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.  Zusammenfassung

Cyanobakterien sind als wertvolle Quelle strukturell vielfaltiger und pharmakologisch aktiver
Metaboliten, wie z.B. Proteaseinhibitoren, bekannt. Im Rahmen des Kooperations-Projektes
"Accessing Novel Bacterial Producers from Biodiversity-rich Habitats in Indonesia” (ANoBIn)
ist es das Ziel der vorliegenden Arbeit antiinfektive Metabolite, insbesondere
Proteaseinhibitoren, aus Cyanobakterien zu isolieren. Hierzu wurden neben einer eigens
etablierten Cyanobakterien-Stamm- und -Extraktsammlung auch Biomasse- und
Medienextrakte aus der Extraktbibliothek der Cyano Biotech GmbH, Berlin, gegen die
Cysteinprotease Rhodesain getestet. Das Screening wurde in Kooperation mit Prof. Dr. Tanja

Schirmeister (Johannes-Gutenberg-Universitit Mainz) durchgefiihrt.

Aus Proben verschiedener Okosysteme in Deutschland und Indonesien wurden
Cyanobakterien isoliert und eine Stammsammlung mit 147 terrestrischen und aquatischen
Cyanobakterien aufgebaut. Aus deutschen Umweltproben konnten insgesamt 55
Cyanobakterien isoliert werden. Anhand morphologischer Merkmale wurden 30.9% den
Chroococcales, 65.5% den Oscillatoriales und 3.6% den Nostocales zugeordnet. Die
Beprobung von Habitaten in Indonesien fiihrte zur Isolierung von 92 Cyanobakterien-
Stammen. Hier ergab die morphologische Charakterisierung 17.4% Chroococcales, 38.0%
Oscillatoriales, 34.8% Nostocales und 9.8% Stigonematales. Mehr als 60 Biomasseextrakte
wurden auf ihren Einfluss auf drei unterschiedliche Quorum Sensing (QS)-Systeme und die
antimikrobielle Aktivitat gegen Bacillus subtilis und Staphylococcus aureus untersucht. Der
Fokus dieser Arbeit liegt jedoch auf neuen Inhibitoren gegen die Cathepsin L-dhnliche
Cysteinprotease Rhodesain, welche eine essentielle Rolle im Metabolismus von
Trypanosoma brucei spielt, dem Parasiten, der die menschliche afrikanische Trypanosomiasis
auslost. Einige Extrakte zeigten QS-verstirkende und -inhibierende, aber auch
antimikrobielle Eigenschaften. Bei sechs von 52 Biomasseextrakten (11.5%) wurden mehr
als 50% Inhibierung von Rhodesain bei einer Konzentration von 0.1 mg/mL, festgestellt. Ein
Oscillatoria sp. Biomasseextrakt zeigte mehr als 70% Inhibierung von Rhodesain. Obwohl
51.9% der untersuchten Stamme zu Oscillatoriales gehorten, zeigten nur 7.4% der
Oscillatoriales Rhodesain-inhibierende Aktivitat, wahrend 15.4% der getesteten
Chroococcales, 12.5% der Nostocales und 25% der Stigonematales mehr als 50% Inhibierung
zeigten. Auf Basis der Bioaktivititen und des chemischen Profils wurden fiinf Extrakte

intensiver untersucht.

Zusatzlich zu der im Rahmen von ANoBIn etablierten Stammsammlung wurde eine

kommerzielle Bibliothek von 572 Cyanobakterien-Extrakten (Cyano Biotech GmbH, Berlin)



getestet. Im Screening zeigten 2.7% der Biomasseextrakte eine inhibitorische Aktivitat von
mehr als 70% bei 0.1 mg/mL und 14.8% der Medienextrakte eine Inhibierung von mehr als

70% bei 0.2 mg/mL.

Der Biomasseextrakt von einem Nostoc sp. Stamm zeigte 98% Inhibierung bei einer
Konzentration von 0.1 mg/mL. In diesem Extrakt konnten neun Verbindungen identifiziert
werden, von denen fiinf eine ausgepragte Aktivitat zeigten. Da die Rhodesain inhibierenden
Verbindungen nur in kleinen Mengen im Extrakt enthalten waren, konnten nur mit einer
nicht-inhibierenden Verbindung NMR-Experimente durchgefiihrt werden. Die Auswertung
der NMR Spektren identifizierte Teile der Struktur: ein Zuckerrickrat (Triose) und eine
stickstoffreiche Seitenkette. Mit mehr als 90% Inhibierung zog zudem ein Nostoc sp.
Mediumextrakt Aufmerksamkeit auf sich. Aus diesem Mediumextrakt wurden das bereits
bekannte Cyclopentandion (CPD) Nostotrebin 6 und weitere unbekannte, biosynthetisch
verwandte Oligomere isoliert: einem dreisubstituiertem CPD oder einem dreisubstituiertem,
ungesdttigtem &-Lacton. Nostotrebin 6 ist das bislang einzige bekannte CPD
cyanobakteriellen Ursprungs, das bereits aus einem Nostoc sp. Biomasseextrakt isoliert
wurde. In der Literatur wird von verschiedenen Bioaktivitdten berichtet, was auf eine
unspezifische Aktivitat hindeutet. Als Substanz mit unspezifischer Aktivitét ist Nostotrebin 6
den pan-assay interference compounds (PAINs) zuzuordnen. Die Ergebnisse eines
vergleichenden Bioaktivititsscreenings deuten darauf hin, dass auch die neu isolierten
Oligomere unspezifisch reagieren. Hierbei scheint die Intensitdt der Inhibierung von der

Anzahl der freien phenolischen Hydroxylgruppen pro Molekiil abzuhdngen.

Nach aktuellem Stand handelt es sich bei der vorliegenden Studie um die erste, welche
Cyanobakterien als mogliche Quelle fiir Rhodesain-Inhibitoren untersucht. In dem Screening
der hier etablierten Stammsammlung zeigten 2% der Biomasse-Extrakte mehr als 70%
Inhibierung bei einer Konzentration von 0.1 mg/mL. Diese Werte sind vergleichbar mit dem
Screening der Extraktbibliothek der Cyano Biotech GmbH, wo 2.7% der 450
Biomasseextrakte mehr als 70% Inhibierung von Rhodesain zeigten und das Screening von
122 Medienextrakten 14.7% mit mehr als 70% Inhibierung bei 0.2 mg/mL ergab. 55.6% der
aktiven Extrakte wurden von Cyanobakterien der Sektion Nostocales (IV) gewonnen. Das
lasst die Schlussfolgerung zu, dass Cyanobakterien, insbesondere deren Medienextrakte, eine
bislang wenig untersuchte, aber vielversprechende Ressource fiir Protease-Inhibitoren, und
somit fiir die Entwicklung neuer Therapien fiir die menschliche afrikanische

Trypanosomiasis darstellen.



[I. Summary

Cyanobacteria, whilst initially having been neglected by natural product research for a long
time, nowadays are recognized as a prolific source of structurally diverse and
pharmacologically active natural products, like protease inhibitors. The present study is
embedded in the bilateral project "Accessing Novel Bacterial Producers from Biodiversity-
rich Habitats in Indonesia" (AnoBIn) and aims to identify and isolate antiinfective metabolites
from cyanobacteria, particularly inhibitors of the trypanosomal cystein protease rhodesain.
Therefore, we screened a cyanobacteria extract collection generated as part of the ANoBIn
project, as well as a library of 572 cyanobacteria extracts, kindly provided by Cyano Biotech
GmbH, Berlin, against the trypanosomal cystein protease rhodesain in cooperation with Prof.

Dr. Tanja Schirmeister (Johannes Gutenberg University Mainz).

In order to constitute a cyanobacteria strain collection, various aquatic and terrestric
ecosystems in Germany and Indonesia were sampled, followed by the isolation,
characterization and biobanking of 147 cyanobacterial strains. The sampling in Germany led
to the isolation of 55 strains from which 30.9% were belonging to the Chroococcales, 65.5%
to the Oscillatoriales and 3.6% to the Nostocales. From 92 cyanobacterial strains isolated
from Indonesian samples, 17.4% were allocated to the Chroococcales, 38.0% to the

Oscillatoriales, 34.8% to the Nostocales and 9.8% to the Stigonematales.

About 60 biomass extracts of the newly established strain collection were tested against three
different reporter strains for activity on Quorum Sensing (QS) systems, antimicrobial activity
against Bacillus subtilis and Staphylococcus aureus, and against the cystein protease
rhodesain. The Cathepsin L like cysteine protease rhodesain plays an essential physiological
role in the metabolism of the parasite Trypanosoma brucei. A human infection with
Trypanosoma brucei is known as human African trypanosomiasis (HAT). Because of its
important role, rhodesain is regarded as a promising target for the development of new
medications. Of 52 tested extracts, 11.5% showed more than 50% inhibition of rhodesain at
0.1 mg/mL. Although 27 of the tested strains belonged to Oscillatoriales (III), only 7.4% of all
tested Oscillatoriales strains showed pronounced inhibitory activity, while 15.4% of the
Chroococcales (1), 12.5% of the Nostocales (IV) and 25% of the Stigonematales (V) strains
showed more than 50% inhibition. Five of the screened extracts, revealing interesting
bioactivity combined with a promising chemical profile, were selected for more intensive
evaluation. The obtained HPLC-DAD and HPLC-MS data were assessed, and several known

and new intriguing, possibly bioactive compounds could be identified.



Additionally, a library of 572 cyanobacteria extracts (kindly provided by Cyano Biotech
GmbH, Berlin, Germany), was screened against the trypanosomal cystein protease rhodesain.
The screening revealed 2.7% of the biomass extracts showing an inhibitory activity of more
than 70% at 0.1 mg/mL, whilst 14.8% of the medium extracts featured an inhibition higher
than 70% at 0.2 mg/mL. The biomass extract of a Nostoc sp. strain showed 98% inhibition at
0.1 mg/mL. Processing of this promising extract resulted in the isolation of 9 compounds,
from which 5 showed pronounced inhibitory activity. Due to low yields, solely one compound
was subjected to nuclear magnetic resonance (NMR) experiments, which successfully led to
partial elucidation of this compound with a mass of [M+H]* m/z 604.24 and a suggested
molecular formula C24H3gNs5013, comprising a sugar backbone (triose) and a nitrogen-rich side

chain.

With an inhibition of more than 90%, a distinct Nostoc sp. medium extract revealed
conspicuous activity. We identified the known compound nostotrebin 6 and several novel
biosynthetically related structures as active substances. Nostotrebin 6 is the only
cyanobacterial cyclopentenedione (CDP) known to date and was already isolated from a
Nostoc sp. biomass extract. It has been found to be active in a broad variety of assays, possibly
convicting it as pan-assay interference compound (PAIN). The additionally isolated
derivatives of nostrotrebin 6 were found to be oligomeric molecules, composed of two core
monomeric structures, a trisubstituted CPD or a trisubstituted unsaturated §-lactone. A
comparative bioactivity testing revealed possibly unspecific rhodesain inhibition,
antimicrobial activity and cytotoxicity, depending on the amount of free phenolic hydroxyl

groups per molecule.

To our knowledge, this work is the first to consider cyanobacteria as a source for rhodesain
inhibitors. Within this study, we found 2% of a self-established biomass extract collection to
show rhodesain inhibiting activity higher than 70% at 0.1 mg/mL. These results were in line
with the screening of the commercial extract collection provided by the Cyano Biotech GmbH,
where 2.7% of the biomass extracts showed an inhibition equal or higher than 70% at 0.1
mg/mL. Here, the section Nostocales displayed the major amount of inhibitory active strains
with 55.6%. Until today, only few compounds from cyanobacteria cultivation media are
known, but the present findings suggest that cyanobacteria, especially cyanobacterial

medium extracts, provide a valuable source for protease inhibitors.
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1. Introduction

1.1. Microbial Diversity as Source for Natural Products

Microorganisms represent the world’s largest genetic reservoir, with bacteria showing an
extremely high biodiversity.! Due to close associations with each other, and also with plants
and animals, microorganisms developed various interaction mechanisms. Within this
interaction network, chemical compounds play a major role as regulatory factors, and
represent a valuable source for urgently needed new antiinfectives.2 Hence, natural product
researchers are keen to find unexplored microbial resources. For many years, it was common
belief that biodiversity hotspots like Brazil or Indonesia would serve as rampant sources for
genetic material.3 Since most biodiversity hotspots, defined by the diversity of vascular plants,
are located in the Global South, collaborations between countries of the southern and
northern hemisphere were regarded as promising partnerships, with the first serving as
providers of genetic resources and the latter ones as providers of financial capital, equipment,

and know-how.34

As many biologically active natural compounds isolated from plants or sponges were later
found to be derived from associated bacteria, one might conclude that an extraordinary
biodiversity of such higher organisms is reflected in the microbial diversity.5>-° However,
microorganisms can cross the Pacific Ocean within 7 to 9 days and the Atlantic Ocean within
3 days as stowaways in dust storms, making them multinational inhabitants of our earth.10
Thus, it is not surprising, that latest publications found more than 99% sequence identity, up
to 93% shared genes, and identical secondary metabolites of microorganisms isolated from
locations with up to 18.000 km distance from each other.1%12 Differences in the genetic
makeup based on geographic barriers were only identified in case of insulated habitats like
geothermal hot springs or phototrophic consortia, and are restricted to about 1% of all
positions in the genome.!314 Thus, the hypothesis that biodiversity hotspots of vascular plants
exhibit an equally valuable microbial diversity is not scientifically confirmed. Actually, 1 g soil
contains about five times more bacterial species than known to date, regardless whether its
origin is located in the Global North or South.3 Only a small fraction (10 species) of the
bacterial diversity (up to 109 species) has been described,!> and even a smaller number has
been isolated, characterized, and cultivated.1® Hence, only a small part of their potential has
been exploited, and most species investigated in research and industry belong to only four of
90 bacterial phyla known so far: Actinobacteria, Firmicutes, Proteobacteria and

Bacteroidetes, with the remaining ones being poorly studied.6



1.2. Morphological Diversity of Cyanobacteria

One scientifically neglected group of microorganisms is the phylum cyanobacteria
(cyanoprokaryotes). Even though cyanobacteria have long been known for their broad
spectrum of specialized metabolites, the interest of natural product chemists has risen only
slowly.1” Cyanobacteria have been inhabiting the earth since more than three billion years,
and thus belong to the oldest organisms known.!® Some fossil cyanobacteria even show a
morphology similar to present species.1® During this time, they developed a highly diverse
physiology allowing them to even populate extreme habitats.2® Thus, cyanobacteria are
particularly challenging to classify.2! The first classification systems were published by
Gomont in 1892 and Bornet & Flauhault from 1886-1888,2223 and several more have been
proposed and reviewed ever since.?! In 1979, Rippka et al proposed five sections:
I (Chroococcales), II (Pleurocapsales), III (Oscillatoriales), IV (Nostocales) and V
(Stigonematales),?* which were adopted as fundamental base for the nomenclatural
classification in Bergey’s Manual of Systematic Bacteriology.?> But the development of
electron microscopy and molecular and genetic methods led to profound changes in the
classifications systems of cyanobacteria.?! In 2014 Komarek et al. proposed a polyphasic
approach, which mirrors evolutionary history and includes monophyletic taxa, though the
authors admit, that such a taxonomic system is not available yet.2! The afore mentioned
classification in five sections is shown in Table 1. These sections are not regarded as being

conform with major taxa, but serve as rough classification by morphological characteristics.2*

Table 1. Major sub-groups of cyanobacteria by Rippka et. al.?*

Section Order Thallus Characteristics
organization
I Chroococcales unicellular Reproduction by binary fission or by
budding
II Pleurocapsales  unicellular Reproduction by multiple fission giving

rise to small daughter cells (baeocytes), or
by both multiple fission and binary fission

I1 Oscillatoriales filamentous Division in only one plane, no formation of
heterocysts nor akinetes

1\ Nostocales filamentous Division in only one plane, formation of
heterocysts and akinetes

\Y Stigonematales filamentous Division in only one or more planes (true
branching), formation of heterocysts and
akinetes




Section I (Chroococales) comprises unicellular cyanobacteria, which are, regarding their

morphology, the simplest cyanobacteria. They reproduce by binary fission or budding and

Figure 2. Synechococcus PCC 7335 (1) and PCC 7424 (2),
respectively, as representatives for Section 1. All phase
contrast; bar markers represent 5 um. Pictures taken from
Rippka et al., 1979.24

Dermocarpa PCC 7437 (11). All phase contrast; bar markers
represent 20 pm. Picture taken from Rippka et al., 1979.%

their cells are spherical, cylindrical or oval (Figure 2). Cyanobacteria of Section II
(Pleurocapsales) are as well unicellular, but in contrast to Section I, Pleurocapsales share a
special form of reproduction called multiple fission (Figure 1). Vegetative cells are always
surrounded by a fibrous layer additionally to the outer membrane and reproduce by binary
fission within this fibrous layer and without parallel growth. This way, the parental cell
produces between 4 and 1000 so-called baeocytes (Greek: ' small cell'). The baeocytes are

released when the fibrous layer breaks up.2426
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Figure 3. Schematic presentation of genera assigned to Section IIl. Thin lines surrounding
trichomes designate sheath material. Polar bodies (Pseudanabaena) represent gas vacuoles. The LPP
group, derives its name from many of the strains included falling within the broad confines of the
genera Lyngbya, Phormidium and Plectonema.*

Cyanobacteria of Sections III to V share a filamentous thallus organization. This so called
trichome elongates by intercalary division. Breakage of the trichome results in short filaments
(hormogonia), which can differ from the mature trichome in various properties. Some are
motile, show different cell size and shape or posses gas vacuoles. In case of heterocystous

cyanobacteria, hormogonia might lack heterocysts, even in a sourrounding without a source

Hormo- Young
gonium trichome Trichome in the mature state
(®)
o Nostoc

oo oooo m Calothrix

Figure 4. Schematic presentation of genera assigned to Section IV. (a) without developmental
cycle; (b) with developmental cycle. Heavy-walled cells with polar granules represent heterocysts;
heavy-walled cells that are dotted represent akinetes; thin lines surrounding trichomes designate
sheath material.?



of nitrogen. The always uniserate (one cell thick) trichome of cyanobacteria in Section III
(Oscillatoriales, Figure 3) solely consists of vegetative cells, which may be enclosed by tubular

sheaths. In contrast to Sections [V and V, Oscillatoriales are not capable of cell differentiation.

The cells of sections IV (Nostocales; Figure 4) and V (Stigonematales; Figure 5) are able to
differentiate to heterocysts when no combined nitrogen source is available. These cells, which
can be recognized by a thick cell wall, low pigmentation and granules, provide special
anaerobic conditions and offer the perfect environment for the enzyme catalysing
atmospheric N; fixation, called nitrogenase.?’ In stationary phase, some cyanobacteria of

Sections IV and V produce akinetes, a form of resting cells with apparent, thick walls.28

Young
Hormogonium trichome Culture in the mature state

Chlor ogloeopsis

Fischerella

Figure 5. Schematic presentation of the genera assigned to Section V. Heavy walled cells with
polar granules represent heterocysts; heavy-walled cells that are dotted represent akinetes; thin lines
surrounding groups of cells designate sheath material.2*

While Section V shows division in only one plane, cyanobacteria of Section V are able to divide
in more planes. Hormogonia are usually uniserate and unbranched, but cells start to divide in
various planes during growth of the trichome. This so-called ‘true branching’, needs to be
distinguished from ‘false branching’, which can occur in Section Il and IV. Here, the trichome
breaks within its sheath followed by the elongation of the two emerging daughter filaments.
If one or both filaments protrude trough the sheath in an angular position, it is called ‘false

branching’.2429
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1.3. Natural Product Diversity of Cyanobacteria

In their natural surroundings, cyanobacteria compete with other phototrophs for resources,
and are grazed by eukaryotic predators.3? The need of defence against these environmental
stressors might explain why most cyanobacterial natural products show some kind of
bioactivity.3! Accordingly, cyanobacteria present a promising source for compounds that
inhibit eukaryotes, such as fungi or protozoa. Even though this cytotoxicity restricts the
potential use as anti-invectives, cyanobacterial natural products may serve as lead

compounds for the development of less toxic, but still anti-infective, derivates.3!

Neglected by natural product researchers for a long time, cyanobacteria are nowadays
recognized as a prolific source of structurally diverse and pharmacologically active natural
products.32-35 Many cyanobacterial metabolites are composed of molecules originating from
a mixture of nonribosomal peptide synthetase (NRPS), polyketide synthase (PKS), terpene,
and sugar biosynthetic pathways. More than a few of those metabolites show halogenations,

methyl groups or oxidations.3¢

Several cyanobacterial metabolites have served as potent lead structures inspiring drug
development programs, e.g. the dolastatins,37-39 the cryptophycins,40-42 the saxitoxins,*344 and
the anabaenopeptins.#54¢ One of the better-studied cyanobacteria genera is Nostoc, from
which numerous compounds have been isolated.3547 These are mainly non-ribosomal
peptides and depsipeptides, but a variety of other chemically diverse structures, such as
polyketides, alkaloids, or terpenoids, were also found. Often, cyanobacterial metabolites show
pronounced cytotoxicity, but another activity that is frequently observed for cyanobacterial

non-ribosomal peptides is the inhibition of proteases.3648-52 A

1.3.1. Natural Products from Cyanobacteria as Protease Inhibitors

Proteases are involved in the pathogenesis of many infectious diseases,’35¢ and promising
targets for new therapeutic approaches. That is why natural product researchers are on the
quest for novel protease inhibitors, and cyanobacteria are a rich source for such
molecules.*85556 Freshwater, as well as marine cyanobacteria are promising resources for
protease inhibitors.3057 Table 2 summarizes selected cyanobacterial protease inhibitors and

their activities.

A Paragraph adapted from Kossack, R.; Breinlinger, S.; Nguyen, T.; Moschny, J.; Straetener, |.; Berscheid,
A. et al. (2020) Nostotrebin 6 Related Cyclopentenediones and &-Lactones with Broad Activity
Spectrum Isolated from the Cultivation Medium of the Cyanobacterium Nostoc sp. CBT1153.

J. Nat. Prod. DOI: 10.1021/acs.jnatprod.9b00885
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Table 2. Activities of selected cyanobacterial protease inhibitors.

Protease Inhibition (IC,, [nM])

Compound Serine Proteases Cystein Proteases ref.
tr ch th pl hCatL  cr fp2 fp3 pa

Linear cyanopeptides

Aeruginosin

298-A 1654 ---- 496  ---- . . . . 58
Aeruginosin 73 55 4 o
Gallinamide A . . . . 5 0.3 . . . 60
Calivamide & oo .o
Calmamie s s .o
Circinamide . . . . . . . . 1035 62
Cyclic cyanopeptides
Symplocamide A 80 0.4 . . . . . . . 55
A90720A 10 . 259 29 . . . . . 63
CyanopeptolinS 216 . . . . . . . . 64
CyanopeptolinA 209 . . . . . . . . 65
*no information; ---- no inhibition (no concentration); tr = trypsin; ch = chymotrypsin; th = thrombin;

pl = plasmin; hCatL = Human cathepsin L; cr = cruzain; fp2 = falcipain 2; fp3 = falcipain 3; pa = papain

12
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Figure 6. Selected cyanobacterial protease inhibitors; activities summarized in Table 2.
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Many cyanopeptides inhibit serine proteases, which contain serine as central amino acid in
their active site. Besides the amino acid sequence, the conformation and configuration of the
cyanopeptides is essential for the inhibitors selectivity.48 A potent serine protease inhibitor
is the depsipeptide symplocamide A, produced by Symploca sp., with pronounced cytotoxicity

against H-460 lung cancer cells (ICs0 40 nM) and neuro-2a neuroblastoma cells (ICso 29 nM).55

As cysteine and serine comprise similar structures and properties (polar, uncharged), serine
protease inhibitors might equally function as inhibitors against cysteine proteases like
rhodesain. The first described cyanobacterial cystein protease inhibitor was circinamide, a
papain inhibitor isolated from Anabaena circinalis NIES-41.62 Circinamide contains 2,3-epoxy
succinic acid and homospermidine, and is related to the potent cystein-protease inhibitor E-
64 from Aspergillus japonicus.%¢ A screening of various fractionated extracts derived from
marine cyanobacteria against Human cathepsin L (hCatL) revealed numerous hits and
resulted in the identification of gallinamide A as a selective inhibitor.3667 The cystein protease
hCatL has been identified as potential target enzyme for anticancer therapy, and related
cysteine proteases are potential targets for novel treatments of various infectious diseases,
like malaria, leishmaniosis and trypanosomiasis.6869 Gallinamide A showed pronounced
inhbibitory activity against cruzain (ICso = 0.3 nM) an essential Trypanosoma cruzi cysteine
protease.®0 And analogues of gallinamide A exhibited inhibitory activity on the cysteine
proteases falcipain 2 and falcipain 3 of Plasmodium falciparum in a low nanomolecular
range.¢! In case of trypanosomiasis, the cysteine protease rhodesain is considered as valuable
target, but except for gallinamide A, no cyanobacterial derived compound was identified as

inhibitor for hCatL or hCatL-like cysteine proteases so far.

1.4. Human African Trypanosomiasis (HAT)

Trypanosoma brucei is a protozoon belonging to the genus Trypanosoma, causing the
parisitose Human African Trypanosomiasis (HAT or sleeping sickness). The sub-species
T. brucei rhodesiense causes an acute form of HAT, which is endemic in eastern and southern
Africa. The more common, chronic form of HAT is caused by T. brucei gambiense and is
prevalent in western and central Africa.’07! The latter one is responsible for about 95-97%
of total HAT infections, while T. brucei rhodesiense is primarily a zoonosis, rarely infecting
humans, thus causing only 3-5% of total HAT infections.”273 Interestingly, around two-thirds
of cases occurring outside of Africa in the US and Europe are visitors of safari parks in eastern
Africa, infected by T. b. rhodesiense.”* Even though HAT caused by T. b. rhodesiense represents
only a small part of infections, its elimination is rather complicated, as cattle serve as

reservoirs for the human parasite (Figure 7).7>
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In 1998, the World Health Organisation (WHO) reported about 300,000 new cases of HAT
every year.”¢ Since then, the cooperation of the WHO, African governments, non-
governmental organisations (NGOs), charities, and others led to a fast and sustainable

decrease in the annual number of new infections, with only 1446 reported cases in 2017.73.77

1.4.1. Lifecycle of T. brucei rhodesiense and gambiense

The lifecycle of Life cycle of T. b. gambiense and T. b. rhodesiense is pictured in Figure 7. The
infectious metacyclic trypomastigotes are transmitted by the bites of tsetse flies (genus
Glossina), causing a skin reaction known as trypanosomal chancre within 5-15 days (1). After
proliferation into bloodstream trypomastigotes, the parasites diffuse in the bloodstream,
initializing the early “hemolymphatic stage” (2). The parasite starts to migrate into the lymph
nodes, spleen and spinal fluid, leading to nonspecific symptoms like fever, malaise, muscle
aches and headache, and replicates by binary fission (3). During this early stage, or stage one,
symptoms are unspecific and easily confounded with other infectious diseases like malaria.”8
Untreated, the late stage, acute phase or “meningo-encephalitic stage” is induced by the
penetration of the parasite into the central nervous system, revealing characteristic

symptoms like psychiatric, motor and sensory disturbances, and abnormal reflexes (4).
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Figure 7. Life cycle of T. b. gambiense and T. b. rhodesiense.”*

The disease’s trivial name, sleeping sickness, originates from the severe sleep disturbance
shown by about three-quarters of patients.” Untreated, the infection leads to coma and death.
The circulating trypomastigotes are usually solely detectable during the acute and not in the
latent phase. When a tsetse fly bites an infected mammalian host, which can be cattle or wild
ungulates in case of T. b. rhodesiense, it ingests bloodstream trypomastigotes (5). Here, the
parasites first transform into procyclic trypomastigotes (6), and after leaving the midgut,
proliferate into epimastigotes (7). The epimastigotes immigrate into the fly’s salivary glands

and reproduce by binary fission (8). The lifecycle in the tsetse fly spans about 3 weeks.80

1.4.2. Diagnosis

Most contemporary staging methods rely on the counting of white blood cells (WBC) and the
microscopic detection of trypanosomes in the bloodstream, within the lymph nodes, or in the
cerebrospinal fluid (CSF).”> According to the WHO, patients showing < 5 WBC/pL and no
trypanosomes are in the first stage of the disease, while patients having more than 5 WBC/pL
and/or if trypanosomes are detected in the CSF are considered as stage 2 or acute stage.”3 As

these diagnosis methods show weak accuracy and are only applicable in late stages, new
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assessments like rapid diagnostic tests (RDTs) have been developed. The SD BIOLINE HAT,
used for the detection of T. brucei gambiense, is highly specific and sensitive, and identifies
distinctive variable surface glycoproteins (VSG).78 Still, more reliable tests for the detection
of T. brucei rhodesiense are lacking. One possibility is to apply immune mediators used for the
staging of T. b. gambiense HAT to stratify T. b. rhodesiense patients. Here the measurement of
Immunoglobulin M (IgM), matrix metallopeptidase 9 (MMP-9) and chemokine (C-X-C motif)
ligand 13 (CXCL13), alone or combined with chemokine (C-X-C motif) ligand 10 (CXCL10)
were positively evaluated as markers for the detection of the meningo-encephalitic stage of

T. b. rhodesiense HAT, enabling to adjust the treatment.8!

1.4.3. Treatment

As trypanosomes are able to elude the host immune system by antigenic variation of their
VSGs, development of a preventive vaccine is not possible.82 Furthermore, a drug for the safe
treatment of both early-stage and late-stage of rhodesiense HAT is still not available.
Currently recommended drugs for the treatment of rhodesiense HAT are Suramin and

Melarsoprol (Figure 8).
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Figure 8. Suramin and Melarsoprol: Currently recommended drugs for the treatment of
rhodesiense HAT.

Suramin was introduced in 1922 and has been used for the therapy of early stage HAT ever
since. Its mode of action is still not fully understood, though it is known not to cross the blood-
brain barrier. Common secondary effects enclose urticarial rash, pyrexia, nausea, and
reversible nephrotoxicity.82 While treatment for early-stage rhodesiense HAT is effective and
shows only mild side-effects, the only known therapy for the late-stage is Melarsoprol.””
Melarsoprol causes post-treatment reactive encephalopathy (PTRE) in ~8% of patients and
fatalities in ~57% of these cases, and is therefore one of the most apprehensive drugs used
for therapy of infectious diseases.83 The treatment with Melarsoprol can further cause side-

effects like agranulocytosis, skin rashes, peripheral neuropathy, cardiac arrhythmias, and
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multifocal inflammatory disorder.”” In case of central nervous system (CNS) T. b. gambiense,
the first-line therapy is NECT (nifurtimox-eflornithine combination therapy), but this
mixture is not effective against CNS T. b. rhodesiense.”’ In-vitro and in-vivo studies proved

fexinidazole as possible agent against T. b. rhodesiense, but clinical trials are still on-going.”3

The Drugs for Neglected Diseases Initiative, founded in 2003 by seven partners, all of which
are centres of excellence in neglected disease research and/or patient care, published a target
product profile (TPP) for an ideal drug which would be effective against both early- and late-
stage disease.8* The profile includes oral administration over a relatively short course
(i.e., 7 days), safety for all persons including children and pregnant women, and less than 30€
costs per course. It is obvious that the present therapies against HAT do not satisfy those
criteria, and more effective and less harmful drugs are needed. Hence, research projects are
running, and latest achievements indicate improvements in the next decade.8> Parasitic
enzymes with human homologues are considered as interesting drug targets, as already
available technologies developed for targeting human enzymes could be exploited. Issues
regarding parasite compared to host specificity could be addressed by adding parasite-
specific structural features.86 Cysteine proteases of the papain superfamily represent such a
group of enzymes, which is omnipresent in humans and protozoans. Due to their important
function in parasitic infection, they are expedient targets for the therapy of various parasitic

diseases.8”

1.4.4. Rhodesain as Target for New Treatments

One promising target is the trypanosomal cysteine protease rhodesain. Rhodesain plays a
major role during the parasitic infection by T. brucei. 53 It is involved in the parasitic crossover
of the blood-brain-barrier into the CNS, leading to the late-stage of HAT.88 This crossover is
initiated by rhodesain-induced stimulation of protease-activated receptors (PARs), which
trigger calcium-signaling pathways in their activated form. Thus, changes in the cytoskeleton
of the endothelial cells occur, enabling the parasite to migrate from the bloodstream to the
CNS.89 Moreover, rhodesain influences the synthesis of the VSGs, antigenic proteins, enabling

T. brucei to elude the host immune response, and destroys anti-VSG immunoglobulins.?0.91
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The cathepsin L-like cysteine protease rhodesain belongs to the family C1 (papain-family)
and comprises a single polypeptide chain of 215 amino acids with a classic papain-like folding,
where the catalytic triad (Cys25/His162/Asn182) is embraced by a left (L) and a right (R)
domain. Its catalytic mechanism is comparable to other cysteine proteases: the weak
nucleophilic thiol group of the Cys25 residue is converted into a highly nucleophilic thiolate
ion, involving the His162 and the Asn182 residue. The latter one acts as a H-bond acceptor
and stabilizes the required tautomeric form of the His162 imidazole ring, which functions as
a base and is involved in deprotonating the thiol group of the Cys25 residue. The so-generated
nucleophilic thiolate attacks the carbonyl carbon of the fissile amide bond, and further amino
acid residues, situated in the active site, support peptide bond hydrolysis, and thus the
recovery of free enzyme.>3 Due to its complex and extensive role in the lifecycle of

T. brucei rhodesiense, rhodesain is regarded as a promising target for the development of

Figure 9. Surface (left) and ball and stick (right) active site representations of the
rhodesaineK11002 complex. The inhibitor molecule is coloured grey, and the unbiased mFo-DFc
electron density is coloured violet. Hydrophobic interactions with neutral/non-polar residues are
mapped on the surface and coloured purple.?3

novel anti-trypanosomatid drugs.>® The determination of the high-resolution crystal
structure of rhodesain in complex with the vinyl sulfone inhibitor K11002 (Figure 9) led to

intensive studies on rationally designed inhibitors.9293 Rhodesain shows high structural
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similarity to other hCatL-like cysteine proteases, exhibiting crucial roles in various infectious

diseases, like malaria, leishmaniasis and trypanosomiasis.¢869
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Figure 10. The rhodesain inhibitors K777 and MMV665875.

