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. : OOAI T AT £ZAOOOIT C
Cyanobakterien sind als wertvolle Quelle strukturelvielfaltiger und pharmakologisch aktiver
Metaboliten, wie z.B.Proteaseinhibitoren, bekannt. Im Rahmen desKooperations-Projektes
"Accessing Novel Bacterial Producers from Biodiversityich Habitats in Indonesia" (ANoBIn)
ist es das Ziel der vorliegenden Arbeit antiinfektive Metabolite, insbesondere
Proteasenhibitoren, aus Cyanobakterien zu isolieren Hierzu wurden neben einer eigens
etablierten CyanobakterienStamm und -Extraktsammlung auch Biomasse und
Medienextrakte aus der Extraktbibliothek der Cyano Biotech GmbH Berlin, gegen die
Cysteinprotease Rhodesaigetestet.Das Screeningvurde in Kooperation mit Prof. Dr. Tanja

Schirmeister (Johames-GutenbergUniversitat Mainz) durchgefuhrt.

Aus Proben verschiedener Okosysteme in Deutschland und Indonesien wurden
Cyanobakterien isoliertund eine Stammsammlung mit 147 terrestischen und aquatischen
Cyanobakterien aufgebaut Aus deutschen Umwelproben konnten insgesamt 55
Cyanobakterien isoliert werden. Anhand morphologischer Merkmalewurden 30.9% den
Chroococcales 65.5% den Oscillatoriales und 3.6% den Nostocales zugeordnet. Die
Beprobung von Habitaten in Indonesien fihrte zur Isolierung von 92Cyanobakterien
Stammen. Hierergab die morphologische Charakterisierundl7.4% Chroococcales 38.0%
Oscillatoriales, 34.8% Nostocales und 9.8% Stigonematales Mehr als 60 Biomasseextrkte
wurden auf ihren Einfluss aufdrei unterschiedliche Quorum Sensing(QS)Systeme und die
antimikrobielle Aktivitat gegenBacillus subtilisund Staphylococcus aureusntersucht. Der
Fokus dieser Arbeit liegt jedoch auf neuen Inhibitoren gegen dieCathepsn L-ahnliche
Cysteinprotease Rhodesain welche eine essentielle Rolle im Metabolismus von
Trypanosomabruceispielt,dem Parasiten, der die menschiche afrikanische Trypanosomiasis
audost. Einige Extrakte zeigten QSverstarkende wund -inhibierende, aber auch
antimikrobielle Eigenschaften.Bei sechsvon 52 Biomasseextrakten(11.5%) wurden mehr
als 50% Inhibierungvon Rhodesainbei einer Konzentration von 0.1mg/mL, festgestellt.Ein
Oscillatoria sp. Biomasseextrakt zeigtemehr als 70% Irhibierung von Rhodesain Obwonhl
51.9% der untersuchten Stamme zu Oscillatoriales gehérten, zeigten mr 7.4% der
Oscillatoriales Rhodesairinhibierende  Aktivitat, wahrend 15.4% der getesteten
Chroococcales12.5% derNostocalesund 25% der Stigonematalesmehr als 50%Inhibierung
zeigten. Auf Basis dr Bioaktivitdten und des chemischen Profis wurden funf Extrakte

intensiver untersucht.

Zuséatzlich zu der im Rahmen von ANoBInetablierten Sammsammlung wurde eine

kommerzielle Bibliothek von 572 Cyanobakteien-Extrakten (Cyano Biotech GmbHBerlin)



getestet Im Screeningzeigten 2.7% derBiomasseextrakte eine inhibito rische Aktivitat von
mehr als 70% bei 0.1Img/mL und 14.8% der Medienextrakte eine Inhibierung von mehr als
70% bei0.2 mg/mL.

Der Biomasseextrakt von einemNostoc sp. Stamm zeigte 98% Inhibierung bei einer
Konzentration von 0.1mg/mL. In diesem Extrakt konnten neun Verbindungen identifiziert
werden, von denenflnf eine ausgepragte Aktivitat zeigten. Da die Rhodesain inhibierenden
Verbindungen nur in kleinen Mengen im Extrakt enthalten waren, konnten nur mit einer
nicht-inhibierenden Verbindung NMRExperimente durchgefihrt werden.Die Auswertung
der NMR Spektrenidentifizierte Teile der Struktur: ein Zuckerriickrat (Triose) und ene
stickstoffreiche Seitenkette Mit mehr als 90% Inhibierung zog zudem ein Nostoc sp.
Mediumextrakt Aufmerksamkeit auf sich Aus diesem Mediumextrakt wurden das bereits
bekannte Cyclopentadion (CPD) Nostotrebin 6 und weitere unbekannte, biosynthetisch
verwandte Oligomereisoliert: einem dreisubstituiertem CPD oder einendreisubstituiertem,
ungesattigtem 7-Lacton. Nostotrebin 6 st das bislang einzige bekannte CPD
cyanobakteriellen Ursprungs das bereits aus einem Nostoc sp. Biomasseextraktisoliert
wurde. In der Literatur wird von verschiedenen Bioaktivititen berichtet was auf eine
unspezifische Aktivitat hindeutet Als Substanzmit unspezifischer Aktivitat ist Nostotrebin 6
den panassay interference compounds (PAINs) zuzuordnenDie Ergebnisse eines
vergleichenden Bioaktivitatsscreeningsdeuten darauf hin, dassauch die neu isolierten
Oligomere unspezifisch reagieren. Hierbei screint die Intensitat der Inhibierung von der
Anzahl derfreien phenolischen Hydroxylgruppen pro Molekil &zuhangen

Nach aktuellem Stand handelt es sich bei der vorliegende Studie um die este, welche
Cyanobakterienals mogliche Quelle fir Rhodesauinhibitoren untersucht. In dem Screening
der hier etablierten Stammsammlungzeigten 2% der BiomasseExtrakte 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% Inthierung von Rhodesain zeigten und &s Screeningzon
122 Medienextrakten 14.7% mit mehr als 70% Inhibierung bei 0.2ng/mL ergab.55.6% der
aktiven Extrakte wurden von Cyanobakterien derSektion Nostocales(IV) gewonnen Das
lasst die Schlussfolgerung zu, da€yanob&terien, insbesonderederen Medienextrakte, eine
bislang wenig untersuchte, aber vielversprechende Rsource flr Proteaselnhibitoren, und
somit fur die Entwicklung neuer Therapien fiir die menschliche afrikanische

Trypanosomiasisdarstellen.
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Cyanobacteria, whilst initially having beemeglected 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
embeddedin the bilateral project "Accessing Novel Bacterial Producers from Biodiversity
rich Habitats in Indonesia" (AnoBIn) and aimgo identify and isolate antiinfective metabolites
from cyanobacteria,particularly inhibitors of the trypanosomal cystein protease rhodesain
Therefore, we screened a cyanobacteria extract collectiogenerated as part of the ANoBIn
project, as well asa library of 572 cyanobacteria extractskindly provided by Cyaro Biotech
GmbH, Béin, against the trypanosomal cystein protease rhodesaiim cooperation with Prof.

Dr. Tanja SchirmeistertJohannes Gutenberg UniversitiMainz).

In order to constitute a cyanobacteria strain collection various aquatic and terrestric
ecosystems in Ganany and Indonesia were sampled, followed by theisolation,
characterization and biobanking of 147 cyanobacterialstrains. The sampling in Germany led
to the isolation of 55 strains from which 30.9% were belongingto the Chroococcales65.5%
to the Oscillatoriales and 3.6%to the Nostocales From 92 cyanobacterial strainsisolated
from Indonesian samples, 17.4%were allocated to the Chroococcales, 38.0% tathe

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

About 60biomass extracts othe newly established strain collection were tested against three
different reporter strains for activity on Quorum Sensing (QS) systemantimicrobial activity
against Bacillus subtilis and Staphylococcus aureysand against the cystein protease
rhodesain. The Cathepsin L like cysteine protease rhodesain plays an essahphysiological
role in the metabolism of the parasite Trypanosoma brucei A human infection with
Trypanosoma bruceiis known as human African trypanosomiasis (HAT.)Because of its
important role, rhodesain is regarded as a promising target for the devepment of new
medications. Of 52tested extracts, 11.5%showed more than 50% inhibition of rhodesainat
0.1 mg/mL. Although 27 of thetested strains belonged toOscillatoriales(lIl), only 7.4% of all
tested Oscillatoriales strains showed pronounced inhibitory activity, while 15.4% of the
Chroococcaleql), 12.5% ofthe Nostocales(lV) 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. Theobtained HPLGDAD and HPLEMS data were assesse@nd several known

and new intr iguing, possibly bioactivecompoundscould be identified.



Additionally, a library of 572 cyambacteria extracts (kindly provided by Cyano Biotech
GmbH, Berlin, Germany)was screenedagainst the trypanosomal cystein protease rhodesain.
The screening reveale®.7% of thebiomass extractsshowing an inhibitory activity of more
than 70% at 0.1 mg/mL, whilst 14.8% of the medium extractsfeatured an inhibition higher
than 70% at 02 mg/mL. The biomass extract oh Nostocsp. strain showed 98% inhibition at
0.1 mg/mL. Pocessing of this promising extract resulted in the isolation of £ompounds,
from which 5 showed pronounced inhibitory activity. Due to low yields, solely one compound
was subjected to nuclear magnetic resonance (NMR) experimentghich successfully ledto
partial elucidation of this compound with a mass of [M+H] m/z 604.24 and a suggested
molecular formula G4HssNsOx3, comprising a sugar backbone (triosejand a nitrogenrich 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 waaready isolated from a
Nostocsp. biomass extract. It has been found taekactive in a broad variety of assaypossibly
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 aa source for rhodesain
inhibitors. Within this study , we found 2% of a selfestablished biomass extract collection to
show rhodesain inhibiting activity higher than 70% at 0.1 mg/mL. These results werein line
with the screening of thecommercial extract collectionprovided by the Cyano Biotech GmbH
where 2.7% of the biomass extractshowed an inhibition equd or higher than 70% at 0.1
mg/ mL. Here, the section Nostocales displayed the fjea amount of inhibitory active strains
with 55.6%. Until today, only few compounds from cyanobactda cultivation media are
known, but the present findings suggest that cyanobacteria especially cyanobacterial

medium extracts, provide a valuablesource fa protease inhibitors.
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1. Introduction

