features, Nicolas and colleagues excluded 5’UTRs smaller than 50 bp.
The length distribution of the remaining 5UTRs (> 50 bp) demonstrated that 5’ leader
regions of 50-150 bp are most abundant in B. subtilis (Nicolas et al., 2012). Of note, SigA
was shown to be the most prevalent o factor initiating transcription of the 5’UTR features in
B. subtilis (> 65 %) (Mars et al., 2016).
For the helD promoter, two additional o factor binding sites were postulated that are located
upstream and downstream of the SigA binding site (Nicolas et al., 2012). Nonetheless, as
the upstream promoter region of Prep could be deleted up to the SigA binding site
(Preip_1200p-lacZ) causing no changes in induction specificity, while deletion of the -35 region
of the SigA binding site (Preip_113pp-lacZ) led to complete loss of its inducibility, it can be
concluded that the alternatively described o factor binding sites do not play a regulatory role
under our applied growth conditions. Although B. subtilis possesses the ability to modulate
gene expression by implementation of stress-responsive alternative o factors (Helmann and
Moran, 2001), this regulation mechanism was excluded to selectively upregulate rpt and
helD upon RNA stress, as both genes showed a prominent dependence on the
housekeeping o factor SigA. However, SigA-dependent expression alone could not explain
the specific induction of rpt and helD upon RNA stress, which strongly indicated the
involvement of one or more additional regulatory element(s) located inside or downstream

of the SigA binding sites. An alignment of the two shortened promoter regions of rpt and
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helD that still retained specificity, revealed a 13 bp consensus motif at the downstream end
of both promoter regions (Erb et al., 2012). Interestingly, a deletion of those 13 nucleotides
in Prpt or Pheip (Prpt_peltavpps-lacZ and Phreip_pen1sopps-lacZ, respectively) resulted in complete
deregulation of gene expression, showing enhanced background expression and loss of
RNA synthesis inhibitor-specific induction. To ensure that this deregulation is not due to a
difference in length of the preceding 5’UTR, induction specificity was also investigated in a
construct that was modified in 6 out of the 13 conserved nucleotides. Nonetheless,
a modification of the consensus motif also displayed the same deregulated phenotype.
A further construct only containing the SigA binding site of P, fused to the lacZ reporter
construct confirmed that the observed deregulated expression upon deletion or modification
of the 13 bp consensus motif resembled a constitutive expression from a SigA-dependent
promoter. However, the lacZ-dependent agar-based bioreporter approach does not
allow for exact quantification of a bioreporter signal. Quantitative analysis of lacZ reporters
is generally also possible in a liquid system, using fluorescent substrates like
4-Methylumbelliferyl-3-D-glucuronide hydrate (MUG). Nevertheless, it only allows for a
single readout upon cell disruption and substrate addition at a specific time point (Kuklin et
al., 2003). Reporter systems using the bacterial luciferase are in general more sensitive and
allow for quantitative in vivo real-time monitoring as the substrate is inherently produced in
the same operon with the luciferase enzyme (La Rosa et al., 2012; Kuklin et al., 2003).
Quantitative comparison of the unmodified and selective P.-luxABCDE construct and
Prpt_Del14abpps-luXABCDE, which was devoid of 14 bp at the downstream end of the
rpt promoter, including the conserved 13 nucleotides, demonstrated a 68-fold higher
background luminescence signal after 210 min of growth for Py pe14bpps-luxABCDE.
Interestingly, upon induction of P,+luxABCDE with different RNA synthesis inhibitors,
the measured values (RLU/ODeoo) approximated to the background levels observed
for Prot Del14bpps-lUXABCDE. Pt Deabpps-luxABCDE could not further be induced by
RNA synthesis inhibitors, just showing unchanged background expression upon antibiotic
treatment. Therefore, a deletion of the downstream 13 bp consensus motif seemed to
eliminate the regulatory element that repressed SigA-dependent transcription under
unstressed growth conditions, while in the unmodified rpt promoter construct this
derepression could be selectively regulated by a yet unknown stress response mechanism
only upon antibiotic treatment with RNA synthesis inhibitors. Of note, transcriptomic data
indicates that mRNA levels of rpt and helD are comparable, but largely lowered in

comparison to SigA-regulated housekeeping genes like rpsJ, tufA, or rpoA under all growth
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conditions tested (Zhu and Stulke, 2017; Nicolas et al., 2012), supporting the idea of their
repression under unstressed growth.

In order to identify a repressive element that confers induction specificity to rpt and helD,
promoter regions were investigated for DNA-binding proteins that might selectively bind to
Pt and modulate transcription. DBTBS database was consulted to investigate Pt 1230p and
Preip_1200p for known TF binding sites present in both promoter regions, but there was no
match (Sierro et al., 2008). In previous studies, DACA experiments were conducted to
unravel transcriptional regulators that specifically bind to the respective promoter regions
and regulate expression of the gene(s) of interest (Park et al., 2009; Bekiesch et al., 2016).
For example, Bekiesch and colleagues could identify 17 proteins specifically binding to the
promoter region of the novobiocin gene cluster, while three of them could be proven to
modulate expression (Bekiesch et al., 2016). While DACA followed by mass spectrometry
sensitively detects DNA-binding proteins, further downstream approaches are required to
elucidate the impact of the detected protein in regulating gene expression. To identify a TF
that regulates rpt induction, three rpt promoter fragments were examined in the DACA:
fragment 1 containing the entire P, sequence that confirmed induction specificity (200 bp),
fragment 2 that was shortened by the RBS and the 13 consensus nucleotides at the
downstream end of P, (170bp), and fragment 3 that was further shortened (126 bp).
While experiments had shown that induction specificity was conferred by the 13 bp at the
downstream end of the promoter, potential TFs were expected to bind selectively or most
prominently to fragment 1, which still contained this promoter region. To exclude
DNA-binding proteins that non-specifically interact with double stranded DNA, the unrelated
yorB promoter fragment (fragment 4) was included in the DACA. Fragment 4 was further
used as positive control, as yorB was previously suspected to be repressed by the
DNA-binding protein LexA (Au et al., 2005). The DACA combined with NanoLC-MS/MS
identified 54 proteins that were detected in higher abundance for the yorB promoter
fragment, including the suspected LexA protein. For the rpt promoter fragments,
74 proteins were detected with elevated LFQ intensities. Some of those proteins were
excluded for further analysis due to their well-described function, which could not selectively
regulate rpt expression, leaving 45 promising candidates with 16 of them showing most
prominent LFQ values for fragment 1. Of note, as an additional binding site of the putative
regulatory TF in the upstream region of P, could not be excluded, we also investigated
DNA-binding candidates that showed general enhanced LFQ intensities for all rpt fragments
(fragments 1-3) in comparison to fragment 4. To elucidate if one of the detected DNA-binding

proteins is responsible for gene regulation, Pn: or Py bioreporter constructs were
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expressed in the respective knockout mutant. And indeed, after transferring Pyos-lacZ into
a B. subtilis 168 AlexA mutant, an enhanced background expression and loss of induction
specificity could be observed, proving its dependency on the LexA-repressor. Urban and
colleagues postulated that the yorB bioreporter delivered the strongest signal-to-noise ratio
among all promoters of the SOS regulon, indicating that it might be strongly repressed under
unstressed growth conditions by additional regulators (Urban et al., 2007). The additional
detection of TFs, like Xre or GamR (YbgA), binding more prominently to fragment 4 might
likewise support this hypothesis. Of note, expression of Pyos-lacZ in a B. subtilis 168 AgamR
mutant did not yield a deregulated phenotype, showing that induction specificity is selectively
conferred by LexA-regulation. However, GamR might possess a regulatory role under
different growth or stress conditions, which would have to be addressed in further studies.
None of the 45 candidates that were found in higher abundance for the Pt fragments could
be confirmed for specific rpt regulation upon RNA stress. While the expression of P-lacZ
in some knockout mutants led to a slightly enhanced background expression, none
displayed complete loss of induction specificity as has been observed upon deletion or
modification of the 13 bp consensus motif. Changes in background expression in those
mutants might be caused by minor modulatory effects on rpt gene regulation or by generally
enhanced cellular stress signals that are responsible for rpt induction, as has been seen for
the expression of P,+luxABCDE in B. subtilis 168 AhelD or ArpoE (compare chapter 2.2.3.).
As no TF responsible for regulation of rpt induction specificity could be identified, all
45 candidates were further checked for B. subtilis paralogous proteins (Kanehisa and Goto,
2000) that might compensate for the loss of the regulator in a single knockout mutant.
None of the 16 candidates that showed selective binding to fragment 1 possessed a paralog
with a sequence identity > 0.5 in B. subtilis 168. For the remaining proteins that displayed
elevated LFQ intensities for P, €.g., the paralogous proteins AbrB and Abh as well as YxaF
and LmrA were identified (Kanehisa and Goto, 2000). AbrB and Abh are TFs described to
control gene expression in the transition to stationary phase. Both are discussed to play
a role in antibiotic production and resistance development, while they show partly
dissimilar regulation at shared promoter sites (Qian et al., 2002; Strauch et al., 2007).
The transcriptional repressors YxaF and LmrA are both able to regulate the expression of
yxaF and the operons ImrAB and yxaGH, with ImrB, yxaG, and yxaH encoding for a
multidrug efflux transporter, quercetin 2,3-dioxygenase and a putative membrane protein,
respectively (Yoshida et al., 2004; Hirooka et al., 2007). Inactivation of YxaF and LmrA and
therefore derepression of controlled genes was observed in response to certain flavonoids

(Hirooka et al., 2007). Generally, we would have anticipated at least slight effects upon
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single deletion of one paralogous protein, as they often cannot fully compensate for each
other (Strauch et al., 2007). In the DACA AbrB, Abh and YxaF displayed the same LFQ
intensities for all Pt fragments (fragments 1-3), not showing any specificity for fragment 1.
LmrA was only detected at low intensities and did not reproducibly show the same results in
all 3 biological replicates. For Pyt a putative AbrB binding site could be mapped to the
-35 region of the SigA binding site (Sierro et al., 2008), which fits the DACA results, as the
SigA binding site is present in all three P, fragments. However, it rather excludes AbrB’s
participation in regulating induction specificity, as the region conferring specificity was
mapped to the downstream end of the 5’UTR. Furthermore, microarray data of Freiberg and
colleagues only displayed very few genes that showed selective upregulation only upon
treatment with RNA synthesis interfering antibiotics (Freiberg et al., 2006), while in
comparison AbrB regulates gene expression during transition to stationary phase and is
known to control transcription of over 250 genes (Qian et al., 2002; Hoch, 2017), which
reduces the probability of AbrB being prominently responsible for the selective induction of
only rpt and helD. Nevertheless, further studies would need to examine rpt expression in
different double mutants to finally exclude those paralogous candidates. In general, the data
from the promoter deletion studies strongly indicated that the 13 bp consensus sequence
found in Pyt and Preip confers induction specificity upon RNA stress by repression of a
SigA-dependent transcription under unstressed growth condition. As in B. subtilis the
majority of DNA-binding TFs act by repression of the respective gene(s) (Moreno-
Campuzano et al.,, 2006), the DACA investigation and the identification of repressors
selectively binding to fragment 1 seemed to represent a promising strategy. While the
method to elucidate the regulatory TF by combining a DACA investigation with subsequent
bioreporter verification in the respective deletion background was validated for yorB, it could
not uncover a DNA-binding protein that specifically binds to the 13 bp consensus sequence
and controls rpt upregulation upon RNA stress. The DACA results left us with different
options: rpt expression is not regulated by a TF, the regulating DNA-binding protein is
dependent on a co-factor or not stable under our DACA conditions, or alternatively,
paralogous TFs can fully compensate for the loss in a single knockout mutant.

Further investigation of P, revealed a potential regulatory involvement of a previously
annotated sRNA, called ncr1015/S708, that is located on the opposite DNA strand of Py
and partly overlaps with the 5’UTR of rpt (Irnov et al., 2010; Nicolas et al., 2012). Although
a deletion or modification of the 13 conserved nucleotides of P, does not modify the sSRNA
itself, it likely interferes with its expression, as the 13 nucleotides, overlap with the -35 region
of the complementary SigA binding site of ncr1015/S708 (Nicolas et al., 2012). The
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existence of an additional SigA binding site on the complementary strand further explained
the elevated LFQ intensities for SigA, RpoA, RpoB, and RpoC observed for fragment 1
compared to fragment 2 and 3 in the DACA. Interestingly, Nicolas and colleagues also
identified a SigA binding site on the opposite DNA strand of Preip (Nicolas et al., 2012), which
again overlaps in its -35 region with the conserved 13 bp motif of Preip. While no sRNA has
been annotated complementary to Phrep, transcriptomic data might indicate slightly elevated
transcript levels under some growth conditions (Nicolas et al., 2012; Zhu and Sttlke, 2017).
To investigate if the complementary transcription of an SRNA could be responsible for the
selective regulation of rpt expression, a construct was generated that was unmodified in the
13 conserved nucleotides, leaving the -35 region of the SigA binding site of ncr1015/S708
intact, but modified in the -10 region of the SigA binding site of ncr1015/S708, thereby again
impairing complementary sRNA expression. And indeed, this modification also led to the
observed deregulation of induction specificity, that was previously detected upon deletion or
modification of the 13 bp consensus motif. The result strongly supports transcriptional
regulation of rpt expression by the complementary sRNA expression, a mechanism called
cis-encoded asRNA regulation. Of note, all alterations of the rpt promoter region always
affected both, the 5’UTR of rpt as well as (the expression of) the complementary sRNA
ncr1015/S708. Therefore, a deletion or modification of the 13 bp consensus sequence of
Pt or the modulation of the -10 region of the SigA binding site of ncr1015/S708 might not
only influence the transcription of the cis-encoded asRNA, but also the structure and stability
of the rpt preceding 5’UTR. However, different arguments speak against a regulation that is
solely conferred by the structure and stability of the 5’UTR. First of all, microarray data shows
that rpt transcript levels increased 100-fold after 10 min of rifampin treatment (Freiberg et
al., 2006). If rot mRNA levels would be solely upregulated due to a more stable mRNA
conferred by the 5’UTR, this would mean that rpt mRNA is constantly expressed by one of
the strongest SigA-dependent promoters (belonging to the M17 cluster of SigA binding sites)
(Nicolas et al., 2012), while under unstressed growth conditions, rot mMRNA is not accessible
for translation and/or quickly degraded. Nevertheless, it is questionable for mRNA stability
to yield differences in mRNA levels of this dimension after 10 min of rifampin treatment, with
general B. subtilis mRNA half-lives varying between 2-7 min, while more extreme half-lives
of more than 2 min and less than 15 min have been detected in rare cases (Hambraeus et
al., 2003). Furthermore, all 5’UTRs of the promoter deletion or modification constructs were
analyzed in silico for their minimum free energy and their potential to form secondary
structures in comparison to S707 (native 5’UTR of rpt) (Zuker, 2003). While it is difficult to

predict the impact of such structural modifications (Hambraeus et al., 2003; Xiao et al.,
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2020), only minor changes in minimum free energy and secondary structure between the
different constructs could be observed. Although 5’UTR-mediated regulation of mRNA
stability could not fully be excluded, the results hinted at a different mechanism controlling
rpt induction specificity. Notably, all bioreporter constructs possessed the same ribosomal
bindings site (RBS) located in equal distance to the translational start site of the respective
reporter gene. Reports that postulate the enhanced stability of mRNAs containing stronger
RBSs due to the better ribosomal binding can therefore not explain the observed differences
in rpt transcript levels (Xiao et al., 2020).

Cis-encoded asRNA regulation is predominantly executed by four mechanisms: attenuation
of translation, attenuation of transcription (transcription termination), alteration of target RNA
stability, and/or transcriptional interference (Georg and Hess, 2011; Mars et al., 2016).
In asRNA translation attenuation, the asRNA interacts with the target mRNA and influences
translation by blocking its ribosomal accessibility (Brantl, 2007). As changes in gene
expression were already observed for rpt mMRNA levels (Freiberg et al., 2006), the likelihood
of the translation attenuation mechanism to regulate rpt expression can rather be excluded,
although not fully suspending the option of its involvement in regulatory fine-tuning.
Attenuation of transcription by an asRNA was previously described to lead to premature
transcription termination (Chai and Winans, 2005). The direct binding of the asRNA to its
complementary mRNA target promotes the formation of an intrinsic terminator structure in
the nascent mRNA that inhibits further transcription (Brantl, 2007; Giangrossi et al., 2010).
Alteration of target mRNA stability can e.g., be achieved by asRNA-mediated regulation of
nuclease accessibility (Brantl, 2007; Stazic et al., 2011). Interestingly, upon depletion of the
major and essential 5’-3’ exoribonuclease RNase J1 (RnjA), Durand and colleagues could
detect 10-fold and 2-fold enhanced abundance of helD and rpt mMRNA, respectively (Durand
et al., 2012). Hence, RnjA might participate in degradation of the mRNAs of rpt and helD or
their potential regulatory asRNAs. However, upregulated mRNA levels of rpt and helD upon
RnjA depletion could also be explained by RnjAs ability to resolve stalled RNAP complexes
upon collision (Sikova et al., 2020), a mechanism that might also affect the potential rpt and
helD inducing stress response (compare chapter 3.2.3.). Of note, a depletion of RNase Y
and lll, two further essential ribonucleases of B. subtilis weakly affect helD (approximately
2-fold increase in abundance) but not rot mRNA levels, while ncr1015/S708 sRNA
abundance stayed unchanged upon depletion of any of the three ribonucleases (Durand et
al., 2012). Transcriptional interference describes the mutual impairment of gene expression
by the sense mMRNA and the cis-encoded asRNA, e.g., by RNAP collision or promoter

occlusion due to steric hindrance of complementarily bound RNAP (Bordoy and Chatterjee,
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2015; Brophy and Voigt, 2016). Until now, with the exception of translation attenuation, none
of the above mentioned cis-encoded asRNA regulation mechanisms can be excluded with
certainty, while it further remains elusive if the strong rpt upregulation upon RNA stress could
potentially be conferred collectively by combined regulation of those mechanisms. A study
of Giangrossi and colleagues investigated the gene regulation of icsA, a virulence gene of
Shigella flexneri that facilitates the invasion of intestine epithelial cells crucial for host
colonization. They could show that expression of icsA is regulated by transcriptional
interference upon strong, complementary expression of the cis-encoded asRNA RnaG.
In addition, RnaG can directly repress icsA transcription by hetero-duplex formation with the
nascent mMRNA of the invasion protein, thereby promoting premature transcription
termination (transcription attenuation mechanism) (Giangrossi et al., 2010). The data on the
regulation of rpt and helD expression in B. subtilis, that has been gathered in this thesis,
would perfectly fit a similar kind of gene regulation mechanism.

In a recent experiment, we tried to complement ncr1015/S708 in trans (aprE locus) to
compensate for the loss of ncr1015/S708 sRNA expression upon deletion or modification of
the 13 conserved nucleotides, which we suspect to regulate rpt transcription. Nevertheless,
complementation in trans did not recover induction specificity of Pt pel14bpps-lacZ (data not
shown). However, cis-encoded regulation is often very dependent on high asRNA
concentrations that are located in close vicinity to their complementary expressed target
mRNAs (Saberi et al., 2016). Therefore, a ncr1015/S708 complementation in frans might
not yield asRNAs that are sufficiently stable or concentrated high enough to influence
rpt regulation. Furthermore, an asRNA mechanism by transcriptional interference could

impossibly be complemented by ncr1015/S708 expression in trans.

3.2.5. Conservation of rpt regulation in other Bacillales
B. subtilis Rpt homologs could be identified in several Actinomycetales, Bacillales,
Clostridiales, and Myxococcales. In actinomycetes, rpt (called rph) gene expression is
dependent on the RAE, that was also shown to be present in different promoter regions of
other rifampin inactivating enzymes like monooxygenases or glycosyltransferases
(Spanogiannopoulos et al., 2014). Looking at different promoter regions of the rpt homologs,
we could also identify minor variations of the RAE motif in some Myxococcales, indicating
that the RAE is more broadly distributed than previously suspected (Spanogiannopoulos et
al., 2014). However, it remains elusive if the modified RAEs in Myxococcales actually
regulate rifampin-associated expression of their rpt homologs or if they are just a remnant

of horizontal gene transfer upon acquisition of the resistance gene. All other investigated
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strains were devoid of the RAE, leaving the question of their way of rpt gene regulation
unanswered. As previous results of this thesis indicated that in B. subtilis, rpt and helD gene
expression was dependent on 13 conserved nucleotides (compare chapter 3.2.4.), the
promoter regions of the different bacteria were investigated for this motif. Interestingly, we
could detect the motif (or slight variations of it) for a subgroup of different Bacillales strains.
In those strains, rpt was located at disperse chromosomal positions and flanked by a variety
of different genes. However, an alignment of the respective preceding promoter regions of
this subset of strains uncovered a conserved promoter sequence of approximately 200 bp,
that contained all regulatory elements previously shown to be important for selective
rpt expression: the SigA binding site and RBS of Pt as well as the SigA binding site on the
complementary strand (compare chapter 3.2.4.). Interestingly, transcriptomic data of
B. licheniformis also revealed the expression of a rpt 5UTR and a complementarily
transcribed sRNA (Wiegand et al., 2013). In B. subtilis 168, rpt was proposed to be acquired
by horizontal gene transfer, as itis located in the P6 prophage-like region (Kunst et al., 1997;
Rocha et al.,, 1999). The broad distribution and integration of rpt at different genomic
positions in different species supports this hypothesis, while the conservation of the
promoter region in a subset of different Bacillales shows that they also maintained a similar
way of rpt regulation. However, it remains elusive if the rpt homologs combined with the
200 bp promoter region were (solely) acquired by a transduction mechanism. Studies in
B. thuringiensis BMB171 did not map the rpt homolog to a putative prophage region (Fu et
al., 2019), indicating that it must be obtained by other horizontal gene transfer mechanisms
like transformation or conjugation (Douglas and Langille, 2019). Within Bacillaceae,
development of natural competence is described for B. subtilis and some closely related
B. licheniformis and B. amyloliquefaciens strains (Dubnau, 1991; Koumoutsi et al., 2004;
Jakobs et al., 2014). However, the ability to take up functional DNA from the environment is
discussed to be widespread among Bacilli (Mirornczuk et al., 2008; Kovacs et al., 2009),

making a transformation mechanism responsible for rpt gene transfer appear likely.
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SUMMARY

A big challenge in natural product research of today is rapid dereplication of already known substances, to
free capacities for the exploration of new agents. Prompt information on bioactivities and mode of action
(MOA) speeds up the lead discovery process and is required for rational compound optimization. Here, we
present a bioreporter approach as a versatile strategy for combined bioactivity- and MOA-informed primary
screening for antimicrobials. The approach is suitable for directly probing producer strains grown on agar,
without need for initial compound enrichment or purification, and works along the entire purification pipeline
with culture supernatants, extracts, fractions, and pure substances. The technology allows for MOA-
informed purification to selectively prioritize activities of interest. In combination with high-resolution mass
spectrometry, the biosensor panel is an efficient and sensitive tool for compound deconvolution. Concom-
itant information on the affected metabolic pathway enables the selection of appropriate follow-up assays

to elucidate the molecular target.

INTRODUCTION

We are facing a post-antibiotic future, due to the rise of antibiotic
resistance and the dried-out pipelines in antibiotic discovery and
development (Aslam et al., 2018; Frieri et al., 2017; O’Neill, 2014).
In recent years, the number of approved antibacterial drugs has
been low, and the vast majority of these agents are derivatives of
known antibiotic classes (Hutchings et al., 2019). The imprudent
medical and economical handling of our available applicable an-
tibiotics counteracts a sustainable use and further promotes
rapid resistance development (Yang et al., 2019; WHO, 2015).
The problem needs to be addressed from multiple sides to tackle
this antibiotic crisis: we have to leamn to handle our available
precious drugs responsibly and stably finance antibiotic
research and development. Furthermore, we urgently need to
find new anti-infective agents, which are structurally different
and either act on new targets or show novel binding modes on

well-characterized targets, thereby avoiding cross-resistance
(Bush et al., 2011). Resistance-breaking agents in combination
with currently applied therapeutics are also of interest (Bush
and Pucci, 2011; Laws et al., 2019; Melander and Melander,
2017). Although huge efforts have been made to overcome this
problem by screening or rational design of optimized (semi-)syn-
thetic molecules in target-based approaches, it became clear
that the complexity of natural products is difficult to predict
computationally or mimic by total synthesis (Brotz-Oesterhelt
and Sass, 2010). A major issue in screening campaigns with
synthetic libraries was the lack of bacterial cell entry or efflux
problems of inhibitors identified against purified targets in vitro
(Tommasi et al., 2015). The significant advantage of natural
products is that they evolved for efficient target-binding and
resistance-slowing polypharmacology. At the same time, their
physicochemical properties facilitate entry and retainment within
the bacterial cell. Therefore, natural products remain the most
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promising source in antibiotic discovery (Bérdy, 2012; Brotz-
Oesterhelt and Sass, 2010).

After the golden age of antibiotic discovery (1940-1960), one
of the main problems was the rediscovery of already known anti-
bacterial agents, when following the classical phenotypic bioac-
tivity-based screening approach mainly using actinomycetes
producer strains isolated from soil (Genilloud, 2017; Tulp and
Bohlin, 2005). To overcome this problem, current research is
focusing on underexplored antibiotic producer species, e.g.,
those living in unique environmental niches, microbiomes, or
those requiring specialized growth conditions (Niedermeyer,
2015; Zhang et al., 2017; Zipperer et al., 2016). Other ap-
proaches aim at harnessing the silent genomic capacity of
known antibiotic producers (Wang et al., 2019). Producer strains
often possess a large number of antibiotic gene clusters, and
therefore have the genetic potential to produce a panel of
different antimicrobial secondary metabolites when adapting to
altered nutritional or environmental conditions, including
microbe-microbe interactions (Culp et al., 2019; Handayani
et al., 2018; Hug et al., 2018). Nevertheless, strains are usually
discarded if they produce a known antibacterial agent, thereby
potentially missing interesting compounds that are synthesized,
e.g., in smaller amounts or under different growth conditions.
The further development of effective screening tools, cultivation
conditions, and extraction or dereplication methods form crucial
steps in the discovery process of new bioactive molecules (Car-
rano and Marinelli, 2015; Wright, 2017). Cell-based screening
methods that combine information on whole-cell bioactivity
and mode of action (MOA) are promising tools to rapidly identify
and characterize interesting bioactive molecules with the poten-
tial to cross the bacterial cell envelope and achieve sufficient
target engagement in the whole-cell setting (Fischer et al.,
2004; Wolf and Mascher, 2016; Nonejuie et al., 2016). Gathering
MOA information at an early stage allows to prioritize activities
targeting a specific metabolic pathway of interest. Identifying
the targeted metabolic pathway also enables straightforward
follow-up studies for tracking down the precise molecular target,
which in turn is a prerequisite for rational lead optimization
approaches.

The process of natural product discovery benefits from an
MOA-informed screening and purification procedure in several
ways. For known agents with known targets, the MOA informa-
tion can confirm mass spectrometry-based compound identity
by an independent method, facilitating compound dereplication.
Besides, overlapping bioactivities in complex mixtures can be
easily monitored and separated. Ideally, the setup of such a
combined screening tool for antibacterial whole-cell activity
and MOA should be easy to handle, suitable for high-throughput,
quick to execute, and robust throughout the entire screening and
purification process. Urban et al. (2007) reported on a panel of
Bacillus subtilis whole-cell biosensors, derived from a large tran-
scriptome study (Freiberg et al., 2006; Hutter et al., 2004), that
are specifically induced upon antibiotic interference with the ma-
jor biosynthetic bacterial pathways: DNA synthesis, RNA synthe-
sis, protein synthesis, and cell envelope integrity. Their firefly
luciferase-based reporter strain panel allowed for high-
throughput screening of pure antimicrobial agents in solution.
A substantial problem of most MOA analysis procedures is their
dependency on preceding substance purification, which is time-
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consuming and requires separation processes with an inherent
risk to miss out on interesting activities, especially in complex
extract mixtures.

Here, we present an agar-based screening approach, which
provides combined bioactivity and MOA information. Capital-
izing on known and identifying a new biomarker, we developed
a robust and versatile MOA profiling method that allows to
directly screen antibiotic producer strains grown on agar without
any purification, as well as culture supernatants, extracts, frac-
tions, and pure substances. We verified the specificity and sensi-
tivity of our bioreporters and assay conditions using an extensive
library of reference antibiotics with known MOA and validated its
suitability for direct screening with a set of characterized anti-
biotic producer strains. In a pilot screening campaign, we further
tested 500 uncharacterized actinomycetes strains of the
Tubingen strain collection. By following up on some activities
from these strains, we could confirm that the metabolic stress
sensed by the bioreporters matched the described MOA of the
dereplicated substances in all cases.

RESULTS AND DISCUSSION

Selection of biomarker genes and optimization criteria
for the setup of an agar-based bioreporter screening

As model organism we chose the best-investigated Gram-posi-
tive species B. subtilis, as there are extended datasets on the
physiological stress response of this organism to antibiotic
exposure, including transcriptome (Fischer et al., 2004; Freiberg
et al., 2006), proteome (Bandow et al., 2003), or cytological
profiling studies (Nonejuie et al., 2016). Furthermore, its high
antibiotic susceptibility allows for a sensitive detection of most
bioactive molecules, while the deduced MOA information can
be often directly transferred to pathogenic species. To establish
a bioreporter panel suitable for direct screening of producer
strains, we selected biomarkers indicative of interference with
the main bacterial metabolic pathways. We chose the promoters
of the B. subtilis genes yorB, bmrC (yhel), ypuA, and lial, which
had previously been shown to be specifically induced upon anti-
biotic stress (Urban et al., 2007; Freiberg et al., 2006; Mascher
et al., 2004; Wenzel et al., 2014). The yorB gene encodes for a
SPB prophage protein of unknown function and is proposed to
be part of the LexA regulon involved in the SOS response (Urban
et al., 2007; Au et al., 2005). lts expression was described to be
induced by compounds interfering with DNA synthesis and
structure. Impairment of protein synthesis, or more specifically
the occurrence of translation arrest, results in a specific induc-
tion of bmrC. In contrast, protein synthesis inhibitors which
induce miscoding (e.g., most aminoglycosides) or result in trun-
cated peptides (e.g., puromycin) do not increase bmrC expres-
sion (Urban et al., 2007). The BmrC protein is a subunit of a pu-
tative multidrug ABC transporter and it is still an enigma, why is it
induced by arange of mechanistically similar yet structurally very
diverse translation stalling agents. Besides, a deletion mutant of
this transporter did not show increased sensitivity to compounds
inducing its expression (Torres et al., 2009). Both the ypuA and
lial promoters (P4 and Pj) serve as biomarkers for cell enve-
lope stress. While Py,,,4 reacts broadly to various kinds of stress
affecting the cell wall or the cytoplasmic membrane, P, seems
more selectively induced upon interference with the lipid-Il cycle
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Figure 1. Induction pattern of exemplary reference antibiotics tested against the bioreporter strain panel

Pure compounds were spotted on agar, containing the respective B. subtilis reporter strain, in the following amounts: trimethoprim (TMP) 2 ug; ciprofloxacin (CIP)
5 pg; daptomycin (DAP) 2 ug; imipenem (IPM) 1 pg; rifampin (RIF) 1 pg; fidaxomicin (FID) 4 pg; chloramphenicol (CHL) 10 ug; and doxycycline (DOX) 10 pg.
Promoter induction was detected as a blue halo following overnight incubation. The reporters for cell envelope stress (P,,.a-/acZ, light green), lipid-Il cycle stress
(PiarlacZ, green), and DNA stress (P,,5-lacZ, yellow) were tested using lysogeny broth soft agar. RNA stress (P,,,s-lacZ, red) and translation arrest (Pp,c-lacZ,

violet) reporters were grown in Belitzky minimal soft agar.

as postulated by Mascher and colleagues (Urban et al., 2007;
Jordan et al., 2006; Mascher et al., 2004), i.e., by compounds
disturbing the cycling of the undecaprenyl phosphate carrier in
the bacterial membrane. The gene of unknown function, ypuA,
is regulated by SigM, an extracytoplasmic sigma factor involved
in the cellular adaption to environmental stress (Jervis et al.,
2007). The small membrane protein Lial is encoded by the
lialH-liaGFSR operon, which is autoregulated via the two-
component system LiaRS (Mascher et al., 2004). The promoter
regions of the above-mentioned genes were individually fused
to the B-galactosidase reporter gene lacZ and were chromoso-
mally integrated into the amyE locus of B. subtilis 1S34, a spor-
ulation-deficient derivative of B. subtilis 168 (Piggot, 1973). We
also tried the helD (yvgS) promoter (Ppeip) for our purpose, which
was previously used to monitor stress within the RNA synthesis
pathway (Urban et al., 2007), but Pep only gave rise to a weak
induction signal in the agar-based bioreporter setup, which did
not meet the goal of robust detection. We re-analyzed previous
microarray data (Freiberg et al., 2006) and identified an alterna-
tive, promising biomarker candidate, namely yppS, that had
displayed strong upregulation upon treatment with the RNA po-
lymerase inhibitors, rifampin and corallopyronin, in the transcrip-
tome study. We constructed a reporter strain containing the
chromosomal fusion of the yppS promoter (P,,s) and the lacZ
reporter gene, which reacted strongly to rifampin exposure and
showed a more powerful induction signal than the Pyep-lacZ re-
porter strain (Figure S1). P,,s-lacZ was selectively induced by
direct inhibitors of the RNA polymerase and also allowed the
detection of compounds interfering with RNA synthesis by inter-
calation into DNA, such as actinomycin D (compare Table S1). To
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yield sensitive detection in the agar-based assay setup, the
handling of each bioreporter strain was optimized individually
regarding growth phase, cell number, growth medium, supple-
ments, substrate concentration, incubation time, and tempera-
ture, finally resulting in a robust protocol described in the
STAR methods that can now be used for diverse applications
without modification.

Induction specificity validated by pure antimicrobial
substances with known MOA

Bacteria can show substantially different growth behavior and
metabolism in liquid culture and agar. As previous studies em-
ploying some of our promoters were conducted in liquid media
(Freiberg et al., 2006; Urban et al., 2007), we wanted to ensure
that the bioreporters also generate reliable and selective sig-
nals in an agar-based setup. For a first round of validation,
we tested 90 pure antibacterial agents with known MOA across
the entire reporter panel. All of the five bioreporters showed se-
lective induction by all tested antibiotics in accordance with
their described MOA (Table S1). An exemplary panel of antibi-
otics is depicted in Figure 1. Reporter induction was detectable
as a blue halo at the antibiotic diffusion borders, where the anti-
biotic concentration was not high enough to kill the B. subtilis
reporter cells, but sufficient to cause a cellular stress response.
Spotting of a concentration series of different antibiotics re-
vealed a high sensitivity of the bioreporters, as already low anti-
biotic amounts gave rise to an induction signal (Figure S2). The
most sensitive bioreporters even showed an induction at subin-
hibitory concentrations, i.e., a blue coloration of the agar was
visible in the absence of a distinct zone of inhibition (ZOlI).
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Figure 2. Induction of the bioreporter strain

A. mediterranei S. ardus S. niveus S.erythraea ~ S. S. h
IS panel by agar-grown producer strains of an-
@ ‘ @ . . . @ tibiotics from different mechanistic classes
. ' Amycolatopsis mediterranei NBRC 14843, Strep-
Rifamycin B Porfiromycin Novobiocin Erythromycin  Chloramphenicol ADEP tomyces ardus NBRC 13490, Streptomyces niveus
_ _ _ _ _ _ NBRC 12917, Saccharopolyspora erythraeca NBRC
L 13426, Streptomyces venezuelae NBRC 13096,
- - - - - - and Streptomyces hawaiiensis NRRL 15010 were
= " ot . = = precultured on agar. Agar plugs of well-grown
cultures were sampled and embedded in fresh
o = = = = = agar containing the different bioreporter strains.
_ _ _ P + _ The induction status of the tested reporter strain is

Each bioreporter specifically signaled stress inflicted onto a
particular metabolic pathway or cellular structure, without eluci-
dating the exact molecular target of the respective antibiotics.
The DNA stress reporter (Pyo5-lacZ), as an example, showed
induction after treatment with trimethoprim (a folate synthesis
inhibitor limiting the thymidine precursor supply) (Gleckman
et al., 1981), ciprofloxacin (a DNA gyrase inhibitor) (Lebel,
1988), or mitomycin C (a DNA intercalating and alkylating
agent) (Verweij and Pinedo, 1990). For the detection of cell
envelope stress, our two different biomarkers (ypuA and lial)
allowed to more specifically classify the MOA of compounds
acting in this pathway. While Py, 4a-lacZ was induced by all
tested cell envelope-targeting compounds, except for the
membrane-active ionophores (Table S1), an additional induc-
tion of Py-lacZ conveyed the information that those
substances rather target membrane-associated steps of the
lipid-Il cycle (e.g., nisin or teicoplanin). Interestingly, all quino-
lones, mitomycin C, and phleomycin, which interfere with
DNA synthesis, showed an additional weak induction of the
cell envelope stress promoter P,,,4 besides their prominent in-
duction of the DNA damage-sensing promoter P,,g. This
observation had not been made by Urban and colleagues in
their screening in liquid media, and could be due to our agar-
based setup (Urban et al., 2007). The ovemight incubation
might reveal secondary antibiotic effects that had not mani-
fested in the liquid assay, e.g., due to shorter incubation times.
One potential explanation for the induction of Py,,4 by this
group of agents could be oxidative stress and the correspond-
ing impairment of membrane function (Goswami et al., 2006;
Dwyer et al., 2007; Hong et al., 2019). None of the five reporter
strains showed an induction upon treatment with ionophores
(e.g., gramicidin A), fatty acid synthesis inhibitors (e.g., cerule-
nin), protein synthesis inhibitors that act by miscoding (e.g.,
gentamicin), by inhibition of aminoacyl-tRNA synthesis (e.g.,
mupirocin), or with agents causing protein stress (e.g.,
diamide), which is in accordance with the anticipated reporter
coverage (Table S1). Of note, the aminocyclitol antibiotics
spectinomycin and hygromycin B, often described as unusual
aminoglycosides, rather cause blocking of translation than mis-
coding (Borovinskaya et al., 2007, 2008) and accordingly led to
an induction of the translation arrest reporter (Pp,c-lacZ).
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indicated by + (inducing) and - (non-inducing), with
the pictures showing the respective induction zone
arising around the actinomycetes agar plug. The
names of the antibiotics known to be produced by
the respective antibiotic producer strain are indi-
cated in the corresponding panel. Porfiromycin is a
mitomycin C derivative.

Validation of the agar-based bioreporter assay as a MOA
profiling tool for direct screening of antibiotic producer
strains

Having positively evaluated the sensitivity and specificity of the
agar-based bioreporter system with known reference com-
pounds, we set out to directly test antibiotic producer strains,
without previous extract generation or further purification of me-
tabolites. We cultivated six actinomycetes strains, known to pro-
duce specific, well-characterized antibiotics, on solid media for
several days, mostly until sporulation became visible. Agar plugs
of the grown producer strains were directly tested against our
bioreporter panel. All strains showed antibacterial activity com-
bined with the expected promoter induction reflecting the MOA
of the produced antibiotic (Figure 2). For example, Streptomyces
niveus NBRC 12917 is a known producer of novobiocin, which
inhibits DNA gyrase (Sugino et al., 1978). When we tested an
agar plug of the grown S. niveus strain against the reporter panel,
we detected a selective induction of P,,g-lacZ, indicative of
interference with DNA synthesis (Figure 2). In accordance, the
pure compound novobiocin showed the same induction pattern
onthe reporter panel (Table S1). As expected, the acyldepsipep-
tide (ADEP)-producing strain Streptomyces hawaiiensis NRRL
15010 showed no induction, as the ClpP protease activator
ADEP causes cellular protein stress (Brotz-Oesterhelt et al.,
2005; Sass et al., 2011), which is not covered by our re-
porter panel.

Direct combined bioactivity and MOA screening of
uncharacterized antibiotic producer strains

We proceeded to directly screen uncharacterized actinomy-
cetes strains, without subjecting them to any kind of extraction,
enrichment, or fractionation procedure. A schematic overview of
the direct agar-based bioreporter screening process is depicted
in Figure 3. In total, we included ~500 actinomycetes strains from
the Tubingen strain collection in the bioreporter screening. Of
note, 290 of these strains had previously shown bioactivity
against Staphylococcus aureus. All actinomycetes were grown
on at least two different solid media and were first tested for
growth inhibition of the B. subtilis 1S34 wild type in the agar-
based setup. In addition, a subset of approximately 280 pro-
ducer strains was tested against E. coli ATCC25922 to check
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Figure 3. Schematic overview of the dereplication process using the agar-based bioreporter tool

(1) Well-grown samples of the antibiotic producer strains (agar plugs and/or supernatants) obtained under different growth conditions were directly tested against
the reporter panel. (2) Samples with interesting bioactivities and reporter signals (blue halo) were selected for further investigation. Therefore, supernatants and/or
agar plates were extracted and fractionated. (3) During this purification process, the previously shown activity and reporter signals were monitored in all samples.
(4) This MOA-informed purification procedure allowed to selectively follow-up activities of interest, which could then be analyzed via high-resolution mass
spectrometry. (5) Dereplicated, pure substances were again checked for the expected activity and reporter profile. The bioreporter setup allows for an evaluation
at different steps (i.e., 2. and 4.) within the cultivation, purification, and dereplication processes, thereby enabling to specifically follow-up antibacterial activities of
interest (indicated by “GO”) or to deprioritize or set aside samples with less-interesting profiles (indicated by “STOP”).

for anti-Gram-negative activity (Data S1). In this pilot study, none
of the strains exhibited E. coli-only activity, which would have pu-
tatively hinted at a specific outer membrane target. All producer
strains active against E. coli ATCC25922 also showed activity
against B. subtilis 1S34, implicating conserved targets and
demonstrating the capacity of the chosen bioreporter strain
background for sensitive detection of a broad range of agents
acting on a broad range of targets. Of course, antibacterial com-
pounds selectively targeting the outer membrane without
affecting the cytoplasmic membrane would be missed by our
current bioreporter panel and would require the addition of an
outer membrane stress bioreporter in a Gram-negative back-
ground. A total of 230 of the 500 tested producer strains showed
no antibacterial activity against B. subtilis 1S34 and were
excluded, while the remaining bioactive actinomycetes strains
(~270) were tested against the full reporter panel. Figure S3
shows an exemplary screening plate containing the Py.g-lacZ
bioreporter. For some actinomycetes strains, we detected a
blue coloration of the agar test plug. Generally, such agar plug
coloration occurred with all five tested bioreporters and was
considered unspecific, as it is most likely due to an inherent
B-galactosidase production of the antibiotic producer strain.
Promoter induction was only considered certain if a blue halo
occurred at the borders of a defined ZOI. As 94 of the bioactive
producer strains showed a reliable induction of at least one
biomarker, we achieved a coverage of ~36%. An induction of
more than one promoter (with the exception of the commonly
observed Py,ua-lacZ and Pjg-lacZ combination) may either hint
at the production of a single substance with a dual MOA or
causing secondary antibiotic effects, or the production of multi-
ple bioactive agents. Subsequent to the initial screening, we
started to follow-up on several of the producer strains that had
led to an induction of the bioreporter strains. Extracts were
generated from the same agar plate or liquid culture previously
used for the bioreporter assay, fractionated, and again checked
for the previously detected reporter signal before analyzing them
via high-performance liquid chromatography-mass spectrom-
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etry (HPLC-MS) and/or HPLC-tandem MS. The bioreporter sig-
nals not only allowed to monitor the purification procedure, but
facilitated compound deconvolution by adding an additional
MOA-informed dimension to the dereplication process. If a
certain mass found in an extract suggested a known compound
and the bioreporter signal matched the expected MOA, two in-
dependent technologies immediately confirmed each other in
the occurrence of a particular agent.