Thus, it is not surprising that compounds of the Open Access Malaria BOX showed inhibitory
activity against rhodesain.®* Here, a dimethylbenzimidazol (MMV665875) (Figure 10) was
identified as novel mixed rhodesain inhibitor with a K; of 1.4 mM and an ICso of 0.4 uM against
T. brucei rhodesiense.% In the same study, as well as in others by the same research group, a
benzimidazole ring was observed in most of the rhodesain inhibitory structures.¢ Further,
various thiosemicarbazones, known as antiparasitic agents against Plasmodium falciparum
and Trypanosoma cruzi, were found to be active against parasitic cysteine proteases,

including rhodesain.?7-99 Another promising group of rhodesain inhibitors are nitroalkenes,
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Figure 11. Structure of two rhodesain inhibiting macrocyclic
lactams (1, 2). Binding affinities for rhodesain and hCatL, and cell-
growth inhibition of T. b. brucei.192
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inspired by K777 (Figure 10), which show prominent activity against rhodesain and cruzain

and are potent and safe in rodent, canine and primate models.?3

Due to the mentioned high similarity of rhodesain and hCatL,1%° a hCatL ligand library was
screened against rhodesain and several macrocyclic lactams (Figure 11) were identified as
potent rhodesain inhibitors. Modifications of the most active structure, led to a potent
pyrazole derivative (K; < 10 nM), showing as well pronounced trypanocidal activity (ICso
(T. b. rhodesiense) < 400 nM).101 But, regardless of the efforts in the past decades and many
promising rhodesain inhibitors, none could be identified as potential drug candidate. Thus,
research is ongoing. Even though cyanobacteria are known to produce structurally diverse
protease inhibitors, no screening of cyanobacteria extracts for rhodesain inhibitors has been

published yet.
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1.5.Research Objective

Cyanobacteria have long been neglected by natural product research,3035102 and are treasured
sources for cytotoxic and antimicrobial metabolites, as well as for protease inhibitors.364855-
57 Proteases are promising targets for new therapeutic approaches, due to their crucial role
in the pathogenesis of many infectious diseases.535* The cystein protease rhodesain is a
promising target for urgently needed new therapies against HAT, as it plays a major role

during the parasitic infection by T. brucei.>388-91

The major aim of my work was to identify and isolate rhodesain inhibitors from
cyanobacteria, embeded in the binational Indonesian-German project "Accessing Novel
Bacterial Producers from Biodiversity-rich Habitats in Indonesia" (ANoBIn). The three main
workpackages comprised: (I) Establishing a cyanobacteria strain and extract collection. (II)
Bioactivity screening of the established extract collection, identification and isolation of the
active compounds. (III) Screening of a commercial cyanobacteria extract collection against

the trypanosomal cysteine protease rhodesain.

(I) Promising habitats in Indonesia and Germany, like ponds, rivers, and biofilms from varying
surfaces were sampled, in order to collect a broad diversity of cyanobacteria strains. Different
techniques led to the isolation, characterization and biobanking of morphologically distinct
cyanobacteria strains. Selected strains were cultivated to generate biomass for extract

production.

(II) The resulting biomass extract collection was screened for bioactivities (quorum sensing
inhibition, antimicrobial activity, rhodesain inhibition). The most promising hit extracts were
analyzed by high-performance liquid chromatography (HPLC) coupled with a diode array
detector (DAD) and mass spectrometer (MS). The cyanobacterial extracts were evaluated

regarding their chemical composition, in order to identify novel bioactive compounds.

(IIT) In a third part a cyanobacteria extract collection (kindly provided by Cyano Biotech
GmbH, Berlin, Germany) was screened in cooperation with Prof. Dr. Tanja Schirmeister
(Johannes Gutenberg University, Mainz) against the trypanosomal cysteine protease

rhodesain.
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2. Material & Methods

2.1. Instruments

Table 3. Components of HPLC systems; Tiibingen University.

System Specification Component
Agilent 1200 Series G1379B Degasser
G1312A Binary Pump
G1367B Autosampler
G1330B Thermostat
G1316A Column Compartment
G1315B Diode Array Detector
Agilent 1260 Infinity G4225A Degasser
G1312C Binary Pump
G1329B Autosampler
G1330B Thermostat
G1316A Column Compartment
G1315D Diode Array Detector
G1346C Fraction Collector
Agilent 6330 [onTrap Electron Spray
Ionization (ESI-) Ion
Trap
Sedex LT-ELSD Model 85LT ELSD
La Prep, VWR international P110,P314 Preparative LC System

Table 4. Components of HPLC systems; Halle University.

System Specification Component
UltiMate 3000 HPLC LPG3400SD Quaterny Pump
system, Thermo Scientific
WPS-3000TSL Autosampler
TCC-3000SD Column Oven
DAD-3000 Diode Array Detector
AFC-3000 Fraction Collector
UltiMate 3000 HPLC DGP-3600A Quaterny Pump

system, Thermo Scientific
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WPS-3000TSL Autosampler

TCC-3100 1x2P-10P Column Oven
PDA-3000 Diode Array Detector
Q Exactive Plus, Thermo Scientific ESI-quadrupole-Orbitrap
Sedex 85, Sedere Sedex 85 LT Evaporative light scattering
detector (ELSD)

2.2.Establishing a Cyanobacteria Strain Collection

Environmental samples were collected in Germany and Indonesia, in order to isolate
cyanobacteria strains and investigate their secondary metabolite profile. As the project aimed
for a diverse cyanobacteria strain collection, samples of various habitats were taken; e.g.

biofilms from soil, stone or plastic and water samples from small ponds, lakes and rivers.

2.2.1. Media

For the isolation and cultivation of cyanobacteria, BG11 medium was prepared according to
Rippka et al. (Table 5) with slight modifications.2* The medium was composed of stock
solutions, which were sterilised separately by autoclaving (121 °C, 21 min., 2 bar) or, in case
of heat-sensitivity (Table 5: 8, 10, 11) by filtration (0.2 um). Cycloheximide was solely added
during sampling and isolation of new strains, in order to inhibit the growth of eukaryotic
microorganisms. For the preparation of solid medium, agarose was used. Depending on the
application (sampling, isolation, or maintenance), the amount and composition of stock
solutions was varied. In order to favour the growth of nitrigon-fixing cyanobacteria strains,
stock solution 1 was omitted and the resulting medium was called BG11-N. For the cultivation

of marine cyanobacteria, artificial seawater, instead of deionized water, was used.103

Table 5. BG11 medium composition, modified.

Concentration
Stock  Component
c(stock) [mM] c(final) [mM]

1 NaNO3 3529.83 17.65

2 K2HPO4 89.68 0.18

3 MgS04*7H-0 60.85 0.30

4 CaClz*2H,0 244.86 0.24

5 EDTA 0.68 0.00

6 Na;COs3 75.48 0.38
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Citric acid 31.23 0.03

7 . .
ﬁi‘;ig‘;‘lué%emc 22.90 0.02

H3BOs 46.26 0.0463

MnCl,*4H,0 9.15 0.0091

. e Motal Mix ZnS04*7H,0 0.77 0.0008

Na;Mo04*2H,0  1.61 0.0016

CuS04*5H.0 0.32 0.0003

Co(NO3)*6H,0  0.17 0.0002
9 NaHCO; 1000.00 1.00
10 TES 1000.00 1.00
11 Cycloheximide* 71.09 1.00

c(final) [g/L]

12 Agarose® 6

* Added for sampling and during the isolation process
° Added for preparation of solid medium

2.2.2. Sampling Procedure
2.2.2.1. Blooms and Biofilms

Samples of cyanobacterial blooms and biofilms on stone, soil, bark, or other surfaces were
collected with a lab spoon or cotton stick, (A, enrichment culture) transferred directly into
5 mL liquid medium (15 mL centrifuge tube), (B) and streaked on an agar plate (30 mm petri
dish), both with and without the main nitrogen source (stock 1). Thus, the isolation of
different cyanobacteria strains, depending on their growth behaviour/ physiology could be
achieved. In the field, all environmental samples were illuminated either by indirect sunlight
or by LED lamps (LUMIstixx, OSRAM GmbH, Munich). As soon as the strains were transferred
to the lab, samples were stored in an illuminated climatic chamber at 29°C and 10-25 pumol m-
251, Each sample was checked for cyanobacteria colonies, visible by eye, once a week. In case
of cyanobacterial growth, which occurred after one week up to several months, the sample

was analysed by light microscopy and forwarded to strain isolation and purification (2.2.3).
2.2.2.2. Waterbodies

Water samples were either directly supplied with culture medium, or the phytoplankton was

enriched beforehand using a plankton net (mesh width: 25 pm or 50 um). For this purpose,
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the net was thrown into the water body, pulled back and forth for some minutes and pulled
out. Each water sample was mixed with BG11 stock solutions to gain a nutrient concentration
of 20 %, 50 %, or 100 % of the original BG11 medium. Thus, the isolation of different
cyanobacteria strains, depending on their growth behaviour and physiology was attained by

enrichment culture.

2.2.3. Strain Isolation and Purification Techniques

For the isolation and purification of cyanobacteria from environmental samples, various
techniques were combined depending on the nature of the sample. The condition of each
isolate, e.g. contamination and morphology, was checked by microscopy (Axio Lab.A1, ZEISS,
Germany). As soon as an unialgal culture was obtained, it was transferred into liquid culture

and stored as described in section 2.2.5.
2.2.3.1. Single-Cell Isolation

A single cyanobacteria cell was picked with an extended Pasteur pipette and then transferred
into a sterile medium droplet.10* This procedure was repeated until a single cell, free of any
visible contamination, could be placed on a Petri dish with BG11 agar (BG11 mineral nutrient

medium containing 1.5 % agarose).2*
2.2.3.2. Separation by Filtration

Water samples were filtrated (quantitative filter paper, VWR, 84 g/m? 0,18 mm, pore size:
31-50 pm). The filtrate (1), as well as the filter paper (II) were added to 20 mL BG11 medium
(0.1% cycloheximide) in a 50 mL shake flask, and incubated at 28°C with an illumination of
10 to 25 pmol m=2 st for 5-30 days (enrichment culture). After evaluation under the
microscope, a small amount of biomass grown in the liquid culture (I) or on the filter paper
(I1) was placed on a Petri dish with BG11 solid medium and further processed as described in

2.2.3.3 and 2.2.3.4.
2.2.3.3. Phototaxis

Some cyanobacteria strains grow towards the light. These strains can be isolated via
phototaxis by covering the inoculated space over an agarose plate with aluminium foil. The
phototaxis-capable strain grows towards the light and can thereby be separated from other

cyanobacteria in the sample.104
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2.2.3.4. Streak Plate Method

For the isolation of unialgal strains, aliquots of each sample were spread on BG11 solid
medium by three phase streaking. Innoculated plates were incubated (28°C, 10 to 25 pmol m-
2 s'1) for 2-8 weeks.%8 Visible cyanobacterial colonies were again spread on BG11 solid
medium in order to gain unialgal isolates. The thus purified strains were identified under the

light microscope and characterized by their morphology (2.2.4).

2.2.4. Taxonomy

Strain morphology was characterized using a microscop (Axio Lab.Al, ZEISS, Germany)
equipped with a digital camera. Filaments, trichomes, cell sizes were measured, and

characteristic properties were noted.

In a first step, each cyanobacterium strain was assigned to one of the five sections as
described by Rippka et al. (Table 1) and further described according to the modern

classification system of cyanobacteria.21.24

2.2.5. Strain Maintenance

The isolated, unialgal strains were maintained in glass tubes equipped with SILICOSEN®
sterile stoppers, filled with 3 mL BG11 medium, at 28°C with an illumination of 10 to
25 pmol m2 s-1. Depending on the individual growth behaviour, strains were transferred to
fresh medium every 4 - 8 weeks. To prevent loss of strains, old cultures were stored at 24°C

for at least 3 months as backups.

2.3.Establishing a Cyanobacteria Extract Collection

2.3.1. Biomass Production

In order to investigate the secondary metabolite profile of the newly isolated strains,
culturing was performed in different ways to obtain biomass and supernatant. The cultivation
method depended on the characteristic growth behaviour of each strain, e.g. its sensibility to

shear stress or light.
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2.3.1.1. Cultivation in Aerated 50 mL Centrifuge Tubes

Most strains were cultured in 50 mL centrifuge tubes aerated with air or air supplied with
2 % CO. Each tube was filled with 10 mL BG11 medium (modified, depending on the strain’s
requirements), inoculated with a small amount of the maintained culture, and incubated at

28°C and a light intensity of 10 umol photons s m2 for 5 to 10 days.

Next, 15 mL fresh BG11 medium were added, resulting in a volume of 25 mL, and the light
intensity was increased to 20-25 pmol photons s m-2. Depending on the growth of each
culture, 10 mL fresh medium were added again after 5 to 10 days, and the aeration was
adjusted to air supplied with 2 % CO». Due to evaporation losses, the volume was checked
every 5 - 10 days and, in case of volume reduction, refilled with sterile Millipore water or fresh
BG-11 medium, depending on the growth of the strain. During the cultivation period of at least

21 days, the pH of the cultures was monitored to prevent acidification by the supplied CO..
2.3.1.2. Cultivation in Aerated Laboratory Bottles

In order to produce a higher amount of biomass, or in case of insufficient growth in 50 mL
centrifuge tubes, strains were cultivated in 250 mL laboratory bottles, aerated with air or air
supplied with 2 % to 5 % CO». About 50 mL preculture, obtained from cultivation in centrifuge
tubes, was filled up with BG11 medium (modified, depending on the cultured strain) up to
200 mL in a 250 mL laboratory bottle. Due to evaporation losses, the volume was adjusted
every 5 - 10 days with sterile Millipore water or BG11 medium, depending on the growth of
the strain. During a cultivation period of at least 21 days, the pH, optical density (OD) at
750 nm and dry weight (dw) (2.3.1.5) of the culture was monitored, depending on the

characteristics of each strain.
2.3.1.3. Cultivation in Shake Flasks

Some strains showed slow or no growth in aerated 50 mL centrifuge tubes, thus they were
transferred to 50 or 100 mL shake flasks. In order to optimize their culturing conditions, two
light intensities (10 or 25 umol photons/s/m2), BG11 medium with and without nitrogen
source, and a shaking agitation of 50, 100, or 150 rpm was evaluated. Depending on the

characteristics of each strain, monitoring was performed as described in (2.3.1.5).
2.3.1.4. Cultivation in High-Density Cultivators

The cultivation in High-Density Cultivators (10 mL or 100 mL), CellDeg GmbH, Berlin, was

carried out according to the user manual. Varying light intensities (10 to 50 pmol
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photons/s/m2) were applied, depending on each strains properties and growth stage. BG11
medium with and without nitrogen source, and a shaking agitation of 50, 100, or 150 rpm was
evaluated. Depending on the characteristics of each strain, monitoring was performed as

described in (2.3.1.5).
2.3.1.5. Growth Monitoring

Monitoring of the cultivation was adjusted to each strain, depending on its morphology and
growth behaviour; e.g. Chroococcales growing in suspension were monitored by pH, optical
density (OD) and dry weight (dw), whereas Stigonematales were only monitored by pH and
evaluated via light microscopy (Axio Lab.Al, ZEISS, Germany). Therefore, samples were

taken every 2 - 7 days, depending on the growth behaviour of the strain.

The OD was determined at a wavelength of 750 nm (OD7s0) in semi-micro cuvettes with 1mL
filling volume using a Biomate 3S spectrometer (Thermo Fischer Scientific). BG11 medium
was set as blank value and samples with a high density (OD7s0> 0.8) were diluted with BG11

medium to 0.2 < 0D750<0.8.

In order to determine the dw biomass, 2 mL test tubes were dried at 80°C for at least 24 h.
After cooling down in a desiccator for 15 min the empty test tubes were weighed. For each
sample two test tubes were filled with 0.5 mL culture broth and centrifuged at 14,000 rpm
for 10 min. While the supernatant was discarded, the pellet was washed two times with

deionised (DI) water and dried at 80°C for at least 2 days before weighing.
2.3.1.6. Recovery of Biomass and Medium

After cultivation, 30 mL culture were centrifuged for 10 min at 4,500 rpm and 20 °C. The
supernatant was transferred to a 50 mL centrifuge tube for solid phase extraction and stored
at -20 °C for later processing. The pellet was washed carefully with 10 mL deionized water
and centrifuged again as described above. After discarding the supernatant, the washed pellet

was frozen, freeze-dried, and stored at -20 °C.

2.3.2. Preparation of Biomass Extracts

About 0.025 gto 6.5 g of freeze-dried biomass were resuspended in 2 to 100 mL of 50 % (v/v)
MeOH in H20. The samples were sonicated (Branson sonifier 250; Branson Ultraschall) twice
for 2 min (output control 5, duty cycle 50 %) and shaken overhead for at least 20 min. After

repeating the sonification and shaking overhead one more time, the samples were centrifuged
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for 20 min at 6000 rpm to 14000 rpm (depending on the tube) at 10 °C. The supernatant was
transferred into an adequate tube and dried by vacuum centrifugation (EZ-2 Elite; Genevac)

or rotary evaporation.

The remaining pellet was resuspended in another 2 to 100 mL of 50 % (v/v) MeOH in H;0,
and the extraction was repeated. The resulting supernatant was combined with the already
dried extract and dried again. The two extraction steps were repeated with 80 % (v/v) MeOH,
and all supernatants were combined, dried by vacuum centrifugation (EZ-2 Elite; Genevac) or
rotary evaporation until the MeOH was evaporated, freeze dried (Lyovac GT2, Oerlikon
Leybold Vacuum GmbH) and stored at -20 °C, while the extracted biomass pellet was

discarded. During the extraction process, the samples were kept cool on ice, when possible.
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2.4. Bioactivity Screening

A collection of 572 cyanobacteria extracts, provided by Cyano Biotech GmbH, Berlin,

Germany, was screened for inhibitory activity against rhodesain.

2.4.1. Rhodesain Inhibition Assay

The cyanobacteria extracts were analysed for their inhibitory activity against rhodesain by a
fluorimetric enzyme inhibition assay. The assay was based on the ability of rhodesain to
cleave the substrate benzyloxycarbonyl-phenylalanylarginine-4-methylcoumaryl-7-amide
(Z-Phe-Arg-AMC), resulting in the fluorescent product 7-amino-4-methylcoumarin. The

intensity of the fluorescence correlates with the activity of the enzyme.

The assay was performed in white 96 well plates (Lumitrac 600 white 96-well microplates,
Greiner Bio-One). Each sample was composed of 185 uL assay buffer (Table 7), 5uL
rhodesain solution (Table 6) (received from Prof. Dr. Tanja Schirmeister, Johannes
Gutenberg-Universitit Mainz Germany), 5 puL of DMSO as negative control or extract
dissolved in DMSO (40 mg/mL, concentration in assay: 0.1 mg/mL for biomass extracts,
0.2 mg/ml for medium extracts), and 5 pL substrate solution (400 uM in DMSO). Each sample

was measured as duplicate.

A Kinetic measurement over ten minutes in intervals of 30 s was performed with a Tecan
infinite M200 pro plate reader (Tecan Trading AG, Switzerland) (excitation wavelength:
380nm, emission wavelength: 460nm, ex. slit: 10 nm, em. slit: 20nm, temperature at about
25°C, manual gain: 40, Z-Position: 18400, number of flashes: 20) and analysed with the
associated software iControl (Tecan Trading AG).

The following buffers and solutions were used (Table 6; Table 7).

Table 6. Enzyme buffer composition.

Component Amount Molecular weight Concentration
[g] [g/mol] [mM]
Sodium acetate 41 82.03 50
EDTA 1.462 292.3 5
Sodium chloride 11.680 58.4 200
Dithiothreitol (DTT) 0.7725 154.3 5

Add to 1 L distilled water and adjust pH to 5.5 with 1 M acetic acid.
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Table 7. Assay buffer composition.

Component Amount Molecular weight Concentration
[g] [g/mol] [mM]
Sodium acetate 4.1 82.03 50
EDTA 1.462 292.3 5
Sodium chloride 11.680 58.4 200
Brij 35® 0.012 1199.54 0.01

Add to 1 L distilled water and adjust pH to 5.5 with 1 M acetic acid.

To calculate the increase of the intensity of the fluorescence, the slope of the regression line
was calculated taking the x-(time in sec) and y-values (fluorescence intensity) from 0-300 sec

into account.

_ =00 -y

b T(x — %)?

The slope was then multiplied by 60 to convert the unit to min-%. To calculate the inhibition,
the quotient of b(sample) and the control b(DMSO) was first multiplied by 100, and then
subtracted from 100.

o b sample
Inhibition [%] = 100 — (

b DMSO ) * 100

Measurements were performed in duplicates; the arithmetic mean of the inhibition values

were calculated to plot the charts of rhodesain inhibition.
2.4.1.1. Determination of the Inner Filter Effect

The correction factor of the hydrolysis rate (inner filter effect) was determined for varying
concentrations of the test compounds as described by Ludewig et al. (2010).195 First, the
hydrolysis rate for each inhibitor concentration (vrw(cinn)) was determined, followed by a
measurement of buffer, test compound, and 7-amino-4-methylcoumarin (AMC) without
enzyme and substrate, and a measurement of buffer and AMC without test compound,
enzyme, and substrate. The final concentration of AMC provided the same fluorescence

intensity at to = 0 as in the regular assay. The correction factor f. was calculated by:

F(camc)

fcorr(cinh) = F(Came + Con)
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with F as determined fluorescence at a certain AMC concentration camcand a certain inhibitor
concentration ci:r. The resulting correction factor was then applied to correct the regular

hydrolysis rate:

vcorr(cinh) = fcorr (Cinh) * vraw(cinh)

with v as uncorrected and v as corrected, regular hydrolysis rate at a certain

concentration of the inhibitor cjy.
2.4.1.2. Determination of ICso and K;

The ICs0 and K; values were calculated using Graph Pad PRISM 6 (Graph Pad Software, USA).

To determine the ICso, data were fit by non-linear regression to the following equation.

Ymax — Ymin

Y = Ymin t 1 + 10(x—logic50)

Where y is the observed fluorescence intensity and x the concentration of the test compound.
For determination of K; the data were fit by non-linear regression to the Mixed model enzyme
inhibition.

app 4

Vm ax

YT K™ x

With v as maximum enzyme velocity in the same units as y and K, (Michaelis-Menten
constant) in the same units as x, as the substrate concentration where half-maximum enzyme

velocity is achieved.

Where Kn%p and vmqP? were defined the following:

app _ Vmax_

Vmax T+1
ax*K;

With a expressing the affinity of the enzyme for the substrate, depending on inhibitor
concentration, and K; as is the inhibition constant, expressed in the same units as I, the

inhibitor concentration.
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2.4.2. Antimicrobial Activity

The antimicrobial activity of cyanobacterial raw extracts was evaluated as described in
section 2.4.2.1, while the antimicrobial activities of compounds isolated from the medium
extract M1153 were kindly determined by Jan Straetener (IMIT, University of Tiibingen) as

described in section 2.4.2.2.
2.4.2.1. Cyanobacterial Extracts

Cyanobacterial raw extracts were tested against Bacillus subtilis 168 and Escherichia coli K12
in 96 well microtiter plates (flat-bottom, clear, polystyrene, sterile; Greiner Bio-One),

reducing the required amount of extract compared to a standard agar diffusion assay.

The test strain was grown in 20 mL KM1 medium in a 100 mL Erlenmeyer flask, inoculated
with 40 pL cryo culture, at 37°C and 120 rpm. After 22 hours, the OD (578 nm) was measured
and adjusted to 0.1 with KM1 medium, followed by a further dilution step to an OD of 0.0025
(0.35 mL culture broth OD 0.1 + 13.65 mL KM1).

2.5 pL of cyanobacterial extract (40 mg/mL solved in DMSO) were transferred to a 96 well
microtiter plate and stored at -20°C. Once the test strain mixture (OD 0.0025) was prepared,
97.5 uL were added to each well containing extract. The microtiter plate was sealed (96-well
microplate lid, high profile (9 mm), sterile; Greiner Bio-One) to prevent evaporation and
incubated for 24 h at 37 °C and 100 rpm. As growth control, 2.5 pL. DMSO were mixed with
97.5 uL. test strain mixture, while 2.5 puL gentamicin solution (10 mg/mL in DMSO)
represented the positive control. To exclude contamination, 2.5 pL. DMSO mixed with 97.5 pL

sterile KM1 medium served as sterile control.

After 24 h, growth of the test strain in each well was assessed visually. By addition of 10 pL
resazurin solution (0.25 mg/mL resazurin, 9.07 mg/mL KH2P04 9.07, 3.48 mg/mL Na;HPO,,
pH 7.0), the viability of the test strain was assessed more accurately. While a blue colour
indicated no growth (positive control), pink colouring showed bacterial growth (growth

control).
2.4.2.2. Pure Compounds

The antimicrobial activity of selected pure compounds against Gram-negative bacteria was
evaluated by determination of their minimal inhibitory concentration (MIC). Serial twofold
dilutions of the test compounds from 100 pM to 0.05 pM in Mueller-Hinton broth were

prepared in 96-well microplates (round bottom, PS, Sarstedt). Each well contained 50 pL of
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test compound solution at twice the desired final concentration and was inoculated with
50 pL of bacterial suspension, yielding a final concentration of 5 x 105 CFU/mL in 100 pL end
volume. Microplates were incubated for 16-20 h at 37°C, and the MIC was defined as the

lowest concentration of test compound that inhibits visible bacterial growth.

2.4.3. Quorum Sensing Inhibition

The assays of selected cyanobacteria extracts for quorum sensing inhibition were kindly
performed by Tomasz Chilczuk, Department of Pharmaceutical Biology/Pharmacognosy,
Institute of Pharmacy, University of Halle-Wittenberg, Halle (Saale), Germany, according to
sections 2.4.3.1 to 2.4.3.4. All assays were performed in microtiter plates, containing 2.5 pL of

biomass extract (40 mg/mL in DMSO), stored at -20°C.
2.4.3.1. Violacein Production AssayB

An overnight culture of Chromobacterium violaceum CV026 was grown in LB medium in a 100
mL Erlenmeyer flask and shaken with 200 rpm at 27 °C. On the following day, the culture was
adjusted to ODego, and 1 mL of the diluted overnight culture, 1.25 mL of MOPS (1 M, Carl Roth
GmbH), 10 pL of a C6-HSL (100 ug/mL in DMSO) solution and 20 mL LB medium were mixed.
92 uL of the mixture was pipetted with a multichannel pipette (100 - 1200 pL) into each well
of a 96 well microtiter plate (flat-bottom, clear, polystyrene, Greiner Bio-One), which included
cyanobacteria extracts. The microtiter plate was sealed with a protective sheet (Plate Sealer,
80x150 mm, gas permeable; Greiner Bio-One) to prevent evaporation, and incubated for 24 h
at 27 °C. After incubation, the cell density was quantified by measuring the absorption at 600
nm with a microplate reader (Infinite M200, Tecan Trading AG) in order to estimate the cell
viability of C. violaceum CV026. As positive control, 2.5 pL of a coumarin solution (2 mg/mL
in DMSO, Merck KGaA), and as negative control, 2.5 pL. DMSO and 2.5 pL H»0, have been used.
The evaluation of the assay was performed by comparing the purple colorization caused by
violacein in a well with cyanobacteria extract with the colorization of the positive control
coumarin and the negative control DMSO. If a similar reduction in purple colorization and cell
density as in the positive control was observed, the extract causing the decrease of violacein
production was classified as QS inhibiting extract. An extract was defined as antibacterial if

no purple colorization and a lower cell density than the positive control was detected.

B Paragraph adapted from Chilczuk, Tomasz; Master thesis (2016); “Screening for quorum sensing
inhibitors from cyanobacteria”
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2.4.3.2. B-Galactosidase AssayB

An overnight culture of Staphylococcus aureus PC322 was grown in TSB medium. The culture
was shaken with 200 rpm at 37 °C in a 100 mL Erlenmeyer flask. On the next day, the culture
was adjusted to ODggo of 0.1 and 1 mL of the diluted culture, 2.5 puL erythromycin (40 mg/mL
in ethanol, Sigma-Aldrich), 200 pL X-Gal (40 mg/mL in DMSO) and 25 mL of TSA medium (»
45 °C, tryptone soya agar; Oxoid) were quickly mixed. 92 pL of the mixture was pipetted with
a multichannel pipette (100 - 1200 pL) into each well of a 96 well microtiter plate (flat-
bottom, clear, polystyrene, Greiner Bio-One) containing the cyanobacteria extracts. After
sealing the microtiter plate with a protective sheet, the plate was incubated for 24 h at 37 °C.
2.5 uL of a hamamelitannin solution (4 mg/mL in DMSO, Carl Roth GmbH) was used as
positive control. 2.5 pL of DMSO and 2.5 pL. H,0 served as negative controls. After the
incubation period, each well was checked for an activity of the extracts on the expression of
hla:lacZ. Extracts were classified as QS inhibiting, if they reduced the blue colour in the same
or similar amount as the positive control hamamelitannin. Due to the utilization of agar, no
quantification of the cell density has been possible. Extracts were defined as antibacterial, if

a clear well and no blue colorization in the microtiter plates could be detected.
2.4.3.3. Prodigiosin Production AssayB

An overnight culture of Serratia marcescens was grown in LB medium in a 100 mL Erlenmeyer
flask. The culture was shaken at 200 rpm at 30 °C. On the following day the culture was diluted
with LB to ODgoo of 0.1 and 92 pL of the diluted culture was quickly pipetted with a
multichannel pipette (100 - 1200 pL) into each well of a 96 well microtiter plate (flat-bottom,
clear, polystyrene, Greiner Bio-One) containing all cyanobacteria extracts. A protective sheet
was used to close the microtiter plate. Afterwards the plate was incubated for 24 h at 30 °C.
On the following day, each well was checked for prodigiosin production inhibition. 2.5 pL of a
coumarin solution (12 mg/mL in DMSO) served as positive control, while 2.5 p. DMSO and
2.5 uL. H20 were used as negative controls. The evaluation was performed by comparing the
red colour of each well with the colorization of the positive control and the DMSO control.
Extracts that showed a similar reduction of the prodigiosin production as the positive control
were classified as QS inhibiting extracts. The classification QS enhancing extract was given to
extracts that enhanced the prodigiosin production in S. marcescens more than the negative

control DMSO. If a culture showed a clear well, the extract was classified as antibacterial.