1.1.Microbial Diversity as Source for Natural Products

-EAOI T OCAT EOI © OAPOAOGAT O OE A with lodateri &owing &nOCA OO CA
extremely high biodiversity 1 Due to close associationsvith each other, andalsowith plants
and animals microorganisms developed various interactin mechanisms. Within this
interaction network, chemical compoundsplay a major role as regulatory factors, and
represent a valuable source for urgently needed new antiinfectivesHence,natural product
researchers are keen tdind unexplored microbial resources For manyyears, it was common
belief that biodiversity hotspots like Brazil or Indonesia would serve agampant sources for
genetic material?® Sincemost biodiversity hotspots, defined by the diversity of vascular plants,
are located inthe Global South collaborations between countries of the southern and
northern hemisphere were regarded as promising partnerships, with the first serving as
providers of genetic resourcesand the latteronesasproviders of financial capital, equipment,

and know-how 34

As manybiologically active natural compounds isolated from plants or sponges werkater
found to be derived from associated bacteria one might conclude that @ extraordinary
biodiversity of such higher aganisms is refected in the microbial diversity.5:® However,
microorganisms cancross thePacific Ocean within 7 to 9 days and thAtlantic Oceanwithin

3 daysas stowaways in dust storms, making themmultinational inhabita nts of our earth10
Thus, it is not surprising, that latest publications found more than 99% sequenceidentity , up
to 93% shared genesand identical secondary metabolites fomicroorganisms isolated from
locations with up to 18.000 km distance from each otherll12 Differences in the genetic
makeup based ongeographic barrierswere only identified in case ofinsulated habitats like
geothermal hot springs or phototrophic consortia, and are restricted to about 1% of all
positions in the genomet3.14 Thus, the hypothesis that biodiversity hotspots of vascular plants
exhibit an equally valuable microbial diversityis not scientifically confirmed. Actually, 1 g soll
contains about five times more bacterial species than known to date, regardlea$ether its
origin is located in the Global North or South.Only a small fraction (10* specieg of the
bacterial diversity (up to 10° specie9 has been described; and even a smaller numbehas
been isolated, characteried, and cultivated!® Hence only a smallpart 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, Proteobacteriaand

Bacteroidetes,with the remaining onesbeing poorly studied.16



1.2.Morphological Diversity of Cyanobacteria

One scientifically neglected group of microorganisms is the phylum cyanobacteria
(cyanoprokaryotes). Eventhough cyanobacteria havelong been known for their broad
spectrum of specializedmetabolites, the interest of natural product chemistshas risen only
slowly.1” Cyanobacteriahave beeninhabiting the earth since more than three billion years
and thus belong to the oldest organisms know# Some fossil cyanobacteria even show a
morphology similar to present speciest® During this time, they developed a highly diverse
physiology allowing them to even populate extreme habitats.20 Thus, cyanobacteria are
particularly challenging to classify?! The first classification systems were published by
Gomont in 1892 and Bornet & Flauhault from 18861L888,2223 and several morehave been
proposed and reviewed ever since2! In 1979, Rippka et al. proposed five sections

| (Chroococcales), 1l (Pleurocapsales), Il (Oscillatoriales), IV (Nostocales) and V
(Stigonematales)* which were adopted as fundamental base for the nomenclatural
Al AOCOEZEAAOQGEIT ET " AOGCAUGO 2 Bl theAdeveldprient3o) OOA T AC
electron microscopy and nolecular and genetic methods lg to profound changes in the
classifications systems of cyanobacterigl In 2014 Koméarek 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 y&t.The afore mentioned
classification in five sections is shown infable 1. These sections are not regarded dsing

conform with major taxa, but serve as rough classification by morphological characteristiés.

Table 1. Major sub -groups of cyanobacteria by Rippka et. al.24

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

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

[l Oscillatoriales  filamentous Division in only one plane, no formation of
heterocystsnor akinetes

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

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




Section | (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 I. All phase
contrast; bar markers represent 5 um. Pictures taken from
Rippka et al., 1979.24

Figure 1. RepresentatiVe of the pleurocapsalean genera.
Dermocarpa PCC 7437 (11). All phase contrast; bar markers
represent 20 pm. Picture taken from Rippka et al., 1979.24

their cells are spherical, cylindical or oval (Figure 2). Cyanobacteria of &ction Il
(Pleurocapsales)are as well unicellubr, but in contrast to ®ction |, 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 membraneand reproduce by binary
fission within this fibrous layer and without parallel growth. This way, the parental cell
produces between 4 and 1000 saalled baeocytes (Greek: ' small cell'). The baeocytes are

released when the fibrous layer breaks up#26
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Figure 3. Schematic presentation of genera assigned to Section Ill . Thin lines surrounding
trichomes designate sheath material. Polar bodies (Pseudanabaena) represent gas vacuoles. Hk
group, derives its name frommany of the strains included falling within the broad conhes of the
genera Lyngbya, Phormidium and Plectonend.

Cyanobacteriaof Sections Ill 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, hormogona might lack heterocysts, even in a sourrounding without a source

Hormo- Young
gonium trichome
®)

[escsss) O ® Nostoc

oo oooo m Calothrix

Figure 4. Schematic presentation of genera assigned to Section IV. (@) without developmental
cycle; ©) with developmental cycle. Heavywalled cells with polar granules represent heteraysts;
heavy-walled cells that are dotted represent akinetes; thin lines surrounding trichomes designa
sheath material?



of nitrogen. The dways uniserate (one cell thick) trichome of cyanobacteria in Section IlI
(Oscillatoriales, Figure 3) solely consists of vegetative cellsvhich may be enclosed by tubular

sheaths In contrast to Sections IV and \Oscillatorialesare not capable ofcell differentiation.

The cells of sections IV (Nostocales$-igure 4) and V (StigonematalesFigure 5) are ableto
differentiate to heterocystswhen 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 nitrogenase2’ In stationary phase some cyanobacteia of

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

Young
Hormogonium trichome Culture in the mature state

m Chlor ogloeopsis
m BoeED

Fischerella

Figure 5. Schematic presentation of the genera assigned to Section V. Heavy walled cells witt
polar granules represent heterocysts; heawwalled cells that are dotted represent akinetes; thin line
surrounding groups of cells designate sheath materi&f.

While Section V shows division in only one plane, cyabacteria of Section V are able to divide

in more planes. Hormogonia are usually uniserate and unbranched, but cells start to divide in

various planes durihg growth of the trichome. This secalled @ue branchingg needs to be

distinguished fromO £A1 IOAERBI0G8 h xEEAE AAT T1HArd Gétrichdme 3 AAQET 1
breaks within its sheath followed by the elongation of the two emerging daughter filaments.

If one or both filaments protrude trough the sheath inan angular position, itisA AT 1 AA O&AAT OA
bOAT A& C6 8
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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 predator§® The need of defence against thesnvironmental
stressors might explain why most cyanobacterial natural products show some kind of
bioactivity.3t Accordingly, cyanobacteria present a promising source for compoundhat
inhibit eukaryotes, such as fungi or protozoa. Even though thisytotoxicity restricts the
potential use as antiinvectives, cyanobacterial natural productsmay serve as lead

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

Neglected by natural product researchers for a long time, cyanobacteria are nowadays
recognized as a prolific source structurally diverse and pharmacologically active natural
products 3235 Many cyanobacterial metabolites are composed of molecules originating from
a mixture of nonribosomal peptide synthetase (NRPS), polyketide synthase (PKS), terpene,
and sugar biosynthetic pathwaysMore than a fewof those metabolitesshow halogenations,

methyl groups or oxidations 3¢

Several cyanobacterialmetabolites have rved as potent lead structuresinspiring drug
development programs, e.g. the dolastatin®z39 the cryptophycins40z42 the saxitoxins43.44and
the anabaenopepting’s46 One of the betterstudied cyanobacteria genera idNostog from
which numerous compounds have been isolate#:4” These are mainly norribosomal
peptides and depsipeptides, but a variety of other chemitlst diverse structures, such as
polyketides, alkaloids, or terpenoids, were alstbund. Often, cyanobacterial metabolites show
pronounced cytotoxicity, but another activity that is frequently observed for cyanobacterial

non-ribosomal peptides is the inhibition of proteases6.4&52 A

1.3.1. Natural Products from Cyanobacteria as Protease Inhibitors

Proteases are involved in the pathogenesis of many infeatis diseases?354 and promising
targets for new therapeutic approachesThat is why natural product researchers are on the
quest for novel protease inhibitors, and cyanobacteria are a rich source for such
molecules48:5556 Freshwater, as well asmarine cyanobacteria are promisingresources for
protease inhibitors.3657 Table 2 summarizesseleded cyanobacterial protease inhibitors and

their activities.

A Paragraph adapted from Kossack,.FBreinlinger, S; Nguyen, T, Moschny, .J Straetener, J Berscheid,

A et al. (2020) . T OOT OOAAET ¢ 2A1 AOAA -ladiohdsiwBhABraad AcBvilye 1 1 A O
Spectrum Isolated from the Cultivation Medium of the Cyanobacteriumdostocsp. CBT1153.