For assay validation, we also considered certain compounds
present in growth media of the producer strains (e.g., isofla-
vones, such as genistein and daidzein) or common metabolites
from actinomycetes (e.g., N-acetyltyramine or aromatic com-
pounds, such as indol-3-acetic acid and indole-3-propionic
acid), which are often co-extracted and detected by HPLC-
MS. To exclude unspecific induction signals, resulting from sol-
vents or commonly purified media components or metabolites,
we tested a subset of these substances on the bioreporter panel
(Table S2). While some of these agents showed very weak anti-
bacterial activity resulting in a turbid ZOI, none of them led to an
induction of one of our five bioreporter strains.

In total, 28 compounds were dereplicated from different
strains of the Tlbingen strain collection, all of them matching
the MOA proposed by the respective promoter induction (Table
1). Additional information on the antibiotic structures, detection
methods, mass spectra, and a strain-specific assignment of
the dereplicated substances can be found in Table S3 and
Data S2.

One example for a correct MOA prediction was the detection
of berninamycin C in the Pp,,,c-inducing strain Ti2108 (Table 1).
Berninamycin, a cyclic thiopeptide antibiotic, is known to inhibit
protein synthesis by binding to the 50S subunit of the ribosome,
thereby hindering the incorporation of amino acids (Reusser,
1969). The resulting stress response due to ribosomal stalling eli-
cited the reporter signal indicating translation arrest. Strain
Ti104 showed induction of both cell envelope stress promoters,
Pyoua @and Pjz. The combined induction suggested interference
of a produced metabolite with biosynthesis, function, or integrity
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Table 1. Dereplicated antibiotics identified by direct bioreporter
screening of antibiotic producers from the Tubingen strain
collection

Dereplicated antibiotics®
(producer strain)

chartreusin (G6K9/13; G6K16/4);
chrysomycin A (Ti2471); C-1027
(TU2401); daunomycin (TUG111);
rachelmycin (G6Ober505)
actinomycin D, C, (G6Wind756);
chartreusin (G6K9/13; G6K16/4);
cosmomycin B (Tu40/15; Ti2626);
cosmomycin C (G6K8/12)

Reporter induction
DNA stress (P,or5-lac2)

RNA stress (Pyps-lac2)

Translation arrest
(Pomrc-lac2)

amicetin (KNN49.3e); berninamycin
(TG2108); chartreusin (G6K16/4);
cycloheximide (A4/2); griseoviridin,
viridogrisein (Ti3180); pactamycin
(TU6430); pristinamycin I, Il (TG2975)
aborycin (TUG349); FD-594

(TU104); pentamycin (G6K12/7);
telomycin (TG2641)

albomycin 3, (Ti2401); boromycin
(G6K12/9); griseorhodin A
(TiG117); lobophorin A, E
(GoS6t11); monactin (TUG102);
omomycin (TUG343)

#The signals of the bioreporters concurred with the described MOA of the
dereplicated antibiotics in all cases.

Cell envelope and lipid-II
cycle stress (P,pua-lacZ
and Pj,-lac2)

No induction signal

of the cell envelope, especially hinting at interference with the
bacterial lipid-Il cycle, also seen for antibiotics, such as teicopla-
nin (Table S1). HPLC-MS analysis revealed the production of
antibiotic FD-594 (Data S2), belonging to the aromatic polyketi-
des (Kudo et al., 2011). FD-594 is not well characterized but
shares a related structural backbone with lysolipin I. It was pro-
posed that lysolipin | would inhibit peptidoglycan synthesis by
targeting bactoprenol-containing molecules (Drautz et al.,
1975). The structural similarity and the shared reporter induction
pattern (Table S1) hint at a similar MOA of antibiotic FD-594 and
lysolipin 1, a hypothesis that can now be tested by focused
follow-up studies.

We were also interested to see what kinds of substances pro-
duced by the actinomycetes strains are not covered by our re-
porter panel. Therefore, we followed up some of the producer
strains that showed antibacterial activity without inducing any
of the five bioreporters. For these strains, seven different antimi-
crobial compounds could be identified. Among those were iono-
phores (monactin, boromycin, and omomycin), a siderophoric
tRNA synthesis inhibitor (albomycin &), and substances with un-
known or poorly characterized MOA and target structures (lobo-
phorins A and E, griseorhodin A) (Table 1). Mechanism-wise,
these non-inducing compounds are in accordance with our ex-
pected coverage of the reporter panel that we had evaluated
on the basis of 90 reference antibiotics with known MOA (Table
S1). We further suspect some of the ZOI without reporter signal
to be caused by aminoglycosides, which are known to be
frequently produced by actinomycetes (Cox et al., 2017; Culp
et al., 2019). Aminoglycosides would most likely be missed by
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our current screening strategy for two reasons, the bmrC bio-
reporter detects ribosome stalling but not miscoding and our
applied purification procedure favors the extraction of hydro-
phobic substances. The expansion of the bioreporter panel is
subject of current work. A bioreporter detecting interference
with fatty acid synthesis as well as a bioreporter sensing protein
stress, e.g., caused by the accumulation of mistranslated pro-
teins (e.g., aminoglycosides), peptide fragments (e.g., ADEP),
or prematurely terminated proteins (e.g., puromycin), are pres-
ently being developed. In addition, a Gram-negative bioreporter
specifically responding to outer membrane stress is under
investigation.

Exploiting the full potential of antibiotic producer

strains

The advantages of our direct reporter screening approach are
the large variety of compatible samples (agar plugs, superna-
tants, extracts, fractions, pure compounds) and the immediate
detection of antibiotic activity combined with MOA information.
This makes our technology a particularly useful tool to investi-
gate changing antibiotic production patterns. When following
up the hit strain T42401 that yielded an induction of the DNA
stress reporter in the direct agar-based screening, we noted
that we lost promoter induction, but not bioactivity, when the
producer strain was grown in liquid media (Figure 4A). The ZOI
were not distinguishable without the additional information of
the divergent promoter signal. Substance extractions from
agar and liquid media confirmed the cultivation-dependent
production of two different natural products: albomycin 3; and
C-1027 (lidamycin) (Figure 4B). When grown on agar, the strain
produced C-1027 (Data S2), a very potent DNA intercalator
that is able to introduce single- and double-strand breaks
(Shao and Zhen, 2008), and our DNA stress reporter Py5-lacZ
reacted accordingly (Figure 4A). In liquid culture, Ti2401 pro-
duced albomycin 3, (Data S2), a siderophore, which exerts intra-
cellular activity against the seryl-tRNA synthetase (Zeng et al.,
2012). Antibiotics interfering with tRNA synthesis are not covered
by our reporter panel (compare mupirocin in Table S1), which
concurred with the lack of promoter induction. This example
highlights the potential of the direct MOA-informed bioreporter
screening to quickly dissect divergent production of secondary
metabolites that may occur under different growth conditions
in a single producer strain.

The reporter strains were also useful to monitor the different
steps of antibiotic purification. In cases where multiple antibac-
terial agents are produced, the additional information of the spe-
cific reporter signal helps to distinguish between these activities
already at an early stage in the purification process. To demon-
strate the potential to distinguish different substances hidden
behind a single ZOI, we simulated the production of multiple
bioactive metabolites by applying several combinations of two
antibiotics, targeting different metabolic pathways, together in
the same spot. Reporter induction sensitively detected the
MOA of all agents in the different combinations (Figure S4). How-
ever, it should be kept in mind that the detection of reporter sig-
nals from both antibiotics is dependent on their concentration in
the mixture and their diffusion coefficient in the agar. In partic-
ular, if one of the agents is quickly diffusing, very potent, or
rapidly bactericidal, it might extinguish the signal of another
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Figure 4. Rapid discrimination of distinct antibacterial metabolites synthesized by Tu2401 under different growth conditions

(A) Agar-based reporter screening of Ti2401 precultured either on OM agar or in OM liquid medium. An agar plug (left) or 100 uL of the liquid culture supernatant
(right) were tested against B. subtilis 1534 as well as our DNA stress reporter B. subtilis 1S34 P,g-lacZ. Both samples showed antibacterial activity against
B. subtilis 1S34. Induction of the DNA stress reporter was only detected for the Tu2401 agar sample, allowing an immediate discrimination, and hinting at the

production of two different substances.

(B) Structure of the isolated substances C-1027 (agar) and albomycin 3, (liquid).

less potent or less diffusible agent. Nonetheless, our reporter
setup enables a bioactivity- and MOA-informed fractionation
process, which will immediately solve the issues projected for
simultaneous probing of two agents within the same ZOI. In an
exemplary extract fractionation from Tii104, different active frac-
tions separately eluted from the HPLC column could clearly be
distinguished due to their divergent reporter signal (Figure S5).
In combination with HPLC-MS data, the bioactivity- and MOA-
based fractionation provides a valuable tool for selective
compound identification and purification. The entire screening
process is rapid and efficient and agar extraction has already
worked well in many cases, omitting the prevalently used liquid
cultivation for compound identification.

Promoter induction patterns provide information about
dual and/or secondary MOA

For strain GOK16/4, we observed the induction of three different
promoters, which corresponded to DNA, RNA, and protein syn-
thesis stress, respectively (Table 1). This result initially suggested
the production of several antibiotic agents with different MOA.
However, dereplication revealed only a single bioactive sub-
stance: the antitumor glycoside antibiotic chartreusin (Data
S2). For the pure compound chartreusin, we obtained the
same promoter induction pattern (Figure 5A), thereby disproving
the idea of several antibiotics produced by strain GoK16/4. At
lower chartreusin concentrations, the signal on our translation
arrest reporter was not detectable in the agar-based reporter
setup (Figure 5A). Chartreusin-mediated Pp,c-lacZ induction
mainly appeared in the inner radius of the ZOlI, indicating that
higher concentrations might be required to induce the protein
synthesis stress. In comparison, the DNA or RNA synthesis
stress signals, induced by the intercalating MOA of chartreusin
(Portugal, 2003), could be detected at all concentrations (Fig-
ure 5A). This observation might also explain why we could only
detect Pyg-lacZ and P,,,s-lacZ signals for the less bioactive
strain G6K9/13, which was also shown to produce chartreusin
but in lower amounts (Table 1). Our triple promoter induction
pattern of chartreusin is supported by an observation of Li
et al. (1978), who detected strong effects of chartreusin on
RNA and DNA synthesis in an incorporation assay with radioac-
tive precursors. Protein synthesis was also affected; however, to
a lesser extent and requiring a higher concentration of chartreu-
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sin. The weak induction of the Py,,,,c promoter upon chartreusin
treatment in our study hinted at an additional bacterial target
structure or a secondary metabolic effect, which led to transla-
tion arrest. The interference with protein synthesis had also
been observed in a study using reticulocyte ribosomes. Here, it
was shown that chartreusin is attached to ribosomes and inhibits
the binding of aminoacyl tRNAs, thereby hindering polypeptide
chain elongation (Gregg and Heintz, 1972). This finding was
confirmed by demonstrating the binding of chartreusin to human
tonsil ribosomes and its inhibition of peptide translocation from
the A to the P site (Vazquez et al., 1974).

The detection of polypharmacology by our bioreporter system
was also verified for the pure substances 5'-fluorouracil and
SCH-79797. 5'-Fluorouracil induced both the DNA stress and
translation arrest biomarkers (Table S1). The detection of both
signals concurs with its known dual MOA. 5'-Fluorouracil inhibits
thymidylate synthase, which restricts and unbalances pyrimidine
de novo synthesis leading to DNA stress. In addition, metabolites
of 5'-fluorouracil are incorporated into RNA and DNA (Cohen
etal., 1958; Longley et al., 2003; Noordhuis et al., 2004). Incorpo-
ration into RNA was described to disturb mRNA processing in
eukaryotes and protein synthesis in general (Horowitz and Char-
gaff, 1959; Noordhuis et al., 2004; Will and Dolnick, 1989), the
latter matching the observed ribosome stalling reporter signal.
SCH-79797 is a recently reported antibacterial agent with
broad-spectrum activity, very low induction of resistance, and
anew, dual MOA (Martin et al., 2020). Motivated by the emerging
pharmacological profile of the compound, the authors put sub-
stantial efforts into elucidating the molecular mechanism of the
new compound and applied a range of different assays,
including rather demanding methodology, such as cytological
profiling, thermal proteome profiling, and metabolomics, to nar-
row down on the target (Martin et al., 2020). As a result, they
found that SCH-79797 inhibits dihydrofolate reductase and dis-
turbs membrane integrity. Interested in finding out what our
easy-to-handle bioreporter strains would reveal about the com-
pound, we also tested SCH-79797 and could immediately detect
an interference with both cell envelope reporters, as well as
the DNA stress reporter (Figure 5B). The combined induction of
Pyoua-lacZ and Pa-lacZ hinted at a membrane target (lipid-1l cy-
cle), while a P,,g-lacZ signal indicated the induction of the SOS
response due to DNA stress, which is induced e.g., by gyrase

Cell Chemical Biology 28, 1-11, August 19, 2021 7




Biology (2021), https://doi.org/10.1016/j.chembiol.2021.02.022

Please cite this article in press as: Wex et al., Bioreporters for direct mode of action-informed screening of antibiotic producer strains, Cell Chemical

¢? CellPress

A Chartreusin concentration B
- ————

Cell Chemical Biology

Figure 5. Reporter-dependent visualization
of antibiotic polypharmacology and syner-
gism

(A) Induction of the DNA, RNA, and protein syn-
thesis stress reporters after treatment with a con-
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inhibitors, folate synthesis inhibitors, or some intercalators (Ta-
ble S1). The latter example demonstrates that the reporter panel
is well suited for rapid MOA profiling of new bioactive agents.

Detection of synergistic effects with the bioreporter tool

Having evaluated this reliable screening approach for sensitive
MOA verification, we were interested to see if we could also
detect synergistic antibiotic effects. The combination treatment
and the synergism of trimethoprim and sulfamethoxazole, two
folate synthesis inhibitors, is well established in antibiotic ther-
apy (Minato et al., 2018). We spotted the two substances on
agar, containing the DNA stress reporter, and gradually reduced
the spotting distance. Sulfamethoxazole was used in a concen-
tration showing no activity against B. subtilis 1S34 and neither
did it elicit a reporter signal. As soon as the two compounds
came into close vicinity, the induction signal of Py.g-lacZ
became visible where both antibiotic diffusions zones overlap-
ped, clearly visualizing their synergistic effect on DNA synthesis
(Figure 5C). This particular application could be of special inter-
est not only for purified compounds, but also in co-cultivation
studies with diverse producer species grown in close proximity.

Conclusions and perspectives

In summary, we developed and extensively evaluated a panel of
bacterial bioreporters suitable for agar-based screening that
respond specifically to distinct modes of antibiotic action,
thereby signaling DNA stress, RNA stress, translation arrest,
and interference with cell envelope integrity. Assay conditions
were probed and optimized to enable reliable and sensitive
signal detection after overnight incubation with the antibiotic.
The assay proved to be fast, suitable for substantial throughput,
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Lipid-ll cycle
stress
‘ (Pjarlacz)

Translation
arrest
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B centration range of chartreusin (5, 10, 30, or 50 pug).

‘ . All tested concentrations induced the DNA and
RNA stress reporters, while induction of Ppypmc-
lacZ indicative of translation arrest was only de-
tected at increased chartreusin concentrations.
(B) Diverse induction pattern after treatment with
40 ng SCH-79797. A strong induction for Pyos-
lacZ could be detected. SCH-79797 also showed
weak signals for both cell envelope stress bio-
reporters Py, 4-lacZ and Pjy-lacZ.
(C) The synergistic effect of sulfamethoxazole
(SMX) and trimethoprim (TMP) visualized by re-
porter induction. SMX at an amount of 10 pg
showed no antibiotic activity. Trimethoprim at 1 ug
showed a large ZOI and an induction of P, g-lacZ.
After reducing the spotting distance, the syner-
gistic effect of both substances was detectable by
an additional induction zone between both anti-
biotic spots.

and robustly worked with any material

along the purification pipeline, from un-

processed producer strains, extracts,

and partially purified fractions to pure
compounds. To reliably validate the approach, in this study we
focused on actinomycetes producer strains from the Tiibingen
strain collection grown under standard laboratory growth condi-
tions. Knowing this to be a rather richly mined source and ex-
pecting to encounter many known compounds, we wanted to
evaluate if the bioreporters manage to reliably signal the ex-
pected MOA of a broad range of diverse agents during the pro-
duction and purification process, which indeed they did. In addi-
tion, they led us to a range of compounds that had not been
isolated from the Tubingen strain collection before. However,
importantly, our assay is not limited to this bacterial order of anti-
biotic producers, and there is also no preference for certain
groups of bacteria.

The current proof-of-concept study aimed at demonstrating
the broad applicability of the bioreporter-based technology. By
using the different bioreporters in parallel, their MOA profiling ca-
pacity can be hamessed best. Screening campaigns benefit
from the additional MOA information that adds a further dimen-
sion to the dereplication process. Known compounds with
known MOA can be rapidly deconvoluted by correlating the
HPLC-MS data with the bioreporter signal(s). Agar extraction
of the single Petri dish of the cultivated producer strain, previ-
ously used for the bioreporter screening, is more than sufficient
for dereplication of most bioactive agents. With an aim to expand
the MOA coverage, to ideally assign a target area to most natural
products tested, we are working toward the detection of further
antibacterial mechanisms. Besides such global profiling, our bio-
reporter method offers potential as a direct selection tool in a
screening process. For instance, if a certain target area is of
particular interest, only a single bioreporter from the current set
can be utilized.
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Notably, the potential of the technology extends beyond
screening and can be applied to a variety of further research ques-
tions, such as unraveling challenging compound mixtures, detect-
ing synergistic activities, or exploring multiple mechanisms
inherentin asingle compound. The bioreporter assay is alsoideally
suited as a rapid entry assay to guide the selection of appropriate
follow-up experiments for elucidating the molecular target.

SIGNIFICANCE

With the dramatic increase in infections caused by anti-
biotic-resistant bacteria, there is an urgent need for new
antibacterial agents to replenish dwindling antibiotic devel-
opment pipelines. Although microbial secondary metabo-
lites are acknowledged as the most promising source of
antibiotics and efforts are directed toward finding new
ones, rediscovery of known compounds binds valuable ca-
pacities. An efficient, sensitive, and rapid deconvolution
strategy is mandatory to identify already known compounds
quickly, reliably, and without the need for laborious com-
pound purification. High-resolution mass spectrometry has
made tremendous progress and serves as the mainstay of
current dereplication procedures, while at the biological
end of the natural product discovery process, classical
agar-based screening for bacterial growth inhibition is still
the most widely used procedure, not least due to its ease
of handling. Our agar-based bioreporter toolbox links such
classical activity-based screening with the simultaneous
acquisition of reporter-based MOA information. When
combined with high-resolution mass spectrometry, this
MOA-informed bioactivity screening represents a powerful
dereplication tool. Without much additional effort in time
and resources, the information content generated in the
screening process is greatly enhanced. A particular strength
of the bioreporter assay is its ease of handling, speed, low
cost, and the fact that it can be performed with basic micro-
biological equipment, which in principle allows its applica-
tion in any natural product isolating laboratory worldwide.
Another great strength is its versatility. Biosynthesis-related
applications include, but are not limited to, the assessment
of the biosynthetic potential of unprocessed producer
strains, tracking of substances throughout the purification
process, detection of bioactive compounds in mixtures,
and evaluation of the synergistic potential. Mechanism-
wise, MOA hypotheses emerge already during the initial
screening process, and polypharmacology is detected.
Any producer of secondary metabolites is suitable for
testing, which makes the setup highly instrumental in the
early steps of antibiotic discovery.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Bacillus subtilis 1S34 (Piggot, 1973) N/A

B. subtilis 1834 amyE::pHJS105-P,,g-lacZ This study N/A

B. subtilis 1834 amyE::pHJS105-P,,ya-lacZ This study N/A

B. subtilis 1S34 amyE::pHJS105-P,;,-lacZ This study N/A

B. subtilis 1S34 amyE::pHJS105- This study N/A

Pomrc-lacZ

B. subtilis 1534 amyE::pHJS105-P,,s-lacZ This study N/A

B. subtilis 1S34 amyE::pHJS105-Ppep-lacZ This study N/A

Escherichia coli XL1 Blue Agilent Cat# 200249

Amycolatopsis mediterranei NBRC 14843 National Institute of Technology and Cat# 14843
Evaluation (NITE) Biological Resource
Centre (NBRC)

Streptomyces ardus NBRC 13490 NBRC Cat# 13490

Streptomyces niveus NBRC 12917 NBRC Cat# 12917

Saccharopolyspora erythraea NBRC 13426 NBRC Cat# 13426

Streptomyces venezuelae NBRC 13096 NBRC Cat# 13096

Streptomyces hawaiiensis NRRL 15010 Agricultural Research Service (ARS) Culture Cat# 15010
Collection

Biological samples

~500 cultivated actinomycetes producer Tibingen strain collection N/A

strains

Chemicals, peptides, and recombinant proteins

5-bromo-4-chloro-3-indolyl-beta-D- Thermo Scientific Cat# R0402

galactopyranoside (X-Gal)

Vancomycin antibiotic discs (30 pg) Thermo Scientific Cat# CT0058B

Teicoplanin antibiotic discs (30 ng) Thermo Scientific Cat# CT0647B

Ciprofloxacin antibiotic discs (5 ug) Thermo Scientific Cat# CT0425B

Rifampin antibiotic discs (30 pg) Thermo Scientific Cat# CT0104B

Chloramphenicol antibiotic discs (10 pg) Thermo Scientific Cat# CT0012B

Oligonucleotides

Primers used in this study are listed in Integrated DNA Technologies (IDT) N/A

Table S4.

Recombinant DNA

pHJS105 Leendert Hamoen, University of N/A
Amsterdam

Software and algorithms

Bruker Daltonics DataAnalysis 4.2 Bruker Daltonics N/A

RESOURCE AVAILABILITY

Lead contact

Heike Brotz-Oesterhelt (heike.broetz-oesterhelt@uni-tuebingen.de), Department of Microbial Bioactive Compounds; Interfaculty
Institute of Microbiology and Infection Medicine, University of Tibingen; Tibingen, Baden-Wirttemberg, 72076; Germany.

Materials availability

Requests for plasmids and reagents generated in this study may be sent to the lead contact.

el Cell Chemical Biology 28, 1-11.e1-e4, August 19, 2021

81



Please cite this article in press as: Wex et al., Bioreporters for direct mode of action-informed screening of antibiotic producer strains, Cell Chemical
Biology (2021), https://doi.org/10.1016/j.chembiol.2021.02.022

Cell Chemical Biology ¢? CellPress

Data and code availability
This study did not generate datasets to be deposited.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

All reporter strains were developed on the basis of the sporulation deficient B. subtilis 1S34 strain (Piggot, 1973). The integrative
plasmid pHJS105 was used for the transformation of the respective reporter construct. pHJS105 integrates into the amyE locus
and contains the antibiotic resistance marker spectinomycin (SPT) (Jahn et al., 2015). All reporter strains were grown in lysogeny
broth (LB) (1% tryptone, 1% NaCl, 0.5% yeast extract, pH7.2) containing the antibiotic selection marker SPT at a final concentration
of 100 ng/mL. For sub-cloning, the E. coli strain XL1 Blue was used for the construction and propagation of all plasmids.

METHOD DETAILS

Recombinant plasmid construction

The plasmid pHJS105 contains a xylose-inducible promoter fused to an N-terminal gfp tag, which was replaced by the respective
promoter reporter construct. To modify the vector, we used a standard restriction-ligation protocol. The restriction sites Sphl and
Kpnl were used to exchange the xylose-inducible promoter for the promoter regions of the chosen biomarker genes (P,pua, Pjias
Pyora: Pypps: Pomrc, @and Ppeip), which were amplified via PCR (phusion high-fidelity polymerase (NEB)) from B. subtilis 1S34 genomic
DNA, gel-purified and then ligated using T4 DNA ligase (NEB). In a second step, the gfp reporter was replaced for a B. subtilis-opti-
mized lacZ gene amplified from pMutin4 (Vagner et al., 1998), using the restriction sites Kpnl and Hindlll. Primers used in this work are
listed in Table S4. After transformation of chemically competent E. coli XL1 Blue, transformants were selected on LB agar containing
100 pg/mL ampicillin overnight. Single colonies were inoculated in 5 mL LB (37°C, 190 rpm). Plasmids were isolated (GeneJET
Plasmid Miniprep Kit (Thermo Scientific)) and verified by Sanger sequencing (LGC genomics GmbH). The plasmids were transferred
into competent B. subtilis 1S34 cells and selected on LB agar, containing 100 pg/mL of SPT. Integration into the amyE locus was
confirmed by streaking single colonies on starch containing agar (0.3% meat extract, 1% starch, 1.2% agar). Successful transform-
ants were unable to metabolize the starch, which was detectable after iodine staining (3.3% iodine, 6.7% potassium iodide). For
confirmation of sequence integrity, the integrated sequence was amplified via PCR (DreamTaq polymerase (Thermo Scientific)). Pu-
rified PCR products (Monarch PCR & DNA Cleanup Kit (NEB)) were then confirmed by Sanger sequencing.

Agar-based bioactivity screening

Before the bioreporter assay was conducted, antibiotic producer strains were pre-tested for antimicrobial activity against the
B. subtilis 1S34 wildtype. A subset of producer strains was additionally tested for activity against E. coli ATCC25922. An overnight
culture of the respective strain was diluted to an ODggo of 0.05 and re-grown to an ODggg of 1 (37°C, 190 rpm). B. subtilis 1S34 cells
were concentrated 1:10 (4700 rpm, 4°C) and used to inoculate the LB soft agar with an adjusted cell number of 3 x 107 colony forming
units per mL (CFU/mL). For E. coli ATCC25922, we adjusted the cell number to 1.5 x 108 CFU/mL to inoculate the LB soft agar. Agar
plugs of the antibiotic producer strains were arranged in square Petri dishes, and the soft agar containing either B. subtilis 1S34 or
E. coli ATCC25922 was poured around. Agar plates were left to solidify for 15 min and subsequently incubated overnight (37°C).

Agar-based bioreporter screening

For reporter testing, overnight cultures were inoculated from glycerol stocks in LB, containing 100 pg/mL of SPT. Overnight cultures
of the bioreporter strains were diluted to an ODgg of 0.05 and incubated for ~3.5 h (37°C, 190 rpm) until they reached an ODgg of 1.
Cells were concentrated 1:10 (4700 rpm, 4°C) and used to inoculate the soft agar. For testing the P, 4-lacZ, Pja-lacZ, Pyog-lacZ,
and Ppep-lacZ reporter strains LB soft agar was used (1% tryptone, 1% NaCl, 0.5% yeast extract, and 0.75% agar). The P,,,s-lacZ
and Pymc-lacZ reporter strains were tested in Belitzky minimal soft agar (Stiilke et al., 1993). Cell numbers were adjusted to 3 x 107
CFU/mL for the PjarlacZ, Pyog-lacZ, Pyyps-lacZ, Prep-lacZ, and Py, c-lacZ reporter strains and 6 x 107 CFU/mL for the Pypua-lacZ
reporter strain. The agar was supplemented with 5 mM MgCl, and 150 ug/mL X-Gal (Thermo Scientific). As positive controls antibiotic
discs of 30 pg vancomycin (P, 4-lacZ), 30 pg teicoplanin (Pj.-lacZ), 5 ug ciprofloxacin (Py.s-lac2), 30 ug rifampin (Py,,s-lacZ), and
10 pg chloramphenicol (Pymrc-lacZ) were used for reliable induction (see key resources table). For the screening of pure substances,
extracts, and supernatants, the agar containing the reporter strain was poured in square Petri dishes and let to solidify for approx-
imately 15 min. Subsequently, the respective amount of 1-5 L test substance was spotted on the agar, and the plates were incu-
bated overnight at 30°C for LB and 37°C for Belitzky minimal soft agar, respectively. For testing larger volumes, e.g. low-concen-
trated supernatants or weakly active substances, the samples were filled into holes, which were punched into the dried agar
plates with a cork borer. Direct screening of actinomycetes strains was performed by transferring pre-stamped agar plugs of the
grown antibiotic producer strains to a square Petri dish, before embedding them in soft agar containing the respective reporter
strains. Control experiments, with different solvents used in the extraction and purification process, as well as agar plugs, and ex-
tracts of cultivation media (without bacterial growth), were always performed in parallel to exclude unspecific inhibitory effects or in-
duction signals.
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Dereplication procedures

a) Agar cultivation conditions and compound extraction procedure (strains G6K8/12, GoK9/13, G6K12/7, GoK12/9, G6K16/4,
Go60ber505, GoSot11, GoWind756, Tu40/15, TuG102, TuG111, TUG117, TUG343, TUG349). Agar plates were inoculated with 100 puL
of cryo stock. Cryo stocks were prepared from a three-day culture by 1:1 (v/v) dilution with glycerol/water (1:1, v/v) and stored at
—80°C. Actinomycetes strains were cultivated for 7-10 days at 28°C on the respective agar plates (Table S5).

Grown agar plate(s) were cutin ~5 X 5 mm pieces and transferred to a 50 mL falcon tube. The content was poured over by a mixture
of isopropyl acetate/chloroform/isopropyl alcohol (3:1:1 v/v/v, 40 mL) and extracted two times for 1.5 h on an overhead shaker. Re-
sidual solids were filtered off, and the combined organic extracts were dried in vacuo to complete dryness. The extracts were stored
at —20°C.

Pre-fractionation of the extract by normal-phase solid-phase extraction (NP-SPE) (strains GoK8/12, GOK9/13, G6K12/7,
Go6K12/9, GoK16/4, G6Ober505, GoSo6t11, GoWind756, Tu40/15, Ti104, Tu2626, Ti2641, TuG102, TuG111, TuG117, TUG343,
TUuG349). Bioactive extracts were fractionated at room temperature (25°C) by normal-phase SPE (Macherey-Nagel Chromabond®
SiOH, 200 mg, 3 mL). The SPE cartridge was conditioned with 4 mL dichloromethane (DCM), DCM/n-hexane (1:1, v/v, 4 mL), n-hex-
ane (4 mL). The extract (20 mg/mL in methanol, 50 ul) was loaded onto the silica bed and dried extensively by pressurized air to re-
move residual methanol. A stepwise gradient was used to elute the NP-SPE cartridge into a 96-well microtiter plate (PP): n-hexane
(100%, 2 mL), n-hexane/EtOAc/MeOH (8/1.8/0.2, v/v/v, 2 mL), n-hexane/EtOAc/MeOH (7.25/2.35/0.4, v/v/v, 2 mL), n-hexane/
EtOAc/MeOH (6.5/2.9/0.6, v/v/v, 2 mL), n-hexane/EtOAc/MeOH (5.75/3.45/0.8, v/v/v, 2 mL), n-hexane/EtOAc/MeOH (5/4/1, v/v/v,
2 mL), n-hexane/EtOAc/MeOH (4.25/4.55/1.2, v/v/v, 2 mL), n-hexane/EtOAc/MeOH (3.5/5.1/1.4, v/v/v, 2 mL), MeOH (100%,
2 mL). The volume of the eluent was set to 200 pL/well. After complete evaporation of the solvents using pressurized air, the fractions
were re-suspended in methanol (100 uL). Daughter plates for HPLC-UV-HR-MS analysis were prepared by transferring an aliquot
(20 pL) from each well of the master plate. The master plate was used for antimicrobial biological testing after evaporation, whereas
the daughter plate was stored at —20°C for HPLC-UV-HR-MS analysis of the bioactive wells.

HPLC-UV-HR-MS setup (strains G6K8/12, GoK9/13, GoK12/7, GoK12/9, G6K16/4, G6Ober505, GoSo6t11, GOWind756, Ti40/15,
Tu104, TG2626, Tu2641, TUG102, TUG111, TUG117, TUG343, TUG349). 3 uL of the extract (3 mg/mL in methanol) and the pooled
bioactive wells of the micro-fractionation daughter plate (no defined concentration) were subjected to HPLC-UV-HR-MS analysis
performed on a Bruker MaXis 4G ESI-QTOF mass spectrometer equipped with a Dionex Ultimate 3000 HPLC system (Thermo Sci-
entific). HPLC instrumental setup: Column: Macherey-Nagel Nucleoshell EC RP-C18 (150/2 RP18, 2.7 um), flow rate: 0.3 mL min~",
eluting solvents: Methanol (system B, containing 0.06% formic acid) and H,O (system A, containing 0.1% formic acid), gradient:
0 min (10% B), 20 min (100% B), 25 min (100% B), 26 min (10% B), 30 min (10% B). Mass spectrometer instrumental setup: Electro-
spray ionization mass spectra (positive and negative ions) were recorded in the range of 100-1250 Da. The elemental composition
was derived from the averaged mass spectra with high mass accuracy below 3 ppm. Sodium formate was used as internal calibrant.
Nebulizer pressure of the ESI source was set to 0.4 bar with a dry gas flow of 4.0 | min~" and a dry gas temperature of 200°C. The
endplate offset was 500 V and capillary voltage = 3,000 V. Bruker Daltonics DataAnalysis 4.2 was used as software for the analysis of
the HPLC-UV-HR-MS data.

HPLC-UV-HR-MS dereplication strategy (strains G6K8/12, G6K9/13, G6K12/7, GoK12/9, GoK16/4, GoOber505, GoS6t11, Go-
Wind756, Tu40/15, Tu104, T42626, Tu2641, TuG102, TuG111, TuG117, TUG343, TuG349). For the dereplication process, the UV-
DAD spectra of the extracts were analyzed for relevant signals first. The UV« of prominent UV-signals were extracted and a
database search was performed (UV,.x +/— 10 nm). The Dictionary of Natural Products served as underlying database (Taylor
and Francis Group, 2019). Additionally, the search criteria were extended by the molecular masses as well as molecular formulas
of relevant peaks. In this step, the high abundant masses in the peaks observed in the Base Peak Chromatogram (BPC, m/z +/—
1) as well as the adduct pattern was used to select masses for the database search. For the selected masses, the molecular formulas
were estimated (+/— 3 ppm) and added to the search criteria. Finally, the MS/MS spectra of positive hits were matched with an in-
house natural product database, Global Natural Products Social Molecular Networking (Wang et al., 2016) or spectra from the liter-
ature and medfrag (Ruttkies et al., 2016). The same procedure was carried out for the bioactive fractions of the micro-fractionation. A
substance was classified as ‘clearly identified’, if especially the match with the in-house database confirmed even regioisomers or if
all four criteria (UVax, MS, molecular formula, MS/MS) were in agreement with the database entry.

b) Liquid cultivation conditions and compound extraction procedure (strains Tii104, Ti2626, Tii2641, Tu2108, Tu2975,
Tu6430, TU3180, A4/2, KNN49.3e). For antibiotic production, strains were cultivated in 50 mL preculture medium (R5 or NL410)
for 3 days at 30°C in 500 mL Erlenmeyer flasks (with steel springs) on an orbital shaker (180 rpm) (Kieser and Foundation, 2000).
5 or 10 mL of preculture were inoculated in 50 or 100 mL of production medium (Table S5), respectively, and cultures were grown
for 4-10 days at 30°C in 500 mL Erlenmeyer flasks (with steel springs) on an orbital shaker (180 rpm). 5 mL culture were extracted
with 5 mL ethyl acetate or butanol for 30 min at room temperature. Ethyl acetate and butanol samples were dried in vacuo, and redis-
solved in 0.25 mL of methanol. The culture extracts were stored at 4°C or —20°C. Methanolic and butanolic extracts were used for
bioassays and HPLC-MS analysis.

HPLC-MS analysis (strains T42108, Ti6430, Tu3180, Tu2975, A4/2, KNN49.3e-for strains Tii104, Tii2626, Tli2641 see section
“a)”). HPLC analysis was performed as described previously with a HP1090M system with ChemStation 3D software rev. A.08.03
(Agilent Technologies, Waldbronn, Germany) on a Nucleosil C18 column (5 um, 125 mm x 3 mm) fitted with a precolumn (20 x
3 mm) and with a flow rate of 850 mL min-1 (Krause et al., 2020). HPLC-MS was performed with an Agilent 1200 series chromatog-
raphy system (binary pump, high performance autosampler, DAD-detector) coupled with an LC/MSD Ultra Trap System XCT 6330
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(Agilent Technologies, Waldbronn, Germany). The sample was injected on a Nucleosil 100 C18 column (3 um, 100 x 2 mm) fitted with
a precolumn (3 pm, 10 X 2 mm) at a flow rate of 400 pL/min and a linear gradient from 10% solvent A (0.1% formic acid in water) to
100% solvent B (0.06% formic acid in acetonitrile) over 15 min at 40°C.

c) Cultivation conditions and compound extraction procedure for Ti2401.

Liquid precultures of Tu2401 were inoculated either with spores from the respective agar plates, or with 50 pL of the respective
suspension of cryo-preserved spores. Precultures were inoculated in NL410 medium and incubated for three days at 29°C
(180 rpm). 500 mL of preculture were used to inoculate 9.5 L OM medium for fermentation. Liquid cultures were cultivated at
27°C in a 10 L bioreactor at a rotor speed of 200 rpm, and an airflow of 5 L/min. For the growth on solid medium, ISP2 agar plates
were inoculated with 50 pL of the preculture and incubated at 29°C for four days until sporulation occurred. The respective media
used for cultivation are noted in Table S5.

For the extraction from agar, Ti2401 was cultivated on ISP2 agar plates. Two plates (approx. 40 mL) were sliced, transferred into a
50 mL falcon tube, and subsequently centrifuged at 20,000 g for 30 min, resulting in 10 mL supernatant. After filtration through a
folded filter, the pH was adjusted to pH 4.0 using 0.1 M HCI. After centrifugation, (NH,),SO,4 was added to the supernatant up to
the saturation point and incubated for 4 hr at 4°C. Afterward, the precipitate was separated and dissolved in 10 mL 0.1 M
KoHPO, at a pH of 8.0. Finally, this solution was extracted with 10 mL ethyl acetate. After drying under reduced pressure, the pellet
was dissolved in 2.0 mL MeOH. Methanolic extracts were used for bioassays and HPLC-MS analysis.

For the extraction of liquid culture, the supernatant of Tu2401 was filtrated (0.2 um) and extracted five times for 30 min with 2 L of
ethyl acetate. The aqueous phase was collected, frozen at —80°C, and subsequently dried using a Lyovac GT2 (Heraeus Holding,
Hanau; Germany). Further detailed information on the dereplication strategy has been described previously (Ortlieb, 2019).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bruker Daltonics DataAnalysis 4.2 was used as software for the analysis of the HPLC-UV-HR-MS data.
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Figure S1, related to Figure 1. Comparison of the induction strength of two RNA stress
bioreporter strains

Pure compounds were spotted on agar, containing the respective B. subtilis reporter strain, in the
following amounts: rifampin (RIF) 20 pg, actinomycin D (DACT) 0.5 ug. The Pypps-lacZ reporter
strain was grown in Belitzky minimal soft agar, while Prep-lacZ was grown in LB soft agar to match
the luciferase-based conditions applied by Urban and colleagues (Urban et al., 2007). Pypps-lacZ
yielded a substantially stronger induction signal upon treatment with both antibiotics compared to

Preip-lacZ. Induction of Preip-lacZ in Belitzky minimal soft agar showed a similar result.
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2.5 g 1ug 0.5 pg 0.25 pg 0.125 pg
Cell
envelope
stress
(Pypus-lacz)

Daptomycin

2.5 ug 1 g 0.5 ug 0.25 pg 0.125 g 0.025 pg*
Lipid-II
cycle
stress
(Psarlacz)

Ciprofloxacin

2.5 ug 1 g 0.25 pg
DNA
stress
(Pyos-lacz)

Fidaxomycin

2.5 ug 1 g 0.5 ug 0.05 ug 0.025 pg
RNA
stress
(P, pps-lac2)
2.5 ug 1 ug 0.5 pg 0.25 pg 0.125 pg 0.05 pg 0.025 ug
Translation
arrest
(Ppmrc-lac)

Figure S2, related to Figure 1. Determination of the detection limit of the bioreporter panel

Respective antibiotic amounts were directly spotted on the bioreporter containing soft agar. The
diameter of a zone of inhibition (ZOI) is determined by the antibiotic potency and its diffusion
potential in agar. Induction occurred at the borders of the ZOI, with some bioreporters (Pyos-lacZ,
Pypps-lacZ, and Pja-lacZ) already effectively signaling at subinhibitory antibiotic concentrations.
The lowest antibiotic concentration still yielding a detectable induction signal is indicated by ,*“.
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Figure S3, related to Figure 3. Direct agar-based bioreporter screening against

actinomycetes strains of the Tiibingen strain collection

Agar plugs of the precultured actinomycetes strains were tested against the DNA stress reporter
(Pyors-lacZ) for antibacterial activity with combined MOA analysis. One exemplary screening plate
is shown depicting the activities of 48 actinomycetes strains on Pyos-lacZ.