B Paragraph adapted from Chilczuk, Tomasz; Master thesis (2016); “Screening for quorum sensing
inhibitors from cyanobacteria”
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2.4.3.4. Bioluminescence Assay®

Vibrio harveyi DSMZ6904 was grown in MB medium overnight in a 100 ml Erlenmeyer flask.
The culture was shaken with 200 rpm at 27 °C. On the following day, the overnight culture
was diluted to ODgoo of 0.1. The diluted culture was pipetted with a multichannel pipette (100
- 1200 pL) into 96 well microtiter plates (flat-bottom, white, polystyrene, Nunc) containing
the cyanobacteria extracts. Each well was filled with 92 pL of diluted culture. The microtiter
plate was closed with a clear lid and incubated at 27 °C. Additionally, the microtiter plate was
covered with a gas-permeable sheet (pore size 10-50 um, 0.14 mm thick, rayon fibers coated
with acrylate adhesive, Greiner Bio-One) to reduce evaporation. Bioluminescence was
measured with a microplate reader (Infinite M200, Tecan Trading AG). Before each
measurement, the microtiter plate was shaken for 20 s. For a kinetic measurement, the
microtiter plate was incubated for 24 h and the bioluminescence was measured each hour.
Since preliminary test showed that V. harveyi exhibits a maximum bioluminescence
production during an incubation time of 4 - 7 h, endpoint measurements of the
bioluminescence were done after 5 h of incubation. After the incubation period the culture
was transferred to an empty microtiter plate (flat-bottom, clear, Greiner Bio-One) to measure
the cell density at 600 nm. For this assay, no positive control is available. As negative control,
2.5 pL. DMSO and 2.5 pL H20 were used. The DMSO control had a reducing effect on the cell
density, while increasing the bioluminescence of V. harveyi. The data obtained in the
bioluminescence assay are presented as bioluminescence intensity (BI), which was calculated

using the following formula:

Bl = 100 X (RBExtract)
RBpmso

RBpmso or RBexract is the relative bioluminescence of the negative control DMSO or the extract
calculated as the ratio between the relative light units (RLU) and the cell density. All extracts
that showed at least a 95 % decrease in bioluminescence intensity and had a higher cell
density than the negative control were defined as QS inhibiting extracts. Cyanobacteria
extracts showing at least a 2-fold increase in bioluminescence of V. harveyi and a higher cell
density than the negative control were classified as QS enhancing extracts. Furthermore,
extracts were defined as antibacterial, if a lower cell density and bioluminescence than the

negative control were detected.

B Paragraph adapted from Chilczuk, Tomasz; Master thesis (2016); “Screening for quorum sensing
inhibitors from cyanobacteria”
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2.5.Chemical Screening

The cyanobacterial extracts were chemically characterized by analytical HPLC with a diode
array detector (DAD) and an evaporative light scattering detector (ELSD), and by HPLC-MS to

identify and dereplicate already known compounds prior to the isolation process.

2.5.1. Mass Spectrometry, Tandem Mass Spectrometry and High-Resolution

Electrospray lonisation Mass Spectrometry

LC-MS and MS/MS experiments were performed with an ion trap mass spectrometer (6330
lontrap LC/MS, Agilent Technologies) and a chromatography system (Agilent 1200, Agilent
Technologies) equipped with a C18 column (Nucleosil 100 €18, 100 x 2 mm, Dr. Maisch
GmbH). Water + 0.1 % formic acid (FA) (solvent A) and acetonitrile (MeCN) + 0.06 % FA
(solvent B), were used as mobile phase (flow rate 0.4 mL/min, linear gradient of 10-100 %
solvent B in 17 min) at 40°C. The sample was ionized by electrospray ionization in positive
and negative mode. The following general settings were applied: capillary voltage, -3500 V;
drying gas flow, 12.0 L/min; drying gas temperature, 350 °C; nebulizing gas pressure, 40 psi.
Helium was used as collision gas. MS/MS spectra were generated using the auto MS/MS
acquisition mode. Data was analyzed with DataAnlaysis (Version 3.4, Bruker Daltonics
GmbH). High-resolution electrospray ionization mass spectrometry (HRESIMS) data were
acquired on 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).
The following parameters were used for the data acquisition: pos. mode, ESI spray voltage 3.5

kV, scan range 150 - 2000 m/z.

2.6.Dereplication of Isolated Compounds

Once bioactivity and chemical screening were completed, the HPLC-MS data of interesting
extracts was used for dereplication of known compounds applying the Dictionary of Natural
Products (DNP) (CRC Press). The chemical profile was used to find corresponding natural

compounds, isolated from cyanobacteria, in the DNP.

2.7.Bioactivity-Guided Isolation

Upon bioactivity testing and chemical characterization, the most promising extracts were
subjected to flash-chromatography or time-based fractionation by semi-preparative HPLC,

depending on the complexity of the raw extract. Fractionation was followed by further
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bioactivity testing, to identify bioactive fractions for the subsequent isolation process of the

compounds.

2.7.1. Fractionation with Flash-Chromatography

Cyanobacterial biomass extracts were fractionated with flash- chromatography, prior to
semi-preparative HPLC. The raw extracts were resuspended in 50 %, 80 % or 100 % MeOH
or MeCN in H;O (v/v), centrifuged at 10,000 rpm for 10 min, and injected into a flash-
chromatography system (Low flow LC system PrepChrom C-700, BUCHI, Switzerland or
Varian, Palo Alto, California, USA) equipped with a reverse phase C18 cartridge (Sepacore
Flash cartridge, 12 g, BUCHI, or Chromabond C18, 16,4 g, Macherey-Nagel). The mobile phase
consisted of water + 0.1 % FA (solvent A) and MeOH or MeCN + 0.1 % FA (solvent B).
Chromatography was performed with a flow rate of 20 mL/min, while run time and gradient
were adjusted individually for each extract. The obtained fractions were analyzed for their

inhibitory activity against rhodesain according to section 2.4.1.

2.7.2. Time-based Fractionation with HPLC

To perform a time- and bioactivity based fractionation, dried fractions derived from flash-
chromatography (2.7.1) or raw extracts were prepared for HPLC by reconstitution in 100 %
MeOH or MeCN, and centrifation for 5 min at 13000 rpm. The supernatant was transferred to
a HPLC vial. Bioactivity-guided fractionation was performed using a HPLC system (Agilent
1260 Infinity, Agilent Technologies) equipped with a C18 column (250 x 4.6 mm, 5 pm, 100
A, Luna C18, Phenomenex) at 25 °C and an injection volume of 10-15 pL. In order to achieve
best possible separation of the target compounds, an optimized gradient was applied,
depending on the character of the extract. The fractions were collected time-based every 30
to 60 s, in 96-deep well plates or glass tubes, with a flow rate of 0.95 mL/min, and dried using
a vacuum centrifuge (GeneVac EZ-2 Elite, Genevac Ltd). Afterwards, fractions were solved in
50 pL. DMSO and tested for inhibitory activity against rhodesain (see 2.4.1). HPLC data were
analyzed using Agilent Chemstation (Version B.04.03, Agilent Technologies).

2.7.3. Isolation of Bioactive Compounds

In order to isolate bioactive compounds, either medium extracts or fractions resulting from
flash-chromatography or semi-preparative HPLC were subjected to further purification by
semi-preparative or preparative HPLC. The resulting purified compounds were analyzed by

analytical HPLC-DAD, LC-MS, MS/MS, and HRESIMS experiments (see 2.5.1).
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2.7.3.1. Semi-Preparative HPLC

Semi-preparative HPLC was conducted on an UltiMate 3000 HPLC system (Thermo Fisher
Scientific) or an Agilent 1260 Infinity (Agilent Technologies) equipped with a C18, PFP, or PH
column (250 x 10 mm, 5 um, 100 A, Luna C18, Phenomenex), depending on the chemical
properties of the target molecules. Conditions (flowrate, temperature, run time) were
optimized to achieve the best separation of the target compounds. The active fractions or raw
extracts were resuspended in 100 % MeOH or MeCN, and centrifuged for 5 min at 13000 rpm.
The supernatant was transferred to a conical HPLC vial, and 10 to 20 pL were injected to the
HPLC system. Fractions were collected time-based or peak-based in 96-well deep well plates,
glass tubes or round bottom flasks, and dried using a vacuum centrifuge (GeneVac EZ-2 Elite,
Genevac Ltd.) or arotary evaporator. Data were analyzed using Agilent Chemstation (Version

B.04.03, Agilent Technologies) and Chromeleon 7 (Version 6.8., Thermo Fisher Scientific).
2.7.3.2. Preparative HPLC

Preparative HPLC was performed on a Preparative LC System La Prep, module P110 and P314
(VWR international), equipped with a C18 column (Reprosil-Pur Basic C18, 250x20 mm, Dr.
Maisch GmbH). The run was performed with detection wavelength of 230 and 280 nm, a
flowrate of 24 mL/min and an optimized gradient of MeCN in H,O over 25 min. The target

fractions were collected manually.

2.8.NMR Analysis and Structure Elucidation of Isolated Compounds

In order to elucidate the structure of unknown compounds, nuclear magnetic resonance
(NMR) spectroscopy and high-resolution tandem mass spectrometry (HRMS/MS) were used.
For the NMR experiments, pure compounds were dissolved in 0.6 mL ds-DMSO. Spectra were
recorded with a Bruker Avance-II spectrometer operating at 600 MHz (1H) or 150 MHz (13C),
on an Agilent DD2 spectrometer equipped with a OneNMR probe operating at 400 Mhz (1H)
or on a Varian/Agilent VNMRS spectrometer operating at 600 MHz (1H). Chemical shifts were
referenced to the residual protonated solvent signals of ds-DMSO (8u= 2.49 ppm, 6¢=39.5
ppm). All NMR data were analysed by Steffen Breinlinger (Department of Pharmaceutical
Biology/Pharmacognosy, Institute of Pharmacy, University of Halle-Wittenberg, Germany)
using ACD Structure Elucidator 2017.2.
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2.9. Quantification by Evaporative Light Scattering Detection (ELSD)

The concentration of test compound solutions for bioactivity assays were quantified using
HPLC coupled with an evaporative light scattering detector (ELSD) (Sedex 85, Sedere,
France). Based on the method described by Adnani et al.,1%¢ a calibration curve for quercetin
(>99%, Carl Roth) was determined, injecting 0.5 to 50 pL of a 20 ng/pL solution in 90% MeCN
in H20. Solutions were injected in triplicate on a C18 column (100 x 3.1 mm, 5 pm, 100 A,
Kinetex, Phenomenex), eluted with 90% MeCN in H;0 (0.1% formic acid each) (0.85 mL/min)
over 2.5 min, and directly conducted to the ELSD. ELSD response areas were averaged and
log(ELSD response area) was plotted against log(amount) to generate a linear calibration

curve (Figure 12).
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Figure 12. Quercetin calibration curve, determined after Adnani et al. (2012).192 [njecting 0.5 to
50 pL of a 20 ng/pL solution in 90% MeCN in H20.

Solutions of compounds 1 to 5 in 90% MeCN were injected in triplicate, applying the
described conditions. ELSD response areas were averaged, and the corresponding amount of

compound was calculated applying the quercetin calibration curve.
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3. Results and Discussion

As described above, the work within this PhD project can be separated into two parts. Within
the first part, a cyanobacteria strain and extract collection was established and screened for

rhodesain inhibition, antimicrobial activity and quorum sensing (QS) inhibition.

The focus of the second part was set on a bioactivity guided screening of 572 cyanobacteria
extracts (kindly provided by Cyano Biotech GmbH, Berlin) against the trypanosomal cysteine
protease rhodesain. Trang Nguyen contributed to some of these results in the context of her

master thesis (2017).

3.1. Establishing a Cyanobacteria Strain Collection

3.1.1. Sampling in Germany

In July 2015, various small ponds in the botanical garden of Tiibingen, Germany
(48°32'20.3"N 9°02'10.8"E), were sampled. The environmental samples were treated as
described in section 2.2.2, and grown as enrichment cultures for 18 days followed by
streaking across BG-11 agar plates. Additionally, a soil sample from Berlin, Germany
(52°36'39.0"N 13°25'47.4"E), and a sample from a biofilm taken from an aquarium situated
on the 9t floor, Auf der Morgenstelle 28, Tiibingen, Germany (48°32'10.1"N 9°02'10.9"E),

were processed as described in section 2.2.2.

In late August 2015, mud, water and plants from a spring close to the Gonninger Seen,
Reutlingen, Germany, were sampled and grown for about 4 months in low concentrated BG-
11 medium (20 % with and without nitrogen). In September 2015, biofilms from the tropical
conservatory in the botanic garden, Tiibingen, Germany, were sampled, grown in BG-11
medium (100 % with and without nitrogen), and streaked across BG-11 agar plates (100 %
with nitrogen). In June 2016, a biofilm from a mushroom growing in a spruce forest
(51°31'03.5"N 7°48'59.9"E) was sampled and streaked across BG-11 agar plates (100% with
and without nitrogen). In July 2016, additional samples were taken from the Génninger Seen,
Reutlingen, Germany (48°25'37.8"N 9°10'43.1"E), and grown in BG-11 medium (100 % with
and without nitrogen). In February 2017, eight environmental samples from Austria, the
Swabian Alps and the Black Forest regions, on BG-11 agar plates or in BG-11 medium, were
obtained from Julia Kleinteich, Environmental Systems Analysis, University Tiibingen (see
Appendix). Out of the environmental samples taken in Germany and Austria, 55

cyanobacteria strains were isolated (Table 8).
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All sucessfully isolated strains are summarized in Table A 1 in the appendix, including further

information like sampling site and technique.

Table 8. Cyanobacteria strains isolated from samples taken in Germany.

Section No. of strains Share [%]
I Chroococcales 17 30.9
I1 Pleurocapsales 0 -
III  Oscillatoriales 36 65.5
IV Nostocales 2 3.6
\Y Stigonematales 0 -
Total 55 100

It is noticeable that 65.5% of the cyanobacteria strains belong to section III (Oscillatoriales),
30.9% to section I (Chroococcales) and solely 3.6% to section IV (Nostocales). No
cyanobacteria of section Il (Pleurocapsales), nor section V (Stigonematales) were isolated.
Presumably the applied sampling and isolation techniques favored the growth of section [ and

I11, leading to biased results.
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3.1.2. Sampling in Indonesia

In Indonesia, the sampling procedure was slightly modified. Following the advice of our
Indonesian cooperation partners, a cotton stick instead of a loop was used for the sampling
of biofilms. The cotton stick was kept inside a 15 mL conical centrifugation tube filled with
5 mL BG11 medium, with (BG11+N) and without nitrogen (BG11-N), leading to small colonies
entangled inside the threads, which could be easily picked with a pipette. In addition, each
sample was directly streaked across BG11l agarose plates with (BG11+N) and without
nitrogen (BG11-N), directly in the field. In total 25 sampling sites were probed with varying
sampling techniques, resulting in 72 samples from which 92 unialgal strains could be isolated.
All sucessfully isolated strains are summarized in Table A 2, including further information

like sampling site and technique.

3.1.3. Exemplary Isolation Procedure

Due to the high number of samples and isolated strains, solely an exemplary isolation
procedure will be descriped in detail. From a waterfall in the Halimun Mountain National
Park, Cikaniki, West Java, Indonesia (6°44'76.6"S 106°32'39.6"E), samples from two biofilms
(A, B) and water (filtrate, 25 um plancton net) were collected. Each sample was treated as
described in section 2.2.2. The strain morphology and observations of cultures were made
according to the procedure described in section 2.2.4. Figure 13 summarizes which sampling

method resulted in the isolation of which strains.
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Figure 13. Overview of 3 different samples taken at a water fall (National Park Halimun
Mountain, Cikaniki, West Java) and the thereof isolated cyanobacteria strains. BG11+N: BG11
medium with nitrogen source; BG11-N: BG11 medium without nitrogen source; liquid: 15 mL conical
centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.

From Biofilm A two strains could be isolated with BG11+N (Figure 14; Figure 13). The strain
An-Al012.1 (Figure 14 A), belonging to section I, Chroococales, could be isolated from a

sample collected with a cotton stick and transferred directly into 5 mL BG11+N medium

44



y ‘ f Sy ) - Fie '\ 3
AR At U G U el , VY "

Figure 14. A. An-Al012.1 (Chroococcales) B. An-Al014.1 (Oscillatoriales); Cyanobacteria strains

isolated from Biofilm A, water fall (National Park Halimun Mountain, Cikaniki, West Java).
BG11+N; liquid: 15 mL conical centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose
plate.

. | 3
Figure 15. C. An-Al013.1.1 (Stigonematales) D. An-Al015.0 (Nostocales) E. An-Al013.1.2
(Oscillatoriales) F. An-Al015.1 (Nostocales); Cyanobacteria strains isolated from Biofilm A,
water fall (National Park Halimun Mountain, Cikaniki, West Java). BG11-N; liquid: 15 mL conical
centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.

(liquid). From a sample collected with a sterile cotton stick and directly streaked on a BG11
agarose plate (solid) An-Al014.1 (Figure 14 B), belonging to section IlI, Oscillatoriales, was
isolated. From both samples transferred to either liquid or solid BG11-N medium in total four

heterocystous cyanobacteria strains were isolated: An-Al013.1.1 (Figure 15 C), belonging to
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Figure 17. A. An-Al016.1.1 (Chroococcales) B. An-Al018.1.1 (Oscillatoriales) C. An-Al016.1.2.1
(Chroococcales) D. An-Al016.1.3 (Oscillatoriales) Cyanobacteria strains isolated from Biofilm
B, water fall (National Park Halimun Mountain, Cikaniki, West Java). BG11+N; liquid: 15 mL
conical centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.

fall (National Park Halimun Mountain, Cikaniki, West Java). BG11-N; liquid: 15 mL conical
centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.

section V, Stigonematales and An-Al015.0 (Figure 15 D) and An-Al015.1 (Figure 15 F),
belonging to section IV, Nostocales. The strain An-Al013.1.2 (Figure 15 E), section III,
Oscillatoriales, was as well isolated from BG11-N liquid medium. The sampling of Biofilm B

resulted in
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the isolation of two strains belonging to section I, Chroococales (An-Al016.1.1 and An-
Al016.1.2, Figure 17 A and C) and one strain belonging to section IlII, Oscillatoriales (An-
Al016.1.3) from BG11+N liquid medium (Figure 17 D). From the sample transferred to
BG11+N solid medium one Oscillatoriales strain (An-Al018.1.1) was isolated (Figure 17 B).

The heterocystous strain An-A1019.0, section V, Stigonematales, was isolated from the sample

Figure 18. A. An-Al034.1 (Nostocales) B. An-Al032 (Chroococcales) Cyanobacteria strains
isolated from water, water fall (National Park Halimun Mountain, Cikaniki, West Java).
BG11+N; liquid: 15 mL conical centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose
plate.

directly streaked on a BG11-N agarose plate (Figure 16 E). Close to the sampling sites of the
two biofilms, a water sample was filtrated with a 25 pm plancton net and treated as previously

descriped.

From BG11+N (liquid) An-Al034.1 (section IV, Nostocales) and BG11+N (solid) An-Al032
(section I, Chroococales) could be isolated (Figure 18). From the liquid culture with BG11-N
An-Al035.1 (section IV, Nostocales) and An-Al035.2 (section IlI, Oscillatoriales) were isolated
(Figure 19). In contrast to biofilm A and B, a heterocystous strain was isolated from medium

with a nitrogen source. Nevertheless, in this examplary sampling procedure most strains,

isolated from water, water fall (National Park Halimun Mountain, Cikaniki, West Java). BG11-
N; liquid: 15 mL conical centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.
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belonging to Stigonematales or Nostocales, were isolated from samples spread on BG11 solid

medium without nitrogen (BG11-N) or incubated in BG11 without nitrogen (BG11-N).

The 92 unialgal strains isolated from Indonesian samples are summarized in Table 9.
Comparing the percentage share of section I to V of the strains isolated in Indonesia to those
isolated in Germany (Table 8), its conspicous, that no Stigonematales were isolated from
German sampling sites, while 9 from 92 Indonesian strains (9.8 %) belong to this section.
Additionally, only 3.6 % of the cyanobacteria strains isolated from samples taken in Germany
belong to Nostocales, but 34.8 % of the strains isolated from Indonesian samples. This bias

might be explained by different sampling and isolation techniques.

Table 9. Cyanobacteria strains isolated within the Project ANoBIn.

Section No. of strains Share [%]
I Chroococcales 16 17.4
I Pleurocapsales 0 -
[II  Oscillatoriales 35 38.0
IV Nostocales 32 34.8
V  Stigonematales 9 9.8
Total 92 100

Nostocales and Stigonematales belong to the heterocystous cyanobacteria, which are capable
of N; fixation. When no combined nitrogen is available, 5-10 % of their vegetative cells
differentiate into heterocysts. These spezialized cells offer the perfect environment for the
enzyme catalysing the N; fixation, called nitrogenase.2” Thus, heterocystous cyanobacteria are

in advantage when no combined nitrogen is available.

Most strains belonging to Stigonematales or Nostocales were isolated from Indonesian
samples spread on BG11 solid medium without nitrogen (BG11-N) or incubated in BG11
without nitrogen source (BG11-N). As the German samples were largely processed on BG11
medium including a nitrogen source (BG11+N), heterocystous cyanobacteria within the

environmental sample might have been outpaced by non-heterocystous strains.

In addition to the environmental samples taken in Mount Halimun National Park on Java,
Indonesia, we received about 46 freshwater and marine cyanobacteria strains from our
cooperation partner Dr. Dwi Susilaningsih, Indonesian Institute of Science (LIPI). Those
strains were obtained in different medium than BG11, namely in AF6 and IMK medium and

in some cases prepared with water taken from the isolates source. Thus, the strains had to be
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adapted to BG11 medium with varying nutrient and salt concentrations. Due to some
difficulties based on unknown medium ingredients, only 40 of the received strains could be

retained (Table 10).

Table 10. Cyanobacteria strains obtained from Dwi Susilaningsih within
the Project ANoBIn.

Section No. of strains Share [%]
| Chroococcales 17 42.5
I Pleurocapsales 0 -
[II  Oscillatoriales 18 45
IV Nostocales 1 2.5
V  Stigonematales 3 7.5
Total 40 100

No Pleurocapsales could be obtained, neither from German nor Indonesian samples, which
corresponds to the assertion of Komadrek et al,, that strains of this order are very difficult to
transfer in pure culture. 2! This is why Pleurocapsales is regarded as the least studied order

within the canobacteria, and sequence data is rare. 107.108
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3.2.Screening of the Cyanobacteria Extract Collection

In order to isolate and identify new anti-infective compounds from cyanobacteria, selected
strains were cultivated (see 2.3) in order to generate biomass extracts for subsequent
bioactivity testing. Besides the rhodesain inhibiting activity, antimicrobial activity (Bacillus
subtilis 168, Staphylococcus aureus K12) and quorum sensing inhibition (Vibrio harveyi

DSMZ6904, Chromobacterium violaceum CV026, Staphylococcus aureus PC322 (hla:lacZ,

Eryr)) were evaluated for about 60 cyanobacteria biomass extracts.

From 52 cyanobacteria biomass extracts tested for rhodesain inhibiting activity (see section

3.2.1. Screening for Rhodesain Inhibitory Activity

2.4.1), only 6 showed an inhibition higher than 50% (Figure 20).
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Figure 20. Rhodesain inhibiting activity of cyanobacteria biomass extracts. Assay performed as
described in section 2.4.1; 5 pL extract (40 mg/mL) in DMSO (final extract concentration 0.1 mg/mL).

Table 11. Cyanobacteria biomass extracts with more than 50% inhibition

against rhodesain at 0.1 mg/mL.

Extracts tested

> 50% inhibition

Section No. of strains [%] No. of strains [%]
Chroococcales (I) 13 25.0 2 15.4
Oscillatoriales (11I) 27 51.9 2 7.4
Nostocales (IV) 8 15.4 1 12.5
Stigonematales (V) 4 7.7 1 25.0
Total 52 100 6
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Of these six strains, AnoTii20 (55 * 2% inhibition) and DWI33 (51 + 6 %) belong to
Chroococcales (I), AnoTii27 (53 = 3%) and An-Al115 (71 + 0%) to Oscillatoriales (III), An-
Al114 (59+ 4%) to Nostocales (IV) and An-Al000 (54 + 1%) to Stigonematales (V) (Table 11).
Thus, of the tested strains 15.4% of the order Chroococcales, 7.4% of Oscillatoriales, 15% of

Nostocales and 25% of Stigonematales revealed inhibition of more than 50%.

3.2.2. Screening for Antimicrobial Activity

From 60 screened cyanobacteria biomass extracts (final concentration 0.1 mg/mL) only
seven exhibited antimicrobial activity against B. subtilis, and from those extracts only four

showed additional activity against S. aureus.

Table 12. Cyanobacteria biomass extracts with antimicrobial activity against the
Gram-positive bacteria B. subtilis and S. aureus.

B. subtilis and

B. subtilis

Section S. aureus

No. of [%] No. of %] No. of %]

strains 0 strains 0 strains 0
Chroococcales (I) 16 26.7 1 6.3 2 12.5
Oscillatoriales (III) 27 45.0 2 7.4 4 14.8
Nostocales (1V) 11 18.3 0 0.0 0 0.0
Stigonematales (V) 6 10.0 1 16.7 1 16.7
Total 60 100 4 7

Thereof, some extracts were active against both Gram-positive bacteria: One (6.3%)
belonging to the Chroococcales (AnoTii 41), three (7.4%) to the Oscillatoriales (AnoTii10, An-
Al075 and An-Al078), and one (16.7%) belonging to the Stigonematales (An-Al061.1). While
one Chroococcales (An-Al072.2.1) and two Oscillatoriales (An-Al054.1 and AnoTiil8)

extracts were solely active against B. subtilis.

3.2.3. Screening for Quorum Sensing Activity

56 cyanobacteria extracts were tested for quorum sensing activity with the three monitor
strains V. harveyi, C. violaceum, and S. aureus (see section 2.4.3). A primary screening with the
indicator strain V. harveyi revealed at least 95% inhibition of bioluminescence intensity for
19 extracts (share of total: 349%). Seven extracts (12.5%) inhibited the violacein production

of C. violaceum, while 14 extracts (4%) enhanced it.
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Table 13. Cyanobacteria biomass extracts showing either quorum sensing inhibition (QI),
quorum sensing enhancement (QSE) or antibacterial activity (AB) against the monitor strains
V. harveyi, C. violaceum, and S. aureus.

V. harveyi C. violaceum S. aureus
section QSI Qsl QSE QSI QSI/AB

no. Of 0, 0 0, 0, 0 0

strains [%] qty [%] aty [%] aty [%] qty [%] qty [%]
Chroococcales (1) 14 25.0 4 286 4 286 3 214 4 286 1 71
Oscillatoriales (I11) 27 48.2 9 333 2 74 7 259 8 296 4 148
Nostocales (IV) 10 17.9 3 300 1 100 O 00 3 300 O 0.0
Stigonematales (V) 5 8.9 3 600 0 00 4 8.0 0 00 1 200
total 56 100.0 19 7 14 15 6

qyt = quantity

Table 14. Cyanobacteria biomass extracts with quorum sensing inhibition (QI), quorum sensing
enhancement (QSE) or antibacterial activity (AB) against V. harveyi, C. violaceum, and S. aureus.

Quorum Sensing Antibacterial
Extract Section

V. harveyi C. violaceum S. aureus B. subtilis
AnoTi10 111 QSI/AB AB AB
AnoTiil5 11 QSE QSI AB
AnoTiil8 1l QSE QSI AB AB
AnoTii20 I QSI QSE QSI AB
AnoTu27 I QsI QsI
AnoTi41 I QSI AB AB AB AB
AnoTui47 v QsI
An-Al078 11 AB QSI/AB AB AB
An-Al081 111 QSI QSE
An-Al095 I QSI QSI AB
An-Al097 1l QSI QSE
An-Al110 1l QSE QsI AB
An-Al000 \' QSI QSE
An-Al039 111 QSI QSI
An-Al054.1 111 QSI AB AB
2{1(;59.1.1 v Qs AB
2?(;59.1.2 v &l QG
An-Al061.1 \Y QSE AB AB AB AB
2?072.2.1 : AB AB
DWI12 I QSI QSI
DWI41 I11 QSE QSI/AB QSI
DWI42 I QSI QSE
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Screening with the indicator strain S. aureus PC322 showed a decreased lacZ activity,
indicating QS inhibition, in case of 15 extracts (26.8%). Additionally, six extracts (10.7%)
showed antibacterial activity and QS inhibition. Interestingly, 60% of the tested
Stigonematales showed QS inhibition against the indicator strain V. harveyi and even 80% of
Stigonematales showed QS enhancing activit against C. violaceum, but no QS inhibition. Table

13 summarizes the affiliation of the active extracts.

Strains showing bioactivity in more than one primary screening are listed in Table 14. Here,
five (35.7%) of the extracts belonged to the Chroococcales, 12 (44.4%) to Oscillatoriales,
three (30.0%) belonged to Nostocales and two (40.0%) were assigned to Stigonematales.
These results match findings in literature, as most known cyanobacterial QS inhibitors were
isolated from the order Oscillatoriales, like lyngbyoic acid and malyngolide from L. majuscula,

and tumonoic acids, isolated from Blennothrix cantharidosum.109-111

3.2.4. Best-Hit Extracts: Taxonomic Description and Chemical Profiling

All strains revealing QS inhibition, antimicrobial activity or rhodesain inhibition, are listed in
Table 15. The chemical profile of each strain was evaluated by HPLC-MS. Bioactivity data of
all tested extracts, is presented in Table A 4.

Table 15. Best-hit extracts showing either quorum sensing inhibition (QI), quorum sensing

enhancement (QSE) or antibacterial activity (AB) against V. harveyi, C. violaceum, S. aureus and
B. subtilis, or rhodesain inhibiting activity.

. . . Rhodesain

bvtract Section . QuorurCn Sensing . Antibacterial Inhibition [%]
harv.eyi violac.eum marce.scens S aureus B. subtilis SD

AnoTi10 I QSI/AB AB AB N/A N/A
AnoTil1l M1 QSI 35.9 1.7
AnoTii18 11 QSE QSI AB AB 20.8 1.0
AnoTii20 \ QSI QSE QSI AB 54.9 1.9
AnoTu27 I1I QSI QSI 53.1 2.9
AnoTi41 [ QSI AB AB AB AB 11.1 6.0
An-Al078 11 AB QSI/AB AB AB 17.2 0.7
An-Al095 \ QSI QSI AB 40.4 3.8
An-Al110 I1I QSE QSI AB 36.5 2.0
An-Al114 v 58.5 4.2
An-Al115 11 QSI 71.4 0.2
An-Al000 \' QSI QSE 54.0 1.3
An-Al059.1.2 v QSI QSI 24.3 1.6
An-Al061.1 v QSE QSI? AB AB AB AB 29.5 1.0
DWI33 I QSE 51.3 6.4
DWI41 I QSE QSI/AB  QSI 334 5.8
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3.2.4.1. AnoTi10: Origin and Morphological Characterization

The cyanobacterium strain AnoTii10 was isolated from a freshwater pond in the Botanical
Garden in Tibingen (48°32'20.3"N 9°02'10.8"E). The water sample was treated as described
in section 2.2.3.2 (II) and the strains was isolated by phototaxis (see section 2.2.3.3). The
strain morphology and observations of cultures were made according to the procedure

described in section 2.2.4.
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Figure 21. A. Cytomorphological characteristics of the present revised genera Oscillatoriaceae
after polyphasic evaluation; B. Main morphological markers of Oscillatoriaceae. 3°

Thallus macroscopic visible, smooth, layered mats, mostly attached to the substrate,
sometimes forming free floating tufts. Trichomes cylindrical, solitary but mostly in clusters,
straight or slightly coiled, motile. Without common firm sheaths, but enveloped by wide,
colourless, unlamellated, diffluent slime. Trichomes are simple, uniseriate, sometimes
heteropolar, not or only slightly constricted at cross-walls, 7-9 um wide, not attenuated or
widened towards ends. Cells are shorter than wide, yellow-green, sometimes with dispersed
granules. Terminal cells are rounded after trichome division. Mature trichomes show a
thickened outer cell wall at the distal end of the terminal cell (calyptra). Hormogonia separate

by help of necridic cells. No false nor true branching observed.