J. Nat. ProdDOI: 10.1021/acs.jnatprod.9b00885
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Table 2. Activities of s elected 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

——- ——— ——- 58
208-A 1654 496 . . . .
Aeruginosin 273 55 a1 59
102-A . . . . . .
Gallinamide A . . . . 5 0.3 . . . 60
Gallinamide A 12 67 _ 61
(analog 2)
Gallinamide A 5 81 61
(analog 3)
Circinamide . . . . . . . . 1035 62

Cyclic cyanopeptides

Symplocamide A 80 0.4 . . . . . . . 55
A90720A 10 . 259 29 . . . . . 63
Cyanopeptolin S 216 . . . . . . . . 64
Cyanopeptolin A 209 . . . . . . . . 65

8no information; ---- no inhibition (no concentration); tr = trypsin; ch = chymotrypsin; th = thrombin;
pl = plasmin;hCatL = Human cathepsin Lcr = cruzain; fp2 = falcipain 2; fp3 = falcipain 3pa = papair

12



Symplocamide A A90720A
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Circinamide

Cyanopeptolin S Cyanopeptolin A

Figure 6. Selected cyanobacterial protease inhibitors; activities summarized in Table 2.
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Many cyanopeptices inhibit serine proteaseswhich 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® A potent serine protease inhibitor

is the depsipeptidesymplocamide A, produced bysymplocasp., with pronounced cytotoxicity

againstH-460 lung cancer cellf1Cso 40 nM) and neurc2a neuroblastoma cells kGso 29 NM) 55

As cysteine and serine comprise similar structureand properties (polar, uncharged), serine
protease inhibitors might equally function as inhibitors against cysteine proteases like
rhodesain. The first described cyanobacteiial cystein protease inhibitor was circinamide, a
papain inhibitor isolated from Anabaena circinalisNIES41.62 Circinamide contains 2,3epoxy
succinic acid and homospermidineand is related tothe potent cysteinprotease inhibitor E-
64 from Aspergillus japonicus® A screening of variousfractionated extracts derived from
marine cyanobacteria against Human cathepsin LhCatl) revealed numerous hits and
resulted in the identification of gallinamide A as a selective inhibito#¢.67 The cystein protease
hCatL has beenidentified as potential target enzyme for anticancer therapy, and related
cysteine proteases arepotential targets for novel treatments of various infectious diseases,
like malaria, leishmaniosis and trypanosomiasis$86® Gallinamide A showed pronouncd
inhbibitory activity against cruzain (ICso = 0.3nM) an essentialTrypanosoma cruzicysteine
protease And analogues of gallinamide A exhibited inhibitory activity on the cysteine
proteases falcipain 2 and falcipain 3 ofPlasmodium falciparumin a low nanomolecular
range®! In case of trypanosomiasisthe cysteine protease rhodesain is casidered as valuable
target, but except for gallinamide A no cyanobacterial derived compound was identified as

inhibitor for hCatLor hCatL-like cysteine proteasesso far.

1.4.Human African Trypanosomiasis (HAT)

Trypanosoma bruceiis a protozoon belonging to the genus Trypanosomacausing the
parisitose Human African Trypanosomiasis (HAT or sleeping sicknessY.he subspecies
T.bruceirhodesienseausesan acute form ofHAT,which is endemic in estern and southern
Africa. The more ommon, chronic form of HAT is caused byT. brucei gambienseand is
prevalent in western and entral Africa.’071 The latter one is responsible for abou®5z97%

of total HAT infections, while T. krucei rhodesiensds primarily a zoonosis, rarely infecting
humans, thus causingnly 3-5% of total HAT infections?273 Interestingly, around two-thirds

of casesnccurring outside of Africa in the US and Europe are visitors of safari parks in eastern
Africa, infected byT.b. rhodesiens& Even thoughHAT caused byl. b. rhodesiensepresents
only a small part of infections, its elimination is rather complicated, as cattle serve as

reservoirs for the human parasite (Figure 7).75
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In 1998, the World Health Organisation (WHO) reported about 300,000 new cased HAT
every year’® Since then the cooperation of the WHO, Africa governments, non
governmental organisations (NGOs) charities, and others led to a fastand sustainable

decreasein the annual number of newinfections, with only 1446 reported cases in 20173.77

1.4.1. Lifecycleof T. brucei rhodesiensand gambiense

The lifecycle ofLife cycle of T. b. gambiensand T. b. rhodesiensis pictured in Figure 7. The

infectious metacyclic trypomastigotes are transmitted by the bite of tsetse flies(genus

Glossind, causing a skin reaction known as trypanosomal chancre within55 days . After

prolif eration into bloodstream trypomastigotes the parasites diffuse in the bloodstream

nodes, spleen and spinal fluid, leading to nonspecific symptoms like fever, laige, muscle

aches and headacheand replicates by binary fission .During this early stage, or stage one,

symptoms are unspecific and easily confounded with other infectious diseases like malarfa.

Untreated, the late stageacute phasei Omefiingo-encephalitic stag® is induced by the

penetration of the parasite into the central nervous system, revealingcharacteristic

symptoms like psychiatric, motor and sensory disturbanceAT A AAT T Of Al OAKA@GAO
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SR ablood meal
in salivary gland. They (injects metacyclic trypomastigotes)
transform into metacyclic

trypomastigotes. ’

e Injected metacyclic
trypomastigotes transform
into bloodstream
trypomastigotes, which
are carried to other sites.

9 Trypomastigotes multiply by
binary fission in various
body fluids, e.g., blood,
lymph, and spinal fluid.

Procyclic trypomastigotes
leave the midgut and transform
into epimastigotes.

e Tsetse fly takes
ablood meal
(bloodstream
trypomastigotes
areingested)

o Bloodstream trypomastigoN /\il é

transform into procyclic

Circulating trypomastigotes

tr)‘lpomastigoteg in the vector A in blood during acute phase;
midgut. Procyclic tryposmatigotes % usually undetectable in latent
multiply by binary fission. )‘E - phase.

Cattle and possibly wild
ungulates are reservoirs

for T. b. rhodesiense.
Diagnostic stage

‘LSI\ Infective stage

Figure 7. Life cycle of T. b. gambienseand T. b. rhodesiense™

The diseaseés trivial name, sleeping sickness, originates from the severe sleep disturbance
shown by about threequarters of patients.”® Untreated, the infection leads to coma and death.
The circulating trypomastigotes areusually 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 ofl. b. rhodesiensdt ingests bloodstream trypomastigotes . Here, the
parasites first transform into procyclic trypomastigotes , and after leavingthe midgut,

proliferate into epimastigotes . The epimastigotesimmigrate into OEA &£ U6 O OAl EOAOQOU

and reproduce by binary fission . Thelifecycle in thetsetse fly spansabout 3 weeksso

1.4.2. Diagnosis

Most contemporary staging methods rely on theounting of white blood cells (WBC) and the
microscopicdetection of trypanosomes in the bloodstream, within the lymph nodesr in the
cerebrospinal fluid (CSFy® According to the WHQ patients showing S 71" # ¥ @and no
trypanosomesare in the first stage of the disease, wile patients having more than 57 " # ¥t ,
and/or if trypanosomesare detectedin the CSF are considered agage 2 oracutestage’3 As

these diagnosis methods show weak accuracy and are only applicable in late stagesw
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assessments likerapid diagnostic tests (RDTs) have been developed. fie SD BIOLINE HAT
used for the detection ofT. brucei gambienseis highly specific and sensitiveand identifies
distinctive variable surface glycoproteins(VSG)’8 Still, more reliable tests for the detection
of T.bruceirhodesiensare lacking.One possibility is to applyimmune mediatorsused for the
staging of T. b. gambiensBIAT to stratify T. b. rhodesiensgatients. Here themeasurementof
Immunoglobulin M (IgM), matrix metallopeptidase 9(MMP-9) and chemokine (GX-C maotif)
ligand 13 (CXCL13, alone or combined withchemokine (GX-C maotif) ligand 10 CXCL10
were positively evaluated asmarkers for the detection ofthe meningo-encephalitic stage of

T. b. rhodesiensd AT, enablingto adjustthe treatment 81

1.4.3. Treatment

As trypanosomes are able to elude the host immune system by antigenic variationtb&ir
VSG@G,development ofa preventive vaccine is not possiblé2 Furthermore, a drug for the safe
treatment of both early-stage and late-stage of rhodesiense HAT is stillnot available.
Currently recommended drugs forthe treatment of rhodesiense HAT are Suramin and

Melarsoprol (Figure 8).

o
HO\S//

O
A|S\

o
NH,
AL
Ny S OH
5 5 i
HoN N N
5 H
NJ\N

Suramin Melarsoprol

Figure 8. Suramin and Melarsoprol : Currently recommended drugs for t he treatment of
rhodesiense HAT.

Suramin was introduced in 1922 and has been used for thberapy of early stage HAT ever
since. Its mode of action is stilhot fully understood, though it is known notto 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 causespost-treatment reactive encephabpathy (PTRE)E T 8%of patients and
AAOAIT E O% AfGhesé tasefnd is therefore one of the most apprehensive drugs used
for therapy of infectious disease$? The treatment with Melarsoprol can further cause side

effects like agranulocytosis, skin rashes, peripheral neungathy, cardiac arrhythmias, and
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i 01 OEAI AAT EIT KATId cAs® bfdniral AcB/Qub §gtet(CNS T.b.gambiense
the first-line therapy is NECT (nifurtimoxzeflornithine combination therapy), but this
mixture is not effective againstCNST. b. rhodesiens€ In-vitro and in-vivo studies proved

fexinidazole as possible agent againgdt. b. rhodesienséwut clinical trials are still on-going.”

The Drugs for Neglected Diseasdasitiative , founded in 2003 by seven martners, all of which

are centres of excellence in neglected dissa research and/or patient carepublished a target

POl AGAO POT A£ZET A j400q A& O AT EAAAI Aaadge x EEAE x|

stage diseasé4 The profile includes oral administration ove a relatively short course
(e, 7AAUOQh OAEAOU &£ O All DPAOOITO ET AI OAET ¢
costs per course. It is obvious that the present therapies against HAT do not satisfy those
criteria, and more effective and less hanful drugs are neeced. Hence, research projects are
running, and latest achievements indicate improvements in the next decade.Parasitic
enzymes with human homologues are considered as interesting drug targets, as already
available technologies developed fotargeting human enzymes could be exploéd. Issues
regarding parasite compared to host specificity could be addressed by adding parsesi
specific structural featuressé Cysteine proteases of th@apain 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’

1.4.4. Rhodesainas Target for New Treatments

One promising target is the trypanosomal cysteine protease rhodesain. Rhodesain plays a
major role during the parasitic infection byT.brucei.52 It is involved in the parasitic crossover

of the blood-brain-barrier into the CNS leading to the latestage of HAT8 This crossover is
initiated by rhodesain-induced stimulation of proteaseactivated receptors (PARS), which
trigger calcium-signaling pathways in their activated form. Thus, changes in tleytoskeleton

of the endothelial cells occur, enabling the parasite to mrate from the bloodstream to the
CNS° Moreover, rhodesain influenceghe synthesis ofthe VSGsantigenic proteins,enabling

T. brucei to elude the host immune responsgand destroysanti-VSG imnunoglobulins.90.91
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The cathepsin L:like cysteine proteaserhodesain belongs to the family C1 (papairfamily)
and comprises a sirgle polypeptide chain of 215 amino acids witlaclassic papainlike folding,
where the catalytic triad (Cys25/His162/Asn182) is embraced bya 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 His162and the Asri82 residue. The latter one acts as a-blond acceptor
and stabilizes the required tautomeric form of the His162 imidazole ringwhich functions as
a base and is involved in deprotonating the thiol group of the Cys25 residuhe scgenerated
nucleophilic thiolate attacks the carbonylcarbon of thefissile amide bond and further amino
acid residues, situated in the active site, support peptide bond hydrolysiand thus the
recovery of free enzymes? Due to its complex and extensive role in the lifecycle of

T. bruceirhodesiense rhodesain is regarded as a promising target for the developent of

Figure 9. Surface (left) and ball and stick (right) active site representations of the
OET AAOAET E+ p p nThe inhiBito i nibleckil@is coloured grey, and the unbiased mFeDFc
electron density is coloured violet.Hydrophobic interactions with neutral/non -polar residues are
mapped on the surface and coloured purplés

novel anti-trypanosomatid drugss® The determination of the highresolution crystal
structure of rhodesainin complex with the vinyl sulfone inhibitor K11002 (Figure 9) led to

intensive studies on rationally designed inhibitors?293 Rhodesain shows high structural
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similarity to other hCatl:-like cysteine proteases, exhibiting crucial roles invarious infectious

diseaseslike malaria, leishmaniasis andrypanosomiasis 8.6
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Figure 10. The rhodesain inhibitors K777 and MMV665875.