TMP+FID RIF+CHL CIP+ERY

DNA stress \
(Pyors-lacz) 4

RNA stress
(Pypps-lacz)

Translation
arrest
(PD,WC-/&?CZ)

Figure S4, related to Figure 4. Sensitivity of the agar-based bioreporter approach for the
detection of distinct substances present in same zone of inhibition

Antibiotics were spotted on the bioreporter strain containing agar in the following amounts and
combinations: trimethoprim (TMP) 0.5 ug and fidaxomicin (FID) 2 pg (first column); rifampin (RIF)
5 ug and chloramphenicol (CHL) 5 pg (second column); ciprofloxacin (CIP) 2.5 ug and
erythromycin (ERY) 5 pg (third column). Induction of the respective promoters for DNA stress
(Pyors-lacZ), RNA stress (Pypps-lacZ), and translation arrest (Pomrc-lacZ) reflects the expected
MOA of the antibiotics (Table S1).
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Figure S5, related to Figure 3. Bioactivity- and MOA-informed fractionation pattern

Fractionation of an extract of the antibiotic producer strain Ti104 into a microtiter plate. Collection
order of the 96 HPLC fractions is indicated by the black arrows (A1-H1). 2 pL of each fraction
were spotted in parallel on the Pjia-lacZ reporter strain containing agar, using a multichannel liquid

handling device.
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Table S1, related to Figure 1. Promoter induction pattern of pure antibacterial agents

evaluated in the bioreporter system. The main bacterial metabolic pathways that antibiotics

interfere with are highlighted in bold font. Promoter induction is indicated by

“(+)” (weak induction) and “+” (good induction).

MOAza

Antibiotic [ug]®

Promoter induction

PypuA

Plial P yorB P yppS

Pber

Cell envelope inhibition
PG¢ synthesis enzymes inhibitors

Lipid-Il cycle inhibitors

Cell membrane disturbers

lonophores

DNA synthesis inhibitors
DNA gyrase binders

Intercalators

Nucleotide synthesis inhibitors

RNA synthesis inhibitors
RNA polymerase binders

Intercalators

Ampicillin [20]
Cefadroxil [0.5]
Cefalexin [0.5]
Cefotaxime [5]
Cefoxitin [5]
Cefuroxime [10]
D-Cycloserine [20]
Flavomycin [20]
Fosfomycin [20]
Imipenem [1]
Meropenem [0.5]
Methicillin [1]
Oxacillin [1]
Penicillin G [20]
Bacitracin [10]
Daptomycin [2]
Lysolipin |
Mersacidin [30]
Nisin [30]
Ramoplanin [20]
Teicoplanin [10]
Vancomycin [15]
Colistin [20]
Polymyxin B [20]
CCCP4[5]
Gramicidin A [20]
Nigericin [20]
Monensin [30]
Valinomycin [30]

Ciprofloxacin [1]
Levofloxacin [1]
Moxifloxacin [0.5]
Nalidixic acid [25]
Norfloxacin [2]
Novobiocin [2]
Cisplatin [25]
Mitomycin C [2]
Mitoxantrone [20]
Phleomycin [10]
Azaserine [3]
Sulfamethoxazole [20]
Trimethoprim [0.5]

Corallopyronin A [30]
Fidaxomicin [4]
Rifabutin [20]
Rifampin [30]
Rifamycin SV [20]
Sorangicin A [20]
Streptolydigin [20]
Streptovaricin [20]
Actinomycin D [0.5]
Actinomycin X2 [0.5]
Echinomycin [20]

R E E R

—~
+
-

I I

1
R
1

1
1
T e S

(no induction),
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Promoter induction

R o >
MOA: Antibiotic [ug] e Piai  Pyors  Pypps Pbmrc

Protein synthesis inhibitors

Translation stallers Anhydrotetracycline [6] - - - -
Azithromycin [10] - - - -
Clindamycin [20] - - - -
Chloramphenicol [5] - - - -
Doxycycline [2] - - - -
Erythromycin [2] - - - -
Ferrimycin A [20] - - - -
Fusidic acid [0.5] - - - =
Hygromycin B [50] - - - -
Kirromycin [20] - - - -
Linezolid [20] - - - -
Lincomycin [20] - - - -
Pactamycin [0.5] - - - -
Spectinomycin® [150] - - - -
Telithromycin [20] - - - -
Tetracycline [20] - - - -
Tiamulin [40] - - - -
Tigecycline [20] - - - -

Miscoding inducers Amikacin [20] - - - -
Apramycin [1] - - - - -
Gentamicin [1] - - - = -
Kanamycin [1] - - - - -
Neomycin [1] - - - - R
Streptomycin [20] - - - - -
Tobramycin [20] - - - - -

Abortive translation Puromycin [30] - - - - -

Protein stress Diamide [30] - - - - -
N-ethylmaleimide [5] - - - - -

tRNA synthetase inhibitors Mupirocin [0.1] - - - - -

I Ik I T T T T T T S i I S S

Fatty acid synthesis inhibitors
Cerulenin [10] - - - - -
Triclosan [5] - - - - -

Diverse MOA
ADEP7[20] - - - - -
Holomycin [10] - -
5’-Fluorouracil [10] - -
Nitrofurantoin [20] - -
Thiolutin [20] - - - - -
SCH-79797 [40] + +

+ o+
1
+

+
'
'

@ Based on current knowledge of the mechanism of action (MOA).

b Antibiotic amount spotted on agar.

¢ Peptidoglycan

d Carbonyl cyanide m-chlorophenyl hydrazine

¢ All biosensors contain a spectinomycin-resistance cassette (requires higher concentrations for activity/induction).
f Acyldepsipeptide 7
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Table S2, related to STAR methods (Agar-based bioreporter screening). Solvents and
commonly purified media components / bacterial metabolites tested against the
bioreporter panel. Promoter induction is indicated by “-* (no induction) and “+” (induction).

ISR e CCT L?rl:lgttz;teda [%iaﬁlgglﬁf‘lzsoii ﬁ? itlmitgition] Pypua I::mOtg;c::duth‘lfp:s Pbmrc
DMSOP 10 pl turbid zone [7 mm] = - = s -
Methanol® 5ul no = - - = -
Ethanol® 5l no - = 5 = -
Buthanol® 5l yes [6 mm] = = . = 4
Ethylacetate® 10 pl no . - - - -
Glycerin® 10 pl no - - - - -
Genistein 100 ug turbid zone [8 mm]°® - - = - =
Daidzein 100 ug no°® - - - - =
N-acetyltyramine 20 ug turbid zone [5 mm] - = = = =
Indol-3-acetic acid 100 ug turbid zone [8 mm] - - - = -
Indole-3-propionic acid 100 ug turbid zone [12 mm] - - - - -
ﬁ’;g{glr:)y:r:%it‘:cid 100 pg turbid zone [9 mm] - - - - -
4-Hydroxybenzamide 100 pg turbid zone [7 mm] - - - - =
4-Oxonon-2-enolic acid 50 g turbid zone [10 mm] - - - - -
Prodigiosin 5 ug yes [8 mm] - - - - -

@ amount or volume of test substance was directly spotted on the bioreporter-containing agar
b concentration of 100 %
¢ substance precipitates on agar
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Table S3, related to Table 1. Additional information on the dereplicated antibiotics

identified by screening of producer strains and their respective biosensor signal.

Producer
strain

Reporter
induction

Dereplicated antibiotics

CAS? Registry Number and InChl® Code

G6K9/13
(K9/13)

Pyors-lacZ,
P yppS-/a cZ

Chartreusin® 9. ©

GoK16/4
(K16/4)

Pyors-lacZ,
Pypps-lacZ,
Pbmrc-lacZ

Chartreusin® 9. ©

CAS Registry Number: 6377-18-0
InChl=1S/C32H32014/c1-10-8-9-15-18-16(10)29(38)45-26-17-
13(23(35)20(19(18)26)30(39)43-15)6-5-7-14(17)44-32-
28(24(36)21(33)11(2)42-32)46-31-25(37)27(40-4)22(34)12(3)41-31/h5-
9,11-12,21-22,24-25,27-28,31-37H,1-4H3

TG2471

Pyors-lacZ

Chrysomycin Ac ¢ ¢

CAS Registry Number: 82196-88-1
InChI=1S/C28H2809/c1-6-13-9-16-20(18(10-13)34-4)15-11-19(35-5)22-
17(29)8-7-14(21(22)23(15)37-27(16)32)24-26(31)28(3,33)25(30)12(2)36-
24/h6-12,24-26,29-31,33H,1H2,2-5H3

Ti2401
agar
cultivation

Pyors-lacZ

C-1027
(Lidamycin)© 4

CAS Registry Number: 120177-69-7
InChl=1S/C43H42CIN3013/c1-21-39(52)46-34-26(17-25(54-6)18-
30(34)56-21)40(53)57-31-20-55-33(49)19-28(45)23-15-
27(44)37(29(48)16-23)58-32-11-7-9-22(31)12-13-24-10-8-14-43(24,32)60-
41-36(51)35(50)38(47(4)5)42(2,3)59-41/n8-10,14-18,28,31-32,35-
36,38,41,48,50-51H,1,19-20,45H2,2-6H3,(H,46,52)/b22-9+/t28-,31-
,32+,35-,36+,38-,41-,43+/m0/s1

TiG111
(MB11)

P yorB'IaCZ

Daunomycin
(Daunorubicin)® 4. ©

CAS Registry Number: 20830-81-3
InChl=1S/C27H29NO10/c1-10-22(30)14(28)7-17(37-10)38-16-9-
27(35,11(2)29)8-13-19(16)26(34)21-20(24(13)32)23(31)12-5-4-6-15(36-
3)18(12)25(21)33/h4-6,10,14,16-17,22,30,32,34-35H,7-9,28H2,1-3H3

GoOber505
(Ober505)

P yorB'IaCZ

Rachelmycin
(CC-1065)° 9. ©

CAS Registry Number: 69866-21-3
InChl=1S/C37H33N708/c1-14-12-39-27-22(45)10-23-37(24(14)27)11-
15(37)13-44(23)35(49)21-9-18-16-4-6-42(28(16)30(46)32(51-2)25(18)41-
21)34(48)20-8-19-17-5-7-43(36(38)50)29(17)31(47)33(52-3)26(19)40-
20/h8-10,12,14-15,40-41,46-47H,4-7,11,13H2,1-3H3,(H2,38,50)

G6Wind756
(Wind756)

Pypps-lacZ

Actinomycin D (C1,IV)
(Dactinomycin)® 4.©

Actinomycin Cz (VI)>d.e

CAS Registry Number: 50-76-0
InChl=1S/C62H86N12016/c1-27(2)42-59(84)73-23-17-19-
36(73)57(82)69(13)25-38(75)71(15)48(29(5)6)61(86)88-
33(11)44(55(80)65-42)67-53(78)35-22-21-31(9)51-46(35)64-47-
40(41(63)50(77)32(10)52(47)90-51)54(79)68-45-34(12)89-
62(87)49(30(7)8)72(16)39(76)26-70(14)58(83)37-20-18-24-
74(37)60(85)43(28(3)4)66-56(45)81/h21-22,27-30,33-34,36-37,42-45,48-
49H,17-20,23-26,63H2,1-16H3,(H,65,80)(H,66,81)(H,67,78)(H,68,79)
CAS Registry Number: 2612-14-8
InChl=1S/C63H88N12016/c1-17-31(8)44-61(86)75-25-19-21-
38(75)59(84)71(14)27-40(77)73(16)50(30(6)7)63(88)90-
35(12)46(57(82)67-44)69-55(80)41-42(64)51(78)33(10)53-48(41)65-47-
36(23-22-32(9)52(47)91-53)54(79)68-45-34(11)89-
62(87)49(29(4)5)72(15)39(76)26-70(13)58(83)37-20-18-24-
74(37)60(85)43(28(2)3)66-56(45)81/h22-23,28-31,34-35,37-38,43-46,49-
50H,17-21,24-27,64H2,1-16H3,(H,66,81)(H,67,82)(H,68,79)(H,69,80)/t31-
,34+,35+,37-,38-,43+,44+,45-,46-,49-,50-/m0/s1

TG40/15

P yppS-/a cZ

Cosmomycin B¢ ¢ ©

Echinosporin® ¢ ¢

CAS Registry Number: 77517-27-2
InChl=1S/C40H53N0O14/c1-7-40(49)14-13-21-30(36(48)32-
31(34(21)46)35(47)29-20(33(32)45)9-8-10-24(29)43)39(40)55-27-15-
22(41(5)6)37(18(3)51-27)54-28-16-25(44)38(19(4)52-28)53-26-12-11-
23(42)17(2)50-26/h8-10,17-19,22-23,25-28,37-39,42-44,46,48-49H,7,11-
16H2,1-6H3

CAS Registry Number: 79127-35-8
InChl=1S/C10H9NO5/c11-7(12)6-3-5-4-1-2-10(5,14)9(13)16-8(4)15-6/h1-
5,8,14H,(H2,11,12)

Tu2626

Pypps-lacZ

Cosmomycin B &4

Cytorhodin X ¢d

CAS Registry Number: 77517-27-2
InChl=1S/C40H53NO14/c1-7-40(49)14-13-21-30(36(48)32-
31(34(21)46)35(47)29-20(33(32)45)9-8-10-24(29)43)39(40)55-27-15-
22(41(5)8)37(18(3)51-27)54-28-16-25(44)38(19(4)52-28)53-26-12-11-
23(42)17(2)50-26/h8-10,17-19,22-23,25-28,37-39,42-44,46,48-49H,7,11-
16H2,1-6H3

CAS Registry Number: 133914-58-6
InChi=1S/C48H68N2015/c1-10-48(65-37-18-28(49(6)7)42(53)24(4)60-
37)20-27-39(46(57)40-41(44(27)55)45(56)38-26(43(40)54) 12-11-13-
31(38)52)33(21-48)63-36-19-29(50(8)9)47(25(5)61-36)64-35-17-15-
32(23(3)59-35)62-34-16-14-30(51)22(2)58-34/h11-13,22-25,28-30,32-
37,42,47,51-53 55,57H,10,14-21H2,1-9H3

G6K8/12
(K8/12)

P yppS-/a cZ

Cosmomycin C¢ d.¢

CAS Registry Number: 55945-22-7
InChl=1S/C60H88N2021/c1-12-60(71)25-40(79-44-22-
33(61(8)9)57(30(6)75-44)82-46-24-38(66)58(31(7)77-46)81-42-20-17-
36(64)27(3)73-42)48-51(55(70)49-50(54(48)69)53(68)47-32(52(49)67)14-
13-15-37(47)65)59(60)83-45-23-34(62(10)11)56(29(5)76-45)80-43-21-18-
39(28(4)74-43)78-41-19-16-35(63)26(2)72-41/h13-15,26-31,33-36,38-
46,56-59,63-66,69-71H,12,16-25H2,1-11H3
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Producer
strain

Reporter
induction

Dereplicated antibiotics

CAS? Registry Number and InChl® Code

KNN49.3e

Pbmrc-lacZ

Amicetin© ¢

CAS Registry Number: 17650-86-1
InChl=1S/C29H42N609/c1-15-19(44-26-24(38)23(37)22(34(4)5)16(2)43-
26)10-11-21(42-15)35-13-12-20(33-28(35)41)32-25(39)17-6-8-18(9-7-
17)31-27(40)29(3,30)14-36/h6-9,12-13,15-16,19,21-24,26,36-38H,10-
11,14,30H2,1-5H3,(H,31,40)(H,32,33,39,41)/t15-,16-,19+,21-,22- 23+,24-
,26-,29+/m1/s1

TG2108

Pomrc-lacZ

Berninamycin C® ¢

InChi=1S/C48H48N14014S/c1-12-26-46-61-32(24(9)76-46)42(71)52-
19(4)37(66)62-34(48(10,11)73)43(72)54-21(6)45-60-31(23(8)75-
45)41(70)51-18(3)36(65)53-20(5)44-57-28(15-74-44)33-25(13-14-27(55-
33)38(67)50-17(2)35(49)64)47-58-29(16-77-47)39(68)59-
30(22(7)63)40(69)56-26/h12-16,22,30,34,63,73H,2-6H2,1,7-
11H3,(H2,49,64)(H,50,67)(H,51,70)(H,52,71)(H,53,65)(H,54,72)(H,56,69)(
H,59,68)(H,62,66)/b26-12-/t22- 30+,34-/m1/s1

A4/2

Pomrc-lacZ

Cycloheximide
(Actidione)®d

CAS Registry Number: 66-81-9
InChl=1S/C15H23N04/c1-8-3-9(2)15(20)11(4-8)12(17)5-10-6-13(18)16-
14(19)7-10/h8-12,17H,3-7H2,1-2H3,(H,16,18,19)/t8-,9-,11-,12+/m0/s1

TG3180

Pbmrc-lacZ

Griseoviridin® 4

Viridogrisein® 9

CAS Registry Number: 53216-90-3
InChl=1S/C22H27N307S/c1-13-6-7-18-21(29)23-8-4-2-3-5-14(26)9-
15(27)10-19-24-16(11-31-19)20(28)25-17(12-33-18)22(30)32-13/h2-
5,7,11,13-15,17,26-27H,6,8-10,12H2,1H3,(H,23,29)(H,25,28)/b4-2+,5-
3+,18-7-/t13-,14-,15-,17-/m1/s1

CAS Registry Number: 102646-56-0
InChl=1S/C44H62N8011/c1-23(2)19-30-42(60)52-21-29(53)20-
31(52)43(61)49(8)22-33(55)50(9)36(25(5)24(3)4)40(58)46-
26(6)41(59)51(10)37(28-15-12-11-13-16-28)44(62)63-27(7)34(38(56)47-
30)48-39(57)35-32(54)17-14-18-45-35/h11-18,23-27,29-31,34,36-37,53-
54H,19-22H2,1-10H3,(H,46,58)(H,47,56)(H,48,57)

T(6430

Pbmrc-lacZ

Pactamycin® 4

CAS Registry Number: 23668-11-3
InChl=1S/C28H38N408/c1-15-9-7-12-20(35)21(15)24(36)40-14-
27(39)23(30-19-11-8-10-18(13-
19)16(2)33)22(29)28(17(3)34,26(27,4)38)31-25(37)32(5)6/h7-13,17,22-
23,30,34-35,38-39H,14,29H2,1-6H3,(H,31,37)/t17-,22-,23-,26-,27+,28-
/m0/s1

TG2975

Pbmrc-lacZ

Pristinamycin 1A
(Streptogramin B,
Virginiamycin B)® ¢

Pristinamycin 1A
(Streptogramin A,
Virginiamycin M1)°d

CAS Registry Number: 3131-03-1
InChl=1S/C45H54N8010/c1-6-31-42(59)52-22-11-14-
32(52)43(60)51(5)34(24-27-16-18-29(19-17-27)50(3)4)44(61)53-23-20-
30(54)25-33(53)39(56)49-37(28-12-8-7-9-13-28)45(62)63-
26(2)36(40(57)47-31)48-41(58)38-35(55)15-10-21-46-38/h7-10,12-13,15-
19,21,26,31-34,36-37,55H,6,11,14,20,22-25H2,1-
5H3,(H,47,57)(H,48,58)(H,49,56)

CAS Registry Number: 21411-53-0
InChI=1S/C28H35N307/c1-17(2)26-19(4)9-10-24(34)29-11-5-7-18(3)13-
20(32)14-21(33)15-25-30-22(16-37-25)27(35)31-12-6-8-23(31)28(36)38-
26/h5,7-10,13,16-17,19-20,26,32H,6,11-12,14-15H2,1-4H3,(H,29,34)

TuG349
(LHO49)

Pypua-lacZ,
Piia-lacZ

Aborycin® ¢ €

CAS Registry Number: 152835-17-1
InChi=1S/C97H131N23026S4/c1-11-50(8)80-93(141)104-40-75(126)108-
68(42-121)90(138)113-63(31-53-20-14-12-15-21-53)87(135)105-
51(9)81(129)101-38-76(127)110-69-44-149-150-45-70(91(139)112-61(30-
47(2)3)84(132)102-41-77(128)118-80)109-73(124)36-67-97(145)146-
96(144)66(34-56-37-100-60-25-19-18-24-58(56)60)115-88(136)64(32-54-
22-16-13-17-23-54)114-92(140)71(46-148-147-43-59(98)83(131)111-
65(35-72(99)123)89(137)116-67)117-94(142)78(48(4)5)120-
95(143)79(49(6)7)119-82(130)52(10)106-86(134)62(107-74(125)39-103-
85(69)133)33-55-26-28-57(122)29-27-55/h12-29,37,47-52,59,61-71,78-
80,100,121-122H,11,30-36,38-46,98H2,1-
10H3,(H2,99,123)(H,101,129)(H,102,132)(H,103,133)(H,104,141)(H,105,1
35)(H,106,134)(H,107,125)(H,108,126)(H,109,124)(H,110,127)(H,111,131)
(H,112,139)(H,113,138)(H,114,140)(H,115,136)(H,116,137)(H,117,142)(H,
118,128)(H,119,130)(H,120,143)/t50?,51- 52- 59-,61-,62-,63-,64-,65-,66-
,67-,68-,69-,70-,71-,78-,79-,80-/m0/s1

G6K12/7
(K12/7)

P ypuA-/aCZ,
Piiar-lacZ

Pentamycin
(Lagosin,
Fungichromin)e ¢.e

CAS Registry Number: 6834-98-6
InChl=1S/C35H58012/c1-4-5-11-16-29(41)32-30(42)20-26(38)18-
24(36)17-25(37)19-27(39)21-31(43)34(45)33(44)22(2)14-12-9-7-6-8-10-
13-15-28(40)23(3)47-35(32)46/h6-10,12-15,23-34,36-45H,4-5,11,16-
21H2,1-3H3/b7-6-,10-8+,12-9+,15-13+,22-14+

TG2641

P ypuA-/aCZ,
Piia-lacZ

Telomycin
(Antibiotic 128) 4

CAS Registry Number: 19246-24-3
InChl=1S/C59H77N13019/c1-25(2)49(79)46-57(87)72-18-16-
40(76)48(72)59(90)91-29(6)45(69-52(82)38(24-73)65-41(77)20-
34(60)58(88)89)55(85)68-44(28(5)74)54(84)64-27(4)50(80)63-23-
42(78)71-17-15-39(75)47(71)56(86)66-37(19-30-21-61-35-13-9-7-11-
31(30)35)51(81)67-43(53(83)70-46)26(3)33-22-62-36-14-10-8-12-
32(33)36/h7-14,19,21-22,25-29,34,38-40,43-49,61-62,73-76,79H,15-
18,20,23-24,60H2,1-
6H3,(H,63,80)(H,64,84)(H,65,77)(H,66,86)(H,67,81)(H,68,85)(H,69,82)(H,7
0,83)(H,88,89)/b37-19-
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Producer Reporter
strain induction

Dereplicated antibiotics

CAS? Registry Number and InChI® Code

Ti2401 -
liquid
cultivation

Albomycin &1 d

CAS Registry Number: 1414-39-7
InChl=1S/C36H58N10018S.Fe/c1-17(48)44(62)12-5-8-20(37)30(55)38-
21(9-6-13-45(63)18(2)49)31(56)39-22(10-7-14-46(64)19(3)50)32(57)40-
23(16-47)33(58)41-25(35(59)60)26(52)29-27(53)28(54)34(65-29)43-15-
11-24(51)42(4)36(43)61;/h11,15,20-23,25-29,34,47,52-54,62-64H,5-10,12-
14,16,37H2,1-4H3,(H,38,55)(H,39,56)(H,40,57)(H,41,58)(H,59,60);/t20-
,21-,22-,23-,25+,26-,27+,28+,29+,34+;/m0./s1

Tu104 Pypua-lacZ,
Piia-lacZ

FD-594cd

Naphthomycin B¢ ¢ f

Naphthomycin Je 9. f

CAS Registry Number: 175644-46-9
InChl=1S/C47H56020/c1-7-8-20-11-19-12-21-31(39(53)30(19)47(57)63-
20)33-34(42(56)37(21)51)45(59-6)46-35(41(33)55)40(54)32-24(65-46)9-
10-25(38(32)52)64-27-13-22(48)43(17(3)61-27)66-28-14-
23(49)44(18(4)62-28)67-29-15-26(58-5)36(50)16(2)60-29/h9-10,12,16-
18,20,22-23,26-29,36-37,42-44,48-53,55-56H,7-8,11,13-15H2,1-6H3
CAS Registry Number: 86825-88-9
InChl=1S/C39H44CINO9/c1-20-11-9-7-8-10-12-30(45)4 1-34-
33(40)39(50)31-27(38(34)49)18-25(6)37(48)32(31)36(47)24(5)17-
23(4)35(46)22(3)14-16-26(42)15-13-21(2)29(44)19-28(20)43/h7-14,16-
18,20,22-23,26,28,35,42-43,46,48H,15,19H2,1-6H3,(H,41,45)/b8-7+,11-
9?,12-10+,16-14+,21-13+,24-17+

CAS Registry Number: 214482-56-1
InChl=1S/C44H52N2012S/c1-22-12-10-8-9-11-13-34(51)46-37-41(55)30-
19-27(6)40(54)36(35(30)42(56)43(37)59-21-31(44(57)58)45-
28(7)47)39(53)26(5)18-25(4)38(52)24(3)15-17-29(48)16-14-
23(2)33(50)20-32(22)49/h8-15,17-19,22,24-25,29,31-32,38,48-
49,52,54H,16,20-21H2,1-7H3,(H,45,47)(H,46,51)(H,57,58)/b9-8+,12-
10+,13-11+,17-15+,23-14+,26-18+

Go6K12/9 -
(K12/9)

Boromycin® ¢ ©

CAS Registry Number: 34524-20-4
InChl=1S/C45H73BNO15/c1-24(2)36(47)39(50)54-27(5)30-16-12-11-13-
17-32(48)42(7,8)34-21-19-26(4)45(57-34)38-41(52)56-31-23-29(53-
28(31)6)15-14-18-33(49)43(9,10)35-22-20-25(3)44(58-35)37(40(51)55-
30)59-46(60-38,61-44)62-45/h11-12,24-38,48-49H,13-23,47H2,1-10H3/q-
1/p+1/b12-11+

TaG117 -
(MB17)

Griseorhodin Ac 4.

CAS Registry Number: 11048-91-2
InChI=1S/C25H16012/c1-6-3-7-4-8-19(17(29)11(7)24(32)34-6)36-25(23-
20(8)35-23)22(31)14-16(28)12-9(26)5-10(33-
2)15(27)13(12)18(30)21(14)37-25/h3-5,20,22-23,28-31H,1-2H3

G6S6t11 -
(Sét11)

Lobophorin Ac e

Lobophorin E¢ 9. ¢

CAS Registry Number: 247171-46-6
InChl=1/C61H92N2019/c1-27-14-17-42(78-47-25-59(10,62)54(35(9)77-
47)63-58(71)73-13)28(2)19-37-20-36(26-64)31(5)24-
61(37)56(69)48(57(70)82-61)55(68)60(11)39(27)16-15-38-49(60)29(3)18-
30(4)51(38)80-46-23-43(50(67)32(6)74-46)79-44-22-41(66)53(34(8)76-
44)81-45-21-40(65)52(72-12)33(7)75-45/h14-16,19-20,29-35,37-47,49-
54,64-67,69H,17-18,21-26,62H2,1-13H3,(H,63,71)/b27-14+,28-19+

CAS Registry Number: 1352053-60-1
InChl=1/C61H90N2020/c1-27-15-18-42(79-47-26-
59(11,63(71)72)54(36(10)78-47)62-58(70)74-14)29(3)21-37-20-
28(2)32(6)25-61(37)56(68)48(57(69)83-61)55(67)60(12)39(27)17-16-38-
49(60)30(4)19-31(5)51(38)81-46-24-43(50(66)33(7)75-46)80-44-23-
41(65)53(35(9)77-44)82-45-22-40(64)52(73-13)34(8)76-45/h15-17,20-
21,30-47,49-54,64-66,68H,18-19,22-26H2,1-14H3,(H,62,70)/b27-15+,29-
21+

TiG102 -
(MB2)

Monactin® ¢ ¢

CAS Reqgistry Number: 6833-84-7
InChi=1S/C40H64012/c1-21-17-29-9-13-34(49-29)26(6)38(42)46-23(3)19-
31-11-15-36(51-31)28(8)40(44)48-24(4)20-32-12-16-35(52-
32)27(7)39(43)47-22(2)18-30-10-14-33(50-30)25(5)37(41)45-21/h21-
36H,9-20H2,1-8H3

TuG343 -
(LHO43)

Omomycin® 9. f

CAS Registry Number: 117615-33-5
InChi=1S/C29H39NO4/c1-4-20(28-18(2)13-16-25(34-28)19(3)29(32)33)8-
5-10-22-15-14-21-9-6-11-23(21)26(22)27(31)24-12-7-17-30-24/h5,7-
8,10,12,14-15,17-19,21-23,25-26,28,30H,4,6,9,11,13,16H2,1-
3H3,(H,32,33)/b10-5-,20-8-

2 Chemical Abstracts Service

bInternational Chemical Identifier
¢ Confirmed by ultraviolet-visible (UV-Vis) spectrophotometry.

d Confirmed by high-performance liquid chromatography-mass spectrometry (HPLC-MS).
¢ Confirmed by tandem mass spectrometry (MS-MS).
fno MS-MS data confirmation due to missing reference spectrum.
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Table S4, related to STAR methods (Key Resource Table). Oligonucleotides used in this

study.

Name Use Sequence (5’-3') Source

yorB-for Cloning of pHJS105-Pyors-gfp TATAGCATGCCGGGATATATTGGGATAAAGAT IDT2

yorB-rev Cloning of pHJS105- Pyors-gfp TATAGGTACCTTTTTCCTCCTTACTGCAGGTC IDT

bmrC-for Cloning of pHJS105- Pomrc-gfp TATAGCATGCTTCTTACTATTTTCACTTCCGTCA IDT

bmrC-rev Cloning of pHJS105- Pomrc-gfp TATAGGTACCTTTTTCCTCCTTACTGCAGGTC IDT

ypuA-for Cloning of pHJS105- Pypua-gfp TATAGCATGCCCGCCTCATGTGTATGCGGG IDT

ypuA-rev Cloning of pHJS105- Pypua-gfp TATAGGTACCTTTTTCCTCCTTACTGCAGCAATT IDT

lial-for Cloning of pHJS105- Pjia-gfp TATAGCATGCCGGGTATCGGAATCTTGCTGT IDT

lial-rev Cloning of pHJS105- Piiar-gfp TATAGGTACCTTTTTCCTCCTTACTGCAGTCC IDT

yppS-for Cloning of pHJS105- Pypps-gfp TATAGCATGCCAGATCATCCTTAATCAGGGGT IDT

yppS-rev Cloning of pHJS105- Pypps-gfp TATAGGTACCTTTTTCCTCCTTACTGCAGAAAAAT IDT

ATTGACAAGAGCTTCC

lacZ_for Cloning of the lacZ reporter constructs AAAGGTACCGTGGAAGTTACTGACGTAAGAT IDT
(exchanging gfp)

lacZ_rev Cloning of the lacZ reporter constructs AAAAAGCTTGCCTGCCCGGTTATTATTATT IDT
(exchanging gfp)

pHJS105-ctl  Control primer for sequencing of the ATAGAAAGAAATTGTTCCTTCGA IDT

promoter fragments

2Integrated DNA Technology
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Table S5, related to STAR methods (Dereplication procedures). Composition of the
production media used for of the respective antibiotic producers. All quantities referto 1 L

Af maaAdlma
Ul 11IcuidiIl. r

Medium Composition Amount Cultivation medium of
antibiotic producer strain
Cycloheximide cultivation medium  Glucose 60 g A4/2
(CCM) (Kominek, 1975) Soy meal 15¢g
Yeast extract 25¢g
(NH4)2S04 8¢
NaCl 49
KH2PO4 0.2g
ISP2 (YMG) Yeast extract 49 TU2401 (agar cultivation),
(Shomura et al., 1979) Malt extract 1049 Tu2471, Ti3180
Glucose 49
pH7.3
ISP3 (OM) Oatmeal Holo 209 TG2401 (liquid cultivation)
(Shomura et al., 1979) Trace metal mix 5mL
pH7.3
Trace metal mix CaClz2 x 2H20 39
Iron(lll)-citrate 19
MnSOs x 1H20 200 mg
ZnCl2 100 mg
CuSO0:s x 5H20 25 mg
NazB40O7 x 10H20 20 mg
CoCl2 x 6H20 4 mg
NazMoO4 x 2H20 10 mg
M2+ Malt extract 1049 GoK8/12, GoK9/13,
Yeast extract 49 GoK12/7, GoK12/9,
Glucose 49 G60ber505, G6S6t11,
CaCOs3 059 GoWind756, TuG102,
pH7.2 TuG111, TUG117, TUG349
NL19 Mannitol 20g Tu104
Soy meal 20g
NL200 Mannitol 20g Tu2641
Cornsteep powder 20g
pH7,5
NL333 Glucose 5¢ Tu2975, Ti2626
Starch, soluble 1049
Malt extract 1049
Yeast extract 3g
Bacto™ Peptone 3g
Ammonium nitrate 39
CaCOs3 2g
pH7.2
NL400 Glucose 1049 KNN49.3e
Starch 2g
Bacto™ Peptone 3g
Yeast extract 5g
Meat extract 3g
CaCOs3 39
pH7.0
NL410 Glucose 109 precultures
Glycerol 1049
Oatmeal Holo 5g
Soy meal 10g
Yeast extract 59
Casamino acids 59
CaCOs 19
pH7.0
NL800 Glucose 5g Tu6430
Glycerol 109
Starch, soluble 10g9
Oatmeal Holo 58 g
Yeast extract 29
NaCl 19
CaCOs3 1g
pH 7.2
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Medium Composition Amount Cultivation medium of
antibiotic producer strain
R5 Saccharose 103 g precultures, Ti2108
Glucose 1049
K2S0sq, 025¢
MgCl2 10.12g
Casamino acids 01g
Yeast extract 59
TES? 573¢
Trace element solution 2ml
pH 7.2
After autoclavation:
1 M CaCly, 20 mL
0.54% KH2PO4 10 mL
20 % L-Proline 15 mL
Starch -glycerol -glucose (SGG) Soluble starch 1049 GoK8/12, GoK12/7,
Glucose 1049 GoK12/9, GoK16/4,
Glycerol 109 G6S6t11, GoWind756,
Cornsteep powder 25¢g Tu40/15, TUG343
Casein peptone 59
Yeast extract 29
NaCl 19
CaCOs 39
pH7.3

2 N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
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Data S1, related to STAR methods (Agar-based bioactivity screening). Activity of different
antibiotic producer strains tested against B. subtilis 1S34 and E. coli ATCC25922 in the
agar-based setup. Antimicrobial activity is indicated by “—* (no zone of inhibition), “(+)” (radius
of zone of inhibition < 1mm), “+” (radius of zone of inhibition 1-3 mm), “++” (radius of zone of
inhibition 3-7 mm) and “+++” (radius of zone of inhibition >7 mm). For all radius values the radius

of the agar plug of the producer strain was subtracted.

Antibiotic Antimicrobial activity Dereplicated antibiotic B. subtilis 1S34
producer strain® ~ B suptilis 1834  E. coli ATCC25922 bioreporter induction
N°1 - - no
Ne°2 - - no
N°3 - - no
N°4 - - no
N°5 + - no
N°6 - - no
N°7 - - no
GoK12/7 ++ - Pentamycin® Pypua, Piial
N°g8 - - no
Go6K12/9 + - Boromycin® no
N°9 + - no
N°10 - - no
N°11 - - no
N°12 - - no
N°13 - - no
N°14 - - no
Ne15 - - no
N°16 - - no
Ne17 + - no
N°18 + - no
N°19 - - no
N°20 (+) - no
N°21 - - no
Ne22 + - no
N°23 - - no
G6K16/4 ++ - Chartreusin® Pyors, Pypps, Pbmrc
N°24 - - no
N°25 - - no
N°26 ++ - PypuA
N°27 - - -
GoK8/12 ++ - Cosmomycin C° Pypps
N°28 + - PypuA
N°29 - - no
N°30 - - no
N°31 - - no
N°32 - - no
N°33 - - no
GO6K9/13 ++ - Chartreusin® Pyors, Pyops
N°34 - - no
N°35 - - no
N°36 ++ - no
T40/15 + - Cosmomycin B Pyops
N°37 - - no
N°38 - - no
N°39 - - no
N°40 - - no
N°41 - - no
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Antibiotic Antimicrobial activity Dereplicated antibiotic B. subtilis 1S34

producer strain® — B subtilis 1834  E. coli ATCC25922 bioreporter induction
N°42 - - no
N°43 - - no
N°44 (+) - no
N°45 + - no
N°46 - - no
N°47 - - no
N°48 - - no
N°49 - - no
N°50 - - no
N°51 - - no
N°52 - - no
N°53 - - no
N°54 - - no
N°55 - - no
N°56 - - no
N°57 - - no
N°58 - - no
N°59 - - no
GoSot11 ++ - Lobophorin A and EP no
N°60 - - no
N°61 - - no
N°62 (+ - no
Go6Wind756 ++ - Actinomycin D, C2° Pyops
N°63 (+) - (Pomrc)
N°64 - - no
N°65 - - no
N°66 - - no
N°67 - - N/A
G60ber505 + - Rachelmycin® Pyors
N°68 - - N/A
N°69 - - N/A
N°70 - - N/A
N°71 - - N/A
N°72 + - no
N°73 + - no
N°74 - - N/A
N°75 - - N/A
N°76 + - no
Ne77 - - N/A
N°78 - - N/A
N°79 - - N/A
N°80 - - N/A
N°81 - - N/A
N°82 - - N/A
N°83 - - N/A
TuG102 + - Monactin® no
TuG117 + = Griseorhodin AP no
N°84 - - N/A
N°85 + - no
N°86 + - no
N°g7 - - N/A
TaG111 ++ +) Daunomycin® Pyors
N°88 - - N/A
N°89 + - no
N°90 + - no
N°91 + Under investigation Pyops
N°92 - - N/A

N°93 + - no



Antibiotic Antimicrobial activity Dereplicated antibiotic B. subtilis 1S34

producer strain® "~ B subtilis 1S34  E. coli ATCC25922 bioreporter induction
N°94 - - N/A
N°95 (+) - no
N°96 + - no
N°97 - - N/A
N°98 - - N/A
N°99 - - N/A
N°100 - - N/A
N°101 - - N/A
N°102 - - N/A
N°103 - - N/A
N°104 - - N/A
N°105 - - N/A
N°106 - - N/A
N°107 - - N/A
N°108 - - N/A
N°109 - - N/A
N°110 ++ + no
N°111 +++ +++ no
N°112 - - N/A
N°113 - - N/A
N°114 ++ - Pyors
N°115 + - no
N°116 + ++ no
N°117 - - N/A
N°118 - - N/A
N°119 - - N/A
N°120 - - N/A
N°121 - - N/A
N°122 - - N/A
N°123 - - N/A
N°124 - - N/A
N°125 + ++ no
N°126 - - N/A
N°127 + + no
N°128 + - no
N°129 - - N/A
N°130 - - N/A
N°131 + ++ no
N°132 - - N/A
N°133 - - N/A
N°134 - - N/A
N°135 - - N/A
N°136 - - N/A
N°137 - - N/A
TGG343 ++ - Omomycin® no
N°138 - - N/A
TuG349 ++ = Aborycmb Pypua, Piiat
N°139 - - N/A
N°140 + - no
N°141 + - no
N°142 ++ ++ no
N°143 + - no
N°144 + ++ Oxytetracyclin® Pomrc
N°145 + - no
N°146 + - no
N°147 ++ - no
N°148 ++ - no
N°149 + - no
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Data S2, related to Table 1. HPLC-MS spectra of the dereplicated antibiotics identified

in the bioreporter screening of antibiotic producers of the Tiibingen strain collection.

Characteristic mass fragments of each dereplicated antibiotic are outlined in red.

