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Zusammenfassung

A. Zusammenfassung

Im Zuge dieser Dissertation wurden Bakterien des Phylums Actinobacteria fir die Isolierung und die
Charakterisierung von spezialisierten Metaboliten verwendet. Seit Jahrzenten sind Actinobacteria
mit ihren 6 Klassen und 53 Familien eine wertvolle Quelle fiir biologisch aktive spezialisierte
Metaboliten. Beziiglich der Produktion von biologisch aktiven spezialisierten Metaboliten stellt

Streptomyces das wohl wichtigste Genus der Actinobacteria dar.

Fir diese Dissertation wurden insgesamt 138 Bakterienstaimme mit Hilfe einer
bioaktivitatsgeleiteten Herangehensweise bearbeitet. Diese 138 Stamme setzen sich wie folgt
zusammen: 13 Stamme der Actinomyceten Stammsammlung der Eberhard Karls Universitat in
Tubingen, 115 bakterielle Endophyten, welche von den marokkanischen Projektpartnern der Cadi
Ayyad Universitat in Marrakesch, Marokko, aus marokkanischen Heilpflanzen isoliert wurden sowie
10 bakterielle Endophyten, welche im Zuge dieser Arbeit aus Makroalgen aus Marokko isoliert

wurden.

Die Isolierung sowie Charakterisierung neuer spezialisierter Metaboliten wurde mittels analytischer
und  semiprédparativer  Hochleistungsfliissigchromatographie  (High-Performance  Liquid
Chromatography; HPLC), hochauflésender Massenspektrometrie in Kombination mit HPLC sowie
ein- und zweidimensionaler Kernspinresonanzspektroskopie (Nuclear Magnetic Resonance

Spectroscopy; NMR) durchgefiihrt.

Fir die Stamme der Tibinger Actinomyceten Stammsammlung beinhaltete die
bioaktivitatsgeleitete Herangehensweise einen reporter-basierten Assay, welcher von den
Projektpartnern der Eberhard Karls Universitdt in Tlbingen durchgefiihrt wurde und welcher
Informationen Uber den Wirkmechanismus einer bioaktiven Substanz gibt. Die Stamme
marokkanischen Ursprungs hingegen, wurden auf ihre das Wachstum hemmende Bioaktivitat
gegeniliber 5 multiresistenten, humanpathogenen Bakterien getestet, welche im Krankenhaus in

Marrakesch isoliert wurden.

Auf diese Weise konnte fiir die 10 bakteriellen Endophyten, welche aus den Makroalgen isoliert
wurden, nachgewiesen werden, dass alle diese Stamme Globomycine produzieren. Da die
Makroalgen in einem Gebiet gesammelt wurden, welches nur einige 100 m? umfasste, deutet dies

auf eine nahe Verwandtschaft der Stamme hin. Des Weiteren konnte ein Hydrazonderivat der
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Aminosdure Leucin isoliert werden, welches vom Stamm Streptomyces fradiae Tl 27 produziert

wird.

Dieses Hydrazonderivat wurde auf Bioaktivitdt im reporter-basierten Assay getestet sowie auf einen
moglichen Synergismus mit verschiedenen Antibiotika (Actinomycin D, Hygromycin B und
Geneticin). Dabei zeigte das Hydrazonderivat keine das Wachstum hemmende Bioaktivitat gegen
Bacillus Subtilis oder Pseudomonas fluorescens. Zudem deutet der ICso Wert auf keine relevante
Zytotoxizitdt hin. Kombination mit Actinomycin D oder Tetrazyklin fiihrte zu keiner verstarkten
antimikrobiellen Aktivitat dieser Antibiotika. Eine erhohte Zytotoxizitat in Kombination mit
Actinomycin D war ebenfalls nicht zu beobachten. Jedoch war eine Zunahme der Zytotoxizitat zu
beobachten, wenn die Substanz mit Hygromycin B oder Geneticin kombiniert wurde. Die
Bestimmung des FIC (Fractional Inhibitory Concentration) Index fir die Kombination des
Hydrazonderivats mit Hygromycin B ergab einen FICI von 1.0 und zeigte somit, dass es sich dabei

um eine additive Wirkung handelt.



Summary

B. Summary

In the course of this PhD thesis, bacterial strains of the phylum Actinobacteria have been used for
the isolation and characterization of novel specialized metabolites. Actinobacteria, which contain 6
classes and 53 families, have represented a major source for novel biologically active specialized
metabolites for decades. The most important genus of Actinobacteria in regard of biologically active

specialized metabolites is the genus Streptomyces.

In total 138 actinobacterial strains were applied using bioactivity-guided approaches. The number
of 138 strains is composed of 13 strains of the actinomycetes strain collection of the Eberhard Karls
University in Tlbingen, 115 endophytic strains isolated from Moroccan aromatic plants by the
project partners of the Cadi Ayyad University in Marrakesh, Morocco, and 10 endophytic bacterial

strains that were isolated from different macroalgae as part of this thesis.

The isolation and characterization of novel specialized metabolites were performed using analytical
and semi-preparative High-Performance Liquid Chromatography (HPLC), high-resolution mass
spectrometry connected to an HPLC system, and 1 and 2 dimensional Nuclear Magnetic Resonance

Spectroscopy (NMR) experiments.

The bioactivity-guided approach included a reporter-based bioactivity assay, which was performed
by the project partners at the Eberhard Karls University in Tibingen that indicates different modes
of action for the strains of the Tlibingen actinomycetes strain collection as well as tests for inhibitory
bioactivity against five multidrug-resistant bacterial human pathogens isolated in the hospital in
Marrakesh, Morocco. Further, assays for synergism regarding inhibitory bioactivity and cytotoxicity
were employed for the novel specialized metabolite, which was isolated from Streptomyces fradiae

TU 27.

Using these approaches, the production of globomycins for the 10 endophytic strains that were
isolated from macroalgae was shown. This circumstance in combination with the fact that the
macroalgae were collected within a rather narrow sampling place indicated a close relatedness of
the 10 strains. Furthermore, the novel hydrazone-derivative of the amino acid leucine was isolated

from a medium extract of S. fradiae T 27.

This hydrazone-derivative was tested for its bioactivity in the reporter-based bioassay and for

synergistic activity in combination with different antibiotics (actinomycin D, hygromycin B, and
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geneticin). The compound itself did not show inhibitory bioactivity against Bacillus subtilis or
Pseudomonas fluorescens or significant cytotoxicity. Even though there was no observed increase in
antimicrobial activity of neither actinomycin D nor tetracycline against B. subtilis when these
antibiotics were combined with the compound, we observed an increased cytotoxicity of
hygromycin B, and geneticin in combination with the hydrazone. The combination of the compound
with actinomycin D did not cause an increase in cytotoxicity. For the combination of the compound
with hygromycin B, the FICI (Fractional Inhibitory Concentration Index) was determined. An FICI of

1.0 revealed the additive effect of this combination.
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1. Introduction

1.1. The dilemma of antibiotic resistance

1.1.1. Gram-positive pathogenic Bacteria

In the last decades, the raise of antibiotic resistance in human pathogens has become a global
threat.! Infections that used to be nosocomial (hospital-acquired) became community-acquired in
the last years. The most prominent example for such an infectious pathogen is methicillin-resistant
Staphylococcus aureus (MRSA).2* Pathogens exhibiting resistance to antibiotics that were originally
used to treat the infections caused by these pathogens are called multidrug-resistant (MDR) as the
resistance to a certain antibiotic usually means resistance to a group or even a whole category of
antibiotics. In the case of MRSA, the resistance to methicillin is based on the capability of
B-lactamase production, which causes the resistance to several B-lactam antibiotics like methicillin,
its derivatives, and the cephalosporins.® Besides multidrug-resistant, also extensively (also called
extremely) drug-resistant (XDR) and totally drug-resistant (TDR) pathogens have already occurred.
These categories are defined by the antimicrobial agents the pathogens are non-susceptible for.
MDR strains show non-susceptibility to at least one agent in three or more antimicrobial categories,
XDR strains to at least one agent in all but two or less antimicrobial categories and TDR strains show

non-susceptibility to all agents in all categories.®

For prominent examples like the Gram-positive MRSA or vancomycin-resistant Enterococci (VRE) but
also for the Gram-negative human pathogen Acinetobacter baumannii, the occurrence and

propagation of resistance mechanisms can be well understood.
MRSA and VRE

The first appearance of MRSA was documented in 1961, and thus only two years after the
introduction of methicillin to the market.” Within the same decade, MRSA became endemic in
hospitals.® The development of antibiotic resistance has been observed for S. aureus before
regarding another B-lactam antibiotic, penicillin. In a period of ten years, the treatment of patients
with S. aureus infections with penicillin became almost completely ineffective.® The fact that the
development of resistance to methicillin occurred within only two years compared to the ten years
for penicillin indicated the rather troublesome trend of antibiotic resistance in the case of S. aureus

already 60 years ago. By now, MRSA belongs to the leading causes of infections and deaths in regard
5



Introduction

to infections caused by a single agent.®'® Community-acquired outbreaks of MRSA affecting risk
groups in the US started in the 1980s but happened to include patients that do not belong to any

risk group worldwide in the 1990s as well.*81!

The development of methicillin-resistance in MRSA is caused by two factors. One factor is the
production and excessive secretion of B-lactamases. This yields a reduced effect of B-lactam
antibiotics, as secreted B-lactamases hydrolyze the B-lactam ring, which results in a deactivation of
the drug.1*13 Besides the production of B-lactamases, MRSA can show alterations of the penicillin
binding protein (PBP), which represents the target of B-lactam antibiotics. PBPs are responsible for
transglycosylation and transpeptidation reactions during peptidoglycan synthesis that is essential in
bacterial cell wall biosynthesis.®** During these reactions, PBPs bind to the Dp-alanyl-D-alanine
terminus of their natural substrate, the muropeptides.® B-lactam antibiotics represent structural
analogs to this D-alanyl-D-alanine terminus and are bound by PBPs in a nonreversible reaction
instead. This way, PBPs are not available for their natural substrates anymore, which results in the
breakdown of the cell wall biosynthesis.?> The alteration of PBPs results in a lowered affinity to
B-lactams. The combination of both factors consequently results in a very poor effectiveness of

B-lactam antibiotics against pathogens like MRSA.**16

After the spread of metbhicillin-resistance, the glycopeptide vancomycin became the agent of choice
to treat MRSA infections.?”~® Vancomycin interferes with bacterial peptidoglycan metabolism by
binding to the D-alanyl-D-alanine moiety of the precursor peptide, causing the termination of
bacterial cell wall biosynthesis.’>?%2! Thus, the structural alteration of the precursor peptides,
especially from D-alanyl-D-alanine to D-alanyl-p-lactate, can cause vancomycin-resistance, even

though the production and secretion of B-lactamases do not represent a problem for vancomycin.’

Nevertheless, the principle “use causes resistance” became true for vancomycin, too. The
widespread application of vancomycin to treat MRSA is one of the possible reasons for the
development and spread of vancomycin-resistant S. aureus (VRSA) and vancomycin-resistant
Enterococci (VRE). Within approximately 10 years after their first appearance, by the year 2000,

community-acquired VRE started to appear in Europe and the US.#2223
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1.1.2. Gram-negative pathogenic Bacteria

Acinetobacter baumannii and Pseudomonas aeruginosa

Besides the multidrug-resistant Gram-positive pathogens MRSA, VRSA or VRE, Gram-negative
bacterial pathogens like A. baumannii and P. aeruginosa developed resistance to several
antibiotics.?*?®> The occurrence of antibiotic resistance in Gram-negative pathogens represents a
special threat, as the number of effective antibiotics for the treatment of infections caused by
Gram-negative bacteria is lower than in the case of Gram-positive bacteria.?® The generally lower
susceptibility of Gram-negative pathogens like Enterobacteriaceae, Acinetobacter, and
Pseudomonas species is due to their cell membrane. Compared to Gram-positive bacteria, which
have a single membrane, Gram-negative bacteria exhibit an inner and an outer membrane (OM)
separated by the periplasm.?®?” The OM represents a low-permeability barrier that can be very
efficient in combination with efflux pumps, especially in P. aeruginosa.?®*2° The low permeability
of the OM is caused by porin channels that allow the relatively fast influx of small hydrophilic
drugs.3%32 This situation is different for P. aeruginosa and Acinetobacter species. They do not exhibit
the classical trimeric porins as they can be found, for instance, in Escherichia coli, but porins that
form a much narrower channel resulting in the extremely low permeability of the OM known for P.

aeruginosa.®33
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Figure 1: Schematic illustration of the cell envelope of Gram-positive and Gram-negative bacteria. CAP = covalently
attached protein; IMP = integral membrane protein; LP = lipoprotein; LPS = lipopolysaccharide; LTA = lipoteichoic acid;

OMP = outer membrane protein; WTA = wall teichoic acid.?*
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In the last 10-15 years, multidrug-resistant A. baumannii attracted attention as it became a common
human pathogen in hospitals worldwide.®*37 Unlike MRSA that causes mainly skin infections,” A.
baumannii infections can concern blood, the urinary tract, the respiratory tract and also the central
nervous system with significant rates of morbidity and mortality.”*>38 Besides intrinsic resistance of
A. baumannii to several antibiotics like ampicillin, amoxicillin, clavulanic acid, cefotaxime,
ceftriaxone, ertapenem, trimethoprim, and fosfomycin, its acquisition of further resistances made
this pathogen even more alarming in the last years.3>*! After the occurence of A. baumannii has
become common in hospital settings, community-acquired A. baumannii infections are still rare but
their reports increased in the last years.*> Another Gram-negative pathogen, which became a severe
threat, is P. aeruginosa. Like A. baumannii, P. aeruginosa is intrinsically resistant to a number of
antibiotics. These include chloramphenicol, kanamycin, neomycin,
trimethoprim + sulfamethoxazole, and tetracyclines in addition to the antibiotics A. baumannii is
resistant to.* In the case of P. aeruginosa, which can cause bloodstream infections and pneumonia,
the acquisition of antibiotic resistance is often connected to biofilm formation.**** Despite the
rather fast development of antibiotic resistance of P. aeruginosa, community-acquired infections

remain rare.*

Actinobacterial pathogens

The pathogens presented here may suggest that Gram-negative human pathogens state a more
severe threat to health compared to Gram-positive ones. This might be true regarding the
acquisition of antibiotic resistance but not regarding the dangers of the infections they cause in
general. Leprosy and tuberculosis belong to the severest infectious diseases worldwide, and both

4546 and  Mycobacterium

are caused by Gram-positive bacteria, Mycobacterium leprae
tuberculosis,*”*® which belong to the phylum Actinobacteria. The latter one causes more than 1.5

million deaths per year and thus more than any other infectious disease.*

In 2020, the Centre for Disease Control and Prevention (CDC) estimated the number of people
carrying Mycobacterium tuberculosis to be approximately 2 billion, which represents one fourth of
the global population that can potentially develop tuberculosis.® As a bacterial infection,
tuberculosis can be treated with antibiotics. One treatment regime for pulmonary (affecting the
lungs) and extrapulmonary (not primarily located in the lungs) tuberculosis is represented by a

combination therapy consisting of four antibiotics (rifampin, isoniazid (Figure 2, 1), pyrazinamide,

8
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and ethambutol (Figure 2, 2)) during intensive phase and two antibiotics (rifampin and isoniazid)
during maintenance phase.>¥>* The circumstance that these antibiotics are used for a rather long
anti-tuberculosis therapy with a duration of up to several months,** even though rifampin®> and
isoniazid®®*” show hepatotoxicity (chemical-driven liver damage), further illustrates the seriousness
of infectious diseases caused by M. tuberculosis.>® The combination of a treatment that lasts several
months and a daily intake of 4 tablets (body weight >50 kg) results in high rates of non-compliance,
which in turn results in the development of resistance.>*%° Thus, MDR, XDR, and even TDR strains of

M. tuberculosis have already occurred.>%%°
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Figure 2: Chemical structures of isoniazd (1),5* ethambutol (2)62 and dapsone (3).%3

Leprosy represents a chronic infectious disease caused by M. leprae.*® By the year 2015, this human
pathogen caused approximately 200 000 new infections annually within the last 8 years.5*®° Unlike
tuberculosis, leprosy can be cured by combination therapy of rifampicin, clofazimine, and dapsone

(Figure 2, 3).5>%6

Due to a rather long treatment of 6-9 months, hepatotoxicity of rifampicin and dapsone states a
problem. Nevertheless, regimen dosages given by the World Health Organization (WHO) of once per
month for rifampicin and clofazimine and daily doses for dapsone, and potentially clofazimine
reduces the risk of non-compliance compared to the treatment of tuberculosis, lowering the
possibility of the development of antibiotic resistance. Nevertheless, the exact treatment regimens

depend on the degree of severity like the presence of single or multiple skin lesions.5¢-58
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1.1.3. The advance of antibiotic resistance

The situation regarding the increasing occurrence of antibiotic resistance in bacterial pathogens
worsens as simultaneously the number of novel drug approvals drastically decreases. Compared to
the middle of the 20" century, the discovery of novel anti-infective agents, especially antibiotics,
and their approval as drugs significantly decreased in the last decades (Figure 3). Within 30 years,
the number of antimicrobial agents approved by the Food and Drug Administration declined to only

one fourth.®®
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Figure 3: Antimicrobial agents approved by the Food and Drug Administration from 1983-2012.5°

The increase in antibiotic resistance is based on different reasons concerning different parts of life.
An argument that is commonly addressed for its major contribution to antibiotic resistance is the
misuse of antibiotics in hospital settings and prescriptions. This statement includes the wrong
duration (too short; too long) of antibiotic treatments but also the overprescription and prescription

of wrong antibiotics.”®”*
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Infectious diseases caused by Gram-negative bacteria should not be treated with antibiotics that are
only effective against Gram-positive ones and vice versa. Also the unnecessary prescription of
broad-spectrum antibiotics is a frequent argument.” Another fact, which strongly contributes to the
development of antibiotic resistance, is non-compliance. Non-compliance, which simply means that
a dose of antibiotic is not taken especially in the case of orally administered ones, can reduce the
success rates of antibiotic treatment by 50 %.”> Here, aspects like the duration of antibiotic
treatment, the age of the patient as well as the frequency of antibiotic administration per day are
crucial.”>’® In addition to aspects of the health care sector, the contribution of the usage of
antibiotics in agriculture cannot be neglected.” In agriculture, antibiotics are used to e.g. prevent
the spread of infectious diseases within a population of animals kept for meat production and for
growth stimulation.” Even though, this is necessary to ensure the global demand on affordable
meat, especially the accumulation of antibiotics within the food chain with humans as “final
consumer” is a questionable price to pay.”® The permanent uptake of low doses of antibiotics in the
region of sub-inhibitory concentrations in food can contribute to the development of antibiotic
resistance. A specific capability of bacteria, the so-called horizontal gene transfer (HGT), plays an
important role within these processes. In fact, HGT strongly contributes to antibiotic resistance as it
allows bacteria to gain genes encoding for antibiotic resistance without being in contact with the
antibiotic.”””® This is of particular interest when it involves both, a non-pathogenic and a pathogenic
strain. By HGT, it is possible that the capability of resistance is transferred from the non-pathogenic
to the pathogenic strain whereby only the latter represents a problem. The DNA segment that is
transferred during HGT by either conjugation, transformation or transduction is called mobile
genetic element (MGE). As MGEs can be transferred among taxa, HGT contributes to bacterial

evolution but also to antibiotic resistance.””7>80

A very important mechanism connected to HGT, is the production of so-called virulence factors. Per
definition, “virulence” is the ability of a microorganism to infect a host organism.®! The virulence

18 or protozoal® origin that increases the

factor is a molecule of bacterial,®® fungal,® vira
effectiveness of a pathogen to cause an infectious disease.®%® This increased virulence is due to
effects of the virulence factor on, among others, the colonization of the host,®> immunosuppression
of the host’s immune system, and effects on cell invasion.8! Even though virulence factors strongly
contribute to the pathogenicity of microorganisms, they are not exclusively “pathogen-associated”
but can be found in non-pathogens as well.8® A prominent example for the involvement of virulence

factors to increase its virulence is S. aureus.®” S. aureus uses a variety of membrane-damaging toxins

11
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as virulence factors that cause the hemolytic capability of this pathogen.®”#8 Also the virulence of E.
coli 0157:H7, a human pathogen, is caused by virulence factors, which increase the ability of the

strain to colonize human hosts.®

To overcome the problem of antibiotic resistance, a change regarding their application has to take
place. This concerns all areas, which apply antibiotics, like agriculture, clinical settings but also their
supervised application to overcome non-compliance. This might reduce the development of further
multidrug-resistant pathogens in the future, but the challenge to deal with the MDR pathogens that

have appeared during the last decades remains a global challenge.
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1.2. Actinobacteria as specialized metabolites producers

To accomplish this challenge of finding novel anti-infective agents, different approaches are used.
One possibility is the classical approach of antibiotic research, which means the (bioactivity-guided)
isolation and characterization of novel specialized metabolites. This approach has been successfully
applied for decades with its start in the “golden age” of antibiotic discovery in the 1940s and 50s.
For this purpose, the phylum Actinobacteria and the genus Streptomyces in particular, are applied
due to the chemical diversity of their specialized metabolites.>®! Actinobacteria are Gram-positive
bacteria that can be found in a vast variety of terrestrial and aquatic habitats.®>% With cell counts
of 108-10° cells per gram of soil, Actinobacteria are most abundant in soil whereas Streptomyces
species are predominant with an account of 95 %.%>° Further, these bacteria can be found as
endophytic living organisms in e.g. plants, as well.®* As endophytes, the bacteria live inside the
so-called host (e.g. the plant) without causing apparent harm to the host organism.*>” Besides
Actinobacteria, also Gram-negative bacteria including pathogenic strains of E. coli and Salmonella
species can be found as endophytes in plants, which can represent a problem in agriculture.®% The
symbiosis between endophyte and host can be expressed by diverse effects of the microbial
endophyte to the plant. This may include the microbial production of compounds that may, among
others, promote plant growth, serve as insecticides, degrade contaminants or facilitate nitrogen
assimilation, which makes endophytes an interesting and promising source for potentially novel

bioactive specialized metabolites. 100,101

Besides the usefulness in natural product research, the application of endophytes in agriculture
represents a potential way to reduce the appearance of plant diseases without the need for
antibiotics.’® Here, endophytic specialized metabolites with antifungal or insecticidal properties can
replace the application of antibiotics and pesticides to ensure the global demand on food without
harming the environment.1031% Nevertheless, the focused application of endophytes in agriculture

has to take place without a potential harm to the final consumer, which is mainly the humankind.