Thus, it is not surprising that @mpounds of the Open Access Malaria BOX showed inhibitory
activity against rhodesain.4 Here, a dimethylbenzimidazol (MMV665875) (Figure 10) was
identified as novel mixed rhodesain inhibitor with aK; of 1.4 mM and an 1 of 0.4 uM against
T. brucei rhodesiens¥ In the samestudy, as well as in others by the same research group,
benzimidazole ringwas observed inmost of therhodesain inhibitory structures.®¢ Further,
various thiosemicarbazones known as antiparasitic agents againsPlasmodiumfalciparum
and Trypanosoma cruzi were found to be active against paragic cysteire proteases,

including rhodesainf79 Another promising group of rhodesain inhibitors are nitroalkenes,
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1 2
Ki (RD) =11 nM K; (RD) = 26 nM
K (hCatL) = 10 nM K; (hCatL) = 3 nM
ICgq (T. b. brucei) 72h = 4 nM IC50 (T b. brucei) 72h =1 nM

Figure 11. Structure of two rhodesain inhibiting macrocyclic
lactams (1, 2). Binding affinities for rhodesain and hCatl.and cell-
growth inhibition of T. b. bruce}??
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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 modefs.

Due to the mentioned highsimilarity of rhodesain andhCatL1% a hCatL ligand library was
screenedagainstrhodesain andseveral macrocyclic lactams(Figure 11) were identified as
potent rhodesain inhibitors. Modifications of the most active structure, lel to a potent
pyrazole derivative (Ki < 10 nM), showing as well pronouncedtrypanocidal activity (ICso
(T.b.rhodesiensg < 400 nM).101 But, regardless ofthe efforts in the past decades and many
promising rhodesain inhibitors, none could be identified as potential drugcandidate. Thus,
research is ongoing Bven though cyanobacteria are known to produce structurally diverse
protease inhibitors, noscreening of cyanobacteria extracts for rhodesaimhibitor s has been

published yet
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1.5.Research Objective

Cyanobacteria have long been neglectdyy natural product research30.35102andare treasured
sourcesfor cytotoxic and antimicrobial metabolites, aswell as for protease inhibitors36.485%
57 Proteases arepromising targets for new therapeutic approachesgdue to their crucial role
in the pathogenesis ofmany infectious disease$354 The cystein protease rhodesains a
promising target for urgently needed new therapies against HAT, as jlays a major role

during the parasitic infection by T. brucei.s3.8891

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 Biodiversityrich Habitats in Indonesia” (ANoBIn) The three main
workpackages comprised: () Establishing a cyanobacteria strairand extract collection. (11)

Bioactivity screening of the establishedextract collection, identification and isolation of the
active compounds (ll1) Screening ofa commercial cyanobacteria extract collectionagainst

the trypanosomal cysteire protease rhodesain

(1) Promising habitats in Indonesiaand Germany; like ponds, riversand biofilms from varying
surfaces were sampled, in order teollecta broad diversity of cyanobacteria strainsDifferent
techniques led to the isolation characterization and biobanking ofmorphologically distinct
cyanobacteia strains. Selected strains were cultivated to generate biomass for extract

production.

(I Theresulting biomass extract collection was screened fdpioactivities (quorum sensing
inhibition, antimicrobial activity, rhodesain inhibition). The most promising hit extracts were
analyzed byhigh-performance liquid chromatography (HPLC) coupled with a diode array
detector (DAD) and mass spectrometer(MS). Thecyanobacterial extractswere evaluated

regarding their chemicalcomposition, in order to identify novel bioactive compounds.

(1 In a third part a cyanobacteria extract collection (kindly provided by Cyano Biotech
GmbH, Berlin, Germany)was screenedin cooperation with Prof. Dr. Tanja Schirmeister
(Johannes GutenbergUniversity, Mainz) against the trypanosomal cysteire protease

rhodesain.
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2. Material & Methods

2.1. Instruments

Table 3. Components of HPLC systems Tubingen 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 lonTrap Electron Spray
lonization (ESF) lon
Trap
Sedex LTELSD Model 85LT ELSD
La Prep VWR international P110,P314 Preparative LC System

Table4. Components of HPLC systems; Halle University .

System Specification Component
UltiMate 3000 HPLC LPG3400SD Quaterny Pump
system, Thermo Scientific
WPS3000TSL Autosampler
TCG3000SD Column Oven
DAD-3000 Diode Array Detector
AFG3000 Fraction Collector
UltiMate 3000 HPLC DGR3600A Quaterny Pump

system, Thermo Scientific
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WPS3000TSL Autosampler

TCG3100 1x2P-10P Column Oven

PDA3000 Diode Array Detector
Q Exactive PlusThermo Scientific EStquadrupole-Orbitrap
Sedex 85, Sedere Sedex 85 LT Evaporative light scattering

detector (ELSD)

2.2.Establishing a @anobacteriaSrain Collection

Environmental samples were collected in Germany and Indonesiain order to isolate
cyanobacteria strains and investigateheir 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 cyanobacteriaBGL1 medium was preparedaccording to
Rippka et al. (Table 5) with slight modifications .24 The medium was composed of stock
solutions, which were sterilised sepaately by autoclaving (121 °C21 min., 2 bar) or, in case
of heat-sensitivity (Table5: 8, 10, 11)by filtration (0.2 { | .Qycloheximide was solely added
during sampling ard isolation of new strains,in order to inhibit the growth of eukaryotic
microorganisms. For the preparaion of solid medium, agarosewas used. Depending on the
application (sampling, isolation or maintenance), the amount and composition ofstock
solutions was varied.In order to favour the growth of nitrigon-fixing cyanobacteria strains,
stock solution 1 was omited andthe resulting medium was called BG14N. For the cultivation

of marine cyanobacterigartificial seawater, instead of deionized watetwas usedto3

Table5.BG11 medium composition , modified.

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

1 NaNQ 3529.83 17.65

2 K:HPQ 89.68 0.18

3 MgSQ*7H20 60.85 0.30

4 CaC#*2H0 244.86 0.24

5 EDTA 0.68 0.00

6 Na:.CQ 75.48 0.38
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Citric acid 31.23 0.03
7 Ammonium ferric

citrate (18%) 22.90 0.02
H3:BGs 46.26 0.0463
MnCL*4H,0 9.15 0.0091
g Trace Metal Mix ZnSQ*7H20 0.77 0.0008
NaMoOy*2H.0 1.61 0.0016
CuSQ@*5H20 0.32 0.0003
Co(NQ)*6H.O  0.17 0.0002
9 NaHCQ 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 duringthe isolation process
° Added forpreparation of solid medium

2.2.2. SamplingProcedure
2.2.2.1.Blooms and Bofilms

Samplesof cyanobacterid blooms and biofilms on stone, soil, barkor 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 onanagar plate (30mm petri
dish), both with and without the main nitrogen source (stock 1). Thus, the isolation of
different cyanobacteria strains, depending on their growth behaviour/ physiobgy could be
achieved.In the field, all environmental samples were illuminated either by indirect sunlight
or by LED lamps (LUMIstixx, OSRAM GmbHuMch). As soon ashe strains were transferred
to the lab, samplesvere stored in an illuminated climaticchamber at 29°Gand 10-25 pmol m-
251, Each sample was checkefibr cyanobacteria colonies, vidble by eye, once a week. In case
of cyanobacterial growth, which occurredafter one weekup to several montts, the sample

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

Water samples were either directly supplied with culture mediumor the phytoplankton was
enriched beforehandusing a plankton net (mesh width: 25um 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. Eachwater sample was mixed with BG1 stock solutions togain a nutrient concentration
of 20%, 50 %, or 100 % of the original BA1 medium. Thus, the isolation of different
cyanobacteria strains, depeding on their growth behaviour andphysiology was attained by

enrichment culture.

2.2.3. Strainlsolation andPurification Techniques

For the isolation and purification of cyanobacteria from environmental samplesvarious
techniques were combined depending on the nature of the sampleThe condition of each
isolate, e.g. contamination and morphologywas checkedoy microscopy (Axio Lab.Al, ZEISS,
Germany). As soon as an unialgal culture was obtained, it was transferred into liquid culture

and storedasdescribed in section2.2.5
2.2.3.1.SingleCell Isolation

Asingle cyanobacteriacell was pickedwith an extendedPasteurpipette andthen transferred
into a sterile medium droplet .04 This procedure was repeated until a single cell, free of any
visible contamination, could be placedon aPetri dish with BG11 aga(BG11mineral nutrient
medium containing 1.5 % agarosé.24

2.2.3.2.Sepaation by Filtration

Water samples were filtrated (quantitative filter paper, VWR, 84 g/m2, 0,18 mm, pore size:
31-50 um). Thefiltrate (1), as well as thefilter paper (II) were added to20 mL BG11 medium
(0.1% cycloheximide) in a 50 mL shake flaskand incubated at 28°C with an illumingion of

10 to 25 pmol m2 st for 5-30 days (enrichment culture). After evaluation under the
microscope,a small amount ofbiomassgrown in the liquid culture (1) or on the filter paper

(1) wasplaced on a Petri dish withBG11solid medium and further processedasdescribedin

2.2.3.3and2.2.3.4

2.2.3.3.Phototaxis

Some cyanobacteriastrains grow towards the light. These strains can be isolated via
phototaxis by covering the inoculated spac®ever an agaose plate with aluminium foil. The
phototaxis-capable strain growstowards the light and canthereby be separated from other

cyanobaderia in the samplel04
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2.2.3.4.Sreak Plate Method

For the isolation of unialgal strans, 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 g1) for 2-8 weeks? Visible cyanobacterial colonies wereagain spread on BG11 solid
medium in order to gain unialgal isolates. The thus purified strains werglentified under the

light microscope and characterized by their morpology (2.2.4).