Dereplicated substance (producer strain)

Mass spectrum

Structure

Characteristic mass fragment(s)

Supporting information

Chartreusin (G6K9/13)
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(Pethd et al., 2019; Sottani et al.,
2004)
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Rachelmycin (G60Ober505)
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[M+H]*
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Cosmomycin C (G6K8/12)
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Pristinamycin IA and Pristinamycin IIA (T:12975)
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ABSTRACT: Investigation of the sponge Clathria basilana
collected in Indonesia afforded five new peptides, including
microcionamides C (1) and D (2), gombamides B (4),
C (5), and D (6), and an unusual amide, (E)-2-amino-3-methyl-
N-styrylbutanamide (7), along with 11 known compounds,
among them microcionamide A (3). The structures of the new
compounds were elucidated by one- and two-dimensional NMR
spectroscopy as well as by high-resolution mass spectrometry.
The absolute configurations of the constituent amino acid
residues in 1—7 were determined by Marfey’s analysis.
Microcionamides A, C, and D (1—3) showed in vitro cytotoxicity
against lymphoma (Ramos) and leukemia cell lines (HL-60,
Nomo-1, Jurkat J16), as well as against a human ovarian carci-
noma cell line (A2780) with ICq, values ranging from 045 to
28 M. Mechanistic studies showed that compounds 1—3 rapidly induce apoptotic cell death in Jurkat J16 and Ramos cells and that 1
and 2 potently block autophagy upon starvation conditions, thereby impairing pro-survival signaling of cancer cells. In addition,
microcionamides C and A (1 and 3) inhibited bacterial growth of Staphylococcus aureus and Enterococcus faecium with minimal
inhibitory concentrations between 6.2 and 12 yM. Mechanistic studies indicate dissipation of the bacterial membrane potential.

arine sponges represent a prolific source of struc- The genus Clathria (order Poecilosclerida, family Micro-

turally unique peptides possessing diverse bioactivities, cionidae)® includes more than 800 species that are widely
primarily as antibiotic, anticancer, and neuroprotective agents, distributed in the shallow waters of tropical and temperate
thus suggesting their potential value for the development of leads regions. Chemical investigation of sponges belonging to this
in drug discovery." Prominent examples of bioactive sponge- genus has provided a diverse array of secondary metabolites,
derived peptides include koshikamide A; and calyxamide A such as alkaloids,”” carotenoids,” steroids,”'® and peptides.' ">
reported from Theonella sp. and Discodermia calyx, respectively, The latter class of compounds includes microcionamides A and B
both showing strong cytotoxicity toward P388 murine leukemia as well as gombamide A from Clathria abietina and Clathria
cells,”” as well as the diaminoacrilic acid-containing cyclic
peptides callyaerins A and B possessing inhibitory activity against Received: June 4, 2017

4

Mycobacterium tuberculosis. Published: November 2, 2017
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Table 1. 'H (600 MHz), '*C (150 MHz), HMBC, and ROESY NMR Data (DMSO-d, § in ppm) of Microcionamide C (1)

Uunit position 8¢, type 8y (J in Hz) HMBC ROESY”
EPEA  NH 10.02, d (10.0) Cys-a, E-PEA-
a 122.8, CH 7.35, dd (10.0, 14.8) Cys,-CO, E-PEA-f, E-PEA-1
B 112.5, CH 626, d (14.8) E-PEA-a, E-PEA-1, E-PEA-2/6 Tleyy'
aromatic 1:136.0, C
2:1249,CH  7.32,brdd (7.4, 1.4) E-PEA-f, E-PEA-1, E-PEA-6, E-PEA-4
31285, CH  7.28, brdd (7.4, 7.1) E-PEA-1, E-PEA-S, E-PEA-4
4:126.1, CH 7.16, tt (7.1, 1.4) E-PEA-2/6, E-PEA-3/5
5:128.5, CH 728, br dd (7.4, 7.1) E-PEA-1, E-PEA-3, E-PEA-4
6:1249,CH  7.32,brdd (7.4, 1.4) E-PEA-B, E-PEA-1, E-PEA-2, E-PEA-4
Cys, NH 8.15,d (7.8) Ile,-CO lle,-a
Cco 167.2,C
a 52.6,CH 434° Cys,-CO, Cys,-f, Ile,-CO E-PEA-a, E-PEA-NH
B 407, CH, 3.19, br t (13.2); 3.30, dd (1322, 4.7) Cys,-CO, Cys,-a
1le, NH 7.99,br s
CcoO 170.4, C
a §7.7,CH 3.96,t (7.6) Tle,-CO, Ile;-CO, Ile,-f, Lle,-y, lle,-y’ Cys,-NH
p 34.6, CH 1.88, m Ile,-a
7 24.5, CH, 1.51, m; 1.06, m Ile,-a Iles-a
Y 15.4, CH, 0.86, d (6.9) Tle,-a
5 11.0, CH, 0.81°
JIEN NH 7.75,brs
co 1712, C
a 57.6, CH 4.04,br s Tley-y, ey-y’ Ile,y
p 36.2, CH 1.82, m Tley-y, lley-y’, Ile;-6, Ile;-CO
Y 24.5, CH, 1.20, m; 1.54, m les-a
7 15.1, CH, 0.93, d (6.8) lleya
5 112, CH, 0.87°
Tle, NH 7.34°
co nd?
a 56.7, CH 4.33° Tleyy, leyy’ Iles-p
p 35.9, CH 2.00,br s
7 23.5,CH, 1.16, m; 1.35, m lle,-a, lley-y', lle,-6
7 15.6, CH, 0.89° Ile,-a, lle,y
5 11.1, CH, 0.82° Tle, -
Tleg NH 8.53,d (9.8) Cyss-CO Cyss-a
Cco 170.4, C
a 57.8,CH 4.19, dd (9.8,6.9) Tle;-CO, Cyse-CO, Tleg-, lles-y, leg-y’
p 36.2, CH 1.84, m Tles-a, Tles-y’ lleja
v 239, CH, 1.40, m; 1.10, m Tes-a
¥ 152, CH, 0.84° Tles-a, lles-f
P 107, CH, 0.80°
Cysg NH 8.83,d (8.1) Cyss-f lle,-, lle,-f, lle,y
Cco 168.9, C
a 52.3,CH 4.62, br ddd (10.3, 8.1, 4.6) Cyse-CO, Ile,-CO, Cysq-f Ile;-NH
B 40.1, CH, 3.11, br dd (12.8, 10.3); 3.39, dd (12.8, 4.6) Cyss-CO, Cysc-a
1le, NH, 8.10,br d (5.4) 1le,-CO, Ille;-a, Ile,-f lle,-a, lle,-B, e,y
co 167.8,C
a 56.0, CH 3.66,brt (5.4) Ile,-CO, Lle,-y, lle,-y’ Cyse-NH
p 36.2, CH 1.79, m Ile,-CO, Ile,-6 Cyse-NH
Y 23.4, CH, 1.10, m; 147, m Tle,a Cysg-NH
% 14.1, CH, 0.89° T,
B 10.8, CH, 0.83°

“Data extracted from HSQC and HMBC spectra. “Sequential NOEs. “Signal overlap prevents determination of couplings. “n.d.: not detected.

gombawuiensis, respectively, all featuring a disulfide linkage that is
rarely found in sponge-derived metabolites.'"'*

During our ongoing research for bioactive metabolites from
marine sponges, we investigated a specimen of the marine
sponge Clathria basilana, which was collected at Ambon Island,
Indonesia. Notably, the MeOH extract completely inhibited the

2942

growth of the murine lymphoma LS178Y cell line at a
concentration of 10 ug/mL. Bioactivity-guided isolation afforded
five new peptides (1, 2, 4—6) and one new amide derivative (7),
in addition to one known peptide (3) and 10 known, structurally
unrelated aromatic compounds. In this study, the structure elu-
cidation of the new compounds as well as results of cytotoxicity

DOI: 10.1021/acs jnatprod.7b00477
J. Nat. Prod. 2017, 80, 2941-2952
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and antibacterial assays, followed by mechanistic studies, are
reported.

B RESULTS AND DISCUSSION

The MeOH extract of C. basilana was subjected to liquid—liquid
fractionation to yieid n-hexane, EtOAc, and n-BuOH fractions.
Subsequent column chromatography of the EtOAc or n-BuOH
fraction followed by semipreparative reversed-phase HPLC afforded
five new peptides (1, 2, 4—6) and a new amide derivative (7).

Compound 1 was obtained as a white, amorphous solid. Its
molecular formula was determined to be C4,H;,,NzO,S, on the
basis of the prominent ion peak at m/z 889.5033 [M + H]" in the
HRESIMS spectrum, accounting for 13 degrees of unsaturation.
In the '"H NMR spectrum, measured in DMSO-d,, the peptidic
nature of 1 was evident from the presence of NH signais in the
amide region (& 7.34—10.02) and characteristic signals of
a-amino protons (8y 3.66—4.62), as well as from a cluster of
primary and secondary methyl groups in the aliphatic region
(6 0.81—2.00). Detailed analysis of the 2D NMR (HSQC,
TOCSY, ROESY, and HMBC) spectra of 1 allowed the
assignment of seven spin systems, including those of five
isoleucine (Ile) and two cysteine (Cys) residues (Table 1).
The remaining signals included those of a monosubstituted
phenyl ring [8y 7.32 (2H, dd, ] = 7.4, 1.4 Hz), 7.28 (2H, dd,
J=74,7.1 Hz), and 7.16 (1H, tt, ] = 7.1, 1.4 Hz)] and two
olefinic protons at &y 6.26 (PEA-Hf) and 7.35 (PEA-Ha),
suggesting the presence of a 2-phenylethen-1-amine (PEA) unit,
as supported by the HMBC correlations from PEA-Ha to
PEA-C1 (8¢ 136.0) and from PEA-Hp to PEA-C2/6 (5. 124.9),
as well as by the TOCSY correlations of both PEA-Ha and
PEA-Hp with PEA-NH. The configuration of the double bond of
PEA was deduced as E on the basis of the large coupling constant
(%] = 14.8 Hz) measured for the respective protons.

The connectivity of the amino acid residues and of E-PEA was
established by key HMBC and ROESY correlations (Figure 1).

E-PEA

LCys| By
L-lle
! L-Cyss KIS
NH L-lle; ( 5 N
, o ‘_"ﬂ'.‘ \ L-Prog
HN O Llle L 7HN /\
LCVSG ( .\ > L-Leu
O HN 0 7 40
L-lle; NH
Ji Pty
L-lles /\,151‘
L-lleg 5 L-Glp
1 4

~—~ HMBC
#--« ROESY
- TOCSY

Figure 1. Key HMBC, ROESY, and TOCSY correlations of 1 and 4.

Accordingly, the HMBC correlations from E-PEA-Ha to
Cys;-CO (8¢ 167.2), from Cys,-NH to Ile,-CO (6c 170.4),
and from Ile,-Ha to Ile;-CO (8¢ 171.2), along with the ROESY
correlations between Cys,-Ha and E-PEA-NH and between
Ile,-Ha and Cys,-NH, suggested the peptide substructure
E-PEA-Cys,-Ile,-Ile;. Moreover, the sequence Ile,-Ile-Cys, was

110

supported by the HMBC correlations from Ile;-NH and Ile;-Ha
to Cyss-CO, as well as by the ROESY correlations between Ile,-
Ha and Ile;-Hp and between Iles-NH and Cyss-Ha (Figure 1).
The latter cysteine moiety (Cysg) was linked to Ile, based on the
HMBC cross-peak from Cysé-Ha to Ile7 CO (6C 167.8) and the

NNANCY T e Lo h G I ¢ DY T T %
NULOI LUllCldLlUll UCI.WCCII b)’&é lVﬂ d11a ]JC7'I_1U, uiuas u:duulg

to the overall peptide structure E-PEA-Cys,-Ile,-Ile;y-Ile,-Iles-
Cysg-lle,. Additionally, the cyclic nature of 1 was evident from
the disulfide linkage of the two cysteine residues that formed a
cystine moiety, thus accounting for the last degree of unsatu-
ration based on the molecular formula (C,H;,NzO,S,). The
assignment was further supported by HRESIMS/MS, which
showed the fragmentation ions at m/z 770.4297 for [M — E-PEA]*
and at m/z 657.3454 for [M — (E-PEA+lle;)]", originating from
subsequent cleavage of the E-PEA and Iie; units, both located
at the linear parts of the peptide (Figure S1-7). Hence, compound 1
was identified as a new natural product, and the name
microcionamide C was proposed given the structural relationship
between this compound and the known compounds micro-
cionamides A (3) and B."

A,

R E-PEA Z-PEA
NH L-1l
lle,
o " R-NH HN—""
L-Cysy / o) O} '\ o] . )
R 50 HN4<_> L-Cys; §
R— 0 S M~ L-lles $
HN 2 L-Cys. k(lk w
s N L-Prog
HN  HN: o O _NH
o HN L-Leu
$ L-lle
------ O ¥ Llleg 3
L-lles o
Oy NH
1 R=E-PEA; R'=CH,CH;, 4 R=E-PEA
2 R=Z-PEA; R'=CH,CHj3 L-Glp NH 5R=Z-PEA
3 R=E-PEA; R'=CH,
e}
L-Prog \‘(H\L.Leu
HoN ﬁ HN ‘NH
Y o} E-PEA
o o =z L-Proy
LCys; .S _ O N |
sV o
L-Cysg . HN
N' HzN\_/&O
0= NH L-Pro, H
H A\ L-Val
L-Glp [e]
6 7

Compound 2 was isolated as a white, amorphous solid.
The molecular formula of 2 was established as C,,H,,N;O,S, by
HRESIMS, identical to that found for 1. Moreover, the 'H NMR
data of 2 were almost superimposable to those of 1, the only
notable difference being the resonances and coupling constants
of the olefinic protons at & 5.74 (1H, d, ] = 10.0 Hz) and 6.72
(1H, t, ] = 10.0 Hz), suggesting a (Z)-2-phenylethen-1-amine
(Z-PEA) unit in 2 instead of a E-PEA unit, as in the case of 1
(Table S2-1). Likewise, HRESIMS/MS of 2 showed fragmenta-
tion ions originating from cleavage of the Z-PEA and Ile; units
(Figure S2-9). Hence, the structure of 2 was assigned as the Z
isomer of 1 and was named microcionamide D.

Compound 4 was obtained as a white, amorphous solid.
The molecular formula of 4 was deduced to be Cs(H4;NyO,S,
based on the prominent ion peak at m/z 1002.4572 [M + H] " in

DOI: 10.1021/acs.jnatprod.7b00477
J. Nat. Prod. 2017, 80, 2941-2952
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Table 2. 'H (600 MHz), '*C (150 MHz), HMBC, and ROESY NMR Data (DMSO-dg, § in ppm) of Gombamide B (4)

unit
E-PEA

Cys,

Phe

Pro,

Pro,

Cyss

Leu

Ile

Glp

“Sequential NOEs.

position
NH
a

B

aromatic

NH
CO
a

B
NH

CO
a

B

aromatic

(¢[0)

NH
CO

NH
CO

60 type

123.0, CH
1132, CH
1: 1362, C
: 125.3, CH
: 128.6, CH
: 126.4, CH
: 128.6, CH
: 125.3, CH

o R Y

167.8, C
51.6, CH
42.1, CH,

170.8, C
53.5, CH
340, CH,

1: 138.3, C

: 129.3, CH
: 128.1, CH
. 1262, CH
. 128.1, CH
6: 1293, CH
1714, C
60.3, CH
312, CH,
20.1, CH,
459, CH,
169.3,C
59.2, CH
302, CH,
219, CH,
463, CH,

(VA IV )

167.9, C
484, CH
380, CH,

170.5, C

50.5, CH
412, CH,
24.0, CH
21.3, CH,
23.3, CH,

170.7, C

57.0, CH
35.5, CH
242, CH,
15.4, CH,
10.4, CH,

172.4,C
177.4,C
55.1, CH
25.3, CH,
29.0, CH,

Su (J in Hz)
1032, d (10.0)
7.36, dd (147, 10.0)
6.33,d (14.7)

7.37,brd (7.7)
7.30, br t (7.7)
7.17, br t (7.7)
7.30, br t (7.7)
7.37,brd (7.7)
7.72,d (8.6)

4.64,ddd (12.0, 8.6, 3.5)
2.93, dd (14.4, 12.0); 3.15, dd (14.4, 3.5)
8.97,d (8.8)

4.81, m
2.99, m; 3.02, m

7.43,br d (7.5)
7.29, br t (7.5)
7.20, br t (7.5)
7.29, br t (7.5)
7.43,br d (7.5)

4.36,d (7.8)

1.73, m; 1.88, m
1.42, m; 0.55, m
3.29, m; 3.26, m

4.84,dd (9.5, 2.0)
1.87, m; 2.22, m
1.76, m

3.34, m; 3.48, m
8.01,d (10.0)

4.56, td (10.0, 5.2)
2.61, br dd (12.0, 10.0); 3.22, br dd (12.0, 5.2)
8.05,d (9.2)

449, ddd (9.2, 8.0, 7.7)
1.58, m

1.63, m

0.86,d (6.3)

0.89,d (6.4)

8.07,d (8.8)

4.16,t (8.8)
1.73, m

1.02, m; 1.42, m
0.75,d (6.7)
0.72,t (7.4)
7.80, s

4.10,dd (8.7, 4.0)
1.78, m; 2.21, m
2.09, m; 2.07, m

2944

HMBC

Cys,-CO, E-PEA-1
E-PEA-NH, E-PEA-a, E-PEA-2/6, E-PEA-1

E-PEA-f, E-PEA-1, E-PEA-6, E-PEA-4
E-PEA-1, E-PEA-S

E-PEA-2/6

E-PEA-1, E-PEA-3

E-PEA-f, E-PEA-1, E-PEA-2

Phe-CO, Cys,-a, Cys,-f

Cys,-CO, Cys,-f, Phe-CO
Cys,-CO, Cys;-a
Phe-a, Phe-f, Pro;-CO

Phe-CO, Phe-f, Phe-1, Pro,-CO
Phe-CO, Phe-a, Phe-1, Phe-2/6

Phe-f}, Phe-6, Phe-4
Phe-1, Phe-5
Phe-2/6

Phe-1, Phe-3

Phe-f, Phe-2, Phe-4

Pro;-CO, Pro,-CO, Pro;-f, Pros-y, Pros-6
Pro;-CO, Pro;-a, Pros-y

Pros-a

Pro;-a, Pro;-ff

Pro,-f, Prog-y, Pros-6
Pro,-CO, Pro,-a, Pro,-0
Pro,-a

Pro,-f, Prosy

Leu-CO, Cyss-a, Cyss-f

Leu-CO, Cys;-CO, Cys¢-f
Cys;-a, Cyss-CO
Leu-a, Leu-f, lle-CO

Leu-CO, Leu-$, Leu-y, Ile-CO
Leu-CO, Leu-q, Leu-y, Leu-8, Leu-6’
Leu-6, Leu-&’

Leu-f, Leu-y, Leu-&’

Leu-f, Leu-y, Leu-6

Glp-CO, Ile-q, Ile-p

Ile-CO, Ile-p, lle-y, Ile-y’, Glp-CO
Ile-CO, Ile-a, Ile-y

Ile-a, Ile-p, 1le-6, lle-y’

Ile-a, 1le-p, lle-y

Ile-p, lle-y

Glp-C0O’, Glp-a, Glp-p, Glp-y

Glp-CO, Glp-CO’, Glp-§, Glp-y
Glp-CO, Glp-CO’
Glp-CO’, Glp-a, Glp-p

ROESY
Cys;-NH, Cys;-a

E-PEA-NH

E-PEA-NH, Phe-a
E-PEA-NH
Proj-a

Cys-NH

Pro4-q, Pro,-f3, Phe-NH

Pros-a, Cyss-a

Proj-a

Leu-a
Pro,a
lle-a, lle-f

Cyss-NH

Glp-a, Glp-NH

Leu-NH

Ile-NH

Ile-NH

DOI: 10.1021/acs.jnatprod.7b00477
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the HRESIMS spectrum, accounting for 22 degrees of unsatu-
ration. The planar peptidic structure of 4 was distinguished by
the abundance of the amide (NH) (& 7.72—10.32) and @-amino
(61 4.10—4.84) protons, as well as by the cluster of primary and
secondary methyl groups in the ahphatxc region of the 'H NMR

Al Ll . ONQY -1 TNAAQY NTAAD

bchuLuu \1 dUlC L} l'\“.dl)’blb O UI€ LUV dild 1 ULOI INIVIN
spectra revealed the spin systems of seven amino acid residues,
including Pro (2 equiv), Cys (2 equiv), Phe, Leu, and Ile,
together with the E-PEA unit and the unusual amino acid residue
pyroglutamic acid (Glp). The presence of the latter was con-
firmed by key HMBC correlations from Glp-Ha to Glp-CO’
(6¢ 177.4) and Glp-Cy (6 29.0), from Glp-NH to Glp-CO’ and
Glp-Ca (8¢ 55.1), and from Glp-Hp to Glp-CO (6¢c 172.4).
In analogy to 1 and 2, the linkages and assignments of the amino

TIN AT MATIQY AT AT

acm resmues in 4 were estaDllsnea Dy rvinu ana RULD X INIVIK
data (Table 2). Accordingly, the connection between E-PEA and
Cys, was deduced by the HMBC correlation from E-PEA-Ha to
Cys,-CO (8¢ 167.8) as well as the ROESY cross-peak between
E-PEA-NH and Cys,-Ha. Moreover, the HMBC correlations
from Cys,-Ha and Cys-NH to Phe-CO (5 170.8), from
Phe-Ha and Phe-NH to Pro;-CO (8¢ 171.4), and from Pro;-Ha
to Pro,-CO (¢ 169.3) disclosed the peptide fragment E-PEA-
Cys,-Phe-Pro;-Pro, (Figure 1). This was further corroborated
by the ROESY cross-peaks between Cys,-NH/Phe-Ha,
Phe-NH/Pro;-Ha, and Pro;-Ha/Pro,-Ha. Likewise, the HMBC
correlations from Cysg-Ha to Leu-CO (6 170.5), from Leu-Ha to
Ile-CO (8¢ 170.7), as well as from Ile-Ha to Glp-CO (6¢ 172.4),
in addition to the ROESY correlations between Pro,-Ha/Cyss-
Ha, Cys-NH/Leu-Ha, Leu-NH/Ile-Ha, and Ile-NH/Glp-Ha
extended this fragment, leading to the overall peptide sequence
E-PEA-Cys,-Phe-Pro;-Pro,-Cyss-Leu-Ile-Glp. Finally, a disulfide
bond between the two Cys residues was evident, consistent with
the 22 elements of unsaturation required by the molecular for-
mula. The structure of 4 was further corroborated by the frag-
ment ions at m/z 665.2566 [M — Leu-Ile-Glp]* and 883.3826
[M — E-PEA]" in the HRESIMS/MS spectrum, originating from
cleavage of the linear peptide sequence Leu-Ile-Glp and the PEA
unit, respectively (Figure $4-9). Hence, compound 4 was iden-
tified as a new natural product and was named gombamide B,
based on the structural relationship with the known compound
gombamide A."

Compound § was isolated as a white, amorphous solid.
The molecular formula of § was deduced to be Cs,Hy;NoO,S, by
HRESIMS analysis, as in the case of 4. In analogy to 1 and 2,
the 'H NMR spectrum of 5 was similar to that of 4, the only
difference being the Z-configuration of the ethylene protons in
the PEA moiety instead of the E-configuration, as deduced by
their vicinal coupling constant (*Jy,115=9.7 Hz; Table $5-1).Ina
similar manner to 4, HRESIMS/MS of § showed MS fragment
ions of [M — Z-PEA]* and [M — Leu-Ile-Glp]* (Figure S5-7).
Thus, compound $ was characterized as a new natural product
and was named gombamide C.

Compound 6 was isolated as a white, amorphous solid.
The molecular formula of 6 was determined as C3,H;sNgO4S, by
HRESIMS, consistent with 13 degrees of unsaturation. Detailed
interpretation of the COSY and HMBC NMR spectra of 6
established the presence of six amino acid residues, including
Pro (3 equiv), Cys (2 equiv), and Leu, along with a Glp unit.
As described for peptides 1, 2, 4, and 5, key HMBC correlations
from Prog-Ha to Cys,-CO (8¢ 168.1), from Cys,-NH to Leu-CO
(8¢ 170.9), from Leu-NH to Pro;-CO (¢ 171.0), from Pros-Ha
to Pro,-CO (8c 169.6), and from Cys¢-NH to Glp-CO
(8¢ 171.5) established the overall amino acid sequence of 6 as
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Prog-Cys,-Leu-Pro;-Pro,-Cyss-Glp. This assignment was also
evident by the ROESY cross-peaks between Cys,-NH/Leu-NH,
Leu-NH/Pros-Ha, and Cyss-NH/Glp-Ha. The remaining two
NH protons at §;; 6.90 (1H, s) and 7.27 (1H, s) were attributed
to a terminal carboxamide group, as supported by their HMBC

o1

correlations to l."l'06 CGOand 1’1'06 Ca \rlg’ure L, l1abple J} rmauy,
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Figure 2. Key HMBC, ROESY, and COSY correlations of 6 and 7.

cyclization via a disulfide bond between the two Cys residues was
suggested to satisfy the remaining element of unsaturation in the
structure of 6. This assignment was further corroborated by the
fragment ions at m/z 623.2317 [M — ProgNH,]" and 595.2367
[M — (ProgNH, + CO)]*, which were observed in the
HRESIMS/MS spectrum of 6 (Figure $6-8). Accordingly, com-
pound 6 was identified as a new natural product and was given
the name gombamide D.

Compound 7 was isolated as a white, amorphous solid. The
molecular formula of 7 was determined as C,3H;sN,O based on
HRESIMS analysis, consistent with six degrees of unsaturation.
Detailed analysis of the 2D NMR (COSY and HMBC) spectra of
7 allowed the assignment of an unusual amide consisting of
Val and E-PEA residues, connected through an amide linkage, as
supported by the HMBC correlation from E-PEA-Ha to Val-CO
(8¢ 167.2) (Figure 2, Table 4). Thus, compound 7 was assigned
as (E)-2-amino-3-methyl-N-styrylbutanamide, which is a new
natural product.

The remaining compounds were identified on the basis of
NMR, HRESIMS, and specific rotation data analysis, as well as by
comparison with published data as microcionamide A (3),"
six indole derivatives, namely, 1H-indole-3-carbaldehyde,
1H-indole-3-carboxylic acid, 6-bromo-1H-indole-3-carbalde-
hyde, 6-bromo-1H-indole-3-carboxylic acid, methyl 6-bromo-
1H-indole-3-carboxylate, and ethyl 6-bromo-1H—indole-3-car-
boxylate,'”'* along with 7-bromo-4(1H)-quinolinone," the
b-lactam derivative (3-(2-(4-hydroxyphenyl)-2-oxoethyl)-5,6-
dihydropyridin-2(1H)-one),'® 2-deoxythymidine,'” and 4-hydrox-
ybenzoic acid (Figure $9-1).

The absolute configuration of each amino acid residue was
determined by Marfey’s method following acid hydrolysis
(6 N HCI) of the isolated peptides 1—7 (0.5 mg each).'® Com-
parison of the resulting derivatives with those of standard amino
acids by HPLC led to the assignment of the L-configuration for all
amino acid residues (Table $8-1). Moreover, in an attempt to
improve the HPLC resolution between L/p-Ile and L/p-allo-Ile
residues, a C;, HPLC RP-column was successfully employed,
instead of the commonly used C,4 column, in analogy to the C,
Marfey’s method,'” revealing the presence of only 1-Ile residues

DOI: 10.1021/acs.jnatprod.7b00477
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Table 3. 'H (600 MHz), "*C (150 MHz), HMBC, and ROESY NMR Data (DMSO-dg, § in ppm) of Gombamide D (6)

unit position 8¢, type Sy (J in Hz)
Prog CONH, 6.90,s; 7.27, s

co 173.4,C

a 59.9, CH 4.16,dd (8.8, 3.5)

29.3, CH, 1.80, m; 2.02, m

v 24.3, CH, 1.87, m

5 46.6, CH, 3.52% 3.63, ddd (9.7, 7.4, 4.5)
Cys, NH 7.87,d (8.3)

co 168.1, C

a 492, CH 4.75,ddd (11.6, 8.3, 3.2)

B 41.3, CH, 278, dd (14.6, 11.6); 3.12, dd (14.6, 3.2)
Leu NH 9.17,d (9.0)

co 170.9, C

a 50.1, CH 453"

B 37.7, CH, 137, m; 1.71, m

v 242, CH 142, m

5 214, CH, 0.79, d (6.4)

5 23.1, CH, 0.88,d (6.4)
Pro; CO 171.0, C

a 60.6, CH 4.52°

B 312, CH, 2.08, m; 221, m

4 212, CH, 1.56, m; 1.91, m

5 459, CH, 327, brt (104); 3.43°
Pro, co 169.6, C

a 59.4, CH 491,dd (8.7, 2.5)

B 30.4, CH, 2.30, m; 1.94, m

4 21.8, CH, 1.73, m; 1.79, m

5 46.5, CH, 3.50%; 3.35, dt (11.7, 7.7)
Cyss NH 8.54,d (9.7)

co 168.2, C

a 484, CH 4.58,ddd (11.1,9.7, 5.2)

B 37.5, CH, 2.62,dd (12.4, 11.1); 3.23, dd (124, 5.2)
Glp NH 7.67,s

co 171.5,C

co’ 177.6,C

a 54.9, CH 4.02, br dd (9.0, 2.6)

B 25.1, CH, 2.07, m; 2.15, td (9.2, 3.4)

v 289, CH, 2,00, m; 2.24, m

“Sequential NOEs. "Signal overlap prevents determination of couplings.

HMBC
Prog-CO, Prog-a

ROESY*
Prog-a, Cys,-f

Prog-CO, Cys;-CO, Prog-f, Prog-y, Prog-6
Prog-CO, Prog-, Progy, Prog-6

Prog-a, Prog-f}, Prog-6

Prog-a, Pros-f

Leu-CO, Cys,-f, Cys,-a

Cys,-a
Leu-a, Leu-NH

Cys,-CO, Cys,-f
Cys,-CO, Cys,-a
Leu-a, Pro;-CO

Prog-0
Cys,-NH, Pros-a, Pro;-0

Leu-CO, Leu-p, Leu-y

Leu-CO, Leu-a, Leu-y, Leu-8, Leu-8"
Leu-a, Leu-6, Leu-é’

Leu-p, Leu-y, Leu-6’

Leu-p, Leu-y, Leu-6

Cys,-NH

Pro;-CO, Pro,-CO, Pro;-f3, Pros-y, Pros-6
Pro;-CO, Pro;-@, Pro;-y, Pro;-é

Pros-a

Pro;-f, Proy-y

Leu-NH, Pro,-a

Leu-NH

Pro,-f}, Pros-y, Pro,-6
Pro,-CO, Pros-a, Pros-6

Pros-a, Cyss-a

Pros-f

Glp-CO, Cyss-a Glp-a, Glp-NH
Cyss-CO, Glp-CO, Cyss-f Pros-a

Cys¢-a, Cyss-CO

Glp-CO’, Glp-a, Glp-p, Glp-y Cyss-NH
Glp-CO’, Glp-# Cyss-NH
Glp-CO, Glp-CO’, Glp-y

Glp-CO’, Glp-a

as constituents of the respective peptides (1—5) (Table S8-2).
Moreover, the ROESY correlations between Pro;-Ha/Pro,-Ha
and Pro,-Ha/Cys-Ha (Figure 1) in 4 and 5 suggested a cis
configuration for the amide peptide bonds, which was further
corroborated by the large Pro-Cf and Pro-Cy shift difference
values (Adcp.c, ~ 8—11 ppm). Similarly, in the case of 6 a cis
peptide bond was deduced between Pro;-Pro, and Pro,-Cys,,
whereas the ROESY correlation between Cys,-Ha and Pros-Hé
in addition to the carbon resonances of Cf# and Cy in Prog
(29.3 and 24.3 ppm, respectively) suggested a trans peptide bond
between Prog-Cys,. ">’

Microcionamides C (1) and D (2) are stereoisomers differing
in the E/Z double-bond configuration of the PEA moiety, as
previously observed for the known analogues microcionamides A
(3) and B."" The only difference between the structures of 1 and
2 compared to 3 and microcionamide B is the replacement of the
terminal Val residue in the latter compounds by Ile. In analogy to
1and 2, compounds 4 and § were found to be E/Z stereoisomers.
It should be noted, however, that the Z-PEA derivatives 2 and §
were detected as the minor components in the crude extract,
and thus these compounds may be artifacts arising from the
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respective E-PEA analogues 1 and 4 during extraction and/or
isolation (e.g, upon exposure to natural light), as previously
suggested for 3 and microcionamide B.'" Compounds 4 and §
are structurally related to the known peptide gombamide A from
the sponge Clathria gombawuiensis, the latter compound bearing
pyroglutamic acid (Glp) and para-hydroxystyrylamide units
instead of the linear peptide chain Leu-Ile-Glp and PEA,
respectively.'” Interestingly, Glp is rarely reported from marine
invertebrates. In addition to the aforementioned gombamide A,
other examples of peptides bearing this unit include didemnins
from the tunicate Trididemnum solidum,”" as well as asteropsin A
and two pyroglutamyl dipeptides from Asteropus sp. sponges.”*>*
The intramolecular cyclization of N-terminal glutamine residues
into Glp is of special interest, as it protects peptides from
degradation by the action of exopeptidase enzymes or even
enables them to adopt the right conformation for binding to their
receptors.”* Gombamide D (6) possesses a similar cyclic part to
4 and S, the only difference being that the Phe residue is
substituted by Leu, as in the case of the cyclic thiopeptides
eudistomides A and B, reported from a Fijian ascidian of the
genus Eudistoma.”> The promiscuous occurrence of these

DOI: 10.1021/acs.jnatprod.7b00477
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Table 4. 'H (600 MHz), '*C (150 MHz), and HMBC NMR
Data (MeOH-d,, 6 in ppm) of (E)-2-Amino-3-methyl-N-
styrylbutanamide (7)

unit  position 8, type &y (J in Hz) HMBC
EPEA a 1228, CHT 7.46,d(147)  Val-CO, B-PEA-L
B 1164,CH  632,d (147)  E-PEA-2/6
aromatic  1: 137.2,C
2:1266,CH 7.35,dt(83,  E-PEAf, EPEA6,
1.5) E-PEA4
3:129.8,CH 7.29,brdd (83, E-PEA-1, E-PEA-S
73)
4:1281,CH 7.19,tt(7.3,1.5) E-PEA-2/6
5:129.8, CH 7.29,brdd (83, E-PEA-1, E-PEA-3
7.3)
6:1266,CH 7.35,dt(83,  E-PEA.f, EPEA2,
1.5) E-PEA-4
Val CO 1672, C
a $99,CH  369,d(58)  Val-CO, Valy, Valy’
p 31.6, CH 224, m Val-y, Val-y/
v 178,CH,  107,d(69)  Valf Vala
Y 18.9, CH,4 1.10,d (6.9) Val-#, Val-a

peptide analogues in different phyla of marine invertebrates
argues for symbiont microorganisms as true producers.
Cytotoxicity of the isolated metabolites (1—7 and known
compounds) was investigated using different tumor cell
lines. Microcionamides A, C, and D (1—3) showed in vitro
cytotoxicity against lymphoma (Ramos) and leukemia cell lines
(HL-60, Nomo-1, Jurkat J16), as well as against a human ovarian
carcinoma cell line (A2780) with ICg, values ranging from
0.45 to 28 uM (Figures S10-1 and 3, Table 5). The remaining

Table S. Cytotoxicity of Compounds 1—3 after Incubation for
24 h Reported as ICy, (uM)

compd A 2780 Ramos Jurkat J16 Nomo-1 HL-60
1 0.4S 14 0.81 14 1.9
2 0.53 19 13 24 2.5
3 2.6 5.9 4.6 10 28

isolated compounds proved to be inactive in concentrations up
to 10 uM.

Due to their strong cytotoxic activity, we next addressed the
question of whether 1—3 cause apoptotic cell death. Activation of
caspase-3 was measured employing two different methods: first
by immunoblotting for the cleavage of the caspase-3 substrate
poly(ADP-ribose) polymerase-1 (PARP-1) and second by mea-
suring the fluorescence of the profluorescent caspase-3 substrate
Ac-DEVD-AMC. Activated caspase-3 cleaves the latter substrate
between aspartate (D) and 7-amino-4-methylcoumarin (AMC),
hence releasing the fluorogenic AMC, which can be subsequently
detected with a spectrofluorometer. Because cysteine-dependent
aspartate-directed proteases (caspases) in general and caspase-3
as an effector caspase in particular are central players of apoptotic
processes, activation of caspase-3 indicates induction of apo-
ptosis. As shown in Figure 3A, compounds 1—3 induced the acti-
vation of caspases in Jurkat and Ramos cells with rapid kinetics
within 4 h and reached a maximum after 6 to 7 h, indicating
a fast induction of apoptotic processes. However, compound 3
induced caspase activation only at 10 #M, whereas in contrast to
1 and 2 it displayed no effect at 1 4uM (data not shown), which is
in accordance with the higher ICg,. To confirm activation of
caspase-3 via a further end point, we detected cleavage of the
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caspase-3 substrate PARP after treatment with 1, 2, and 3 (same
concentrations as in Figure 3A). In line with the results of
the caspase-3 activity assay, all compounds induced cleavage of
PARP within 4 to 8 h, indicating again activation of caspase-3
and thus execution of apoptosis. To prove caspase dependency
of the observed PARP cleavage, we additionally performed
co-incubation with the pan-caspase inhibitor QVD (Figure 3B).
QVD completely blocked cleavage of PARP after treatment
with 1, 2, and 3, demonstrating a causative role of caspases and
thereby occurrence of apoptosis.

Autophagy is a major intracellular degradation route respon-
sible for the lysosome-mediated breakdown of soluble cytosolic
components and therefore plays a crucial role in maintaining
cellular homeostasis.”® Cancer cells in particular suffer from
metabolic stress and nutrient deprivation due to fast prolifer-
ation. Thus, autophagy can support cancer cells to overcome
microenvironmental stress by allowing them to recycle dysfunc-
tional or unessential components. Autophagy thereby acts as a
mechanism of cell survival. Accordingly, inhibition of auto-
phagy is a gromising therapeutic target for anticancer chemo-
therapy.”””" In order to investigate potential inhibitory or stimu-
lating effects of 1—3 with regard to autophagy, we used murine
embryonic fibroblast (MEF) cells stably expressing mCitrine-
hLC3B and measured lysosomal degradation of mCitrine-
hLC3B under starvation conditions and after treatment with
compounds 1-3 or alternatively with the known autophagy
inhibitor bafilomycin A1 via flow cytometry.”” LC3 is an essential
component of autophagosomes (double-membraned key
structures of autophagy), which deliver engulfed cytoplasmic
components to lysosomes and get degraded by the lysosomal
system during autophagy. Thus, breakdown of LC3 is a suitable
indicator of autophagic processes. Incubation with 10 4uM com-
pound 1 or 2 distinctly blocked starvation-induced degradation
of LC3, indicating inhibition of autophagy by these compounds
(Figure 4). Compound 3 on the other hand was inactive in this
experiment, indicating the relevance of the terminal Ile for the
autophagy-inhibitory effect. In order to determine whether the
observed inhibition of autophagy by compounds 1 and 2 is
caspase-dependent, we additionally performed experiments with
cotreatment of QVD. Because QVD counteracted compound
1-related inhibition of autophagy, this inhibitory effect was at
least partially due to apoptotic processes. In contrast, the inhib-
itory effect mediated by compound 2 was completely unaffected
by cotreatment with QVD, indicating independence of apoptosis.

Finding new antibacterial agents unaffected by available resis-
tance determinants is of paramount importance in light of increasing
bacterial resistance development. Thus, we were also interested
in the antibacterial potential of the compounds (Table $10-2).
Compounds 1 and 3 showed antibacterial activity against the
Gram-positive bacterial species Enterococcus faecium and Staph-
ylococcus aureus in the low uM range. For both compounds, the
minimal inhibitory concentrations (defined as the lowest con-
centrations completely preventing visible bacterial growth) were
6.2 uM for S. aureus and 12 uM for E. faecium, respectively
(Table S10-2). Mycobacterium tuberculosis as well as the Gram-
negative species Klebsiella pneumoniae, Enterobacter aerogenes,
Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter
baumannii were not inhibited up to 100 yuM. Compounds 2
and § were not investigated due to compound limitation. The
remaining compounds showed no antibacterial activity.

In order to investigate the mechanism of bacterial growth
inhibition, we employed as a first step a panel of bacterial reporter
strains that we constructed in the background of the Gram-positive

DOI: 10.1021/acs jnatprod.7b00477
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Figure 3. Compounds 1-3 rapidly induce apoptosis in human lymphoma and leukemia cell lines. (A) The kinetics of caspase-3 activation in Jurkat J16
(acute T cell leukemia; left panel) and Ramos (Burkitt’s lymphoma; right panel) cells after treatment with indicated concentrations of compounds 1-3
were compared to those of staurosporine (STS, 2.5 M), a well-established inducer of apoptosis. Caspase-3 activity was measured by the rate of cleavage
of the profluorescent caspase-3 substrate Ac-DEVD-AMC. Relative caspase-3 activity in DMSO (0.1% v/v)-treated control cells was set to 1. Data
shown are the mean + SD from a representative experiment performed in triplicate. (B) Ramos cells were treated with compounds 1 (1 uM), 2 (1 uM),
or 3 (10 #uM) in the absence or presence of the caspase inhibitor Q-VD-OPh (QVD, 10 uM) for the indicated duration between 2 and 8 h. After the
incubation period cleavage of PARP was determined by Western blot analysis. The expression of f-actin was determined as a protein loading control.
Shown is the result of a representative blot. STS (2.5 uM) served as the positive control for caspase-dependent cleavage of PARP.
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Figure 4. Compounds 1 and 2 impair amino acid starvation-induced
autophagy. MEF:s stably expressing mCitrine-hLC3B were cultivated in
full medium or starvation medium (EBSS) with 10 #M compounds 1, 2,
or 3 for 4 h. Ten nM bafilomycin A, (Baf. A1) served as the positive
control for inhibition of autophagy. Total cellular mCitrine-hLC3B
signals were analyzed by flow cytometry. The median of fluorescence
intensity was plotted in a bar diagram. Values are normalized to DMSO
(0.19% v/v)-treated cells cultivated in full medium (1.0) and represent
mean + SD of 3 independent analyses. * = p < 0.05, ** = p < 0.01
(Student’s ¢ test, two-sample assuming unequal variances). Dashed lines
represent median mCitrine fluorescence intensity of cells cotreated with
caspase inhibitor Q-VD-OPh (10 M) performed in triplicate.

model organism Bacillus subtilis. These strains express the reporter
gene p-galactosidase from five selected promoters that were
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previously found and validated to react specifically to distur-
bances of certain metabolic pathways or cell structures.” Pre-
vious whole genome mRNA profiling of B. subtilis after treatment
with a broad range of antibiotic classes had identified these
promoters as particularly responsive to DNA, RNA, protein, or cell
envelope damage. Compounds 1 and 3 showed a specific
induction of the cell envelope stress sensing promoters lial and
ypuA (Figure S). While ypuA is known to respond broadly to
disturbances at the bacterial cell envelope, lial showed in previous
studies a particularly strong reaction to compounds that interfere
with cycling of undecaprenyl precursors in cell wall synthesis.”’
With the aim to further explore the effects of the micro-
cionamides on the bacterial cell envelope, we determined effects
of compounds 1 and 3 on the membrane potential of S. aureus.
The membrane potential is an electrical gradient across the
bacterial cytoplasmic membrane, with a surplus of positive charge
outside, that bacteria establish in the course of respiration. The
membrane potential is essential for ATP generation by the FyF,-
ATPase and for active transport processes across the cytoplasmic
membrane. For measurement of the membrane potential the
fluorescent dye DiOC,(3) was used, which enters bacterial cells
to some extent and emits green fluorescence. The higher the
membrane potential, the more dye molecules accumulate in the
cells and aggregation triggers a red-shift of fluorescence emission.
Addition of compounds 1 and 3 efficiently dissipated the mem-
brane potential of S. aureus, as indicated by the strong loss of
red fluorescence (Figure 6). The effect occurred already at sub-
micromolar concentrations of 1 and 3, the latter compound
being slightly more potent. Consequently, microcionamides
A (3) and C (1) seem to kill bacteria by energy depletion.
Notably, while some energy depleting agents induce the lial
promoter, e.g. the lantibiotic nisin, which uses the undecaprenyl

DOI: 10.1021/acs jnatprod.7b00477
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Figure S. Reporter gene assay with compounds 1 and 3 for orienting
mode of action studies. Compounds 1 and 3 strongly induced the lial
promoter, and a weak induction was detected for the ypuA promoter,
indicating that these compounds cause cell envelope stress. The other
three promoters indicating DNA damage (yorB), RNA damage (helD),
or translation arrest (bmrC) were not induced. The five different
promoters showed a strong induction when treated with the respective
positive controls: bacitracin (BAC), vancomycin (VAN), ciprofloxacin
(CIP), rifampicin (RIF), and chloramphenicol (CHL).

precursor lipid II as a docking molecule to form pores within
the bacterial cytoplasmic membrane,”” many energy-depleting
agents, such as jonophores, do not effectively induce lial. Whether
or not the strong lial signal triggered by the microcionamides
indicates that bacterial cells sense an interference with their
undecaprenyl precursor cycle will require further studies.