Like in soil, Actinobacteria can be found in a huge diversity in association with a wide range of
plants.10>1% The diverse distribution of Actinobacteria may be due to the relatively high
guanine-cytosine (G+C) content of their DNA of up to 70 %, which results in a better thermal stability
compared to other bacteria.®*1%7-1% Thus, thermal treatment can be applied to the selective
isolation of Actinobacteria from e.g. soil samples beside the application of appropriate antibiotics
110,111

to suppress the growth of Gram-negative bacteria, and fungi.
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Even though the phylum Actinobacteria with its six classes and 53 families has been a rich source
for biologically active specialized metabolites for a long time, the decreasing discovery of novel NPs
in combination with the increase of antibiotic resistance make new approaches necessary.''? This
importance of Actinobacteria can be illustrated as by the end of 2002, 45 % of in total 22000
biologically active NPs known to this date, was produced by this phylum.!* 80 % of these
actinobacteria-derived NPs was produced by Streptomyces species, making this genus the most
important genus within Actinobacteria concerning the production of specialized metabolites.13114

For decades, the classical approach for the exploitation of actinobacterial chemical diversity and the

isolation of specialized metabolites has included a bioactivity-guided workflow (Figure 4).
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Figure 4: Classical bioactivity-guided workflow for NP isolation from Bacteria.**>116

Using this approach, an enormous diversity of NPs of bacterial origin was discovered. These
actinobacterial and actinobacteria-derived NPs include the aminoglycosides like streptomycin
(produced by Streptomyces griseus),'t’ and kanamycin A (isolated from Streptomyces
kanamyceticus)'*® as well as its semi-synthetic derivatives netilmicin (Figure 5, 4) '*° and
amikacin.?”12° Moreover, the macrolide antibiotics erythromycin (produced by Saccharopolyspora
)*2t and pikromycin (Figure 5, 5),122 which belong to the 14-membered macrolides, and the

erythraea

16-membered macrolides tylosin (isolated from S. fradiae)'?® and carbomycin (isolated from
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Streptomyces thermotolerans).'** Further, chloramphenicol (produced by Streptomyces

) 126

venezuelae)'®® and rifamycin (isolated from Amycolatopsis mediterranei

HoN

H,N O NH
> 0

HO HN—
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Figure 5: Chemical structures of netilmicin (4)*?” and pikromycin (5).1%8

Despite this vast diversity of biologically active NPs, the increase in antibiotic, and antimicrobial
resistance in human pathogens, strengthens the need either to discover novel NPs including
completely new chemical entities or to develop a new strategy for the treatment of infectious

diseases also apart from novel antibiotics.

After decades of antibiotic research, Actinobacteria are now used for the search for a more diverse
range of activities (e.g. anticancer or anti-HIV). Some more recently discovered actinobacterial

specialized metabolites that were published within the last 5 years are shown below.

Jiang et al. isolated the two anticancer agents huanglongmycin A (Figure 6, 6), produced by S. sp.
CB09001,'%13% and xiakemycin A, which is produced by S. sp CC8-201.1*! Another example,
published by Axenov-Gibanov et al. in 2016, is the antibiotic chaxalactin B (Figure 6, 7), produced by
S.sp. 1B 2014/1/78-8.1%
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Figure 6: Chemical structures of huanglongmycin A (6) and chaxalactin B (7).1?°

In the same year, Zhang and co-workers published two new but biologically inactive specialized
metabolites produced by S. so. ZZ388 searching for novel anti-tumor agents.!®® Lentzeoside A-F
(Figure 7), six new specialized metabolites produced by Lentzea sp. H45, showed in vitro anti-HIV

integrase activity and thus interference with virus replication.’*
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Figure 7: Chemical structures of lentzeoside C (8), D (9) and E (10).13*

The ongoing discovery of new anticancer and anti-HIV agents compared to novel antibiotics might
be caused by the fact that the pharmaceutical industry almost completely abandoned the field of
antibiotic research. Compared to drugs for the treatment of e.g. cancer, diabetes or other chronic
diseases, antibiotics are less profitable.12>135-137 Especially novel anti-HIV agents have a high-profit
potential, as they are not used to cure the infection (as it is the case for antibiotics) but to suppress
the virus in the body. This can expand the lifespan of infected adults to approach the lifespan of
uninfected ones, but it also means the daily uptake of appropriate medication.’3® It is apparent that

the prescription of a drug for several decades is more profitable compared to several weeks (e.g.
16
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for antibiotics). The threat by HIV infection is further illustrated by the introduction of pre-exposure
prophylaxis for the prevention of acquiring HIV infection. Like the treatment of HIV, pre-exposure
prophylaxis also requires the daily intake of drugs, which is in turn very profitable for the
pharmaceutical company that produces these drugs.** Such examples clearly illustrate the rather

small role of antibiotics and their discovery for big pharmaceutical companies.

Although, antibiotic research is now mainly restricted to facilities apart from the big pharmaceutical
enterprises and mainly done in universities and institutes, the development of new approaches and
tools for antibiotic discovery continues. Compared to the procedures and tools, which have been
used for decades, recent approaches changed to a more efficient way of research especially

concerning the throughput of screening and data analysis.

This includes the (late-stage) modification of known NPs for medical use as well as the application

of computer and software-based tools.

Latter ones (especially in combination with high-throughput screening (HTS)) can be used to
accelerate NP research. Using HTS, it is possible to process a high number of samples
simultaneously, yielding an accordingly big amount of data.'*%14! Without the possibility to handle
this data efficiently, the time gained by HTS is lost due to manual analysis. Molecular networking
represents such a possibility. Molecular networking is a tool based on grouping MS? data
corresponding to their similarities.* As MS? fragmentation is connected to the chemical structure
of a compound, this approach can be used for a fast dereplication of larger data sets where manual
dereplication would be very time-consuming.*® An important web-based platform for molecular
networking is Global Natural Products Social Molecular Networking (GNPS) that provides the ability
to analyze (e.g. automatic dereplication) own MS and MS? data sets and also to compare it to other
data.'* Visualization of molecular networks can be done either directly using GNPS or by e.g.
Cytoscape, an open source software that can create molecular networks with data exported from
GNPS.13-1% The major advantage of this procedure, beside the possibility to handle, process, and
analyze large data sets, is the circumstance that all needed tools and software are open access or

open source, 144146

The idea behind the modifications of known NPs is their further diversification and the improvement
of physico-chemical, pharmacokinetic and biopharmaceutical effects on target binding.**” Modifying

NPs avoids the very time-consuming discovery, isolation and structure elucidation process of NP
17
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discovery and thus represents a promising way to new bioactive agents. Besides the rather historical
procedures like enzymatic catalysis, more recent approaches apply hydroxy group derivatization
using electrophilic reagents, C-H bond functionalization followed by oxidation or amination
reactions and olefin functionalizations.'*® As NPs are structurally complex molecules with a wide
diversity of functional groups, such modifications have to be highly specific to yield the desired

product, 14150

Using these approaches, the growing diversity of natural, semi-synthetic or synthetic compounds
can be applied to the search of novel bioactive agents to reduce the impacts of life-threatening

infections.

At the end of 2019, the WHO listed 32 antibiotic agents in clinical trials. 11 of these 32 agents
showed bioactivity against carbapenem-resistant Gram-negative pathogens (A. baumannii,
Enterobacteriaceae, P. aeruginosa) and another 12 showed activity against “other priority
pathogens”. Only one agent, which is currently in phase 1 clinical trials, cannot be assigned to a

known antibiotic class and thus may represent a new chemical scaffold.'>!
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1.3.  Natural products in infectious disease therapy

Even though Actinobacteria still represent a promising field of research for NP scientists, the
drastically decreasing number of novel biologically active antimicrobial agents highlights the need
for alternatives.'® The difficulties NP scientists have to face include high rediscovery rates of already
known specialized metabolites but also low expectations regarding potential profit. The latter
caused the abandonment of this research area by many companies, as novel antibiotics are usually
kept as “agents of last resort” instead of prescribing them.3>%3 Furthermore, unlike e.g. anticancer
agents, antibiotics are comparatively cheap, which additionally lowers the potential profit of a novel

antibiotic.36:137

Alternatives to overcome these problems apart from the ones mentioned above include, among
others, the usage of other phyla like Cyanobacteria,’>**> the attempt to activate so-called silent
gene clusters by the application of the OSMAC (One Strain-Many Compounds) approach,*® genetic

155157 35 well as combination therapy.’®® In contrast to the other approaches, the

approaches
application of combination therapy “skips” the part of discovery of novel specialized metabolites by
combining already discovered NPs and analyzing a potentially enhanced biological activity. This can
be convenient as especially the process of approval and clinical trials for novel compounds can be

time-consuming and cost-intensive.'*

Studies showed that for Gram-negative pathogens in particular, combination therapy can yield a
significant decrease in mortality. Zarkotou and co-workers presented the advantage of combination
therapy over monotherapy to treat bloodstream infections caused by Klebsiella pneumoniae, which
produces K. pneumoniae carbapenemase (KPC).1%° The enzyme KPC is able to degrade penicillin,
cephalosporin as well as broad-spectrum B-lactam antibiotics, which results in a more complicated
treatment of infections caused by KPC-producing Gram-negative pathogens.’®! Nevertheless,
Zarkotou et al. showed that the combination of tigecycline with, among others, colistin, gentamicin,
carbapenem or amikacin reduced mortality to 0 %. Monotherapy with colistin, tigecycline or
carbapenem on the other side showed mortalities of 67, 40, and 100 %. In this study, the real
number of patients has to be compared rather than the infection mortality given in percentage. In
total, 20 patients received combination therapy treatment and 15 patients were treated with a
monotherapy approach. Nevertheless, the overall infection mortality remained 0 % in the case of
combination therapy but 47 % for monotherapy, which shows the advantage of combination
therapy over monotherapy.®® Another example for the positive outcome of combination therapy
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over conventional monotherapy is shown by Batirel and co-workers in regard of an XDR
Acinetobacter bloodstream infection.®? Compared to an in-hospital mortality of 72 % for patients
treated with a colistin monotherapy, the mortality decreased to 52 % for combination therapy of
colistin combined with carbapenem or sulbactam.'®? Further studies, for example by Tumbarello et

/ 164

al. 3 or Tzouvelekis et a also indicate the superiority of combination therapy over monotherapy

in regard to the treatment of MDR Gram-negative infections.

All these studies used the pairing of two antibiotics (congruous approach)®®

including colistin, a
polypeptide antibiotic that is known for its inhibitory bioactivity against several MDR Gam-negative
pathogens.'®® Colistin was already discovered in the 1940s but its use was reduced due to its
toxicity.1%157 Nowadays, colistin is seen as an antibiotic of last resort to treat infections by MDR P.

aeruginosa, A. baumannii, and K. pneumoniae 1168

Besides this congruous approach, the combination of an antibiotic with a non-antibiotic, a so-called
“adjuvant molecule”, is possible.'®® The usage of adjuvant molecules (syncretic approach) increases
the effectiveness of the antibitoic.1®17%17 |n general, antibiotic adjuvants can be divided into the
two classes | and Il, whereas class | can be further divided into I.A and I.B. Class |.A adjuvants inhibit
active antibiotic resistance. This is e.g. performed by inactivating efflux mechanisms or enzymes like
B-lactamases. Adjuvants of Class I.B are represented by non-antibiotic compounds that inactivate
intrinsic resistance mechanisms like biofilm formation. Class Il adjuvants, on the other side, increase
the ability of the host organism, thus the organisms infected with the pathogen, to kill the

pathogen.16>171

The potential synergism of two compounds can be confirmed using the checkerboard assay to
obtain the FICI (Fractional Inhibitory Concentration Index).2*%5172 The FICl is calculated as the sum
of the FIC values of the combined drugs. For two drugs, A and B, the FIC for drug A is determined
uisng the values for the minimum inhibitory  concentration (MIC) as
MIC(A in combination)/MIC(A).172 Synergism between two compounds is indicated by a FICI<0.5

whereas a FICI>4.0 means that there is an antagonistic effect.!816

Using this approach in combination with established natural products databases might result in the
discovery of interesting compound combinations, which could be used against infectious diseases

caused by MDR, XDR, and TDR human pathogens.
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1.4. Aim of this thesis

The aim of this PhD thesis was the isolation and characterization of novel anti-infective specialized
metabolites from Actinobacteria using a bioactivity-guided approach. For this purpose,
actinobacterial strains from the Tibingen actinomycetes strain collection as well as strains of
Moroccan origin were applied. Latter ones included endophytic bacteria that have been isolated
from different red, brown, and green macroalgae in the course of this thesis as well as endophytic

strains isolated from Moroccan aromatic plants by the Moroccan project partners before.

The general procedures included the application of the OSMAC approach to exploit the chemical
diversity of the strains and a variety of extraction techniques. For the isolation of specialized
metabolites, analytical and semi-preparative HPLC-UV were used. Characterization and structure
elucidation was performed using HPLC-MS, 1D and 2D NMR experiments as well as Marfey’s analysis

for the determination of the absolute configuration of isolated compounds.

Tlbingen actinomycetes strain collection

For the strains of the Tiibingen actinomycetes strain collection, a reporter-based bioassay was
applied as part of the bioactivity-guided approach. The reporter-based bioassays were performed
by project partners of the Eberhard Karls University in Tibingen. The aim of the reporter-based
assay was to obtain information about the mode of action of potentially novel bioactive specialized
metabolites in the beginning of the bioactivity-guided procedure. This included the search for
compounds that interfere with the biosynthesis of DNA, RNA, proteins, fatty acids, and the cell wall

using genetically modified strains of B. subtilis 1534.

Microorganisms from Moroccan ecosystems

This project was in cooperation with project partners of the Cadi Ayyad University in Marrakesh,
Morocco. The investigated endophytic bacteria included 10 strains, which have been isolated from
different macroalgae, and 115 strains from Moroccan aromatic plants. For the bioactivity-guided
approach, all strains and generated samples were screened for their inhibitory bioactivity against
five multidrug-resistant bacterial human pathogens: methicillin-resistant S. aureus,
imipenem-resistant A. baumannii, ceftazidime-resistant P. aeruginosa, and K. pneumoniae and E.

coli both resistant to “extended spectrum”.
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2. Materials and methods

Unless it is stated otherwise, all experiments and analyses were performed by the author of this
thesis. MS data were acquired by Prof. Timo Niedermeyer, Steffen Breinlinger or Markus Schwark

throughout the whole thesis.

Detailed information regarding materials and devices that have been used as part of this thesis can
be found in chapter 3 and 4 of the appendix. This information includes the providers of chemicals

as well as the manufacturers of the used instruments and devices.

2.1. Applied bacterial strains

The work was comprised of two main parts, the investigation of a) actinobacterial strains from the
actinomycetes strain collection of the Eberhard Karls University in Tlbingen (Table 1), and b)
Actinobacteria of Moroccan origin (Tables 2 and 3). The latter ones included strains that were

isolated within the course of this PhD work.

TlUbingen actinomycetes strain collection

The strains provided by the Eberhard Karls University in Tiibingen were chosen due to their
interesting biological activity targeting different parts of the bacterial metabolism. This information
was obtained by the project partners in Tiibingen before the start of this thesis using a
reporter-based bioactivity assay indicating the presence of compounds interfering with the

biosynthesis of DNA, RNA, cell wall, or proteins.

Table 1: Applied strains from the actinomycetes strain collection of the Eberhard Karls University in Tlbingen and the
biological activity they were selected for. This information was obtained by the project partners in Tlibingen before the

start of this thesis.

Applied strain [Tu #] Targeting biosynthesis of
12 cell wall
6448, 6457 protein
12,27 RNA
39, 102, 108, 735, 2401, DNA

2445, 2471, 4011, 6448
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Except the strain Tii 6448, which belongs to the genus Micromonospora, all used strains of the
Tlibingen actinomycetes strain collection are Streptomyces species. Further information down to
the species level is available for the strains Tl 12 (S. echinatus), Tt 27 (S. fradiae), T 39 (S. fradiae),
T 735 (S. albus), and Tu 2471 (S. flaveolus).

Bacterial strains of Moroccan origin

The endophytic bacteria of Moroccan origin included 10 strains that have been isolated from
different macroalgae as part of this thesis, as well as 115 strains isolated from Moroccan aromatic

plants by the Moroccan project partners before.

The bacterial strains were isolated from different red, brown, and green macroalgae, which were
collected at the west coast of Morocco (32°03'02.0"N 9°20'27.6"W), as shown in Figure 8. The

macroalgae were stored at 4 °C within 4 hours after sampling and processed within 24 hours.
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Figure 8: Sampling place for the macroalgae at the west coast of Morocco (32°03'02.0"N 9°20'27.6"W). The pictures
show (from left to right) the sampling location on a map of Morocco, the sampling location itself and a water basin
containing the macroalgae.

The microbial strains as well as the corresponding host macroalgae species are shown in Table 2.
The classification of the macroalgae species (Figure 9) as well as the final purification of the microbial
strains using the streak plate technique were performed by the Moroccan project partners. Detailed

information on the isolation of the endophytes can be found in chapter 2.3.
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Table 2: Applied bacterial endophytes isolated from macroalgae from Moroccan ecosystems and their host organism.

Applied strain [MiMo_ALet#]

Host

O 00 N oo U1 A W N =

[y
o

Codium elongatum

Codium elongatum

Cystoseira ericoide

Cystoseira tamariscifolia

Calliblepharis jubata
Calliblepharis jubata
Bryopsis balbisiana

Halopteris scoparia
Halopteris scoparia

Cystoseira tamariscifolia

L

Figure 9: Different macroalgae used for the isolation of endophytic bacteria: (a) Codium elongatum,
(b) Cystoseria ericoide, (c) Cystoseira tamariscifolia, (d) Calliblepharis jubata, (e) Bryopsis balbisiana, and (f) Halopteris
scoparia. Classification was done by the Moroccan project partners.
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Furthermore, bacterial strains isolated from Moroccan aromatic plants were screened for inhibitory
bioactivity against MDR strains. This screening, which was performed by the author of this thesis
together with the Moroccan project partners in their laboratories, resulted in 16 strains that were
applied to further work due to their inhibitory bioactivity. Table 3 shows information on these
strains including the host plant, the part of the host, which was used for isolation, and the sampling

region.

Table 3: 16 bacterial endophytes isolated from Moroccan aromatic plants including sampling side and (part of the) plant
they were isolated from. The strain code is composed as follows: VW-XYz and a number. VW are the initials of the host
plant, X is the first letter of the sampling side, Y is the first letter of the part of the plant that was used for the isolation

(R =root, L = leaf, S = stem), and z is an additional information on the isolation medium (y = YECD medium, w = WYEA
medium). These strains have been isolated by the Moroccan project partners before.

Strain code Sampling side Host (part of the plant)
BH-ER11 Essaouira Ballota hirsuta (root)
BH-ER12 Essaouira Ballota hirsuta (root)
RA-ER35 Essaouira Rhus albida (root)
RA-ER45 Essaouira Rhus albida (root)
AM-EL53 Essaouira Asphodelus microcarpus (leaf)
AH-TS86 Tata Anastatica hierochuntica (stem)
2G-TR94 Tata Zygophyllum gaetulum (root)
2G-TR96 Tata Zygophyllum gaetulum (root)
PT-TS107 Tata Pergularia tomentosa (stem)
PT_TS114 Tata Pergularia tomentosa (stem)
PT-TS115 Tata Pergularia tomentosa (stem)
CS-TS81 Tata Crotalaria saharae (stem)
CS-TS85 Tata Crotalaria saharae (stem)
HS-TRy87 Tata Haloxylon scoparium (root)

HS-TRw87 Tata Haloxylon scoparium (root)
PA-OR21 Oukaimeden Paronychia argentea (root)
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Monitor strains

The bacterial monitor strains that were used in the course of the bioactivity-guided approach are

listed below.