54



Due to the described morphological features (Figure 22), the strain AnoTii10 was classified
as section III (Oscillatoriales), order Oscillatoriales, family Phormidiaceae, subfamily
Phormidiodeae, genus Phormidium, and group VIII.21112113 The species could not be
determined by taxonomic criteria. It is noted that this group probably needs revision and

belongs to the family Oscillatoriaceae.113

Figure 22. Morphological characteristics of AnoTii10. A. Growth of filaments and
production of hormogonia (h); B. overview and C. section: mature trichomes with necrotic cells
(nc) and calyptra (cal), width (8 um) and length (1-2 uM) of common cells.
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3.2.4.2. AnoTii10: Chemical Profile

The biomass extract AnoTii10 exhibited antibacterial activity against S. aureus and B. subtilis.
Its HPLC-UV chromatogram shows only one prominent peak between 10.3 and 10.9 min
(Figure 23). In the total ion chromatogram (TIC) in positive and negative mode, two

compounds with similar retention times can be observed.
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Figure 23. Chromatogram of compound AnoTii10 biomass extract. TIC pos. mode (blue), neg.
mode (green); HPLC-UV chromatogram (black).

The mass spectra of the compound AnoTii10-A eluting at 10.3 min show a [M+H]* ion at m/z
843.4 and a [M-H]- ion at m/z 845.5, hinting a molecular mass of 844.5 Da for AnoTii-A. At
10.7 min the mass spectra show a [M+H]* ion at m/z 859.5 and a [M-H]- ion at m/z 857.4

indicating a molecular mass of 858.4 Da for AnoTii-B. Regarding the similar retention time
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Figure 24. Mass spectra of compound A and B from AnoTii10 biomass extract. Pos.
mode (left), neg. mode (right).
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and molecular mass, the two compounds might be structurally related. The difference of
14 Da indocates an additional methyl group at AnoTii-B. No cyanobacteria-derived
compound with a corresponding mass could be found in the DNP for AnoTii10-A nor
AnoTii10-B. Thus further investigation of this extract might lead to the isolation of two novel

compounds with antibacterial activity.
3.2.4.3. AnoTi20: Origin and Morphological Characterization

The unicellular cyanobacteria strain AnoTti20 was isolated from a fresh water aquarium at
the Eberhard Karls University Tiibingen (48°32'10.1"N 9°02'10.9"E). The sampled biofilm
was enriched in BG11 medium followed by the streak plate method as described in 2.2.3.4.

Characterization of the morphology was performed as described in 2.2.4.

- Lo 1
1-2.5 um —dz1pm
» 0 . /
dividing cell

A o B T AN =
W ANE HOR R

Figure 25. Morphological characteristics of AnoTii20. A. overview: Irregular growth of
colonies without mucilage. B. dividing cell: cell division by binary fission, cell width (*1 pm)
and length (1-2.5 uM).

\

Solitary cells, thin layer of very fine diffluent mucilage, colonies with irregularly organized
cells of variable shape and size, irregular outline, cells slightly elongated to oval, cell content
pale blue-green, cell length/ width ratio 1-2.5:1. Cell division by binary fission, dividing the
mother cell into two daughter cells, only by one plane. The strains properties agree with
Cyanobium plancticum,14115 previously described as Synechococcus plancticus.1'¢ The strain
is classified as section and order Chroococcales (I), family Gloeobacteraceae and subfamily

Aphanothecoideae.

Figure 26 shows the genus Cyanobium,'* which is described as widely distributed, occurring
as plankton, in subaerial and submersed benthic mats, and epiphytic.116-118 The common
features as solitary cells < 3 um and cross-wise division match the strain AnoT20 (Figure

25).
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Figure 26. Cyanobium; a. C. gracile. Cross section through the cell with parietally localized thylakoids
(t = thylakoids; bar = 0.3 um);113b. C. eximium and c. C. roseum (both described from thermal springs
in Yellowstone National Park under Synechococcus).110

3.2.4.4. AnoTu 20: Chemical Profile

The biomass extract of AnoTii20 showed QS inhibition against V. harveyi and S. aureus, QS
enhancing activity on C. violaceum, and antibacterial activity against B. subtilis. Additionally,
the extract exhibited 55+2% inhibition of rhodesain. This broad bioactivity spectrum might
either be explained by various compounds with individual activities, or by compounds with

unspecific activities.
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Figure 27. Chromatogram of AnoTii20 biomass extract. TIC pos mode (blue), neg. mode
(green); HPLC-UV chromatogram (black).
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The UV and total ion chromatograms (Figure 27) and the the UV and MS spectra of the
detected compounds (Figure 28) show four compounds with strongly differing masses. The
mass spectra of compound AnoTi20-A eluting at tz = 6.2 min show a [M+H]* ion at m/z
1003.5 and a [M-H]-ion at m/z 1001.4, suggesting a mass of 1002.5 Da. Dereplication with the
DNP delivers three already known substances with matching masses, isolated from
cyanobacteria. Micropeptin SD1002 119 and KR1002 120 (C51H70NgO13, M; 1002.56) share the
same molecular formular and were both isolated from Microcystis sp., in case of Micropeptin
SD1002 more specifically from a hydrophilic extract of Microcystis aeruginosa. The linear
lipopeptide Apramide D (CssHs:NgOgS, M, 1002.6) was isolated from the marine
cyanobacterium Lyngbya majuscula.’?! As the strain AnoTii20 was isolated from freshwater

and classified as Chroococcales, Micropeptin SD1002 with serine protease inhibitory activity

Intens +MS, 6.2min #285 | Intens -ME, 8 Zmin 2282
YA 1003.5 *] 1001.4
1 7585 0.25
] i 832.8
-
o] alos o bt Ll S
ST T T T T T Tt Tt T T T T L B B S R o L L L L B
200 | 400 00 | 200 1000 1200 1400 1200 1800 2000 mis 00 | 430 E33 500 1000 1200 1400 1200 1890 2000 mi
Intenz. 15, 8 4min 2387 ntens ) e
= ] WS B dmin=387]| Intens TR
x108 o5 = ==
4 B x
] 44
] 8033 -
2 :_—Mm st S i IJ
0-== g T T T T Tt T T T
200 400 600 800 1000 140X m o 4 o a00 1000 12 v
Intens WS, 120min 2555]  ntens
4]
I_l 555 1146,
"—l—'—||h T T 'A-" T i T T T ||. Jid i Lo
200 0 200 i 4 m T T ,I, '_ T T __| T _,I, T
20 : J s 2000 '
Intens ] IS TZdmm B577] Intens T in B
x10 D__ x1
=3
125
025 ] ‘ L s .28 ]
200 s alllus . b . f .|_| e |ll.|
- T _.I. T ,I, T _‘I‘ T _‘I‘ _‘I“ __I“ T P I.. T __I.. T __L‘ T _‘L‘ T T e T T T T T T T T T T o T o T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 miz 200 400 600 800 1000 1200 1400 1800 1800 2000 miz

Figure 28. Mass spectra of compound A, B, C and D from AnoTii20 biomass extract.
Pos. mode (left), neg. mode (right).
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or Micropeptin KR1002 with chymotrypsin and elastase inhibition, seem more likely.119.120

Nevertheless, this assumption needs to be verified by MS-MS experiments.
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Figure 29. UV spectra of compounds A, B, C and D of biomass extract AnoTii20.

With a [M+H]* ion at m/z 1205.7 and a [M-H] ion at m/z 1203.6 at 8.4 min, compound
AnoTii20-B has a molecular mass of 1204.6 Da, for which no cyanobacteria derived substance
could be found in the DNP. Though, the UV-spectrum of AnoTi 20-B with Amax 278 nm
features high similarity with the UV spectra of compounds An-Al000-C, F and I (3.2.4.5). The
MS spectra of AnoTii20-C at 12.0 min shows an intense ion peak at m/z 505.4 for [M+H]*, but
no corresponding mass in the spectra in negative mode. From the MS spectra of AnoTii20-D

at 12.4 min no mass could be concluded.

The biomass extract of AnoTii20 showed QS inhibition against V. harveyi and S. aureus, QS
enhancing activity on C. violaceum, and antibacterial activity against B. subtilis. Additionally,
the extract exhibited 55+2% inhibition of rhodesain. The inhibition of rhodesain might be
caused by the compound AnoTii20-A, which mass resembles the micropeptines SD1002 and
KR1002 and the linear lipopeptide Apramide D. Regarding its broad bioactivity spectrum and
interesting chemical profile, further investigation by MS-MS analysis might result in the
identification of novel, bioactive compounds with either varying, individual, or unspecific

activities.
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3.2.4.5. An-Al000: Origin and Morphological Characterization

The strain An-Al000 exhibits a polymorphic life cycle and varying morphology, depending on
the presence of a nitrogen source in the medium (Figure 30). This cyanobacterium was
isolated from a biofilm on stone in Cibinong, West Java, Indonesia (6°29'34.8"S
106°50'59.3"E) collected on the 25t of April 2016 by Delicia Yunita Rahman, Indonesian
Institute of Sciences (LIPI), Research Center for Biotechnology, Bogor, Java. The sample was
processed according to 2.2.2.1, and An-Al000 was isolated from a BG11 agarose plate with
nitrogen source. Figure 30 A gives an overview of the polymorphic life cycle of a population
cultivated in HD-Cultivator-Modules (10 mL) with CO; supply, in BG11 medium, including a

nitrogen source.

b FEGEN TN N , - .
Figure 30. Morphological variability of An-Al000.BG11 (incl. nitrogen source), HD-Cultivator-
Modules (10 mL ) (2.3.1.4). A. Overview: varying morphology in one population, displaying a
polymorphic life cycle. Detail: B. Nostoc-like stage C. Chlorogloeopsis-like stage, irregularly
arranged in filaments with colorless sheaths (sh).

On the right side of the macroscopic picture, young filaments are shown, while mature
filaments appear in the middle and on the left side. Figure 30 B and C show immature and
mature filaments respectively, in more detail. Young filaments (B) show isodiametric to
cylindrical cells, constricted at cross-walls, 5-6 um wide, 5-8.5 um long, with apical cells
mostly longer than wide, oval to conical, sheath absent. Intercalary and terminal heterocysts
are not present. Mature filaments (C), cells oval or irregularly shaped, 7-9 pm in diameter,
cells irregularly arranged in filaments with colourless sheaths (sh), rarely cell division in two

planes, neither heterocysts nor typical akinetes present. Though, the mature stage might
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present akinete-like cells with thickened cell walls (arthrospores) as typical for the genus

Chlorogloeopsis. 122

In order to evaluate the dependence of the morphology on nitrogen content of the media, two
different media, one with the normal nitrogen supply and one without nitrogen, were applied.
Figure 31 A and B show the morphological characteristics of a population grown in BG11
without a nitrogen source. Here, cells are oval or spherical light blue green with dark granules
(gr). Intercalary heterocysts (ihc) 5-6 pm wide, 7-8 um long, terminal heterocysts (thc)
significantly smaller, 2-3 pm wide, 3-4 pm long, both types light yellow-green and solitary.
Filaments straight to slightly coiled.

Figure 31. Morphological variability of An-Al000 depending on the presence of a
nitrogen source. A. BG11 without nitrogen source; overview: Nostoc-like filaments with
intercalary heterocysts (ih) and terminal heterocysts (thc). B. BG11 without nitrogen source;
detail: Nostoc-like filament with intercalary heterocyst (ihc) and granules (gr). C. BG11 with
nitrogen source; Chlorogloeopsis-like stage with muscilogous sheats (m), multiple branching,
germination of arthrospores (as).

Figure 31 C shows a population grown in BG11 without nitrogen supply. Here, the filaments
remind of the Chlorogloeopsis-like stage, as previously described for mature filaments. Cells
irregularly shaped, 7-9 pm in diameter, dark blue green, irregularly arranged in filaments
with colourless sheaths (sh), cell division in two planes, neither heterocysts nor typical

akinetes present. Cells seem to develop in arthrospores (as).

The physiology of An-Al000 reminds of Chlorogloeopsis fritschii, though the morphological

properties of mature filaments do not exactly fit the descriptions.24123.12¢ Chlorogloeopsis
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fritschii represents the only member of the genus Chlorogloeopsis, classified in the family
Chlorogloeocapsaceae.124 Due to its special morphology, it is not easily recognised in natural
samples, but probably widely distributed from thermal springs to hypersaline lakes.
Chlorogloeopsis fritschii is also known to grow in freshwater media.1z3 In order to clarify the
taxonomic classification of An-Al000, further characterization as well as using a polyphasic

approach are needed.1?5

3.2.4.6. An-Al000: Chemical Profile

The biomass extract of An-Al000 not only show 54.0 + 1.3 % inhibition of rhodesain, but also
QS inhibiting and enhancing activity (Table 15). Additionally, the chemical screening by
HPLC-DAD and HPLC-MS (Figure 32, Figure 33) revealed various compounds with interesting
UV-spectra (Figure 34).
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Figure 32. Chromatogram of An-Al000 biomass extract. TIC pos mode (blue), neg. mode
(green); HPLC-UV chromatogram (black).

The three main compounds observed in the total ion chromatograms in positive and negative
mode eluted after 9.1 min (An-Al000-A), 9.6 min (An-Al000-B), and 10 min (An-Al000-C). The
mass spectra of the compound eluting at 9.1 min show a [M-H]- ion at m/z = 940.5 and a
[M+Na]*ion at m/z =964.5, hinting a mass of 941.5 Da for An-Al000-A. The [M-H]- ion at m/z
= 968.5 in negative mode as well as the ions at m/z = 992.5 ([M+Na]*) and m/z = 952.5 ([M-
H>0]*) in positive mode at 9.6 min suggest a molecular mass of 969.5 Da for An-Al000-B.

An-Al000-C, eluting after 10.0 min, has a molecular mass of 1004.5 Da with m/z =1003.5 [M-
H]-in negative, and an adduct at m/z = 1027.5 [M+Na]* in positive mode. For the later eluting

compounds between 12.1 min and 14.8 min, no molecular masses could unambiguously be
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determined from the MS data (Figure 33). The UV-spectra of the compounds (Figure 34)

might indicate 3 different basic structures occurring in the extract.
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Figure 33. Mass spectra of compound A, B and C from An-Al000 biomass extract. Pos.
mode (left), neg. mode (right).
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Figure 34. UV-spectra of compounds A to I of biomass extract An-Al000.
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While An-Al000-A and B show similar UV-spectra with Amax at 275 nm, An-Al000-C, F, and I
exhibit a Amax of 277 nm. Compound An-Al000-D shows a unique UV-spectrum with Amax
234 nm and Amax 276 nm, while An-Al000-E, G, and H exhibit a maximum at Ama.x 234 nm.

The mass of compound An-Al000-B corresponds to Microcystin LM (M; 969.5, C4gH72N701,S)
and Microcystin EE (M; 969.4, C46Hs3N7016),126:127 but the UV spectrum is not similar to those
of microcystins. Insulapeptolide D also has a molecular mass of 969.6 (C4gH75N90O12). This
metabolite has been isolated from Nostoc insulare as a potent inhibitor of human leukocyte
elastase.128 [ts UV Amax 0f 277 nm in MeOH is similar to the absorption maximum of An-Al000-
B. Thus, An-Al000-B might be Insulapeptolide D, and An-Al000-A Insulapeptolide A (M; 941.5,
C46H71N9012). The rhodesain inhibiting activity of the extract might therefore be based on the
Insulapeptolides, which are known to be potent inhibitors of the serine protease human
leukocyte elastase (HLE). As rhodesain belongs to the cysteine proteases, its active site is

similar to the one of HLE. This assumption needs no be evaluated by MS-MS experiments.

An-Al000-C has a similar molecular mass as the depsipeptide Wewakpeptin C (M, 1004.6,
Cs4Hg4Ng0gS), isolated from Lyngbya semiplena,'?® hinting that An-Al00O-F and I might
present further Wewakpeptins, known for cytotoxic activity. This presumption as well, needs
to be confirmed by MS-MS experiments. Though some substances might be known, the
biomass extract An-Al000 counts to the most promising extracts, investigated within this

project, regarding its bioactivity profile and chemical composition.
3.2.4.7. An-Al115: Origin and Morphological Characterization

The strain An-Al115 was isolated from a biofilm on soil in a tea garden, Halimun Mountain

National Park, Cikaniki, West Java, Indonesia (6°44'64.3"S 106°32'39.7"E), collected on the

Aae B

ke :
Figure 35. Morphological characteristics of An-Al115. A. Overview: Macrocospic appearance
in HD-cultivator 100 mL. B. Detail: Trichomes straight with colorless sheaths (sh); reproduction
by hormogonia (h).
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21st of April 2016 by Ronja Kossack. The sample was processed according to 2.2.1, and An-

Al115 was isolated from a BG11 agarose plate with nitrogen source.

An-Al115 is a filamentous, non-heterocystous cyanobacterium, forming a dark green
macroscopic thallus mostly attached to the substrate, but sometimes forming free floating
tufts. Filaments are solitary and straight, enclosed in a firm colourless sheath (sh). Trichomes
are simple, uniseriate and isopolar, not constricted at cross-walls, 7-8 um wide, not
attenuated or widened towards ends. Cells are shorter (5-6 um) than wide, light to dark
green, sometimes with granules. Terminal cells are rounded after trichome division.
Hormogonia (h) separate by fragmentation of trichomes and stay with sheaths, necridic cells

occasionally present. No false nor true branching observed.

Due to the described morphological features (Figure 35), the strain AnoTi10 was classified
as section III (Oscillatoriales), order Oscillatoriales, family Oscillatoriaceae, subfamily
Oscillatorioideae, genus Lyngbya.l'3 The species needs to be determined by polyphasic
approach. The genus Lyngbya is found in various morphologies and ecotypes, especially in

tropical regions,!13 though most studies deal with marine Lynbya sp.130-132

The genus was first described by Gomont (1892) and further defined and characterized by
modern classification systems (Komarek, 2014).21.22 [t roused attention due to its conspicuous
secondary metabolite profile, especially regarding the benthic, marine species Lyngbya
majuscula.133-135 Nevertheless, this seemingly chemical richness is based on polyphyly. In the
past, morphologically similar but evolutionarily divergent species have been grouped
together. In the past strains of the cyanobacterial genus Moorea gen. nov. have been
misidentified as Lyngbya, leading to the assumption, that Lyngbya produces a rich diversity

of secondary metabolites.135

3.2.4.8. An-Al115: Chemical Profile

The biomass extract of the strain An-Al115 showed the highest rhodesain inhibiting activity
of 71.4 + 0.2%, and QS inhibition on the indicator strain V. harveyi (Table 15). The MS data
and UV spectra are shown in Figure 37, Figure 38, and Figure 36. The MS spectra of An-Al115-
A provides no reliable information. For An-Al115-B, the mass spectra at 8.1 min show a [M-
H]-ion at m/z =974.4 and a [M+Na]* ion at m/z = 998.4, indicating a mass of 975.4 Da, which
resembles Micropeptin 478A (M. 975.3 Da, Cs0He2CIN9O15S), a potent plasmin inhibitor

isolated from Microcystis aeruginosa.136
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The MS spectra at 8.8 min (An-Al115-C) show a [M-H]-ion at m/z = 1002.5 and a [M+Na]* ion
at m/z = 1026.4, indicating a mass of 1003.5 Da. The mass of An-Al115-C corresponds to
Wewakpeptin A (M, 1003.6, Cs4Hg1N7011),129 which was isolated from Lyngbya semiplena, and
is known for its cytotoxic activity. The UV spectra of An-Al115-C, indicates a similarity with
the potenial Insulapeptolides An-Al000-A and B, with Amax (log €): 277 nm (Figure 34) and not
with the potential Wewakpeptin An-Al000-C. In case of An-Al115-D, a [M+H]*ion at m/z =
869.4, as well as a [M-H]-ion at m/z = 867.3 could be detected, suggesting a molecular mass
of 868.4 Da, which suits the known protein phosphatase inhibitor Oscillamide B (M, 868.4,
C41HeoN1009S), isolated from Planktothrix agardhii and P. rubescens.'37 All assumptions need

to be varified by MS-MS experiments, but the identification of rhodesain inhibiting substances
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Figure 37. Chromatogram of An-Al115 biomass extract. TIC pos mode (blue), neg. mode
(green); HPLC-UV chromatogram (black).
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Figure 36. UV-spectra of compounds-A and B of biomass extract An-A115.
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in the biomass extract An-Al115 could be beneficial for our endeavour to find novel rhodesain

inhibitors.137
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Figure 38. Mass spectra of compound A to D from An-Al115 biomass extract. Pos.
mode (left), neg. mode (right).
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3.2.4.9. An-Al061.1: Origin and Morphological Characterization

This cyanobacterium was isolated from a soil biofilm collected in Cibinong, West Java,
Indonesia (6°29'59.6"S 106°49'44.2"E) on the 19t of April 2016 by Delicia Yunita Rahman,
Indonesian Institute of Sciences (LIPI), Research Center for Biotechnology, Bogor, Java. The
sample was processed according to 2.2.2.1 (A), and An-Al061.1 was isolated from a BG11

agarose plate without nitrogen source.
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Figure 39. Morphological characteristics of An-Al061.1. A. Overview: Polymorphic

population; true branching (trbr). B. Detail: Intercalary heterocysts (ihc), and formation

of hormogonia resp. hormocytes (h). C. Detail: Intercalary heterocysts (ihc), colorless

sheath (sh).
The filamentous cyanobacterium grows as small colonies consisting of intertwined, branched
filaments, in liquid and on solid medium with and without nitrogen source. The filaments
show extensive true-branching (T-like, rarely Y-like) (Figure 39 A). Trichomes uniseriate,
composed of polymorphic cells, from slightly to clearly constricted at crosswalks, (3)-5-8-
(12) um wide, with a thin colourless sheath, up to 1 pm wide. Lateral filaments are more or
less of the same width as the main filaments. The cells are short to long, 5-12-(20) um in
length and as wide as the main filaments, mostly barrel-shaped, but some oval. Heterocysts
occur intercalary and lateral, cylindrical, of the same length as vegetative cells (Figure 39 B,

C). Hormogonia (h) originate at the apical part of lateral branches (Figure 39 B), where they
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are separated from the vegetative cells without the formation of necrotic cells as hormocytes

(sheathed hormogonia).

Evaluation of the described morphological features suggest a classification in the family
Hapalosiphonaceae within the order Nostocales. Here, An-Al061.1 might either belong to the
genus Chondrogloea'38 or Hapalisophon.3 For the genus Chondrogloea, only two species are
described, and as no phylogeny is known, the whole genus needs revision.!22 The species
Chondrogloea flagelliformis was found on wet rocks in Indonesia, Java, and is as well-known
under the pseudonyms Mastigocladus flagelliforme 13% and Hapalisophon flagelliforme,140

indicating taxonomic difficulties.122

3.2.4.10. An-Al061.1: Chemical Profile

The biomass extract An-Al061.1 was counted as hit extract due to its antimicrobial activity
against S. aureus and B. subtilis, as well as its QS enhancing activity on C. Violaceum. HPLC-
DAD and HPLC-MS experiments revealed a complex composition (Figure 40), but
dereplication using the DNP, revealed that most of the detected compounds might already be
known, as summarized in Table 16. The corresponding mass spectra are shown in the

Appendix (Figure A 1).
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Figure 40. Chromatogram of An-Al061.1. biomass extract. TIC pos mode (blue), neg.
mode (green); HPLC-UV chromatogram (black).

In the MS data at least five different main components were recognized. Compound An-
Al061.1-A showed an (M+H)* ion at 11.7 min with m/z = 1032.6, resembling the peptide
Oscillapeptilide 97B (M; 1031.5, C,H,,N,0,,) with inhibitory activity against trypsin (ICso 0.2
mg/mL).141 Compound Al061.1-B with an (M+H)* ion at 12.5 min with m/z = 998.7 matches
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the mass and UV-spectra of the Trypsin inhibitor Micropeptin SF995 (M, 995.5, C,;H,;N,,0,,)
with Amax 206; 280 (MeOH).142

With an (M+H)* ion at 13.0 min with m/z = 609.4, compound Al061.1-C equals Microcin SF

608 (M. 608.3, C;,H,,N,O,), isolated from the same water bloom of Microcystis sp. as

Micropeptin SF995. It also inhibited trypsin (ICsp 0.5 mg/mL). 141 Additionally, the mass fits
the dechlorinated form of Microginin 91A (Microginin 91B, M; 608.3, C,;H.Cl,N,0,), for which

no UV data is available.143

The (M+H)* ion at 13.5 min with m/z = 305.0 (Al061.1-D) resembles a derivate of
Fischerindole L,14* and three derivatives of Hapalindole A and Hapalindole E each (M, 304.2,
C,,H,,N,) (Table 16).14>146 These results fit to the (M+H)+* ion at 13.8 min with m/z = 339.1

(Al061.1-E), which could be assigned to either Fischerindole L, Hapalindole A, or Hapalindole
E (M 338.2, C,H,,CIN,), all exhibiting similar UV-spectra with Amax 220; 278; 290 and

Amax 222; 280; 291 respectively.

Table 16. Compounds isolated from Hapalisophon sp. or Fisherella sp., which fit the MS data and UV
spectra of molecules in the biomass extract An-Al061.1.

LY m/z . molecular accurate
; + chemical name source
[min] [M+H] formula mass

A 117 10326 Oscillapeptilide 97B  CooHpN,O,, 1031532786 Oscillatoria agardhii

B 125 998.7 Micropeptin SF995  C,gH,;N,,0,, 995544019 Microcystis sp. 142
C 13 609.4  Microcin SF 608 C;,H,,NO¢ 608.332234 Microcystis sp. 142
Microginin 914, Microcystis
C,H. CLN,O
dechloro 287502 608.310742 aeruginosa 143
Fischerindole L, 10- Hapalosiphon
. . C, H,,N ,
b 135 3050 Epimer, dechloro 22 304.193948  lwitschii 144
. Hapalosiphon
Hapalindole A, - - fontinalis ATCC
dechloro 30964 145146
Hapalindole A, 9- i i Fischerella ATCC
Epimer, dechloro, 43239 145146
. Hapalosiphon
Hapallndole A, 10a - fontinalis ATCC
Epimer, dechloro, 30964 145146
Hapalindole E, i i Hapalosiphon
dechloro fontinalis 14
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Hapalosiphon
- welwitschii, Westiella
intricata, H. laingii 14°

Hapalindole E, 5'-
Epimer, dechloro

Hapalindole E, 1',2',5'- i ) Hapalosiphon laingii
Triepimer, dechloro, 146
. . Fischerella muscicola
E 138 339.1 Fischerindole L C,,H,;CIN, 338.154976 .,
. Hapalosiphon
Hapalindole E - - fontinalis 145
Hapalindole A - - Hapalosiphon

fontinalis *>

Regarding the UV-spectra of the identified compounds (Figure 41), compound Al061.1-B and
Al061.1-C, as well as Al061.1-D and Al061.1-E seem to be structurally related. The
assumptions referring An-Al061.1-A, -B, and -C need to be further analysed by MS-MS
experiments, as all matching compounds were isolated from different genera then

Hapalisophon. An-Al061.1-D and -E seem to resemble either the Fischerindoles or the
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Figure 41. UV spectra of compounds A, B, C, D, and E of biomass extract An-Al1061.1.
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Hapalindoles, as An-Al061.1 was classified in the family Hapalosiphonaceae within the order

Nostocales.
3.24.11. An-Al006.1: Origin and Morphological Characterization

The strain An-Al006.1 was isolated from a biofilm on soil in the Halimun Mountain National
Park, Citalahab, West Java, Indonesia (6°44'34.3"S 106°31'82.8"E), collected on the 20th of
April 2016 by Ronja Kossack. The sample was processed according to 2.2.1, and An-Al006.1
was isolated from a BG11 agarose plate without nitrogen source. Due to its distinct
morphological characteristics (Figure 42), the strain could easily be identified as

Cylindrospermum sp. (Nostocales (III), Nostocaceae).

Figure 42. Morphological characteristics of An-Al006.1 BG11 without nitrogen source; A.
overview: Slightly curved filaments with terminal heterocysts (th) and immature
paraheterocytic akinetes (ak). B. and C. detail: Trichomes with granules (gr) and mature
akinetes with exospores (exsp).

Thallus gelatinous, with shiny wet surface, blue green to green or olive-green when old, air
bubbles forming in liquid culture and on solid medium. Filaments motile and slightly curved.
Trichomes long, cells constricted at cross walls, 3.5-4.5 um wide, barrel shaped, longer than
wide, with blue-green, granulated cytoplasm, without aerotypes, 3.5-8 um long. End cells
rounded. Terminal heterocysts with always paraheterocytic akinetes. Heterocysts always

terminal, rounded, almost spherical to ellongate-ellipdial, light green, 3.5-7 pum long, 3.5-4.5
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um wide. Akinetes single, oval to cylindrical, with bright green strongly granulated content,

16-20 pm long, 8-10 um wide, with smooth, thin, colourless exospores, 3.5 pm long.

Most Cylindrospermum species are benthic, epiphytic or epilithic.14” They are known to be
found as biofilm on moist and flooded grounds, especially in rice fields were they serve as
biofertilizer.148149 There are species described from Europe, as well as from subtropical and
tropical habitats.122 This isolate does not resemble any found description for a known
Cylindrospermum species, though it would need to be confirmed by a polyphasic approach

whether this is a novel species.12

3.2.4.12. An-Al006.1: Chemical Profile

Even though the biomass extract An-Al006.1 showed no activity in the bioactivity screening,
the main compound in this extract might be interesting. The HPLC-UV chromatogram and TIC

in Figure 44 reveal a lipophilic compound (tzr = 15.7 min).
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Figure 44. Chromatogram of An-Al006.1 biomass extract. TIC pos mode (blue), neg.
mode (green); HPLC-UV chromatogram (black).
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Figure 43. Mass spectra of compound A of An-Al006.1 biomass extract. Pos. mode
(left), neg. mode (right).

The corresponding mass spectra (Figure 43) featured an (M+H)* ion with m/z = 347.0 and a

(M-H)- ion with m/z = 345.9. For the corresponding mass range no resembling known
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compound, isolated from cyanobacteria sp. could be found in the Dictionary of Natural
products. Additionally, the UV spectrum with Amax 228.0 and 299.6 showed no similarity to
any other compound identified within this study (Figure 45).The following attempts to isolate
this unknown lipophilic compound An-Al006.1-A by Flash Chromatography from 250 mg
biomass extract yielded a not weighable amount. Due to the low concentration, the
subsequent 'H NMR experiment did not lead to any insight into the structure of this
substance.
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Figure 45. UV spectrum of compound A of
biomass extract An-Al006.1.
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3.3.Screening of the Cyano Biotech GmbH Extract Collection for Rhodesain
Inhibitory Activity

In cooperation with the company Cyano Biotech GmbH, Berlin, Germany, and Prof. Dr. Tanja
Schirmeister (Institute of Pharmacy und Biochemistry, Johannes Gutenberg-Universitit
Mainz, Germany), a primary screening of 450 biomass and 122 medium extracts was
performed (2.4.1). To our surprise, 69 of the 450 screened biomass extracts showed an
inhibition of more than 90% at 0.33 mg/mL. These extracts were subjected to a second
screening with lower extract concentration (0.1 mg/ mL), resulting in twelve extracts (2.7%)
with an inhibition equal or higher than 70% (Table 17).

Table 17. Cyanobacteria biomass extracts with an inhibition of rhodesain
equal or higher than 70%, and corresponding media extracts.

rhodesain inhibition [%]

Strain biomass extract medium extract
[mg/mL] [mg/mL]
0.1 0.33 0.2 0.33
Nostoc 1 81 99 - 55
Cylindrospermum 1 100 100 - -
Cylindrospermum 2 95 100 98 99
Fischerella 1 97 99 - -
Fischerella 2 96 99 - -
Nostoc 2 86 96 - -
Cylindrospermum 3 99 100 - -
Oscillatoria 1 93 100 - 66
Nostoc 3 98 100 - 94
Calothrix 1 70 99 - 48
Aphanizomenon 1 74 99 - -
Stigonematales 1 70 98 - -

Interestingly, only Cylindrospermum 2 showed prominent inhibitory activity for both medium
und biomass extracts, though some medium extracts were not available. From the twelve
most active extracts, eight belong to the section Nostocales, three to the section
Stigonematales, and one to the section Oscillatoriales, while none of the strains belonging to
the Chroococalles showed pronounced inhibitory activity. Based on their bioactivity and
chemical profiles, the five most promising biomass extracts (Cylindrospermum 2,

Cylindrospermum 3, Oscillatoria 1, Nostoc 3, Aphanizomenon 1) were chosen for fractionation
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using Flash Chromatography and semi-preparative HPLC in order to identify and isolate the
rhodesain inhibitory compounds (Master thesis, Trang Nguyen, 2017). As most attempts to
isolate the active compounds were unsuccessful, solely the processing of biomass extract

Nostoc 3 is reported within this thesis.