2.2.4. Taxonomy

Srain 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 strainwas assigned to one of the five sectienas
described by Rippkaet al. (Table 1) and further described according to the modern

classification system of cyanobacterig!.24

2.2.5. Strain Maintenance

The isolated, unialgal strains were maintained in glass tubesquipped with SILICOSEN®
sterile stoppers, filled with 3 mL BG11 medium, at 28C with an illumination of 10 to
25 pmol m-2 s, Depending on the individual growth behaviour, strains were transferred to
fresh mediumevery 4- 8 weeks. To prevent loss of strainsold cultures were stored at 24°C

for at least 3months as backups.

2.3.Establishing aCyanobacteriaExtract Collection

2.3.1. BiomassProduction

In order to investigate the secondary metholite 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 behaviouof 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 aisupplied with
2 % CQ. Each tube wa filled with 10 mL BG11 medium(modified, depending on the strair®
requirements), inoculatedwith a small amount of the maintaned culture, and incubated at

28°Cand a light intensity of 10 umol photonss! m-2for 5 to 10 days.

Next, 15 mL freshBG1llmedium were added,resulting in a volume of 25 mL, and the light
intensity was increased to 2025 pmol photons st m-2. Depending on the growth of each
culture, 10 mL fresh medium wereadded again after 5 to 10 days and the aeration was

adjusted to air supplied with 2% CQ. Due to evaporation loses,the volume was checked
every 5- 10 days and, in case of volume reduction, refilled with sterile Millipore water or fresh
BG11 medium, depending on the growth of the strain. During the cultivation period of at least

21 days the pH of the cultures wasmonitored to prevent acidification by the supplied CQ.
2.3.1.2.Cultivation in Aerated Laboratory Bottles

In order to produce a higher amount ofbiomass, or in cae of insufficient growth in 50mL
centrifuge tubes, strains were cultivated in 250 mLlaboratory bottles, aerated with air or air
supplied with 2 % to 5% CQ. About 50 mL preculture obtained from cultivation in centrifuge
tubes, was filled up with BGL1 medium (modified, depending on the cultured strain)up to
200 mL in a 250mL laboratory bottle. Due to evaporation losgs,the volume wasadjusted
every 5- 10 days with sterile Millipore water or BG11 medium, depending on thegrowth of
the strain. During acultivation period of at least 21 daysthe 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 FHasks

Some strains showed slow or no growth in aated 50 mL centrifuge tubes, thusthey were
transferred to 50 or 100 mL shake flasks. In order to optimize their culturing conditiongwo
light intensities (10 or 25 pmol photons/s/m 2), BGL1 medium with and without nitrogen
source, and a shakingagitation of 50, 100, or 150 rpm was evaluated.Depending on the

characteristics of each strainmonitoring was performed as described in £.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 intesities (10 to 50 pmol
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photons/s/m 2) were applied, depending on each strains properties and growth stageG11
medium with and without nitrogen source, and a shaking agitationf 50, 100, or 150 rpnmwas
evaluated. Depending on the characteristics of eachtrsin, 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 onits morphology and
growth behaviour; e.g.Chroococcales growing in suspension were monitored by pldptical
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 af50 nm (ODysg) in semi-micro cuvettes with 1mL
filling volume using a Biomate 3S spectrometer (Thermo Fischer Saitfic). BG11 medium
was set adlank value and samples with a high density (Of2 0.8) were diluted with BG11
medium to 0.2¢ ODys0 ¢ 0.8.

In order to determine the dw biomass, 2 mL tst tubes were dried at 80°C fot least 24 h.
After cooling down in a desiccator for 5 min the empty test tubes wereweighed. For ech
sample two test tubes were filled with 0.5mL culture broth and centifuged at 14,000 rpm
for 10 min. While the supernaant was discarded,the pellet was washed two times with

deionised (DIl) water and dried at80°C for at least 2 days beforaveighing.
2.3.1.6.Recovery ofBiomassand Medium

After cultivation, 30mL culture were centrifuged for 10 min at 4,500rpm and 20°C. The
supernatant was transferred to a50 mL centrifuge tube for solid phase gtraction and stored
at -20 °C for later processing. The pellet was washed carefully with XL deionized water
and centrifuged again as described above. After discarding the supernatant, the washed pellet

was frozen, freezedried, and stored at-20 °C.

2.3.2. Preparation of BiomassExtracts

About 0.0259 to 6.5¢g of freezedried biomass were resuspended in 2 to 10L of 50% (v/v)
MeOHin H,O. The samples wereaonicated Branson sonifier 250 Branson Ultraschall)twice
for 2 min (output control 5, duty cycle 50%) and shakenoverheadfor at least 20 min. After

repeating the sonification and shakingverheadone 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 superatant was
transferred into an adequate tube and dried by vacuum centrifugation (E2Z Elite; Genevac)

or rotary evaporation.

The remaining pellet was resuspended in another 2 to 1061L of 50% (v/v) MeOH in H20,
and the extraction was repeated. The resultig supernatant was combined with the already
dried extract and dried again. Théwo extraction steps wererepeated with 80 % (v/v) MeOH,
and all supernatants were combineddried by vacuum centrifugation (EZ2 Elite; Genevac) or
rotary evaporation until the MeOH was evaporatedfreeze dried (Lyovac GT2, Oerlikon
Leybold Vacuum GmbH) and stored at20 °C, while the extracted biomass pellet was

discarded. During the extraction procesghe samples were kept cool on icewhen possible
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2.4 .Bioactivity Screening

A collection of 572 cyanobacteria extracts, provided by Cyano Biotech GmbHBerlin,

Germany, was screened for inhibitory activity against rhodesain.

2.4.1. Rhodesainlnhibition Assay

The cyanobacteria extracts were analysed for their inhibitory activity againsthodesain by a
fluorimetric enzyme inhibition assay. The assay was based on the ability of rhodesain to
cleave the substrate benzyloxycarbonyphenylalanylarginine-4-methylcoumaryl-7-amide
(Z-Phe-Arg-AMC), resulting in the fluorescent product7-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 98vell microplates,
Greiner BioOne). Each sample was composed of 18k assay bufér (Table 7), 5uL
rhodesain solution (Table 6) (received from Prof. Dr. Tanja Schirmeister, Johannes
GutenbergUniversitat Mainz Germany), 5uL of DMSO as negative control or extract
dissolved in DMSO(40 mg/mL, concentration in assay: 0.Ing/mL for biomass extracs,
0.2mg/ml for medium extracts), and 5 uL substrate solution (400uM in DMSQ). Each sample

was measured asluplicate.

A kinetic measurement over ten minutes in intervad of 30s was performed with aTecan

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, -Position: 18400, number of flashes: 20) and analysed with the

associated software iControl (Tecan Trading AG).
The following buffers and solitions were used(Table 6; Table 7).

Table 6. Enzyme buffer composition .

Component Amount Molecular weight Concentration
[a] [9/mol] [mM]
Sodium acetate 4.1 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
[¢] [9/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 adjustpH 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 xtime in sec) and yvalues (fluorescence intensity) from 0300 sec
into account.

, tw oz 0
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The slope was then multipliedby 60 to convert the unit to min-1. To calculate the inhibition,
the quotient of b(sample) and the control HDMSO) was first multiplied by 100, and then
subtracted from 100.
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Measurementswere performed in duplicates;the arithmetic mean of the inhibition values

were calculatedto 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 compoundsas described by Ludewig et al. (2010) 105 First, the
hydrolysis rate for each inhibitor concentration (viaw(Cinn)) Was determined, followed by a
measurement of buffer, test compound, and’-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 MC provided the same fluorescence
intensity at to =0 as in the regular assay. The correction factd¢ was calculated by:

a9 & "0M
"0 ®
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with Fas determined fluorescence at a certain AMC concentrati@aucand a certain inhibitor
concentration cinn. The resulting correction factor was then applied to correct the regular

hydrolysis rate:

0 & M O 0 ®
with viaw as uncorrected and veor as corrected, regular hydrolysisrate at a certain
concentration of the inhibitor Cinn.
2.4.1.2.Determination of 1Go and K;
The IG, and K; valueswere calculatedusing GraphPad PRISM (GraphPad Software USA).
To determine the IGso, data were fit by nonlinear regression to the following ejuation.
W W
p pT

Whereyis the observed fluorescencéntensity and x the concentration of the test compound.
For determination of K; the data were fit by nonlinear regression tothe Mixed model enzyme
inhibition.

Zw

W
With vimax as maximum enzymevelocity in the same units asy and K, (Michaelis-Menten

constant) in the same units ax, asthe substrate concentrationwhere half-maximum enzyme

velocity is achieved.

Where Kn2rp and vima@PP were defined the following:

With | expressing the affinity of the enzyme forthe substrate, depending on inhibitor
concentration, and K as is the inhibition constant, expressed in the same units ds the

inhibitor concentration.
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2.4.2. Antimicrobial Activity

The antimicrobial activity of cyanobacterial raw extracts was evaluated adescribed in
section 2.4.2.1, while the antimicrobial activities of compounds isolated fom the medium
extract M1153 werekindly determined by Jan Stratener (IMIT, University of Tlbingen)as

described insection2.4.2.2
2.4.2.1.CyanobacterialExtracts

Cyanobacterial raw extracts were tested again®acillus subtilis168 and Escherichia colK12
in 96 well microtiter plates (flat-bottom, clear, polystyrene, sterile; Greiner Bio-One),

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

The test strain was grown in 20mL KM1 medium in a 100 mLErlenmeyer flask, inoculated

with 40 pL cryo culture, at 37°Cand 120 rpm. After 22 hours,the OD 678 nm) was measured

and adjustedto 0.1 with KM1 medium, followed by a further dilution stepto an OD of 0.0025
(0.35 mL culture broth OD 0.1 + 13.65 mL KM1

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

sterile KM1 medium served as sterile control.