For the MiMo_ALe project the following multidrug-resistant monitor strains were employed: A.
baumannii resistant to imipenem (ABRi), S. aureus resistant to methicillin (MRSA), P. aeruginosa
resistant to ceftazidime (PARc), and K. pneumoniae (KPR) and E. coli (ECR) both multi-resistant to
extended spectrum (this term was introduced by the Moroccan project partners and is used in this
thesis). The extended spectrum for ECR and KPR included B-lactam (amoxicillin, ceftazidime, and
ticarcillin), aminoglycoside (netilmicin), sulfonamide (sulfamethoxazole) and fluoroquinolone
(norfloxacin) antibiotics. These strains are clinical isolates, which have been isolated by the project
partners in the hospital of Marrakesh, Morocco. The complete antibiogram for each MDR strain

obtained by the Mororccan project partners can be found in chapter 2.1 of the appendix.

For the reporter-based bioassay that was performed by the project partners in Tlbingen for the
strains of the Tlbingen actinomycetes strain collection, different mutants of a genetically modified
B. subtilis 1S34 strain were employed. The mutants were genetically modified by the project
partners based on the work of Piggot!”® with a certain promoter in combination with lacZ, which is
being expressed in the case of promoter induction. The following promoters were used: yorB
concerning DNA biosynthesis, ppS concerning RNA biosynthesis, yhel concerning protein
biosynthesis, lial concerning cell wall biosynthesis, and fabH concerning fatty acid biosynthesis. To
prioritize, which samples may be of interest for the application in the reporter-based bioassay,

samples were tested for inhibitory bioactivity against B. subtilis ATCC6051 first.
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2.2.  Analysis

High-resolution electrospray ionization mass spectrometry (HRESIMS) data were acquired using a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific) equipped with a heated ESI interface
coupled to an UltiMate 3000 HPLC system (Thermo Fisher Scientific). Analytical and
semi-preparative HPLC separations were performed using an UltiMate 3000 HPLC system (Thermo
Fisher Scientific) connected to a diode array detector (Thermo Fisher Scientific) and a low
temperature evaporative light scattering detector (LT-ELSD) (Sedere). HPLC-UV data were analyzed
with Chromeleon™7 (Thermo Fisher Scientific). HPLC-MS data were processed using FreeStyle™ 1.5
(Thermo Fisher Scientific). NMR experiments were performed on a Bruker Avance-Il spectrometer
operating at 600 MHz (*H) or 150 MHz (3C). NMR data were analyzed with ACD/Structure Elucidator
Suite (2018.2). NMR data acquisition was performed by Andrea Porzel at the Leibniz-Institute for

plant biochemistry in Halle (Saale).

Samples for the acquisition of NMR data were dissolved in 750 uL hexadeuterodimethyl sulfoxide
(DMSO-ds) or trideuteroacetonitrile (ACN-ds) and transferred into a 5 mm NMR tube. To avoid
contamination, the deuterated solvents were taken from ampoules containing 750 uL of solvent
each. Thus, every NMR sample was dissolved in solvent from a separate and freshly opened

ampoule.

For sample preparation for HPLC-UV and HRMS, all samples were either filtrated or dried under
reduced pressure and dissolved in HPLC grade methanol with a certain mass concentration followed
by centrifugation at 14000 rpm for 10 min. The supernatant was then used for analysis. For
filtration, which was necessary for culture supernatants, multi-well plates (Pall Corporation) and a

96-well plate vacuum manifold (Phenomenex®) were employed.

Table 4 contains information on the HPLC method parameters (column dimensions and type,
method parameters) for common screenings including the methods used for time-based

micro-fractionation (N2 1) and the method employed for HPLC-HRMS analysis (N2 3).
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Table 4: Frequently used HPLC methods for screenings, micro-fractionation, and HPLC-HRMS analyses.

N2 Stationary phase Mobile phase Time Flow rate T
[min] [mL/min] [°C]

1 Phenomenex® Luna (5 um)  5-100 % acetonitrile in 30 1.5 25
C-18, 250x4.6 mm ID water (0.1 % (v/v)
formic acid each)

2 Phenomenex® Kinetex 5-100 % acetonitrile in 12.5 0.6 50
(2.6 um) C-18, 100x3.0 mm water (0.1 % (v/v)
ID formic acid each)

3 Phenomenex® Kinetex 5-100 % acetonitrile in 12.5 0.6 50
(2.6 um) C-18, 50x2.1 mm ID water (0.1 % (v/v)

formic acid each)

For dereplication of larger amounts of HPLC-HRMS data, | applied GNPS followed by data processing
with the open source software platform Cytoscape.l#?143:146 For this purpose, | used the following
procedure: raw MS data were converted into mzXML format using MSconvert from the open source
platform ProteoWizard with a binary encoding precision of 64-bit. Additionally two filters were
applied. The filter “Peak Picking” was set to “Vendor” and the desired polarity (positive or negative
ion mode) was set for the filter “Subset”. Using the GNPS online workflow, the mzXML data were
clustered with a precursor ion mass tolerance and a fragment ion mass tolerance of 0.02 each and
a minimum pairs cosine of 0.6 yielding the Cytoscape data that was applied to create a hit list based

on molecular networking.
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2.3. Isolation of endophytic Bacteria from macroalgae

For the isolation of endophytic Bacteria, the different macroalgae species, which were sampled at
the west coast of Morocco, were washed with seawater still at the sampling place, and processed
within 24 h. For the isolation of endophytic Actinobacteria from the different macroalgae species,
two approaches were applied. For both approaches, the macroalgae were cut into pieces with
approximately 0.5-2 cm in size followed by surface-sterilization. This was mandatory to assure the

isolation of endophytic and not epiphytic bacterial strains.

For this purpose, the fragments were successively dipped into ethanol (95 %) for 1 min, sodium
hypochlorite (1.25 %) for 4 min, and another ethanol solution (70 %) for 0.5 min. Then, the
fragments were dipped into sterile water for 5 min to remove traces of the other three solutions, as

they would inhibit bacterial growth in the next step.

For the first approach, the surface-sterilized fragments were air-dried, placed on YECD (yeast
extract-casein hydrolysate) agar plates (yeast extract (0.3 g), K;2HPO4 (2 g), casamino acids (0.3 g),
and agar (15 g) per 1L deionized water) and incubated at 30 °C (Figure 10). The YECD agar was
modified with nalidixic acid (20 mg/L) and cycloheximide (80 mg/L) to suppress the growth of
Gram-negative bacteria (suppressed by nalidixic acid)!'® and fungi (suppressed by cycloheximide)!!,
As negative control, the washing solution of the last step was used. After successful
surface-sterilization, the final water solution was not supposed to contain any microorganisms. The

endophytes were observed as colonies growing in the surrounding of the macroalgae fragments.

Figure 10: YECD agar plates with surface-sterilized macroalgae fragments for the macroalgae Laurentia pinnatifida,
Cystoseira tamariscifolia, and Ulva lactuca (from left to right).
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The second approach included a chemical as well as a high temperature treatment. For this purpose,
the surface-sterilized fragments of the macroalgae were placed in 250 mL Erlenmeyer flasks
containing 100 mL of a sterile solution for chemical treatment (sodium chloride (9 g), sodium
dodecyl sulfate (0.02 g), glutamine (0.3 g), and calcium carbonate (0.5 g) per 1 L of deionized water)
each. The flasks were incubated at 25 °C for 24 h. After this time, the temperature was increased to
55 °C for 30 min to kill bacteria that are more sensitive to higher temperature and thus less likely to
be Actinobacteria, which are less affected by high temperature due to the high G+C content in their
DNA. For the isolation of the bacteria that survived this treatment, 0.1 mL of the solution in the
Erlenmeyer flasks as well as a 10-fold dilution were used to inoculate YECD agar plates containing

nalidixic acid (20 mg/L) and cycloheximide (80 mg/L). The agar plates were then incubated at 30 °C.

In total, 10 endophytic bacterial strains were isolated using these two approaches. The final
purification of the microbial strains was performed by the Moroccan project partners using the

streak plate technique.

Microscopic and macroscopic analyses

The 10 endophytic strains were analyzed microscopically as well as macroscopically. For this
purpose, the strains were cultivated on LB agar plates. Macroscopic pictures were acquired with a
Stemi 508 microscope (Zeiss) equipped with an AxioCam MRc5 (Zeiss) and processed with ZEN 2.3
lite, blue edition (Zeiss). Microscopic analyses were performed using a Leica DM2000 LED

microscope (Leica) and processed with LAS V4.2 (Leica).
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2.4. Bacteria cultivation and extraction

For the used bacterial strains, the OSMAC approach was applied using different media for liquid
fermentation.'’* For the evaluation of relevant fermentation conditions like fermentation medium
and length, culture samples (1 mL each) were withdrawn on a daily basis and tested for bioactivity.
For the strains of the Tiibingen actinomycetes strain collection, the culture samples were tested in
the reporter-based bioassays by the project partners in Tlbingen whereas samples from the
Moroccan strains were screened for inhibitory bioactivity against MDR strains. The latter was either
performed by the author of this thesis, the Moroccan project partners or both. For the relevant
fermentation conditions, medium extracts were generated and tested for the bioactivity that was

observed for the culture samples.

Bacteria cultivation in small and larger scale

For small-scale cultivation in liquid fermentation medium, the bacterial strains were cultivated using
500 mL Erlenmeyer flasks containing 100 mL of liquid fermentation medium each. Incubation was
carried out at 28 °C and shaking at 120 rpm. For inoculation, 30 L of glycerol stock were used per
500 mL flask. For the preparation of the glycerol stocks, a sterile glycerol/water solution (1:1) was
inoculated with an equal volume of either a well-grown bacterial culture or a suspension of bacterial
aerial mycelium in sterile water. Both procedures yielded a final overall glycerol concentration of

25 % of the glycerol stock.

For larger scale fermentation with up to 12 L of liquid fermentation medium, 5 L Erlenmeyer flasks
were employed containing 1 L of medium each. Fermentation conditions and media ingredients
were the same as for small-scale fermentation. For inoculation of larger scale setups, small-scale
pre-cultures were prepared with the same fermentation conditions (fermentation medium,
temperature, shaking speed) used for the larger scale culture. The pre-culture was inoculated with
30 uL of glycerol stock. After 3-5 days of cultivation, 5 mL of pre-culture were used for the

inoculation of each 5 L flask.
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The used fermentation media for liquid fermentation were Bennett (beef extract (1 g), b-(+)-glucose
(10 g), N-Z amine A (2 g), yeast extract (1 g), pH 7.3), ISP2 (yeast extract (4 g), malt extract (10 g),
D-(+)-glucose (4 g), pH 7.2),Y> ISP3 (oatmeal (20 g), trace elements solution (5 mL), pH 7.3),Y”> NL19
(D-(+)-mannitol (20 g), full-fat soy flour (20 g), pH 7.5), NL200 (D-(+)-mannitol (20 g), corn steep
solids (20 g), pH 7.5), NL300 (D-(+)-mannitol (20 g), cotton seed (20 g), pH 7.5), NL333 (D-(+)-glucose
(5 g), soluble starch (10 g), malt extract (10 g), yeast extract (3 g), Bacto peptone (3 g), ammonium
nitrate (3 g), calcium carbonate (2 g), pH 7.2), NL400 (D-(+)-glucose (10 g), soluble starch (20 g),
Bacto peptone (3 g), beef extract (3 g), yeast extract (5 g), calcium carbonate (3 g), pH 7.0), NL410
(D-(+)-glucose (10 g), glycerol (10 g), oatmeal (5 g), full-fat soy flour (10 g), yeast extract (5 g), Bacto
casamino acids (5 g), calcium carbonate (1 g), pH 7.0), NL500 (soluble starch (10 g), b-(+)-glucose
(10 g), glycerol (10 g), fish flour (15 g), sea salts (10 g), pH 8.0). The trace elements solution
contained CaClyx2H,0 (3 g), Fe-(lll)-citrate (1 g), MnSQ.xH,0 (200 mg), ZnCl, (200 mg), CuSO4x5H,0
(25 mg), Na;B,07x10H,0 (20 mg), CoCl,x6H,0 (4 mg), and Na;Mo04x2H,0 (10 mg).

The amounts of all ingredients are given for 1 L of deionized water. The pH was adjusted +0.2 using
NaOH (2 M) or HCI (2 M). It is recommended not to use solutions of NaOH or HCI with higher
concentrations as these may cause the change of medium components leading to non-reproducible

results.

General procedure for the extraction of liquid fermentation broths

Small-scale extraction of liquid bacterial cultures was carried out in 50 mL centrifuge tubes and
performed as follows: 20 mL of the liquid fermentation broth were withdrawn and centrifuged at
5000 rpm for 10 min to separate the supernatant from insoluble medium components and the
bacterial biomass. Then, the pH of the supernatant was adjusted to 5.0+0.2 using NaOH (2 M) or HCI
(2 M). For extraction, organic solvent was added in a 1:1 (v/v) ratio. The organic solvent was either
ethyl acetate (EtOAc), 1-butanol (1-BuOH) or dichloromethane (DCM). After the mixtures were kept
in an overhead shaker for 30 min, phase separation was achieved by centrifugation at 5000 rpm for
5 min. After separation of the organic and the aqueous layers, the organic layer was dried under

reduced pressure to obtain the medium extract.
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For the extraction of larger scale fermentation broths, the culture
broth was filtered through Celite® 545 and the pH of the filtrate was
adjusted to 5.0£0.2 using NaOH (2 M) or HCl (2 M). The filtrate was
extracted with the desired organic solvent by stirring for 1 hour
(Figure 11). After phase separation, the aqueous layer was employed
for an additional extraction two more times. The volume of organic
solvent used for each extraction was 1/3 of the total culture volume.
Thus, in the end the ratio of culture volume and the volume of
organic solvent used for extraction ended up being 1:1 (v/v). The
combined organic layers were then dried under reduced pressure to
obtain the medium extract. The desired solvent for larger scale
extraction was ethyl acetate due to the hazardous properties of DCM

and the high boiling point of 1-BuOH (118 °C)."®

The medium extracts were stored at -20 °C.

Figure 11: Setup for the
extraction of larger scale
fermentation culture broths.
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2.5. Additional extraction of medium extracts

Due to the complexity of actinobacterial medium extracts, | performed an additional extraction and
enrichment step before | isolated compounds of interest using semi-preparative HPLC. The direct
isolation of compounds from the medium extract is usually not possible. The workflow of this
additional extraction step is shown in Figure 12 and is used to separate crude bases, neutral

compounds, and crude acids from each other.

Ethyl acetate medium extract

4

Extraction with acetic acid (0.1 M)
3 x with 1/3 of the volume of the extract

|

Acidic, aqueous layer Organic layer
pH adjustment to pH 9 Extraction with Na,CO; (0.1 M), 3x

Extraction with ethyl acetate (3x)

| | |

Organic layer Aqueous layer
Organic layer Aqueous layer = Neutral compounds
= Crude bases (#3)

(#1)

pH adjustment to pH 4
Extraction with ethyl acetate (3x)

| |

Organic layer Aqueous layer
= Crude acids
(#4)

Figure 12: Workflow of the additional extraction procedure of medium extracts.
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First, the medium extract is dissolved in the same solvent that was used for its generation. The
volume to do this should be as small as possible but enough to properly dissolve the extract. The
dissolved medium extract is then extracted with acetic acid (0.1 M). After phase separation, the
organic layer is extracted another two times with acetic acid (0.1 M). For each extraction, the applied
volume of acetic acid was one third of the volume that was used to dissolve the medium extract.
Thus, the ratio of organic solvent and acetic acid sums up to be 1:1 (v/v). The pH of the combined
aqueous layers was adjusted to 9.010.2 followed by extraction with ethyl acetate. The extraction
was performed in the same way as in the first step. The resulting combined organic layer cointains
the crude bases present in the initial medium extract. The corresponding aqueous layer can be
discarded. The organic layer that was obtained from the extraction with acetic acid was extracted
with Na,COs (0.1 M) in the same way as in the first step. The resulting organic layer contains the
neutral compounds of the initial medium extract. The pH of the aqueous layer was adjusted to
4.0+0.2 and extracted wth EtOAc in the same way as before. The resulting organic layer contains the

crude acids of the initial medium extract whereas the aqueous layer can be discarded.

For all extraction steps, | used zentrifugation bottles and overhead shakers.
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2.6. Antibacterial bioactivity assay

Tests for antibacterial bioactivity comprised the following assays: the test for inhibitory bioactivity
against MDR pathogens, and non-pathogenic monitor strains, the report-based bioassays using
different mutants of B. subtilis 1S34, and the test for synergistic antimicrobial activity against B.

subtilis ATCC6051.

All performed inhibitory bioactivity assays were based on agar diffusion and performed using either
LB medium (tryptone (10 g), yeast extract (5 g), sodium chloride (5 g), pH 7.0) or MH medium (beef
infusion solids (2 g), soluble starch (1.5 g), casein hydrolysate (17.5 g), pH 7.4). The amounts of all
ingredients are given per 1L of deionized water. As ready-to-use media were employed, pH

adjustment was not necessary.

For B. subtilis as monitor strain, LB medium was used whereby for the bioactivity assays targeting

inhibition of MDR strains, MH medium was chosen.
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2.6.1. Reporter-based bioassay

To evaluate, which samples are of interest to be used in the reporter-based bioassay, | screened
them for inhibitory bioactivity against B. subtilis ATCC6051 first. For this purpose, molten LB agar
was inoculated using an overnight culture of the monitor strain whose ODss6 was adjusted to 1.3
(0.1 mL of bacterial suspension was used per 10 mL agar). The ODs46 adjustment was carried out by
dilution with LB medium. The overnight culture was incubated at 37 °C and shaking at 90 rpm.
Samples were tested using the filter discs method (disc diameter 6 mm) applying 15-20 uL of the

dissolved sample with a mass concentration of 40 mg/mL.

The reporter-based bioassay used for the strains of the Tlbingen actinomycetes strain collection
was performed by Katharina Wex, a PhD student of the group of Prof. Heike Brétz-Oesterhelt of the
Eberhard Karls University in Tlibingen and is based on the work of Urban et al.'’” Reporter-based
bioassays were performed to obtain information regarding the mode of action (MOA) of bioactive
compounds in the tested samples at the beginning of the bioactivity-guided workflow. The
application of this reporter-based bioassay revealed the presence or absence of compounds
interfering with the biosynthesis of DNA, RNA, proteins or the bacterial cell wall depending on the

promoter used for the genetic modification of the B. subtilis strain.

The work of Urban et al. can be summarized as follows:'”” By screening an antibiotics library, they
analyzed gene expression after antibiotic treatment. They were interested in genes that were being
upregulated when an antibiotic interfered with one specific metabolic pathway like e.g.
transcription, replication or protein biosynthesis. As the MOA of the different antibiotics were
known, they were able to state a relation between the mode of action and the upregulation of gene
expression. Then, the promoter regions of these genes were ligated to the reporter (in our case lac2)
that can be easily detected when expressed. Thus, every time the gene is expressed, also the
reporter that is connected to the gene’s promoter is expressed and can be detected.!”” In the case
of lacZ, coding for the production of B-galactosidase, the expression can be easily detected when
the medium contains X-Gal (5-bromo-4-chloro-3-indolyl-B-b-galactopyranoside). In the presence of
B-galactosidase, X-Gal is hydrolyzed into the colorless products galactose and
5-bromo-4-chloro-3-hydroxyindole whereas the latter one is spontaneously being transformed by
dimerization and oxidation into the blue pigment 5,5’-dibromo-4,4’-dichloro-indigo, which can be

detected (Figure 13).17817°
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Figure 13: lllustration of the blue induction in the reporter-based assay (here caused by the positive control (rifampicin)
from a screening of micro-fractions of Tl 27 for RNA biosynthesis interfering properties).

This blue pigment is formed at the interphase between the inhibition zone and the growth zone of
the monitor strain. This is the case, as the monitor strain does not grow within the inhibition zone
and thus there is no production of LacZ (there is actually no production at all, as the monitor strain
does not grow within the inhibition zone). At the interphase, the monitor strain still “senses” the
test compound but in concentrations that allow the monitor strain to survive (in agar diffusion
assays, the concentration of a test compound decreases with increasing distance from the middle
of the inhibition zone where the compound was applied). Thus, the monitor strain can survive even
if a specific biosynthesis is disturbed, which causes the expression of lacZ that is ligated to the

promoter of the biosynthetic pathway, which is disturbed by the sample.