In summary, microcionamides A, B, and C (1—3) exhibited
cytotoxicity on different human cancer cell lines via both induc-
tion of apoptosis and inhibition of starvation-induced autophagy.
Furthermore, microcionamides A (3) and C (1) showed a
significant inhibitory effect on Gram-positive bacteria, which is
probably correlated with their abilities to depolarize bacterial
cytoplasmic membranes. It is noteworthy that microcionamide
C (1) showed increased cytotoxic activity over microcionamide
A (3) by a factor of S or more on different eukaryotic cell lines,
while 3 was more potent against Gram-positive bacteria
compared to 1. Even though the difference in the MIC between
1and 3 against S. aureus was smaller than a whole titration step in
the MIC assay, a larger zone of inhibition of 3 was detected on
agar (Figure S), and lower concentrations of 3 were able to cause
a disruption of the membrane potential in comparison to 1
(Figure 6). Conversely, gombamides B (4) and D (6) proved to
be inactive against both human and bacterial cells.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured with a JASCO P-2000 polarimeter. UV data were recorded
on a PerkinElmer Lambda 25 UV/vis spectrometer. 'H, *C, and
2D NMR spectra (HH-ROESY, HH-TOCSY, HC-HSQC, and
HC-HMBC) were recorded with standard pulse sequences on a Bruker
AVIII HD 600 spectrometer equipped with a QXI/QCI cryoprobe.
The sweep width for the homonuclear experiments (HH-ROESY,
HH-TOCSY) was 7000 Hz in F2 and F1. Two thousand data points
were collected in F2, and 512 data points in F1 with quadrature
detection in both dimensions. The mixing time for the HH-ROESY
experiment was 450 ms with a spin lock field of 5000 Hz and 80ms for
the HH-TOCSY with a spin lock field of 9500 Hz. The HC-HSQC
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Figure 6. Effect of microcionamides A (3) and C (1) on the membrane
potential of Staphylococcus aureus NCTC 8325. A prominent loss of red
fluorescence indicative of strong membrane potential dissipation occurs
already at 0.8 uM of 1 or 0.2 uM of 3. The protonophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) at S uM served as a
positive control, and DMSO was the negative control. Samples were
analyzed after 30 and 60 min of exposure to compounds. The experi-
ment was performed two times on two different days with independent
bacterial cultures. Results for both biological replicates are shown in the
graphs. Error bars indicate the standard error of the mean.

experiment was measured with a sweep width of 7000 Hz in F2 and
26400 Hz in F1. Two thousand data points were collected in F2, and 512
data points in F1 with quadrature detection in both dimensions. The
sweep width for the HC-HMBC experiments was set to 7000 Hz in F2
and 27900 Hz in F1. Two thousand data points in F2 and $12
data points in F1 were collected with quadrature detection in F2.
The chemical shifts were referenced to the residual solvent peaks at
8y 3.31(MeOH-d,) and 2.50 (DMSO-dg) for 'H and at & 49.0
(MeOH-d,) and 39.5 (DMSO-d;) for '*C NMR. Low-resolution ESI
mass spectra were recorded on a Thermoquest Finnigan LCQ Deca
connected to an Agilent 1100 series LC. High-resolution mass
measurements were obtained on an LTQ Orbitrap Velos Pro (Thermo
Scientific). Solvents were distilled prior to use, and spectral grade
solvents were used for spectroscopic measurements. HPLC analysis was
performed using a Dionex UltiMate3400 SD coupled to a photodiode
array detector (DAD3000RS) with detection wavelengths at 235, 254,
280, and 340 nm. The separation column (125 X 4 mm,
L X i.d) was prefilled with Eurospher 100-10, C18 (Knauer, Germany).
HPLC analysis of L/p-Ile and L/p-allo-Ile following Marfey’s
derivatization was carried out on the EC 250/4.6 Nucleosil 120-5,
C, (Macherey-Nagel) separation column. Column chromatography was
performed using Sephadex LH-20 or reversed-phase silica (RP C) as
stationary phase. Semipreparative purification was accomplished
on a Merck Hitachi system (pump L7100 and UV detector L7400;
Eurospher 100 C,g 300 X 8 mm, L X i.d; Knauer) with a flow rate of
5.0 mL/min. Thin-layer chromatography (TLC) was performed using
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precoated silica gel 60 F,, plates (Merck) followed by detection under
UV at 254 nm or after spraying the plates with anisaldehyde reagent.

Sponge Material. The sponge was collected by scuba at Ambon,
Indonesia. The sponge was identified as Clathria basilana by Dr. Nicole
de Voogd (Naturalis Biodiversity Center, Leiden, The Netherlands),
and a voucher specimen was deposited at the Naturalis Biodiversity
Center, Leiden, The Netherlands (reference number RMNH POR
8636). The sponge was preserved in a mixture of EtOH and H,0
(70:30) and stored in a —20 °C freezer prior to extraction.

Extraction and Isolation. The thawed sponge material (820 g wet)
was cut into small pieces and exhaustively extracted with MeOH
(3 X 2L) at room temperature (rt). The extracts were combined and
concentrated under vacuum to yield 6.5 g of crude extract. Subsequent
liquid—liquid partitioning afforded n-hexane, EtOAc, n-BuOH, and
aqueous fractions at amounts of 420 mg, 700 mg, 540 mg, and 4.9 g,
respectively. The EtOAc fraction was further purified by column
chromatography on Sephadex LH-20 (MeOH as mobile phase),
followed by reversed-phase vacuum liquid chromatography (RP-VLC)
and semipreparative HPLC in a gradient system of H,0/MeOH,
respectively, to yield 1 (7.7 mg), 2 (2 mg), 3 (1 mg), 4 (4.5 mg),
S (1 mg), 7 (0.8 mg), 1H-indole-3-carbaldehyde (0.6 mg), 1H-indole-3-
carboxylic acid (0.5 mg), 6-bromo-1H-indole-3-carbaldehyde (1.2 mg),
6-bromo-1H-indole-3-carboxylic acid (1 mg), methyl 6-bromo-1H-
indole-3-carboxylate (1 mg), ethyl 6-bromo-1H-indole-3-carboxylate
(1.7 mg), 7-bromo-4(1H)-quinolinone (1 mg), (3-(2-(4-hydroxyphen-
yl)-2-oxoethyl)-5,6-dihydropyridin-2(1H)-one) (2.2 mg), 2-deoxythymi-
dine (2.5 mg), and 4-hydroxybenzoic acid (4 mg). The n-BuOH fraction
was subjected to column chromatography on Sephadex LH-20 (MeOH as
mobile phase), followed by RP-VLC and semipreparative HPLC to yield 6
(5.6 mg).

Microcionamide C (1): white, amorphous solid; [a]*’, —56
(c 0.1, MeOH); UV (4., MeOH) (log ) 201 (3.72), 287 (3.09);
'H (600 MHz) and *C (150 MHz) NMR data (DMSO-dy), Table 1;
HRESIMS m/z 889.5033 [M + HJ]* (caled for C,H;;NgO,S,,
889.5038); HRESIMS/MS m/z 770.4297 [M — E-PEA]* (calcd for
CiHeN,O,S,, 770.4303); 657.3454 [M — (E-PEA + Ile;)]* (calcd for
CyoHoNeOS,, 657.3463).

Microcionamide D (2): white, amorphous solid; [a]*’, —40
(c 0.1, MeOH); UV (4., MeOH) (log €) 210 (3.8), 271 (4.01);
'H (600 MHz) and 3C (150 MHz) NMR data (DMSO-dy), Table S2-1;
HRESIMS m/z 889.5034 [M + H]* (caled for C,H;;N;O,S,,
889.5038); HRESIMS/MS m/z 770.4294 [M — Z-PEA]" (calcd for
CyeHN;O,S,, 770.4294); 657.3451 [M — (Z-PEA + Tle,)]* (caled for
Cy0H5,N¢O(S,, 657.3451); 776.4184 [M — Ile,]* (caled for
CysHgoN-OS,, 776.4184).

Gombamide B (4): white, amorphous solid; [a]*, +28 (c 0.1,
MeOH); UV (4. MeOH) (log &) 212 (4.1), 290 (4.56); 'H (600
MHz) and *C (150 MHz) NMR data (DMSO-d,), Table 2; HRESIMS
m/z 10024572 [M + H]* (caled for CioHgNyO,S,, 1002.4576);
HRESIMS/MS m/z 883.3826 [M — E-PEA]* (calcd for C;;HyoNgOoS,,
883.3826); 6652566 [M — Leu-lle-Glp]* (caled for Cy3H, NO;S,,
665.2566); 546.1833 [M — (E-PEA + Leu-lle-Glp)]* (caled for
CysHpNO;S,, 546.1833).

Gombamide C (5): white, amorphous solid; [a]*’, +16 (c 0.1,
MeOH); UV (4., MeOH) (log €) 214 (4.01), 288 (4.4); 'H (600 MHz)
and "*C (150 MHz) NMR data (DMSO-d), Table S5-1; HRESIMS m/z
10024576 [M + H]* (calcd for CogHgsNoOoS,, 1002.4576); HRESIMS/
MS m/z 883.3826 [M — Z-PEA]* (caled for Cy,HgoNgO,S,, 883.3841);
6652566 [M — Leu-lle-Glp]* (caled for Cy3H,N¢OsS,, 665.2566);
5461833 [M — (Z-PEA + Leu-lle-Glp)]* (calcd for CyH;,N,OsS,,
546.1839).

Gombamide D (6): white, amorphous solid; [a]*’, —6 (c 0.1,
MeOH); UV (4., MeOH) (log ) 210 (38), 271 (4.01); "H (600 MHz)
and C (150 MHz) NMR data (DMSO-d), Table 3; HRESIMS m/z
737.3107 [M + H]* (caled for C;,H,gN3O4S,, 737.3109); HRESIMS/MS
m/z 6232317 [M — ProgNH,]* (caled for Cp;HyNGO,S,, 6232317);
5952367 [M — (ProgNH, + CO)]* (caled for C,qH;)N4O(S,,
595.2367).

(E)-2-Amino-3-methyl-N-styrylbutanamide (7): white, amorphous
solid; [@]*°, —38 (c 0.1, MeOH); UV (4., MeOH) (log €) 220 (3.07),

285 (3.22); 'H (600 MHz) and *C (150 MHz) NMR data (MeOH-d,),
Table 4; HRESIMS m/z 219.1490 [M + H]* (caled for C;3H4)N,O,
219.1492).

Marfey’s Analysis. For acid hydrolysis of the isolated peptides
(1-7), 0.5 mg of each was treated separately with 2 mL of 6 N HCl and
heated at 110 °C for 24 h. The resulting solutions were concentrated,
with consecutive addition of H,O (S mL each) to ensure complete
elimination of HCl. Accordingly, the mixture of 50 uL of each acid
hydrolysate, 100 4L of FDNPL (1% N-(S-fluoro-2,4-dinitrophenyl)-L-
leucinamide in acetone), and 20 uL of 1 M NaHCO; was heated at
40 °C for 1 h with frequent mixing. After cooling, 10 4L of 2 N HCl was
added into the reaction solution. Subsequently, the derivatized product
was concentrated to dryness and prepared for HPLC analysis by
dissolving in 1000 L of MeOH. The same procedure was followed for
L- and D-amino acid standards. HPLC (C,;) analysis of the derivatized
amino acids was performed by comparing their retention times with
those of standards [gradient (MeOH, 0.1% HCOOH in H,0): 0 min
(10% MeOH); S min (10% MeOH); 35 min (100% MeOH); 45 min
(100% MeOH); 25 °C, 1 mL/min] (Table S$8-1). For improved
resolution, HPLC analysis of the derivatized L/p-Ile and L/p-allo-Ile
residues was performed on a C, analytical column [gradient (MeOH,
0.1% HCOOH in H,0): 0% to 60% (MeOH) for 160 min; 25 °C,
1 mL/min] (Table $8-2).'%*

Eukaryotic Cell Lines and Reagents. Acute T cell leukemia cells
(Jurkat J16, no. ACC- 282), Burkitt’s lymphoma B lymphocytes
(Ramos, no. ACC-603), acute promyelocytic leukemia cells (HL-60, no.
ACC-3), and acute myeloid leukemia cells (Nomo-1, no. ACC-542)
were obtained from the German Collection of Microorganisms and
Cell Cultures (DSMZ). Wild-type murine embryonic fibroblasts
(kindly provided by Xiaodong Wang)** expressing mCitrine-hLC3B
were generated by retroviral gene transfer using pMSCVpuro/mCitrine-
hLC3B. To generate pMSCVpuro/mCitrine-hLC3B, full-length human
MAPILC3B c¢DNA was cloned into pMSCVpuro/mCitrine vector
(kindly provided by Michael Engelke, University of Géttingen). All cell
lines were grown at 37 °C under humidified air supplemented with 5%
CO, in RPMI 1640 (HL-60, Jurkat J16, Nomo-1, Ramos) or DMEM
(mCitrine-hLC3B-MEF) containing 10% fetal calf serum, 19% HEPES,
120 IU/mL penicillin, and 120 ug/mL streptomycin. The broad-range
caspase inhibitor N-(2-quinolyl)-L-valyl-L-aspartyl-(2,6-difluorophe-
noxy) methyl ketone [(QVD) #SML0063], the autophagy inhibitor
bafilomycin Al [(Baf. Al) #B1793], and the kinase inhibitor stauro-
sporine [(STS) #85921], used as positive control for induction of
apoptosis, were obtained from Sigma-Aldrich. The profluorescent
caspase-3 substrate Ac-DEVD-AMC was purchased from Biomol
(#ABD-13402). Human ovarian carcinoma (A2780) cells were obtained
from ECACC (Salisbury, Wiltshire, UK) and cultivated in RPMI-1640
medium supplemented with 10% fetal bovine serum, 120 ug/mL strepto-
mycin, and 120 U/mL penicillin. Cells were grown at 37 °C in a humid-
ified atmosphere containing 5% CO,.

Determination of Eukaryotic Cell Viability. HL-60, Jurkat 16,
Nomo-1, and Ramos cells were seeded at a density of 5 X 10° cells/mL
and incubated with different concentrations of compounds 1, 2, and 3
for 24 h. Cells treated with DMSO (0.1% v/v) for 24 h were used as the
negative control. After the incubation period MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; Calbiochem #475989)
was added to the cells to a final concentration of 1 mg/mL, and the cells
were incubated further for 60 min and then centrifuged at 600 rcf for
S min. The medium was aspirated, and 100 4L of DMSO was added to
each well to extract the formazan product from the cells. After 25 min of
incubation on a shaker at rt, the absorbances at 650 nm (reference
wavelength) and S70 nm (test wavelength) were measured using
a multiplate reader (Synergy Mx, BioTek). Viability and ICs, values
(IC, = half-maximal inhibitory concentration) were calculated
using Prism 6 (GraphPad Software). Relative viability in DMSO
(0.1% v/v)-treated control cells was set to 100%. A2780 cells were
plated into 96-well microtiter plates (approximately 9000 cells/well)
(Sarstedt) and preincubated with growth medium overnight. Then, cells
were incubated with increasing concentrations of test compounds
for 72 h. After 72 h, 25 uL of a solution of MTT was added to each
well. After approximately 10 min, formazan crystals were formed, and
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medium was removed. Formazan crystals were then dissolved in 75 uL
of DMSO. Absorptions were measured at 544 nm (test wavelength) and
690 nm (reference wavelength) using the BMG FLUOstar (BMG
Labtechnologies, Offenburg, Germany). Absorption of the reference
wavelength was subtracted from the absorption of the test wavelength.

Determination of Antibacterial Activity. MIC values for
bacterial strains were determined in cation-adjusted Mueller-Hinton
broth by the broth microdilution method according to the recom-
mendations of the Clinical and Laboratory Standards Institute (CLSI).*®
For preparation of the inoculum the direct colony suspension method
was used. Briefly, serial 2-fold dilutions of test compounds were
prepared in microtiter plates and seeded with a final bacterial inoculum
of § X 10° colony forming units per mL (CFU/mL). After 16 to 20 h at
37 °C and ambient air, the minimal inhibitory concentration was read as
the lowest compound concentration preventing visible bacterial growth.
The strain panel included antibiotic-susceptible CLSI quality control
strains obtained from the American Type Culture Collection as
indicated by the ATCC strain label. E. faecium BM 4147-1 is a clinical
isolate cured of its vancomycin resistance plasmid,’® and A. baumannii
09987 is a dlinical isolate from the University of Bonn, Germany.

Cells of M. tuberculosis H37Rv were grown aerobically in Middle-
brook 7H9 medium supplemented with 10% (v/v) ADS enrichment
(5%, w/v, bovine serum albumin fraction V; 2%, w/v, glucose; 0.85%,
w/v, sodium chloride), 0.5% (v/v) glycerol, and 0.05% (v/v) tyloxapol
at 37 °C. For the determination of MIC against M. tuberculosis, bacteria
were precultured until log-phase (OD4gg,,, = 0.5—1) and then seeded at
1 X 10° cells per well in a total volume of 100 4L in 96-well round-
bottom microtiter plates containing 2-fold serially diluted compounds at
a concentration range of 100—0.78 4M. Microplates were incubated at
37 °C for § days. Afterward, 10 uL/well of a 100 ug/mL resazurin
solution was added and incubated at ambient temperature for a further
16 h. Then cells were fixed for 30 min after formalin addition (5%, v/v,
final concentration). For viability determination, fluorescence was quan-
tified using a microplate reader (excitation $40 nm, emission 590 nm).
Percentage of growth was calculated relative to rifampicin-treated
(0% growth) and DMSO-treated (100% growth) controls.

Western Blot Analysis. Ramos cells were treated for the indicated
durations with 1 yM of 1, 1 uM of 2, or 10 uM of 3, respectively.
Co-incubation with the caspase inhibitor QVD at a concentration of
10 M was used as proof of caspase dependency of the observed effects.
Subsequently, cells were pelletized at 600 rcf at 4 °C for 5 min, washed
with phosphate-buffered saline (PBS), and frozen in liquid nitrogen.
The cells were lysed in ice-cold lysis buffer [20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 10 mM NaF, 2.5 mM
Na,P,0,, 10 uM Na,MoO,, 1 mM Na,VO,, protease inhibitor cocktail
(Sigma #P2714)]. The lysates were cleared from cell debris by cen-
trifugation at 11000 rcf at 4 °C for 15 min, and the total protein
concentration was measured by Bradford assay and adjusted to equal
concentrations. After loading with Laemmli buffer and heating to 95 °C
for 5 min, 25 ug of the protein extract was separated by SDS-PAGE
[10% tris-glycine polyacrylamide gel (v/v)] and transferred to a PVDF
membrane by Western blotting according to the standard protocol.
Analysis of proteins of interest was performed using primary mouse
antibodies to poly(ADP-ribose) polymerase-1 (Enzo Life Sciences
#BML-SA250) or f-actin (Sigma-Aldrich #AS5316) and IRDye800-
conjugated secondary antibodies (LI-COR Biosciences #926-32210/11).
Signals were detected with an infrared imaging system.

Caspase-3 Activity Assay. Caspase activity was analyzed as
previously described.’’ Briefly, Jurkat J16 cells and Ramos cells were
seeded at a density of 1 X 10° cells/mL in 96-well microtiter plates and
incubated with different concentrations of 1, 2, and 3 for the indicated
times. Cells treated with DMSO (0.1% v/v) were used as negative con-
trol. After the incubation period, cells were harvested by centrifugation
at 600 rcf at 4 °C and lysed by incubation with ice-cold lysis buffer
(20 mM HEPES, 84 mM KCl, 10 mM MgCl,, 200 4M EDTA, 200 uM
EGTA, 0.5% NP-40, 1 ug/mL leupeptin, 1 ug/mL pepstatin, 5 ug/mL
aprotinin)) for 10 min. After addition of 150 L of reaction buffer
(50 mM HEPES, 100 mM NaCl, 10% sucrose, 0.1% CHAPS, 2 mM
CaCl,, 13.35 mM DTT, 70 uM DEVD-AMC) per well, fluorescence
(Ex 360 nm, Em 450 nm) was measured at 37 °C over a time course of
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150 min using a multiplate reader (Synergy Mx, BioTek). Caspase
activity was determined as the slope of the resulting linear regressions.
Data points shown are the mean of triplicates; error bars = SD. Values
are normalized to DMSO (0.1% v/v)-treated cells (fold change = 1.00).

FACS-Based Analysis of Autophagy. The FACS-based analysis of
autophagy was adapted from a protocol previously described by Shvets
et al.** MEF cells stably expressing mCitrine-hLC3B were cultured in
the indicated medium for 4 h with bafilomycin Al (10 nM) and
compound 1, 2, or 3 (10 M), harvested with 0.05% trypsin-EDTA, and
washed once with PBS. Subsequently, the intensity of mCitrine
fluorescence was analyzed by flow cytometry using FACSDiva software.
Reduction of mCitrine-hLC3B compared to medium control indicates
autophagy induction. Baf. Al served as positive control for inhibition of
autophagy. Co-treatment with QVD was performed to exclude caspase-
dependent processes.

Bacterial Reporter Gene Assay. For mode of action studies, five
bacterial reporter strains were constructed in the genetic background of
B. subtilis 1534, each carrying one of the following promoters fused to
the f3-galactosidase reporter gene and inserted into the chromosomal
amyE locus. Induction of the yorB promoter indicates DNA damage,
the helD promoter (synonym yugS) senses RNA damage, and the
bmrC promoter senses translation arrest. Induction of the ypuA or lial
(synonym yvgl) promoters indicates cell envelope stress. Promoter
regions were chosen according to a previous publication by Urban
et al.*® For the agar-based reporter gene assay 20 mL of lysogeny broth
(LB) containing spectinomycin (50 ug/mL) were inoculated with 500 uL
of an overnight culture of B. subtilis 1S34 and grown to the stationary
phase. Cells were adjusted to a total cell number of 3 X 10’ CFU/mL in
50 mL of LB soft agar (0.7% agar) containing 150 yg/mL of S-bromo-4-
chloro-3-indolyl-f-p-galactopyranoside (X-Gal) and poured into a
square Petri dish. After solidification, test compounds (20 nmol) were
spotted onto the agar plates. Paper discs (Oxoid) containing the
following reference antibiotics were used as positive controls: bacitracin
(10 ug), chloramphenicol (10 ug), ciprofloxacin (S ug), rifampicin
(30 ug), and vancomycin (30 ug). Plates were analyzed for promoter
induction after incubation at 30 °C for 14 to 18 h. In the case of the bmrC
promoter, soft agar was prepared from Belitzky minimal medium, and
the plates were incubated at 37 °C.*

Measurement of Bacterial Membrane Potential. Determina-
tion of membrane potential changes upon antibiotic treatment was
performed using the membrane potential-sensitive fluorescent dye
3,3'-diethyloxacarbocyanine iodide (DiOC,(3), Molecular Probes).
S. aureus NCTC 8325 was grown to the exponential phase in LB
medium, harvested, and resuspended to an optical density at 600 nm
(ODggo) of 0.5 in PBS. Cells were incubated with 30 uM DiOC,(3)
for 15 min and subsequently treated with compounds 1 and 3 at
different concentrations for 30 min. The protonophore carbonyl cyanide
m-chlorophenyl hydrazone (Sigma-Aldrich) at a concentration of S uM
was used as a positive control and DMSO as a negative control. Fluo-
rescence was measured 30 and 60 min after addition of the respective
compound at an excitation wavelength of 485 nm and two emission
wavelengths, S30 nm (green) as well as 630 nm (red), using a microplate
reader (TECAN Infinite M200). Increased membrane potential promotes
intracellular dye accumulation, self-association of which causes a red-shift
of the fluorescence emission signal.
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$1-5. TOCSY NMR (DMSO-d;, 600 MHz) spectrum of 1
g Mass Spectrum SmartFormula Report s
Analysis Info Acquisition Date  1/5/2016 2:58:54 PM
Analysis Name D:\Data\spektren 2016\Proksch16HR000001.d
Method tune_low_new.m Operator ~ Peter Tommes
Sample Name  Amin Mokhlesi CE1SiA1P2 (CH30H) Instrument maXis 288882.20213
Comment 2 ug/ml
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 m/iz Set End Plate Offset  -500 V Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
lntens.j +MS, 4.0-4.1min #239-248|
5000 889.5033
4000
30001
890.5063
20001
10007 8915052
890.0054 892.5056
0 r . A » . A .
888 889 890 891 892 893 894 miz
Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
8895033 1 C43H77N4O11S2 889.5025 -10 492 1 100.00 75 even ok
2 C41H65N180S2 889.5025 -1.0 536 2 86.79 185 even ok
3 C44H73N807S2 889.5038 05 57.3 3 9507 125 even ok
4 C45HE9N1203S2 889.5052 20 66.4 4 3139 175 even ok
5 C56HB69N6S2 889.5020 -16 1155 5 474 255 even ok
6 C60H7302S2 889.5047 185 129.2 6 233 245 even ok
S1-6. HRESIMS spectrum of 1
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Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date  1/5/2016 3:04:23 PM
Analysis Name  D:\Data\spektren2016\Proksch16HR000002.d
Method tune_low_new.m Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE1SiA1P2 (CH30H) Instrument maXis 288882.20213
Comment 2 ug/ml
Acquisition Parameter
Source Type ESI lon Polarity Paositive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 lfmin
Scan End 1500 miz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. | +MS2(889.5034), 35.0eV, 2.0-3.1min #14-22|
7704297 289.5034
*

4000

3000

20004

6573454
1000
- 355.0692
Sl 429.0884 544.2621 l
0 i) P (Y | QUOR T o e 111 ol e 0y e .
200 300 400 500 600 700 800 900 miz
Meas.m/z # lonFormula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
657.3454 2 (C30H52N606S2  657.3463 13 221 4 7545 75 even ok
770.4297 3 C36HB64N7Q7S2 770.4303 08 98 3 9980 85 even ok

S1-7. HRESIMS/MS spectrum of 1
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S2. Microcionamide D (2)

S2-1. Table of 'H (600 MHz), **C (150 MHz), HMBC, and ROESY NMR Data (DMSO-dj, d in
ppm) of Microcionamide D (2)

Unit  Position J,,” type oy (Jin Hz) HMBC ROESY”
Z-PEA NH 9.46,d (10.5)  Cys;-CO Cysi-a,
Cys;-NH
« 121.1,CH  6.72,d(10.0)  Cys;-CO, Z-PEA-f, Z-PEA-1
B 110.8,CH  5.74,d(10.0)  Z-PEA-a, Z-PEA-1, Z-PEA-
2/6
aromatic 1:134.7,C
2:127.9,CH 17.35° Z-PEA-B, Z-PEA-1, Z-PEA-
6, Z-PEA-4
3:1283,CH 7.35° Z-PEA-1, Z-PEA-5, ZZPEA-4
4:126.4,CH 7.24,m Z-PEA-2/6
5:128.3,CH 7.35° Z-PEA-1, Z-PEA-3, Z-PEA-4
6:127.9,CH 7.35° Z-PEA-,, Z-PEA-1, Z-PEA-
2, Z-PEA-4
Cys) NH 8.24,brs Z-PEA-
NH, Ilez-a
[¢0) 168.0, C
o 51.7,CH 4.62° Cys-CO, lle-CO, Cys|-# ~ Z-PEA-NH
B 40.9, CH, 3.07,brt (11.0); Cys;-a, Cys;-CO
3.28°
Ile, NH 7.77,brs
[e0) 170.9, C
P 57.2,CH 4.01,brt(8.5)  Ilex-CO, Iles-CO, Ilex-p, Ile;- Cysi-NH
7, Llep-y’
B 343,CH 1.77, m Tley-o:
y 24.3, CH, 1.07, m; 1.48, m Ile;-a
Y 15.1, CH; 0.78° Tles-0:
J 11.0, CH; 0.81%
Iles NH nd.*
[¢0) 170.5
« nd.’ 4.08°
B 36.4, CH 1.79, m
y 24.4, CH, 1.07, m; 1.51, m
Y 15.2, CH; 0.89°
P) 11.0, CH; 0.83%




Iles NH 7.39°
(60) nd.®
o 57.0,CH 4.31,brs Iles-8
B 35.9,CH 2.08, brs
y 23.5, CH, 1.16,m; 1.33, m
7 15.6, CH; 0.87°
d 11.1,CH;  0.86°¢
Iles NH 8.59,d (9.3) Cyss-CO Cyse-a
(60) 170.4,C
a 58.0,CH 4.17, dd (9.7, Iles-CO, Cyss-CO, Iles-ff, Cyse-a
7.5) Iles-y, Iles-y’
B 36.4,CH 1.80, m Iles-a Iles-a,
Cyses-NH,
Cyss-a
y 24.3, CH, 1.08, m; 1.41, m Iles-a
y 15.2, CH; 0.84° Iles-a
o 10.9, CH; 0.80%7
Cyss NH 8.82,brd (7.0) Ile;-CO Iles-a, Iles-
B, ez,
Iles-B
(60) 168.6, C
a 52.5,CH 4.61° Ile7-CO Iles-NH,
Iles-a, Iles-
¢4
B 40.2, CH, 3.19, m; 3.35, m
Ile; NH, 8.06, brs
(60) 167.8,C
a 56.1, CH 3.66,brt (5.0) Ile;-CO, Iles-p, lles-y, lle-y”  Cyse-a,
Cyss-NH
p 36.2,CH 1.79, m Iles-a Cyse-NH
y 23.4, CH, 1.10, m; 1.46, m Ile;-a Cyse-NH
y’ 14.2, CH; 0.89¢ Ile7-a
0 10.8, CH; 0.83%7

“Data extracted from HSQC and HMBC spectra. "Sequential NOEs. “Signal overlap prevents
determination of couplings. dAssignments within the same column may be interchanged. ‘n.d. :

not detected
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S2-3. HMBC NMR (DM SO-ds, 600 MHz) spectrum of 2
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S2-4. ROESY NMR (DMSO-d,, 600 MHz) spectrum of 2
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§2-5. HSQC NMR (DMSO-ds, 600 MHz) spectrum of 2
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Mass Spectrum SmartFormula Report

Analysis Info

Analysis Name  D:\Data\spektren 2016\Proksch16HR000193.d

Acquisition Date  7/21/2016 9:27:49 AM

Method tune_low_new.m Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE1 RP100b P& (CH30H) Instrument maXis 288882.20213
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 Umin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 3.6-3.7min #216-220
x105 a¥
889,5034
3.
! 1+
2 890.5061
11 1+
1 m 91,5050 i
830.0046 e 8925051 ir
N A 8910049 i 893.5047
0 888 889 " 890 891 892 803 894 "miz
Meas.m/z # lon Formula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
8895034 1 C43H77N4011S2 889.5025 -1.0 259 g 89.32 75 even ok
2 C41HB65N18082 889.5025 -11 282 2 8428 185 even ok
3 C44H73NBO7S2  889.5038 0.5 325 3 10000 125 even ok
4 C45H69N120352 888.5052 20 40.9 4 3659 175 even ok
5 C56HE69N6S2 889.5020 -16 89.9 5 7.83 255 even ok
6 C60H730252 889.5047 1.4 103.7 6 471 245 even ok

S2-8. HRESIMS spectrum of 2

Mass Spectrum SmartFo

rmula Report

Analysis Info

Analysis Name  D:\Data\spektren 2016\Proksch16HR000194.d

Acquisition Date  7/21/2016 9:31:56 AM

Method tune_low_new.m Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE1 RP100b P8 (CH30OH) Instrument maXis 288882.20213
Comment
Acquisition Parameter -
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Vmin
Scan End 1500 m/iz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
In;e:'tnsd. +MS2(889.5023), 45.0eV, 0.6-1.2min #37-72]
657:3451
15
SatgEA 776,4184
1.0 889.5023
2271753 3402592 4314777
0.5 2961967
S
0.0+
200 300 400 500 600 700 800 900 miz
Meas. miz # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
657.3451 2 C30H52N606S2 657.3451 1.8 83 4 5433 75 even ok
770.4294 3 C36HB4NTO7S2 7704294 08 9.8 8 9980 B85 even ok
776.4184 4 C38HBON708S2 776.4184 g Iy 125 4 5523 11.5 even ok

S2-9. HRESIMS/MS spectrum of 2
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S3. Microcionamide A (3)
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S3-1. "H NMR (MeOH-d,, 600 MHz) spectrum of 3
S4. Gombamide B (4)
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S4-1. "H NMR (DMSO-d;, 600 MHz) spectrum of 4
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S4-3. HMBC NMR (DMSO-ds, 600 MHz) spectrum of 4
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S4-4. ROESY NMR (DMSO-ds, 600 MHz) spectrum of 4
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S4-5. HSQC NMR (DMSO-ds, 600 MHz) spectrum of 4
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S4-6. TOCSY NMR (DMSO-ds, 600 MHz) spectrum of 4
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S4-7. COSY NMR (DMSO-ds, 600 MHz) spectrum of 4

133



134

Analysis Info
Analysis Name

~Mass Spectrum SmartFormula Report

Acquisition Date

D:\Data\spektren 201 6\Proksch16HR000010.d

1/8/2016 9:34:08 AM

Method tune_low_new.m Operator  Peter Tommes
Sample Name ~ Amin Mokhlesi CE2RP70P1 (CH30H) Instrument maXis 288882.20213
Comment 2 ug/ml
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 l/min
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. | +MS, 2.4-2.6min #143-156
1002.4572
6000
4000+ } 1003.4603
2000 [
1004.4608
] } 1005.4618
T T T T T T A T T T T
1001 1002 1003 1004 1005 1006 1007 m/z
Meas. m/z # lonFormula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
1002.4572 1 (C49H72N5013S2 1002.4563 -0.9 65.7 1 100.00 165 even ok
2 C47HBON1903S2 1002.4562 -0.9 69.7 2 8593 275 even ok
3 C50H68N909S2 1002.4576 0.4 741 3 9565 215 even ok
4 CB51HB4N130552 1002.4589 17 83.1 4 3036 265 even ok
5 C62H64N702S2 1002.4557 -14 134.0 5 286 345 even ok
6 C66HBBNO4S2 10024584 1.2 135.6 6 352 335 even ak

S4-8. HRESIMS spectrum of 4

_Mass Spectrum SmartFormula Report

Analysis Info

Analysis Name

Acquisition Date  1/19/2016 2:17:52 PM

D:\Data\spektren 2016\Proksch16HR000029.d

Method tune_low_new.m Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE2RP75P2 (CH30H) Instrument maXis 288882.20213
Comment 2 ug/ml :
Acquisition Parameter - O e
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Umin
Scan End 1500 m/iz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS2(1002.4557), 40.0eV, 4.9-6.3min #243-259
10024557
3000+
2000
5962352 883.3826
- 10001 o 665.2566
3603235 546.1833 1 -
477.1617 -3899
oL, JlJ | Ly l by ’ N L
300 400 500 600 700 800 900 1000 miz
Meas.m/z # lonFormula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule

5461833 2 C25H32N50552  546.1833 1.2 68.7 10 3045 125 even ok

665.2566 3 C33H41N605S52 665.2566 1.2 853 15 2160 165 even ok

883.3826 4 C42H59N80O9S2  883.3826 s 7 47.2 25 2811 175 even ok

S4-9. HRESIMS/MS spectrum of 4



S5. Gombamide C (5)

S5-1. Table of 'H (600 MHz), *C (150 MHz), and HMBC NMR Data (DMSO-d;, J in ppm) of

Gombamide C (5)
Unit Position  d,” type on (J in Hz) HMBC
Cys) NH 7.89, br d (8.6) Phe-CO
co 168.4,C
a 51.5,CH 4.76°
B 41.7,CH,  2.91,dd (14.4, 12.4); 3.14,
dd (14.4,3.4)
ZPEA NH 9.72, brd (10.1) Cys;-CO
o 121.3,CH  6.71,dd (10.1,9.7) Cysi-CO, Z-PEA-f
B 111.6,CH  5.79,d (9.7) Z-PEA-a, Z-PEA-2/6, Z-PEA-1
aromatic 1:135.2,C
2:128.1,CH 7.38”
3:128.4,CH 1738
4:126.6,CH 17.38"
5:1284,CH 738"
6:128.1,CH 7.38"
Phe NH 9.00, br d (8.8)
co 170.5, C
o 53.4,CH 4.75° Phe-CO, Phe-, Pro;-CO
B 34.1,CH, 298 m Phe-o, Phe-1, Phe-2/6
aromatic 1:138.0,C
2:129.1,CH 7.40,brd (7.5) Phe-f3, Phe-6, Phe-4
3:128.0,CH 7.28,brt(7.5) Phe-1, Phe-5
4:126.1,CH 7.19, brt (7.5) Phe-2/6
5:128.0,CH 7.28,brt(7.5) Phe-1, Phe-3
6:129.1,CH 7.40,brd (7.5) Phe-f3, Phe-6, Phe-4
Pro; co 171.2,C
o 60.7, CH 4.34,d (8.0) Pro;-CO, ProsCO, Pros-f,
Pros-y, Pros-0
B 31.1, CH; 1.72, m; 1.87, m
y 20.0, CH, 1.42, m; 0.58, m
o 459,CH,  3.28m
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Pro4 CO

Cyss NH

Leu NH

” R ™ R

Ile NH
CO

Glp NH

169.2, C
59.0, CH
30.1, CH,
21.6, CH,
46.7, CH,

167.9,C
48.1,CH
37.9, CH,

170.3,C
50.3, CH
41.0, CH,
23.8,CH
21.2, CH;
23.2, CH;

1705, C
56.8, CH

35.4,CH
24.0, CH,

15.2, CH3
10.2, CH3

172.2,C
1774, C
55.0,CH
25.2, CH;
28.8, CH,

4.80, dd (8.8, 3.0)
1.86, m; 2.22, m
1.74, m
3.34,m;3.47, m
8.00, br d (10.0)

4.55,td (10.0, 5.1)

2.58,dd (13.0, 10.0); 3.20,

dd (13.0, 5.1)
8.04, br d (9.9)

4.47,ddd (9.9, 8.6, 6.1)

1.58, m

1.62, m
0.85,d (6.5)
0.88, d (6.6)
8.06, brd (8.7)

4.15,t(8.5)

1.72, m
1.01,m;1.42, m

0.75,d (6.8)
0.71,t(7.4)
7.80, s

4.09, dd (8.7, 3.6)
1.79, m; 2.22, m
2.05, m; 2.09, m

Pros-y

Leu-CO

Leu-CO, Cyss-CO, Cyss-f
Cyss-a, Cyss-CO

Leu-CO, Leu-p, Ile-CO
Leu-a, Leu-d, Leu-0’, Leu-CO

Leu-f, Leu-o’
Leu-p, Leu-0

Glp-CO, 1le-CO, Ile-p, Ile-y,
Ile-y

Ile-a, Ile-o

Ile-a, Ile-0

Ile-a

Ile-4, Ile-y

Glp-CO’, Glp-a, Glp-p, Glp-y

Glp-CO’, Glp-4, Glp-y
Glp-CO, Glp-a
Glp-a

“Data extracted from HSQC and HMBC spectra. "Signal overlap prevents determination of

couplings.
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$5-3. HMBC NMR (DMSO-ds, 600 MHz) spectrum of 5
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§5-5. TOCSY NMR (DMSO-ds, 600 MHz) spectrum of 5
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Mass Spectrum SmartFormula Report

Acquisition Date  3/27/2015 1:47:25 PM

D \Data\Spektren 2015\Proksch15HR000119.d
tune_midneu.m Operator ~ Peter Tommes
Amin CE2RP70P3 in CH30H (ACN/H20) Instrument  maXis 288882.20213
B c.q;;isition Parameter
e Type ESI lon Polarity Positive Set Nebulizer 03 Bar
Active Set Capillary 4000V Set Dry Heater 180 °C
300 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 /min
2800 m/z Set Collision Cell RF 2500.0 Vpp Set Divert Valve Source
Intens. +MS, 5.8-5.9min #349-354
x104
1002.4576
1.5
1.0 1003.4607
0.51
10044602
1 Jt 1005.4604
0.0 . y - Y —A ; : .
1000 1002 1004 1006 1008 1010 miz
Meas.m/z # lonFormula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
1002.4576 1 C43HB0N1908S 1002.4587 1.2 5.6 1 6586 235 even ok
2 CA42HB4N15012S 1002.4574 -0.1 121 « 2 10000 1B5 even ok
3 C45H72N5018S 1002.4588 1.2 14.0 3 56.06 125 even ok
4 CA49HB4N90O14 1002.4567 -0.8 14.2 4 6898 225 even ok
5 C53HB8N3016 1002.4594 1.8 209 5 3137 215 even ok
6 CS50H60N13010 1002.4581 0.5 224 6 6871 275 even ok
7 C44H76N022S 1002.4574 -0.1 229 7 80.22 7.5 even ok
8 C47H52N2304 1002.4567 -0.8 273 8 4136 335 even ok
9 C51H56N1706 1002.4594 1.8 353 9 17.97 325 even ok
10 C48H48N27 1002.4581 0.5 37.2 10 38.54 385 even ok
11 C49H72N5013S2  1002.4563 -1.3 39.3 i1 2925 16.5 even ok
12 C47H60N1903S2 1002.4562 -1.3 40.4 12 28.20 275 even ok
13 C50H68N909S2 1002.4576 0.0 455 13 4691 215 even ok
14 CS54HBON1305S  1002.4556 -2.0 50.3 14 1312 315 even ok

S5-6. HRESIMS spectrum of 5

Analysis Info
Analysis Name

~Mass Spectrum SmartFormula Report

D:\Data\spektren 2016\Proksch16HR000030.d

Acquisition Date  1/19/2016 3:13:09 PM

Method !um_a_low_new_.rn Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE2RP75P3 (CH30H) Instrument makXis 288882.20213
Comment 2 ug/ml l
Acquisition Parameter - i
Source Type ESI lon Polarity Positive Set Nebuliz
5 er ¥
Focus Not active Set Capillary 4000 V Set Dry Heater ?Eaﬂs'?:r
Scan Begin 50 miz Set End Plate Offset  -500 V' Set Dry Gas 4.0 lmin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens.
ntens +M52(1002.4576), 40.0eV, 5.2-7.0min #281-310)
3000 1002.4576
2000 883.3826
596.2343
665.2566
1000
360.3217
546.1833
0 | A 3 L ; - [ 1}
400 600 700 800 900 1000 miz
Meas.m/z # lonFormula miz err[ppm] mSi i ¥
gma #mSigma Score rdb e Conf N-Rule
546.1833 2 C25H32N505S2 546.1839 0.2 156 85 10000 25 even ok
665.2566 3 C33H41N6O5S2  665.2566 1.4 321 1.0 98.38 13:5 even ok
883.3826 4 C42H59N8O9S2 883.3841 13 18.5 19 66.25 85 even ok

S5-7. HRESIMS/MS spectrum of 5
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S6. Gombamide D (6)
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S6-2. *C NMR (DMSO-d;, 150 MHz) spectrum of 6
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Analysis Info
Analysis Name
Method
Sample Name
Comment

~Mass Spectrum SmartFormula Report

D:\Data\spekiren 2016\Proksch16HR000026.d

tune_low_new.m

Amin Mokhlesi CB2Si3P2 (CH30H)

2,0 ug/mi

Acquisition Date

Operator
Instrument makXis

Peter Tommes
288882.20213

1/18/2016 1:16:26 PM

Acquisition Parameter

Source Type

ESI

lon Polarity Pasitive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 Umin
Scan End 1500 m/z Set Callision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. .
e +MS, 2.2-2.2min #132-134|
104 737.3107
0.8
0.6
0.44
7383132
0.2
739.3110
0.0 - — — . . :
736 737 738 739 740 741 miz
Meas.m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
737.3107 1 C31H53N4012S2 737.3096 -1.5 89.6 1 82.52 7.5 even ok
2 C28H41N1802S2 737.3096 -1.5 946 2 73.52 185 even ok
3 C32H49NB80O8S2 737.3109 0.3 97.8 3 100.00 125 even ok
4 (C48H4903S2 737.3118 1.4 165.3 4 122 245 even ok

S6-7. HRESIMS spectrum of 6

Mass Spectrum SmartFormula Report

Analysis Info
Analysis Name

D:\Data\spektren 2016\Proksch16HR000027.d

Acquisition Date  1/18/2016 1:19:01 PM

Method tune_low_new.m Operator  Peter Tommes
Sample Name  Amin Mokhlesi CB2Si3P2 (CH30H) Instrument maxXis 288882.20213
Comment 2,0ug/ml
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 l/min
Scan End 1500 miz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS2(737.3109), 40.0eV, 0.3-1.0min #20-60
623.2317
40001
? 737.3109
30001 595.2367, 2
522,2381
20004
115.0866 494.2432
% 1000 S 557.2573
S 208134 : l- 709.3164
b pagses | ! b Ll . 1 ‘
100 200 300 400 500 600 700 miz
Meas.m/z # lon Formula m/z errfopml mSiama #mSiama Score rdb e Conf N-Rule
5952367 2 (C26H39N60O652 595.2367 -0.1 491 12 5282 105 even ok
623.2317 3 C27H39NBO7S2  623.2317 -0.1 57.8 15 4461 115 even ok

S6-8. HRESIMS/MS spectrum of 6
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S7. (E)-2-amino-3-methyl-N-styrylbutanamide (7)
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S7-1. '"H NMR (MeOH-d4, 600 MHz) spectrum of 7
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S$7-2. *C NMR (MeOH-d4, 600 MHz) spectrum of 7
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S$7-3. HMBC NMR (MeOH-d4, 600 MHz) spectrum of 7
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Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date  7/21/2016 10:03:47 AM
Analysis Name D:\Data\spektren 2016\Proksch16HR000195.d
Method tune_low_new.m 4 Operator  Peter Tommes
Sample Name  Amin Mokhlesi CE3 Si4 P3 (CH30H) Instrument maXis 288882.2021.
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 limin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. | +MS, 3,8-4,1min #228-245
x104 2351440
2.Uj )
1.57
250.0861
1.04
0.51 219.1490
275.1364
{ woma2s e | s 267.1700
0.0~} R T S | !._I.‘I']Tn'lY 1 |'..l‘.‘. ,l‘,l.* . il |-|]-'"| ‘|
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Meas. m/z # lonFormula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2191480 1 C13H19N20 219.1492 0.9 10.8 1 100.00 55 even ok
2351440 1 C13H19N202 235.1441 0.5 26 1 100.00 55 even ok
250.0861 1 C16H12NO2 250.0863 0.5 3z 1 10000 115 even ok
253.1545 1 C13H21N203 253.1547 0.7 131 1 10000 45 even ok

S7-5. HRESIMS spectrum of 7
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S8. Marfey’s analysis

S8-1. Table of HPLC (C;s) retention times of acid hydrolysates of 1-7 using Marfey’s method

Amino acid  Standard 1 2 3 4 5 6 7
L-Cys 20.0 19.9 19.8 20.4 19.9 20.0 20.0

D-Cys 21.2

L-Ile 214 21.4 21.3 219 20.8 21.0

p-lle 242

L-Leu 217 213 215 21.5
D-Leu 243

L-Val 14.5

D-Val 19.4 19.9 19.4
L-Pro 8.8 8.5 8.5 8.8

D-Pro 114

L-Glu 12.4 12.3 124 12.3

p-Glu 14.2

L-Phe 20.9 20.8 21.0

D-Phe 23.3
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S8-2. Table of HPLC (C,) retention times for L-Ile and L-allo-Ile of 1-5 using Marfey’s method

Amino acid  Standard 1 2 3 4 5

L-Ile 40.6 404 40.6 40.2 40.5 40.5

L-allo-Ile 39.5

120 Marfey 160min 25C #4 Marfey 160min DLallo UV_VIS_1
-mAU WVL:235 nm
7 D-allo-Ile
L-allo-lle
50-
s .
'60"'I'"l"'l"'I"'I"‘mm
20,0 30,0 40,0 50,0 60,0 70,0 80,0
S8-2-1. HPLC chromatogram of derivatized L- and D-allo-Ile standards
160*Marfey 160min 25C #3 Marfey 160min DLallo+Llle 2 UV_VIS_1
-mAU WVL:235 nm
1 D-allo-1le
100 L-allo-lle/L-Ile

S8-2-2. HPLC chromatogram of derivatized D-allo-Ile, L-allo-1le, and L-Ile standards
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S9. Structures of known compounds
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13 R=Br; R'=OCH,CH3

OH

15

S9-1. Structures of known compounds, including 1H-indole-3-carbaldehyde (8), 1H-indole-3-carboxylic
acid (9), 6-bromo-1H-indole-3-carbaldehyde (10), 6-bromo-1H-indole-3-carboxylic acid (11), methyl 6-
bromo-1H-indole-3-carboxylate (12), ethyl 6-bromo-1H-indole-3-carboxylate (13), 7-bromo-4(1H)-
quinolinone  (14),  (3-(2-(4-hydroxyphenyl)-2-oxoethyl)-5,6-dihydropyridin-2(1H)-one)
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HN)KJ( 0. _OH
O)\N H
0
OH
OH
OH
16 17

deoxythymidine (16), and 4-hydroxybenzoic acid (17).