After 24 h, growth of the test strain in each well wasassessedvisually. By addition of 10 pL
resazurin solution (0.25 mg/mL resazurin, 9.07mg/mL KH2PQ, 9.07, 3.48mg/mL NaHPQ,
pH 7.0), the viability of the test strain was assessedmore 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 selectedpure compounds against Granmegative bacteria was
evaluated by determination of their minimal inhibitory concentration (MIC). Serial twofold
dilutions of the test compounds from 100 puM to 0.05 pM in Meller-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 concentrdon and was inoculated with
50 L of bacterial suspension, yielding a final concgration of 5 x 105 CFU/mL in 100 pL end
volume. Microplates were ircubated for 1620 h at 37°C and the MIC was defined as the

lowest concentration of test compound that inlbits visible bacterial growth.

2.4.3. Quorum Sensing thibition

The assaysof selected ganobacteria extracts for quorum sensing inhibition werekindly
performed by Tomasz Chilczuk, Department of Pharmaceutical Biology/Pharmacognosy,
Institute of Pharmacy, University of HalleWittenberg, Halle (Saale), Germanyccording to
sections 2.4.3.1to 2.4.3.4 All assays were performed in microtiter plates, containing 2.AL of
biomass extract (40mg/mL in DMSO), stored at20°C.

2.4.3.1.Violacein Production Assay

An overnight culture of Chromobacterium violaceun€V026 was grown in LB medium in a 100
mL Erlenmeyer flask and shaken with 200 rpm at 27 °C. On the following day, thature was
adjusted to ORw, and 1 ML of the diluted overnight culture, 1.25 mL of MOPS (1 M, Carl Roth
GmbH), 10 pL of a G6ISL (100 pg/mL in DMSO) solution and 20 mL LB medium were mixed.
92 uL of the mixture was pipetted with a multichannel pipette (00 z 1200 pL) into each well

of a 96 well microtiter plate (flat-bottom, clear, polystyrene, Greiner BigOne), which included
cyanobacteria extracts. The microtiter plate was sealed with a protective sheet (Plate Sealer,
80x150 mm, gas permeable; GreineriB-One) to prevent evaporationand 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 violaceumCV026. As positive control, 2.5 uL of a coumarsolution (2 mg/mL

in DMSO, Merck KGaA), and as negative control, 2.5 uyL DMSO and 2.5Ql Itdve been used.
The evaluation of the assay was performed by comparing the purple colorization causby
violacein in a well with cyanobacteria extractwith 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 caing 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 ChilczukTomasz Master thesis(2016): Gscreening for quorum sensing
inhibitors from cyanobacteriad
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2.4.3.2.¢-GalactosidaséAssayp

An overnight culture of Staphylococcus aureu8C322 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 Olgy of 0.1and 1 mL of the diluted culture, 2.5 pL erythromycin (40 mg/mL

in ethanol, SigmaAldrich), 200 uL %' A1 jtmn i ¢cxi, ET $-3/QqQ AT A
45 °C, tryptone soya agar; Oxoid) were quickly mixed. 92 pL of the mixture was pipetted with
a multichannel pipette (100z 1200 pL) into each well of a 96 well microtiter pate (flat-
bottom, clear, polystyrene, Greiner BigOne) 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 pL of a hamamelitannin solution (4 mg/mL in DMSO, CaRoth GmbH) was used as
positive control. 2.5 pL of DMSO and 2.5 pL.® 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 they reduced the bluecolour in the same

or similar amount as the positive control hamamelitannin. Due to the utilization of agar, no
guantification of the cell density has been possible. Extracts were defined as antibacterial, if

a clear well and ndblue colorization in the microtiter plates could be detected.
2.4.3.3.Prodigiosin Production Assay?

An overnight culture of Serratia marcescenwas grown in LB medium in a 100 mL Erlenmeyer
flask. The culture was shaken at 200 rpm at 30 °C. On the following day ttulture was diluted
with LB to ODyo of 0.1 and 92 uL of the diluted culture was quickly pipetted with a
multichannel pipette (100 z 1200 L) into each well of a 96 well microtiter plate (flatbottom,
clear, polystyrene, Greiner BieOne) containing all ganobacteria 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 uL of a
coumarin solution (12 mg/mL in DMSO) served as positive control, while 2.5 pyL DMSO and
2.5 uL HO 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 thatshowed 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 inS. marcescensiore than the negative

control DMSO. If a culture showed a clear well, the extract wakassifiedas antibacterial.

B Paragraph adapted from ChilczukTomasz Master thesis(2016); Gscreening for quorum sensing
inhibitors from cyanobacteriad
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2.4.3.4.BioluminescenceAssayp

Vibrio harveyiDSMZ6904 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 ORQgoof 0.1 The diluted culture was pipetted with a multichannel pipette (1@®

2 1200 pL) into 96 well micratiter 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. Additially, the microtiter plate was
covered with a gaspermeable sheet (poresizelgom t I h m8pt1 11 OEEAEHN
with acrylate adhesive, Greiner BiegOne) 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 measurementhe
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 (flatbottom, clear, Greiner BieOne) to measure
the cell density at600 nm. For this assayno positive control is available As negative contral
2.5 uL DMSO and 2.5 pL.B were used. The DMSO control had a reducing effect on the cell
density, while increasing the Iioluminescence of V. harveyi The data obtained in the
bioluminescence assay are presented as bioluminescence intensity (BI), which was calculated

using the following formula:

)PT”TZ..—

RBomsoor RBexiract iS the relative bioluminescence of tie 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 contol were defined as QS inhibiting extracts. Cyanobacteria
extracts showing at least a Zold increase in bioluminescence o¥. harveyiand 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 ChilczukTomasz Magder thesis (2016); GBcreening for quorum sensing
inhibitors from cyanobacteriad
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2.5.ChemicalScreening

The cyanobacterial extracts were chemically characterized bgnalytical HPLCwith a diode
array detector (DAD)and an evaporative light scattering detector (ELSD)and by HPLGMS to

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

2.5.1. MassSpectrometry, Tandem Mass Spectrometryand Hgh-Resolution

Electrospray lonisation Mass Spectrometry

LGMSand MS/MSexperiments 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 C18, 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 phaseg(flow rate 0.4 mL/min, linear gradient of 10-100 %
solvent Bin 17 min) at 40°C. The sample was ionized bslectrospray ionizationin positive
and negative modeThe following general settings were applied: capillary voltage,-3500 V;
drying gas flow, 12.0 L/min;drying gas temperature, 350 °Cnebulizing gas pressure, 40 psi.
Helium was used as collision gas. MS/MS spectra were genertasing the auto MS/MS
acquisition mode. Data vas 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 15 2000 m/z.

2.6.Dereplication of Isolated @mpounds

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

compounds isolated from cyanobacteriajn the DNP.

2.7.Bioactivity -Guided Isolation

Upon bioactivity testing and chemical characterization, the most promising@xtracts were
subjected toflash-chromatography or time-based fractionation by semi-preparative HPLG

depending on the complexity of the raw extract. Fractionation wagollowed by further
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bioactivity testing, to identify bioactive fractions for the subsequent isolation proces®f the

compounds

2.7.1. Fractionation with Flash-Chromatography

Cyanobacterial hiomass extracts werefractionated with flash- chromatography, prior to
semi-preparative HPLCThe raw extracts wereresuspended in 50%, 80% or 100 % MeOH
or MeCNin HxO (v/v), centrifuged at 10000 rpm for 10 min, and injected into a flash-
chromatography system (ow flow LC system PrepChrom 00, BUCHI, Switzerland or
Varian, Ralo Alto, California, USAequipped with a reverse phase C18 cartridgéSepacore
Flash cartridge, 129, BUCHJlor Chromabond C18, 16,4, MachereyNage). The mobile phase
consisted of water + 0.% FA (solvent A) and MeOklor MeCN+ 0.1% FA (solvent B).
Chromatography was performed with a flow rate of 20mL/min, while run time and gradient
were adjusted individually for each extract. The obtained fractions were analyed for their

inhibitory activity against rhodesain according to sectiorn2.4.1

2.7.2. Time-basedFractionation with HPLC

To perform a time- and bioactivity based fractiondion, dried fractions derived from flash-
chromatography (2.7.1) or raw extracts were prepared for HPLC byeconstitution in 100 %
MeOHor MeCN and centrifation for 5 min at 13000 rpm. The supernatant was transferred to
a HPLC vial. Boactivity-guided fractionation was performed using a HPLC system (Agilent
1260 Infinity, Agilent Technologies) equipped with a C18 column250 x 4.6mm, 5 um, 100
A, Luna C18, Phenomendxat 25 °C and an injection volume of 145 pL.In order to achieve
best possible separation of the target compounds an optimized gradient was applied
depending on the character of the extractThe fractions were collected timebasedevery 30
to 60 s,in 96-deep well platesor glass tubeswith a flow rate of 0.95 mL/min, and dried using
avacuum centrifuge(GeneVac E2 Elite, Genevac Ltd)Afterwards, fractions were solved in
50 pL DMSO and tested fanhibitory activity against rhodesain (se€.4.1). HPLC cta 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 extractsr fractions resulting from
flash-chromatography or semi-preparative HPLC were subjected to further purificationby
semi-preparative or preparative HPLCThe resulting purified compounds were analyzed by
analytical HPLGDAD,LGMS, MS/M$Sand HRESIMS expénents (see2.5.1).
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2.7.3.1.SemtPreparative HPLC

Semi-preparative HPLC was conducted on an UltiMate 3000 HPLC system (Thermo Fisher
Scientific) or an Agilent 1260 Infinity (Agilent Technologie$ equipped with a C18, PFRor PH
column (250 x 10 mm, 5 pm, 100 A, Luna C18, Phenomehgeaepending on the chemical
properties of the target molecules.Conditions (flowrate, temperature, run time) were
optimized to achieve the besteparation of the target compoundsThe active fractionsor raw
extractswere resuspended in100 % MeOHor MeCN and centrifuged for 5 min at 13000 rpm.
The supernatant wastransferred to a conical HPLC viaand 10 to 20 uL were injected to the
HPLC systemEractions were collectedtime-based or peakbasedin 96-well deep well plates
glass tubesor round bottom flasks, and dried using a vacuum centrifuge(GeneVac E2 Elite,
Genevac Ltd or a rotary evaporator.Data were analyzed using Agilent Chemstatiofversion
B.04.03, Agilent Technologiesand Chromeleon 7 (Versior6.8., Thermo Fisher Scientific)

2.7.3.2.Preparative HPLC

Preparative HPLC was performed on Breparative LC System La Prep, module P110 and P314
(VWR international), equippedwith a C18column (ReprosiltPur Basic C18, 250x20 mm, Dr.
Maisch GmbH) The run was peformed with detection wavelength of 230 and 280nm, a
flowrate of 24 mL/min and an optimized gradient of MeCNin H.O over 25 min. The target

fractions were collected manually.