For the reporter-based bioassay, agar diffusion assays were employed using 2-5 uL of sample with
a mass concentration of 40 mg/mL for medium extracts and micro-fractions. The samples were

dissolved in DMSO and directly given onto the agar without filter discs or drilled holes.
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2.6.2. Test for synergistic antimicrobial activity

The test for a potential synergistic antimicrobial activity of pure compounds in combination with
different antibiotics was performed by agar diffusion assays. For this purpose, the MIC values of
actinomycin D, and tetracycline for B. subtilis were determined using LB agar medium. The
antibiotics were dissolved in DMSO yielding a mass concentration of 1 mg/mL. After sterile filtration,
the antibiotic solution was given to liquid agar medium before pouring the agar plates. In total,
antibiotic concentrations ranged from 23.5 ng/mLto 50 pug/mL. The highest antibiotic concentration
that still allowed visible growth of the monitor strain was chosen as sub MIC. 4 ug/mL was chosen

for tetracycline and 0.047 ug/mL for actinomycin D.

For testing potential synergistic antimicrobial activity, the compound of interest was dissolved in
DMSO (10 mg/mL) and directly given onto the test agar plates (1 pL). The agar plates were prepared
as follows: after inoculation of the molten agar with the antibiotic in the sub MIC, the plates were
poured. After solidification, the monitor strain was spread with a sterile swap covering the whole
surface of the agar plate. The compound of interest was then given onto the agar without filter discs
or drilled holes. All test plates were incubated at 37 °C for 16 h. Concentrations of interest were
prepared as triplicates including a positive control (monitor strain spread on LB agar without any

antibiotic) and a negative control (LB agar medium without monitor strain).
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2.6.3. Test for inhibitory bioactivity against MDR strains

Unlike the bioactivity assays using B. subtilis as monitor strain, the MDR strains were not used to
inoculate the molten agar medium as part of the preparation of the bioassay agar plates. The
procedure that was used is as follows: In advance of every assay, the MDR strains were refreshed
from conservation at -80 °C by inoculation of MH agar plates and incubation at 36 °C overnight. In
the meanwhile, the MH agar plates that were used for the assay were prepared. For this purpose,
new agar plates were poured and 45 holes (5 rows with 9 holes each) were drilled into each agar
plate after solidification. After this, the MDR strains were spread onto these agar plates with a sterile

swap covering the whole surface.

The results of the bioassays were evaluated by eye after incubation at 36 °C overnight. Figure 14
shows an MH agar plate as it was used. The sample (30 uL), which was tested for inhibitory activity,

was given into the holes.
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Figure 14: An MH agar plate with drilled holes to test supernatants of bacterial cultures for inhibitory bioactivity against
ceftazidime-resistant P. aeruginosa. The lower left corner represents the positive control (10 pL of an apramycin solution
with a mass concentration of 5 mg/mL in water).

The screening of different antibiotics (ampicillin, apramycin, chloramphenicol, kanamycin,
fosfomycin, rifampicin, and tetracycline), revealed that apramycin was suitable as positive control

for all used MDR strains (10 pL of a 5 mg/mL solution).
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2.7. Cytotoxicity assay

Cytotoxicity assays were performed by Paul Barac, Martin-Luther-University Halle-Wittenberg. The

analysis, visualization, and discussion of the results were carried out by the author of this thesis.

For the evaluation of cytotoxicity, the standard sulforhodamine B (SRB) colorimetric assay was used.
Sulforhodamine B is a fluorescent dye that can be used, among others, for the quantification of

cultured cells. The SRB assay was adapted from Vichai and Kirtikara and was performed as follows:*&

Hela cells were maintained in Dulbecco’s modified Essential Medium (DMEM) supplemented with
Roticell-glutamine-solution (1 % (v/v), 2 mM) and heat-inactivated (60 °C for 30 min) fetal bovine
serum (FBS, 10 % (v/v)). The used phosphate-buffered saline (PBS 10x) contained KCl (2 g),
Na,HPO.xH,0 (14.2 g), KH,PO, (2.4 g) per 1 L deionized water and was diluted tenfold before use.

All incubation steps were carried out in a humidified atmosphere containing 5 % (v/v) CO, at 37 °C.

The medium was removed and the cell monolayer was washed with PBS as soon as the confluence
reached >80 %. After the addition of trypsin followed by incubation for 5 min, medium was added
to resuspend the cells for their transfer into a reaction tube. After centrifugation (7 min at 150 rpm),
the supernatant was removed and the cells were resuspended in medium. This cell suspension was
transferred to a reaction tube. After the addition of Tryptan Blue, the cell suspension was analyzed

E™ cell counter, and the cell concentration was adjusted to 2.5x10° cells/mL. The cell

using an EV
suspension with the adjusted cell concentration was then dispersed in a 96-well plate and incubated
for 24 h. The compound, which was tested for cytotoxic activity was dissolved in DMSO and applied
to the wells. DMSO with the same final concentration was used as negative control and either
5-fluorouracil, hygromycin B or doxorubicin served as positive control. After incubation for 48 h, the
cells were fixed, stained, and analyzed by OD measurements. Cell fixation was performed by the
addition of cold (4 °C) trichloroacetic acid (TCA, 10 %) followed by incubation at 4 °C for 1 h. Then,
the medium and the TCA were discarded and the remaining cells were washed with water. Viable
cells were fixed whereas dead cells were removed by the washing steps. The plates were dried with
compressed air followed by staining with SRB solution (0.057 % solution in 1 % acetic acid) and
incubated at 4 °C for 30 min. The staining solution was discarded and the fixed cells were washed
with water similar to the previous step. After drying, the cells were prepared for the OD
measurement. For this purpose, 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris base, 10 mM, pH

10.5) was added to each well. OD measurements were carried out at 510 nm using a Tecan-infinite
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200 Pro (TECAN) with a shaking duration of 600 s and a shaking amplitude of 1 mm. Data were
processed using i-control V2 (TECAN). For data illustration, GraphPad Prism 6 (GraphPad Software

Inc.) was used.

The applied concentrations for the cytotoxicity assays ranged from 3-694 uM for leucine hydrazone,

0.19-3 mM for hygromycin B, 0.1-29 uM for G418, and 0.04-0.16 uM for actinomycin D.

Fractional Inhibitory Concentration Index

The determination of the FICI was carried out using the checkerboard assay.'®! The checkerboard
assay was performed in triplicates to obtain the information if the cytotoxic effect of the
combination of leucine hydrazone and hygromycin B is synergistic (FICI<0.5) or additive
(0.5<FICI<1.0). Table 5 shows the different combinations of leucine hydrazone and hygromycin B,

which were used.

Table 5: Template for the checkerboard assay including the used concentrations of leucine hydrazone, and
hygromycin B.

Concentration of leucine hydrazone in [uM]

694 347 174 87 43 22 11 5.4 0
3

[« a]

£

S 1.5
€

o

;;E, 0.74
5 E

S < 0.38
2

©

‘E’ 0.19
[J]

e

8 0

For both compounds, stock solutions in DMSO (95 mM for hygromycin B and 69 mM for leucine
hydrazone) were prepared. For normalization, the minimal value (0 % cell viability) was obtained for
medium without cells and the maximum value (100 % cell viability) for cells with medium without

hygromycin B or leucine hydrazone.
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2.8. Molecular biology

Isolation of genomic DNA

The isolation of bacterial genomic DNA was performed using the kit NucleoSpin®Tissue (Machery
Nagel) in accordance to the associated user manual. For sample preparation, aerial mycelium of a

well-grown culture cultivated on agar medium was used.

PCR and gel electrophoresis

The obtained genomic DNA was amplified by polymerase chain reaction (PCR) using a 96 universal
peqSTAR thermocycler (PEQLAB Biotechnology GmbH). The master mix contained 5xbuffer
(250 pL/mL), dNTPs (10 mM with 2.5 mM each, 25 uL/mL), DMSO (37.5 puL/mL), MilliQ water
(537.5 uL/mL), and Taq polymerase (25 uL/mL) as well as two primers specific for Actinobacteria
(10 uM, 62.5 uL/mL each). The primers were ordered from eurofins Genomics (fD1: (5'>3’)
AGAGTTTGATCCTGGCTCAG and rP2: (5'>3’) ACGGCTACCTTGTTACGACTT,*® and 8F (5'=>3'):
AGAGTTTGATCCTGGCTCAG and 1510R (5'=>3’): GGTTACCTTGTTACGACTT!3). The PCR program
included an initial denaturation (96 °C for 2 min) and 30 cycles of denaturation (96 °C for 45 s),
annealing (56 °C for 30s), extension (72 °C for 2 min) followed by a final extension (72 °C for

5 min).1#2

Gel electrophoresis was carried out using an agarose gel (1.5% (m/v)) at 135V. The gel was
prepared by dissolving agarose in TAE buffer (0.5x). The TAE (50x) buffer contained
tris(hydroxymethyl)aminomethane (tris, 242.2 g), ethylenediaminetetraacetic acid (EDTA, 100 mL,
0.5 M, pH 8), and acetic acid (57.1 mL).*® This solution was adjusted to 1 L with deionized water.

For gel electrophoresis, a 100-fold dilution of the 50x TAE buffer was prepared.

Rotistain® (50 pL/L) was applied for straining and 6xloading buffer represented 1/6 of total sample
volume for gel electrophoresis. GeneRuler DNA Ladders (Thermo Fisher Scientific) were used as

ladders.

The results were analyzed using a Syngene G:BOX gel documentation system (VWR).
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Extraction of pure DNA

After gel electrophoresis, extraction of pure DNA was carried out using the GenelET Gel Extraction

Kit (Thermo Fisher Scientific) using the procedure as it is described in the associated user manual.

The extraction of amplified DNA from the gel electrophoresis gel was preferred over its isolation

from the PCR mix as the former procedure usually yields purer DNA compared to the latter one.
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2.9. Determination of the absolute configuration using Marfey’s reagent

The principle of the determination of stereochemistry using Marfey’s reagent (FDAA:
1-flouro-2-4-dinitrophenyl-5-L-alanine amide; Figure 15, 11) is based on the different retention
times observed using HPLC analysis of the corresponding D- and L- amino acids after derivatization
using FDAA. Underivatized D- and L-stereoisomers of an amino acid have the same retention time
when being analyzed with HPLC of RP1s columns. The difference after derivatization with Marfey’s
reagent is due to hydrogen bonding that differs in dependence of the stereochemistry of the
derivatized amino acid. This difference in hydrogen bonding causes differences in the interaction of
the amino acid derivative with the packing material of the HPLC column and thus causes different

retention times.'®

11

Figure 15: Chemical structure of FDAA (11).185

Compared to the method described in the literature, modifications were made regarding the

derivatization using Marfey’s reagent as well as the HPLC analysis.*8518¢

The compounds (1.0 mg each) were hydrolyzed in hydroiodic acid (1 mL, 48 %). The reaction mixture
was maintained in a sealed reaction vessel at 110 °C for 16 h. As hydroiodic acid is a stronger acid
compared to HCl, hydroiodic acid was used for hydrolysis to ensure a complete hydrolysis of the

compounds and the present hydroxy-ornithin moieties.

After drying under a stream of nitrogen at 105 °C, FDAA solution in acetone (50 pL, 0.04 M) and
NaHCO; (100 uL, 1 M) were added to each reaction vessel. The reaction mixture was kept at 80 °C

for 3 min, cooled down to room temperature and acidified with HCI (50 pL, 2 M). After the addition
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of ACN/water (200 L, 1:1), the FDAA-amino acid derivatives of the hydrolysates were analyzed and

compared with standard FDAA-amino acid derivatives by HPLC analysis:

Phenomenex® Kinetex C-18 RP (2.6 um) 100x3 mm was applied as stationary phase. As mobile
phase, a combination of acetonitrile and water (with 0.1 % (v/v) FA each) was used. The gradient
that was used for separation was 5 % ACN to 45 % ACN within 20 min with a flow rate of 0.6 mL/min

at 50 °C. Detection was carried out at 340 nm.

The absolute configuration of each amino acid was determined by comparing the obtained retention
times of the derivatized hydrolysates of the compounds with authentic standards of the respective

derivatized D- and L-amino acids.
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3. Results and discussion

3.1. Tubingen actinomycetes strain collection

The aim of the work investigating strains from the Tlibingen actinomycetes strain collection was the
identification and isolation of novel biologically active specialized metabolites followed by structure
elucidation. The reporter-based bioassay, which was performed by the project partners in Tibingen
for these strains, was supposed to reveal the mode of action of a potentially new NP in the beginning

of the bioactivity-guided workflow.

For this purpose, 280 strains of the Tiibingen actinomycetes strain collection that were screened in
previous projects, resulted in 13 strains of interest that were chosen for further investigation in the
course of this thesis. These investigations, which included, among others, the application of the
OSMAC approach, resulted in the dereplication of pactamycin, which can be seen as a proof of
concept regarding the applied reporter-based bioassay. Furthermore, | isolated a novel NP produced

by S. fradiae T 27.
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3.1.1. Concept verification by rediscovering pactamycin from TU 6448

The application of the strain Micromonospora Ti 6448 using the reporter-based bioassay revealed
the presence of protein biosynthesis interfering compounds in the ethyl acetate medium extract of
this strain. The dereplication of the known biosynthesis inhibiting pactamycin (Figure 18, 12) was
performed using HPLC-HRMS (Figure 16). Pactamycin was dereplicated applying the elemental
composition analysis tool of FreeStyle® 1.5 using a mass difference of 1 ppm. Pactamycin is an
aminocyclopentitol-derived specialized metabolite produced by Streptomyces pactum.'®-18 The
compound was obtained by fermentation of Tl 6448 in liquid ISP2 medium. Incubation was carried
out at 27 °C and shaking at 90 rpm. After 7 days, the pactamycin-containing ethyl acetate medium

extract was generated.
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Figure 16: (A) Extracted ion chromatogram of the ethyl acetate medium extract of Tl 6448. The signal at 3.42 min
belongs to pactamycin. (B) The mass spectrum showing the signal at m/z 559.2771 caused by pactamycin obtained in
positive ion mode.

Figure 17 shows the results of the reporter-based bioassay as it was obtained for the ethyl acetate
and 1-butanol medium extracts of Tl 6448 and Ti 6457 after fermentation for 72 and 168 h. In this
case, the used B. subtilis strain was genetically modified to indicate the presence of protein
biosynthesis interfering compounds. The blue induction that can be observed for all 8 samples

indicates the presence of such compounds.
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72 hours 168 hours
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Figure 17: Reporter-based bioassay for the medium extracts of Tl 6448 and Tii 6457 generated after 72 and 168 h. For
this agar plate, B. subtilis 1534 modified with an yhel promoter was employed to screen for protein biosynthesis
interfering compounds.

The observation of protein biosynthesis interfering bioactivity (in our case with a reporter-based
bioactivity assay applying a B. subtilis 1534 strain that was genetically modified with an yhel
promoter) of a medium extract containing pactamycin is in accordance to literature. Pactamycin is

known to inhibit the synthesis of proteins in Archaea, Bacteria (both Gram-positive and

Gram-negative), and Eukarya.'®’%°

12

Figure 18: Chemical structure of pactamycin (12) with the sum formula CygH3gN;Og. 187188

Even though pactamycin, which might be most likely responsible for the observed bioactivity, is an

already known NP, its dereplication can be seen as a proof of concept for the reporter-based

bioassay.
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3.1.2. Streptomyces fradiae Tl 27

The strain S. fradiae Tl 27 was one of 13 strains that were applied as part of this thesis. Previous
reporter-based bioassays suggested the presence of an RNA biosynthesis interfering compound

produced by Tu 27.

To obtain information on relevant fermentation conditions for Tii 27 that cause the production of
the specialized metabolite with the RNA biosynthesis interfering bioactivity, the OSMAC approach
was applied using 7 different fermentation media (NL19, NL200, NL300, NL333, NL400, NL410, and
NL500). For this purpose, | screened the culture broths that were withdrawn on a daily basis over a
period of 14 days for inhibitory bioactivity against B. subtilis ATCC6051. Then, the samples inhibiting
the growth of B. subtilis ATCC6051 were employed for the reporter-based bioassay searching for

RNA biosynthesis interfering compounds.

The results of the screening for inhibitory bioactivity against B. subtilis ATCC6051 are shown in Table
6.

Table 6: Results of the bioassays of the withdrawn culture samples obtained from the OSMAC approach for Tii 27 against
B. subtilis ATCC6051. (-) indicates no observed inhibitory bioactivity. The numbers represent the diameter of the
inhibition zone in cm.

Medium NL19 NL200 NL300 NL410 NL500
Day

1 - - - - -
2 - - - - -
3 1.2 1.1 1.0 - -
4 1.1 1.7 1.6 15 -
6 1.8 1.8 1.6 14 15
7 1.6 1.7 15 13 15
8 15 1.5 14 1.2 14
9 1.5 1.5 1.6 13 14
14 1.6 1.5 1.6 1.2 14

The results of the reporter-based bioassay are shown in Table 7. Withdrawn culture broths of Tl 27
cultivated in NL333, and NL400 did not show any inhibitory bioactivity against B. subtilis ATCC6051

and were thus not tested in the reporter-based bioassay.
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Table 7: Results of the reporter-based bioassay performed by the project partners in Tibingen targeting RNA
biosynthesis of the withdrawn culture samples that showed inhibitory bioactivity against B. subtilis ATCC6051. The
intensity of inhibition/induction is illustrated by “+” and “++”. “++” means there was a stronger inhibition/induction

observed than when “+” is used. “+” means no relevant inhibition/induction and “n.d.” means “not determined”.

Medium NL19 NL200 NL300 NL410 NL500
Day
3 +/+ +/+ +/+ n.d. n.d.
4 +/+ ++/+ +/+ +/+ n.d.
6 ++/+ ++/+ +/+ +/+ +/+
7 ++/+ +/+ +/+ +/+ ++/+
8 ++/+ +/+ +/+ +/+ +/t
9 ++/+ +/+ +/+ +/+ +/+
14 ++/+ +/+ +/+ +/+ +/+

Based on these results, | chose NL19 as fermentation medium, and a cultivation length of 14 days
as fermentation conditions for the production of the compound of interest. Besides the results of
the bioactivity assay, NL19 was further chosen as its extraction could be carried out without major
difficulties like problematic phase separation. Further, unlike e.g. ISP3, NL19 does not contain heavy
metals like copper (CuSO4x5H0) or cobalt (CoCl,x6H,0), which makes it less hazardous to handle in

larger amounts for larger scale fermentation.”

For further analysis, the strain was cultivated applying the fermentation conditions mentioned
above, and medium extracts using 1-BuOH, DCM, and EtOAc were generated. After
micro-fractionation with HPLC, the medium extracts as well as their corresponding micro-fractions
were tested in the reporter-based bioassay for RNA biosynthesis interfering bioactivity. Even though
only the 1-BuOH medium extract showed the expected bioactivity among the three medium
extracts, the bioactivity was observed for certain micro-fractions of each of the three medium
extracts. Additionally, the pattern of bioactive micro-fractions was congruent for all three medium
extracts. Thus, we suggested that the same biologically active compound was present in all three
medium extracts even though the bioactivity could be observed neither for the DCM nor EtOAc
medium extract. It might be possible that the ethyl acetate medium extract and the

dichloromethane medium extract contain compounds that interfere with the bioactivity of the RNA
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biosynthesis interfering compound. This would explain the circumstance that the RNA biosynthesis

interfering bioactivity was not observed for these medium extracts.

As T 27 is a known actinomycin D producer, we were aware of the possibility that the observed
bioactivity might be caused by this antibiotic, which interferes with RNA biosynthesis.’®* However,
HPLC-MS analysis of the biologically active medium extracts and micro-fractions did not confirm the

presence of actinomycin D.

Furthermore, Tl 27 is known to produce tetracyclines, which interfere with protein biosynthesis and
are thus are not supposed to induce the ppS promoter.”7:1%2 Thus, tetracyclines should not be
responsible for the induction in the reporter-based bioassay targeting RNA biosynthesis interfering

compounds.

For further analyses, Tl 27 was cultivated in 12 L scale, and the corresponding ethyl acetate medium
extract was generated. Ethyl acetate was chosen due to its lower boiling point (77 °C) compared to
1-butanol (118 °C), which facilitates the evaporation of the solvent to obtain the medium extract.
The aim was to isolate and characterize the compound that is responsible for the initially observed

bioactivity.
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Additional extraction

To facilitate the isolation of compounds with semi-preparative HPLC, the additional extraction
procedure was used for purification and enrichment of the ethyl acetate medium extract (43 g)

obtained from the 12 L culture of Tu 27.