(15),
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S10. Bioactivity results
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S10-1. Cytotoxicity effects of 1-3 on human lymphoma and leukemia cell lines, measured by MTT assay.
(A) Ramos (Burkitt’s lymphoma), (B) Jurkat J16 (acute T cell leukemia), (C) Nomo-1 (acute myeloid
leukemia) and (D) HL-60 (acute promyelocytic leukemia) cells were seeded at a density of 5 x 10°
cells/mL and incubated with increasing concentrations of 1, 2 and 3, respectively. Cells treated with
DMSO (0.1% v/v) for 24 h were used as the negative control. After an incubation period of 24 h cell
viability was monitored using the MTT assay as described in methods. Relative viability in DMSO-
treated control cells was set to 100%. Data points shown are the mean of triplicates, error bars = SD.
Viability and ICs, values (ICs, = half maximal inhibitory concentration) were calculated using Prism 6
(GraphPad Software).



S10-2. Table of antibacterial activity of new 1-7 and known (8 — 17) compounds reported as minimal inhibitory concentration (MIC)*

Staphylococcus Enterococcus |Escherichia |Klebsiella Enterobacter |Pseudomonas Acinetobacter |Mycobacterium

aureus | faecium coli pneumoniae |aerogenes aeruginosa baumannii tuberculosis
Compound

ATCC 29213 BM 4147-1 ATCC 25922 |ATCC 12657 |ATCC 13048 |ATCC 27853 09987 H37Rv
1 6.3 12.5 > 100 > 100 >100 >100 > 100 100
2 nil n.i n.i. n.i. n.i n.i n.i n.i.
3 6.3° 12.5 > 100 > 100 >100 > 100 > 100 100
4 >50 >50 >100 > 100 >100 > 100 > 100 > 100
5 n.i. n.i ni ni. n.i n.i n.i. ni
6-17 >50 >50 > 100 > 100 >100 > 100 > 100 ni.
ciprofloxacin 0.12 2 0.01 <0.25 <0.01 0.25 0.03 ni.
doxycycline 0.5 4 2 2 4 n.i n.i n.i.
vancomycin 1 4 > 64 > 64 > 64 > 64 > 64 n.i.

“MIC values are reported for test compounds in zM and for reference antibiotics in xg/ml and indicate the lowest concentration fully inhibiting
visible bacterial growth. ’n.i. : not investigated. ‘Growth reduction was already observed at 3.1 M
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INTRODUCTION

Transcription constitutes one of the most important cellular processes in bacteria, archaea,
and eukaryotes. Interference cannot be tolerated as all cellular processes depend on a
highly regulated, efficient, and yet quickly adaptable gene expression. Nevertheless, its tight
entanglement with replication requires an additional level of coordination, which is prone
to errors (Merrikh et al., 2012; Hamperl and Cimprich, 2016). Furthermore, the lack of
resources (e.g., nutrient supply) (Sharma and Chatterji, 2010; Lyer et al., 2018), the
divergent gene regulation in different growth phases (Resnekov et al., 1990), the adaptation
to different environmental conditions (Helmann et al., 2001; Brillard et al., 2010), or the
encounter with RNA synthesis tackling antibiotics (Freiberg et al., 2006) complicate the
maintenance of a functional transcription process. Therefore, bacteria have evolved an

optimized genome organization (Srivatsan et al., 2010) and a fine-meshed net of regulatory
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mechanisms consisting of, i.e., an adaptive transcriptional stress response (e.g., by
alternative sigma factors) (Ayala et al., 2020), different DNA repair mechanisms (Lenhart et
al., 2012; Kisker et al., 2013), antibiotic detoxification or adaptation processes (Koteva et
al., 2018; Xu et al., 2018) or transcription pausing strategies (Esyunina et al., 2016; Lerner
et al., 2016).

The Bacillus subtilis genes ppS/yppS and helD as well as yorB were selectively upregulated
in response to antibiotic interference with RNA or DNA synthesis (Freiberg et al., 2006).
In previous studies, they have been employed as bioreporters for antibiotic screening and
mode of action (MOA) profiling (Urban et al., 2007; Wex et al., 2021). Nevertheless, until
now the regulation of their gene expression and their affiliation to a specific stress response
has not been characterized.

Also, the function of PpS/YppS is not elucidated in B. subtilis. Due to sequence homologies,
it is annotated as putative phosphoenolpyruvate synthetase or as rifampin phospho-
transferase. Both enzymes contain an energy-conferring ATP domain as well as a histidine
domain important for phospho-transfer, which explains the divergent annotation
(Spanogiannopoulos et al., 2014; McCormick and Jakeman, 2015). Phosphoenolpyruvate
synthetase is a metabolic enzyme that takes part in gluconeogenesis (McCormick and
Jakeman, 2015). Rifampin phosphotransferase represents a resistance factor found in
different actinobacteria and firmicutes (Spanogiannopoulos et al., 2014; Stogios et al.,
2016). It was shown to specifically phosphorylate and inactivate rifamycins, by attenuating
their affinity for the RNA polymerase (RNAP) RpoB subunit (Spanogiannopoulos et al.,
2014). PpslyppS from B. subtilis is located in a prophage-like region and therefore has
presumably been acquired by horizontal gene transfer (Kunst et al., 1997; Rocha et al.,
1999).

B. subtilis HelD (formerly YvgS) was first described in 2011, when it was consistently
copurified with the RNAP complex throughout all growth phases (Delumeau et al., 2011).
It was annotated as putative helicase, due to its sequence homology to other DNA and
RNA helicases of the superfamily |, like the distantly related UvrD from Escherichia coli, but
showed no helicase activity in vitro (Fairman-Williams et al., 2010; Wiedermannova et al.,
2014). Wiedermannova and colleagues demonstrated that the helicase-like enzyme
enhances transcriptional cycling and elongation in an ATP-dependent manner, thereby
helping B. subtilis to rapidly adapt to a changing environment (Wiedermannova et al., 2014).
The stimulating effect on transcription as well as the release of stalled RNAP from DNA can
be further enhanced by the addition of the RpoE protein, a small accessory RNAP subunit

acting synergistically (Wiedermannova et al., 2014; Weiss and Shaw, 2015). HelD was
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shown to be associated with the core RNAP subunits RpoB and RpoC, but also possesses
the ability to directly bind to DNA (Wiedermannova et al., 2014; Koval et al., 2019; Pei et al.,
2020). The protein can be sub-structured into three domains: the N-terminal domain, that
shows no sequence homology to other helicases, and the ATPase- and C-terminal domains,
which are related to UvrD but possess different topology (Wiedermannova et al., 2014;
Koval et al., 2019). After ATP-binding, HelD undergoes a strong conformational change
(Koval et al., 2019). A deletion of the unique N-terminal domain hampered its transcription-
related functions, but had no effect on ATPase activity or DNA and RNAP binding properties
(Koval et al., 2019). Therefore, this domain was proposed to be essential for the transcription
modulating function. In recent studies, the exact molecular mechanism conferring the ability
of HelD to successfully remove stalled RNAP complexes could be elucidated (Kouba et al.,
2020; Newing et al., 2020; Pei et al., 2020). The 2-armed structure of the enzyme allows for
deep penetration into the primary and secondary channels of the RNAP, thereby removing
nucleic acids from the active site and recycling the stalled polymerase (Newing et al., 2020;
Pei et al., 2020). Furthermore, HelD was proposed to keep the RNAP in an inactive (dimeric)
state, that allows to restart transcription under more favorable environmental conditions
(Kouba et al., 2020; Pei et al., 2020). Also, HelD was reported to possess the tendency to
oligomerize and form amyloid or amyloid-like fibrils in vitro, although it predominantly
occurred as a monomeric protein in solution (Kaur et al., 2018). Deletion of helD coincides
with a prolonged lag phase (similar to deletion of rpoE) (Wiedermannova et al., 2014), while
overexpression induces premature initiation of sporulation (Meeske et al., 2016).

YorB encodes for a SPR-prophage gene of unknown function, which was proposed to be
LexA-dependent, as it showed strong upregulation during the SOS response and a putative
LexA binding site was predicted (Au et al., 2005; Urban et al., 2007).

Here, we confirm the function of B. subtilis PpS/YppS as a rifampin phosphotransferase
enzyme, which confers increased resistance to rifamycin antibiotics and propose the name
Rpt. Concerning gene regulation, we finely discriminate the response of the B. subtfilis
bioreporters Pyors-lacZ, Ppr-lacZ and Prep-lacZ to an extended panel of RNA and DNA
synthesis inhibitors with distinct modes of action. Our results shed light on the stress signal
that leads to selective high-level expression of rpt and helD upon RNA synthesis interference
in B. subtilis. The selective regulation of both genes seems to depend on a cis-encoded
antisense transcription mechanism, that represses constitutive rpt and helD expression from

a sigma factor A (SigA)-dependent promoter under unstressed growth conditions.
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RESULTS and DISCUSSION

B. subilis PpS/YppS is a rifampin phosphotransferase resistance enzyme.

In a previous study we established a new RNA stress bioreporter Pypps (Wex et al., 2021),
which was selected based on its strong and selective upregulation upon antibiotic
interference with RNA synthesis in a former transcriptome study (Freiberg et al., 2006).
The function of B. subtilis PpS/YppS has not been elucidated. In some databases it is named
ppS corresponding to its former annotation as putative phosphoenolpyruvate synthetase
(Kanehisa and Goto, 2000; Zhu and Stilke, 2017), while it can also be found under the
name yppS (Sayers et al., 2022), relating to its to date unknown function. Due to sequence
homologies, ppS/yppS was recently further annotated as putative rifampin
phosphotransferase, a resistance enzyme that selectively phosphorylates and thereby
inactivates rifamycin antibiotics (Spanogiannopoulos et al., 2014; Stogios et al., 2016).

In order to elucidate if PpS/YppS possesses the proposed rifamycins inactivating function,
we investigated the rifampin susceptibility of different B. subtilis 168 deletion and
complementation mutants (Table S1). For the determination of the wildtype (WT) MIC,
the isogenic strain B. subtilis 168 AamyE from the B. subtilis knockout library was used as
a reference strain (Koo et al., 2017). We chose the AamyE strain as an unrelated control,
as it had undergone the same knockout procedure as our deletion mutant of interest, and
the amyE locus, encoding an a-amylase, is not considered important under common
laboratory conditions (Juhas and Ajioka, 2016), while it is often used as a standard locus for
gene insertions (Shimotsu and Henner, 1986; Hartl et al., 2001). Interestingly, the deletion
of Apps/yppS lead to a 32-fold higher rifampin susceptibility in B. subtilis 168 in comparison
to the reference strain AamyE. Complementation of B. subtilis 168 AppS/yppS with an
isopropyl-B-D-thiogalactopyranoside (IPTG)-inducible S707-ppS/yppS construct in the aprE
locus, restored WT rifampin MIC upon induction (Table S1). Of note, S707 represents the
5 untranslated region (UTR) preceding the ppS/yppS gene, which contains crucial
regulatory elements as described below. An heterologous overexpression of B. subtilis
S707-ppSlyppS in E. coli XL-1 blue (E. coli XL1 blue pBS2E-Pspac-S707-ppS/yppS) led to
high-level resistance (128-fold MIC increase) (Table S1), as previously described for the
Bacillus cereus rifampin phosphotransferase (Spanogiannopoulos et al., 2014) (74 %
identity to B. subtilis PpS/YppS).

To verify the function of B. subtilis PpS/YppS as rifampin phosphorylating enzyme, the
supernatants of rifampin-treated and IPTG-induced cultures of E. coli XL1 blue pBS2E-Pspac
and E. coli XL1 blue pBS2E-Pspac-S707-ppS/yppS were investigated via high-performance

liquid chromatography-mass spectrometry (HPLC-MS). The mass of unmodified rifampin
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(m/z 821.3) was present in both samples, while the mass of phosphorylated rifampin
(m/z 901.3) could only be detected in the IPTG-induced culture of E. coli XL1 blue pBS2E-
Pspac-S707-ppS/yppS (Figure S1), proving that B. subtilis ppS/yppS encodes a rifampin
phosphotransferase resistance enzyme. Based to the elucidated function, we propose the
name rpt for B. subtilis ppS/yppS and Rpt for the corresponding protein. Of note, the name
rph - in the style of the first discovered rifampin phosphotransferase found in actinomycetes
called rph (Spanogiannopoulos et al., 2014) - was already taken in the B. subtilis gene

annotation and thus no longer available.

Induction spectra of the rpt, helD and yorB genes upon treatment with antibiotics
interfering with RNA and/or DNA synthesis.

In a previous study, we had generated and validated the B. subtilis bioreporters Pyos-lacZ,
Prt-lacZ and Preip-lacZ, that show induction upon interference of antimicrobial agents with
DNA synthesis and structure (Pyos-lacZ) or RNA synthesis (Pp-lacZ and Preip-lacZ), thereby
yielding important information on the MOA of unknown antimicrobial agents (Wex et al.,
2021). The specific induction of the promoter Ppreip after RNA stress was first described by
Urban and colleagues in a luciferase-based screening setup (Urban et al., 2007). For our
agar-based screening approach employing the R-galactosidase lacZ as the reporter gene,
we had replaced the Preip promoter with the Pt promoter, as it showed the same induction
specificity but stronger induction signals and was additionally able to detect intercalating
agents that inhibit RNA synthesis (e.g., actinomycin D) (Wex et al., 2021). As RNA and
DNA synthesis are both DNA-dependent processes, they need to be tightly coordinated to
exclude replication-transcription conflicts that might have dramatic consequences for
cellular survival. To further discriminate the stress responses signaled by the bioreporters
PutlacZ, Prep-lacZ, and Pyom-lacZ and initiated by antibiotics affecting RNA and/or
DNA synthesis, we tested additional compounds acting in those pathways. Figure 1 shows
an exemplary panel of RNA and DNA synthesis inhibitors, which are all covered by the
induction of at least one bioreporter. All bioreporters were investigated using previously
described, standardized growth and media conditions (Pyors and Preip were grown in LB soft
agar and Pp¢in Belitzky minimal soft agar) (Wex et al., 2021). To exclude that the different
growth media might have had an effect on the induction specificity, we additionally confirmed
the results with Pyos-lacZ and Phrep-lacZ grown in Belitzky minimal soft agar (Figure S2).

An extended set of investigated antibiotic agents can be found in Table S2.
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Figure 1. Induction pattern of exemplary reference antibiotics tested against our RNA and DNA stress
bioreporters. Compounds were spotted on a filter disc and subsequently placed on the agar, containing the
respective B. subtilis reporter strain. Filter discs contained the following antibiotic amounts: rifampin (RIF)
30 ug, fidaxomicin (FID) 8 ug, sorangicin A (SOR) 5 ug, streptovaricin (SVA) 10 ug, streptolydigin (SLY)
40 ug, chartreusin (CHA) 30 ug, echinomycin (ECH) 20 pg, mitomycin C (MIT) 1 ug, and ciprofloxacin (CIP)
5 pg. Categorization into DNA synthesis inhibitors (A), RNAP inhibitors (B), and DNA-binding agents (C) is
indicated by the respective superscript. Promoter induction was detected as a blue halo following overnight
incubation. As previously described, the DNA stress reporter Pyos-lacZ and the RNA stress reporter Preip-lacZ
were tested using lysogeny broth (LB) soft agar, while the RNA stress reporter Ppt-lacZ was grown in Belitzky
minimal soft agar (Wex et al., 2021).

The compounds were clustered in DNA synthesis inhibitors that cover gyrase binders and
nucleotide biosynthesis inhibitors, RNA synthesis inhibitors that directly bind to the RNAP,
and DNA-binding agents that most likely have an effect on both, replication and transcription,
but often show preferences for one of those pathways. RNAP binders were selectively
detected by the two RNA stress bioreporters, except for streptolydigin, tirandamycin, and
pseudouridimicin, which were only detected with Pp+lacZ in the agar-based assay.
Streptolydigin rather acts on transcription elongation (Temiakov et al., 2005), and also
showed a weaker induction signal on Pp+-lacZ in comparison to the other RNAP binders,
which interfere with transcription initiation (compare Figure 1). Gyrase binders and
nucleotide synthesis inhibitors selectively induced the DNA stress reporter Pyos, with the
exception of azaserine, which also showed an additional weak signal on P+-lacZ. Azaserine
is a glutamine analog that is proposed to inhibit de novo purine synthesis, thereby most likely
affecting both RNA and DNA synthesis (Williams and Tritz, 1977; Ahluwalia et al., 1990).
In comparison, folate synthesis inhibitors like trimethoprim limit the thymidine precursor
supply, which primarily effects DNA synthesis (Gleckman et al., 1981). DNA-binding agents
show a diverse promoter induction. Some of them, like mitomycin C or doxorubicin, only
induce the SOS response-dependent bioreporter Pyos-lacZ (LexA-dependent regulation is
confirmed in this study, compare Figure S6). Others induce both, Pyos-lacZ and Pp+lacZ,
like chartreusin or gilvocarcin V, and some antibiotics like actinomycin D, echinomycin or
netropsin lead to a selective upregulation of only the P,+-lacZ bioreporter (Table S2).
Due to the described MOA of those DNA-binding agents, we propose that compounds that
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provoke the formation of DNA single or double strand breaks mainly induce a cellular
SOS response and therefore lead to a strong induction of yorB in B. subtilis (Reiter et al.,
1972; Vidal et al., 2006; Cardenas et al., 2014). This primary stress response might then
hinder the activation of other stress pathway(s), i.e., transcriptional stress responsible for
the induction of Ppp+-lacZ. Vice versa, DNA-binding agents that are not known for any strand
break capability (e.g., echinomycin) (Huang et al., 1982) showed no induction of Pyos-lacZ,
in accordance with the lack of an SOS response. Therefore, the employed bioreporters allow
a classification of DNA-binding agents according to their primary pathway of interference
and the concomitant stress response. A preference of DNA-binding agents for either
transcription or replication was also detected in incorporation assays with radioactive
RNA- or DNA-specific nucleosides. Harvey and colleagues showed that low concentrations
of actinomycin D selectively inhibited RNA synthesis, while they had no effect on
DNA synthesis (Harvey et al., 1976), a result in accordance with the Pp+/lacZ induction
preference observed in our study. Higher concentrations of actinomycin D were shown to
also interfere with DNA synthesis in eukaryotes (Reich and Goldberg, 1964). Vice versa,
mitomycin C demonstrated a stronger effect on DNA synthesis than on RNA synthesis in
precursor incorporation assays (Harvey et al., 1976), which matched our Pyems-lacZ
bioreporter signal. For Preip-lacZ, we could not detect an induction by any of the DNA-binding
agents in the agar-based setup. As the induction intensities for DNA-binding agents tested
on Ppt-lacZ appeared to be generally weaker in comparison to the signal caused by
transcription initiation inhibitors, we suspected that an induction of Phrepp-lacZ might be
missed due to its overall weaker signaling strength. As the agar-based setup does not allow
a reliable and precise quantification of the induction intensities, we decided to compare the
induction intensities of both bioreporters, Pp+-lacZ and Prep-lacZ, in a luminescence-based
setup in liquid culture, which bears the advantage of a more sensitive detection that can also
be quantified in compound dilution series. In the following sections we will now focus on the
RNA stress response sensed by P and Preip, using the luciferase operon luxABCDE from

Photorhabdus luminescens as readout.

Quantitative and comparative analysis of the induction specificity of Prpt and Phrein.

The fusion of the described promoter regions Pyt and Phreip to the P. luminescens luxABCDE
operon allowed monitoring and quantification of the promoter induction signals over time,
without the need for external substrate addition. The induction threshold of both B. subtfilis
bioreporters after antibiotic treatment was set to 2-fold the signal of the untreated control

(200 %). All luminescence signals were normalized to ODsoo = 1 to guarantee that growth
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inhibitory effects would not obscure the induction signal, as better growing cell cultures
potentially possess a higher background induction signal due to their higher cell number.
For better comparison, both bioreporters were grown in Belitzky minimal medium (BMM)
and treated with serial dilutions of 24 antibiotics with diverse MOA. As Pt had not been
characterized in a quantitative bioreporter-based system before, we first monitored the
induction specificity over time. Notably, already after 10 min of treatment with an antibiotic
that interfered with RNA synthesis initiation (e.g., rifampin or fidaxomicin), a more than
2-fold increase in the Pp+-luxABCDE signal was detectable (Table S3). The best signal-to-
noise ratio was observed after 210 min, i.e., strong, reproducible signals triggered by RNA
synthesis inhibitors, with a broad range of negative controls below threshold. The results
confirmed that P,-luxABCDE is indeed suitable for selective detection of RNA synthesis
inhibitors (Figure 2). Furthermore, as previously observed in the agar-based setup,
Figure 2 shows a comparable induction specificity for both RNA synthesis bioreporters after
210 min, with Py exhibiting a generally higher maximal induction strength compared to
Preip (approximately 2-times higher). Analyzing the induction signals over time (compare
Table S3 for different time points) both bioreporters displayed reliable induction specificity
up to 240 min, after which the postulated threshold of 200 % was no longer suitable for

discrimination.
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Figure 2. Induction of the bioreporters Prp-luxABCDE and Prein-luxABCDE after 210 min of antibiotic
treatment. Direct RNAP-binding antibiotics and DNA-binding agents are marked in red and blue, respectively.
Other antibiotics (meant as negative controls), with a primary MOA unrelated to RNA synthesis, are marked in
green. Depicted is the maximal fold change, i.e., the maximal induction signal after antibiotic treatment in
comparison to the untreated control. The dotted line highlights the induction threshold of 200 %. All values
were normalized to the untreated control (100%). Error bars indicate the standard deviation of the maximal
fold change measured in three biological replicates.
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As for the lacZ bioreporters in the agar-based setup, Pp-luxABCDE and Pheip-luxABCDE
exhibited the strongest induction for antibiotics that hamper transcription initiation
(e.g., rifamycins, fidaxomicin, or corallopyronin A), especially when only shorter incubation
times (10 or 90 min) were considered. Inhibition of the transcription elongation step of
RNA synthesis (e.g., streptolydigin) or interference via direct DNA-binding (e.g., netropsin,
actinomycin D, or echinomycin) showed substantially weaker signals after short incubation
times, but increased over time (Table S3). Due to the generally weaker induction strength
of Preip-luxABCDE not all DNA-binding agents detected by P+luxABCDE exceeded the
induction threshold of 200 % for Prep-luxABCDE after 210 min. Nevertheless, those
antibiotics displayed a tendency by showing increased expression compared to the
untreated control after 240 min, a time point where the induction specificity of
Preip-luxABCDE was still given (compare Table S3). Generally, the induction specificity as
well as the induction pattern hinted at a similarly regulated expression of both bioreporters,
which raised a number of different questions that we set out to investigate further. Do they
help B. subtilis to adapt to or gain resistance against antibiotics that induce their expression?
What kind of molecular stress signal is sensed by the bacterial cell (resulting in the induction
of rpt and helD), that is triggered by all those structurally and mechanistically different
RNA synthesis inhibiting antibiotics? And last but not least, how are the rpt and helD genes

regulated, and are they regulated the same way?

helD and rpt are commonly induced upon RNAP stalling.

As bioreporter assays showed an induction by all kinds of mechanistically different
RNAP inhibitors, we were interested to see if the increased expression of Rpt and HelD
helps the bacterial cell to counteract the antibiotic attack. Table 1 shows the minimal
inhibitory concentration (MIC) values of B. subtilis 168 strains lacking rpt, helD, or rpoE for
different RNA synthesis inhibitors. For the determination of the wildtype (WT) MIC, we again
used the isogenic reference strain B. subtilis 168 AamyE. The deletion of rpt resulted in a
higher susceptibility to all tested rifamycin derivatives, while it showed no effect for other
RNA synthesis inhibiting antibiotics. Notably, the MIC against the rifamycin-related antibiotic
streptovaricin (mixture of streptovaricins mainly containing the derivatives A, B, and C) was
not affected by the rpt deletion. This result demonstrates a high selectivity of Rpt for
rifamycins, as streptovaricin also possesses the hydroxyl group attached to the C21 of the
ansa-chain, which constitutes the target site for the rifampin inactivating phosphorylation by
the Rpt homolog Rph from actinomycetes (Spanogiannopoulos et al., 2014; Stogios et al.,
2016).
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Table 1. Antibiotic susceptibility of the B. subtilis 168 knockout mutants Arpt, AhelD, and ArpoE upon
treatment with different RNA synthesis inhibitors. B. subtilis 168 AamyE served as substitute for
WT antibiotic susceptibility. MIC values that strongly deviated from WT MIC are marked in bold font.
MIC determination was conducted in BMM. The streptovaricin natural product complex contains a mixture of
different streptovaricins, mainly composed of the derivatives A, B, and C.

Antibiotic MIC [ug/mL]

B. subtilis 168 B. subtilis 168 B. subtilis 168 B. subtilis 168

AamyE Arpt AhelD ArpoE
Actinomycin D 1-2 1-2 1-2 1
Chartreusin 16 16 16 16
Corallopyronin A 16 16 1 1
Fidaxomicin 4-8 4-8 4-8 4-8
Myxopyronin A >64 >64 2 2-4
Rifamycin SV 0.125 0.0039-0.0078 0.0625-0.125 0.0625-0.125
Rifampin 0.5 0.0625-0.125 0.25-0.5 0.25-0.5
Rifabutin 1 0.25 0.5-1 0.5-1
Sorangicin A 4 4 4 4
Streptolydigin 64-128 64-128 64-128 64-128
Streptovaricin 4 4 2-4 2-4

For B. subtilis 168 AhelD, the detected MIC values were close to WT level, with the exception
of the closely related antibiotics corallopyronin A and myxopyronin A, which showed a
markedly more sensitive phenotype (Table 1). As HelD is described to directly bind to the
RNAP and to DNA, thereby accelerating transcriptional cycling and RNAP recycling
(Wiedermannova et al., 2014; Newing et al., 2020; Pei et al., 2020), we excluded that HelD
could be a specific corallopyronin/myxopyronin inactivating enzyme (like Rpt for rifamycins).
Binding of HelD to the interface of the RpoB and RpoC RNAP subunits was previously
investigated in B. subtilis. Wiedermannova and colleagues could show the weak binding of
HelD to the fragment RpoBoo-760) and strongly to RpoCsoo-915) (Wiedermannova et al.,
2014). Myxopyronin is also described to bind to those two subunits of the
Thermus thermophilus RNAP, with the RpoC binding sites V805, D806 and Q809 (converted
to the conserved B. subtilis RNAP positions) overlapping with the proposed binding region
of HelD (Ho et al., 2009). The ability of both, myxopyronin A and HelD, to bind to the RNAP
subunits RpoB and RpoC in close vicinity might lead to competition at the respective binding
regions. Thereby, the presence of HelD may inhibit binding of the two similarly acting
antibiotics myxopyronin A and corallopyronin A to their target site. However, also an
opposing function of HelD could explain the increased corallopyronin A and myxopyronin A
susceptibility of the Ahel/D mutant. While myxopyronin binds to the switch-2 region of RpoC,
thereby blocking clamp opening and DNA loading to the active site by a yet unsolved

mechanism (Mukhopadhyay et al., 2008; Belogurov et al., 2009; Artsimovitch et al., 2012),
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HelD drives large conformational changes that lead to RpoC clamp opening and
dissociation of the DNA template from the active site of the stalled RNAP (Newing et al.,
2020). Arguably, we see the same selective drop in the corallopyronin A and myxopyronin
A MIC for B. subtilis 168 ArpoE, with RpoE constituting an accessory RNAP subunit, that is
described to act synergistically with HelD in the recycling of stalled RNAP (Wiedermannova
et al., 2014). However, the exact molecular mechanism underlying this observation of
B. subtilis 168 AhelD and ArpoE being more sensitive to corallopyronin A and myxopyronin
A would need to be confirmed in further studies. Of note, while Staphylococcus aureus does
not contain a HelD homolog, S. aureus USA300 JE2 ArpoE did not show increased
sensitivity in comparison to S. aureus USA300 JE2 for corallopyronin A (MIC for both strains
at 4 uyg/mL). However, the RpoE enzymes of B. subfilis and S. aureus only share 34 %
identity, while other essential RNAP subunits, like RpoA are highly conserved (77 % identity)
(Kanehisa and Goto, 2000).

Although Rpt is specific for inactivation of rifamycins and HelD selectively confers resistance
against corallopyronin A and myxopyronin A, it was intriguing that both enzymes are induced
by a broad variety of RNA synthesis inhibiting substances. We could therefore deduce that
rpt and helD were not upregulated by directly sensing the specific compounds that they
selectively inactivate, but rather by a physiological state, which is commonly induced by all
kinds of structurally different RNA synthesis inhibitors.

Capitalizing on the mostly well-described MOA of all the inducing compounds we tried to
deduce the common feature in their various mechanisms of RNA synthesis inhibition, that
might serve as a trigger for the ubiquitous stress response. Some of the antibiotics directly
bind to the RNAP, thereby inhibiting transcription initiation or elongation in diverse ways.
Others disturb the transcription process by binding to DNA, thereby sterically hindering the
progression of the RNAP holoenzyme without any direct binding to the transcription
complex. Rifamycins strongly bind to the RNAP subunit RpoB, near the exit tunnel, thereby
directly blocking the path of the elongating mRNA (Campbell et al., 2001; Floss and Yu,
2005; Ho et al., 2009). They can only effectively inhibit transcription, if the nascent mRNA
chain does not exceed a length of 3-7 nucleotides, as otherwise rifamycin binding is blocked
(Campbell et al.,, 2001). Sorangicin A was shown to share the same binding site and
mechanism of action, but possesses a higher conformational flexibility, thereby better
adapting to conformational changes (e.g., some RNAP mutations or RNAPs of different
species) (Campbell et al., 2005; Ho et al., 2009). Fidaxomicin and myxopyronin both
interfere with transcription initiation only if they are added before the formation of the open

promoter complex and trap the RNAP holoenzyme in a partially melted, inactive promoter
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complex intermediate (Tupin et al., 2010; Artsimovitch et al., 2012). Although they both bind
to the RNAP switch region, their binding sites do not overlap but are located in close vicinity
(Lin et al., 2018). However, fidaxomicin was shown to inhibit preceding steps in open
complex formation in comparison to myxopyronin and completely abolishes the transcription
bubble formation (Tupin et al., 2010). The antibiotic streptolydigin is described to bind to
RpoB and RpoC, close to the RNAP active center, thereby inhibiting RNA synthesis
initiation, elongation and pyrophosphorolysis (Tuske et al., 2005, Ho et al., 2009).
Streptolydigin hampers the nucleotide addition cycle and other catalytic reactions of the
RNAP, proposedly by stabilizing a substrate-bound transcription intermediate in the
catalytically inactive pre-insertion site (Temiakov et al., 2005). The inducing DNA-binding
agents have no direct RNAP binding site. They inhibit RNA synthesis by sterically blocking
the progression of the RNAP (Gause et al., 1968; Hollstein, 1974). To our knowledge, all
those inducing antibiotics directly or indirectly stop the progression of RNAP at a specific
point during RNA synthesis. Interestingly, transcription initiation inhibitors showed the
fastest and strongest induction for P-luxABCDE. By inhibiting the first and crucial step of
RNA synthesis, this MOA subgroup exceeded the induction threshold already after 10 min
(Table S3). Searching for a common physiological state, the accumulated information on the
various MOA of the different antibiotics led us to the hypothesis that our P,p+- and Ppreip-based
bioreporters reveal a stress response, which is specifically induced by an increased
intracellular level of stalled RNAP. To further follow this lead, we investigated the
background expression of Pp+luxABCDE in different strains of the B. subtilis knockout
library (Koo et al., 2017), which might affect RNAP fidelity. The background expression
refers to the luminescence signal in relation to the ODeoo of the respective reporter strain
during growth in BMM without addition of an external stressor (i.e., an antibiotic). As a
reference strain we again used the B. subtilis 168 AamyE background. Of note, we only
investigated knockout mutants that did not display growth defects, to exclude growth phase
dependent differences in background expression. HelD and RpoE were previously
described to enhance transcriptional cycling and to resolve stalled RNAP complexes
(Wiedermannova et al., 2014; Pei et al., 2020). Mfd and UvrB are major players in the
prokaryotic nucleotide excision repair (NER). The transcription-repair coupling factor Mfd
was shown to dislodge stalled RNAP from DNA lesions and to initiate subsequent
DNA repair mechanisms (Ayora et al., 1996; Adebali et al., 2017). UvrB is part of the UvrABC
excinuclease complex that is able to detect and repair DNA lesions (Lenhart et al., 2012).
The B. subtilis 168 AperR background was chosen as a negative control as it is not expected

to directly influence P -luxABCDE expression. PerR represents a transcriptional repressor
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that senses the intracellular Fe/Mn ratio and is responsive to peroxide stress (Giedroc, 2009;
Helmann, 2014). We could detect a significantly enhanced background expression of
Pot-luxABCDE in the knockout mutants B. subtilis 168 AhelD and ArpoE in comparison to
the reference strain (B. subtilis 168 AamyE) (Figure 3).
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Figure 3. Prpor-luxABCDE background expression in different B. subtilis deletion mutants (AamyE,
AhelD, ArpoE, Amfd, AuvrB, and AperR). Background expression in relation to the ODesoo in BMM was
determined after 210 min of untreated growth. Error bars show the standard deviation of the background
luminescence signal measured in three biological replicates. Statistical significance was determined using the
unpaired Students t-test with Holm-Bonferroni correction, always comparing the respective mutant with the
reference strain B. subtilis AamyE (ns, P >0.01; *, P <0.01; **, P <0.001; ***, P <0.0001, **** P <0.00001).

As both enzymes were described to be involved in RNAP recycling, it is plausible that their
deletion results in elevated levels of stalled RNAP. The raised P ~luxABCDE background
in their absence supports our hypothesis, that an elevated level of stalled RNAP forms
the signal triggering upregulation of rpt. Background expression of Pp+luxABCDE in
B. subtilis 168 Amfd, AuvrB, and AperR was not modulated and stayed close to AamyE level
(Figure 3). Although we may have expected effects upon deletion of mfd or uvrB, it might
likely be that their deletion is dispensable under the applied unstressed growth conditions

(210 min in BMM), thereby not severely affecting the level of transcriptional stress.

Expression profiles, promoter composition and induction patterns suggest a similar
regulation of rpt and helD.

The microarray data (Freiberg et al., 2006) and the corresponding induction specificity seen
in our quantitative bioreporter setup suggested a similar regulation of rpt and helD
(Figure 2), which both support the transcription process in very different ways. The
comparison of different published data sets found yielded additional evidence that rpt and
helD might be regulated in a similar way (Figure S3A). Although rpt and helD are located at
distant positions in the B. subtilis 168 genome (accession number NC_000964.3, from
2053929 to 2051329 and from 3436651 to 3434327 respectively), they showed a nearly
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identical expression pattern under different growth conditions (Figure S3A). For rpt
expression the most positively correlated segments have been assigned to its own 5’UTR,
called S707, and helD (Rasmussen et al., 2009; Zhu and Stulke, 2017). Figure S3B shows
a schematic overview of the proposed promoter region. Both genes possess a SigA binding
site (Nicolas et al., 2012). As the sequences of SigA factor binding sites in B. subtfilis vary
largely, Nicolas and colleagues further classified six consensus motif clusters, one of them
M17, to which the promoter regions of rpt and helD were both categorized (Nicolas et al.,
2012). Notably, they also described two further potential sigma factor binding sites for helD
(Nicolas et al., 2012). Although not explicitly described for helD, both genes are preceded
by a 5’UTR. For rpt the 5’UTR S707 was annotated with a length of 110 bp (Nicolas et al.,
2012). For helD the length of the 5UTR could be deduced from the SigA binding site and

the translational start site, corresponding to approximately 102 bp (Nicolas et al., 2012).

Promoter deletion studies uncover 13 conserved nucleotides conferring specificity
to Prpt and Preip expression upon RNA stress.