2.8.NMR Analysis andSructure Elucidation of Isolated Compounds

In order to elucidate the structure of unknown compounds nuclear magnetic resonance
(NMR) spectroscopy andhigh-resolution tandem mass spectrometry HRMS/MS)were used.

For the NMR experimentspure compounds were dissolved in 0.8nL ds-DMSQ $ectra were
recorded with a Bruker Avancell spectrometer operatingat 600 MHz ¢H) or 150 MHz ¢3C),

on an Agilent DD2 spectromete equipped with a OneNMR probeperating at 400 Mhz ¢H)

or on a Varian/Aglent VNMRS spectrometer operating at 600 MHZI{). Chemical shifts were
referenced to the residual protonated solvent signals ofls-$ - 3/ KEj 1¢ 8 T w =EBBI h
ppm). All NMR data were analysedyy SteffenBreinlinger (Department of Pharmaceutical
Biology/Pharmacognosy, Institute of Pharmacy, University of Hall#Vittenberg, 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 detecto(ELSD) (Sedex 85, Sedere,
France). Based othe method described byAdnani et al.20 a calibration curve for quercetin
(>99%, Carl Roth) was determined, injecting 0.5 to 50 pL of2® ng/uL 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 9% MeCNin 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).

2.0+
1.6
1.24
0.8+

0.44

Y = 1.665*X - 3.245
00 T St

-0.44

log (ELSD response area) [mV*min]

-0.8

1.6 2.0 24 2.8 32

log (Quercetin) [ng]

Figure 12. Quercetin calibration curve , determined after Adnani et al. (2012). 102 Injecting 0.5 tc
50 pL of a 20 ng/uL solution in 90% MeCN ii20.

Soluions of compounds 1 to 5 in 9% MeCN were injected in triplicate, applying the
described conditions. ELSD response areas were averagadd the corresponding amount of

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

As described abovethe work within this PhD projectcan beseparated irto two parts. Within
the first part, a cyanobacteria strain and extract collection was establisheahd screenedfor

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

The focus of the seconghart was set on a bioactivity guided screening d&&72 cyanobacteria
extracts (kindly provided by Cyano Biotech GmbH, Berlin) against theypanosomal cysteine
proteaserhodesain. Trang Nguyencontributed to some of these resultsn the context of her
master thesis(2017).

3.1. Establishing a Cyanobacteria Strain @lection

3.1.1. Sampling in Germany

In July 2015 various small ponds in the botanial garden of Tibingen, Germany
(48°32'20.3"N 9°02'10.8"B), 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 BGL1 agar plates. Additionally, a soil sample from Berlin, Germany
(52°36'39.0"N 13°25'47.4"B), and a sample from diofilm taken from an aguarium situated
on the 9h floor, Auf der Morgenstelle 28,Tlbingen, Germany(48°32'10.1"N 9°02'10.9"B),

were processed aglescribed insection2.2.2

In late August 2015, mud, water and plants from a spring close to the Gdnninger Seen,
Reutlingen, Germanywere sampled and grown for about 4nonths in low concentrated BG

11 medium (20 % with and without nitrogen). In September2015, biofilms from the tropical
conservatory in the botanic garden, Tubingen, Germany, were sampled, grown in BG
medium (100 % with and without nitrogen), and streaked acoss BGL11 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"F) was sampledand streaked across BGL1 agar plates (10@% with
and without nitrogen). In July2016, additional sampleswere takenfrom the Goénninger Seen,
Reutlingen, Germany48°25'37.8"N 9°10'43.1"B), 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@BL1 agar plates or in BGL1 medium, were
obtained from Julia Kleinteich, Environmental Systems Analysis, University Tubingen (see
Appendix). Out o the environmental samples taken in Germany and Austria, 55

cyanobacteria strains were isolated Table 8).
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All sucessfully isolatedstrains are summarized inTable Al in the appendix, including further

infor mation like sampling site andtechnique.

Table 8. Cyanobacteria strains isolated from samples taken in Germany

Section No. of strains Share [%)]
I Chroococcales 17 30.9
Il Pleurocapsales 0 -
[l Oscillatoriales 36 65.5
IV Nostocales 2 3.6
V  Stigonematales 0 -
Total 55 100

It is noticeable that65.5% of the cyanobacteria straindelong to section Il (Oscillatoriales),
30.9% to section | (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 favoratie growth of section | and

I, 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 wassed for the sampling
of biofilms. The cotton stick was kept inside 45 mL conical centrifugationtube filled with

5 mL BGL1 medium,with (BG11+N)and without nitrogen (BG11-N),leading to small colonies
entangled inside the threads, which could be easily picked with a pipettén addition, each
sample was directly streaked across BGl agamse plates with (BG11+N) and without
nitrogen (BG11N), directly in the field. In total 25 samplingsites were probed with varying
sampling techniques, resulting in 72 samples from whicB2 unialgal strains could be isolated
All sucessfully isolated strains aresummarized in Table A2, 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 pm plancton net) were colleted. Each sample was treated as
described in section2.2.2 The strain morphology and observations of cultures were made
according to the procedure described in sectio.2.4. Figure 13 summarizes which sampling

method resulted in the isolation ofwhich strains.

{ biofim A \\ f biofim & \\ f weter \\

liquid solid liquid solid liquid solid
4 Chrooccoccales|| Oscillatoriales Chroococcales | | Oscillatoriales Nostocales Chroococcale}
An-Al012.1 An-Al014.1 An-Al016.1.1 An-Al018.1.1 An-Al034.1 An-Al032

Chroococcales

BG11+N An-Al016.1.2.1
Oscillatoriales

\_ An-Al016.1.3 Y

( Stigonematales| | Nostocales Stigonematales Nostocales A

BG11-N An-Al013.1.1 An-Al015.0 An-Al019.0 An-Al035.1

- Oscillatoriales Nostocales Oscillatoriales
L An-Al013.1.2 An-Al015.1 An-Al035.2 j

Figure 13. Overview of 3 different samples taken at a water fall (National Park Halimun
Mountain, Cikaniki, West Java) and the thereof isolated ¢ yanobacteria strains. BG11+N: BG1
medium with nitrogen source; BG11IN: BG11 medium without nitrogen source; liquid15 mL conica
centrifugation tube filled with 5 mL BG11 medium solid: BG11 agarose plate.

From Biofilm Atwo strains could be isolated with BG11+NFKigure 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 mLBG11+Nmedium
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Figure14.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 mediumsolid: BG11 agaros
plate.

Figure 15. C. An-Al013.1.1 (Stigonemata les) 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). BG11N; liquid: 15 mL conica
centrifugation tube filled with 5 mL BG11 medium solid: BG11 agarose plate.

(liquid) . Froma samplecollected with asterile cotton stick and directly streaked onaBG11
agarose plate (solid) An-Al014.1 (Figure 14 B), belonging to section Ill, Oscillatoriales, was
isolated. From both samples transferred to either liquid or solid BGEN mediumin total four

heterocystous cyanobacteria strains were isolatedAn-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. AnAl016.1.2.1
(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 mediumsolid: BG11 agarose plate.

fall (National Park Halimun Mountain, Cikaniki, West Java). BG1ZXN; liquid: 15 mL conica
centrifugation tube filled with 5 mL BG11 medium; solid: BG11 agarose plate.

section V, Stigonematales and AAI015.0 (Figure 15 D) and AnAl015.1 (Figure 15 F),
belonging to section IV, Nostocales. The strain AN013.1.2 (Figure 15 E), section I,
Oscillatoriales, was as well isolated from BGIN liquid medium. The sampling of Biofilm B

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

Theheterocystous strain ArAl019.0, 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 mediumsolid: BG11 agaros
plate.

directly streaked on a BG11N agarose platg Figure 16 E). Close to the sampling sites of the

two biofilms, a watersample was filtrated with a 25 um plancton net and treated as previously
descriped.

From BG11+N(liquid) An-Al034.1 (section IV, Nostocales) and BG11+N (solid) AI032
(section |, Chrapcocales) could be isolateqFigure 18). From the liquid culture with BG1:tN
An-Al035.1 (section IV, Nostocales) and AAI035.2 (section IlI, Oscillatorales) were isolated
(Figure 19). In contrast to biofilm A and B, deterocystous strainwas isolated from medium

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

¢ B . s .
1 Y 4 : PoNII

Figure 19. A. An-Al035.1 (Nostocales) B. An-Al035.2 (Oscillatoriales ); 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 pli
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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 (BG14N).

The 92 unialgal strains isolated from Indonesian samples are summarized ihable 9.
Comparing the percentage share of section | to V of the strains isolatedlimonesia to those
isolated in Germany (Table 8), its conspicous, that ndigonematales were isolated from
German sampling siteswhile 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 34.86 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 [%0]
I Chroococcales 16 17.4
Il Pleurocapsales 0 -
[l 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, 40 % of their vegetative cells
differentiate into heterocysts. These spezialized cells offer the perfect environment for the
enzyme catalysing the Kfixation, called nitrogenase2’ Thus, heterocystous cyanobacteria are

in advantage when no combined nitrogen is available.

Most strains belonging to Stigonematales or Nostocales were isolated from Indonesian
samples spead on BG11 solid medium without nitrogen (BG1AN) or incubated in BG11
without nitrogen source (BG1EN). 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 neheterocystous 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 mediumthan BGL1, namely in AF6 and IMK medium and

in some cases prepared with water taken from the isolates source. Thus, thteains had to be
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adapted to BGL1 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 [%)]
I Chroococcales 17 42.5
Il Pleurocapsales 0 -
Il Oscillatoriales 18 45
IV Nostocales 1 25
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 Komarelet al, that strains of this order are very difficult to

transfer in pure culture. 21 This is why Pleurocapsales is regarded as the least studied order

within the canobacteria, and sequence data is rarg7.108
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3.2.Screening of the Cyanobacteria Extractallection

In order to isolate and identify new anttinfective compounds from cyanobacteria, alected
strains were cultivated (see 2.3) in order to generate biomass extracts for subsquent
bioactivity testing. Besides the rhodesain inhibiting activity, antimicrobial activity Bacillus
subtilis 168, Staphylococcus aureu&12) and quorum sensing inhibition (Vibrio harveyi
DSMZ6904 Chromobacterium violaceumCV026 Staphylococcusaureus PC322 (hla:lacZ

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

3.2.1. Screening for Rhodesain Inhibitory Ativity

From 52 cyanobacteriabiomassextracts tested for rhodesain inhibiting activity (see section
2.4.1), only 6 showed aninhibition higher than 50% (Figure 20).