Compared to small-scale fermentation, the HPLC-UV chromatogram of the ethyl acetate medium
extract of the 12 L culture (Figure 19) shows more hydrophilic compounds. This is due to an
incomplete phase separation during the extraction of the 12 L culture causing the presence of more

water and thus more hydrophilic compounds in the organic layer.
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Figure 19: HPLC-UV chromatograms of ethyl acetate medium extracts obtained from (A) the 1 L culture and (B) the 12 L
culture of Tii 27 after fermentation in NL 19 for 14 d. The detection was done at 210 nm (blue), 254 nm (magenta),
280 nm (brown), 430 nm (green), and with the ELSD (black).
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In total, three fractions were obtained after the additional extraction: crude acids, crude bases, and
neutral compounds. Focusing on rather lipophilic compounds, the aqueous layers were analyzed
using HPLC-UV and discarded. The comparison of the HPLC-UV chromatograms (Figure 20) of these
three fractions showed that several compounds were present in all of them, especially the
compounds with the retention times 14, and 16 min. This might be due to either the presence of
several functional groups, making them not only acidic or basic under the extraction conditions or
due to a non-quantitative extraction. The HPLC-UV analyses of the aqueous fractions showed that
the additional extraction procedure separated the hydrophilic compounds of the medium extract
from the lipophilic compounds, which were of interest. Two of the three obtained fractions were

used for direct isolation of compounds using semi-preparative HPLC.

54



Results and discussion

% 1-190815_T027_NL19_ME_12L_addition extraction_ELSD_40 mg per mL_#2
72-190815_Tu27_NL18_ME_12L_addition extraction_ELSD_40mg permL#2
13- 190815_ 2L _addition extraction_ELSD_40 mg per mL#2
=101 127y u9 ME_12L aplcn epiarton FLECE0I Rl #2
 5- 1508

3.500.

TU27_ME(EtOAC)_NL19_12L_addition extraction_#1
Tu27_ME(EtOAc)_NL19_12L_addition extraction_#1

_ME(EFOAC)_NL19_12L_addition extraction_#1
T027_ME(EtOAC) _NL19_12Laduition extraction_#1

UV_VIS_3 WVL:280 nm

mAU

3.000. A
|%0: 0,0 %

2500
Methanol: 0,0 %
2.000

1.500

1.000.

500-
o]
-500.
[Flow: 1,000000 mifmin
min
1000
oo 20 40 60 a0 100 120 140 18,0 18,0 200 230 240 260 280 0.0
% 1-190815_TU27_NL19_ME_12L_addition extraction_ELSD_40 mg per mL #4 T027_ME(EtOAC)_NL19_12L_addition extraction_ ’3 ELSD
‘ﬂZ mtms Tu27_NL18_ME_12L_addition extraction_ELSD_40 mg permL#4 Tu27_ME(EtOAc)_NL19_12L_addition extraction
o 7_NL19_ME_12L_addition extraction_ELSD_40 mg per mL#4 " ME(ELOAC)_NL19_12L _addlion extraction
] 4 ‘9DE|5 T027_NL19_ME_12L_addition extraction_ELSD_40 mg per mL #4 E(EIOAELNL|97 L_addition extraction_#3 UV \/IS SWVLQBEI nm
2

mAU

2250 B

2.0003[%0: 0,0 %
1.750
[Methanol: 0,0 %
1,500

1.250

1,000,

-250

-500

-750] |Flow: 1,000000 mifmin

10 min
0o 20 4o 60 80 180 120 140 160 180 20,0 220 240 260 280 300
3 1- 190815_T027_NL19_ME_12L_addition extraction_ELSD_40 mg per mL 45 TU27_ME(EtOAL)_NL19_12L_addition exraction_#4
7 2-180815 Tuz7_NL18_ME_12L_addition extraction_ELSD_40mg permL#5 [EtOAC) NL18_12L_addition extraction_#4
~190815_Tu27_NL13_ME_12L_addition extraction_ELSD._40 mg per mL#5 ME(E(OAC)_NL15_12L_addilion extraction_#4
1 4-190815_TU27_NL1S_ME_ 120t edracton_ELSD_40mg per L #5 Et0AC) NL1S_12L_aodlion exracton_#4 W Vs awvuan m
a0p, 8.5 1908187627 ) adution extraction_ELSD. erm tDAC) NL15_12L_addition extra i
AU
3000
%D: 0.0 %
2500
IMethanol: 0.0 %
2000
1500
1.000
500
-500
[Flow: 1,000000 mi/min
min
1000
00 20 a0 50 80 100 20 140 160 160 200 230 240 280 280 380

Figure 20: HPLC-UV chromatograms of the fractions containing (A) crude bases, (B) neutral compounds, and (C) crude
acids after the additional extraction. Detection was carried out at 210 nm (blue), 254 nm (magenta), 280 nm (brown),
430 nm (green), and with the ELSD (black).
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3.1.3. Isolation and structure elucidation

The fraction that was used for the isolation of compounds by HPLC was the fraction containing the
basic compounds of the ethyl acetate medium extract. The first step was the application of different
HPLC columns to evaluate the best combination of stationary phase (C-18, pentafluorophenyl (PFP),

or phenylhexyl (PH)) and mobile phase for an adequate compound separation.

This included the following HPLC columns: Luna (5 um) C-18, 250x4.6 mm; Luna (5 um) PFP,
250x4.6 mm; and Luna (5 um) PH, 250x4.6 mm.

The tested variations of the mobile phase included two different organic solvents (methanol (MeOH)
or acetonitrile (ACN)) as well as the performance with or without the addition of formic acid (0.1 %
(v/v)) to both the organic solvent and the water. Hence, every column was tested for its suitability

to separate the compounds by the performance of four different HPLC methods each:

MeOH as organic solvent and addition of FA (0.1 % (v/v)) to MeOH and water,
MeOH as organic solvent without adding FA to MeOH and water,
ACN as organic solvent and addition of FA (0.1 % (v/v)) to ACN and water,

H wonN R

ACN as organic solvent without adding FA to ACN and water.

This revealed PFP to be the most suitable stationary phase in combination with MeOH with added
FA (0.1 % (v/v)) as mobile phase. After the most suitable stationary and mobile phase were obtained,
gradient optimization was carried out. This optimization step resulted in the optimized method

shown in Table 8, which was used for compound isolation.
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Table 8: Optimized HPLC method for compound isolation from the basic fraction obtained from the ethyl acetate
medium extract of Tu 27.

Stationary phase Mobile phase Time Flow rate T
gradient [min] [mL/min] [°C]
(MeOH + 0.1 % FA

(v/v))
Phenomenex® Luna (5 um) 5-60 % 0-13 1.0 21
PFP, 250x4.6 mm ID 60 % 13-17
60-80 % 17-24
80-100 % 24-26
100 % 26-31

For the isolation, a corresponding semi-preparative HPLC column (Luna (5 um) PFP, 250x10 mm ID)
was used. The flow rate of the optimized method was adjusted to 4.7 mL/min while the other
parameters were retained. The compounds were collected using an automated peak-based fraction
collection. As pool wrapping was disabled, fractions of the same compound were combined
afterwards. The HPLC-UV chromatogram of the compound isolation is shown in Figure 21. The

collected compounds are highlighted in blue.
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Figure 21: HPLC-UV chromatogram of the optimized isolation method for fraction 1, basic compounds. The signals
corresponding to the isolated compounds are highlighted in blue. The detection was done at 210 nm (black), 254 nm
(blue), 280 nm (magenta), and 430 nm (brown).
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The two compounds at a retention time of approximately 7 min were collected due to completeness
as they are strongly overlapping at higher injection volumes as they were applied to compound
isolation. At lower injection volumes that were used for method optimization these compounds
appeared properly separated. As these compounds were not of main interest, the fact that they
were not well-separated at higher injection volumes was ignored for compound isolation, which

focused on compounds with higher retention times.

After the isolation, the combined fractions were dried under reduced pressure to obtain the isolated
compounds. Methanol was removed using rotary evaporators. The remaining water/FA mixture was
dried by lyophilisation to avoid damage or the destruction of the isolated compounds by high FA
concentrations and thus low pH at the end of drying. This would be the case using rotary evaporators

or vacuum centrifuges as FA has a slightly higher boiling point (100.8 °C) than water (100.0 °C).

| evaluated the purity of the isolated compounds (Table 9) using HPLC-UV and HPLC-MS data and
pure compounds were submitted for NMR analysis. NMR data were acquired by Andrea Porzel at
the Leibniz-Institute for plant biochemistry in Halle (Saale) and included H, 3C (when the isolated

amount was sufficient), HSQC, COSY, HMBC, and TOCSY.

Table 9: Isolated compounds and estimated sum formulae.

compound name isolated mass [mg] estimated sum formula®
P3 0.5 C12H2304N
P4 (leucine hydrazone) 3.8 CeH1202N;
P5 0.1 C21H200s
P6 (daidzeine) 2.0 CisH1004
P7 5.8 C16H1205
P8 0 C15H1005

" Molecular formulae were estimated using FreeStyle® and high-accuracy HPLC-MS data.

The amount of the isolated compounds might be incorrect due to the used balance.
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3.1.3.1. Dereplication of daidzeine

Compound P6 was shown to be daidzeine, a compound that can be isolated from soy. As the
fermentation medium for T4 27 contained soy flour, this finding is unfortunate but not

unreasonable. 1D and 2D NMR data as well as HRMS analysis confirmed these findings.*3

3.1.3.2. Hydrazone derivatives of amino acids

Hydrazone derivative of leucine

Leucine hydrazone (Figure 22, 13) was isolated as a colorless solid. HRESIMS in positive ion mode
revealed a signal at m/z 145.0970 [M+H]*. Using this HRESIMS data, the molecular formula of leucine
hydrazone was established as CsH12N,0, with a corresponding exact mass of 144.0891 g/mol. The
UV spectrum obtained from HPLC-UV showed a maximum at 211 nm. The *H-NMR spectrum of the
compound in DMSO-ds(Table 10) shows a broad singlet of the carboxylic acid moiety [64 11.54 ppm
(1H, br s)], one methylene group [6x 2.35 ppm (2H, d, 7.34 Hz)], one methine group [64 1.91 ppm
(m)], two methyl groups [6x 0.83 ppm (d, 6H), 6,79 Hz] and two hydrogens of an amino group [6n
7.09 and 7.20 ppm (s, 1H each)]. The *C-NMR revealed one carbonyl carbon (8. 165.8 ppm), one
quaternary carbon (8. 153.3 ppm), and four sp® hybridized carbon atoms (6. 22.6, 25.6, and
31.6 ppm).

Table 10: *H (600 MHz) and *3C (125 MHz) NMR spectroscopic data of leucine hydrazone in DMSO-ds.

Position 61 (ppm), multiplicity 8¢ (ppm), type
() [Hz])

1 - 165.8, C

2 - 153.3,C

3 2.35,d (7.34) 31.6, CH,

4 1.91, m 25.6, CH

5,6 0.83, d (6.79) 22.6, CHs
-N= - R
NH, 7.09 and 7.20, s -
COOH 11.54, brs -
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Figure 22: Chemical structure of leucine hydrazone and HMBC (arrows) and *H-H COSY (bold bars) correlations.

Detailed analysis of the *H-NMR spectrum revealed the two singlets of the NH; group. This can be
explained as hydrogen bonding can occur between one hydrogen atom of the NH; group and the
oxygen of the carbonyl moiety causing a six-membered ring structure that usually exhibits stabilizing
properties (Figure 23).1** This hydrogen bonding causes the two NH, hydrogens to be

non-equivalent and thus causing two separate signals in the 'H-NMR spectrum.
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Figure 23: lllustration of possible hydrogen bonding (dashed line) between a hydrogen atom of the NH; group and the
oxygen of the carbonyl moiety in leucine hydrazone causing magnetic inequivalence of the two NH; hydrogens in the
'H-NMR spectrum.

The elucidated structure clearly shows that the compound is, from a structural point of view, a

hydrazone derivative of the proteinogenic amino acid leucine.

Even though MS? data were acquired, it is challenging to state a characteristic fragmentation

pattern. This is, among others, because MS? data for hydrazones can hardly be found.%>7%%7
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Together with hydrazines and hydrazides, hydrazones belong to the rather scarce category of
nitrogen-nitrogen bond containing NPs (N2NP), which are known since the 1950s.2% Since this time,
several organisms were found to produce these N2NPs including actinomycetes, filamentous fungi

and mushrooms, plants, and marine organisms like sponges.'®®

Hydrazones and hydrazides of microbial origin are, among others, produced by bacteria of the genus
Streptomyces like S. sp. IFM 11299, producing the hydrazone katorazone (Figure 24, 14),°® and S.
sp. 11307, producing the hydrazone yoropyrazone (Figure 24, 15).2°! Additional examples for
microbial N2NPs include negamycin (Figure 24, 16), produced by S. purpeofuscus,?®>2% the
antibiotic FR-900137, produced by S. unzenesis,®® the antibiotic XK-90, produced by S. sp.

MR-90,2%207 and fosfazinomycin A and B, produced by S. lavendofoliae.?®®
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Figure 24: Chemical structures of katorazone (14)?%, yoropyrazone (15)?°* and negamycin (16).

Besides remarkable structural diversity, these compounds can exhibit a variety of biological activity
e.g. as antimicrobial, antifungal, anticancer, antioxidant, and antigenotoxic agents, which make
them interesting for drug discovery.?®21® The hydrazones katorazone and yoropyrazone, for
instance, show anticancer activity.2°%2%* Hydrazides with antimicrobial properties are represented
by negamycin and its derivatives,?** as well as XK-90?7 and FR-900137.2% Antifungal bioactivity can
be observed for fosfazinomycin.2%® As it is the case for the hydrazides geralcin D, and E that were
isolated from Streptomyces sp. LMA-545 antimicrobial or cytotoxic activity do not necessarily have

to be observed.?!

Regarding biosynthetic considerations, the enzymes involved in the nitrogen-nitrogen bond
formation are still unknown.? It is suggested that primary amines serve as precursor molecules and

that the enzymatic reactions include N-hydroxylation as well as N-nitrosation reactions.'®® Although
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every amino acid can potentially be transformed into a N2NP, only a few N2NPs derived from
a-amino acids are known. These N2NPs include valanimycin that is produced by S. viridifaciens
MG456-hF10 and is composed of the L-stereoisomers of valine and serine.'®?!2 Referring to the
work of Le Goff et al.,*® and Garg et al.,**2 the nitrogen-nitrogen bond of valanimycin (Figure 25, 17)
is formed between the a-amino groups of both amino acids via several biochemical reactions that
are not mentioned. The N2NP azaserine (Figure 25, 18), produced by S. fragilis, and its derivative
thrazarine (Figure 25, 19), produced by S. coerulescnes, include the amino acid serine, but its amino

group is not involved in the nitrogen-nitrogen bond formation.%®
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Figure 25: Chemical structures of valanimycin (17),%°° azaserine (18)°® and thrazarine (19).1%8

Compared to NP research, in chemical synthesis with its variety of nitrogen-nitrogen bond
containing compounds, NMR and MS analyses are mainly used to verify (instead of elucidate) the
structure and molecular mass of the synthesized product without the need for information on
fragmentation. Thus, MS? data is usually not acquired. But also for the small number of hydrazone

NPs, MS? data can hardly be found.!%>-%%

In addition to the poor amount of literature including MS? data of hydrazones, it is difficult to state
general fragmentation patterns for hydrazones, as the fragmentation is highly dependent on the
chemical structure of the whole molecule and not just the hydrazone moiety. A terminal hydrazone
moiety indicates that the formation of a NH; or a N2H4 fragment may be reasonable but also the
cleavage of HCN may be possible.'®® Besides this, no further general fragments can be stated as, for
instance, a hydrazone compound containing aryl groups might cause CsHs fragments that cannot be
observed for hydrazones without a corresponding group. This complicates the identification of

hydrazone moieties in dereplication workflows based on MS and MS? data.!®®
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Regarding leucine hydrazone, the only fragment that was successfully used for elemental
composition prediction revealed a signal at m/z 100.0760 in positive ion mode suggesting a chemical
formula of CsHgNO. Regarding the chemical formula of the initial compound, this means a loss of

CHsNO that corresponds to a formamide moiety.

Presence of hydrazone derivatives of further a-amino acids

Since the compound represents a hydrazone derivative of the a-amino acid leucine, | suggested that
TU 27 might produce hydrazone derivatives of other a-amino acids, as well. For this purpose, | used
the HPLC-HRMS data of the ethyl acetate medium extract of the larger scale culture of Tii 27, which
was also used for the isolation of leucine hydrazone. However, the presence of further hydrazone

derivatives of a-amino acids could not unambiguously be proven.
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3.1.3.3. Test for cytotoxic and inhibitory bioactivity of leucine hydrazone

All cytotoxicity assays were performed by Paul Barac. The analysis and visualization of the
cytotoxicity data were carried out by the author of this thesis. Leucine hydrazone was assayed for
cytotoxic and antibiotic activity. For both, the compound was tested alone as well as in combination
with known antibiotics, and cytotoxic compounds. Leucin hydrazone did not show significant
cytotoxicity as its ICso value was about 174-347 uM compared to ICsovalues of cytotoxic compounds

found in literature, which are in the sub-uM or even in the nM range.?13214

Nevertheless, we observed increased cytotoxicity when it was combined with the cytotoxic
aminoglycoside antibiotics hygromycin B (Figure 27, 20) or G418 (geneticinsulfate, Figure 27, 21).
The performance of the checkerboard assay followed by the calculation of the FICI revealed an
additive effect for the combination of leucine hydrazone with hygromycin B. Further, there was no
observed increase in cytotoxicity when it was combined with actinomycin D (Figure 27, 22). There
was no increased antimicrobial bioactivity on B. subtilis when the compound was combined with

actinomycin D or tetracycline.

Cytotoxicity of leucine hydrazone

The results of the cytotoxicity assay of leucine hydrazone using Hela cells are shown in Figure 26.
The y-axis shows the cell viability depending on the leucine hydrazone concentration that is shown
on the x-axis. The assumption for the following text is that a cell viability of 50 % corresponds to the

ICso value of a compound.

100 _ L
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Cell viability [%]
|

Figure 26: Results of the cytotoxicity assay of leucine hydrazone using Hela cells (normalized data).
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Synergistic effects of leucine hydrazone in combination with different compounds

As there was no significant cytotoxicity of leucine hydrazone itself, we tested for a synergistic or
additive effect when the compound is combined with either one of the two cytotoxic

aminoglycoside antibiotics hygromycin B, and G418, as well as actinomycin D, which are all

produced by Actinobacteria.?*>"?'” Hygromycin B is produced by Streptomyces hygroscopicus,?'®

215

G418 is produced by Micromonospora rhodorangea>, and actinomycin D is produced by a

maghitude of Streptomyces species like for instance Streptomyces costaricanus.?*’
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Figure 27: Chemical structures of hygromycin B (20),%*8 G418 (21),%*° and actinomycin D (22).2%°
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Combination of leucine hydrazone with hygromycin B

The performance of an initial screening for cytotoxicity and a potential synergistic effect of the
combination of leucine hydrazone with either hygromycin B or G418 indicated a synergistic effect

of the combinations.

The results of the cytotoxicity assay for the combination of leucine hydrazone with hygromycin B
are shown in Figure 28. The graph includes the results of a cytotoxicity assay of the compound (left),
of hygromycin B (middle), and of a combination of both (right). Figure 28 illustrates the cell viability

(y-axis) depending on the compound concentration (x-axis).

Cell viability [%]

Figure 28: Results of the cytotoxicity assay of leucine hydrazone using Hela cells as well as the test for synergistic effects
with hygromycin B (normalized data).

When the ICso values of leucine hydrazone and hygromycin B are being compared, no increase in
cytotoxicity of hygromycin B can be seen when leucine hydrazone is added. For both, hygromycin B
alone and in combination with the compound (22 uM), the ICsovalue is 0.4 mM. Nevertheless, the
addition of leucine hydrazone (43 pM) to hygromycin B (0.75 mM) decreases the cell viability from
29 % for hygromycin B alone (0.75mM) to 15% for the combined compounds indicating a

synergistic effect.
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So far, an enhancement of bioactivity for hygromycin B in combination with chromate as a second
compound is known concerning antifungal activity against, among others, the fungal pathogen
Candida albicans.?*'2* The mechanism of this synergistic effect is based on the competition
between sulfate (SO4%) and chromate (CrO4*) concerning their uptake into the cell, causing an
inhibition of sulfate-uptake. Due to this inhibition, which is likely to be based on the structural
similarity of SO4% and Cr04%, sulfur-containing amino acids like cysteine and methionine cannot be

synthesized in the cell, which causes errors in protein biosynthesis.??122

This synergistic effect cannot be observed when these amino acids are present in the cultivation

medium as they are being taken up by the fungus und thus have not to be synthesized in the cell.?%

Another study, by Valliere and co-workers,??

showed synergistic antifungal activity when
hygromycin B is combined with quinine that is known for its anti-malaria bioactivity.??%??* As in the
case of the combination of hygromycin B with chromate, its combination with quinine is based on
amino acid depletion as well. They suggest that quinine competes with tryptophan uptake resulting
in tryptophan depletion causing errors in protein biosynthesis.??>?%> |n both studies, neither
antibacterial nor anti-mammalian cell bioactivity was observed for the combinations, which showed
synergistic antifungal activity. In these studies, it is suggested that the combination of an
aminoglycoside antibiotic like hygromycin B, and compounds like chromate or quinine, which all

interfere with protein biosynthesis, have led to the synergistic effect. Nevertheless, this effect was

antifungal-specific.2?1222

Based on these studies, the additive cytotoxic effect of hygromycin B in combination with leucine
hydrazone may be based on amino acid depletion as well. As leucine represents an essential amino
acid,??® the uptake of its hydrazone derivative instead of leucine into the cell may cause errors in
protein biosynthesis. As hygromycin B interferes with protein biosynthesis as well,?*® the
combination with an adjuvant molecule with effects on protein biosynthesis may be the reason for

the increased cytotoxic bioactivity.
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Combination of leucine hydrazone with G418

Figure 29 contains the results of the cytotoxicity assay of leucine hydrazone in combination with
G418. The graph includes the results for leucine hydrazone (left), G418 (middle), and for a

combination of both compounds (right).
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Figure 29: Results of the cytotoxicity assay of leucine hydrazone using Hela cells as well as the test for synergistic effects
with G418 (normalized data).