The initial promoter fragments for the bioreporter constructs Py-lacZ and Prep-lacZ were
spaciously chosen in order not to miss upstream regulatory elements (Urban et al., 2007;
Wex et al., 2021). Therefore, deletion studies were started with the removal of the upstream
promoter regions up to the described SigA (M17) binding sites to investigate, if the
bioreporters still retain induction and specificity. The promoter fragments Pt 123bp
(Figure 4A) and Phreip_120bp (Figure 4B) still showed the specific induction upon treatment with
RNA synthesis inhibitors. Progressing with the upstream promoter deletion, the next
constructs were devoid of the -35 region of the SigA binding site (Pt 10sbp-lacZ and
Pheip_113bp-lacZ). After this deletion both bioreporters P 10sbp-lacZ and Preip_1130p-lacZ
showed nearly no induction signal for all tested antibiotics (Figure 4A and Figure 4B,
respectively). The remaining minimal activity seen for Pt 10sbp-lacZ was still specific for
RNA synthesis inhibitors, and can be explained by either upstream regulatory effects
(e.g., additional promoters, readthroughs, or polar effects) or the residual binding capacity
of the -10 region, and indicates that the specificity-conferring region must still be located in
the remaining promoter fragment. For Prep this shows that expression is mainly conferred
by the SigA binding site, although of course not fully excluding an additional, divergent
expression under different growth conditions from the described alternative promoter sites
(Nicolas et al., 2012). We concluded that induction of rpt and helD is (mainly) initiated from
the identified SigA (M17)-dependent promoters. Nevertheless, the highly expressed

housekeeping sigma factor SigA could not solely be responsible for the specific induction
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after RNA stress. We consulted the DBTBS database and investigated the minimal promoter
sequence, that still showed specificity (Ppt_1230p, Preip_1200p) to find known transcription factor
binding sites, but there was no match (Sierro et al., 2008). A direct alignment of the two
promoter sequences revealed a 13 bp nucleotide sequence which was highly conserved at
the downstream end of the 5’UTR of both promoters (Figure S4) (Erb et al., 2012).
Figure 4A shows that deletion of 14 bp at the downstream end (Pt pei1abpps-lacZ), including
those 13 conserved nucleotides, resulted in a strong background signal under unstressed
growth conditions, as well as the loss of induction specificity upon antibiotic treatment.
Intriguingly, the same result could be detected after the deletion of the last 15 bp of the helD
promoter region (Pheip_peltsbpps-lacZ), which also included the 13 conserved nucleotides
(Figure 4B). This result clearly indicated that the presence of those 13 nucleotides conferred
induction specificity and regulated the selective expression of rptand helD.
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Figure 4. Promoter deletion and modification studies of the rpt and helD promoter regions. Schematic
overviews at the top indicate the applied promoter modifications. (A) Different rpt promoter deletion and
modification constructs tested in the agar-based bioreporter setup. Ppt-lacZ and Prpt_123pp-lacZ displayed the
previously described induction specificity for RNA stress inducing compounds. Prt_10sbp-lacZ, devoid of the
-35 region of the SigA binding site, only showed marginal induction signals upon treatment with RIF and FID.
The constructs Pt perabpps-lacZ, Pipt moditabpps-lacZ, and Pt oniysiga-lacZ depicted a strong background
upregulation and loss of induction specificity after antibiotic treatment. All rpt constructs were tested in Belitzky
minimal soft agar. (B) Agar-based induction profiles of some corresponding promoter deletion constructs of
helD. Prein_1130p-lacZ, missing the -35 region of the SigA binding site, showed no induction signal for any of the
tested antibiotics. For Prep_peitsbpps-lacZ we could also detect an enhanced background expression in
combination with loss of antibiotic induction specificity. All helD deletion mutants were tested in LB soft agar.
Filter discs contained the following antibiotic amounts: rifampin (RIF) 30 ug, fidaxomicin (FID) 8 pg,
ciprofloxacin (CIP) 5 pg, vancomycin (VAN) 30 ug, and chloramphenicol (CHL) 10 pg.

As 5'UTRs are described to confer stability to mRNA products and their stability is
associated with the length and structure of the 5’UTR (Xiao et al., 2020), we also checked
the induction specificity of a construct that retains the length of the initial 5’UTR of rpt,
but was randomly modified in 6 of the 13 conserved nucleotides, changing the sequence
from “TTGTCAATATTTT" to “TCATCTATGATCT” (Prpt_moditabpps-lacZ). For this construct we
could detect the same enhanced background signal combined with the unspecific induction
pattern, excluding the idea that change in length of the 5UTR would cause the observed
deregulation (Figure 4A). Nevertheless, we still cannot fully exclude that a modified
secondary structure of the 5’UTR may contribute to the loss of induction specificity.
After deletion or modification of the conserved nucleotides, the predicted secondary
structures of the 5’UTR region of the rpt mMRNA only showed minor changes in the minimum

free energy and modified secondary structure, suggesting similar accessibility of the
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ribosomal binding site (RBS). An overview of the predicted secondary structures of Pt and
all 5’UTR mutants can be found in Figure S5. Notably, all reporter constructs contained the
same strong RBS with an equal distance to the reporter gene start codon. Reports that
describe the enhanced stability of mMRNAs containing stronger RBSs due to the better
ribosomal binding (Xiao et al., 2020) can therefore not be the reason for the observed
differences in transcript levels in our studies. The microarray data from Freiberg and
colleagues showed upregulated levels of rpt mMRNA after e.g., rifampin treatment (Freiberg
et al., 2006), indicating that upregulation already manifests on the transcriptional level.
Putatively, this RNA stress-specific upregulation phenomenon could be achieved by a more
stable mMRNA product being less prone to degradation, but as rpf mMRNA levels increased by
100-fold after 10 min of incubation with rifampin (Freiberg et al., 2006), and structural
changes were not that prominent (Figure S5), we rather presumed a transcription regulation
mechanism to be responsible for the induced expression.

The high background induction and loss of induction specificity after deletion of the
13 nucleotides in both bioreporters hinted at a repressive element conferring induction
specificity from a SigA (M17) regulated promoter. Vice versa that meant, that after deletion
of this regulatory unit, we should mainly detect background expression from a
SigA (M17)-dependent promoter. To verify this, we constructed a bioreporter only
containing the SigA binding site of P fused to the lacZ reporter construct (Ppt_onysiga-lacZ).
The expression of Pt oniysiga-lacZ resembled the results seen for Pt pei1abpps-lacZ and
Prot_Moditabpps-lacZ, thereby supporting the idea of a mechanism of repression enabling
induction specificity (Figure 4A). To further confirm that the results observed for
Prot_beltabpps-lacZ and P rpt_moditabpps-lacZ complied with a loss of induction specificity, we also
conducted the experiment in a quantitative setup. For this purpose, we constructed
Pot_pei14bpps-luxABCDE, in which the last 14 bp of the downstream end of the 5UTR were
likewise deleted. Matching the agar-based results, we could also detect a highly
enhanced background expression for the Pt peitabpps-luxABCDE construct in the
quantitative setup (Figure 5A), which corresponded to an approximately 68-fold higher
signal after 210 min compared to P+luxABCDE. Furthermore, the signal emitted by
Pot_pel14bpps-luxABCDE could not be raised above that already high value by any of the
applied antibiotics (Figure 5B; for induction specificity of the unmodified construct
Prot-luxABCDE compare Figure 2). The induction level of Pp+luxABCDE upon treatment with
RNA synthesis inhibitors, reached RLU values comparable to the deregulated construct
Pot_pel14bpps-luxABCDE (Figure 5C).
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Figure 5. Expression level and induction specificity of Pt pei1abpps-luxABCDE. (A) Background
expression in relation to ODeso of the untreated bioreporter strains Prp-luxABCDE and
Pt _perabpps-luxABCDE grown in BMM after stated incubation periods. Error bars indicate the standard
deviation of the background luminescence signal measured in at least three biological replicates. Statistical
significance was determined using unpaired Students t-test with Welch’s correction (ns, P > 0.01;
* P <0.01; **, P £0.001; ***, P <0.0001). (B) Maximal fold change of Pt peiabpps-luxABCDE after antibiotic
treatment. Direct RNAP-binding antibiotics and DNA-binding agents are marked in red and blue, respectively.
Other antibiotics (meant as negative controls), with a primary MOA unrelated to RNA synthesis are marked in
green. Depicted is the maximal fold change after 210 min of antibiotic treatment. Error bars show the standard
deviation of the maximal fold change measured in three independent biological replicates. The dotted line
indicates the induction threshold of 200 % that had been set on the basis of Pp-/luxABCDE. In comparison to
the unmodified Prp-luxABCDE construct (Figure 2), Pt _peitanpps-luxABCDE could not be selectively induced
by RNA synthesis inhibiting compounds. (C) Time course of luciferase expression in relation ODsoo of the
bioreporter strains (exemplary experiment from >3 independent repetitions). Background expression levels of
Pro-luxABCDE (low background, black) and Prpt_peabpps-luxABCDE (high background, grey) are correlated to
the induction curves of Pp-luxABCDE treated with reference antibiotics (direct RNAP inhibitors (red),
DNA-binding agents (blue), antibiotics that do not interfere with RNA synthesis (green)). Depicted are the
antibiotic concentrations resulting in the maximal induction signal for the respective antibiotics: sorangicin A
4 pg/mL, rifampin 0.002 pg/mL, fidaxomicin 1 pg/mL, echinomycin 0.0156 pg/mL, netropsin 2 ug/mL,
vancomycin 0.125 pg/mL, and chloramphenicol 0.125 pug/mL. All strains were grown in BMM.

Those results indicated that deletion of the 13 consensus nucleotides at the downstream
promoter region of rpt yielded a constantly derepressed, constitutive SigA-regulated
expression. In the presence of the 13 consensus nucleotides induction is repressed under

unstressed growth conditions, while it can be specifically derepressed by RNA synthesis
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inhibitors. A study of Bandow and colleagues discussed the observation that upon rifampin-
dependent growth arrest the cells after some time became tolerant to the antibiotic and
resumed growth (Bandow et al., 2002). The high-level expression of rpt upon RNA stress
could constitute to such a quick adaptation mechanism in B. subtilis. Rifampin treatment
initiates rpt expression which leads to enhanced levels of inactivated rifamycins that would

again allow growth at later time points.

Induction specificity could not be correlated with a specific transcription factor
binding to the 13 bp consensus sequence.

First, we investigated if the potential repressor sequence constitutes a target site for a
specific transcription factor. For this purpose, a DNA affinity capturing assay (DACA) was
conducted, which was combined with semi-quantitative MS to identify DNA-binding proteins.
We used four different DNA fragments (Table S4) and compared the results to identify
proteins, which potentially only bind to the fragment containing the 13 bp consensus
sequence. Fragment 1 contained 200 bp of the P, promoter region including the SigA (M17)
binding site, the 5’UTR including the 13 bp consensus sequence, as well as the RBS
employed in the bioreporter construct. Fragment 2 was shortened by 30 bp at the
downstream end, thereby deleting the RBS and the 13 bp consensus sequence.
Fragment 3 was further shortened downstream to a length of 126 bp. As a control to exclude
unspecific DNA-binding proteins, we also included an rpt-unrelated promoter fragment of
200 bp of Pyons (fragment 4), which has been previously suspected to be LexA-regulated
(Au et al., 2005; Urban et al., 2007). For the four promoter fragments, 1228 different proteins
were detected in semi-quantitative MS in at least one of three biological replicates.
Approximately 1/3 of those proteins were detected in very low abundance and were
excluded as they did not reproducibly show in all biological replicates. Most of the identified
proteins were retained by all fragments, as they are known DNA-binding proteins, like the
DNA topoisomerase subunits ParC or ParE, or constitute ubiquitous transcription proteins
like the RNAP subunits RpoA, RpoB or RpoC. In some cases, fragments 2 and 3 showed
generally weaker label-free quantification (LFQ) intensities in comparison to fragments 1
and 4, which might be caused by their overall smaller fragment size. We also detected non-
DNA-binding proteins, that were rather copurified with other proteins or remnants of highly
concentrated intracellular proteins, like the elongation factor G. We concentrated on
proteins, that displayed elevated LFQ intensities for fragments 1-3 (fragments of Ppy) in
comparison to fragment 4 (fragment of Pyor8) and especially on such retained strongest by

fragment 1. Nevertheless, we also followed up on proteins that could likewise be identified
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for fragment 2 and/or fragment 3, as we could not fully exclude that the potential transcription
factor might have an additional binding site that is still present in fragments 2 and 3, thereby
allowing a weaker binding to DNA, without possessing full functionality. For the identification
of the regulatory protein responsible for induction specificity, we integrated the bioreporter
construct PprlacZ into the genome of the respective deletion strain of the identified
DNA-binding protein. In the decisive knockout strain, we expected a deregulation of the
bioreporter as had been noted for the deletion/modification of the 13 nucleotides on the
downstream end of the 5’UTR of rpt. The control fragment 4 showed enhanced binding of
54 different proteins in comparison to fragments 1-3, but most importantly of the expected
regulatory protein LexA. As proof of principle, we transformed the Pyos-lacZ construct into
the B. subtilis 168 AlexA deletion mutant. Figure S6 shows the highly increased background
signal of B. subtilis 168 AlexA amyE::Pyos-lacZ as well as the loss of induction specificity
upon antibiotic treatment, comparable to the deregulation seen for Pt peitabpps-lacZ
and Pt moditabpps-lacZ. Therefore, the results confirmed the previously suspected
SOS-dependent LexA regulation of yorB induction (Au et al., 2005; Urban et al., 2007) and
further validated our strategy to identify regulatory proteins by monitoring expression of the
bioreporter in a deletion mutant background. Of note, we could also detect further
transcription factors (e.g., Xre or GamR (YbgA)) more prominently binding to Py than to
the Pt related fragments 1-3 (compare Table S6). However, the expression of Pyoms-lacZ in
B. subtilis 168 AgamR had no influence on the bioreporters’ background expression and
induction specificity (Figure S6), showing that induction upon DNA stress is selectively
conferred by LexA repression. Nevertheless, those additionally binding transcription factors
might contribute to the regulation of yorB under different growth conditions and generally
participate in the strong repression of yorB under unstressed growth conditions,
as previously suspected by Urban and colleagues (Urban et al., 2007). For rpt regulation,
identified 73 proteins that showed higher LFQ values for fragments 1-3 in comparison to
fragment 4 (Table S5). Some could be excluded to specifically regulate rpt expression due
to their described function (e.g., Noc or PriA), yielding a list of 45 final candidates, with
16 of them most prominently showing for fragment 1 (Table S7). We transformed the
bioreporter construct Ppt-lacZ in each of those deletion mutants and monitored the general
background expression as well as the preservation of the induction specificity upon antibiotic
treatment. The loss of none of those 45 proteins led to an unspecific deregulation of
Pot-lacZ (Table S7) as has been seen for Pt peitabpps-lacZ and Pyt Moditabpps-lacZ
(Figure 4A). Some deletion mutants displayed a modulated background expression

(e.g., AycnK or AiolR), but maintained induction specificity for RNA synthesis inhibitors.
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We also checked for paralogous proteins (Table S7), that might take over the function of the
knocked-out gene and e.g., found the paralogous proteins AbrB and Abh as well as YxaF
and LmrA, which had all been identified in the DACA. Generally, if they were responsible for
the selective induction of rpt (and putatively helD) we would have expected even slight
effects upon deletion of one of the paralogs as they often cannot fully compensate for each
other (Strauch et al., 2007). Nevertheless, unequivocal exclusion of those transcriptional
regulators would require the construction and validation of double mutants in further
studies.

Even though we could sensitively detect and verify the repressor LexA binding to the yorB
promoter region, thereby validating the method itself, we were unable to identify a
transcription factor responsible for conferring induction specificity to Prt. The results left us
with different options concerning the regulation of rpt. the transcription factor of interest
might not be stable or dependent on a co-factor for DNA-binding, which is not present or
unstable under our DACA experimental procedure, the trypsin-digest of the protein is not
suitable for detection via MS analysis, the cell can fully compensate for the deletion of the
respective transcription factor, or induction specificity of P, is simply not conferred by
transcription factor binding. However, although not solely responsible for the regulation of
rpt under RNA stress inducing conditions, the detected transcription factors that bind to the
rpt promoter region (Table S5 and Table S7) may still play a role in the regulation of rpt
under other growth or stress conditions, as some of them displayed a modulation of the

background expression.

Cis-encoded asRNA regulation may be responsible for induction specificity of Prpt
and Preip.

As we could not find a regulator in the DACA conferring induction specificity, we
hypothesized that the selective induction observed upon RNA stress might not be dependent
on transcription factor binding. Furthermore, we were surprised to see that fragment 1
displayed approximately 10-fold higher LFQ values for SigA in comparison to fragment 3,
although both fragments contained the SigA (M17) binding site of Py Interestingly, the
opposite strand of the rpt promoter, covering the 5’UTR of rpt only partially, encodes a
previously annotated small RNA (sRNA) called ncr1015 (120 bp) or S708 (628 bp),
depending on the study (Irnov et al., 2010; Nicolas et al., 2012). Figure 6A shows, that
although deletion of the 13 conserved nucleotides that led to the loss of induction specificity
(Prpt_penabpps-lacZ construct) did not directly modify the complementary sRNA itself, it most

likely interfered with its expression, as it overlapped with and thereby deleted the -35 region

172



of the SigA (M14) binding site of ncr1015/S708 (Nicolas et al., 2012). This additional binding
site on the complementary strand might also explain the elevated levels of sigma factor
(SigA) and different RNAP subunits (RpoA, RpoB, and RpoC) binding to fragment 1 in the
DACA. Looking at the supplemental data provided by Nicolas and colleagues, we could also
identify a SigA (M19) binding site on the opposite strand of the helD promoter (Figure 6A).
Furthermore, transcript levels show a slight upregulatory shift in proximity of this
chromosomal location for several growth conditions (Nicolas et al., 2012; Zhu and Stulke,
2017). Again the -35 region of the SigA (M19) binding site of the proposed complementary
sRNA of helD overlapped with the conserved 13 nucleotides identified Prep (Figure 6A).
A deletion or modification of the 13 nucleotides would therefore simultaneously change the
-35 region of the complementary SigA binding site in both promoters, potentially hindering

SigA from binding and thereby suppressing expression of the sRNA.
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Figure 6. Overview of the regulatory important promoter regions of rpt and helD. (A) Schematic view of
the native promoter regions of rpt and helD, including the 5UTR (yellow) and the complementary sRNA. S708
and the proposed complementary sRNA of helD have been chosen on the basis of previously conducted
transcriptomic data (both marked in orange) (Nicolas et al., 2012; Zhu and Stulke, 2017). Ncr1015, which is
alternatively described to S708, is highlighted in light orange (Irnov et al., 2010). The sequence of the SigA
binding sites is indicated by the underlined bases in bold. The conserved 13 nucleotides in the helD and rpt
promoter are highlighted in red. (B) Schematic view of the modification of the -10 region of the SigA binding
site of ncr1015/S708, which likewise changed the nucleotide sequence of the rpt 5’UTR. (C) Induction of
Prot_modi-10regionsigacs7os)-/acZ in comparison to the unmodified bioreporter Ppr-lacZ. The modified construct
showed enhanced background signal and loss of antibiotic induction specificity. Filter discs with the respective
antibiotic amount were directly placed on the bioreporter containing Belitzky minimal soft agar. Antibiotics were
used in the following amounts: rifampin (RIF) 30 g, fidaxomicin (FID) 8 ug, ciprofloxacin (CIP) 5 ug,
vancomycin (VAN) 30 ug, and chloramphenicol (CHL) 10 pg.
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We hypothesized that by abolishing the expression of the complementary sRNA, the
expression of rpt (or helD) is no longer repressed, which would lead to the observed
enhanced background expression and deregulation of induction specificity. This kind of
sRNA regulation constitutes a cis-encoded antisense RNA (asRNA) regulation. Generally,
cis-encoded RNA regulation is suspected to be quite commonly employed by Firmicutes
(Imov et al., 2010). To confirm the idea of a cis-encoded asRNA regulation,
we kept the -35 region of the SigA (M14) binding site of ncr1015/S708 intact, but modified
its -10 region (Ppt_Modi-10siga(s7os)-lacZ) (Figure 6B). Indeed, a modification of the -10 region
of the complementary sRNA also led to loss of induction specificity (Figure 6C), supporting
the idea that specific derepression of the SigA-dependent rpt expression upon RNA stress
is regulated by the complementary cis-encoded asRNA. However, those nucleotide
substitutions of course also inevitably modified the complementary 5UTR of rpt. Figure S5C
displays the 5’UTR of rpt upon modification of the -10 region of the SigA binding site of
ncr1015/S708. Although the impact of such variation in the 5’UTR are difficult to predict, the
even lowered minimum free energy and the similarly structured RBS of the modified 5’UTR
in comparison to the unmodified 5’UTR of P,-lacZ (Figure S5B), rather contradict the idea

of a regulation via 5’UTR stability and structure.

Regulation via a cis-encoded asRNA is predominantly implemented by four main
mechanisms: attenuation of translation, alteration of target RNA stability, transcriptional
interference, and attenuation of transcription (transcription termination) (Georg and Hess,
2011; Mars et al., 2016). Translation attenuation regulates gene expression by controlling
MRNA secondary structure and thereby the ribosomal accessibility of the RBS for
subsequent translation. As transcriptome studies already revealed a 100-fold difference in
rpt and helD mRNA levels between rifampin-treated and untreated B. subtilis cells (Freiberg
et al., 2006), we rather exclude that a translation attenuation mechanism is responsible for
main regulation of rpf and helD, but of course cannot rule out an additional fine-tuning.

The impact of the remaining mechanisms on P, and Preip regulation remains elusive, while
none of them can be excluded with certainty. Alteration of target mMRNA stability can e.g., be
modulated by RNA-binding proteins or achieved by asRNA-mediated regulation of
nuclease-dependent degradation (Brantl, 2007; Stazic et al., 2011). Hfq is a well described
RNA-binding chaperone that was shown to strongly effect sSRNA stability and structure in
many Gram-negative bacteria (Fantappie et al., 2009; dos Santos et al., 2019).
Nevertheless, it does not seem to participate in rpt regulation, as the expression of
Pmt-lacZ in the knockout strain B. subtilis 168 AymaH, which is devoid of the B. subtilis Hfq
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homolog, did not show any difference in background signal or induction specificity. Of note,
recent studies indicate that Hfq in B. subftilis does not play a central role in
post-transcriptional regulation as has been observed for proteobacterial species (Rochat et
al., 2015). Concerning nuclease accessibility, a study from Durand and colleagues
demonstrated that upon depletion of the major and essential 5-3’ exoribonuclease
RNase J1 (RnjA), mRNAs of helD and rpt were found 10-fold and 2-fold more abundant in
the B. subtilis cell, respectively (Durand et al., 2012). Hence, RnjA could indeed play a role
in degradation of the rpt and helD mRNAs or their proposed regulatory asRNAs.
In contrast, the elevated mRNA levels upon RnjA depletion might also be caused by RnjAs
ability to resolve stalled RNAP complexes upon collision (Sikova et al., 2020), a mechanism
that might generally trigger the stress response leading to rpt and helD expression (compare
section “helD and rpt are commonly induced upon RNAP stalling”).

The expression of rpt and helD could also be regulated by transcriptional interference. This
process describes the mutual impairment of transcription by complementary expression of
sense mMRNA and cis-encoded asRNA, e.g., by promoter occlusion, sitting duck interference
or RNAP collision mechanisms (Bordoy and Chatterjee, 2015; Brophy and Voigt, 2016).
Furthermore, an asRNA transcription attenuation mechanism that influences transcription
termination of the corresponding sense mRNA (Giangrossi et al., 2010) could contribute to
the observed selective rpt and helD expression. Of note, both regulatory processes,
transcriptional interference and transcription attenuation, might also potentially act
cooperatively as has been seen for the virulence gene icsA of Shigella flexneri (Giangrossi
et al., 2010). However, in order to fully resolve the molecular mechanism of the proposed

antisense regulation of rpt and helD further studies are needed.

Conservation of the rpt promoter regions in different bacteria.

Having gained information about regulatory important promoter regions in B. subtilis we had
a look at the promoter compositions of other rpt containing strains. Figure 7 shows a
phylogenetic tree of the rpt gene, which could be confidently detected in Actinomycetales,
Myxococcales, Clostridiales and Bacillales (protein identity > 0.5 (Kanehisa and Goto, 2000);
conservation of the described rifamycin-binding sites (Stogios et al., 2016)). Looking at the
regulatory aspect, we quickly identified the previously described palindromic
rifamycin-associated element (RAE) in the promoter regions of some of the Actinomycetales
(Spanogiannopoulos et al., 2014), which is indicated in Figure 7 by a blue star. Variations of
this RAE motif with 1-2 nucleotide substitutions were displayed by a blue bordered star.

Interestingly, minor variations of the RAE motif were also found in the promoter region of

175



some Myxococcales, hinting at a broader distribution of this regulatory element (Figure 7).
For the regulation in Bacillales we started screening different rpt promoter regions for the
conserved 13 bp regulatory sequence, which was indeed traceable in different species as
indicated by the red star (Figure 7). The cross-species conservation of the regulatory
sequence is depicted in a consensus motif in Figure S7.
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Figure 7. Phylogenic tree of different rifampin phosphotransferase encoding genes from various
bacteria. A blue star indicates strains that contain the palindromic RAE motif in their promoter sequence,
which has previously been described (Spanogiannopoulos et al., 2014). Strains that contain small
modifications of the RAE motif are displayed by a blue bordered star. Bacterial strains that are highlighted by
a red star all contain the conserved 13 nucleotides in their promoter region (the consensus motif is enclosed
in Figure S7), that were shown to regulate induction specificity of rpt and helD. A red diamond marks strains
that possess a potential variation of this consensus motif. Phylogenetic analysis was conducted with MEGA X
using the Maximum Likelihood approach and Jones-Taylor-Thornton matrix-based model (Jones et al., 1992;
Kumar et al., 2018), while all positions of the alignment of different rifampin phosphotransferases containing
gaps and missing data were eliminated. Accession numbers of all strains used for the construction of the
phylogenetic tree are listed in Table S8.
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As this region contained the -35 region of the SigA binding site of ncr1015/S708 on the
complementary strand in B. subtilis, the cross-species conservation might underline the
important regulatory function of this region. Looking at the genomic locus of rpt in these
13 bp consensus motif containing Bacillales, one could quickly notice its divergent
localization in the chromosome with a broad variety of different upstream and downstream
located genes in different species. However, an alignment of the promoter regions revealed
a conserved promoter region of ~200 bp (Figure S8). The alignment showed a high
conservation especially in regions that were previously described to potentially possess
regulatory functions: the SigA binding site and the RBS of Py, the SigA binding site of the
asRNA ncr1015/S708 (containing the conserved 13 bp motif of P.), and a potential intrinsic
terminator structure of the ncr1015/S708 cis-encoded asRNA (Figure S8) (Irnov et al.,
2010). The high conservation in different Bacillales hints at the regulatory importance of
those regions and a potentially common mechanism of regulation. Furthermore, the broad
distribution in different genomic loci speaks for an acquisition by horizontal gene transfer,
as has been proposed by its B. subtilis location in the P6 prophage-like region (Kunst et al.,
1997; Rocha et al., 1999). Noteworthy, in the alignment of the remaining Bacillales that did
not contain the 13 bp consensus sequence (e.g., Bacillus cereus, Bacillus megaterium, or
Bacillus mycoides) we could identify highly conserved regions that might play a role in their
rpt regulation, e.g., a perfectly conserved “TTAATTATA” motif, that was exclusively present
in all analyzed Bacillales (including Listeria) devoid of the previously described consensus

motif.
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MATERIAL AND METHODS

Strains, plasmids, and culture conditions.

All strains used in this study are listed in Table S9. All bioreporter strains (including all
promoter deletion mutants) were generated on the basis of the sporulation deficient
B. subtilis 1S34 strain (Piggot, 1973). For the bioreporter expression in different knockout
mutants we utilized strains of the B. subtilis 168 deletion library (Koo et al., 2017). The
integrative plasmid pHJS105 was used for the transformation of the respective lacZ reporter
constructs. pHJS105 integrates into the amyE locus and contains the antibiotic resistance
marker spectinomycin (SPT) (Jahn et al., 2015). For the luxABCDE reporter constructs the
vector pBS3Clux was used, which integrates into the sacA locus and confers resistance to
chloramphenicol (CHL) (Radeck et al., 2013).All bioreporter strains were grown in lysogeny
broth (LB) (1 % tryptone, 1 % NaCl and 0.5 % yeast extract) containing the respective
antibiotic selection marker in the following final concentration: SPT [100 pg/mL], CHL
[5 pg/mL]. For sub-cloning, the E. coli strains XL1 blue and XL10 gold were utilized for the
construction and propagation of all plasmids with the exception for the B. subtilis rpt

overexpression strains which were all sub-cloned using E. coli Turbo cells.

Recombinant plasmid construction.

The luciferase constructs pBS3Clux-P+luxABCDE and pBS3Clux-Phren-luxABCDE were
generated on the basis of plasmid pBS3Clux (Radeck et al., 2013). The restriction sites
EcoRI and Sall of the plasmid pBS3Clux were utilized to integrate the respective promoter
regions (Pt or Prein), which were amplified via PCR (Phusion® high-fidelity DNA polymerase
(NEB)) from B. subtilis 1S34 genomic DNA, gel-purified and then integrated via Gibson
assembly (NEBuilder® HiFi DNA assembly master mix (NEB)). For the construct
Prot Delabpps-luxABCDE we amplified the plasmid pBS3Clux-Pp+luxABCDE using
5’-phosphorylated primers that bound upstream and downstream of the 14 bp consensus
region (Phusion® high-fidelity DNA polymerase (NEB)). The gel-purified fragment was then
ligated back-to-back using the T4 DNA ligase (Thermo Scientific). Primers used in this work
are listed in Table S10. After transformation of chemically competent E. coli XL10 gold cells,
transformants were selected on LB agar containing 100 pg/mL ampicillin overnight. Single
colonies were inoculated in 5mL LB (37 °C, 190 rpm). Subsequently, plasmids were isolated
(GeneJET Plasmid Miniprep Kit (Thermo Scientific)), and sequence integrity was controlled
by Sanger sequencing (LGC genomics GmbH). The plasmids were transferred into naturally
competent B. subtilis 1S34 cells and selected on LB agar, containing 5 pg/mL of CHL.

Integration into the sacA locus was confirmed via PCR. Furthermore, the integrated
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sequence was amplified via PCR (DreamTaq polymerase (Thermo scientific)), purified
(Monarch PCR & DNA Cleanup Kit (NEB)) and subsequently confirmed by Sanger
sequencing. The luciferase construct pHT304-P+Iluc was constructed on the bases of
pHT304-Phep-luc. After digestion of pHT304-Prep-luc with Kpnl and Pstl, the vector was
gel-purified. The insert was amplified via PCR (Phusion® high-fidelity DNA polymerase
(NEB)) from B. subtilis genomic DNA, purified and ligated into the vector via Gibson
assembly (NEBuilder® HiFi DNA assembly master mix (NEB)). Primers are listed in
Table S10. After transformation of chemically competent E. coli XL1 blue cells,
transformants were selected on LB agar containing 100 ug/mL ampicillin overnight. Single
colonies were inoculated in 5mL LB and incubated overnight (37 °C, 190 rpm), plasmids
were isolated (GeneJET Plasmid Miniprep Kit (Thermo Scientific)) and controlled via Sanger
sequencing (LGC genomics GmbH). After verification, the non-integrative plasmid was
transformed into naturally competent B. subtilis 1S34 cells.

The plasmid of the rpt overexpression strain E. coli XL1 blue pBS2E-Pspac-S707-rpt was
constructed on the basis of pBS2E. For this, the pBS2E backbone was amplified via PCR
(Phusion® high-fidelity DNA polymerase (NEB)) and purified via an agarose gel. The S707-
rpt insert was amplified via PCR (Phusion® high-fidelity DNA polymerase (NEB)) from
B. subtilis 1S34 genomic DNA, gel-purified and integrated using Gibson assembly
(NEBuilder® HiFi DNA assembly master mix (NEB)). Primers are listed in Table S10. After
transformation of chemically competent E. coli XL1 blue cells, transformants were selected
on LB agar containing 100 pg/mL ampicillin overnight. Single colonies were inoculated in
5mL LB and incubated overnight (37 °C, 190 rpm). Plasmids were isolated (GeneJET
Plasmid Miniprep Kit (Thermo Scientific)), and Sanger sequencing (LGC genomics GmbH)
was used to verify the sequence integrity.

For the construction of the B. subtilis rpt overexpression strain the plasmid
pAPNC-mCherry was used. After digestion with Sall and EcoRI the backbone of the plasmid
was gel-purified. The insert S707-rpt was amplified from B. subtilis 1S34 genomic DNA,
purified and then assembled using the Gibson cloning method (NEBuilder® HiFi DNA
assembly master mix (NEB)). The respective primers can be found in Table S10. After
transformation of chemically competent E. coli Turbo cells, transformants were selected on
LB agar containing 100 ug/mL ampicillin overnight. Single colonies were inoculated in 5 mL
LB containing the resistance marker and incubated overnight (37 °C, 190 rpm). Plasmids
were isolated (GeneJET Plasmid Miniprep Kit (Thermo Scientific)), verified by Sanger
sequencing (LGC genomics GmbH), transferred into competent B. subtilis 168 Arpt

cells and selected on LB agar, containing 5 pg/mL of CHL. Integration into the aprE locus
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was confirmed by PCR. The sequence integrity was confirmed via PCR (DreamTaq
polymerase (Thermo scientific)) and subsequent Sanger sequencing of the amplificated
fragments.

All Pyt and Preip promoter deletion constructs (except for pHJS105-P ¢ Moditabpps-lacZ,
PHJS105-Ppt oniysiga-lacZ and pHJS105-Ppt modi-10sigA(s70s)-lacZ) were constructed similarly.
The restriction sites Sphl and Kpnl of the plasmid pHJS105-P+-lacZ (Wex et al., 2021) were
used to exchange the Pt promoter for the respective promoter regions (P/pt 123bp, Prpt_108bp,
P ot DeltabpDs, Pheip_120bp, Phreip 1130p @and Phreip_pei1sbpps), which were amplified via PCR
(DreamTaq DNA polymerase (Thermo Scientific)) from B. subtilis 1S34 genomic DNA, gel-
purified and then integrated via Gibson assembly (NEBuilder® HiFi DNA assembly master
mix (NEB)). For the constructs pHJS105-Pt Moditabpps-lacZ and pHJIS105-Pryt Modi-
10sigas7os)-lacZ we amplified the entire plasmid pHJS105-Ppt 1230p-lacZ using 5'-
phosphorylated primers that contained the respective modification (Phusion®
high-fidelity DNA polymerase (NEB)). The gel-purified fragment was then ligated back-to-
back using the T4 DNA ligase (Thermo Scientific). For pHJS105-Ppt onysiga-lacZ we
amplified two fragments of pHJS105- Py 1230p -lacZ, thereby only maintaining the SigA
binding site of the promoter. The fragments were gel-purified and then merged via
Gibson assembly (NEBuilder® HiFi DNA assembly master mix (NEB)). All Primers are listed
in Table S10. After transformation of chemically competent E. coli XL1 blue- or
E. coli XL10 gold cells, transformants were selected on LB agar containing 100 pg/mL
ampicillin overnight. Single colonies were inoculated in 5mL LB (37 °C, 190 rpm). After
overnight incubation plasmids were isolated (GeneJET Plasmid Miniprep Kit (Thermo
Scientific)), and verified by Sanger sequencing (LGC genomics GmbH). The plasmids were
transferred into competent B. subtilis 1S34 cells and selected on LB agar, containing
100 pg/mL of SPT. Integration into the amyE locus was investigated by streaking single
colonies on starch containing agar (0.3 % meat extract, 1 % starch, 1.2 % agar). Successful
transformants were unable to metabolize the starch, which was detectable after iodine
staining (3.3 % iodine, 6.7 % potassium iodide). Furthermore, the integrated sequence was
controlled by PCR (DreamTaq polymerase (Thermo scientific)) and purified PCR products
(Monarch PCR & DNA Cleanup Kit (NEB)) were again confirmed via Sanger sequencing.
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Agar-based bioreporter assay.

The method of the agar-based bioreporter assay has previously been described in detail
(Wex et al., 2021). In this study, the bioreporters Pren-lacZ and Pyors-lacZ have additionally
been tested in Belitzky minimal soft agar (Stulke et al., 1993) for better comparability
(Figure S2).

For all B. subtilis 168 knockout strains that were tested for selective pHJS105- Pp-lacZ or
pHJS105- Pyors-lacZ induction in the agar-based bioreporter assay we applied the conditions
previously described for the B. subtilis 1S34 bioreporter constructs (Wex et al., 2021).

In the promoter studies, all deleted or modified Pt constructs have been tested in Belitzky
minimal soft agar under the same conditions described for Pp+lacZ. Promoter deletion
constructs of helD were all tested in LB soft agar, thereby applying the same conditions as
previously published for Preip (Urban et al., 2007; Wex et al., 2021).

Luciferase-based liquid bioreporter assay.

The liquid bioreporter assay for all P. luminescens luciferase (luxABCDE)-based constructs
in this study was conducted in BMM. Overnight cultures were diluted to an ODsoo of 0.05
and re-grown to an ODesoo of 0.9. Cells were diluted to an ODeoo of 0.02. In parallel an
antibiotic dilution series was conducted in each lane of a white 96-well microtiter plate (MTP)
with transparent, flat bottom (A1-A11, B1-B11,...H1-H11) using 60 uL BMM. Antibiotics were
used in the following concentration ranges: rifampin 0.0005-0.5 pg/mL, rifabutin
0.0009-1 pg/mL, fidaxomicin 0.0156-16 pg/mL, sorangicin A 0.0313-32 ug/mL,
corallopyronin A 0.0313-32 ug/mL, streptovaricin 0.0019-2 pug/mL, streptolydigin
0.125-128 pg/mL, chartreusin 0.0313-32 ug/mL, echinomycin 0.0002-0.25 pg/mL, netropsin
0.0156-16 pg/mL, actinomycin D 0.0078-8 pg/mL, mithramycin 0.0039-4 ug/mL,
mitomycin C 0.0078-8 ug/mL, doxorubicin 0.0078-8 ug/mL, phleomycin 0.0156-16 ug/mL,
5-fluorouracil 0.0156-16 pg/mL, ciprofloxacin 0.0078-8 ug/mL, chloramphenicol
0.0313-32 pg/mL, gentamicin 0.0039-4 pg/mL, ampicillin 0.0156-16 pg/mL, vancomycin
0.0078-8 pg/mL, CCCP 0.0078-8 pg/mL, daptomycin 0.0313-32 pg/mL, triclosan
0.0019-2 pg/mL. The last column of the MTP contained only 60 pL of BMM with no antibiotic
added, to serve as growth control (background luciferase production). The MTP plate was
pre-warmed at 37 °C before addition of the bioreporter strain. 60 uL of the B. subtfilis
bioreporter cell suspension (ODeoo of 0.02) were added to each well of the MTP. The MTP
was immediately incubated at 37 °C in the Spark® multimode microplate reader (Tecan).
Luminescence as well as ODsoo measurements were performed automatically every 5 min

for 16-20 h. The firefly luciferase (luc)-based construct pHT304-P+~luc was tested as
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described for before for other luc-based bioreporter constructs (Urban et al., 2007). It was
grown in BMM, and induction was investigated after 90 and 210 min of incubation with the

antibiotic.

Minimal inhibitory concentration (MIC) determination of single deletion mutants.

MIC was determined following the Clinical and Laboratory Standards Institute (CLSI)
guidelines with several exceptions (Patel et al., 2015). The B. subtilis 168 knockout strains
AamyE, Arpt, AhelD and ArpoE were grown overnight on LB-agar plates. Of each strain
3-5 colonies were thoroughly resuspended in 0.9 % NaCl and the suspensions were
adjusted to an ODeoo of 0.1. All strains were further diluted in BMM to achieve an inoculum
of 1 x 108 colony forming units per mL (CFU/mL). In parallel an antibiotic dilution series was
conducted in lanes B-G (e.g., B2-B10, C2-C10 etc.) of a transparent, flat bottom 96-well
MTP using 50 yL BMM. Column 11 comprised 100 uL of the sterile control (BMM but no
antibiotic and no cells) (B11, C11, D11) as well as 50 L of the growth control (BMM but no
antibiotic) (E11, F11, G11). 50 pL of the previously diluted B. subtilis cells (1 x 108 CFU/mL)
were added to each well of the prepared MTP, except for the sterile controls. The MTP was
incubated under shaking conditions at 37 °C in the microplate reader Tecan infinite M200.
MIC was determined after 20 h of incubation. For each experiment CFU determinations were

performed to control the initial inoculum.

MIC determination of S707-rpt overexpression strains.

For the MIC determination of the overexpression mutants (E. coli XL1 blue
PBS2E-Pspac-S707-rpt and B. subtilis 168 Arpt aprE::Pspac-S707-rpt overnight cultures of the
respective strains were used. E. coli XL1 blue pBS2E-Pspac was used as unrelated control,
which contained the same high-copy plasmid as the overexpression strain, but no integrated
rpt gene. For the B. subtilis overexpression strain, we used two different control strains:
B. subtilis 168 AamyE, which still possessed the native rpt gene and B. subtilis 168 Arpt
aprE::Pspac, which was devoid of the native rpt gene and only contained the integrative
plasmid (without rpt gene sequence). The overnight cultures were diluted to an ODsoo of
0.05 in LB containing the selection marker and parallelly in LB containing the selection
marker and 1 mM IPTG and grown to an ODeoo of 1. Cells were diluted to 1 x 108 CFU/mL
in LB. In parallel a rifampin dilution series was conducted in lanes B-G (e.g., B2-B10,
C2-C10 etc.) of a transparent, round bottom 96-well MTP using 50 yL LB (containing the
selection marker) in lanes B, D, F and 50 uL LB (containing the selection marker and 2 mM
IPTG) in lanes C, E, G. Column 11 of the MTP comprised 100 pL of the sterile control

182



(LB but no antibiotic and no cells) (B11, C11) as well as 50 pL of the growth control with
(D11, E11) and without IPTG (LB but no antibiotic £ IPTG) (F11, G11). 50 uL of the
previously diluted (1 x 108 CFU/mL) bacterial cells were added to each well of the prepared
MTP, except for the sterile control. The MTP was incubated at 37 °C and MIC results were
determined after 20 h of incubation. For each experiment CFU determinations were

performed to control the initial inoculum.

Detection of rifampin modifications via HPLC-MS analysis.

E. coli XL1 blue pBS2E-Pspac and E. coli XL1 blue pBS2E-Pspac-S707-rpt were inoculated in
20 mL LB containing rifampin [100 pg/mL] and IPTG [1 mM] and grown for 24 h (190 rpm,
37 °C). Supernatants of the induced cultures were subsequently investigated via HPLC-MS
analysis. HPLC-MS was performed using an Agilent 1200 series chromatography system
(binary pump, high performance autosampler, column thermostat, diode array detector
(DAD)) coupled with an LC/MSD Ultra Trap System XCT 6330.The sample (2.5 pyL) was
injected on a Nucleosil 100 C18 column (3 um, 100 x 2 mm) fitted with a precolumn
(83 um, 10 x 2 mm) (Dr. Maisch GmbH, Ammerbuch) at a flow rate of 400 mL/min and a linear
gradient from 10 % solvent A (0.1 % formic acid in water) to 100 % solvent B (0.06 % formic

acid in acetonitrile) over 15 min at 40°C.