Table 18. Medium extracts with an inhibition of rhodesain equal or higher

than 70%.
rhodesain inhibition [%]
strain biomass extract medium extract
[mg/mL] [mg/mL]
0.1 0.33 0.2 0.33
Anabaena 1 - 86 78 85
Fischerella 3 - 67 83 95
Calothrix 2 - 86 97 100
Cylindrospermum 2 95 100 98 99
Microcystis 1 - 64 88 92
Nostoc 4 - 66 89 94
Tolypothrix 1 - 19 79 95
Oscillatoriales 2 60 93 85 91
Microcystis 2 - 86 86 86
Nostoc 5 - - 81 86
Planktothrix 1 60 90 98 97
Microcystis 3 - 74 96 99
Anabaena 2 - 81 87 98
Nostoc 6 - 89 93 100
Pseudanabaena 1 - 87 70 83
Limnothrix 1 38 96 75 86
Stigonematales 2 - 58 81 84
Scytonema 1 45 90 80 95

Of the screened medium extracts 21 of 122 showed an inhibition of more than 80% at
0.33 mg/mL (17.2%) (Table 18). A second screening of these active extracts was performed
with lower extract concentration (0.2 mg/mL) to narrow down the number of promising
extracts. Surprisingly, the screening with 0.2 mg/mL still resulted in 18 extracts (10%) with

an inhibition higher than 70 %, though in case of some extracts there was not enough amount
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left to perform a second screening. From these most active extracts, ten belonging to the
section Nostocales, two to the section Stigonematales, three to the section Oscillatoriales, and
three Microcystis strains belonging to the Chroococcales showed pronounced inhibitory

activity.

Based on their chemical profile and rhodesain inhibition, two medium extracts were chosen
for further processing (medium extracts of Fischerella 3 and Nostoc 6). As not all approaches
led to the successful isolation of bioactive compounds, solely the analysis of the medium

extract of Nostoc 6 is described in this thesis.

3.3.1. Isolation of Inhibitory Compounds from the Biomass Extract Nostoc 3

The first isolation of bioactive compounds from Nostoc 3 was performed by Trang Nguyen
under my supervision (Master thesis, Trang Nguyen, 2017). The results are summarized in

the following, for more details refer to the mentioned thesis.

Analysis of the biomass extract by HPLC-DAD revealed minor peaks eluting after 3 to 4.5 min,
and 3 prominent peaks between 6.5 and 8 min (Figure 46).
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Figure 46. HPLC-UV chromatogram of biomass extract Nostoc 3. Blue: 210 nm, red: 230 nm, green:
260 nm, pink: 280 nm, green: 310 nm.

The subsequent prefractionation of 0.3 g biomass extract with Flash Chromatography (see
section 2.7.1) accompanied by bioactivity testing of the resulting fractions, showed that the
main inhibitory activity of the extract was due to the compounds eluting with 12% to 24%
MeOH in H;0. Thus, fractions 7 to 14 were combined (80 mg yield), and subjected to further
analysis by semi-preparative HPLC (time-based fractionation, see section 2.7.2). The major

compounds of the biomass extract showed considerably less inhibitory activity with 10-15%.
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Time based fractionation at a gradient of 5% to 30% MeCN in H,0 (0.1% FA) and a subsequent
rhodesain assay with the resulting fractions, assigned the bioactivity to compounds eluting

with tg=13-14 min (Figure 47).
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Figure 47. HPLC-UV chromatogram of the combined flash fractions 7-14 from Nostoc 3 and
respective results of the rhodesain assay performed with the collected fractions from time-
based HPLC. Blue: 250 nm, red: 254.4 nm, green: 210 nm, pink: 230 nm, light green: 280 nm. Assay
performed as described in section 2.4.1.

Due to the observed inhibitory activity, the gradient was further optimized to 5% to 20%
MeCN in H;0 (0.1% FA) in 20 min, gaining a better peak resolution. Fractionation by semi-
preparative HPLC (see 2.7.3.1) resulted in the isolation of 8 compounds with varying
inhibitory activity (Figure 48). While Nostoc 3-A, -B, -C, -D and G revealed over 90% inhibition
and Nostoc 3-F about 71%, Nostoc 3-H showed only about 43% and 5 nearly no inhibitory
activity (see 2.4.2.2).
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G 18.3 0.24 618.2 1004 +1.0

H 6.7 0.15 n. d. 43.4 + 6.5*

Figure 48. A. HPLC-UV chromatogram overview of the raw biomass extract Nostoc 3 B. HPLC-UV
chromatogram of the inhibitory active fractions 7 to 14. Blue: 210 nm, red: 230 nm, green: 260 nm,
pink: 280 nm, light green: 310 nm.

LC-MS-analysis (see section 2.5.1) resulted in [M+H*] ions with m/z 604.2 and 622.3,

indicating a structural relationship between the compounds. Dereplication of the isolated

compounds with the “Dictionary of Natural products”, regarding the source (Nostoc sp.),

revealed no matches (see Master thesis, Trang Nguyen, 2017). Therefore, the isolated

substances were considered to not be yet described. As the inhibitory active compounds

Nostoc 3-A, B, C, D, F and G were not isolated in sufficient amounts nor had the required purity

to perform NMR experiments, solely Nostoc 3-E was subjected to tH-NMR and 3C-NMR

measurements (see section 2.8).
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In order to isolate higher amounts of the rhodesain inhibiting compounds discovered in
Nostoc 3, 0.9 g biomass extract were fractionated by reversed phase Flash Chromatography
(see section 2.7.1). In Figure 49, the UV-chromatogram (A=210 nm) is shown, revealing one
distinct peak eluting with 59% MeOH (28-30 min), four poorly separated peaks eluting
between 68% and 96% MeOH (32-47 min), and 5 minor peaks eluting with 100% MeOH at

51 min, 53 min, 57 min and 59 min.
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Figure 49. UV-chromatogram (A=210 nm) of biomass raw extract Nostoc 3, fractionation by
reversed phase Flash Chromatography. 0.9 g biomass extract in 3 mL MeOH 80% in H20 (v/v),
20 mL/min, blue shade: proportion of solvent A (Hz0), light yellow shade: proportion of solvent B
(MeOH).
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Figure 50. Rhodesain inhibition [%)] of fraction one to 72, generated by reversed phase Flash
Chromatography of biomass extract Nostoc 3.
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Figure 51. HPLC-UV chromatogram of combined fractions 7-19 from

biomass extract Nostoc 3 and rhodesain inhibition [%)] of the collected

fractions. 5-20 % MeCN in H20 (0.1% FA), blue: 250 nm, red: 254.4 nm, green:

210 nm, pink: 230 nm, light green: 280 nm. Assay performed as described in

section 2.4.1.
A rhodesain inhibition assay was conducted with each fraction (Figure 50) (see 2.4.1),
connecting the main inhibitory activity (70% to 100% inhibition) with fractions 7 to 19
(40 mg yield), and lower inhibitory activity (30% to 40% inhibition) with fractions 43 to 54
(23 mg yield). Due to their high inhibitory activity, and based on the corresponding prior
results of the first isolation described above, fractions 7 to 19 were combined and subjected
to time-based fractionation with HPLC-DAD (Figure 51) (see 2.7.2). The results of the
fractionation deviated slightly from the previous separation. The main inhibition of rhodesain
is achieved by fractions 17 to 19, which correspond to no compound visible in the HPLC-UV
chromatogram. In addition to HPLC-DAD, HPLC-MS measurements with a gradient of 10-
100% MeCN in H,O were conducted (see 2.5.1). The HPLC-UV chromatogram (A=250-

270 nm) of the combined fractions 7-19 showed one distinct peak eluting after 1.8 min with

a [M+H] ion at m/z 602.1 and a [M+H]* ion at m/z 604.2, indicating a molecular mass of 603
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(Figure 52). This mass corresponded to Nostoc 3-E isolated from Nostoc 3 in prior
experiments, while the molecular mass of 617, calculated from [M+H]- m/z 616.1 and [M+H]*
with m/z 618.2 corresponded to compound Nostoc 3-G (Figure 53). Thus, the combined

fractions 7-19 were subjected to further processing in order to isolate Nostoc 3-E and G.
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Figure 52. HPLC-UV chromatogram (A=250-270 nm) of combined fractions 7-19 from
biomass extract Nostoc 3. 0.4 mL/min, 17 min, 10-100% MeCN (0.06% FA) in H20 (0.1% FA).
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Figure 53. Mass spectra of compound Nostoc 3-E and G. Neg. mode (left), Pos. mode (right).
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3.3.1.1. Compound Isolation and Characterization

About 40 mg inhibitory active combined fractions 7-19 were dissolved in 20% MeOH in H;0,
and subjected to further purification by semi-preparative HPLC (see section 2.7.3.2) using an
optimized gradient of 5-25 % MeCN in H;0. Two runs resulted in three fractions containing
the target compound Nostoc 3-E, two fractions containing Nostoc 3-G and two containing the
potentially inhibitory active compound Nostoc 3-1, eluting around 25% MeCN in HO, later

than the previously isolated compounds Nostoc 3-A to H.
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Figure 54. Chromatogram of compound Nostoc 3-E and G from Nostoc 3 biomass extract.
TIC pos. mode (blue), neg. mode (green), HPLC-UV chromatogram (black).

A second preparative isolation step with 5-18% MeCN in H;0 (0.1% FA) led to the final
isolation of Nostoc 3-E (yield 3 mg) and Nostoc 3-G (1.2 mg). Figure 54 and Figure 55 show
the respective chromatograms of the compounds, proving sufficient purity for NMR

measurements. In addition to compounds Nostoc 3-E and G, compound Nostoc 3-1 with a

84



Intens J B768_1SO_2_23.D: TIC +All MS
%108
103
0.5
x ug; B768_1SO_2 23D TIC-Al MS
23
13
03—A
hu B768_1SO_2_23.D: UV Chromatogram, 270-290 nm
[mAU]
109 J
04 o
1 — T T — —T T T T T T T T T T T T T T T T T T LB —
00 25 50 75 10.0 125 15.0 175 200 Time [min]
Intens. 7 -MS,9.3min £328| Intens +MS, 9.3min #329
x105 4 x106 4
] 2327 150 4
100 1.25 3 234.9
h 488.9 100
0.75 ]
1 0.75 4911
0.50 ]
0.50 3
0.25 T [125—E
b | LI 895.3 “ 3721 742.1
| m NI | PP PRI L ] A
0.00 T T T T T ‘I T_ T T T T 0.00 T ‘| T T T T | T T T T T
200 400 600 800 1000 1200 miz 200 400 600 300 1000 1200 miz

Figure 55. Chromatogram and mass spectra of compound Nostoc 3-1 from Nostoc 3 biomass
extract. TIC pos. mode (blue), neg. mode (green), HPLC-UV chromatogram (black), mass

spectra: Neg. mode (left), pos. mode (right).

*DADT, 7.141 (372 mAU, - ) Ref=6.741 & 7.687 of B768_2_ISO_1-6+2-14_15D

*DADA, 2.391 (28.6 AU, - ) Ref=1.804 & 3.324 of B768_ISO_1_8.D

mAU mAU

3509

257

3007 \ \

2507 207 |

2007 \ 157 \|‘

1501 | \

107

1007 \

507 Nostoc 3-E 27 Nostoc 3-G

0 1 T T T T T T T 1 0 1 -

250 300 350 400 450 500 550  nm 250 300 350 400 450 500 550  nm
*DAD1, 9.285 (10.2 mAU, - ) Ref=9.111 & 9591 of B768_1SO_2 23D

mAU

1

® 1

]

5]

Nostoc 3-1
0] .
250 300 350 400 450 500 550 nm

Figure 56. UV-spectra of compounds Nostoc 3-E, G and I. Maxima at 280 and 335 (E, G) or 335
(I) respectively.

molecular mass of 490, calculated from [M+H]- m/z 491.1 and [M+H]+ m/z 488.9 (Figure 55).
The similar mass- and UV spectra of Nostoc 3-E and G (Figure 56) combined with the similar
molecular masses of 603 and 617 suggest a structural relationship between the isolated

compounds. The mass difference of 14 might be explained by an additional methylene group.
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As Nostoc 3-E, in contrast to Nostoc 3-G, showed no rhodesain inhibition, first structure-
activity relationships of this compound family could be deduced after completed structure
elucidation. Based on NMR and HRMS data (Table A 5), evaluated by Steffen Breinlinger, a

partial structure of Nostoc 3-E was deduced (Figure 57).

|
o) HO
X 0 o
HO 0 o/l\( O~
0 OH Y

Figure 57. Partial structure of Nostoc 3-E from Nostoc 3 biomass

extract. Xand Y present unidentified residues.
The structure of Nostoc 3-E consists of a sugar backbone, comprising two C6 sugars, bound
by a 1,4-glycosidic linkage. An aliphatic side chain is linked to the sugar backbone. The
residues X and Y could not be identified yet, though X might be a hydroxyl group. As the whole
structure could not be elucidated by NMR, additional experiments were need. Remarkably,
Nostoc 3-E readily crystallized, when pure MeOH was added to the dried compound. Thus,
about 5 mg of Nostoc 3-E were sent to the company Crystallise! (Dr. Gunther Steinfeld and Dr.
Gustavo Santiso-Quifiones) in order to determine the complete structure via X-ray
crystallography. Unfortunately, no adequate crystals could be grown and most of Nostoc 3-E
was lost while trying. As no more biomass nor biomass extract of Nostoc 3 was available, the

structure could not be fully elucidated.
3.3.1.2. Nostoc 3 Biomass Extract - Summary and Future Perspectives

From the biomass extract Nostoc 3, five of nine isolated compounds showed an inhibitory
activity higher than 90 % at 1 mg/mL concentration. The yield was low, except for Nostoc 3-
E, indicating that the inhibitors were minor compounds. From 6 g cyanobacterial biomass
(0.3 g biomass extract), only 0.21 mg to 0.51 mg of the compounds could be isolated. Thus,
only in case of Nostoc 3-E structure elucidation by NMR spectroscopy and HRMS could be
attempted. The data were evaluated by Steffen Breinlinger, leading to the partial structure
shown in Figure 57. Since more material was needed to complete the structure elucidation, a
2nd jsolation round was performed using 1 g biomass extract, which led to the isolation of
higher amounts of Nostoc 3-E (3 mg) and Nostoc 3-G (1.5 mg). Unfortunately, compounds
Nostoc 3-A to D, F and H could not be isolated again during the 2rd isolation. In addition to

Nostoc 3-E and Nostoc 3-G, the more lipophilic potentially inhibitory active compound Nostoc
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3-1 could be isolated. Compound Nostoc 3-1 possesses a molecular weight of 490 Da, and a UV-
spectrum similar to Nostoc 3-E and Nostoc 3-G. As, except for Nostoc 3-E, the isolated
compounds purity was to low to achieve exploitable NMR spectra, structure elucidation was
focused on the inactive compound Nostoc 3-E. Unfortunately, neither NMR spectroscopy nor
X-ray crystallography led to a complete elucidation of the structure. As no more biomass or
raw extract of Nostoc 3 were available, the structure elucidation could not be completed.
Isolation of additional amounts of the compounds from more biomass extract might lead to
the isolation of sufficient inhibitory active compounds for structure elucidation and

clarification of structure-activity relationships.

3.3.2. Isolation of Inhibitory Compounds from the Medium Extract Nostoc 6

From 122 screened medium extracts, Nostoc 6 showed not only the strongest inhibitory
activity against the cysteine protease rhodesain, but also the most interesting chemical
profile. Thus, the raw extract was subjected to further processing with semi-preparative
HPLC, in order to identify and isolate the inhibitory active substances. The results are

summarized in the following publication.

Reprinted with permission from Kossack, R.; Breinlinger, S.; Nguyen, T., Moschny, J.;
Straetener, J.; Berscheid, A.; Brotz-Oesterhelt, H.; Enke, H.; Schirmeister, T.; Niedermeyer, T.
H. ]. Nostotrebin 6 related cyclopentenediones and 6-lactones with broad activity spectrum
isolated from the cultivation medium of the cyanobacterium Nostoc sp. CBT1153.]. Nat. Prod.

2020. Copyright (2020) American Chemical Society. doi: 10.1021/acs.jnatprod.9b00885

3.3.2.1. Nostotrebin 6 Related Cyclopentenediones and §-lactones with
Broad Activity Spectrum Isolated from the Cultivation Medium of the
Cyanobacterium Nostoc sp. CBT1153

87



JOURNAL OF

RODUCT

pubs.acs.org/jnp

Nostotrebin 6 Related Cyclopentenediones and d-Lactones with
Broad Activity Spectrum Isolated from the Cultivation Medium of
the Cyanobacterium Nostoc sp. CBT1153

Ronja Kossack, Steffen Breinlinger, Trang Nguyen, Julia Moschny, Jan Straetener, Anne Berscheid,
Heike Brotz-Oesterhelt, Heike Enke, Tanja Schirmeister, and Timo H. J. Niedermeyer*

I: I Read Online

Article Recommendations

Cite This: https://dx.doi.org/10.1021/acsjnatprod.9b00885

ACCESS |

[l Metrics & More | | Q Supporting Information

ABSTRACT: Cyanobacteria are an interesting source of biologically
active natural products, especially chemically diverse and potent
protease inhibitors. On our search for inhibitors of the trypanosomal
cysteine protease rhodesain, we identified the homodimeric cyclo-
pentenedione (CPD) nostotrebin 6 (1) and new related monomeric,
dimeric, and higher oligomeric compounds as the active substances in
the medium extract of Nostoc sp. CBT1153. The oligomeric
compounds are composed of two core monomeric structures, a
trisubstituted CPD or a trisubstituted unsaturated oJ-lactone.
Nostotrebin 6 thus far has been the only known cyanobacterial
CPD. It has been found to be active in a broad variety of assays,
indicating that it might be a pan-assay interference compound
(PAIN). Thus, we compared the antibacterial and cytotoxic activities
as well as the rhodesain inhibition of selected compounds. Because a compound with a d-lactone instead of a CPD core structure was
equally active as nostotrebin 6, the bioactivities of these compounds seem to be based on the phenolic substructures rather than the
CPD moiety. While the dimers were roughly equally potent, the monomer displayed slightly weaker activity, suggesting that the
compounds show unspecific activity depending upon the number of free phenolic hydroxy groups per molecule.

Downloaded via MARTIN LUTHER UNIV HALLE WITT on February 22, 2020 at 11:34:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

N eglected by natural product researchers for a long time,
cyanobacteria are nowadays recognized as a prolific
source of structurally diverse and pharmacologically active
natural products.'_6 Several cyanobacterial specialized metab-
olites have served as potent lead structures inspiring drug
development programs, eg, the dolastatins,”~” the cryptophy-
cins,'’~"? the saxitoxins,'>* and the anabaenopeptins.'*'® One
of the better studied cyanobacteria genera is Nostoc, from which
numerous compounds have been isolated.”'” These are mainly
non-ribosomal peptides and depsipeptides, but a variety of other
chemically diverse structures, such as, e.g., polyketides, alkaloids,
or terpenoids, were also found.

About 100 natural cyclopentenediones (CPDs) were isolated
from various sources, like higher plants,lg’]9 fungi,lo‘“ and
bacteria.”*** Most of those CPDs are based on a cyclopent-4-
ene-1,3-dione, varying in the side chains. The biosynthesis of
CPDs has not yet been explored, but several synthetic routes
were described.”* > The only cyanobacterial CPD known to
date is the Nostoc metabolite nostotrebin 6 (1), a homodimer
built of two identical 4,5-bis(4-hydroxybenzyl)-2-(4-
hydroxyphenyl)cyclopent-4-ene-1,3-dione units. Compound 1
was discovered in a Nostoc sp. biomass extract as a result of its
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
inhibitory activities.””*® In addition, cytotoxicity and pro-

)

@ XXXX American Chemical Society and
American Society of Pharmacognosy

" 4 ACS Publications

apoptotic activity on mouse fibroblasts as well as antimicrobial
activity, especially against Gram-positive bacteria, have been
reported for the compound.””*

Often, cyanobacterial specialized metabolites show pro-
nounced cytotoxicity, but another activity that is frequently
observed for cyanobacterial non-ribosomal peptides is the
inhibition of proteases.”’ ™ The cathepsin L-like cysteine
protease rhodesain plays an important role during human
infection with Trypanosoma brucei, known as human African
trypanosomiasis (HAT).” It is involved in the parasitic crossing
of the blood—brain barrier, leading to the late stage of HAT.®
Furthermore, rhodesain is involved in the synthesis of variant
surface glycoproteins (VSGs) of the trypanosomes, enabling T.
brucei to elude the host immune response.’” Because of its
essential physiological role in the metabolism of the parasite,
rhodesain is regarded as a promising target for the development
of urgently needed new therapeutics.””
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B* 8.46 831.2410 831.2436 CsoHigO;,  dimer (a,b)
4 8.75 815.2462 815.2487 CSOI{38011 dimer (a. a)
5 8.83 815.2462 815.2487 CsHsgOy;  dimer (a.b)
C* 921 1213.3612 1213.3647 CysHsOg  trimer (a, a. a)
1 9.29 799.2514 799.2538 CsoH3Op  dimer (a, a)
D* 9.49 1213.3612 1213.3647 CysHsgOys  trimer (a, a, b)

Figure 1. Nostotrebin 6 (1) and derivatives based on a (a) CPD or (b) &-lactone core structure, biosynthesized by Nostoc sp. CBT1153. (c) HPLC—
UV chromatogram overview (4 = 230 nm) of the Nostoc sp. CBT1153 medium extract. (d) HPLC—UV chromatogram, with t; of 7.0—10.5 min. ()
Not fully structure-elucidated compounds; the structures were proposed on the basis of HRMS? and UV spectroscopy data.

Our ongoing search for specialized metabolites from
cyanobacteria combined with our interest in finding novel
anti-infective natural products prompted us to screen a library of
§72 cyanobacteria extracts for inhibitors of the trypanosomal
protease rhodesain. A medium extract from Nostoc sp. CBT1153
revealed not only high biological activity against rhodesain but
also a rather simple chemical composition. Until today, most
cyanobacterial natural products were isolated from biomass and
only few compounds from cyanobacteria cultivation media are
known.**~* Therefore, we set out to isolate and characterize the
rhodesain-inhibiting compounds found in this medium extract,
identifying compound 1 and several new biosynthetically related

compounds as active substances.

89

https://dx.doi.org/10.1021/acs jnatprod.9b00885
J. Nat. Prod. XXXX, XXX, XXX—XXX



Journal of Natural Products pubs.acs.org/jnp
B RESULTS AND DISCUSSION
OH
Isolation and Structure Elucidation. Our screening of a HO

cyanobacteria extract collection (450 biomass extracts and 122
medium extracts) against the cysteine protease rhodesain
resulted in 9 biomass extracts with an inhibitory activity of
more than 80% at 0.1 mg/mL and 14 medium extracts with an
inhibition higher than 80% at 0.2 mg/mL. With inhibition of
>90%, an extract from the culture medium of Nostoc sp.
CBT1153 revealed prominent activity, while the corresponding
biomass extract showed inhibition of 89% at 0.33 mg/mL. This
raised our interest, because only few compounds have been
isolated from cyanobacteria cultivation media to date. A
comparison of the chromatographic profiles showed that the
biomass and medium extracts contained the same major
compounds (Figure S1 of the Supporting Information).
However, because the medium extract did not contain any
hydrophilic metabolites or chlorophylls, we decided to proceed
with the medium extract. The main substance present in the
medium extract as well as in the biomass extract of this Nostoc
strain could quickly be dereplicated by high-resolution tandem
mass spectrometry (HRMS?) to the CPD homodimer
nostotrebin 6 (1), which was first isolated from a Nostoc sp.
biomass extract by Zelik et al. in 2010.>° Because we later
isolated the compound for comparative bioactivity testing, the
dereplication was also confirmed by one-dimensional (1D) and
two-dimensional (2D) nuclear magnetic resonance (NMR)
data.

Fractionation and subsequent bioactivity testing showed that
the inhibitory activity was caused by not only compound 1, but
also the other substances present in the extract. Intriguingly, the
molecular masses and the respective calculated sum formulas as
well as the tandem mass spectrometry (MS?) spectra of these
compounds indicated a structural relationship with the
homodimeric CPD 1 and hinted at the presence of monomeric,
dimeric, and higher oligomeric forms of a common core
structure (Figure 1). More detailed evaluation of the high-
performance liquid chromatography—mass spectrometry
(HPLC—MS) data showed that the extract contained at least
four putative monomeric, eight dimeric, and three trimeric
compounds (Figure S3 of the Supporting Information). Trace
amounts of tetrameric structures could be detected. Four new
mono- and dimeric derivatives were isolated in sufficient yield
for structure elucidation by 1D and 2D NMR experiments.

Compound 2 was isolated as a yellow amorphous powder.
The molecular formula C,sH,,04 was calculated from the [M —
H]™ ion atm/z 415.1182. The "H NMR spectrum showed only
five distinct proton signals, indicating a highly symmetric
structure. Four signals were found in the aromatic region
(integrals of 4, 4, 2, and 2), and two doublets were observed
around &y, 3.75 (integral of 4). On the basis of the sum formula
and the 'H NMR spectrum, we assumed compound 2 to be
related to the monomeric building block of compound 1 (core
structure a), with an additional hydroxy group being present.
Structure elucidation via 2D NMR experiments was straightfor-
ward. Heteronuclear multiple-bond correlations (HMBCs) and
the '*C chemical shifts were similar to compound 1 (see Figure 2
and Table 1), except C-2 as well as C-6, which were deshielded
by more than 15 and 7 ppm, respectively. The NMR data thus
confirmed the presence of a hydroxy group at C-2 (instead of the
second monomer in compound 1). Similar intramolecular
interactions as in compound 1 can be expected in compound 2
(intramolecular hydrogen bonds and stacking interactions
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Figure 2. HMBC correlations of compounds 2, 3, 4, and §, indicated by
arrows.

between the aromatics),*® resulting in a restricted rotation of
the substituents of the CPD. Thus, as in compound 1, the
methylene protons at C-12 and C-19 in compound 2 are
magnetically inequivalent, showing geminal coupling. Being the
monomer of nostotrebin 6 with an additional hydroxy group,
compound 2 was named nostotrebinol 3.

Compound 3 was isolated as a yellow amorphous powder.
HRMS analysis resulted ina [M + H]*ion at m/z417.1319 from
which the molecular formula C,sH,,O¢ was calculated,
suggesting this compound to be composed of just one of the
monomers present in compound 1, carrying an additional
hydroxy group. Four singlet signals in the region near i 9 were
observed in the 'H spectrum, and one of these broad singlets was
further deshielded, indicating increased acidity. *C chemical
shifts were determined via heteronuclear single-quantum
correlation (HSQC) and HMBC experiments. The data
indicated that compound 3 was not simply a hydroxylated
monomer of compound 1, because the *C signals for the keto
groups of the CPD substructure (8 >200) were missing.
Instead, the *C shift for C-1 (8¢ 170) and HMBCs pointed to a
&-lactone core structure (core structure b). The conjugation of
the p-hydroxyphenyl group with the lactone via the C-5—C-6
bond accounts for the broad singlet at 5y ~9.5 (vinylogous
phenylogous carboxylic acid). Similar to compound 1, two
hydroxybenzyl substituents are attached to the d-lactone at C-2
and C-3. Chemical shifts differ slightly as a result of the
additional m-hydroxy group in one of the hydroxyphenyl
substituents but are similar to compound 1 overall (Table 1).
HMBC key correlations are depicted in Figure 2. In comparison
to compound 1, the ultraviolet (UV) spectrum of compound 3
features an additional maximum at 360 nm with equal intensity
as the maximum at 223 nm (Figure S2 of the Supporting
Information). Because compound 3 contains a lactone core
structure and four hydroxy groups, it was named nostolactone 4.

Compound 4 was isolated as an orange amorphous solid. The
detected protonated molecule [M + H]" at m/z 815.2462
suggested a molecular formula of Cs,H;30,,, indicating the
presence of an additional hydroxy group in comparison to
compound 1. Indeed, the '"H NMR spectrum of compound 4
showed that the compound is not symmetrical, featuring three

https://dx.doi.org/10.1021/acs jnatprod.9b00885
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Table 1. "H (600 MHz) and 3C (150 MHz) NMR Spectroscopic Data of Monomeric Compounds 2 and 3 in DMSO-d;

2 3
position Se, type Sy (J in Hz) 8¢, type 8y (Jin Hz)
1 202.0, C 169.7,C
75.2,C 125.1,C
3 202.0, C 151.7,C
4 156.2, C 109.7, CH 6.26, s
5 156.2, C 145.5,C
6 127.3,C 1242,C
7 126.9, CH 6.84, m 131.7, CH 7.55,d (8.8)
8 114.9, CH 6.59, m 115.7, CH 6.80, d (8.8)
9 157.2,C 158.3,C
10 114.9, CH 6.59, m 115.7, CH 6.80,d (8.8)
11 126.9, CH 6.84, m 131.7, CH 7.55,d (8.8)
12a 28.5, CH, 3.74,d (14.5) 22.6, CH, 3.49 (s)
12b 3.77,d (14.5)
13 126.4, C 114.4, C
14 129.7, CH 6.91,d (8.6) 155.3,C
15 115.3, CH 6.62, m 102.2, CH 6.28,d (1.0)
16 156.2, C 156.5, C
17 115.3, CH 6.62, m 105.9, CH 6.11, dd (8.2,2.5)
18 129.7, CH 6.91,d (8.6) 129.8, CH 6.76,d (82)
19a 28.5, CH, 3.74,d (14.5) 28.4, CH, 3.86, s
19b 3.77,d (14.5)
20 1264, C 1280, C
21 129.7, CH 6.91,d (8.6) 129.1, CH 7.0, m
22 115.3, CH 6.62, m 115.2, CH 6.65, m
23 156.2, C 155.8, C
24 115.3, CH 6.62, m 115.2, CH 6.65, m
25 129.7, CH 691, d (8.6) 129.1, CH 7.01, m
OH OH 9.45, br's OH 9.07
OH OH 9.45,brs OH 9.27
OH OH 9.45,brs OH 9.41
OH OH 9.45, br s OH 9.92

doublets in the aromatic region with an integral of 1 each.
Coupling constants of 8.25 and 2.4 Hz indicated a m-dihydroxy-
substituted phenyl residue. This substitution pattern was
confirmed via correlations in the HMBC spectrum (Figure 2).
The remaining proton and carbon signals are in good
accordance with the data for compound 1 (Table 2). The UV
spectrum of compound § is virtually identical to the spectrum of
compound 1. Because the only structural difference between
compounds 1 and 4 is the presence of one additional hydroxy
group (7 instead of 6), compound 4 was named nostotrebin 7.

Compound §, isolated as a yellow amorphous solid, has the
same molecular formula as compound 4 ([M + H]" ion at m/z
815.2462). Intriguingly, evaluation of the 'H and '*C NMR
spectra revealed that this compound contains both the
monomer 3 (core structure b) and the CPD monomer (core
structure a) found in compound 1, forming a heterodimer.
Evaluation of the 2D NMR data showed a strong HMBC of H-
18 and C-2’ (Figure 2), indicating that the two monomeric
building blocks are not, as expected, connected by a covalent
bond between the monomer cores but that the CPD monomer is
an additional substituent at the dihydroxy-substituted phenyl
group of the §-lactone monomer (covalent bond between C-17
and C-2’). The presence of monomer 3 in compound § is
confirmed by the UV spectrum of compound $, which also
shows an absorption maximum at 360 nm. Interestingly, because
the dimer S only contains one d-lactone monomer, the
maximum at 360 nm is only about half as intense as the
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maximum at 230 nm. As a result of its dimeric structure,
comprising one lactone and one CPD monomer, with in total
seven hydroxy groups, compound 5 was named nostotrebinlac-
tone 7.

Compounds A, B, C, and D could not be isolated in sufficient
amounts for unambiguous structure elucidation. However, their
HRMS? and UV spectra clearly showed that they are composed
of the basic core structures a and b (Figure 1 and the Supporting
Information). Their deduced structural features are discussed in
the Supporting Information.

In addition to the compounds discussed above, several
additional monomers, dimers, and trimers could be detected by
HPLC—MS (Figure S3 of the Supporting Information). These
compounds mainly differ in the number of hydroxy groups.
Intriguingly, we could also detect minor amounts of two
tetramers (C,00H50,, and C,o0H740,5; Figure S3 of the
Supporting Information). We suspect that the oligomerization
of the two monomers is not enzyme-catalyzed but due to their
general chemical reactivity, resulting in an array of compounds
differing mainly in the monomers that reacted and the extent of
hydroxylation. This non-enzymatic oligomerization is also
supported by the fact that compounds 4 and $ are not optically
active.