The assay revealed an ICsp value for G418 of 29 uM with a corresponding cell viability of 56 %. As in
previous assays, the ICso value of leucine hydrazone is between 174 and 347 uM. When both
compounds are combined, a synergistic cytotoxic effect was observed. The combination of leucine
hydrazone (174 uM) and G418 (7.2 uM) yielded a cell viability of 42 % compared to 77 % for G418
(7.2 puM), and 64 % for leucine hydrazone (174 uM) when these compounds are tested alone. The
combination of leucine hydrazone (347 uM) and G418 (14.4 uM) resulted in a cell viability of only
13 % compared to 71 % for G418 (14.4 uM), and 23 % for leucine hydrazone (347 uM). Although,
leucine hydrazone (347 uM) already caused a cell viability of 23 %, the combination with G418
(14.4 uM) lowers the value by another 10 %, which indicates a synergistic effect between the two
compounds. Even though the concentrations of leucine hydrazone needed for these results are high,

it is worth to be mentioned, as the compound itself does not have relevant cytotoxic effects.
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To evaluate if the effect of the combined compounds is either synergistic or additive, the

checkerboard assay was performed for the combination of leucine hydrazone with hygromycin B.

Combination of leucine hydrazone with actinomycin D

As Tu 27 is a known producer of actinomycin D, leucine hydrazone was tested for potential
synergistic cytotoxic activity in combination with actinomycin D. Figure 30 shows the results for
actinomycin D (0.1 uM), the combination of leucine hydrazone (120 uM) and actinomycin D
(0.1 uM), and leucine hydrazone (120 uM). Compared to actinomycin D (0.1 uM), and leucine
hydrazone (120 uM) that yielded cell viabilities of 5 %, and 78 %, the combination of both yielded a
cell viability of 15 %. This suggests an antagonistic effect for the combination of these two
compounds as the addition of leucine hydrazone (120 uM) to actinomycin D (0.1 uM) increases the

cell viability compared to actinomycin D (0.1 uM) alone.

100+

80+

Cell viability [%]

Figure 30: Results of the cytotoxicity assay of leucine hydrazone, and actinomycin D using Hela cells as well as the test
for synergistic effects with actinomycin D (normalized data).
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Fractional Inhibitory Concentration Index

The checkerboard assay followed by the calculation of the FICso index revealed an additive effect
when leucine hydrazone is combined with hygromycin B. The FICso index for this combination, which
yielded a cell viability of approximately 50 %, has been calculated. The results of the assay are shown

in Figure 31.

Concentration of leucine hydrazone in [uM]

694 347 174 87 43 22 11 5.4 0 Control

15

0.74

[mM]

0.38

0.19

Concentration of hygromycin B in

100

Figure 31: Results of the checkerboard assay of the combination of leucine hydrazone and hygromycin B including the
legend of the checkerboard assay indicating the cell viability from 0-100 % and the corresponding color code.

The ICs values for leucine hydrazone and hygromycin B correspond to the concentration of each
individual substance that yields approximately 50 % cell viability. The FIClso was calculated for the
combination of leucine hydrazone (174 uM) and hygromycin B (0.19 mM) to be 1.0. Thus, this

combination shows additive effects concerning cytotoxicity.
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Inhibitory antibacterial activity

Additionally, leucine hydrazone was tested for inhibitory bioactivity against B. subtilis wt 168 and P.
fluorescens DSM50090 as well as in the reporter-based bioassay. The latter was performed by the
project partners in Tiibingen. The compound did not show inhibitory bioactivity against B. subtilis
wt 168 or P. fluorescens DSM50090 nor in the reporter-based bioassay investigating different
promoters (ppS, yorB, and yhel). Furthermore, | tested if the compound increases the antimicrobial
activity of actinomycin D or tetracycline as these antibiotics are produced by T 27. Thus, the
increase of their antibacterial bioactivity would be a reason for the production of leucine hydrazone

by Tii 27.

There was no antibacterial activity observed in any of the tested strains. Also no synergistic

antimicrobial activity in combination with actinomycin D or tetracycline could be detected.
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3.2. MiMo_ALe project

3.2.1. Macroscopic and microscopic characterization

The endophytic microbial strains that were isolated from different macroalgae species in
cooperation with the Moroccan project partners were analyzed in regard to their macroscopic and
microscopic appearance. Concerning their macroscopic appearance like colony color, shape, and
growth behavior, the strains MiMo_Ale#2, 4, and 6-9 were estimated to be identical. However, this
has to be proven by analyses on the genomic level. The following section describes the microscopic

and macroscopic appearance of the strains when grown on solid medium.

MiMo Ale#1

When the strain MiMo_ALe#1 is grown on LB agar, it forms a white mycelium (Figure 32 A).
Furthermore, substrate mycelium, which surrounds the colony center with its aerial mycelium, can
be observed. The filamentous properties with the long, branching and overlapping filaments are

shown on a microscopic level in B, and C of Figure 32.
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Figure 32: A: Macroscopic picture of a well-separated colony MiMo_ALe#1. B (measure bar 50 um), and C (measure bar
20 um): microscopic pictures of this strain.
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MiMo Ale#t3

The filamentous growth of MiMo_ALe#3 with its white and yellowish aerial mycelium can be seen
in the macroscopic picture of a well-separated colony in Figure 33 A. In addition to the filamentous
growth, the microscopic pictures (Figure 33 B and C) show the presence of spores, formed from the

aerial mycelium, which is known for Actinobacteria and especially the genus Streptomyces.1>2%7/228

Figure 33: A: Macroscopic picture of a well-separated colony MiMo_ALe#3. B (measure bar 50 um), and C (measure bar
20 um): microscopic pictures of this strain.
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MiMo Ale#5

For MiMo_ALe#5, the filamentous growth can be observed macroscopically (Figure 34 A) as well as
microscopically (Figure 34 B, and C). On agar, the strain forms distinct colonies with a white and

greyish color and the aerial mycelium is surrounded by substrate mycelium.

Figure 34: A: Macroscopic picture of a well-separated colony MiMo_ALe#5. B (measure bar 50 um), and C (measure bar
20 um): microscopic pictures of this strain.
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MiMo Ale#7

Regarding the morphology and growth behavior like growth speed and color change, we suggested
that the strains MiMo_ALe#2, 4, and 6-9 are either identical or closely related to each other. These
strains show the formation of white aerial mycelium for the first days of incubation, which changes
to a dark green mycelium afterwards. In Figure 35 A, the remains of this white aerial mycelium can
be seen as a white top of the green colony. On the microscopic level (Figure 35 B and C), spores can

be seen instead of filamentous growth.

Figure 35: A: Macroscopic picture of a well-separated colony MiMo_ALe#7. B (measure bar 100 um), and C (measure bar

20 um): microscopic pictures of this strain.
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MiMo_ALe#10

MiMo_ALe#10 forms distinct colonies with a white aerial mycelium surrounded by substrate

mycelium (Figure 36 A). The presence of filamentous growth can be seen on the microscopic level

as well (Figure 36 B, and C).
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Figure 36: A: Macroscopic picture of a well-separated colony MiMo_ALe#10. B (measure bar 50 um), and C (measure bar
20 um): microscopic pictures of this strain.

In summary, it can be stated that all isolated endophytes exhibit the formation of filamentous aerial
mycelium on the macroscopic level, which is a known characteristic of filamentous bacteria. The

strains MiMo_ALe#3, and 7 additionally show spores on the microscopic level.
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3.2.2. Isolated endophytes — primary screening

Endophytes from Moroccan aromatic plants

The endophytic bacteria that have been isolated from Moroccan aromatic plants by the Moroccan
project partners before the start of this project were screened for their inhibitory bioactivity against
5 MDR strains (MRSA, ABRi, KPR, ECR, and PARc). This screening was performed as agar plug assay
by the author of this thesis together with the Moroccan project partners in their laboratories. Due
to the lower availability of chemicals and consumables in the laboratories of the project partners,

the screening was performed without replicates or positive controls.

This screening of in total 115 strains revealed 16 strains that were chosen for further investigation
due to their inhibitory bioactivity against at least one MDR strain. These strains and the observed
inhibitory bioactivity are shown in Table 11. Bioactivity was marked as “static”, when bacterial
growth was slowed down within a certain zone around the agar plug but not completely inhibited.
Bioactivity was seen as inhibiting, when “shiny” agar was observed within the inhibition zone,

compared to the turbid appearance in the case of static or no inhibition.
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Table 11: Bacterial endophytes from Moroccan aromatic plants that were selected to further work due to their
antibacterial activity against MDR bacteria. The index “static” means there was only a static inhibition. The composition
of the strain-code can be found in chapter 2.1, Table 3. This screening was performed by the author of this thesis
together with the Moroccan project partners in their laboratories.

Strain-code inhibited MDR strain
(diameter of inhibition zone [cm])
BH-ER11 MRSA (1.5)
BH-ER12 MRSA (3.2)
PA-OR21 MRSA (2.4)
RA-ER35 MRSA (2.4), ECR (3.6)static
RA-ER45 ECR (2.2)static
AM-EL53 MRSA (2.5)
CS-TS81 MRSA (3.0)static
CS-TS82 MRSA (1.8)
AH-TS86 MRSA (1.9)
HS-TRy87 MRSA (2.0)static
HS-TRw87 ABRi (1.7), MRSA (3.6)static
ZG-TR94 KPR (1.5)static
ZG-TR96 MRSA (1.7)
PT-TS107 MRSA (1.2)
PT-TS114 MRSA (1.6)
PT-TS115 MRSA (1.4)

After the primary screening, the strains were transferred to Germany for further investigation.

These investigations included the fermentation of the strains in liquid ISP2 and Bennett medium.

After 8 days of cultivation, medium extracts using ethyl acetate, 1-butanol, and dichloromethane

were generated. Furthermore, the biomass of each strain was extracted using acetone/methanol

(1:1) to obtain the biomass extract. These extracts and biomass samples were tested for

antibacterial activity by the Moroccan project partners. The results are shown in Table 12.
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Table 12: Results of the bioactivity screening of medium extracts (ME) obtained from liquid fermentation in ISP2
medium of bacterial endophytes from Moroccan aromatic plants. The screening of the medium extracts was performed
by the Moroccan project partners. The screening for the initial bioactivity was performed by the author of this thesis
together with the Moroccan project partners in their laboratories.

Inhibitory bioactivity of ME against Initial bioactive against
MDR strains
Strain ME(EtOAC) ME(DCM) ME(1-BuOH)

BH-ER11 - - - MRSA
BH-ER12 MRSA MRSA MRSA MRSA
PA-OR21 MRSA MRSA MRSA MRSA
RA-ER35 - - ECR MRSA, ECR
RA-ER45 - - ECR MRSA, ECR
AM-EL53 MRSA MRSA MRSA
CS-TS81 MRSA MRSA - MRSA
CS-TC82 - MRSA MRSA MRSA
AH-TS86 MRSA - MRSA MRSA
HS-TRy87 - - KPR MRSA
HS-TRw87 - - KPR MRSA
2G-TR94 - - - KPR
ZG-TR96 - - MRSA MRSA
PT-TS107 - - MRSA MRSA
PT-TS114 - MRSA - MRSA
PT-TS115 - - MRSA MRSA

Regarding the results of this screening, the strains RA-ER35, RA-ER45, HS-TRy87, and HS-TRw87
were chosen for further investigation as they showed inhibitory bioactivity against MDR
Gram-negative pathogens. Compared to the initial agar plug assay, the medium extracts of the
strains RA-ER35, HS-ER45, HS-TRy87, and HS-TRw87 did not show the same bioactivity. Thus, either
the bioactive compounds of interest are produced when the strains are cultivated in liquid medium
but not when the strains are grown on solid medium or the results of the initial agar plug screening
were false positive. The latter has to be considered as no replicates were performed in screenings

that were carried out by the Moroccan project partners.
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As part of further investigations, | cultivated and extracted the strains RA-ER35, RA-ER45, HS-TRy87,
and HS-TRw87 to verify the production of specialized metabolites that inhibit MDR Gram-negative
pathogens. Compared to the results of the Moroccan project partners, the bioactivity was not
observed anymore when | tested the medium extracts, withdrawn culture broths or micro-fractions

of the medium extracts in laboratories in Germany.

The missing reproducibility of the results of the screenings performed in Germany and the results
obtained by the Moroccan project partners might be caused by false positive results by the project
partners due to missing replicates. As the assays in Germany were done in an almost 1000 fold
concentration (40 mg/mL) compared to the assays performed in Morocco (50 ug/mL), the activity
should have been observed. The performance of the assays in Germany in replicates compared to
missing replicates by the project partners suggests the presence of false positive results rather than

false negative ones.
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Bacterial endophytes from macroalgae

In cooperation with the Moroccan project partners, we were able to isolate in total 10 bacterial

endophytes from the collected macroalgae. The primary bioactivity screening of these strains was

performed by the Moroccan project partners applying agar plug assays (Tables 13 and 14). The

endophytic strains were screened for inhibitory bioactivity against the MDR strains as well as S.

aureus, Bacillus cereus, Micrococcus luteus, E. coli, P.aeruginosa, K. pneumonia (Table 13), Candida

albicans, Candida glabrata, Candida krusei, and Candida parapsilopsis (Table 14) as monitor

organisms.

Table 13: Results of the primary bioactivity screening against non-MDR Gram-positive and Gram-negative bacteria

performed by the Moroccan project partners. Results are given as diameter of inhibition zone in [cm]. S. aureus (Sa), B.
cereus (Bc), M. luteus (M), E. coli (Ec), P. aeruginosa (Pa), K. pneumoniae (Kp). (-) means that no inhibitory bioactivity

was observed. This screening was performed by the Moroccan project partners.

Strain Non-MDR Gram-positive bacteria Non-MDR Gram-negative bacteria
[MiMo_ALe#] Sa Bc mi Kp Pa Ec
1 11 11 1.3 - 1.2 -
2 1.9 1.8 1.8 - 1.2 -
3 - - - - 1.4 -
4 - - 1.8 - - -
5 - 1.6 - - - -
6 - 1.8 - - 1.4 -
7 - - - - 2.0 -
8 21 - 1.2 11 1.7 -
9 - - 1.4 - 1.1 -
10 2.0 1.9 1.3 - 1.2 -
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Table 14: Results of the primary bioactivity screening of the isolated endophytes against fungi performed by the
Moroccan project partners. C. albicans (L4), C. glabrata (L7), C. krusei (10), and C. parapsilopsis (L18). “+” means that
there was inhibitory bioactivity but the inhibition zone was too small to be reasonably measured. “-“ means no
inhibitory activity was observed. This screening was performed by the Moroccan project partners.

Strain Fungi

[MiMo_ALe#] L4 L7 L10 L18
1 - - - +
2 - - 1.1 +
3 - - - +
4 - - - -
5 21 1.7 1.9 13
6 - - - -
7 - - - -
8 1.1 - - -
9 - - - -
10 - - - -

None of the strains showed inhibitory bioactivity against the used Gram-negative MDR strains (data
not shown) when they were tested by the Moroccan project partners using the agar plug assay. The
strains MiMo_ALe#2, 5, and 10 showed inhibitory bioactivity against MRSA with inhibition zones of

1.2cm, 1.2 cm, and 1.8 cm.
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3.2.3. Secondary screening

After the transfer of the endophytic strains to Germany, | applied them to further investigation. For
this purpose, the OSMAC approach using eight different liquid fermentation media was used. The
supernatants of the culture broths that were withdrawn over a period of two weeks for every strain

and medium were then tested for inhibitory bioactivity against the MDR strains.

In advance, | performed a screening for a suitable antibiotic serving as positive control. For this
purpose, | tested seven antibiotics (ampicillin, apramycin, chloramphenicol, kanamycin, fosfomycin,
rifampicin, and tetracycline) for their inhibitory activity against the five MDR strains (Table 15). As
the bioassays, which were performed by the Moroccan project partners to obtain the antibiotic
resistance profiles of the MDR strains, were not performed in replicates, a completely valid
evaluation concerning the suitability of the tested antibiotics as positive control is not possible. The

screening revealed that apramycin was suitable as positive control for all 5 MDR strains.

Table 15: Bioactivity assay against MDR strains using 7 different antibiotics (10 pL of antibiotic dissolved in water with a

mass concentration of 5 mg/mL followed by sterile filtration) to find an appropriate positive control for all 5 strains. (+)

states inhibitory bioactivity, (-) states no inhibitory bioactivity. Static inhibition is not included in the table. The bioassay
was performed in duplicate.

—

- MDR strain MRSA ABRI ECR KPR PARCc

—
—

. . - \
Antibiotic

Ampicillin + - - R -
Apramycin + + + + +
Chloramphenicol + + - + -
Kanamycin - - - + -
Fosfomycin - - - - -
Rifampicin - + - + -
Tetracycline - - - + -
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Results of the secondary screening

Tables with the detailed results of the bioactivity screenings of the aforementioned supernatants
from the strains MiMo_ALe#1-10 obtained from the OSMAC approach can be found in chapter 2.2

of the appendix. | performed all assays in duplicate.

None of the supernatants obtained from MiMo_ALe#1 showed inhibitory bioactivity against any of
the used MDR strains. The supernatants of the remaining nine strains, MiMo_ALe#2-10, showed
inhibitory bioactivity only against PARc even though none of the strains showed this inhibitory
bioactivity in the primary screening that was performed as agar plug assay by the project partners.
Thus, the production of the specialized metabolite that inhibits the growth of PARc only occurs when
the strains are cultivated in liquid medium but not when grown on agar. It is known that cultivation
conditions strongly influence the specialized metabolite production in Actinobacteria.**®?? In our
case, this included the change from solid agar-containing MH medium to liquid medium that

contained, among others, other carbon and nitrogen sources than MH medium.

As nine of 10 strains showed inhibitory bioactivity against PARc, it was suggested that the
fermentation media might cause the bioactivity instead of specialized metabolites of the
endophytes. This possibility was excluded, as there was no observed inhibitory bioactivity against
PARc when the fermentation media were tested for their inhibitory bioactivity. Furthermore, if the
media were responsible for the bioactivity against PARc, the samples of MiMo_ALe#1 would have

been active as well.

We suggested that one or several compounds, which are produced by all strains, cause the observed
bioactivity. With this assumption, one strain (MiMo_ALe#7) was chosen for further analysis and the
application of molecular networking to detect the compounds that cause the bioactivity against
PARc. The suggestion was supported by the fact that the strains were isolated from macroalgae
species that were sampled within a range of approximately one kilometer. This increases the
likelihood that the endophytic bacteria might be closely related to each other and thus show a

similar specialized metabolite production.

For this purpose, HRMS data were acquired for the culture supernatants of the strain MiMo_ALe#7
for the fermentation in NL200, NL333, and NL400 after 4, 6, 11, and 13 days. All these samples
showed inhibitory bioactivity against PARc. The combination of GNPS for HRMS data processing and
Cytoscape for grouping of the data obtained from GNPS yielded the globomycins as possible active

agents.
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Globomycin is a peptide antibiotic consisting of L-allo-threonine, L-serine-glycine, and
N-methylleucine-L-allo-isoleucine (Figure 37). Its biological activity against Gram-negative but not
Gram-positive bacteria, which is known from literature, supported the suggestion that globomycins

are responsible for the observed bioactivity in the secondary screening.?3% 231

o R Globomycin: R = CH;, n =3
Q SF-1902 A,;R=CHy, n=1
N HN=S
/\(\/)/\I \ H =0 SF-1902 A;:R=H,n=3
n HN
\<O, N SF-1902A,,:R=CH,; n=4
NH HN OH

@)

o SF-1902 A;: R=CH,, n=5
HO

o

SF-1902A,,:R=H,n=5

Figure 37: Chemical structure and formulae of globomycin and its derivatives.?3?

The observed bioactivity against PARc in this thesis is in accordance to the bioactivity of globomycins
against Gram-negative bacteria found in literature.?®>?3* However, the sensitivity of PARc to

globomycins cannot be explained with the antibiogram.