DNA affinity capturing assay (DACA).

For the DACA assay we amplified and parallelly biotinylated 4 different DNA fragments from
B. subtilis 1S34 genomic DNA via PCR (Phusion® high-fidelity DNA polymerase (NEB)). All
primers are listed in Table S10. Fragments were purified using the Monarch® PCR and DNA
Cleanup Kit (NEB). 75 ug of each biotinylated promoter fragment was bound to 5 mg of the
Dynabeads® M-280 Streptavidin (Invitrogen), following the manufacturers’ instructions. The
biotinylated beads were stored in TGED buffer (20 mM Tris-HCL, 1 mM EDTA, 100 mM
NaCl, 0.1 % Triton-X-100, 10 % glycerol, pH 7.5) at 4 °C. For the generation of the
B. subtilis whole cell protein extract, 5 L of LB were inoculated with an overnight culture of
B. subtilis 1S34 to an ODsoo of 0.05 and grown to an ODsoo of 1.8 (37 °C, 170 rpm). Cells
were harvested (20 min, 4000 g, 4 °C) and resuspended in 25 mL of TGED cell lysis buffer
(TGED buffer was mixed with 1 mM DTT and the proteinase inhibitor mix (cOmplete™,
EDTA-free Protease Inhibitor Cocktail Tablets (Roche)), just before use). The cell
suspension was homogenized using 3 cycles (6400 rpm for 20 s) of Precellys®, while the
suspension was incubated for 3 min on ice between the cycles. Cell debris were sedimented

via centrifugation (10 min, 50000 g, 4 °C). The supernatant was collected and cooled on ice
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before it was subsequently used in the protein binding studies of the 4 promoter fragments.
For protein pulldown 4 mL of freshly prepared whole cell protein extract was mixed with
100 pg/mL salmon sperm DNA in a 50 mL falcon tube and incubated for 15 min on ice. The
5 mg of promoter fragment-coupled beads of one fragment were added to the protein whole
cell extract and incubated for 45 min on ice, weakly inverting. Beads were purified in a
stepwise procedure, at a time transferring 1.6 mL of the suspension to a 2 mL Eppendorf
tube and separating the magnetic beads by binding them with a magnet to one side of the
Eppendorf tube (binding took approximately 4 min) and removing the supernatant. Beads
were washed in 3 steps: with 500 yL of TGED buffer, 400 uL TGED containing salmon
sperm [100 pg/mL], and again using 500 pL of TGED buffer. Elution of the specifically bound
proteins was carried out by washing two times with 350 uL TGED elution buffer (20 mM
Tris-HCL, 1 mM EDTA, 2 M NaCl, 0.1 % Triton-X-100, 10 % glycerol, pH 7.5). The
supernatant was collected and pooled. Proteins were precipitated with trichloroacetic acid
(175 pL per 700 uL of supernatant) by incubating them for 30 min on ice. Precipitated
proteins were pelleted via centrifugation (10 min, 16800 g, 4 °C), the supernatant was
removed, and pellets were two times washed with pure acetone. Pellets were subsequently
air dried and stored at -70 °C. After the elution step, the Dynabeads were recovered by
washing them 2 times with TGED elution buffer, and 2 times with TGED buffer before storing
them at 4 °C in TGED buffer.

NanoLC-MS/MS analysis and data processing

Analysis of protein eluates was performed as previously described (Bekiesch et al., 2016),
with slight modifications: Extracted and desalted peptides were run on an Easy-nLC 1200
system coupled to a Q Exactive HF mass spectrometer (both Thermo Fisher Scientific) as
described elsewhere (Kliza et al.,, 2017) using a 57 minute segmented gradient of
10-33-50-90 % of HPLC solvent B (80 % acetonitrile in 0.1 % formic acid) in HPLC
solvent A (0.1 % formic acid) at a flow rate of 200 nl/min. The 7 most intense precursor ions
were sequentially fragmented in each scan cycle using higher energy collisional dissociation
(HCD) fragmentation. In all measurements, sequenced precursor masses were excluded
from further selection for 30 s. The target values for MS/MS fragmentation were 10° charges
and 3x10° charges for the MS scan. Each sample was run in technical duplicates.
Acquired MS spectra were processed with MaxQuant software package version 1.6.7.0
(Cox and Mann, 2008) with integrated Andromeda search engine (Cox et al., 2011).
Database search was performed against a B. subtilis database obtained from Uniprot,

containing 4,271 protein entries and 286 commonly observed contaminants. Endoprotease
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trypsin was defined as protease with a maximum of two missed cleavages. Oxidation of
methionine and N-terminal acetylation were specified as variable modifications, and
carbamidomethylation on cysteine was set as fixed modification. Initial maximum allowed
mass tolerance was set to 4.5 parts per million (ppm) for precursor ions and 20 ppm for
fragment ions. Peptide, protein and modification site identifications were reported at a false
discovery rate (FDR) of 0.01, estimated by the target-decoy approach (Elias and Gygi,
2007). The IiBAQ (Intensity Based Absolute Quantification) and LFQ (Label-Free
Quantification) algorithms were enabled, as was the “match between runs” option (Luber et
al., 2010; Schwanhausser et al., 2011).
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Figure S1. B. subtilis Pps/YppS is able to phosphorylate rifampin. £. coli XL1 blue pBS2E-Pspac and
E. coli XL1 blue pBS2E-Pspac-S707-pps/yppS were grown in the presence of RIF(100 ug/mL) and the inducer
IPTG (1 mM) for 24 h. S707 constitutes the 5’UTR preceding the B. subtilis pps/yppS gene (Nicolas et al.,
2012). (A) HPLC-MS analysis of the conditioned media of E. coli XL1 blue pBS2E-Pspac (upper graph) and
E. coli XL1 blue pBS2E-Pspac-S707- pps/yppS (lower graph). Phosphorylated rifampin was only detectable
upon induction of B. subtilis pps/yppS. (B) Mass spectrum [M-H] of the conditioned medium of E. coli XL1 blue
pPBS2E-Pspac-S707- pps/yppS at a retention time of 12 min showing the detection of the mass of
phosphorylated rifampin (m/z 901.3).

| RIF®_ MIT® | CIP© |

RNA stress
(P,m—/acZ)

RNA stress
(Phep-lacz)

Figure S2. Induction pattern of exemplary reference antibiotics tested against our RNA and DNA stress
bioreporters in Belitzky minimal soft agar. Compounds were spotted on a filter disc and subsequently
placed on the agar, containing the respective B. subtilis reporter strain. Filter discs contained the following
antibiotic amounts: rifampin (RIF) 30 pg, fidaxomicin (FID) 8 ug, sorangicin A (SOR) 5 pg,
streptovaricin (SVA) 10 pg, streptolydigin (SLY) 40 pg, chartreusin (CHA) 30 ug, echinomycin (ECH) 20 ug,
mitomycin C (MIT) 1 pg, and ciprofloxacin (CIP) 5 ug. Categorization into DNA synthesis inhibitors (A),
RNAP inhibitors (B), and DNA-binding agents (C) is indicated by the respective superscript. Promoter induction
was detected as a blue halo following overnight incubation.
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Figure S3. Comparison of rpt and helD transcriptional regulation. (A) Transcript levels of rpt and helD
under different growth conditions. The data was obtained from the Expression browser available on SubtiWiki
(Zhu and Stulke, 2017). (B) Schematic overview of the native promoter regions of rpt and helD. The SigA
binding sites were both annotated by Nicolas and colleagues (Nicolas et al., 2012). A further subclassification
of SigA binding sites based on their available consensus motifs yielded the subclass M17 for both, the rpt and
helD promoter (Nicolas et al., 2012). S707 5'UTR was described with a length of 110 bp (Zhu and Stulke,
2017; Nicolas et al., 2012). For the helD promoter region, * indicates that this 5'UTR has not previously been
annotated as such but can be deduced due to the described SigA binding site and the translational start site

(Nicolas et al., 2012).

helD_promoter 1 cErciNEREcTATTE T BrETECH TR AT TATH- - - s cAcERT cc HCRATATATH
rpt_promoter 1 -@aTiSENecAcAAVIclERCH cldcic AT - NRC cllclAccigsce TR TA S TRARARGH

helD_promoter 63 TAANNEAT NN~ iETN - P EEAC A T TC/ - - - TCTRTG- c
rpt_promoter 64 ---[ENUNG (NS T C g~ FREIA T T WC CT - CTAGGARGCT -

Figure S4. Sequence alignment of the promoter sequences Pr: (123 bp fragment) and Pren
(120 bp fragment). For the alignment, the Pro-coffee alignment tool for homologous promoter regions was
used (Erb et al., 2012). The conserved 13 nucleotides on the downstream end of the promoter regions are
outlined in red.
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TTTATTATATCCTGCTAGGAAGCTCTTGTCAATATTTTTCTGCAGTAAGGA
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Figure S5. Continued on following page.
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5'UTR of P,; modi-10siga(s7os)-/acZ

Prediction 1: Prediction 2:

Propen;ity of being single stranded
0 -
Figure S5. Predicted mRNA structures of the rpt promoter region with minimum free energy (AG).
(A) Overview of the investigated 5’'UTRs, their sequence and the induction specificity of the respective
bioreporter construct. (B) Predicted 5’'UTR structures of the rpt promoter deletion or modification studies.
(C) Predicted 5’UTR structures after modification of the -10 region of the SigA binding site of the
complementary sRNA ncr1015/S708. All 5UTR structures have been analyzed using the RNA mfold
version 2.3 (Zuker, 2003). The propensity of each base to be single stranded is color encoded.
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B. subtilis 168
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B. subtilis 168
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Figure S6. Antibiotic induction of the Pyos-lacZ bioreporter in the different background strains
B. subtilis 1S34, B. subtilis 168 AlexA, and B. subtilis 168 AgamR. Antibiotic discs contained the following
antibiotic amounts, rifampin (RIF) 30 pg, vancomycin (VAN) 30 ug, and ciprofloxacin (CIP) 5 ug, and were
directly placed on the bioreporter strain containing agar. Expression of Pyos-lacZ in the deletion mutant
B. subtilis 168 AlexA, which is devoid of the transcriptional repressor of the SOS response LexA, showed
enhanced background expression and loss of induction specificity. Expression of Pyos-lacZ in the
B. subtilis 168 AgamR strain background had no influence on the bioreporter induction specificity.

bits

,lTGTCAA%I%lTLl,

Figure S7. Cross-species consensus motif of the conserved 13 nucleotides initially identified in the
promoter regions of B. subtilis rpt and helD. Of note, the helD motif contains an additional cytosine
compared to the rpt motif (compare Figure S4). The rpt promoter regions of the following strains were utilized
for motif creation using Weblogo (Crooks et al., 2004): Bacillus subtilis subsp. subtilis 168 (NC_000964.3),
Bacillus licheniformis ATCC14580 (NC_006270.3), Bacillus amyloliquefaciens MT45 (NC_014551.1),
Paenibacillus sp. Y412MC10 (NC_013406.1), Brevibacillus brevis NBRC100599 (NC_012491.1), Bacillus
halotolerans F41-3 (NZ_CP029364.1), Bacillus sonorensis (NZ_CP021920.1), Paenibacillus mucilaginosus
KNP414 (NC_015690.1), Brevibacillus brevis NBRC100599 (NC_012491.1), Brevibacillus formosus
(NZ_CPO018145.1), Paenibacillus ihbetae (NZ_CP016809.1), Brevibacillus agri (NZ_CP026363.1), Bacillus
siamensis (NZ_CP025001.1), Bacillus glycinifermentans (NZ_LT603683.1), Bacillus amyloliquefaciens LL3
(NC_017190.1), Bacillus paralicheniformis (NC_021362.1), Paenibacillus lautus (NZ_CP032412.1)
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Figure S8. Promoter alignment of different Bacillales rpt homologs containing the conserved
13 nucleotides found in Prt and Phein. Colored boxes highlight important regulatory regions of the rpt
promoter region in different bacterial strains. The names of all analyzed strains are listed from first to last:
Bacillus subtilis subsp. subtilis 168 (NC_000964.3), Bacillus licheniformis ATCC14580 (NC_006270.3),
Bacillus amyloliquefaciens MT45 (NC_014551.1), Paenibacillus sp. Y412MC10 (NC_013406.1),
Brevibacillus brevis NBRC100599 (NC_012491.1), Bacillus halotolerans F41-3 (NZ_CP029364.1),
Bacillus sonorensis (NZ_CP021920.1), Paenibacillus mucilaginosus KNP414 (NC_015690.1),
Brevibacillus  brevis NBRC100599 (NC_012491.1), Brevibacillus formosus (NZ_CP018145.1),
Paenibacillus ihbetae (NZ_CP016809.1), Brevibacillus agri (NZ_CP026363.1), Bacillus siamensis
(NZ_CP025001.1), Bacillus glycinifermentans (NZ_LT603683.1), Bacillus amyloliquefaciens LL3
(NC_017190.1), Bacillus paralicheniformis (NC_021362.1), Paenibacillus lautus (NZ_CP032412.1)
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Table S1. Rifampin susceptibility before and after complementation of the ppS/yppS (thereafter named
rpt) gene. MIC determination was conducted in lysogeny broth.

Strain IPTG Rifampin MIC
[1mM] [ug/mL]
. - 0.25
B. subtilis 168 AamyE + 0.25
B. subtilis 168 AppslyppS N 8'88;2
B. subtilis 168 AppslyppS aprE::Pspac :, 888;2
B. subtilis 168 AppslyppS aprkE::Pspac-S707- ppslyppS 4-. 060228
E. coli XL1 blue pBS2E-Pspac :, j
E. coli XL1 blue pBS2E-Pspac-S707- pps/yppS ;_ ;?g
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Table S2. Promoter induction of antibacterial agents acting on RNA and DNA synthesis in the agar-
based bioreporter assay. The three bioreporters have previously been shown to be selective only for RNA
stress (PrprlacZ, Preip-lacZ) and DNA stress (Pyos-lacZ) (Wex et al., 2021).

o . Promoter induction
a b
MOA: Antimicrobial agent [ug] Pyos P Proi

DNA gyrase binders Ciprofloxacin [1] + - -
Levofloxacin [1]
Moxifloxacin [0.5]
Nalidixic acid [25]
Norfloxacin [2]
Novobiocin [2]

+ 4+ + + 4+
1
1

Nucleotide synthesis inhibitors Azaserine [3]
5°-Fluorouracil [10]
Sulfamethoxazole [20]
SCH-79797 [40]
Trimethoprim [0.5]

+ + + + +
1
1

RNA polymerase binders Corallopyronin A [30] -
Fidaxomicin [4] -
Myxopyronin A [30] -
Pseudouridimicin® [80] -
Rifabutin [20] -
Rifampin [30] -
Rifamycin SV [20] -
Sorangicin A [20] -
Streptolydigin [20] -
Streptovaricind [20] -
Tirandamycin A [20] -

+ + +

+ 4+ + + + + o+t +
+ 0+ 4+ 4+

DNA-binding agents Actinomycin D [0.5] -

Actinomycin X2 [0.5] -
Cosmomycin B [10]
Cosmomycin C [10]
Cisplatin [25]
Cinerubin A [20]
Chartreusin [30]
DAPI® [50]
Daunomycin [5]
Doxorubicin [1]
Echinomycin [20]
Gilvocarcin V [30]
Mitomycin C [2]
Mitoxantrone [20]
Netropsin [15] -
Phleomycin [10]
Rachelmycin [20] + - -

@ Based on current knowledge of the mechanism of action (MOA)

b Antibiotic amount spotted on agar

¢ Pseudouridimycin shows very weak antimicrobial activity against the bioreporter strains

4 Mixture of different streptovaricins, mainly containing the derivatives A, B, and C

€ 4' 6-diamidino-2-phenylindole

+ + + + 0+ + 0+ 0+ 0
1+ o+ 4+ 00+ + + 0+ + + +
1 1 1 1 1 1 1 1
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Table S3. Maximal antibiotic induction of P,p+-luxABCDE and Pren-luxABCDE after different incubation

times (10, 90, 210 and 240 min). Presented is the maximal fold change of the antibiotic induction in
comparison to the untreated control, including the standard deviation of at least 3 replicates. Measured values

exceeding the induction threshold of 200 % are indicated in bold font.
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Table S4. Fragments used in the DNA affinity capturing assay (DACA). The SigA binding sites (-35 and
-10 binding regions) of Pt (fragment 1-3) and Pyors (fragment 4) are underlined. The 13 bp consensus
sequence of Py is highlighted in green. The potential LexA binding site of Pyors is marked in red.

Fragment Length Sequence
5'BIOTIN-
1 200 b tttttaatgcgactagctatggaaattaagaaaagaacctggtgaaatttcccaggttctttttatattgcacaaaaac
P agacacggtgatataatcacactacgtgcgctttctagttaaaaagttatagatatccatcttataattttattatatcct
gctaggaagctctigtcaatattittctgcagtaaggagg
5'BIOTIN-
2 170 b tttttaatgcgactagctatggaaattaagaaaagaacctggtgaaatttcccaggttctttttatattgcacaaaaac
P agacacggtgatataatcacactacgtgcgctttctagttaaaaagttatagatatccatcttataattttattatatcct
gctaggaagc
5BIOTIN-
3 126 bp tttttaatgcgactagctatggaaattaagaaaagaacctggtgaaatttcccaggttctttttatatigcacaaaaac
agacacggtgatataatcacactacgtgcgctttctagttaaaaagt
5BIOTIN-
4 200 bp ggtgcaagagtgctttcgcatccatttgcaacgtttaatgcttccagtacaactttaatacataatacatacgacage

ggcacacctagattagccttagatgatacagtaatcgattataaataaaaaattcttaacgagaacacttgttcecttt
atgggttttggtatataatttagtagtaccaaaaatttcaaaa

200



Table S5. All DACA candidates that showed increased LFQ intensities for the rpt promoter fragments

(fragments 1-3

ing

F4). Interest

ison to the yorB promoter fragment (fragment 4

F1, F2, F3) in compar

candidates that were further analyzed for their capability to modulate rpt expression are outlined in green.
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F1, F2, F3).

ison to the rpt promoter fragments (fragments 1-3

In compar

F4) i

tlined in green.

red. The interesting candidate GamR (YbgA), which was analyzed for its capability to modulate yorB
expression, is ou

Table S6. All DACA candidates that showed increased LFQ intensities for the yorB promoter
The proposed regulatory candidate LexA, that was further shown to regulate yorB expression, is outlined in

fragment (fragment 4
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Table S7. List of the most promising DACA candidates for the regulation of P,:, most prominently
showing for DNA promoter fragments 1-3. For detected peptide fragments and LFQ intensities refer to

Table S5.
Identified Strain used for Higher Loss of Paralogous proteins?
protein verification background induction
expression  specificity

AdeR B. subtilis 168 AadeR  Weakly No No
amyE::PprlacZ

GIVvR B. subtilis 168 AgIvR No No No
amyE::PptlacZ

AbrB B. subtilis 168 AabrB No No Abh, SpoVT
pHT304-Pmt-luc

Hpr (ScoC)® B. subtilis 168 Ahpr No No No
amyE::Ppr-lacZ

SigBP B. subtilis 168 AsigB No No No
amyE::Ppt-lacZ

QdoR (YxaF) B. subtilis 168 AgdoR  No No LmrA
amyE::PprlacZ

PamR (ydcH)  B. subtilis 168 ApamR  No No No
amyE:.PplacZ

TreR B. subtilis 168 AtreR Weakly No No
amyE::PprlacZ

Rex B. subtilis 168 Arex No No No
amyE::PprlacZ

YprA B. subtilis 168 AyprA Weakly No No
amyE::Pp-lacZ

YprB B. subtilis 168 AyprB Weakly No No
amyE::Ppr-lacZ

RocRP B. subtilis 168 ArocR No No No
amyE::Pp-lacZ

Abh B. subtilis 168 Aabh No No AbrB
amyE::PprlacZ

SigDP B. subtilis 168 AsigD No No No
amyE::PprlacZ

UvrB B. subtilis 168 AuvrB Yes No No
amyE::PprlacZ

loIR B. subtilis 168 AiolR Yes No No
amyE::PprlacZ

YorCP B. subtilis 168 AyorC ~ No No No
amyE::Pp-lacZ

YkrK B. subtilis 168 AykrK No No No
amyE::PptlacZ

YdelL B. subtilis 168 AydeL No No Yhdl
amyE::Ppr-lacZ

YfiRP B. subtilis 168 AyfiR No No No
amyE::Ppt-lacZ

RpoY (YkzG)*  B. subtilis 168 ArpoY ~ No No No
amyE::Ppr-lacZ

YwaE B. subtilis 168 AywaE  Weakly No No
amyE::PprlacZ

GmuR B. subtilis 168 AgmuR  No No No
amyE::Pp-lacZ

CysL B. subtilis 168 AcysL No No No
amyE::PptlacZ

YcnK B. subtilis 168 AycnK  Yes No No
amyE::PprlacZ

YybA B. subtilis 168 AyybA  Weakly No No
amyE::PprlacZ

ManR B. subtilis 168 AmanR  No No No
amyE::PprlacZ

RpozZP B. subtilis 168 ArpoZ No No No
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Identified Strain used for Higher Loss of Paralogous proteins?
protein verification background induction
expression  specificity

YydK B. subtilis 168 AyydK  No No No
amyE::PprlacZ

FriR (YurK) B. subtilis 168 AfrIR Weakly no No
amyE::PptlacZ

AlsR B. subtilis 168 AalsR Weakly no No
amyE::Pp-lacZ

CcpN B. subtilis 168 AccoN  No No No
amyE::Ppr-lacZ

LicRP B. subtilis 168 AlicR Weakly No No
amyE::Ppr-lacZ

LmrA B. subtilis 168 AImrA No No YxaF
amyE::Ppr-lacZ

RhaR (YulB) B. subtilis 168 ArhaR ~ No No No
amyE::PptlacZ

Sigl® B. subtilis 168 Asigl No No No
amyE::Ppr-lacZ

YcsDP B. subtilis 168 AycsD No No No
amyE::Ppr-lacZ

YkvZ B. subtilis 168 AykvZ No No No
amyE::PplacZ

Yusl B. subtilis 168 Ayusl/ No No No
amyE::PprlacZ

PerR B. subtilis 168 AperR  No No No
pHT304-Pp-luc

MtIRP B. subtilis 168 AmtIR No No No
amyE::PprlacZ

YsfBP B. subtilis 168 AysfB Weakly no No
amyE::Ppr-lacZ

AscR (Ytll)® B. subtilis 168 AascR  No No No
amyE::PptlacZ

PchR (YvmB)®  B. subtilis 168 ApchR ~ No No No
amyE::Ppr-lacZ

SpxAP B. subtilis 168 AspxA  No No No

amyE::PprlacZ

a@jdentified paralogs using the Kyoto encyclopedia of genes and genomes (KEGG) (Kanehisa and Goto, 2000)
with a sequence identity >0.5
® most prominent binding to fragment 1
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Table S8. Strains utilized for the phylogenetic analysis of different rifampin-phosphotransferases

(compare Figure 7).

Strain

Accession number

Actinomadura sp. NAKO0032
Actinoplanes missouriensis
Amycolatopsis orientalis

Bacillus amyloliquefaciens LL3
Bacillus amyloliquefaciens MT45
Bacillus anthracis Ames

Bacillus cereus ATCC14579
Bacillus cereus FRI-35

Bacillus circulans

Bacillus glycinifermentans

Bacillus halotolerans F41-3
Bacillus licheniformis ATCC14580
Bacillus megaterium NBRC 15308
Bacillus mycoides WSBC10204
Bacillus paralicheniformis

Bacillus pseudomycoides 219298
Bacillus siamensis

Bacillus simplex NBRC15720
Bacillus sonorensis

Bacillus subtilis subsp. subtilis 168
Bacillus thuringiensis BMB171
Bacillus toyonensis

Bacillus tropicus

Brevibacillus agri

Brevibacillus brevis NBRC 100599
Brevibacillus formosus

Clostridium acetobutylicum ATCC824
Clostridium beijerinckii NCIMB14988
Clostridium kluyveri NBRC12016
Corallococcus coralloides DSM 2259
Cystobacter fuscus
Geosporobacter ferrireducens
Paenibacillus ihbetae
Paenibacillus lautus
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NZ_CP054932.1
NC_017093.1
NZ_CP016174.1
NC_017190.1
NC_014551.1
NC_003997.3
NC_004722.1
NC_018491.1
NZ_CP026031.1
NZ_LT603683.1
NZ_CP029364.1
NC_006270.3
NZ_CP009920.1
NZ_CP009746.1
NC_021362.1
NZ_CP007626.1
NZ_CP025001.1
NZ_CP017704.1
NZ_CP021920.1
NC_000964.3
NC_014171.1
NC_022781.1
NZ_CP041071.1
NZ_CP026363.1
NC_012491.1
NZ_CP018145.1
NC_003030.1
NZ_CP010086.2
NC_011837.1
NC_017030.1
NZ_CP022098.1
NZ_CP017269.1
NZ_CP016809.1
NZ_CP032412.1



Strain

Accession number

Paenibacillus mucilaginosus KNP414
Paenibacillus sp. Y412MC10
Peribacillus butanolivorans KJ40
Peribacillus simplex

Labilithrix luteola DSM 27648
Listeria innocula serotyp6a

Listeria ivanovii WSLC3009

Listeria monocytogenes ATCC51779
Listeria monocytogenes 4b. F2365
Listeria monocytogenes Lm60
Listeria seeligeri

Micromonospora sp. L5

Myxococcus hansupus

Myxococcus xanthus GH3.5.6¢2
Neobacillus mesonae

Nocardia nova SH22a

Nonomuraea sp. ATCC55076
Sorangium cellulosum

Sporosarcina psychrophila
Streptomyces albulus ZPM
Streptomyces bingchenggensis
Streptomyces lincolnensis B48
Streptomyces vinaceus
Streptomyces sp. WAC4747, rifampin phosphotransferase gene
Streptosporangium roseum
Rhodococcus aetherivorans

Rhodococcus sp. WB1

NC_015690.1
NC_013406.1
NZ_CP030926.1
NZ_CP011008.1
NZ_CP012333.1
NC_003212.1
NZ_CP007172.1
NC_018584.1
NC_002973.6
NZ_CP009258.1
NC_013891.1
NC_014815.1
NZ_CP012109.1
NZ_CP017169.1
NZ_CP022572.1
NZ_CP006850.1
NZ_CP017717.1
NC_010162.1
NZ_CP014616.1
NZ_CP006871.1
NC_016582.1
NZ_CP046024.1
NZ_CP023692.1
KJ151292
NC_013595.1
NZ_CP011341.1
NZ_CP015529.1
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Table S9. Strains used in this study. B. subtilis 168 knockout mutants (chosen on the basis of the DACA)
containing the amyE::PprlacZ (Spt") or pHT304-Pp-luc (Erm") bioreporters are listed in Table S7.

Strain

Relevant genotype

Source/ reference

Escherichia coli XL1 blue

E. coli XL10 gold

E. coli NEB Turbo

E. coli TOP 10 pHJS105

E. coli DH5a pBS3Clux

E. coli DH5a pBS2E

E. coli TOP 10 pAPNC-mCherry

E. coli XL1 blue pBS2E-Pgpac

E. coli XL1 blue pBS2E-Pgspac-S707-rpt

Bacillus subtilis 1S34

B. subtilis 1S34
amyE::.pHJS105-P os-lacZ

B. subtilis 1S34
amyE::pHJS105-P -lacZ

B. subtilis 1S34
amyE:.pHJS105-Pep-lacZ

B. subtilis 1534
amyE::pHJS105-P ;5 1230p-lacZ

B. subtilis 1S34
amyE::pHJS105-P ¢ 10spp-facZ

B. subtilis 1S34
amyE: P HJS1 05-Pm(_De|14prs-/aCZ

B. subtilis 1S34
amyE::pHJS105-P ¢ modi140pps-lacZ

B. subtilis 1S34
amyE::pHJS105-P ¢ onysiga-lacZ

B. subtilis 1S34
amyE::pHJS105-P ¢ Modi-10siga(s7os)-lacZ

B. subtilis 1S34
amyE::pHJS105-Peip_1200p-lacZ

B. subtilis 1S34
amyE: X pHJS'l 05'PhelD_1 13bp-lacZ

B. subtilis 1S34
amyE::.p HJS1 05'Phe/D_Del1 5prs-/aCZ

B. subtilis 1S34
sacA::.pBS3Clux-P+luxABCDE

B. subtilis 1S34
sacA::pBS3Clux-Prep-luxABCDE

B. subtilis 1S34
sacA:: pBS3C|UX-P,p(_De|14prs/UXABCDE
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recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac
[F proAB lacliZAM15 Tn10 (Tet")]

Tet'A(mcrA)183A(mcrCB-hsdSMR-mrr)173 endA1
SUpE44 thi-1 recA1 gyrA96 relA1 lac Hte [F proAB

laclPZAM15 Tn10(Tet) Amy Cam']
F proA+B+ laclqA lacZ M15/ fhuA2 A(lac-proAB)

ginV gal R(zgb-210::Tn10)TetS endA1 thi-1 A(hsdS-

mcrB)5

F- mcrA A(mrr-hsdRMS-mcerBC) $80/acZAM15
AlacX74 nupG recA1 araD139 A(ara-leu)7697
galE15 galK16 rpsL(StrR) endA1 A-; pHJS105
F-endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR
nupG $80d/acZAM15 A(lacZYA-argF)U169,
hsdR17(r¢ mg*), A=; pBS3Clux

F-endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR
nupG ®80dlacZAM15 A(lacZYA-argF)U169,
hsdR17(r« mg*), A—-; pBS2E

F- merA A(mrr-hsdRMS-merBC) $80/acZAM15
AlacX74 nupG recA1 araD139 A(ara-leu)7697

galE15 galK16 rpsL(StrR) endA1 A-; pAPNC-mCherry

F-endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR
nupG ®80d/lacZAM15 A(lacZYA-argF)U169,
hsdR17(r« mg*), A=; pBS2E-Pspac

F-endA1 ginV44 thi-1 recA1 relA1 gyrA96 deoR
nupG ®80d/acZAM15 A(lacZYA-argF)U169,
hsdR17(r« mg*), A=; pPBS2E-Pspac-S707-rpt

trpC2 spollE61

trpC2 spollE61, amyE:

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

trpC2 spollE61, amyE::

:Pyors-lacZ Spt*

Por-lacZ Spt’

Preip-lacZ Spt*

P 1ot 123pp-lacZ Spt’

P 1ot 108pp-lacZ Spt’

P 1ot peiappps-lacZ Spt’

P ot Moditabpps-facZ Spt
-Prot_oniysiga-facZ Spt

P rot_Modi-10siga(s708)-lacZ Spt'
Pheip_1200p-lacZ Spt’
Phein_113pp-lacZ Spt’

P heip_peisbpps-facZ Spt’

trpC2 spollE61, sacA::P-luxABCDE ChI’

trpC2 spollE61, sacA::Prep-luxABCDE Chl

trpC2 spollE61, sacA::P ot peiappps-lUXABCDE ChI

Agilent (Cat#200249)

Agilent (Cat#200314)

NEB?

Leendert Hamoen,
University of Amsterdam

Addgene (Cat#55172)

Addgene (Cat#55169)

Leendert Hamoen,
University of Amsterdam

This study

This study

(Piggot, 1973)

(Wex et al., 2021)

(Wex et al., 2021)

(Wex et al., 2021)

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



Strain

Relevant genotype

Source/ reference

B. subtilis 168 single knockout mutants

B. subtilis 168 AamyE
sacA::pBS3Clux-P - luxABCDE

B. subtilis 168 ArpoE
sacA::.pBS3CIux-P p+-luxABCDE

B. subtilis 168 AhelD
sacA::pBS3Clux-P - luxABCDE

B. subtilis 168 Amfd
sacA::pBS3Clux-P p-luxABCDE

B. subtilis 168 AuvrB
sacA::pBS3Clux-P -luxABCDE

B. subtilis 168 AperR
sacA::pBS3CIlux-P p-luxABCDE

B. subtilis 168 Arpt
aprkE::Pspac

B. subtilis 168 Arpt
aprE::Pspac-S707-rpt

B. subtilis 168 AlexA
amyE::pHJS105-P os-lacZ

B. subtilis 168 AgamR (ybgA)
amyE:.pHJS105-Pos-lacZ

B. subtilis 168 AymaH
amyE::.pHJS105-P -lacZ

trpC2 A"gene”::Kan"

trpC2 AamyE::Kan', sacA::Pp+-luxABCDE Chlf
trpC2 ArpoE::Kan', sacA::P,-luxABCDE Chlf

trpC2 AhelD::Kan', sacA::P - IuxABCDE ChlI

trpC2 Amfd::Kan', sacA::P+luxABCDE ChlI

trpC2 AuvrB::Kan', sacA::P - luxABCDE Chlf

trpC2 AperR::Kan", sacA::P~-luxABCDE Chl

trpC2 Arpt::Kan', aprE::Pspac

troC2 Arpt::Kan", aprk::Pspac-S707-rpt

trpC2 AlexA::Kan', amyE::pHJS105-P,os-lacZ Spt’
trpC2 AgamR::Kan', amyE::pHJS105-Ps-lacZ Spt

troC2 AymaH::Kan', amyE::pHJS105-P,+-lacZ Spt

Addgene

(Cat#1000000115), (Koo

etal., 2017)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

# New England BioLabs
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Table S10. Oligonucleotides used in this study.

Name

Use

Sequence (5’-3’)

pBS2E-S707-mpt-insert-for
pBS2E-S707-mpt-insert-rev
pBS2E-S707-rpt-vector-for
pBS2E-S707-rpt-vector-rev
Prot_1230p-for

Prot_108pp-for

Protr-rev

Prot_pel1abpps-for
Prot_Del14bpbs-rev

P rot_Moditabpps-for
Prot_Modi14bpDs-rev
Prot_oniysiga_frag1-for
Prot_oniysiga_frag1-rev
Prot_oniysiga_frag2-for
Prot_oniysiga_frag2-rev

P ot Modi-10siga(s7os)-for

P rot_Modi-10SigA(S708)-rev
Pheip_1200p-for
Pheip_1130p-for

Phrei-rev

Pheip_pel1sbpps -for

Pheip_pel1sbpbs-rev

Prot-luxABCDE-for

Prot-luxABCDE-rev

Phreip-luxABCDE-for

Phreip-luxABCDE-rev
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Cloning of pBS2E-Pspac-S707-rpt forward
primer insert

Cloning of pBS2E-Pspac-S707-rpt reverse
primer insert

Cloning of pBS2E-Pspac-S707-rpt forward
primer vector

Cloning of pBS2E-Pspac-S707-rpt reverse
primer vector

Cloning of pHJS105-Ppt_123bp-lacZ
forward primer

Cloning of pHJS105-Ppt_108bp-lacZ
forward primer

Cloning of pHJS105-Ppt_123pp-lacZ and
pHJS105-Prpt_108pp-lacZ reverse primer

Cloning of pHJS105-Ppt_pel14opps-lacZ
forward primer

Cloning of pHJS105-Ppt pel14vpps-lacZ
reverse primer

Cloning of pHJS105-Ppt Modit4bpps-lacZ
forward primer

Cloning of pHJS105-Ppt_Moditabpbs-facZ
reverse primer

Cloning of pHJS105-Prpt_onysiga-lacZ
forward primer fragment 1

Cloning of pHJS105-Ppt_onysiga-lacZ
reverse primer fragment 1
Cloning of pHJS105-Ppt_onysiga-lacZ
forward primer fragment 2

Cloning of pHJS105-P st onysiga-lacZ
reverse primer fragment 2

Cloning of pHJS105-Ppt_Modi-10siga(S708)-
lacZ forward primer

Cloning of pHJS105-Ppt_Modi-10sigA(S708)-
lacZ reverse primer

Cloning of pHJS105-Prein_1200p-lacZ
forward primer

Cloning of pHJS105-Phein_1110p-lacZ
forward primer

Cloning of pHJS105-Prein_1200p-lacZ and
pHJS105-Prein_1110p-lacZ reverse primer
Cloning of pHJS105-Preip_pelsbpps-lacZ
forward primer

Cloning of pHJS105-Pheip_peltsbpps-lacZ
reverse primer

Cloning of pBS3Clux-Pp-luxABCDE
forward primer

Cloning of pBS3Clux-Pp-luxABCDE
reverse primer

Cloning of pBS3Clux-Phein-luxABCDE
forward primer

Cloning of pBS3Clux-Prein-luxABCDE
reverse primer

CACATACTAGAGAAAGAGGAGAAATACTAGA
TGAGTTCTTTGGTTCTCGGTTTACATGAA

TAGCGATCTACACTAGCACTATCAGCGTTAT
TAGAAGATTTCAATGTAGCCTTCTGTACC

CTAGTATTTCTCCTCTTTCTCTAGTATGTG

TAACGCTGATAGTGCTAGTGTAGATCGCTA

TATTAGTGACATTTGCATGCTATATTGCACAA
AAACAGACAC

TATTAGTGACATTTGCATGCCAGACACGGTG
ATATAATCAC

ACGTCAGTAACTTCCACGGTACCTTTTTCCT
CCTTACTGCAGAAAAATATTGACAAGAGC

TATTAGTGACATTTGCATGCTATATTGCACAA
AAACAGACAC

ACGTCAGTAACTTCCACGGTACCTTTTTCCT
CCTTACTGCAGGAGCTTCCTAGCAGGATA

5°-Phos-TGATCTTCTGCAGTAAGGAGGAAAA

5’-Phos-TAGATGAGAGCTTCCTAGCAGGATA

GGCTGTATATCCTGCATCATG

CACGTAGTGTGATTATATCACC

ACAGACACGGTGATATAATCACACTACGTGC
TGCAGTAAGGAGGAAAAAGG

AAGGATATTCATGATGCAGGATATACAGCCA
TTCAGACATCTCCGATTAACC

5°-Phos-
GTCCAGTACTTGCTAGGAAGCTCTTGTCAAT
AT

5-Phos-
ATCGTTGACGATGGATATCTATAACTTTTTAA
CTAG
TATTAGTGACATTTGCATGCCTTGATTGGTAT
TGGGTGAAT

TATTAGTGACATTTGCATGCGGTATTGGGTG
AATGTGCTA

CTTACGTCAGTAACTTCCACGGTACCTTTTTC
CTCCTTACTGCAGGAAAATAGTTGACAAACA
TAGAT
TATTAGTGACATTTGCATGCATGTTTAATTGG
AAGCTGCCA

CTTACGTCAGTAACTTCCACGGTACCTTTTTC
CTCCTTACTGCAGGTCGACACATAGATGAAA
TACTGTAAAATA
GATAAGCTGTCAAACATGAGAATTCCAGATC
ATCCTTAATCAGGG

CCAAATTTCATAGAGAGTCCTCCTGTCGACA
AAAATATTGACAAGAGCTTCC

GATAAGCTGTCAAACATGAGAATTCATGTTTA
ATTGGAAGCTGCC

TAGAGAGTCCTCCTGTCGACGAAAATAGTTG
ACAAACATAG



Name

Use

Sequence (5’-3)

Prpt-luc-for

Prt-luc-rev
Prot_penabpps-luxABCDE-for
Prot_pet1abpps-luxABCDE-rev
Pspac-S707-rpt-for
Pspac-S707-rpt-rev
pHJS105-ctrl_for
pBS3Clux-ctrl_for
pBS3Clux-integration_for
pBS3Clux-integration_rev
pAPNC_ctrl1_for
PAPNC_ctrl2_for
pAPNC-integration_for
pAPNC-integration_rev
DACA_fragment1-3_for
DACA_fragment1_rev
DACA_fragment1_rev
DACA_fragment1_rev
DACA_fragment4_for

DACA_fragment4_rev

Cloning of pHT304-Pp-luc forward primer
Cloning of pHT304-Pp-Iuc reverse primer

Cloning of pBS3Clux-Ppt_pel14bpds-
luxABCDE forward primer

Cloning of pBS3Clux-Prpt_pel14bpps-
luxABCDE reverse primer

Cloning of pAPNC-Pspac-S707-rpt forward
primer

Cloning of pAPNC-Pspac-S707-rpt reverse
primer

Control primer for sequencing of the
promoter region

Control primer for sequencing of the
promoter region

Control primer for integration selectively
binding genomically in the sacA region

Control primer for integration selectively
binding in pBS3Clux

Control primer for sequencing of the
promoter region and the rpt gene start
Control primer for sequencing of the rpt
sequence integrity

Control primer for integration selectively
binding genomically in the aprE region
Control primer for integration selectively
binding in pAPNC

Amplification of the biotinylated DACA
fragments 1-3 forward primer

Amplification of the biotinylated DACA
fragment 1 reverse primer

Amplification of the biotinylated DACA
fragment 2 reverse primer

Amplification of the biotinylated DACA
fragment 3 reverse primer

Amplification of the biotinylated DACA
fragment 4 forward primer

Amplification of the biotinylated DACA
fragment 4 reverse primer

GGCCAGTGAATTCGAGCTCGGTACCCAGAT
CATCCTTAATCAGGG

TTCCATTTTTTCCTCCTTACTGCAGAAAAATA
TTGACAAGAGCTTCC

5-Phos-
GTCGACAGGAGGACTCTCTATGAAATTTGG

5’-Phos-
GAGCTTCCTAGCAGGATATAATAAAATTAT

AGGCATGCCTGCAGGTCGACCACACTACGT
GCGCTTTCTA

TGGGCTAACGCCCGAATTCTTAGAAGATTTC

AATGTAGCCTT

ATAGAAAGAAATTGTTCCTTCGA

AAGGATTTGAGCGTAGCGAA

CTGATTGGCATGGCGATTGC

ACAGCTCCAGATCCTCTACG

CTACAAGGTGTGGCATAATG

GCGACAGGAAGCTTTGAAG

CCGGGACTCAGGAGCATTTAAC

CGCTATCTTTACAGGTACATC

5°-Biotin-TTTTTAATGCGACTAGCTATGGAA

CCTCCTTACTGCAGAAAAATAT

GCTTCCTAGCAGGATATAATAA

ACTTTTTAACTAGAAAGCGCAC

5’-Biotin- GGTGCAAGAGTGCTTTCGC

TTTTGAAATTTTTGGTACTACTAAA
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