Bioactivity Characterization. Nostotrebin 6 (1) was first
isolated from the extract of Nostoc sp. str. Lukesova 27/97, which
was highly active in a screening for AChE inhibitors (Table 3).”
Although HPLC analysis of this extract revealed compound 1 as

https://dx.doi.org/10.1021/acs jnatprod.9b00885
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Table 3. Inhibitory Effects of Compounds 1, 3, and 5

1C5o (#M) MIC (uM)
B.

HeLa subtilis  E. faecium S. aureus
compound  rhodesain cells 168 BM4147-1 ATCC29213
() 15+2 16+ 9 13 13 13
5 3+4 33+9 3 13 3
3 63+3 84 + 13 S0 100 50

“half maximal inhibitory concentrations (ICy,) of compounds 1, 3,
and S against rhodesain and HelLa cells (n = 3) and minimal
inhibitory concentrations (MICs) of compounds 1, 3, and § against
selected Gram-positive bacteria (n = 3).

the main compound, several minor peaks were detected as well
but not characterized at that time.”* Compound 1 was also
found to be cytotoxic and pro-apoptotic on mouse fibroblasts
(BALB/c)* as well as antibacterial against Gram-positive
bacteria (Table S1 of the Supporting Information)®’ and
suggested as lead structure for drug development.”* However,
because compound 1 is a polyphenolic compound, caution
might be appropriate. Showing such a broad variety of
bioactivities in seemingly unrelated assays, the compound can
be suspected to be a pan-assay interference compound
(PAIN).*** To either confirm compound 1 and its derivatives
are PAINS or to establish structure—activity relationships for this
compound family, we performed a comparative activity testing
with compound 3 as the monomer, compound 1 as the
homodimer, and compound 5 as the heterodimer. Therefore, we
assessed the cytotoxicity on HeLa cells, the antibacterial activity
against Bacillus subtilis, Enterococcus faecium, and Staphylococcus
aureus, and the rhodesain inhibition potency. Results are
summarized in Table 3.

The ICy, of compound 1 against HeLa cells (16 uM) was
comparable to published data,”” while compounds § (ICy, =33
uM) and 3 (ICy, = 84 uM) were slightly less active. Our results
also confirmed published data concerning the antimicrobial
activity of compound 1 against selected Gram-positive
bacteria.”® Compound 1 and the two tested derivatives were
active against B. subtilis 168, E. faecium BM4147-1, and S. aureus
ATCC29213, with MICs of 13 uM for compound 1, 3—13 uM
for compound 6, and 50—100 M for compound 3 (Table 3).

Inhibition of rhodesain was tested in a standard fluorescence
assay'® by measuring the fluorescence increase as a result of the
hydrolysis of Cbz-Phe-Arg-AMC in the absence or presence of
inhibitor. To investigate the inhibition mechanism (time
dependency, unspecific thiol reactivity, and unspecific inhibition
by aggregation”®*”), more detailed experiments were performed
with compound 1 as the major representative of this compound
family. The residual activity of rhodesain after 5, 10, and 30 min
incubation time of enzyme and compound 1 prior to substrate
addition ([S] = 10 uM) was measured. The inhibition was found
to be not time-dependent.*® The presence of the low-molecular-
weight sulfur nucleophile dithiothreitol (DTT, 4.75 mM) did
not have any influence on the inhibition of rhodesain by
compound 1 (Figure S5 of the Supporting Information).
Therefore, it can be excluded that the compound reacts
unspecifically with thiols.*>*’ Unspecific inhibition by aggrega-
tion was excluded by the addition of the non-ionic detergent Brij
35 (0.005 and 0.025%; Supporting lnformation);(" " Thus,
prominent error sources in fluorometric assays' could be
discarded. Additionally, the inner filter effects for compounds 1,
3, and S were calculated and included in the calculations of ICs,
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values, because in fluorometric assays, yellow-colored sub-
stances are known to potentially absorb light at the wavelength
of interest. Slight differences in the inhibitory activity of
compounds became apparent (Table 3). While compound 1
revealed an ICj, of 15 #M against rhodesain (comparable to the
ICy, against BChE and AChE*®), compound $ showed a higher
IC;, value of 33 #M and compound 3 again was less active (ICs,
= 66 uM). Interestingly, the ICy, values against HeLa cells of
each compound are in line with their rhodesain inhibitory
activity. Hence, despite their structural similarity, the bioactivity
seems to vary slightly between the monomeric and dimeric
derivatives.

Although all three compounds are active in a comparable
concentration range, in all assays, the monomer 3 (3 hydroxy
groups; M, ~ 400 Da) is slightly less active than the dimers $ and
1 (7/6 hydroxy groups; M, ~ 800 Da). This agrees with the
observation in other polyphenolic natural products that the
bioactivity increases with the number of hydroxy groups per
molecule,”* ™ suggesting that the activity of the nostotrebins/
nostolactones is indeed due to unspecific, polyphenol-like
activity on proteins.

The broad bioactivity spectrum, which has been reported for
CPDs in general, was postulated to be based on the chemically
reactive CPD substructure.”* For example, the antifungal
activity of coruscanone A was at first attributed to the 2-
methoxymethylenecyclopent-4-ene-1,3-dione moiety, assuming
an irreversible covalent addition to its target by Michael
addition,'® while the side chain styryl-like moiety was suspected
to contribute to target binding. However, subsequent evaluation
of synthesized 2-cinnamyliden-1,3-diones related to corusca-
none A showed that the CPD core structure was not essential for
bioactivity but, instead, highlighted the importance of the styryl
side chain.’® Furthermore, CPDs isolated from Lindera
aggregata, comprising one or two CPD moieties but no hydroxy
groups, were found to be inactive against B. subtilis.”’
Compound 1, containing two CPD subunits, and compound
§, containing just one CPD substructure, were roughly equally
active in our assays. Hence, as discussed above, it is likely that the
bioactivities of the nostotrebin compound family are not due to
the CPD moiety but the phenolic hydroxy groups.

Although the physiological role of CPDs has not yet been
studied in detail, a protective function for the producing
organisms, especially against bacterial and fungal pathogens, was
assumed.”* In the case of compound 1, a protective role against
biotic stress was suggested as well.** Our study might affirm this
reasoning, as the nostotrebins/nostolactones were found to be
present in the cultivation medium. Another potential ecological
role of the CPDs might be protection against UV irradiation.
The structures of the nostotrebins show some resemblance with
the structures of the scytonemins, known UV protectants or
photon dissipators.”® However, in contrast to the scytonemins,
which absorb strongly over the entire UV range (100—380 nm),
the nostotrebins absorb UV light strongly only in the UV-C
range (100—280 nm), while their absorption in the UV-B range
(280—315 nm) is comparably weaker and low in the UV-A range
(315—380 nm).

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
obtained on a Jasco P-2000 polarimeter. UV spectra were obtained
on a GeneQuant 1300 spectrophotometer (GE Healthcare Bio-
Sciences). Infrared—attenuated total reflection (IR—ATR) spectra
were obtained on a Bruker FTIR IFS 28 spectrometer, equipped with a

https://dx.doi.org/10.1021/acs jnatprod.9b00885
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deuterated triglycine sulfate (DTGS) detector and a ZnSe crystal (1.3
mm). The incidence angle was 45°. NMR experiments were performed
in DMSO-d, on a Bruker Avance II spectrometer operating at 600 MHz
("H) or 150 MHz (**C) on an Agilent DD2 spectrometer equipped
with a OneNMR probe at 400 MHz ('H) or on a Varian/Agilent
VNMRS spectrometer operating at 600 MHz ('H). Chemical shifts
were referenced to the residual solvent signals (&;; 2.49, 6 39.5). NMR
data were analyzed with ACD/Structure Elucidator Suite 2018.2. High-
resolution electrospray ionization mass spectrometry (HRESIMS) data
were acquired on 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). The following
parameters were used for the data acquisition: positive ion mode, ESI
spray voltage of 3.5 kV, and scan range of m/z 150—2000. Analytical
and semi-preparative HPLC were performed on an UltiMate 3000
HPLC system (Thermo Fisher Scientific).

Cyanobacterial Material: Generation of Medium Extract.
Nostoc sp. CBT1153 (CCY0S508) was classified as Nostoc based on its
morphology and is deposited in the culture collection of the Cyano
Biotech GmbH, Germany. The strain was cultivated in BG11 medium®®
at 28 °C, illuminated continuously by Sylvania GROLUX fluorescent
lamps (50—200 pgmol photons m™s™"), and aerated with 0.5—5% CO,
in sterile filtrated air in 20 L polycarbonate carboys. To minimize cell
death and lysis, the cultures were harvested weekly and diluted with
fresh medium (semi-continuous cultivation to avoid entering into the
stationary phase). Frequent microscopic examination of the cultures
did not show significant amounts of sheath fragments that would
indicate dead or lysed cells. XAD-16 adsorption resin was present
during the whole cultivation duration to adsorb organic compounds
present in the cultivation medium, and the adsorbed compounds were
subsequently extracted with MeOH. Sufficient amounts of cyanobac-
teria biomass and medium extract for further processing were obtained
after a cultivation duration of about 10 weeks. After separation of the
biomass from the medium by centrifugation, the biomass was
lyophilized. The dried biomass was resuspended in 50% MeOH (v/
v), treated with an ultrasonication rod (Bandelin), and extracted on a
shaker for 30 min at room temperature. After centrifugation, the
biomass was subsequently extracted using 80% MeOH (v/v). The
solutions were combined and dried in vacuo to yield the biomass extract.

Bioassay-Guided Fractionation and Isolation of Compound
1 and Its Derivatives. The medium extract was dissolved in MeOH
and fractionated by HPLC using a Luna C18 column (250 X 10 mm, §
um, 100 A, Phenomenex) and a gradient of 30—75% MeCN in H,O
(0.1% formic acid each) at 4.5 mL/min over 23 min. Fractions were
collected every 0.5 min, resulting in five fractions inhibiting rhodesain.
These fractions contained all of the major compounds detectable in the
extract. A total of 140 mg of medium extract was dissolved in 1.4 mL of
MeCN and subjected to semi-preparative HPLC using a Luna C18
column (250 X 10 mm, § pm, 100 A, Phenomenex) and a gradient of
40—46% MeCN in H,O (0.1% formic acid each) at 4.5 mL/min over 30
min, yielding compounds 2 (0.5 mg, tz of 4.7 min), A (<0.1 mg, ty of 6.2
min), 3 (9.5 mg, t of 8.8 min), B (0.1 mg, t; of 9.7 min), 4 (4.3, t; of
12.0 min), § (9.4 mg, t of 13.1 min), C (3.6 mg, ty of 16.7 min), 1 (40.5
mg, ty of 17.5 min), and D (<0.1 mg, t; of 21.1 min). The compounds
were found to be not optically active.

Nostotrebin 6 (1): yellow amorphous powder; UV (MeCN) ...
(log &), 226 (4.75) nm; IR (ATR) v,,.,, 3393, 1734, 1686, 1610, 1510,
1437, 1337, 1224, 1171, 821 cm™'; 'H and "*C NMR data, Table 2;
HRESIMS, m/z 799.2514 [M + H]* (calculated for C4H300,q,
799.2538).

Nostotrebinol 3 (2): yellow amorphous powder; UV (MeCN) 4.,
(log ), 225 (4.02), 277 (3.61) nm; IR (ATR) v, 3196, 2917, 1701,
1594, 1513, 1445, 1241, 1172, 1022, 998, 825 cm™'; 'H and *C NMR
data, Table 1; HRESIMS, m/z 415.1182 [M — H]~ (calculated for
CysH,90g, 415.1182).

Nostolactone 4 (3): yellow amorphous powder; UV (MeCN) Z,,..
(log £), 226 (4.28), 279 (3.92), 359 (4.33) nm; IR (ATR) v,,,,, 3342,
1722, 1601, 1513, 1445, 1372, 1229, 1173, 1104, 974, 823 cm™'; 'Hand
13C NMR data, Table 1; HRESIMS, m/z 417.1319 [M + H]*
(calculated for C,sH, 04, 417.1333).
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Nostotrebin 7 (4): orange amorphous powder; UV (MeCN) 4.,
(log £), 225 (4.49), 275 (3.99) nm; IR (ATR) 1,sy 3172, 2918, 1735,
1691, 1612, 1513, 1447, 1375, 1242, 1023, 824 cm™; 'H and *C NMR
data, Table 2; HRESIMS, m/z 815.2462 [M + H]" (calculated for
CsoH350,, 815.2487).

Nostotrebinlactone 7 (5): yellow amorphous powder; UV (MeCN)
Amax (log €), 227 (4.59), 278 (4.05), 357 (4.32) nm; IR (ATR) v,
3350, 1273, 1690, 1599, 1512, 1441, 1350, 1241, 1173, 832 cm™; 'H
and *C NMR data, Table 2; HRESIMS, m/z 815.2462 [M + H]*
(calculated for CsyHyo0;;, 815.2487).

Quantification by Evaporative Light Scattering Detection
(ELSD). To avoid weighing inaccuracies, the concentrations of test
compound solutions for bioactivity testing were quantified using HPLC
coupled with ELSD (Sedex 85, Sedere) according to Adnani et al.*
Quercetin (>99%, Carl Roth) was used as a standard substance to
establish the calibration curve (injection of 0.5 to S0 uL of a 20 ng/uL
solution in 90% MeCN in H,0). Solutions were injected in triplicate on
a Kinetex C18 column (100 X 3.1 mm, $ gm, 100 A, Phenomenex),
eluted with 90% MeCN in H,O (0.1% formic acid each) at 0.85 mL/
min over 2.5 min. ELSD response areas were averaged, and log(ELSD
response area) was plotted against log(amount) to generate a linear
calibration curve. Solutions of the compounds in 90% MeCN in H,0
were injected in triplicate under identical conditions. ELSD response
areas were averaged, and the corresponding compound concentration
was calculated using the quercetin calibration curve.

Rhodesain Assay: General Procedure. Rhodesain was recombi-
nantly expressed as described previously.”' The hydrolysis of Cbz-Phe-
Arg-AMC by rhodesain was detected by a kinetic measurement over 10
min in intervals of 30 s with a Tecan infinite M200 pro plate reader
according to Breuning et al'® (excitation wavelength, 380 nm;
excitation bandwidth, 9 nm; detection wavelength, 460 nm; detection
bandwidth, 20 nm; and z position, 18 400 um). The assay was
performed in white 96-well plates (Lumitrac 600 white 96-well
microplates, Greiner Bio-One). As the assay buffer, S0 mM sodium
acetate at pH 5.5 with S mM ethylenediaminetetraacetic acid (EDTA),
200 mM NaCl, and 0.005% Brij 35 was used. The following solution
was applied as the enzyme buffer: 50 mM sodium acetate at pH 5.5
containing rhodesain, 5 mM EDTA, 200 mM NaCl, and $ mM DTT.
Substrate (10 mM final concentration) and inhibitor stock solutions
were prepared in dimethyl sulfoxide (DMSO) and diluted with assay
buffer to a final DMSO concentration of 5%. DMSO alone (5% final
concentration) served as the negative control. The determination of the
inner filter effect is described in the Supporting Information.

Studies on the Rhodesain Inhibition Mechanism. For more
detailed studies on the inhibition mechanism of the compounds on
rhodesain, the assays were adjusted as follows: To study a time-
dependent inhibition, enzyme and test compound were incubated 0, 5,
and 30 min prior to substrate addition.”® Subsequently, the standard
kinetic measurement over 10 min in intervals of 30 s was performed. To
evaluate unspecific electrophilic reactions of the test compounds with
the target enzyme, the assay buffer was supplemented with a
concentration of 1 and S mM DTT (0.125 and 4.75 mM final
concentration; see the Supporting Information) and influence on the
inhibition was evaluated.”* The formation of aggregates by the test
compound and target enzyme was investigated by the addition of Brij
35 to the assay buffer (final concentration of 0.01 and 0.025%; see the
Supporting Information).**” The inner filter effect was determined as
described by Ludewig et al.*” ICy, was calculated using Graph Pad
PRISM 6. Data were fit by nonlinear regression, applying the equation
“log(inhibitor) versus response — variable slope (four parameters)”.

Cell Culture and Cell Survival Rate. HeLa cells were maintained
in RPMI 1640 medium supplemented with 10% fetal bovine serum,
which was heat-inactivated at 60 °C for 30 min, and 1% penicillin/
streptomycin mixture. Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO,. For estimation of the cell viability
against compound 1 and its derivatives, a serial dilution of the test
compounds from 100 to 0.05 #M in RPMI 1640 medium supplemented
with 10% fetal bovine serum was prepared in 96-well flat-bottom
polystyrene microplates (Sarstedt). Cycloheximide was used as a
control. A total of 100 #L of cell culture was added to a 96-well plate

https://dx.doi.org/10.1021/acs jnatprod.9b00885
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containing the serial dilution of the test compounds, achieving a final
cell concentration of 1 X 10* cells/well. A growth control (cells in
medium but no inhibitor) and a sterility control (medium only) were
added. After 24 h of incubation with test compounds at 37 °C, 10 uL of
resazurin solution (1 mg/mL) was added to each well, followed by 24 h
of further incubation at 37 °C and 5% CO,. Fluorescence was measured
in a TECAN infinite M200 plate reader at 560 nm excitation and 600
nm emission. The cell viability was estimated in relation to the growth
control. All experiments were performed at least in triplicate.

Antimicrobial Activity. The antimicrobial activity of compound 1
and its derivatives against the Gram-positive bacteria B. subtilis, S.
aureus, and E. faecium was evaluated by determination of their MIC
according to the guidelines of the Clinical and Laboratory Standards
Institute (CLSI).** Serial 2-fold dilutions of the test compounds from
100 to 0.05 uM in cation-adjusted Mueller—Hinton broth were
prepared in 96-well round-bottom polystyrene microplates (Sarstedt).
Each well contained SO uL of test compound solution at twice the
desired final concentration and was inoculated with 50 uL of bacterial
suspension, yielding a final inoculum of § X 10° colony-forming units
(CFU)/mL in 100 yL final volume. Microplates were incubated for
16—20 h at 37 °C, and the MIC was determined as the lowest
concentration of the test compound that inhibited visible bacterial
growth.
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3.3.2.2. Studies on Rhodesain Inhibition Mechanism

In addition to the mechanistic studies reported in Kossack et al. with regard to time
dependency, unspecific electrophilic reactions, and the formation of aggregates,5° steady
state experiments were performed with Nostotrebin 6 in order to investigate the inhibition
mechanism. Therefore, the initial velocity of the enzymatic reation was determined using the
slopes of the first minutes of the progress curves, obtained without preincubation of enzyme
and inhibitor, and at varying inhibitor (Nostotrebin 6) and substrate concentrations. The
resulting data were fit by non-linear regression to the mixed model enzyme inhibition in
Graph Pad PRISM (see 2.4.1.2), illustrated in Figure 58. The resulting parameters are

summarized in Table 19.
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Figure 58. Steady state experiments with Nostotrebin 6. (A) Initial velocity of rhodesain at varying
substrate and inhibitor concentrations [I]: 0 uM (@), 3.125 uM (), 6.25 pM (v), 12.5 pM (a), and 20
UM (m). Shaded in gray: 0-1.2 uM substrate. (B) Lineweaver-Burk plot: 0 uM (e), 3.125 uM (e),12.5 uM
(a),and 20 pM (m).

The initial velocity in presence of varying inhibitor concentrations [I] was plotted against the
substrate concentration [S]. Vmax is reduced by the inhibitor, indicating either a
noncompetitive or an uncompetitive inhibition. As K changes only slightly and within the
standard deviation, a noncompetitive inhibition is more likely. With an alpha value of 0.74, it

is unclear which type of inhibition can be assumed. But with alpha=1 a noncompetitive

inhibition is more likely. In case of an uncompetitive inhibition, the alpha value would be very
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small, but greater than zero, whereas a competitive inhibition results in a very large alpha

value.151

Table 19. Best-fit values for the parameters of mixed-model inhibition.

Vmax Alpha Ki Km
63.15 dF/min 0.74 25.9 uM 0.86 uM

Noncompetitive inhibitors do not affect the binding of the substrate, but bind equally well to
the enzyme and enzyme-substrate complex. Thus, there is no effect on ky but on vmax.152 The
Ki value is a measure of the affinity of the inhibitor for the enzyme, the smaller the K;the higher
the affinity of the inhibitor to the enzyme. Here, the K;iwas determined as 25.9 uM. This value
is high compared to other rhodesain inhibitors like the macrocyclic lactams identified as
potent rhodesain inhibitors, with K; < 500 nM, by Giroud el al.1°* Combined with the results
shown in Kossack et al.,*5° nostotrebin 6 can be assumed to be a time-independent inhibitor,
which does neither react unspecifically with thiols, nor by aggregation. Presumably,
nostotrebin 6 and the structurally related oligomers act as noncompetitive inhibitors due to

their phenol groups.
Unspecific Reactivity due to Phenolic Hydroxy Groups A

It was observed for other polyphenolic natural products, that the bioactivity increases with
the number of hydroxy groups per molecule,!53-158 suggesting that the activity of the
nostotrebins/ nostolactones is indeed due to unspecific, polyphenol-like activity on proteins.
The broad bioactivity spectrum, which has been reported for CPDs in general, was postulated
to be based on the chemically reactive CPD substructure.!>® For example, the antifungal
activity of coruscanone A was at first attributed to the 2- methoxymethylenecyclopent-4-ene-
1,3-dione moiety, assuming an irreversible covalent addition to its target by Michael
addition,!¢0 while the side chain styryl-like moiety was suspected to contribute to target
binding. However, subsequent evaluation of synthesized 2-cinnamyliden-1,3-diones related
to coruscanone A showed that the CPD core structure was not essential for bioactivity but,
instead, highlighted the importance of the styryl side chain.!61 Furthermore, CPDs isolated
from Lindera aggregata, comprising one or two CPD moieties but no hydroxy groups, were

found to be inactive against B. subtilis.'62 Compound 1, containing two CPD subunits, and

A Paragraph adapted from Kossack, R.; Breinlinger, S.; Nguyen, T.; Moschny, |.; Straetener, ].; Berscheid,
A. et al. (2020) Nostotrebin 6 Related Cyclopentenediones and 6-Lactones with Broad Activity
Spectrum Isolated from the Cultivation Medium of the Cyanobacterium Nostoc sp. CBT1153.

J. Nat. Prod. DOI: 10.1021/acs.jnatprod.9b00885
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compound 5, containing just one CPD substructure, were roughly equally active in our assays.
Hence, as discussed above, it is likely that the bioactivities of the nostotrebin compound

family are not due to the CPD moiety but the phenolic hydroxy groups.
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4. Conclusions and Future Perspectives

The major aim of my work was to isolate and characterize anti-infective metabolites from
cyanobacteria, especially inhibitors of the trypanosomal cysteine protease rhodesain, as part
of the binational Indonesian-German project "Accessing Novel Bacterial Producers from
Biodiversity-rich Habitats in Indonesia" (ANoBIn). Cyanobacteria are valuable sources for
cytotoxic and antimicrobial metabolites, as well as for protease inhibitors.364855-57 Proteases
are promising targets for new therapeutic approaches, due to their crucial role in the
pathogenesis of many infectious diseases.535¢ The cysteine protease rhodesain plays a major
role during the parasitic infection by T. brucei, and is thus regarded as an auspicious target

for urgently needed new medications against human African trypanosomiasis.53:88-91

(I) In total 147 cyanobacteria strains were sucessfully isolated from diverse habitats in
Indonesia and Germany. Different sampling as well as isolation techniques led to the isolation
of morphologically distinct strains, which were classified into the five sections described by
Rippka et al..>* In the future, a polyphasic approach, as descriped by Komarek et al., which
mirrors evolutionary history and includes monophyletic taxa, should be applied for further
characterization.2! From German sites, a total of 55 cyanobacteria strains were isolated. Most
strains belonged to the Oscillatoriales (65.5%), whereas 30.9% belonged to the
Chroococcales, and only 3.6% to the Nostocales. Compared to the sampling in Indonesia,
which led to the isolation of 92 cyanobacteria strains (38.0% Oscillatoriales, 34.8%
Nostocales, 17.4% Chroococcales, 9.8% Stigonematales), these results might indicate a higher
cyanobacterial diversity in the Indonesian samples. However, different sampling techniques

could have led to biased results.

(I From the newly established strain collection, about 60 biomass extracts were screened
for rhodesain inhibition, antimicrobial activity (Bacillus subtilis, Staphylococcus aureus) and
QS inhibition and enhancement (Vibrio harveyi, Chromobacterium violaceum, Staphylococcus
aureus, Serratia marcescens). Of 52 tested extracts, 11.5% showed more than 50% inhibition
of rhodesain at 0.1 mg/mL and 2% more than 70% inhibition. Five of the screened extracts,
revealing interesting bioactivities combined with a promising chemical profile, were selected
for closer examination. The HPLC-DAD and HPLC-MS profiles of the strains indicated several
bioactive, potentially novel compounds, though these findings need to be veryfied by
additional MS-MS experiments. Rhodesain inhibiting substances were found in at least three
biomass extracts, thus the hypothesis that cyanobacteria could serve as a source for
rhodesain inhibitors was confirmed. The rhodesain inhibiting substances need to be

identified, isolated and characterized, and might serve as lead-structures for therapies against
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HAT in the future. This newly established strain collection provides a valuable source for
bioactive compounds, as cyanobacterial metabolites are known for their antifungal, antiviral

and anticancer activities.3135

(III) A cyanobacteria extract collection, kindly provided by the Cyano Biotech GmbH, was
screened against the trypanosomal cysteine protease rhodesain in cooperation with Prof. Dr.
Tanja Schirmeister (Johannes Gutenberg University, Mainz). 2.7% of the screened biomass
extracts exhibited an inhibition of 70-100% at 0.1 mg/mL, which resembles the screening
results of our in-house extract collection. Processing of the biomass extract from a Nostoc sp.
strain led to the successful isolation of rhodesain inhibiting substances. Five of the nine
structurally related compounds showed an inhibitory activity higher than 90% at 0.1 mg/mL.
The partial structure of an inactive derivative was successfully characterized. As soon as the
complete structures of the active derivatives are elucidated, they might serve as new lead
structures for the treatment of HAT. Additionally, structure-activity relationships could be
deduced from the structure of inhibitory inactive derivatives, which would be beneficial for

the design and structure optimization of new inhibitors.

In the medium extract of another Nostoc sp. strain, we identified the homodimeric
cyclopentenedione (CPD) nostotrebin 6 and novel related monomeric, dimeric, and higher
oligomeric compounds as active substances. The oligomeric compounds are composed of two
core monomeric structures, a trisubstituted CPD or a trisubstituted unsaturated &§-lactone.
Nostotrebin 6 so far has been the only known cyanobacterial CPD and has been found to be
active in a broad variety of assays, indicating that it might be a pan-assay interference
compound (PAIN). Thus, we compared the antibacterial and cytotoxic activity, as well as the
rhodesain inhibition of selected compounds. As a compound with a §-lactone instead of a CPD
core structure was equally active as nostotrebin 6, the bioactivities of these compounds seem
to be based on the phenolic substructures, rather than on the CPD moiety. While the dimers
were roughly equally potent, the monomer displayed slightly weaker activity, suggesting that
the compounds show unspecific activity depending on the number of free phenolic hydroxyl

groups per molecule.A

The isolation of nostotrebin 6 shows that it is important to keep in mind that 5-12% of a
typical academic screening library are PAINS.163 Therefore, it is crucial to familiarize with the

most common PAIN structures, conduct intensive literature search and perform various

A Paragraph adapted from Kossack, R.; Breinlinger, S.; Nguyen, T.; Moschny, ].; Straetener, ].; Berscheid,
A. et al. (2020) Nostotrebin 6 Related Cyclopentenediones and &-Lactones with Broad Activity
Spectrum Isolated from the Cultivation Medium of the Cyanobacterium Nostoc sp. CBT1153.

J. Nat. Prod. DOI: 10.1021/acs.jnatprod.9b00885
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assays that detect activities with different readouts while screening for new lead
structures.¢* To our knowledge, this work is the first to consider cyanobacteria as a source
for rhodesain inhibitors. Until today, most cyanobacterial natural products were isolated
from biomass, and only few compounds from cyanobacteria cultivation media are known.165-
168 The present findings show that cyanobacteria medium extracts provide a valuable source

for biologically active natural products.
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6. Appendix: Supplementary Data

6.1. List of Abbreviations

AMC 7-Amino-4-methylcoumarin
ANoBIn Accessing Novel Bacterial Producers from Biodiversity-rich

Habitats in Indonesia

CFU Colony forming unit

CNS Central nervous system

CSF Cerebrospinal fluid

CPD Cyclopentenedione

DAD Diode array detector

DMSO Dimethylsulfoxid

EDTA Ethylenediaminetetraacetic acid

ELSD Evaporative light scattering detector

FA Formic acid

HAT Human African Trypanosomiasis

HPLC High performance liquid cromatography

HPLC-MS High performance liquid cromatography coupled to a mass
spectrometer

HRMS High resultion mass spectrometry

hCatL Human cathepsin L

K; Inhibition constant

Km Michaelis-Menten constant

LC Liquid chromatography

LED Light-emitting diode

MeCN Acetonitrile

MeOH Methanol

MIC Minimal inhibitory concentration

NaOH Sodium hydroxide

NECT Nifurtimox-eflornithine combination therapy

NGOs Non-governmental organisations

NMR Nuclear magnetic resonance spectroscopy

NRPS Nonribosomal peptide synthetase

oD Optical density

PAIN Pan-assay interference compound
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PKS Polyketide synthase

PARs Protease-activated receptors
PTRE Post-treatment reactive encephalopathy
QS Quorum sensing

QsI Quorum sensing inhibition
QSE Quorum sensing enhancement
RDTs Rapid diagnostic tests

RLU Relative light units

rpm Revelations per minute

tr Relative retention time

TPP Target product profile

VSG Variable surface glycoproteins
WBC White blood cells

WHO World Health Organisation
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6.2. Supporting Data

Content of the Supporting Data

Figure A 1. Mass spectra of compound A to E of An-Al061.1 biomass extract. Pos. mode
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Figure A 2. Biomass extract Nostoc 3; Preparative isolation; first run. 40 mgin 4 mL MeOH
20%, 0.1% FA, 24 mL/min, 0-25 min: 5-25%, 27-32: 100%, Reprosil Pure Basic C18 10 um,
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Figure A 3. Biomass extract Nostoc 3; Preparative isolation; second run. 40 mg in 4 mL

MeOH 20%, 0.1% FA, 24 mL/min, 0-25 min: 5-25%, 27-32: 100%, Reprosil Pure Basic C18 10
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Table A 1. Cyanobacterial Strains isolated from samples taken in Germany.