A possible explanation for these results is the circumstance that a compound, which inhibits the
growth of a sensitive bacterial strain, does not necessarily inhibit the growth of the corresponding
resistant strain. Furthermore, the fact that the applied strains ECR and KPR are resistant to extended
spectrum (including B-lactam, aminoglycoside, sulfonamide and fluoroquinolone antibiotics) might
explain their resistance to globomycins. The fact that there was no observed inhibitory bioactivity
against ABRi was in accordance to literature as no bioactivity of globomycins against Acinetobacter
species is mentioned in literature so far.?*32% To confirm the suggestion of globomycin production,
all strains were cultivated in small-scale fermentation using liquid NL300 medium and 1-butanol and
ethyl acetate medium extracts were generated after 3, and 7 days for each strain. The presence of
globomycins in these extracts was analyzed by HPLC-UV and HPLC-MS analyses. Representative

HPLC-UV chromatograms can be found in chapter 2.3 of the appendix.
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Mass spectrometric analysis

In the following, the base peak chromatogram (Figure 38) and the extracted ion chromatograms
(Figure 39) of the ethyl acetate medium extract of strain MiMo_ALe#2 after cultivation in NL300
medium for 3 days are shown. The HPLC-UV signals of the base peak chromatogram can be assigned
to the globomycins as follows: SF1902A; (tr=5.25 min), SF1902A; (tr=5.59 min), SF1902A,
(tr=5.84 min), and SF1902A4, (tr = 6.15 min).
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Figure 38: Base peak chromatogram of the ethyl acetate medium extract of MiMo_ALe#2 after cultivation in NL300
medium for 3 days. The signals can be assigned to the globomycins as follows: SF1902A; (tg = 5.25 min), SF1902A3
(tr=5.59 min), SF1902A; (tr = 5.84 min), and SF1902Ay;, (tg = 6.15 min).
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Figure 39: Extracted ion chromatograms of the ethyl acetate medium extract of MiMo_ALe#2 after cultivation in NL300
for 3 days. (A) SF1902A,, (B) SF1902As, (C) SF1902A,, and (D) SF1902A,p.

The signals shown in the extracted ion chromatograms correspond to the different known
globomycins SF1902A; (M = 655.42 g/mol; m/z 656.4209-656.4249), SF1902A, (M = 627.38 g/mol,
m/z 628.3897-628.3935), SF1902A; (M =641.40 g/mol; m/z 642.4054-642.4092), and SF1902A.,
(M =669.43 g/mol; m/z 670.4366-670.4406). The chromatograms can be seen as representatives
for the chromatograms of all 10 strains as HPLC-MS analyses revealed the presence of all 4

globomycins in every sample.

88



Results and discussion

3.2.4. Verification of globomycin production

For the verification of globomycin production, HPLC-UV and HPLC-MS analyses were performed for
all 10 strains. The acquired HPLC-UV data for both, ethyl acetate, and 1-butanol medium extracts
after 3, and 7 days each, indicate that the specialized metabolite production of all strains is rather

similar.

The HPLC-UV chromatogram in Figure 40 was obtained for the ethyl acetate medium extract of
MiMo_Ale#l after 7 days and can be seen as representative regarding the appearance of all
obtained HPLC-UV chromatograms. Especially the signals at approximately 4.25 min and 7.0-8.5 min

are present in all chromatograms.

% 1 - 190625_MS Method #4 DW-122 ELSD
Z 2-190625_MS Method #4 DW-122 UV_VIS_1 WVL:210 nm
%3 190625 M5 Method # w122 UV_VIS.2 WVL254 m
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3
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Figure 40: HPLC-UV chromatogram obtained for the ethyl acetate medium extract of MiMo_ALe#1 using a
Phenomenex® Kinetex (2.6 um) C-18, 100x3.0 mm ID column at 50 °C. Detection was done at 210 nm (blue), 254 nm
(magenta), 280 nm (brown), 430 nm (green), and with the ELSD (black).

An additional fact supporting the globomycins production is that in literature globomycins were
extracted using ethyl acetate as in our case.?® For completeness, it should be mentioned, that the
similarity concerning the HPLC-UV chromatograms was also observed for all 1-butanol medium
extracts as well but with usually much lower signal intensities even though the injection volume and
sample concentration were identical. This might be due to the lower solubility of globomycins in
water in combination with the good miscibility of water and 1-butanol, which results in a lower
concentration of globomycins in the 1-butanol medium extract than in the ethyl acetate medium
extract.?!
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As we suggested that the HPLC-UV signals between 7.0 and 8.5 min are caused by the globomycins,
we performed micro-fractionation of an ethyl acetate medium extract and analyzed the respective
micro-fractions with HPLC-MS. The analysis of the acquired HRMS data verified the assighnment of
the globomycins to the major signals with a tz>7.0 min. Using dereplication techniques, we assigned
these compounds to globomycins with the accurate masses 627.38433, 641.39998, 655.41563, and
669.43128 g/mol that can be found in the DNP (Table 16).

Table 16: Experimentally observed retention times of globomycins in positive ion mode of HRMS analysis.

Name Accurate mass of globomycin derivative Retention time
[g/mol] [min]
DNP Experimental
Globomycin 655.41563 655.4148 5.8

(SF 1902A,)

SF 1902A, 627.38433 627.3840 5.3
SF 1902A; 641.39998 641.3991 5.6
SF 1902As, 669.43128 669.4303 6.2

After the verification of globomycins production based on HPLC-UV and HPLC-MS, | wanted to show
the correlation with the observed inhibition of PARc. For this purpose, the strain MiMo_ALe#7 was
cultivated in NL333 and NL400 medium for 4 days each to obtain the ethyl acetate, and 1-butanol
medium extracts. Micro-fractions of the medium extracts were tested for inhibitory activity against
PARc, and the active micro-fractions (15, 16, and 19-27) of the ethyl acetate medium extract were
investigated. This revealed that all micro-fractions that inhibited the growth of PARc contained
globomycins, strengthening our hypothesis that globomycins are responsible for the inhibitory
bioactivity against PARc that was observed in the secondary screening. Table 17 shows the

assignment of the different globomycins to the micro-fractions.
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Table 17: Assignment of different globomycins to the micro-fractions of the ethyl acetate medium extract of
MiMo_ALe#7 after cultivation in NL333 medium for 4 days.

Micro-fraction Detected globomycins
15 SF1902A;
19 SF1902A;

SF1902A;
20 SF1902A;
SF1902A;
21 SF1902A;
SF1902A;
22 SF1902A;
SF1902A4
23 SF1902A;
SF1902A4
24 SF1902A4
25 SF1902A4

16S rRNA sequencing that was performed to gain further information on the bacterial endophytes

did not yield relevant results.

91



Results and discussion

3.3. Determination of the absolute configuration of a siderophore

The determination of the absolute configuration using Marfey’s reagent was used for two

compounds (Figure 41, 23 and 24) that were previously isolated in the research group.

OH

OH N N OH
~ ~ -
NH H HN CI)H\/\I I\/\N
HN /g
o N\H)\/OH NH HN” o H” Yo
Ho N o] )\)
\ﬂ/ “OH OH o
o
23 24

Figure 41: Chemical structures of compound 1 (23) and compound 2 (24) that were used for determination of the
absolute configuration using Marfey’s reagent.

The comparison of the HPLC-UV chromatograms of Marfey’s derivatives of the hydrolysates of
compound 1 (Figure 41, 23) and 2 (Figure 41, 24) with Marfey’s derivatives of the authentic b- and
L-Orn and D- and L-Ser indicates that compound 1 contains L-Orn as well as D- and L-Ser whereas

compound 2 consists of only the L- enantiomers of Orn and Ser.
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Compound 1 (23)
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Figure 42: HPLC-UV chromatograms of Marfey’s derivatives of the hydrolysate of compound 1 and the authentic p-and
L-Orn and p- and L-Ser. Detection was done at 340 nm.

When the chromatograms of Marfey’s derivatives of the hydrolysate of compound 1 and the
authentic b- and L-Orn and D- and L-Ser are compared (Figure 42), it can be observed that the
chromatogram of Marfey’s derivative of the hydrolysate of compound 1 shares signals with the
chromatograms of the derivatives of L-Orn as well as both D- and L-Ser. The signal at 7.50 min, which
is assigned to the derivatives of D- and L-Orn, is present for the derivatized hydrolysate of compound
1, p-Orn, and L-Orn. This signal is caused by Orn that was derivatized at the delta amino moiety. As
the delta amino group does not contain any stereochemical information, these two Orn derivatives

have the same retention time. Regarding the Ser moieties, the chromatogram of the derivative of
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the hydrolysate of compound 1 shares signals with the derivatives of both stereoisomers of Ser

indicating that compound 1 contains both D- and L-Ser.

Additionally, regarding the structure of compound 1, integration of the peak areas indicated that it
consists of two L-Ser and one D-Ser building blocks (relative peak area is 64.1 % for the L-Ser

derivative and 35.9 % for the D-Ser derivative; Figure 43; Table 18).
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Figure 43: Integration report for Marfey’s derivative of the hydrolysate of compound 1.

Table 18: Integration report for Marfey’s derivative of the hydrolysate of compound 1.

No. Peak Retention Relative
Name Time Area [%]
[min]
1 8,4 64,1
2 8,7 35,9
Total: 100
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Compound 2 (24)
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Figure 44: HPLC-UV chromatograms of Marfey’s derivatives of the hydrolysate of compound 2 and the authentic b- and

L-Orn and p- and L-Ser. Detection was done at 340 nm.

In the case of the derivatized hydrolysate of compound 2, the chromatogram shares signals only

with the derivatized L-stereoisomers of Orn and Ser (Figure 44), which means that compound 2 is

composed of only the L-stereoisomers.
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4. Conclusion and Outlook

In the course of this thesis, the combination of extraction techniques, analytical and
semi-preparative HPLC, HRESIMS and NMR vyielded the isolation and characterization of the novel
leucine hydrazone, produced by the strain S. fradiae Tii 27. The determination of the FICI using the
checkerboard assay revealed an additive cytotoxic effect of the compound in combination with the
cytotoxic aminoglycoside antibiotic hygromycin B. Furthermore, synergistic cytotoxicity was
observed for the combination of leucine hydrazone with another cytotoxic aminoglycoside
antibiotic, G418, but not in combination with actinomycin D, which is produced by the strain T 27.

Leucine hydrazone itself did not show relevant cytotoxic or antimicrobial activity.

Based on these results, future work could include testing for synergistic cytotoxicity of the
compound in combination with further antibiotic classes. Moreover, structure elucidation of 4

additional isolated compounds followed by bioactivity assays can be performed.

For two previously isolated compounds (compound 1 and 2), the absolute configuration was
determined using Marfey’s derivatization. It was shown that compound 1 contains b-Orn and both
stereoisomers of Ser with a ratio of 1:2 (D-Ser:L-Ser). Compound 2, on the other hand, is only

composed of the L-stereoisomers of Orn and Ser.

As part of the project in cooperation with the Moroccan project partners, 10 endophytic bacteria
were isolated from different macroalgae. Based on a bioactivity-guided workflow searching for
compounds that inhibit the growth of 5 MDR pathogens, the production of globomycins was proven

for these 10 strains by HPLC-UV and HPLC-MS.

As molecular biological analyses of the endophytes did not yield results, the application of 16S rRNA
sequencing is an interesting topic for future work. Furthermore, the information for the in total 125
bacterial strains of Moroccan origin that was obtained by primary and secondary bioactivity

screenings can serve as basis for future work with these strains.
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1D
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ABRi
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ACD/Labs
ACN

ACN-d3
ATCC

B. subtilis
B3

B5

Bc

BE

brs

BW

C

C-18
CoCl,x6H.0
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CuS04x5H,0

percentage

plus/minus

Degree Celsius

microliter

microliter per milliliter

micrometer

carbon atom with an isotope mass of 13.003355 u
1-butanol

one dimensional

hydrogen atom with an isotope mass of 1.0079 u
two dimensional

volume ratio

Acinetobacter baumannii resistant to imipenem
Acinetobacter baumannii

Advanced Chemistry Development Labs
acetonitrile

trideuteroacetonitrile

American Type Culture Collection

Bacillus subtilis

Buffer 3

Buffer 5

Bacillus cereus

biomass extract

broad singlet

Washing buffer

Carbon

stationary phase modified with an 18 membered carbon chain
Cobalt(ll) chloride hexahydrate

Correlation Spectroscopy

Copper(ll)sulfate pentahydrate
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E. coli
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etal.
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FA
fabH
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Fe(lll)citrate
G

g

g/mol
GNPS

HCl
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days

doublet

D-stereoisomer

dichloromethane

dimethyl sulfoxide
hexadeuterodimethyl sulfoxide
Desoxyribonucleic acid

Dictionary of Natural Products
desoxyribonucleotide triphosphate
D-stereoisomer of ornithine
D-stereoisomer of serine

exempli gratia

Escherichia coli

Escherichia coli

Escherichia coli resistant to extended-spectrum
Ethylenediaminetetraacetic acid
Evaporative Light Scattering Detection
Electrospray lonization

et alia

ethyl acetate

formic acid

fatty acid biosynthesis specific promoter
1-fluoro-2-4-dinitrophenyl-5-alanine amide
Iron(lll) citrate

guanine

gram

gram per mole

Global Natural Product Social Molecular Networking
hour

hydrogen

hydrochloric acid

human immunodeficiency virus
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HMBC
HPLC
HPLC-HRMS

HPLC-MS
HPLC-UV
HRESIMS
HSQC
HTS

Hz

K:HPO4
Kp

K. pneumoniae
KPR

L

L-

L10

L18

L4

L7

LacZ

LB

Lial
L-Orn
L-Ser

LT-ELSD

m/z

MRSA

Heteronuclear Multiple Bond Correlation
High-Performance Liquid Chromatography
High-Performance Liquid Chromatography coupled High-Resolution Mass
Spectrometry

High-Performance Liquid Chromatography coupled Mass Spectrometry
High-Performance Liquid Chromatography coupled Ultra Violet Detection
High-Resolution Electrospray lonization Mass Spectrometry
Heteronuclear Singe Quantum Coherence

High-throughput screening

Hertz

Inner Diameter

International Streptomyces Project

Scalar coupling between two hydrogen atoms

Dipotassium hydrogen phosphate

Klebsiella pneumoniae

Klebsiella pneumoniae

Klebsiella pneumoniae resistant to extended-spectrum
Liter

L-stereoisomer

Candida krusei

Candida parapsilopsis

Candida albicans

Candida glabrata

lac operon that encodes B-galactosidase

Lysogeny Broth

cell wall biosynthesis specific promoter

L-stereoisomer of ornithine

L-stereoisomer of serine

Low temperature Light Scattering Detection

Molar (mol per liter)

mass-to-charge ration

methicillin-resistant Staphylococcus aureus
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mAu

MDR
ME(1-BuOH)
ME(DCM)
ME(EtOAC)
MeOH

mg

mg/mL
MH

MHz
MiMo_ALe

min

mL

Ml

M. leprae

mm

mM

[M+H]*

[M-H]
MnSOaxH,0
MOA

MS/MS

MS?

M. tuberculosis
N

N2NP
Na;B407x10H,0
Na,CO3
Na;Mo0O4x2H,0
NaHCO3

NaOH

milli-Absorption-Unit
Multidrug-resistant

1-butanol medium extract
dichloromethane medium extract
ethyl acetate medium extract
methanol

milligram

milligram per milliliter
Mueller-Hinton

mega Hertz

Microorganisms from Moroccan ecosystems in Anti-infective Lead
discovery

minute

milliliter

Micrococcus luteus

Mycobacterium leprae

millimeter

millimolar (millimole per liter)
positively charged hydrogen adduct
negatively charged hydrogen adduct
Manganese(ll) sulfate mono hydrate
Mode Of Action

Tandem mass spectrometry
Tandem mass spectrometry
Mycobacterium tuberculosis
nitrogen

nitrogen-nitrogen bond containing natural product
Sodium tetraborate decahydrate
Sodium carbonate

Sodium molybdate dehydrate
Sodium bicarbonate

Sodium hydroxide
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NCBI

NH>

nm

NMR

NP

N-Z Amine

ODsss

OH

OSMAC

Pa

P. aeruginosa
PARc

PCR

PFP

PH

ppm

ppS
proteinase K
r.t.

RNA

RP

rom

Sa

S. aureus

S. fradiae

sp.
sp?
sp3
TAE

TOCSY

Ta

National Center for Biotechnology Information
amino

nanometer

Nuclear Magnetic Resonance
natural product

a casein enzymatic hydrolysate
oxygen

optical density at 546 nm
hydroxy

One Strain Many Compounds
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa resistant to ceftazidime
Polymerase Chain Reaction
pentafluorophenyl
phenylhexyl

parts per million

RNA biosynthesis specific promoter
broad-spectrum proteinase
room temperature

Ribonucleic acid

reversed phase

rounds per minute
Staphylococcus aureus
Staphylococcus aureus
Streptomyces fradiae

species

sp?hybridized

sp>hybridized
Tris-acetate-EDTA

Total Correlation Spectroscopy

Tubingen
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X-Gal
YECD
yhel
yorB
YPUA
yvgs
ZnCl;
o

O

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
Yeast extract casein hydrolysate

protein biosynthesis specific promoter

DNA biosynthesis specific promoter

cell wall biosynthesis specific promoter

RNA biosynthesis specific promoter

Zinc chloride

13C chemical shift

H chemical shift
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1. Leucine hydrazone

1.1. HPLC chromatograms after the additional extraction

1 1 - 190815_Ta27_NL19_ME_12L_addition extraction_ELSD_40 mg per mL #2
72 - 190815_Ta27_NL19_ME_12L_addition extraction_ELSD_40 mg per mL #2
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Figure A 1: HPLC-UV chromatogram of fraction 1 of the additional extraction. Detection was done at 210 nm (blue),

254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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Figure A 2: HPLC-UV chromatogram of fraction 2 of the additional extraction. Detection was done at 210 nm (blue),
254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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% 1 - 190815_Tu27_NL19_ME_12L_addition extraction_ELSD_40 mg per mL #4 Tu27_ME(EtOAC)_NL19_12L_addition extraction_#3 ELSD
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Figure A 3: HPLC-UV chromatogram of fraction 3 of the additional extraction. Detection was done at 210 nm (blue),

254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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Figure A 4: HPLC-UV chromatogram of fraction 4 of the additional extraction. Detection was done at 210 nm (blue),
254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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3 1 - 190815_Tu27_NL19_ME_12L_addtion extraction_ELSD_40 mg per mL # Tu27_ME(EOAC) NL19_12L_addition extraction_#5 ELSD
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Figure A 5: HPLC-UV chromatogram of fraction 5 of the additional extraction. Detection was done at 210 nm (blue),
254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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1.2. HPLC method development
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Figure A 6: HPLC-UV chromatograms of fraction 3 using a Phenomenex® Luna (5 pm) C-18, 250x4.6 mm column with (A)
acetonitrile and water (+ 0.1 % (v/v) FA each) and (B) methanol and water (+ 0.1 % (v/v) FA each) as mobile phase.
Detection was done at 210 nm (blue), 254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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5 1 - 190904_Ta27_12L_ME(EIOAC)_add- exr_#3_ Luna PFP_25044,6mm_ACN #2 T027_12L_ME(E(OAC)_add- exr_#3_Luna PFP_250¢4 mm_ACN ELsD
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Figure A 7: HPLC-UV chromatograms of fraction 3 using a Phenomenex® Luna (5 pm) PFP, 250x4.6 mm column with (A)
acetonitrile and water (+ 0.1 % (v/v) FA each), (B) methanol and water (+ 0.1 % (v/v) FA each) and (C) with methanol and
water without FA as mobile phase. Detection was done at 210 nm (blue), 254 nm (magenta), 280 nm (brown), 430 nm
(green) and with the ELSD (black).
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Figure A 8: HPLC-UV chromatogram of fraction 3 using a Phenomenex® Luna (5 um) PH, 250x4.6 mm column with (A)
acetonitrile and water (+ 0.1 % (v/v) FA each) and (B) methanol and water (+ 0.1 % (v/v) FA each) as mobile phase.
Detection was done at 210 nm (blue), 254 nm (magenta), 280 nm (brown), 430 nm (green) and with the ELSD (black).
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1.3. NMR data of leucine hydrazone
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Figure A 9: 'H-NMR spectrum (600 MHz) of leucine hydrazone in DMSO-ds.
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Figure A 10: *H-NMR spectrum (600 MHz) of leucine hydrazone in DMSO-ds. (A) From 0.65 ppm to 2.4 ppm and (B) from

7.00 ppm to 11.75 ppm.
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Figure A 11: 13C-NMR spectrum (150 MHz) of leucine hydrazone in DMSO-ds.
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Figure A 12: HSQC spectrum (600 MHz) of leucine hydrazone in DMSO-dg.
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Figure A 13: HMBC spectrum (600 MHz) of leucine hydrazone in DMSO-de.
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Figure A 14: TOCSY spectrum (600 MHz) of leucine hydrazone in DMSO-d.
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Figure A 15: COSY spectrum (600 MHz) of leucine hydrazone in DMSO-de.
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1.4. Mass spectrometric data of leucine hydrazone
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Figure A 16: Base peak chromatogram of leucine hydrazone.
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Figure A 17: Mass spectrum of leucine hydrazone.
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Figure A 18: MS? spectrum of leucine hydrazone.
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1.5. Cytotoxicity assay

Normalized simple cytotoxicity data of leucine hydrazone

Table A 1: Normalized data of a simple cytotoxicity assay of leucine hydrazone.

Sample Absorbance Absorbance Absorbance
replicate 1 replicate 2 replicate 3
694 uM 8.030856 -4.627947 -3.402901
347 uM 22.45917 17.72535 18.78403
174 uM 54.32548 60.17847 65.39626
87 uM 80.42953 80.92862 82.39565
43 uM 94.20751 81.59408 87.67393
22 uM 88.32426 86.78162 83.3031
11 uM 88.24864 82.16879 82.8645
5.4 uM 94.31338 100.7865 94.96371
2.7 uM 91.81792 89.38295 81.94194
negative control 108.3787 98.01877 93.60255
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Normalized data of synergistic cytotoxicity of leucine hydrazone with G418

Table A 2: Normalized data of the cytotoxicity assay testing for synergistic effects of leucine hydrazone and G418.

Sample Absorbance Absorbance Absorbance Absorbance
replicate 1 replicate 2 replicate 3 replicate 4
Leucine hydrazone 347 uM 32.72676 22.459170 17.72535 18.78403
Leucine hydrazone 174 uM 77.34518 54.325480 60.17847 65.39626
Leucine hydrazone 87 uM 94.06122 80.429530 80.92862 82.39565
Leucine hydrazone 43 uM 95.66935 94.207510 81.59408 87.67393
Leucine hydrazone 22 uM 96.89660 88.324260 86.78162 83.30310
Leucine hydrazone 11 uM 99.18183 88.248640 82.16879 82.86450
Leucine hydrazone 5 uM 100.00000 94.313380 100.78650 94.96371
G418 29 uM 57.07434 55.931720 57.68091 -
G418 14 uM 69.50204 55.959930 88.10834 -
G418 7 uM 73.31077 59.909720 96.50163 -
G418 3.6 uM 74.97531 59.684020 91.19763 -
G418 1.8 uM 76.10383 66.878270 99.73199 -
G418 0.9 uM 79.27776 57.412900 94.08944 -
G418 0.5 uM 71.85781 60.995910 93.94837 -
G418 0.25 uM 76.08971 62.392440 91.56440 -
347 uM + G418 14.4 uM 28.57949 -2.242914 - -
174 uM + G418 7.2 uM 54.78912 29.961910 - -
87 UM + G418 3.6 uM 91.76189 68.655660 - -
43 uM pg/mi+ G418 1.7 uM 95.27438 88.051910 - -
22 uM + G418 0.9 uM 94.72422 88.870090 - -
11 uM + G418 0.4 M 94.00480 97.489070 - -
5.4 uM + G418 0.4 uM 90.70391 96.910710 - -
2.7 UM + G418 0.14 pM 100.66300 94.103550 - -
Negative control 97.71477 90.294820 97.37622 -
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Normalized data of synergistic cytotoxicity of leucine hydrazone with hygromycin B

Table A 3: Normalized data of the cytotoxicity assay testing for synergistic effects of leucine hydrazone and hygromycin
B.

Sample Absorbance Absorbance Absorbance
replicate 1 replicate 2 replicate 3
Leucine hydrazone 694 uM 8.030856 -4.627947 -3.402901
Leucine hydrazone 347 uM 22.459170 17.725350 18.784030
Leucine hydrazone 174 uM 54.325480 60.178470 65.396260
Leucine hydrazone 87 uM 80.429530 80.928620 82.395650
Leucine hydrazone 43 uM 94.207510 81.594080 87.673930
Leucine hydrazone 22 uM 88.324260 86.781620 83.303100
Leucine hydrazone 11 uM 88.248640 82.168790 82.864500
Leucine hydrazone 5 pM 94.313380 100.786500 94.963710
Leucine hydrazone 3 pM 91.817920 89.382950 81.941940
Hygro 3 mM 13.164180 7.893201 10.021760
Hygro 1.5 mM 17.240830 4.559690 3.869633
Hygro 0.75 mM 38.483990 26.885720 22.596740
Hygro 0.38 mM 64.642490 44.195550 52.762890
Hygro 0.19 mM 83.194440 69.664000 73.236370
174 uM + Hygro 3 mM 1.260585 0.6959472 -
87 uM + Hygro 1.5 mM -0.695951 1.956534 -
43 uM + Hygro 0.75 mM 14.142210 16.689650 -
22 uM + Hygro 0.4 mM 49.084110 50.187110 -
11 pM + Hygro 0.2 mM 77.460440 81.124020 -
5 uM + Hygro 0.1 mM 98.785380 87.033030 -
3 uM + Hygro 0.05 mM 92.745060 97.012670 -
Negative control 98.941330 96.052640 88.657000
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Normalized data of synergistic cytotoxicity of leucine hydrazone with actinomycin D

Table A 4: Normalized data of the cytotoxicity assay testing for synergistic effects of leucine hydrazone and actinomycin

D (Act D).
Sample Absorbance Absorbance Absorbance
replicate 1 replicate 2 replicate 3
Act D 0.1 puM 8.352597 0.000 5.486208
Leucine hydrazone 120 uM + Act
D 0.1 uM 13.91586 12.683 17.56049
Leucine hydrazone 120 uM 78.9798 81.75373 73.60918
Control 98.22006 100.000 97.13361
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Normalized data for the determination of the FICI

Table A 5: Normalized data of the checkerboard assay.

Absorbance Absorbance  Absorbance

Well #

replicate 1 replicate 2 replicate 3

1 14.55491 11.67259 14.78847
2 19.36408 14.7407 12.63868
3 14.06126 14.97425 14.608
4 16.84803 12.74484 15.09103
5 13.3075 5.393068 15.25028
6 20.98307 5.653167 16.03588
7 13.24911 3.184883 14.46998
8 19.62419 7.590636 8.275387
9 13.16418 7.893201 10.02176
10 97.40433 85.35485 89.12363
11 26.05765 19.08275 18.44578
12 18.6528 12.70768 14.83094
13 15.64839 17.39476 15.00611
14 14.34259 10.95069 13.20665
15 13.38181 6.199904 10.85514
16 16.08366 7.882585 15.53692
17 10.44641 8.047137 8.094911
18 22.894 8.286002 6.475927
19 17.24083 4.55969 3.869633
20 98.50842 84.52678 83.21567
21 37.70901 27.61293 21.7899
22 41.10091 26.16912 24.19449
23 27.60231 36.78009 23.76453
24 45.45358 41.12745 29.2213
25 42.57126 36.0104 29.25845
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Continued.
26 41.63173 39.92781 32.6185
27 42.31116 33.06439 27.43245
28 55.55497 36.57837 26.40798
29 38.48399 26.88572 22.59674
30 98.30671 85.3867 92.76501
31 39.48724 27.63416 22.00223
32 48.81363 24.35374 33.22894
33 57.10494 40.78242 31.36579
34 62.15298 52.63549 44.6202
35 64.43018 57.59329 56.73868
36 71.76071 63.37385 62.9492
37 70.23727 52.93274 60.90026
38 74.97744 54.44026 57.52959
39 64.64249 44.19555 52.76289
40 100.000 88.93253 89.18201
41 42.78358 24.30065 26.6787
42 56.47327 38.22921 32.34248
43 62.4874 52.29577 41.52025
44 82.35044 73.29476 58.43198
45 79.48936 78.96916 69.11726
46 85.55125 82.33983 73.84681
47 85.81135 76.9733 77.39265
48 91.04517 75.7365 80.31212
49 83.19444 69.664 73.23637
50 96.25246 90.11625 83.18913
51 40.55417 26.85387 22.79845
52 87.9346 56.7546 36.36074
53 81.45337 69.31366 66.48973
54 98.02538 88.58219 80.97564
55 95.87027 92.14927 86.60757
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Continued.
56 99.46388 89.15017 86.53326
57 95.88088 89.59074 86.39525
58 98.97023 88.05138 90.20118
59 96.07198 84.85588 85.53532
60 98.13685 88.60874 84.03844
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2. MiMo_ALe project

2.1.  Antibiograms of the applied MDR strains

Methicillin-resistant Staphylococcus aureus (MRSA)

Resistant to iipenem, kanamycin, cefotaxime, sulfamethoxazole, penicillin, erythromycin, cefoxitin,

norfloxacine, nitrofuran, ticarcillin, penicillin G
Sensitive to lincomycin, vancomycin, pristinamycin

Imipenem-resistant Acinetobacter baumannii (ABRi)

Resistant to amoxicillin + clavulanic acid, ticarcillin, piperacillin + tazobactam, cefotaxime,

fosfomycin, amikacin, ceftazidime, aztreonam
Sensitive to imipenem, sulfamethoxazole

Ceftazidime-resistant Pseudomonas aeruginosa (PARc)

Resistant to amoxicillin + clavulanic acid, ticarcillin, piperacillin + tazobactam, cefotaxime,

fosfomycin, amikacin, ceftazidime, aztreonam
Sensitive to colistin

Klebsiella pneumoniae resistant to extended spectrum (KPR)

Resistant to amoxicillin, amoxicillin + clavulanic acid, ticarcillin, ceftazidime, aztreonam, cefalotin,

pefloxacin, netilmicin, sulfamethoxazole, norfloxacine
Sensitive to cefoxitin, amikacin, imipenem, colistin

Escherichia coli resistant to extended spectrum (ECR)

Resistant to amoxicillin, amoxicillin + clavulanic acid, ticarcillin, ceftazidime, aztreonam, cefalotin,

pefloxacin, netilmicin, sulfamethoxazole, norfloxacine
Sensitive to cefoxitin, amikacin, imipenem, colistin

The term “extended spectrum” was chosen by the Moroccan project partners to describe the

antibitoic resistance profile of KPR and ECR.
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2.2. Results of the secondary screening of the MiMo_ALe strains

MiMo Ale#2

Table A 6: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#2 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. (1)
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3 NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - + + + + + -
4 - - - + + + + + -
5 - - + + + + + + -
6 + - + + + + + + -
7 - - + + + + + + -
10 + - + + + + + + -
11 t - - + * + + + -
12 + - + + + + + + -
13 + - + + + + + + -
14 * - + + + + + + -
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MiMo AlLe#3

Table A 7: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#3 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day

3 - - - - - - - - -
4 - - - - + + + - -
5 t t + + + + t t

6 + + + + + + + + +
7 + + + + + + + + *
10 + + + + + + + + +
11 * + + + + + + + +
12 + + + + + + + + +
13 + + + + + + + + +
14 + + + + + + + + +
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MiMo Ale#4

Table A 8: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#4 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - + + - + + -
4 - - - + + - + + -
5 - - + + + - t + -
6 - - * * * - * * -
7 - - + + + - + + -
10 * - + + + * + + -
11 + - + + + + + + +
12 * - + + + + + + -
13 + - + + + + + + -
14 - - + + + + + + -
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MiMo ALe#5

Table A 9: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#5 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - - - + - + +
4 - - + + + + + + +
5 - - + + + + + + +
6 - + + + + + + + +
7 - + + + - + + + -
10 + - + + - - + + -
11 + - + + - + + - -
12 + - + + + - + + -
13 - - + + - - - - -
14 + - + + - - - - -
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MiMo AlLe#6

Table A 10: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#6 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - + + + + - -
4 - - - - - - - - -
5 - - + + + + + - -
6 - - + + + + + - -
7 - + + + + + + - -
10 - - + + + + + + -
11 - - + + + + + + -
12 - - + + + + + + -
13 - * + + + + + + -
14 - * + + + + + + -
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MiMo AlLe#7

Table A 11: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#7 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - + + - + + + -
4 - - + + + + + + -
5 - - * + + + * + -
6 - - + + + + + + -
7 - - + + + + + + -
10 - - + + + + + + -
11 - - + + + + + + -
12 - - + + + + + + -
13 - - + + + + + + -
14 - - + + + + + + -
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MiMo AlLe#8

Table A 12: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#8 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - - - + + - -
4 - - - - - - - - -
5 - - + + + + + + -
6 - - + + + + + + -
7 - - + + + + + + -
10 - - + + + + + + -
11 - - + + + + + + -
12 - - + + + + + + -
13 - - + + + + + + -
14 - - + + + + + + -
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MiMo ALe#9

Table A 13: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#9 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

_Medium Bennett ISP3 NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
3 - - - - - + + - -
4 - - + + + + + - -
5 - - + + + + + + -
6 - - + + + + + + -
7 - - + + + + + + -
10 - - + + + + + + -
11 - - + + + + + + -
12 - - + + + + + + +
13 - - + + + + + + -
14 - - + + + + + + -
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MiMo ALe#10

Table A 14: Results of the secondary screening against PARc. The tested samples were the supernatants of strain
MiMo_ALe#10 obtained by the OSMAC approach. (+) stands for inhibitory activity and (-) for no inhibitory activity. +
represents inhibitory activity that was only observed for one replicate but not for the other. The assay was performed in
dublicates.

Medium Bennett ISP3  NL19 NL200 NL300 NL333 NL400 NL410 NL500

Day
5 - * + + + + + + -
6 - - + + + + + + -
7 - - + + + + + + -
10 - - - + + + + + -
11 * * + + + + + + -
12 * + + + + + + -
13 - - + + + + + + -
14 - - + + + + + + -
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2.3. Representative HPLC-UV chromatograms for the medium extracts of the
MiMo_ALe strains

The HPLC-UV chromatograms shown in the Figures A 19 and A 20 serve as representatives for the
HPLC-UV chromatograms that were obtained from the ethyl acetate and 1-butanol medium extracts
of the strains MiMo_Ale#1-10. All chromatograms share the signals at 7.0-8.5 min regarding
retention time and peak shape whereas the signal intensity is higher in the ethyl acetate medium
extracts compared to the 1-butanol medium extracts. The signal at 4.25 min can be found in the

chromatograms of the medium extracts generated after 7 days.
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Figure A 19: HPLC-UV chromatograms of the ethyl acetate (upper) and 1-butanol (bottom) medium extracts of
MiMo_ALe#3 after cultivation in medium NL300 for 3 days. For analysis, a Phenomenex® Kinetex (2.6 pm) C-18,
100x3.0 mm ID column at 50 °C was used. Detection was done at 210 nm (blue), 254 nm (magenta), 280 nm (brown),
360 nm (green) and with the ELSD (black).
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Figure A 20: HPLC-UV chromatograms of the ethyl acetate (upper) and 1-butanol (bottom) medium extracts of
MiMo_ALe#3 after cultivation in medium NL300 for 7 days. For analysis, a Phenomenex® Kinetex (2.6 um) C-18,
100x3.0 mm ID column at 50 °C was used. Detection was done at 210 nm (blue), 254 nm (magenta), 280 nm (brown),
360 nm (green) and with the ELSD (black).
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Figure A 21: HPLC-UV chromatogram of the ethyl acetate medium extract of MiMo_ALe#7 after cultivation in NL333 for
4 days. The vertical dashed lines indicate the separate micro-fractions. For micro-fractionation, a Phenomenex® Luna
(5 um) C-18, 250x4.6 mm ID column at 25 °C was used. Detection was done at 210 nm (black), 254 nm (blue), 280 nm

(magenta), and 360 nm (brown).
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3. Devices

Device

Manufacturer

96 universal thermocycler

Alpha 1-2LD plus (Freeze dryer)
Avance-Il spectrometer

Biofuge fresco

Branson 2510

Centrifuge 5415C

Cleanbenches SAFE 2020

EZ-2.3 Elite

GENEQUANT® 1300 Spectrophotometer
Heraeus Multifuge 1S-R Centrifuge
HLC

Incubator

Incubator

Infinite MPlex

Labor rota S300

LT-ELSD

Mupid®-One electrophoresis system
NanoQuant infinite M200
Overhead shaker

Q Exactive Plus mass spectrometer
Rotary evaporators

Sonorex Digiplus

TJ-25 Centrifuge

Tower shaker VKS75

UltiMate 3000 HPLC system

Vacuum pump

PEQLAB Biotechnology GmbH
Christ

Bruker

Heraeus Instruments
Brandson

Eppendorf

Thermo Scientific
Genevac

biochrom

Thermo Electron Corporation
Ditabis

Binder

Heraeus Instruments
TECAN

Resona Technics
Sedere

Advance

TECAN

Heidolph

Thermo Scientific
Heidolph

Bandelin

Beckman Coulter
Edmund Biihler
Thermo Scientific

Welch by Gardner Denver
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4, Chemicals
Chemical Provider
1-Butanol VWR
5 x buffer Thermo Fisher Scientific
Acetic acid AppliChem
Acetone (HPLC grade) Promochem®
Acetonitrile (HPLC grade) Promochem®

Acetonitrile (LCMS grade)
Acetonitrile-d3
Actinomycin D

Agar Agar

Agarose

Ammonium nitrate
Ampicillin

Apramycin

B3 buffer

B5 buffer

Bacto casamino acids
Bacto peptone

BE buffer

Beef extract

Binding buffer

BW buffer
CaClxx2H,0

CaCoOs

Calcium carbonate (Morocco)
Celite® 545
Chloramphenicol
CoCl,x6H.0

Corn steep solids

Cotton seeds

Honeywell Riedel-de Haén™
Roth
AppliChem
Sigma-Aldrich/Roth
Roth

Appli Chem
Sigma-Aldrich
Sigma-Aldrich
Machery-Nagel
Machery-Nagel
DB Bacto

DB bacto
Machery-Nagel
BD difco
Machery-Nagel
Machery-Nagel
Merck
Sigma-Aldrich
Sigma-Aldrich
Roth

SERVA

Alpha Aesar
Sigma-Aldrich
Sigma-Aldrich
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CuS04x5H,0
Cycloheximide (Morocco)
D-(+)-Glucose
D-(+)-Mannitol

Deep well 96 well MTP
Dichloromethane

DMSO (for PCR)

DMSO (reporter-based bioassay)

DMSO-ds
dNTPs
D-Orn

D-Ser

Dulbecco’s modified Essential Medium

Elution buffer
Ethanol (96 %)
Ethanol (Morocco)

Ethyl acetate

Ethylenediamintetraacetic acid (ETDA)

FDAA

Fe-(lll)-citrat

Fetal bovine serum

Fish flour (anchovy)
Formic acid (LCMS grade)
Fosfomycin

Full fat soy flour

G418

GeneRuler DNA ladder
Glycerol

HCI

Hydrogen iodide
Hygromycin B
Isopropanol (HPLC grade)

Roth

Sigma-Aldrich
Sigma-Aldrich
AppliChem

VWR

VWR

Thermo Fisher Scientific
Thermo Fisher Scientific
VWR Chemicals
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Roth

Machery-Nagel
Roth/BruggemannAlcohol Heilbronn GmbH
Riedel-de Haén™
Honeywell Riedel-de Haén™
Roth

Thermo Scientific

Roth

Sigma-Aldrich
CommonBaits

VWR Chemicals
Sigma-Aldrich

Hensel

Sigma-Aldrich

Thermo Fisher Scientific
Roth

AppliChem
Sigma-Aldrich
Invitrogen

Honeywell Riedel-de Haén™
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Kanamycin

KCl

KH,PO4

LB medium

LB medium (reporter-based bioassy)
L-Orn

L-Ser

Malt extract

Methanol (HPLC grade)
MH agar (Morocco)

MH medium

MnSO4xH20
Na,B407x10H,0

Na,COs

Na;HPO4xH,0
Na;Mo0O4x2H,0

NaCl (Morocco)

NaHCO3

Nalidixic acid (Morocco)
NaOH

N-Z amine A

Oat meal

Primer

Proteinase K

Rifampicin
Roticell-glutamine-solution
Rotistain®

Sea salts

Sodium dodecyl sulfate (Morocco)
Sodium hypochlorite (Morocco)
Soluble starch

Sulforhodamine B

Roth

Roth

Roth

Roth

BD Difco
Sigma-Aldrich
Sigma-Aldrich
Oxoid

Honeywell Riedel-de Haén™
Biogar Dignostics
Sigma-Aldrich
Sigma-Aldrich
Roth

VWR

Roth

Riedel de Haen AG
Sigma-Aldrich
Diagonal
Sigma-Aldrich
Chemapol
Sigma-Aldrich
Holo Bio Hafergold
Eurofins genomics
Machery-Nagel
Roth

Roth

Roth

Instant ocean, Aquarium systems
Sigma-Aldrich
Sigma-Aldrich
AppliChem
Sigma-Aldrich
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T1 buffer

Taq polymerase
Tetracycline
Trichloroacetic acid
Tris base

Tryptan Blue

Water (LCMS grade)
Yeast extract

ZnC|2

Machery-Nagel

Thermo Fisher Scientific
SERVA

Roth

Roth

Sigma-Aldrich
AppliChem

Oxoid

Roth
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