Taxonomy Sampling
A . . S li . .
Tniio Sec. Order Family Subfamily Genus ar[r)lft;ng Location GPS Substrate Medium Method
1 11 Oscilatoria Pseudanabaenaceae | Pseudanabaenoideae Geitlerinema 09.07.2015 pond biofilm | BG11+N Pigg&tl;iis
2 11 Oscillatoriales Pseudanabaenaceae | Pseudanabaenoideae Geitlerinema 09.07.2015 pond biofilm | BG11+N ER, Phototaxis
3 111 Oscillatoriales | Pseudanabaenaceae | Pseudanabaenoideae Geitlerinema 09.07.2015 pond biofilm | BG11+N Filtrate
, . . Filtrate,
4 I Oscillatoriales | Pseudanabaenaceae 09.07.2015 pond biofilm | BG11+N :
Phototaxis
6 111 Oscillatoriales Pseudanabaenaceae 09.07.2015 pond biofilm | BG11 + N |Filter, Phototaxis
Microcystis or Palm house, - .
7 I Cloeothece 09.07.2015 | Botanical 48°32'20.3°N pond biofilm | BG11+N Filter
Garden, | "g005110.8E
8 I Oscillatoriales 10.07.2015 | Tiibingen, ' pond biofilm | BG11+N Filtrate
Germany
9 I Oscillatoriales | Pseudanabaenaceae | Pseudanabaenoideae |Limnothrix or Jaaginema | 10.07.2015 pond biofilm | BG11+N Filtrate
10 111 Oscillatoriales Oscillatoriaceae Oscillatorioideae Phormidium 10.07.2015 pond biofilm | BG11 + N |Filter, Phototaxis
11| 1II Oscillatoriales | Pseudanabaenaceae 10.07.2015 pond biofilm | BG11+N ER
12 11 Oscillatoriales 10.07.2015 pond biofilm | BG11+N ER, Phototaxis
13 11 Oscillatoriales Pseudanabaenaceae | Pseudanabaenoideae 10.07.2015 pond biofilm | BG11+N ER, Phototaxis
14| 1II Oscillatoriales 10.07.2015 garden ground | BG11+N ER
Ground, 52°36'39.0"N
. . . Berlin 13°25'47.4"E
15| 11 Oscillatoriales | Pseudanabaenaceae | Pseudanabaenoideae 10.07.2015 garden ground | BG11+N ER
16| I Microcystis or 10.07.2015 aquarium | biofilm | BG11+N ER
Cloeothece A .
quarium, o "
. . 48°32'10.1"N
17 I Chroococcales Apélanotg:ece or 10.07.2015 | University 9°02'10.9"E aquarium | biofilm | BG11+N ER
yanothece Tiibingen ’
18| 11 Oscillatoriales Phormidiaceae Phormidioideae Psuedophormidium 10.07.2015 aquarium | biofilm | BG11+N Phototaxis
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19| 11 Oscillatoriales 10.07.2015 aquarium | biofilm | BG11+N ER
20 I Chroococcales 10.07.2015 aquarium | biofilm | BG11+N ER
21 111 Oscillatoriales 07.09.2015 |paim house, pond biofilm | BG11+N Filtrate
Botanical 48°32'22.5"N
22 I Oscillatoriales Oscillatoriaceae 08.09.2015 Garden, oot A pond biofilm | BG11+N Filtrate
s 9°02'09.4"E
Tiibingen,
23| I Oscillatoriales | Pseudanabaenaceae | Leptolyngbyoideae 09.09.2015 | Germany pond biofilm | BG11+N ER
Synechococcales/
24 I 31.08.2015 clean pool mud BG11-N ER
Chroococcales
Synechococcales/ 48°25'37.8"N )
25 I Chroococcales 31.08.2015 9°10'43.1"E clean pool mud BG11-N ER
26| 1 Oscillatoriales | Pseudanabaenaceae | Pseudanabaenoideae 31.08.2015 Gonni clean pool mud BG11 +N ER
onninger
27 I Chroococcales/ Microcystaceae/ Radiocystis or 31.08.2015 "Se.en, clean pool | sediment| BG11 +N ER
Synechococcales | Synechococcaceae Cyanocatena Tibingen,
Germany
28 111 Oscillatoriales | Pseudanabaenaceae 31.08.2015 48°25'34 4"N clean pool [sediment| BG11+N ER
9°10'42.8"E
29| I Oscillatoriales | Pseudanabaenaceae | Pseudanabaenoideae Pseudanabenana or 31.08.2015 clean pool | water BG11+N ER
Arthronema
30| I Oscillatoriales | Pseudanabaenaceae 31.08.2015 clean pool | water BG11+N ER
Palm house,
Botanical 48°32'20.3"N
32 11 Oscillatoriales Pseudanabaenaceae | Pseudanabaenoideae 09.09.2015 Garden, 9°02'10 '8,,E pond water BG11 +N ER
Tiibingen, :
Germany
33| I Oscillatoriales | Pseudanabaenaceae 31.08.2015 | Gonninger clean pool mud BG11 +N ER
Seen, 48°25'34.4"N
. . . Tibingen, | 9°10'42.8"E
34| I Oscillatoriales | Pseudanabaenaceae | Leptolyngbyoideae 31.08.2015 Germany clean pool | water BG11+N ER
37 I Chroococcalles | Synechococcacaceae | Aphanothecoideae Cyanobium 09.07.2015 pond water BG11+N Filter
39| I Oscillatoriales 09.07.2015 pond water | BG11+N ER
40 111 Oscillatoriales 09.07.2015 pond water BG11 + N ER, Phototaxis
Gonninger | 48°25'34.4"N aquatic )
41 I Chroococcales 31.08.2015 Seen, 9°10'42.8"E clean pool plant BG11-N ER
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Tiibingen,

Germany
42 111 Oscillatoriales | Pseudanabaenaceae 07.07.2016 . clean pool | biofilm | BG11+N ER
Mountainlak|
e, Swiss
43 I Chroococcales Chroococcaceae Chroococcus 07.07.2016 clean pool | biofilm | BG11+N ER
Spruce omqt "
44 I Chroococcales/ Synechococcaceae Aphanothecoideae Lemmermanniella 18.06.2016 |forest, Unna, 510 31, 03'5,. N mushroom | biofilm | BG11+N ER
Synechococcales 7°48'59.9"E
Germany
. Gonninger
45 111 Oscillatoriales Pseudanabaenaceae Leptolyngbyglc.ie.ae or 09.07.2016 Seen 48°25'37.8"N | clean pool | biofilm | BG11+N ER
Heteroleibleinioideae O 8 "
Tibingen, | 9°10'43.1"E
46 111 Oscillatoriales Oscillatoriaceae Oscillatorioideae Oscillatoria 09.07.2016 | Germany clean pool | biofilm BG11-N ER
Pond, oy "
47| v Nostocales Rivulariaceae 21.03.2016 | Tibingen, 480 32, 16'8,. N pond biofilm | BG11+N ER
9°02'42.0"E
Germany
Spruce | gjo31193 5N
48 I Chroococcales Dermocarpellaeae Staniera? 18.06.2016 [forest, Unna, 7948'59 9E mushroom | biofilm BG11 + N ER
Germany )
Pool
Botanical 48°32'20.3"N
49 111 Oscillatoriales Pseudanabaenaceae 09.07.2015 Garden, IO pond biofilm | BG11+N ER
o 9°02'10.8"E
Tiibingen,
Germany
50| IV Nostocales Microchaetaceae Tolypothrix 14.03.2017 stone wall | biofilm | BG11-N ER
. Barenhohle, | 48°22'15.0"N .
51 I Chroococcales Microcystaceae Gloeocapsa 15.03.2017 Germany | 9°12'54.9"E stone wall | biofilm | BG11-N ER
52 I Chroococcales 16.03.2017 stone wall | biofilm BG11-N ER
53 I Chroococcales 18.08.2015 Sgei.nlach, 48°30'35.2"N river water | BG11+N ER
Tibingen, | "gog3100 17E
54| 1 Oscillatoriales | Pseudanabaenaceae 18.08.2015 | Germany river water BG11 +N ER
55 111 Oscillatoriales Pseudanabaenaceae 20.08.2015 Bieringen, 480 26, 55'5,. N stone biofilm BG11 + N ER
Germany | 8°51'11.3"E
56 111 Oscillatoriales | Pseudanabaenaceae 27.09.2015 lake biofilm | BG11+N ER
Ehrenberg,
. . Austria o
57 111 Oscillatoriales | Pseudanabaenaceae 27.09.2015 lake biofilm | BG11+N ER
. . Talheimer | 48°22'39.6"N
58 11 Oscillatoriales 18.08.2015 Wasserfall, | 9°05'57.1"E waterfall water BG11 +N ER
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Tiibingen,
Germany,
59 I Chroococcales 27.09.2015 Ehrenbzlerg, lake biofilm | BG11+N ER
Austria
Hirschauer P "
60 I Chroococcales 18.08.2015 | Baggersee, 480 29, 41'3,, N river water BG11 +N ER
9°00'19.8"E
Germany
Table A 2. Cyanobacterial Strains isolated from samples taken in Indonesia.
. Additional
Location . .
) ] ) Sampling information
Strain Sec. Order Family Subfamily Genus | Col, Date Substrate
City GPS Meth. | Med.
An-Al001.1 v i Soil Rice field | Citalahab tt
! Oscillatoriales Romja, 1 »516.0419 | ice fie italaha cotton BG11 +
Dwi stick N
Cylindro . cotton
An-Al002.1.1 | IV Nostocales Nostocaceae spermu R‘“T’a' 2016.04.20 | Soil Rice field | Citalahab o stick BGLL+
m Dwi 6°44'34.9"S N
106°30'44.9"E
i i j cotton
An-Al002.1.2 | IV Nostocales Rivulariaceae Rivulari | Ronja, | 516 04.20 | Soil Rice field | Citalahab : BG11+
a Dwi stick N
j tt
An-Al0022.1 |1l | Oscillatoriales Romja, 150160420 |soil  |Ricefield | Citalahab covon | BG11+
Dwi stick N
Cylindro Ronia cotton BG11 -
An-Al006.1 I\% Nostocales Nostocaceae spermu ua, 2016.04.20 Soil Backyard | Citalahab stick .
m Dwi N, solid
Cylindro Ronia cotton BG11 -
An-Al006.2.4 | IV Nostocales Nostocaceae spermu Dwi] ! 2016.04.20 Soil Backyard | Citalahab stick N solid
m___ _ 6°44'34.3"S -
An-Al006.3.2 | IV Nostocales Rivulariaceae Rivulari Roma’ 2016.04.20 Soil Backyard | Citalahab 106°31'82.8"E | “oVo1 BGH.-
a Dwi stick N, solid
. . Ronja, s . cotton BG11 +
An-Al1009.0 I Oscillatoriales Dwi 2016.04.20 Biofilm | Bark Citalahab stick N, solid
. . Ronja, Bark Bark . cotton BG11 +
An-Al009.1.1 | III Oscillatoriales Dwi 2016.04.20 Citalahab stick N, solid
. . Ronja, . . o 6°44'32.8"S water, 5 BG11 +
An-Al010.1 111 Oscillatoriales Dwi 2016.04.20 Water River Cikaniki 106°31'85.0"E um pl. n. N
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Cylindro

An-Al011.1 v Nostocales Nostocaceae spermop Ron.]a, 2016.04.20 Water River Cikaniki water, 5 BG11 -
sis Dwi um pl. n. N
Ronia Biofilm cotton BG11 +
An-Al012.1 I Chroococcales Dwi] ! 2016.04.21 Biofilm | Waterfall | Cikaniki stick N
A
Ronia Biofilm cotton BG11 -
An-Al013.1.1 |V Stigonematales Dwi] ! 2016.04.21 Biofilm | Waterfall | Cikaniki stick N
A
Ronia Biofilm cotton BG11 -
An-Al013.1.2 | I Oscillatoriales Dwi] ! 2016.04.21 Biofilm | Waterfall | Cikaniki stick N
A
Roni Biofilm cotton BG11+
An-Al014.1 I Oscillatoriales 0 .]a, 2016.04.21 Biofilm | Waterfall | Cikaniki stick .
Dwi A N, solid
Roni Biofilm cotton BG11 -
An-Al015.0 | IV Nostocales OMa 1 2016.0421 | Biofilm | Waterfall | Cikaniki stick _
Dwi A N, solid
Ronja Biofilm 6°44'76.6"S cotton BG11 -
An-Al015.1 v Nostocales Dwi 2016.04.21 Biofilm XVaterfall Cikaniki 106°32'39.6"F stick N, solid
Ronia Biofilm cotton BG11 +
An-Al016.1.1 |1 Chroococcales Dwi] § 2016.04.21 Biofilm | Waterfall | Cikaniki stick N
B
. Biofilm cotton
An- Ronja, o . o . BG11 +
Al016.1.2.1 I Chroococcales Dwi 2016.04.21 Biofilm \];Vaterfall Cikaniki stick N
Roni Biofilm cotton BG11+
An-Al016.1.3 | I Oscillatoriales ng‘;’a' 2016.04.21 | Biofilm | Waterfall | Cikaniki stick N
B
Roni Biofilm cotton BG11+
An-Al018.1.1 | III Oscillatoriales 0 .]a, 2016.04.21 Biofilm | Waterfall | Cikaniki stick .
Dwi B N, solid
Ronia Biofilm cotton BG11-
An-Al019.0 \' Stigonematales ua, 2016.04.21 Biofilm | Waterfall | Cikaniki stick .
Dwi B N, solid
An- Ronja, s Biofilm . o cotton BG11 +
A1020.1.2.1 1A% Nostocales Dwi 2016.04.21 Biofilm Stone Cikaniki 6°44'83.7"S stick N
i iofi 106°32'27.9"E tt R
An-Al021.1 |1 Chroococcales Romja, | 5016.0421 | Biofitm | BIOfIM | cikaniki oo | Bell
Dwi Stone stick N
An- Ronja, Running e 6°43'11.9"S cotton BG11 +
Al023.1.4.1 v Nostocales Dwi 2016.04.21 Water water Cikaniki 106°33'17.6"F stick N
. . Ronja, . Soil A 6°44'64.3"S cotton BG11 +
An-Al026.1 111 Oscillatoriales Dwi 2016.04.21 Soil Teagarden Cikaniki 106°32'39.7"F stick N, solid
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An- . . Ronja, s Soil . o cotton BG11 +
Al029.1.1.1 111 Oscillatoriales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N
Ronja, e Soil - cotton BG11 -
An-Al029.1.1 | IV Nostocales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N
Ronja, s Soil . o cotton BG11 -
An-Al1029.2.2 | III Nostocales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N
Ronja, e Soil I cotton BG11 -
An-Al1029.2.4 | III Nostocales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N
Ronja, s Soil . o cotton BG11 -
An-Al1029.3.2 | III Nostocales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N
. . Ronja, e Soil . cotton BG11 +
An-Al1030.1 11 Oscillatoriales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N, solid
. . Ronja, o Soil R cotton BG11 +
An-Al1030.2 11 Oscillatoriales Dwi 2016.04.21 Biofilm Teagarden Cikaniki stick N, solid
j tt
An-Al032 |1 Chroococcales Romja, | 90160421 | Water | Waterfall | Cikaniki coron BG11 +
Dwi stick N, solid
An-Al034.1 \' Nostocales Chlorogloeopsidaceae | Chlorogloeopsis Ron.]a, 2016.04.21 Water | Waterfall | Cikaniki , Y water, 25| BG11 +
Dwi 6°44'76.6"S pmpln. | N
i 106°32'39.6"E R
An-Al035.1 v Nostocales Scytonemaceae Microchaetaceae Ron.]a, 2016.04.21 Water Waterfall | Cikaniki water, 25| BG11
Dwi um pl. n. N
An-Al035.2 111 Oscillatoriales | Pseudanabeaenaceae Pseudanabeaenoi | Pseudan Ron.]a, 2016.04.21 Water Waterfall | Cikaniki water, 25 | BG11 -
deae abaena | Dwi um pl. n. N
- - - e Tt
An-Al036 1 Oscillatoriales | Pseudanabeaenaceae Pseudanabeaenoi | Geitlerin Ron.]a, 2016.04.22 Biofilm Biofilm on Cikaniki CO- on BG11
deae ema Dwi wall stick pH7
j iofi tt }
An-Al037 |1 Chroococcales Romja, 1 50160422 | Biofilm | BIOMMOM | iy ik coon BG11
Dwi wall 6°44'32.0"S stick N
i iofi 106°31'86.7"E tt
An-A1039.0 | III Oscillatoriales Romja, | 90160422 | Biofilm | BlOMM 0N | oy ik coron BGI11 +
Dwi wall stick N, solid
. ; - e
An-Al039.1 | III Oscillatoriales | Coleofasciculaceae Geitlerin | Ronja, | 160422 | Biofilm | DM 0N | ¢ipeaniki coon BG11 +
ema Dwi wall stick N, solid
. . Ronja, s Biofilm on . o 6°44'35.4"S cotton BG11
An-Al041.1 111 Oscillatoriales | Pseudanabeaenaceae Dwi 2016.04.22 Biofilm bark Cikaniki 106°31'89.4"F stick pH 7
Ronja, s Biofilm on . o 6°44'34.2"S cotton BG11 +
An-Al047.1.1 |1 Chroococcales Dwi 2016.04.22 Biofilm plastic Cikaniki 106°31'82.9"F | stick N, solid
j iofi tt
An-AlO541 |11 | Oscillatoriales Ronja, | 5016.0422 | Biofitm | BiOIM 0N | ¢ipcanii cotton | BG11+
Dwi soil 6°44'30.5"S stick N, solid
i iofi 106°31'85.2"E tt -
An-AlO551 |1V | Nostocales Romja, 190160422 | Biofilm | BOM™M O | cipaniki coton | BG1L
Dwi soil stick N, solid
Delicia, - o 6°29'35.2"S cotton BG11 +
An-Al059.1.1 | IV Nostocales Dwi 2016.04.25 Biofilm | Stone Cibinong 106°50'59.3"F stick N, solid
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. . Delicia, s o cotton BG11 +
An-Al059.1.2 | III Oscillatoriales Dwi 2016.04.25 Biofilm | Stone Cibinong stick N, solid
An-Al059.2 | IV Nostocales Delicia, | 50160425 | Biofilm | Stone Cibinong water,5 | BG11 -
Dwi um pl. n. N
Delicia, e - cotton BG11 +
An-Al059.3.2 |1 Chroococcales Dwi 2016.04.25 Biofilm | Stone Cibinong stick N, solid
An- Delicia, e _ cotton BG11 +
Al0593.3.1.2 v Nostocales Dwi 2016.04.25 Biofilm | Stone Cibinong stick N, solid
An- . . Delicia, s o cotton BG11 +
Al059.3.3.2 I Oscillatoriales Dwi 2016.04.25 Biofilm | Stone Cibinong stick N, solid
. Mastigo | Delicia, e Biofilm on . cotton BG11 -
An-Al061.1 \% Nostocales Hapalosiphonaceae cladus Dwi 2016.04.19 Biofilm Soil Cibinong stick N
ici iofi tt -
An-Al0614 | IV Nostocales Delicia, | 54160419 | Biofilm | BOIMON | cipinong ek BG11
Scytonemataceae Dwi Soil stic N
Delicia, Lo Biofilm on . cotton BG11 -
An-Al063.1 I Chroococcales Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
Delicia, s Biofilm on o cotton BG11 -
An-Al063.2 v Nostocales Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
Delicia, e Biofilm on - 6°29'59.6"S cotton BG11 -
An-Al063.3 v Nostocales Dwi 2016.04.19 Biofilm Soil Cibinong 106°49'44.2"F stick N, solid
. Delicia, s Biofilm on o cotton BG11 -
An-Al063.4 \' Stigonematales Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
Delicia, e Biofilm on - cotton BG11 -
An-Al063.5 I Chroococcales Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
Delicia, s Biofilm on o cotton BG11 -
An-Al063.6 I Nostocales Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
. Delicia, e Biofilm on - cotton BG11 -
An-Al063.7 \% Nostocales Hapalosiphonaceae Dwi 2016.04.19 Biofilm Soil Cibinong stick N, solid
Delicia, s Biofilm on o cotton BG11 -
An-Al071.1.1 | IV Nostocales Dwi 2016.05.07 Biofilm root Cibinong stick N
An- Delicia, s Biofilm on o cotton BG11 -
Al071.1.1.4.1 v Nostocales Dwi 2016.05.07 Biofilm root Cibinong stick N
ici iofi cotton -
An-Al071.12 |V Nostocales Delicia, | 56160507 | Biofilm | B1OM O™ | cipiong . BG11
Dwi root 6°29'35.2"S stick N
An- Delicia, - Biofilmon | . . 106°50'59.3"E | cotton BG11-
Al071.1.3.3 I\ Nostocales Dwi 2016.05.07 Biofilm oot Cibinong stick N
An- Delicia, s Biofilm on o cotton BG11 -
Al071.1.4.1 I\ Nostocales Dwi 2016.05.07 Biofilm oot Cibinong stick N
An- Delicia, e Biofilm on - cotton BG11 -
Al071.1.5.1 v Nostocales Dwi 2016.05.07 Biofilm root Cibinong stick N
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2;10_71.1.6.1 v Nostocales gfﬁcia, 2016.05.07 Biofilm ii)?)iilm on Cibinong ggtct]i)n IE\;IGH )
An-Al072 |1 Chroococcales g‘elj;da' 2016.05.08 | Biofilm f;‘(’)iﬂm °% | Cibinong o ﬁf;slolli:ri
An-Al072.2.1 | I Chroococcales g:ﬁda' 2016.05.08 | Biofilm rB;‘;iﬂm °N | Cibinong o ﬁf}slolh’c'l
1];11217146"*“' 1 g:}r;ja, 2016.04.20 | Soil Backyard | Citalahab ?:)‘*64;'3,31‘},';2"%,,[3 zgit]f " gG“ *
ey T
oadil, N
kllgglﬁ'A“' i gs\j’ija’ 2016.04.22 | Biofilm f(i)‘i’lﬁlm " | Cikaniki 23‘240'3310,55;52,,]5 ggtct]f " ELG::“‘;
k‘lggf'A“' 1 gs;’ija' 2016.04.20 | Soil Backyard | Citalahab o E,G:ol“‘;
Zgg"‘“' 1 g‘v’v"ija’ 2016.04.20 | Biofilm E:ﬁi}m °N | Citalahab 613:)?:'333'532".58"13 o 1?1,651011121
k‘lgglo6'A“' 1 g‘v’v“ija' 2016.04.20 | Biofilm E;‘;ﬁlm N | Citalahab o Efslolli:'j
11;11259126-[“1- \% Nostocales Chlorogloeopsidaceae | Chlorogloeopsis g‘e/:\gcia, 2016.04.25 Biofilm | Stone Cibinong i:)269°'530552‘;S3E g;)itt]?n gf;slolliti
ol D6e soraaris |t |59 cong | G205 oty
kllgi)lf'A“' I gs&;da' 2016.05.08 | Biofilm f;giﬂm °" | Cibinong (29'35.2°S o chslolh’c'l
1];1121)156"*“' I gj&ida' 2016.05.08 | Biofilm rB;‘(’iﬂm °" | Cibinong 106750°59.3E ggtct]? " chslolhz
kllgglﬁﬁ'A“' v g:";ja' 2016.0421 | Biofilm \Z\}Z?el?flall Cikaniki ggtctlg " EIG:;HE
kl}g;e-m- 1 gsv"ija’ 2016.0421 | Biofilm &giiel?;all Cikaniki ggtctlg " Ecslolli‘;
B 6°4476.6'S ’
oAy pom: 120160421 | Biofilm \?Eiﬂi?an Gkanik | e ﬁf;slolli_d
kllfl)IOlf-An- v Nostocales Nostocaceae gownij a 2016.04.21 Biofilm \Z\}zg:;all Cikaniki g'(c)itctlfn E,Gslolli-d
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. Biofilm cotton
LIPI16-An- | 1y, Romja, 1 9016.0421 | Biofilm | Waterfall | Cikaniki stick BG11-
Al105 Dwi A N, solid
. Biofilm cotton
LIPIL6-An- | 1/ Romja, 1 9016.0421 | Biofilm | Waterfall | Cikaniki stick BG11-
Al107 Dwi A N, solid
LIPI16-An- Delicia, o . 6°29'35.2"S cotton BG11 -
Al110 111 Dwi 2016.04.25 Biofilm | Stone Cibinong 106°50'59.3"F stick N
Biofilm cotton
LIPI16-An- Ronja, e . o 6°44'76.6"S . BG11 -
Al114 v Dwi 2016.04.21 Biofilm XVaterfall Cikaniki 106°32'39.6"F stick N, solid
LIPI16-An- Ronja, e Soil . . 6°44'64.3"S cotton BG11 +
Al115 L Dwi 20160421 | Biofilm | 1. o rden | CKANKL 1y ggo39139 77 | stick N, solid
LIPI16-An- Ronja, o Biofilm on . s 6°44'34.2"S cotton BG11 +
Al118 111 Dwi 2016.04.21 Biofilm plastic Cikaniki 106°31'82.9"F stick N, pH3
LIPI16-An- Delicia, e i 6°29'35.2"S cotton BG11 +
Al124 I Dwi 2016.04.25 Biofilm | Stone Cibinong 106°50'59.3"F | stick N
LIPI16-An- . . . L .
A1000 \' Nostocales Chlorogloeopsidaceae | Chlorogloeopsis Information lost during isolation process.
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Table A 3. Cyanobacteria strains obtained from Dwi Susilaningsih within the Project ANoBIn.

DWI Accession Sec. Sampling Substrate Location
number Date
2 |LIPI11-2-A1008| III | 29.10.2011 | surface Bendungan Lombok NTB
Batujai
4 |LIPI12-2-Al007| III | 08.06.2012 Su:vfs(c)zof Mahakam river Balikpapan East Borneo
5 |LIPI12-2-A1008| III | 08.06.2012 S“rif;f of | Mahakam river | Balikpapan East Borneo
8 |LIPI12-2-Al014| III | 02.05.2012 water Gunung Pancar Bogor West Jawa
10 |LIPI12-2-A1027| IV | 22112011 | surface | ™Midlelakegiak | Giak siam kecil, Riau
siam kecil bukit batu
11 |LIPI12-2-Al1056| III | 05.07.2012 Z‘égﬁﬁzgf Gili Meno Lombok NTB
12 |LIPI13-2-Al003| I | 17.05.2013 | sediment Lembah Anai Bukit Tinggl West Sumatera
13 |LIPI13-2-A1004| 1 | 17.05.2013 | ‘ater | hotspring Aia Solok West Sumatera
sediment Angek;
14 |LIPI13-2-A1009| 1l | 12.06.2013 Wz;erri'n };’t Cangar East Jawa
15 |LIPI13-2-A1011| V | 12.06.2013 W";‘garri;]k;’t Cangar East Jawa
16 |LIPI13-2-A1012| V | 12.06.2013 W:;erri'n};"t Cangar East Jawa
17 |LIPI13-2-Al021| I | 21.06.2013 water Cave, Kapota, Wakatobi South East Sulawesi
surface of Numana Beach
18 |LIPI13-2-Al022| III | 22.06.2013 starfish . L Wakatobi South East Sulawesi
tentackel Wangi-wangi
19 |LIPI13-2-A1023| 111 | 22.06.2013 | Surfaceof | NumanaBeach, |y 0 i [South Bast Sulawesi
clamp Wangi-wangi
20 |LIPI13-2-A1025| 1 | 23.06.2013 | water N“mf,f/‘;‘;l‘é‘i’a“g" Wakatobi  |South East Sulawesi
21 |LIPI13-2-A1028| V | 23.062013 | Surfaceof | PDAM. Wangi- Wakatobi | South East Sulawesi
stone wangi
22 |LIPI13-2-Al035]| 1 23.06.2013 water Pla-%a;r\llg?ngl- Wakatobi South East Sulawesi
23 |LIPI13-2-Al036] III | 23.06.2013 | water P‘a'%zr‘l"g’fmg" Wakatobi  |South East Sulawesi
wisata beach
24 |LIPI13-2-Al037| 1 | 23.06.2013 S“rsf}f;*i' of | hotel, wangi- Wakatobi  |South East Sulawesi
wangi
wisata beach
25 |LIPI13-2-Al041| I | 23.06.2013 S“rsf}fglel of | hotel, wangi- Wakatobi | South East Sulawesi
wangi
wisata beach
26 |LIPI13-2-A1042| 1 | 23.06.2013 S“rsf}?gﬁ of | otel, wangi- Wakatobi | South East Sulawesi
wangi
Dock,Pramuka .
27 |LIPI13-2-Al048| I | 29.05.2013 water island Thousand island Jakarta
28 |LIPI13-2-Al050| I | 29.05.2013 | water D"di":l’;ﬁgl“ka Thousand island Jakarta
29 |LIPI13-2-Al053| III | 29.05.2013 | water Mangrove, —np o cand island Jakarta
Rambut island
30 |LIPI13-2-A1004| 1 | 20062013 | water | LY3SaMPOTa [ i wangi |South EastSulawesi
Wangi-wangi
31 |LIPI13-2-Al009| I | 20.06.2013 surface of |Kohondao, Wangl- wangi-wangi |South East Sulawesi
stone wangi
32 |LIPI13-2-Al012| I | 20.06.2013 water Patu‘rllv(;,r\g?ngl- wangi-wangi |South East Sulawesi
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33 |LIPI13-2-A1021| 1 | 20.06.2013 |Surfaceof | PatunoWangi- | o0 oo oi |South East Sulawesi
stone wangi
34 [LIPI13-2-A1036| 111 | 22062013 | Surfaceof | Patunoresort, | ;o oi |South East Sulawesi
stone Wangi-wangi
35 |LIPI13-2-Al037| I | 07.03.2013 water DKP Belitung Belitung Bangka-Belitung
36 |LIPI13-2-Al048| I | 07.03.2013 water DKP Belitung Belitung Bangka-Belitung
37 |LIPI13-2-Al054| Il | 07.03.2013 | water Pantai Nyiur Belitung Bangka-Belitung
Melambai
39 |LIPI13-2-Al069| I | 08.03.2013 | water Pant?}:;;’“ng Belitung Bangka-Belitung
40 |LBB13-AL012 | III | 07.03.2013 water Pantai Tanjung Belitung Bangka-Belitung
Mudong
41 |LBB13-AL043 | III | 09.06.2013 water Gunung pancar Bogor West Java
42 | LBB 13-AL044 | III | 09.06.2013 water Gunung pancar Bogor West Java

Sec. = Section

Table A 4. Bioactivity data of all tested extracts from the established cyanobacteria strain

collection.
. Quorum sensing Antibacterial Rhodesain nhibition

pxtract section V. harveyi vioIaC;eum S. marcescens S. aureus B. subtilis inh;&i};ion [?)/lz]
lAnoTu7 I 27.7 0.0
/AnoTu8 I QSI 27.7 0.2
AnoTii10 1l QSI/AB AB AB N/A N/A
AnoTiill 11 QSI 359 1.7
AnoTii12 11 30.5 2.3
AnoTi15 111 QSE QSI AB 18.1 2.6
)AnoTu17 I QSE 20.7 0.7
AnoTiil8 11 QSE QSI AB AB 20.8 1.0
)AnoTi19 111 19.7 0.2
AnoTii20 I QSI QSE QSI AB 54.9 1.9
\AnoTu24 I QSI 231 1.0
AnoTii25 I N/A N/A N/A | NJ/A| N/A | N/A | N/A AB N/A N/A
AnoTii27 11 QSI QSI 53.1 29
IAnoTu41 I QSI AB AB AB AB 11.1 6.0
AnoTii47 (02) 1\ QsI? QsI 23.8 0.3
AnoTii47 (CO2) Y% 30.0 0.1
An-Al074 11 QSI 13.4 0.1
IAn-Al075 111 QSI/AB AB 18.6 0.2
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An-A1078 I AB | QSI/AB| AB AB 172 0.7
An-A1079.2 i QsI 18.6 1.0
An-A1081 I QsI QSE 26.9 2.0
An-Al087 1 QsI 17.2 0.8
An-A1088 1 QsI 6.7 40
An-A1092 1 QsI 19.0 3.0
An-A1093 I 123 33
An-Al094 v 13.6 5.1
An-A1095 I QsI Qsl AB 40.4 38
An-A1096 v 10.2 34
An-A1097 I QsI QSE 18.6 2.7
An-Al105 v 20.5 2.9
An-Al107 v QsI 425 2.4
An-Al110 I QSE QsI AB 36.5 2.0
An-Al114 v 58.5 42
An-Al115 I QsI 71.4 0.2
An-Al124 11 AB 11.6 0.2
An-A1000 s QsI QSE 54.0 1.3
An-Al000_SF v N/A N/A | NJA|N/A| N/A | N/A | N/A | AB N/A N/A
An-A1013.1.1 v N/A N/A | N/A|N/A| N/A | N/A | N/A | AB N/A N/A
An-A1019 Vv N/A N/A | NJA|N/A| NJA | N/A | N/A N/A N/A
An-A1039 1 QsI QsI 25.3 1.9
An-Al054.1 1 QsI (AB) | AB 28.8 0.6
An-A1059.1.1 v QsI QsI? AB 28.8 2.9
An-Al059.1.2 v Qsl QsI 243 16
An-A1061.1_CD (1) s QSE | QsI? AB AB AB AB 295 1.0
An-Al061.1_F (1) s QsI QSE (AB) | AB 25.0 49
An-A1061.1.1_F (II) s N/A N/A | N/A|N/A| N/JA | N/A | N/A | AB N/A N/A
An-A1061.1.1_CD (II) s N/A N/A | N/A|N/A| N/A | N/A | N/A | AB N/A N/A
An-A1071.1.5.1 v QsI N/A N/A
An-A1071.1.1.3 v N/A N/A | N/JA|N/A| NJA | N/A | N/A N/A N/A
An-A1072.2.1 (I) I AB AB N/A N/A
An-A1072.2.1 (IT) I N/A N/A | N/A|N/A| N/A | N/A | N/A | AB N/A N/A
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An-Al072 I N/A N/A | NJA|N/A| N/A | N/A | N/A N/A N/A
DWI10 v Qsl 21.8 0.7
DWI12 I QsI QsI 29.5 2.5
DWI13 I QsI 14.3 1.9
DWI14 1 21.1 35
DWI16 v QSE 33.2 1.8
DWI17 I 30.5 13
DWI23 1 QsI 19.7 0.6
DWI24 I QsI 30.1 0.4
DWI27 I QsI 7.8 0.9
DWI30 I Qsl 53 1.2
DWI33 I QSE 51.3 6.4
DWI37 1 34.8 15
DWI41 1 QSE QSI/AB| QI 33.4 5.8
DWI42 1 QsI QSE 36.9 0.4
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Figure A 1. Mass spectra of compound A to E of An-Al061.1 biomass extract. Pos. mode

(left), neg. mode (right).
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Figure A 2. Biomass extract Nostoc 3; Preparative isolation; first run.
40 mg in 4 mL MeOH 20%, 0.1% FA, 24 mL/min, 0-25 min: 5-25%, 27-32:
100%, Reprosil Pure Basic C18 10 um, 240 und 340 nm.
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Figure A 3. Biomass extract Nostoc 3; Preparative isolation; second
run. 40 mg in 4 mL MeOH 20%, 0.1% FA, 24 mL/min, 0-25 min: 5-25%,
27-32: 100%, Reprosil Pure Basic C18 10 um, 220 und 340 nm.
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Table A 5. 1H- and 13C-NMR data of compound 5 from biomass extract Nostoc 3.

position H Shift [ppm] H Multiplicity C Shift [ppm] XHn
1 3.44 m 79.1 CH
2 3.79 M 68.8 CH
3 78.7 CH
4 5.40 d (3.66) 95.9 CH
6 4.10 t(7.02,7.02) 70.2 CH
7 3.24 m 70.7 CH
8 3.40 m 81.4 CH
9 2.97 m 72.2 CH
10 4.44 d (7.78) 102.9 CH
12 3.13 m 76.5 CH
15 4.75 d (5.49) OH
17 3.37 s 57.2 CH3
18 3.44 m 59.4 CH2
20 3.44 m 60.8 CH3
21 3.65 Brdd (11.83,3.13) 60.7 CH2
22 4.48 brt (5.65, 5.65) OH
23/24 4.83 t(5.42,5.42)
26 421 qd (6.43, 643, 643, 763 CH
3.59)
27 1.06 d (6.56) 17.0 CH3
28 4.42 d (3.36) 85.3 CH
30 3.28 S 57.3 CH3
n.d. 127.7 ?
n. d. 147.6 ?
n. d. 149.3 ?
n. d. 6.97 m
n. d. 8.41 s
n.d. 8.80 S
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Medium of the Cyanobacterium Nostoc sp. CBT1153”

Supporting Information

Nostotrebin 6 related Cyclopentenediones and
o-Lactones with Broad Activity Spectrum Isolated

from the Medium Extract of the Cyanobacterium

Nostoc sp. CBT1153

Ronja Kossack?, Steffen Breinlinger’, Trang Nguyen?, Julia Moschny”, Jan Straetener’”?,
Anne Berscheid®V, Heike Britz-Oesterhelt® ", Heike Enke-, Tanja Schirmeister”, Timo H. J.

Niedermeyer' V*

"Department of Pharmaceutical Biology/Pharmacognosy, Institute of Pharmacy, University of
Halle-Wittenberg, 06120 Halle (Saale), Germany

Department of Microbiology/Biotechnology, Interfaculty Institute for Microbiology and
Infection Medicine (IMIT), University of Tiibingen, 72076 Tiibingen, Germany

SDepartment of Microbial Bioactive Compounds, Interfaculty Institute for Microbiology and
Infection Medicine (IMIT), University of Tiibingen, 72076 Tiibingen, Germany

1Cyano Biotech GmbH, 12489 Berlin, Germany
Institute of Pharmacy and Biochemistry, University of Mainz, 55128 Mainz, Germany

V German Center for Infection Research (DZIF), Partner Site Tibingen, Tiibingen,
Germany

*Corresponding author

136



Fig S1 - Comparison of medium and biomass extract.................................... 3

Fig S2 - UV spectraof compounds 1 —9............................ 4
Fig S3 — IR spectra of compounds 1 -5 5
Fig S4 - MS and MS/MS Spectra..............cooiiiiiiiiiiiiiii e 10
I 0] 110 111G RN 11
DIMETS..viviiii 14
TIMETS. ettt e e 19
TOUIAMMETS .. ..ttt e 22
NMR spectra of compounds 1,3,5,6,and 8..........................o.oi 24
Fig S5.1 - NMR spectra of compound 2 (Nostotrebinol 3).................... 24
Fig S5.2 - NMR spectra of compound 3 (Nostolactone 4).................... 28
Fig S5.3 - NMR spectra of compound 4 (Nostotrebin 7) ............c........ 32
Fig S5.4 - NMR spectra of compound 5 (Nostotrebinlactone 7)............. 37

Fig S5.5 - NMR spectra of compound 1 (Nostotrebin 6) ...............ccccc... 42

Discussion of structural features of A, B, C,and D .....................cooiii, 46
Bioactivity characterization.. ... 47
Determination of the inner filter effect ........................... i, 47

Table S1 - Bioactivity of Nostotrebin 6 (1) as described in the literature... 48

Fig S5 - Rhodesain ASSay........coeueuiuieiiieiiiiieie e 49

137



Fig. S1 - Comparison of medium and biomass extract

Nostoc sp. CBT1153 medium extract (a) and biomass extract (b), HPLC-UV chromatogram (210 nm),

overview and tg7.0-10.5 min.
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Fig. S2 - UV spectra of the compounds

\ [
N
2 A
1x cyclopentenedione 1x cyclopentenedione
]
/|
‘ ‘|
| |
I |
L \
| |
|
“. A \ 0,\
VA ~_
- |
B

1x cyclopentenedione
1x &-lactone

3x cyclopentenedione

2x cyclopentenedione

2x cyclopentenedione

1x 8-lactone

1x cyclopentenedione
1x 6-lactone

2x cyclopentenedione

1x 3-lactone

Spectra shown have been recorded be HPLC-DAD (undefined H;O / acetonitil mixture + 0.1% formic acid)
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Fig. S3 - IR spectra of the compounds 1 -5

IR spectrum, of compound 1 (Nostotrebin 6)
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IR spectrum, of compound 3 (Nostolactone 4)
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IR spectrum, of compound 5 (Nostotrebinlactone 7)
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Fig. S3 - MS and MS/MS spectra

Characteristic MS/MS fragments of the compounds are especially observed at m/z 107.05 and
307.09. Other fragments observed for many of the compounds are detected at m/z 185.06,
121.03, and 213.06.

C;H;0, 107.05 _~

CioHy504, 307.09 7

10
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Detectable Monomers

5.48
BP: 449.1218

L.

6.62
BP: 435.1426

J

717
BP: 399.1214

..

8.13
BP: 417.1319

50
0 T T | | f
6 8 10

12 14 16 18 20
Time (min)

EICs of the detectable monomers summarized in the table below (t; and #/z of the base peak indicated above the

peaks) in comparison with the BPC of the extract chromatogram (top trace, black)
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tr HRMS sum formula
(min) | [M+H]*
5.48 M1153_10cm_2 #1483 RT. 5.48 AV: 1 NL: 3.01E+006

T: FTMS + ¢ ESI Full ms [150.0000-2000.0000]

C25H2005 (A 2.8 ppm)

449.1218 dihydroxylated A or 3
100
50 4501252  451.1278
o =
448 450 452 454
m/z
N1153_100m_2 #1474 RT. 5.45 AV: 1 NL: 4 40E+005
T FTMS + ¢ ESI d Full ms2 449.1217@hcd30.00 [50.0000-475.0000]
100 107.0492
50 147'10436 249.0900 307.0947 385.1046
123.0439 217.0488 ) 449.1213
. o |16|11.0230 . 2791006 l. [2250895 413,101
T b et e e et
miz
6.62 | Mi153_10cm_2 #1807 RT. 6.62 AV: 1 NL: 8 91E+006 CosHn O (A 2.8 ppm
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] 2H207 ( ppm)
100 4351426
water adduct of 3
50 (hydrolysis of the lactone?)
436.1460
437.1484
0 T T T Tt T T T
434 436 438 440
m/z
M1153_10cm_2 #1810 RT: 6.63 AV: 1 NL: 6.40E+005
T: FTMS + ¢ ESI d Full ms2 435.1426@hcd30.00 [50.0000-460.0000]
100 107.0492 261.0501
123.0439
50 { rs0sms 311.0002 999.1219
o | 1s7oea3 | ||| . |I || 323.0000 371.1269 417-:317
P e o 0 e T M TP
m/z
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7.17 | M1153_10cm_2 #1963 RT. 7.17 AV: 1 NL: 1.22E+008 CosH150s (A 3.1 opm
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] 2sH150s ( ppm)
[M+H-H0]" in pos mode (loss of H>0)
399.1214
100
400.1246
50 C25H2006 (A 1.4 ppm)
4011274
” 439.1137
O B T e e e )
380 400 420 440 460
m/z
M1153_10cm_2 #1969 RT: 7.19 AV: 1 NL: 5.16E+007
T FTMS - ¢ ESI Full ms [150.0000-2000.0000]
[M-H+FA]
[M-HJ 461.1238
100 4151182
4161215 462.1271
50 463.1295
/ 417.1243 ’ :
0 T T T T T |‘| T T T I
380 400 420 440 460
m/z
M1153_10cm_2 #1954 RT: 7.14 AV: 1 NL: 3.18E+006
T: FTMS + ¢ ESI d Full ms2 399.1217@hcd30.00 [50.0000-425.0000]
100 107.0492
50 343.1316 8711264
135.0437 249.0902 277.0850 7 399.1212
| | 163.0386 225@%3 | | 305.0796
5‘0 1(‘)0 1%0 2[‘)0 2%0 3(‘)0 Sé[) 4[‘)0
mlz
7.93 | M1153_10cm_2 #2239 RT. 8.13 AV: 1 NL: 6 55E+008 CrsH2006 (A 3.3 pom
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] 25H2006 ( ppm)
417.1319
8.13 100 (A, 3)
50
418.1351 (compounds with same sum
419.1377 .
0 T T T r T T T T formula and basically
416 418 420 422 o
m/z identical MS/MS spectrum)
M1153_10cm_2 #2228 RT: 8.10 AV: 1 NL: 1.74E+007
T: FTMS + ¢ ESI d Full ms2 417.1321@hcd30.00 [50.0000-445.0000]
100 213.0540 307.0952
185.0592
50 121.0283
261.0901
| ‘ 169.0643
0 et b e e
50 100 150 200 250 300 350 400 450
m/z

13
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Detectable Dimers

8.71
BP: 813.2311

8l75
BP: 85.2462

0.29
BP{799.2514

i

10.25
100 BP: 783.2568

(&)
o
Lt b

T T | T T T | T I T I T I T I T T T
10 12 14 16 18

Time (min)

o
N
IN
o)}
e}

EICs of the detectable dimers summarized in the table below (t. and m/z of the base peak indicated above the

peaks) in comparison with the BPC of the extract chromatogram (top trace, black)
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tr HRMS sum formula
(min) | [M+H]*
8.09 | M1153_10cm_2 #2239 RT. 8.13 AV: 1 NL: 1.13E+006 CsoHacO11 (A 3.2 ppm
T-FTMS + ¢ ESI Full ms [150.0000-2000.0000] soH36011 ( ppm)
8.37 100 813.2305
50 814.2337
(compounds with same sum
0t formula and basically
811 812 813 814 815 816 817 ) .
m/z identical MS/MS spectrum)
M1153_10cm_2 #2303 RT. 8.34 AV: 1 NL: 3.58E+005
T FTMS + ¢ ESId Full ms2 813.2310@hcd30.00 [56.6667-850.0000]
100 307.0954
213.0540
50 107.0491 185.0593 305.0797
0 | | ) ‘ 21 Fg?1 \32}0747 41|5J1164 603.1636 719.1887
' NIJO I 2[‘)0 I 3(‘)0 I 4I00 I 560 GIDO TIDO 860
miz
8.21 | M1153_10cm_2 #2263 RT. 8.21 AV: 1 NL: 1.38E+007 CsoHasO1 (A 3.1 ppm
T-FTMS + ¢ ESI Full ms [150.0000-2000.0000] soH3012 ( ppm)
831.2410
8.46 (B)
60 832.2445
40
20 833.2485 (compounds with same sum
8352753 .
0 T T T T T T : formula and basically
830 832 834 836 o
m/z identical MS/MS spectrum)
M1153_10cm_2 #2326 RT: 8.43 AV: 1 NL: 3.16E+006
T: FTMS + ¢ ESI d Full ms2 831.2414@hcd30.00 [57.6667-865.0000]
100 307.0952
213.0540
185.0592 309.0744
121.0283 |
| ‘ 261'?900 417.1316
0 t T . T T
160 2[‘)0 360 400 5(‘)0 6(‘)0 7[|JU 860
m/z
M1153_10cm_2 #2326 RT: 8.43 AV: 1 NL: 3.16E+006
T. FTMS + ¢ ESId Full ms2 831.2414@hcd30.00 [57.6667-865.0000]
100 307.0952
213.0540
107.0491
50 309.0744
} 1210283 157.0644 1850592 21000
o | | 1450645 | 169.0644 233.0954 1 279.1004
1(IJO I 1&0 11510 I 16|0 I 1é0 I 2(‘)0 2&0 I 2“10 I 2‘60 I 2€|§0 I 3(‘)0 I 350
m/z
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8.63

M1153_10cm_2 #2395 RT: 8.67 AV: 1 NL: 3.10E+006
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] CsoHsOn2 (A 3.2 ppm)

100 829.2253
50 829.0464 830.2290

828.2164 \ 829.6718 ‘ 831.2338
T T T T T T T T

828 829 830 831 832
m/z

M1153_10cm_2 #2363 RT: 8.55 AV: 1 NL: 7.87E+004
T: FTMS + ¢ ESI d Full ms2 829.2255@hcd30.00 [57.6667-865.0000]

100 735.1834

107.0492 679.1938
5 [ 309.0747 397 1004 I‘
|121.0283 321.0750 i 535.‘1036 641.1429 | 793.2051

|
| 2400895 | | 4301015 4g4 4004 “‘ 585.1491 | | | 811.2155
L ol ||||| ; Ill' - . I - . II|
100 200 300 400 500 600 700 800

m/z

0

8.63

M1153_10cm_2 #2383 RT. 8.63 AV. 1 NL. 1.56E+007 0 A3.6 ppm
T. FTMS + ¢ ES| Full ms [150.0000-2000.0000] CsoHa0O10 (A 3.6 ppm)

100 801.2665

802.2700
50
803.2729
0 |
T T T T T T T T T 1
801 802 803 804 805 806
m/iz

804 2762
T

M1153_10cm_2 #2399 RT: 8.68 AV: 1 NL: 2.88E+005
T: FTMS + ¢ ESId Full ms2 801.2669@hcd30.00 [55.6667-835.0000]

100 307.0954

107.0491 3001110

399.1213

50 12)0283 213.0540
295.0956

; I i l ST Jn Lol JILJhAJIIJ A |II LJ J : T : 599.1647 695]2264 801]2645

T
100 200 300 400 500 600
m/z

371.1265 [ 4021449

0

T T T
700 800
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8.75 | M1153_10cm_2 #2419 RT. 8.75 AV: 1 NL: 3.01E+008 ]
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] CsoHzsO11 (A 3.0 ppm)
815.2462
8.83 100 “,5)
816.2494
50
817 2523 S (compounds with same sum
N formula and basically
814 815 816 817 818 819 o
m/z identical MS/MS spectrum)
M1153_10cm_2 #2398 RT: 8.68 AV: 1 NL: 2.99E+006
T: FTMS + ¢ ESI d Full ms2 815.2462@hcd30.00 [56.6667-850.0000]
307.0952
213.0539
121.0282 1850592 399.1212
Ny 261.0900
0 I | l 371.1264 417'11317 721.2037
' 'IlI]U ' 2(‘]0 ' 360 ' 4[I)U ' 5(I)U ' 6(I)0 ' 7(‘)0 ' 8[‘]0
m/z
9.29 | M1153_10cm_2 #2575 RT. 9.28 AV. 1 NL. 9.40E+008 CsoHs010 (A 3.0 ppm
T FTMS + ¢ ESI Full ms [150.0000-2000.0000] soFL38010 ( ppm)
100 799.2514 a
800.2545
50
801.2574  802.2604
0 | =
T T T T T
798 800 802

m/z

M1153_10cm_2 #2698 RT. 9.71 AV: 1 NL: 4. 60E+005
T: FTMS + ¢ ESI d Full ms2 799.2518@hcd30.00 [55.6667-835.0000]

307.0954
50 309.0747
107.0492 213.0541
291.1004 |/
J SO 399.1210
L] [ Tl

O e g A e 0 R
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
m/z
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10.00

10.25

M1153_10cm_2 #2849 RT. 10.25 AV: 1 NL: 1.59E+007
T: FTMS + ¢ ESI Full ms [150.0000-2000.0000]

100 783.2568
50 784.2602
785.2634
| 786.2662
0 T T T T T T T aamas T T
782 783 784 785 786 787

m/z

CsoH3809 (A 2.6 ppm)

(compounds with same sum
formula and basically

identical MS/MS spectrum)

M1153_10cm_2 #2852 RT: 10.26 AV: 1 NL: 1.63E+006
T: FTMS + ¢ ESI d Full ms2 783.2568@hcd30.00 [54.3333-815.0000]

100 397@954
291.1006
107.0492 161/-0230 383.1264
50 261.0902 | 1357 1367 399.1213
l 213.0541 7 1001267
0.1 | JI N | A l |
et et e b ool e e e e i
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
m/z
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Detectable Trimers

IUU—_
50 -
0 :'V'"‘*I"\_ SN
8.87
100 BP: 1229.3562
50
0 4 A
9.21
100 BP: 1213.3612
50
¥ 1
9.96
100+ BP: 1197.3667
50 - )\
0 T T T IA T T T ‘[ T T T T T 1
0 2 8 10 12 14 16 18 20

Time (min)

EICs of the detectable trimers summarized in the table below (t; and m/z of the base peak indicated above the

peaks) in comparison with the BPC of the extract chromatogram (top trace, black)
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tr HRMS sum formula
(min) | [M+H]*
8.87 | M1153_10cm_2 #2539 RT. 8.16 AV: 1 NL: 3.18E+006 Co<HscO17 (A 2.4 pom
T. FTMS + ¢ ESI Full ms [150.0000-2000.0000] T: FTMS + ¢ ESI Full 73Hs6017 ( ppm)
016 100 1229.3561
112303571
50
1231.3721 1234.3856 .
(compounds with same sum
1228.3456 11232.3757 .
— T T —= T formula and basically
1228 1230 1232 1234 S
m/z identical MS/MS spectrum)
M1153_10cm_2 #2531 RT: 9.14 AV: 1 NL: 1.13E+006
T. FTMS + ¢ ESI d Full ms2 1229.3566@hcd30.00 [84.6667-1270.0000] T: FTMS + ¢ ESI d Full ms2 1229.3566@hcd30.00 [84.6667-1270.00
100 307.0955
213.0540
50 309.0743
185.0593 719.1893
Il | L 4171318 7011763 | 7962208 905.2567 11053041 1211.3490
160 ' 2(‘)0 ' 300 ' 400 ' 500 ' 6(‘)0 ' 7[‘]0 ' 8[‘)0 ' 960 ' 10‘00 ' 11I00 ' 12‘00 '
m/z
M1153_10cm_2 #2531 RT: 9.14 AV: 1 NL: 1.13E+006
T: FTMS + ¢ ESI d Full ms2 1229.3566@hcd30.00 [84.6667-1270.0000] T: FTMS + ¢ ESI d Full ms2 1229.3566@hcd30.00 [84.6667-1270.00
100 307.0955
213.0540
107.0491
50 \a5.0644 185,095 305.0796 | 3090743
121.0282 261.0902
o | | 157.0645 233.0956 | 279.1003
160 I 12‘0 I 1“10 I 1%0 ' 1é0 ' 2(‘)0 ' ZéO ' 2“10 I 2(‘30 ' 28‘0 I 3(‘}0 ' 32‘0 I
m/z
9.21 M1153_10cm_2 #2551 RT: 9.21 AV: 1 NL: 4.32E+007 .
T. FTMS + ¢ ESI Full ms [150.0000-2000.0000] T: FTMS + ¢ ESI Full r CrsHs¢O16 (A 2.4 ppm)
1213.3612
9.49 100 (C,D)
11214.3643
50 12153673 .
(compounds with same sum
‘ 1216,3705 1217.3733
od— . | r L formula and basically
1212 1214 1216 1218 o
m/z identical MS/MS spectrum)
20
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M1153_10cm_2 #2542 RT: 9.18 AV: 1 NL: 2.97E+006
T: FTMS + ¢ ESI d Full ms2 1213.3611@hcd30.00 [83.6667-1255.0000]

100 307.0953
50 309.0744
161.0229 3991213 475.1160
719.1885
N I Y AT R PR
100 200 300 400 500 600 700 800 900 1000 1100 1200
miz
9.66 | M1153_MeOH_190227_B #2714 RT. 9.94 AV: 1 NL: 3.74E+005 C<HscO1s (A 1.1 ppm
T FTMS + ¢ E8I Full ms [150.0000-2000.0000] 7sHs6O1s ( ppm)
1197.3679
9.94
> 3.0E5 i 1198.3717
2 20E5
= 40E5 1199.3726 (compounds with same sum
0 —L : . . T . formula and basically
1198 1200 1202 ) )
m/z identical MS/MS spectrum)

M1153_MeOH_190227_B #2719 RT. 9.95AV: 1 NL: 1.81E+005
T. FTMS + ¢ ESI d Full ms2 1197.3679@hcd30.00 [82.6667-1240.0000]

307.0957
> 1.5E5
@
g 1-0E5 309.0751
E o1 0251 5051631 6472018 7812353
5.0E4 I l l 399.1212 609.1500 703.1926
CEMETN bl | |i 5 R Ramar Seans: !

ik
100 200 300 400 | 500 600 700 | 800 . 900 . 1000 1100
m/z

1200

21
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Detectable Tetramers

100 5
80
60 ]
407
20

Relative Abundance

8.83
1o BP: 1629.4856
80
60
407
20

Relative Abundance

9.29
100 BP: 1627.4661
80:
60
40
20

0 1 L T 1 L I UL L I T 1
0 2 4 6 8 10 12 14 16 18 20
Time (min)

Relative Abundance

EICs of the detectable tetramers summarized in the table below (t: and m/z of the base peak indicated above the

peaks) in comparison with the BPC of the extract chromatogram (top trace, black)
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tr

(min)

HRMS
[M+2H]?

sum formula

8.83

M1153_MeOH_190227_B #2397 RT: 8.82 AV: 1 NL: 5.54E+006
T. FTMS + ¢ ESI Full ms [150.0000-2000.0000]

1630.4894
629.4869

4.0E6 1631,4960

Intensity

2.0E6 1632.4962

0 k T T

T T T T T
1631 1632 1633
m/z

T
1630

Ci00H76022 (A 2.0 ppm)

tetramer

M1153_MeOH_190227_B #2412 RT. 8.87 AV. 1 NL: 2.96E+006
T. FTMS + c ESI d Full ms2 1629.4879@hcd30.00 [112.0000-1680.0000]

307.0957

20E6  213.0542

Intensity

308.0991
|

797 2374
1.086 | 417.1323 4911483 ‘

ol L e 721.2058 | 815.2481
T T T T

1433.0881

T T T
200 400 600 800 1000
m/z

T T T T
1200 1400 1600

9.45

M1153_10cm_2 #2623 RT. 9.45 AV: 1 NL: 4. 72E+005
T: FTMS + ¢ ESI Full ms [150.0000-2000.0000] T: FTMS + c ESI Full v

1627.4707
100 11628.4752

1629.4786

1630.4828 1631.4786

0 T T T T I —* T
1628 1630 1632
m/z

T
1634

Ci00H74022 (A 2.3 ppm)

tetramer
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NMR spectra of compounds 2, 3,4, 5, and 1

NMR spectra of compound 2 (Nostotrebinol 3)

"H NMR spectrum (600 MHz) of 2 in DMSO-ds.

661,m

8289
10.0 95 9.0 85 80 75 7.0 65

o MDA

55

50

374.d
377.d

243
238

40

the peak at ~8.5 ppm derives from residual formic acid (used in last purification step). The peak at 2.1 ppm is acetone (residual solvent from cleaning the NMR tube).

13C NMR spectrum (150 MHz) of 2 in DMSO-d.

Chemical Shift (ppm

24

T T T T T T T T T
220 200 180 160 140
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HSQC-DEPT NMR spectrum (600 MHz) of 2 in DMSO-ds.
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the peak at ~8.5 ppm derives from residual formic acid (used in last purification step).
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HMBC spectrum (600 MHz) of 2 in DMSO-ds.

\
B J \‘L‘_L AL,_.L,M_

S | W—— Y W/

ppm

E 20

f60

- 80

£ 100

120

— [ d
— ;‘ :
— {e °
— °
T T T T ABRER e
ppm 10 9 8 7 6 5 4 3 2 1

159



NMR spectra of compound 3 (Nostolactone 4)

"H NMR spectrum (400 MHz) of 3 in DMSO-ds.
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HSQC-DEPT NMR spectrum (400 MHz) of 3 in DMSO-ds.
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COSY NMR spectrum (400 MHz) of 3 in DMSO-d.
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HMBC NMR spectrum (400 MHz) of 3 in DMSO-dé.
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NMR spectra of compound 4 (Nostotrebin 7)

'H NMR spectrum (600 MHz) of 4 in DMSO-ds.
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HSQC-DEPT NMR spectrum (600 MHz) of 4 in DMSO-ds.
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HMBC NMR spectrum (600 MHz) of 4 in DMSO-dé.
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COSY NMR spectrum (600 MHz) of 4 in DMSO-dé.
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NMR spectra of compound 5 (Nostotrebinlactone 7)

"H NMR spectrum (600 MHz) of 5 in DMSO-ds.
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HSQC-DEPT NMR spectrum (600 MHz) of 5 in DMSO-ds.
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HMBC NMR spectrum (600 MHz) of 5 in DMSO-dé.
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COSY NMR spectrum (600 MHz) of 5§ in DMSO-dé.
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NMR spectra of compound 1 (Nostotrebin 6)

"H NMR spectrum (600 MHz) of 1 in DMSO-ds. 846, Overiapped
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the peak at ~8.34 ppm derives from residual chloroform (used for crystallization trials). The peak at 1.24 ppm is grease (residue from purification)
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HSQC-DEPT NMR spectrum (600 MHz) of 1 in DMSO-ds.
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HMBC NMR spectrum (600 MHz) of 1 in DMSO-dé.
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Discussion of structural features of A, B, C, and D

The UV spectrum of A indicated that it is based on core structure a (see manuscript, Fig. 1). Its
sum formula C25H20Os (found m/z 417.1319, calcd. 417.1333 for [M + H]") shows the presence
of'an additional hydroxy group. Thus, we hypothesize A to correspond to the western monomer

found in 6.

The UV spectrum of B, which is virtually identical to that of 5, indicated that it contains one of
each monomeric core structures a and b. The sum formula CsoH3sO12 (found m/z 831.2410,
caled. 831.2436 for [M + H]") showed the presence of one additional hydroxy group compared
to 5. Thus, we hypothesize B to be composed of A and 3. However, it remains unclear how

these two monomers are connected.

Both C and D are trimeric structures, as indicated by their sum formula C75Hs6O16 (found m/z
1213.3612, caled. 1213.3647 for [M + HJ"). The UV spectrum of C showed that it solely
contains the core structure a, while D contains one monomer 3 (core structure b) (maximum at
360 nm is about one third as intense as the maximum at 230 nm). Again, we could not determine

how these two monomers are linked.
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Bioactivity characterization

Determination of the inner filter effect

The correction factor of the hydrolysis rate (inner filter effect) was determined for varying
concentrations of the test compounds as desciped in Ludewig et al. (2010).! First, the hydrolysis
rate for each inhibitor concentration (Viaw(cint)) was determined, followed by a measurement of
buffer, test compound, and 7-Amino-4-methylcoumarin (AMC) without enzyme and substrate,
and a measurement of buffer and AMC without test compound, enzyme, and substrate. The
final concentration of AMC provided the same fluorescence intensity at to = 0 as in the regular
assay. The correction factor fcorr was calculated by:

F(camc)

Jeorr(Cinn) = FCame + Cinn)

with F as determined fluorescence at a certain AMC concentration c4mc and a certain inhibitor
concentration cimn. The resulting correction factor was then applied to correct the regular

hydrolysis rate:

vcorr(cinh) = fcorr(cinh) * Uraw (Cinh)

with vy as uncorrected and veo, as corrected, regular hydrolysis rate at a certain concentration

of the inhibitor c¢u.
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Bioactivity of Nostotrebin 6 (1) as previously described in the literature

Biological activities of 1 according to literature

test enzyme or organism inhib_i tor reference
concentration (uM)

IC, ACHE 55 2
BChE 6.1-7.5 2
Cytotoxicity’ (NR Assay) 8.5 :
Cytotoxicity' (MTT Assay) 122 3

MIC  E. faecium VanA 419/ana* 7.8 4
E. faecalis CCM4224 7.8 4
S. aureus CCM4223 7.8 4
S. aureus CCM3953 7.8 4
S. aureus MRSA 4591* 19.6 4
S. haemolyticus A/16568* 15.7 4
E. coli CCM3954 >1253 4
P. aeruginosa CCM3955 >1253 4
C. albicans 978 >1253 4
C. tropicalis 5 >1253 4
C. parapsilosis 6 >1253 4

ICs of 1 against selected enzymes and ‘mouse fibroblasts; Minimal inhibition
concentrations (MICs) of 1 against bacteria and fungi, including multidrug-resistant
strains (*).

(1) Ludewig, S.; Kossner, M.; Schiller, M.; Baumann, K.; Schirmeister, T. Enzyme Kinetics
and Hit Validation in Fluorimetric Protease Assays. Current topics in medicinal chemistry
2010, /0, 368-382.

(2) Zelik, P.; Lukesova, A.; Cejka, J.; Budesinsky, M.; Havlicek, V.; Cegan, A.; Kopecky, J.
Nostotrebin 6, a Bis(cyclopentenedione) with Cholinesterase Inhibitory Activity Isolated from
Nostoc sp. str. Lukesova 27/97. The Journal of Enzyme Inhibition and Medicinal Chemistry
2010, 25, 414-420.

(3) Vacek, J.; Hrbag, J.; Kopecky, J.; Vostalovd, J. Cytotoxicity and Pro-Apoptotic Activity of
2,2"-Bis[4,5-bis(4-hydroxybenzyl)-2-(4-hydroxyphenyl)cyclopent-4-en-1,3-dione], a Phenolic
Cyclopentenedione Isolated from the Cyanobacterium Strain Nostoc sp. str. LukeSova 27/97.
Molecules 2011, 16, 4254-4263.

(4) Cheel, J.; Bogdanova, K.; Ignatova, S.; Garrard, I.; Hewitson, P.; Kolaf, M.; Kopecky, J.;
Hrouzek, P.; Vacek, J. Dimeric Cyanobacterial Cyclopent-4-ene-1,3-dione as Selective
Inhibitor of Gram-positive Bacteria Growth: Bio-Production Approach and Preparative
Isolation by HPCCC. 4lgal Research 2016, 18, 244-249.
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Rhodesain Assay

600 §
2 5 )
S 4004 3 Q
(] Q
o o]
c o]
e ° o} o Blank (0.125 mM DTT)
ﬁ ° o) v Nostotrebin 6 [S0 pM] (4.75 mM DTT)
o 2007 o A Nostotrebin 6 [S0 uM] (0.125 mM DTT)
2 o
- o
(o]
D
Ojimmw
0 200 400 600

Determination of the residual activity of rodesain in the presence of nostotrebin 6 (1): Residual
activity of rhodesain with low (0.125 mM) and high (4.75 mM) concentration of DTT in the
assay buffer. All values are mean values of at least two independent assays. As the reaction rate
does not increase in the presence of DTT, unselective binding to the thiol groups of DTT can

be excluded.
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Determination of the residual activity of rodesain in the presence of nostotrebin 6 (1): Residual
activity of rhodesain with low (0.005%) and high (0.025%) concentration of Brij35 in the assay
buffer. All values are mean values of at least two independent assays. The reaction rate does
not increase significantly in the presence of Brij35, thus, unspecific inhibition by the formation

of aggregates can be precluded.
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