100
90
80
70
60
50
40

rhodesain inhibition [%]

Figure 20. Rhodesain inhibiting activity of cyanobacteria biomass extracts . Assay performed a:
describedin section2.4.1; 5 uL extract(40 mg/mL) in DMSO final extract concentration0.1 mg/mL).

Table 11. Cyanobacteria biomass extracts with more than 50% inhibition
against rhodesain at 0.1 mg/mL.

Extractstested > 50% inhibition
Section No. d strains [%0] No. d strains [%0]
Chroococcaleg]l) 13 25.0 2 15.4
Oscillatoriales(lll) 27 51.9 2 7.4
Nostocales (1V) 8 15.4 1 12.5
Stigonenmatales (V) 4 7.7 1 25.0
Total 52 100 6

50



Of these six strains, AnoTu20 (55 * 2% inhibition) and DWI33 (51 + 6 %) belong to
Chroococcales (1), AnoTu27 (53 £ 3%) and AAI115 (71 £ 0%) to Oscillatoriales (ll1), Ar
Al114 (59+ 4%) to NostocaleqIV) and An-Al000 (54 + 1%) to Stigonematales (V) Table11).
Thus, of the tested strains 15.4% dfhe order Chroococcales 7.4% of Oscillatoriales15% of

Nostocales ad 25% of Stigonematales revealethhibition of more than 50%.

3.2.2. Screeningfor Antimicrobial Activity

From 60 screened cyanobacteria biomass extractdinal concentration 0.1 mg/mL) only
seven exhibited antimicrobial activity againstB. subtilis and from those extracts only four

showed additional activity againstS. aureus

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

B. subtilisand B. subtilis

Section S.aureus

No. of 0 No. of 0 No. of 0

strains [%] strains [%] strains %]
Chroococcalegl) 16 26.7 1 6.3 2 12.5
Oscillatoriales(l11) 27 45.0 2 7.4 4 14.8
Nostocales(1V) 11 18.3 0 0.0 0 0.0
Stigonemataleg(V) 6 10.0 1 16.7 1 16.7
Total 60 100 4 7

Thereof, some extracts were active against both Grarrpositive bacteriaz One (6.3%)
belonging tothe ChroococcalegAnoTu 41), three(7.4%) to the Oscillatoriales (AnoTu10, An
Al075 and An-Al078), and one(16.7%) belonging tothe Stigonematales(An-Al061.1). While
one Chroococcales(An-Al072.2.1) and two Oscillatoriales @An-Al054.1 and AnoTu18)

extracts were solely active againsB. subtilis

3.2.3. Screening forQuorum SensingActivity

56 cyanobacteria extract were tested for quorum snsing activity with the three monitor
strains V. harveyi, C. violaceurand S. aureugsee section2.4.3). A primary screening with the
indicator strain V. harveyirevealed at least 95% inhibition of bioluminescence intensity for
19 extracts (share of total: 34%). Seven extracts (12.5%) inhibited the violacein production

of C. violaceumwhile 14 extracts (4%) enhanced it.
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Table 13. Cyanobacteria biomass extracts showing either quorum sensing inhibition (QI),
guorum 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 Qs Qs QSE Qs QSI/AB
no. Of 0, 0, 0, 0, 0, 0,
strains [%0] qty [%] aty [%] qty [%] qty [%] qty [%]
Chroococcales (1) 14 25.0 4 286 4 286 3 214 4 286 1 7.1
Oscillatoriales(l11) 27 48.2 9 333 2 74 7 259 8 296 4 1438
Nostocales(1V) 10 17.9 3 300 1 100 O 00 3 300 O 0.0
Stigonemataleg(V) 5 8.9 3 600 0O 00 4 80 0 00 1 200
total 56 100.0 19 7 14 15 6

gyt = quantity

Table 14. Cyanobacteria biomass extracts with quorum sensing inhibition (QI), quorum se nsing
enhancement (QSE) or antib acterial activity (AB) against V. harveyi, C. violaceum, and S. aureu:

_ Quorum Sensing Antibacterial
Extract Section

V. harveyi  C violaceum S aureus B. subtilis
AnoTul10 1l QSI/AB AB AB
AnoTu15 1l QSE QsSl AB
AnoTu18 1 QSE QsSl AB AB
AnoTu20 I QsSl QSE QS AB
AnoTu27 1 QSlI QsSlI
AnoTu4l [ Qsl AB AB AB AB
AnoTu47 \% Qsl
An-Al078 1 AB QSI/AB AB AB
An-Al081 I Qsl QSE
An-Al095 [ Qsl Qs AB
An-Al097 1 QsSl QSE
An-Al110 1 QSE QsSlI AB
An-Al000 \% QsSl QSE
An-Al039 I Qs Qsl
An-Al054.1 1 Qsl AB AB
2%59.1.1 v Qs AB
2{559.1.2 v Qs Qs
An-Al061.1 \% QSE AB AB AB AB
ﬁlr(])72.2.1 ! AB AB
DWI12 [ Qsl Qsl
DWIi41 1 QSE QSI/AB Qsl
DWIi42 1 Qsl QSE
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Screening with the indicator strain S. aureusPC322 showed a decreasethcZ 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 straii. harveyiand even 80% of
Stigonematales showed QS enhancing activit agairist violaceurrbut no QS inhibition. Table

13 summarizes the affiliation of the active extrats.

Strains showing bioactivity in more than one primary screening are listed iffable 14. Here,
five (35.7%) of the extracts belonged to the Chroococcales, 12 (44.3% Oscillatoriales
three (30.0%) belonged to Nostocalesand 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 lyngbyoi@cid and malyngolide fromL. majuscula

and tumonoic acids, isolated fronBlennothrix cantharidosunit09z111

3.2.4. BestHit Extracts: Taxonomic Description andChemical Profilng

All strains revealingQSinhibition , antimicrobial activity or rhodesaininhibition, are listed in
Table 15. The chemical profile of each strain was evaluated by HPIMS Bioactivity data of
all tested extracts is presented inTable A4.

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. aureusand
B. subtilis, or rhodesain inhibiting activity.

- Quorum Sensing Antibacterial Inlr?irt])(i)t(ijoensﬁ)z]
Extract  Section v C S -

harveyi violaceum marcescen: S. aureis B. subtilis SD

AnoTu10 1 QSI/AB AB AB N/A N/A
AnoTul1l 1 QsSl 35.9 1.7
AnoTu18 1 QSE QsSl AB AB 20.8 1.0
AnoTu20 I QsSlI QSE Qsl AB 54.9 1.9
AnoTu27 1 QsSlI QsSl 53.1 29
AnoTu4l | Qs AB AB AB AB 111 6.0
An-Al078 I AB QSI/AB AB AB 17.2 0.7
An-Al095 I QsSlI QsSl AB 40.4 3.8
An-Al110 1l QSE QsSlI AB 36.5 2.0
An-Al114 1Y 585 4.2
An-Al115 1 QsSl 714 0.2
An-Al000 \% Qs QSE 54.0 1.3
An-Al059.1.2 IV QsSlI QsSl 24.3 1.6
An-Al061.1 \% QSE QsI? AB AB AB AB 29.5 1.0
DWI33 I QSE 51.3 6.4
DWI41 1 QSE QSI/AB QS 334 5.8
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3.2.4.1.An0oT0u10: Origin and Morphological @aracterization

The cyanobacterium strain AnoTu10 was isolated from a freshwater pond in the Botanical
Garden in Tubingen 48°32'20.3"N 9°02'10.8"B). The water sample wadreated as descriled
in section 2.2.3.2(1l) and the strains was isolated by phototaxis (see sectio.2.3.3. The
strain morphology and obsevations of cultures were madeaccording to the procedure

described in section2.2.4.
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| ] = — meristematic zone
| | POLYCHLAMYDUM = =
=P trichomes: 6-28 ym wide - -
l I 1to several free trichomes e
within widened gelatinous = -
l | envelopes and sheaths b  —
1 l e
PLECTONEMA necridic cells
OSCILLATORIA PHORMIDIUM LYNGBYA P o et s
trichomes: (3)4-60(80)um wide trichomes: (3)4-12um wide trichomes: (3)4.5-65(80)um wide  freshwater, sheaths present,
without sheaths facultative sheaths obligatory firm sheaths false branching | i
1 / \ 3
| | cells shorter than wide
A DSATONEMA “EULYNGBYA"  OKEANIA
planktic lybe of life possible seperation of trichomes: (9)10-45(50)um wide l I
aerotopes in cells freshwater “Lyngbyas” marine (according i
molecular sequencing) [ I
l 1 I I facultative
| I (fine to stratified) sheaths
CEPHALOTHRIX MICROSEIRA MOOREA l I
trichomes: 4-9(20)um wide trichomes up to 70 ym wide  trichomes: 20-70(80) pm wide
| facultative sheaths freshwater marine (according . . . 3 4 i
. spec. type of calyptra (benthic in rivers) molecular sequencing) trichomes bipolar, uniseriate, (3)5-80 pm wide;

freshwater facultative false branching

Figure 21. A. Cytomorphological character istic s of the present revised genera Oscillatoriacea e
after polyphasic evaluation; B. Main morphological markers of Oscillatoriaceae. 30

Thallus macroscopic visible, smooth, layered mats, mostly attached to the stiage,

sometimes forming free floating tufts. Trichomes cylindricalsolitary but mostly in clusters,

straight or slightly coiled, motile. Without common firm sheaths, but enveloped by wide,

colourless, unlamellated, diffluent slime. Trichomes are simpleuniseriate, sometimes

heteropolar, not or only slightly constricted at crosgwalls, 7zw t I xEAAh 1170 AOOAT C
widened towards ends. Cells arghorter than wide, yellowzgreen, sometimeswith dispersed

granules. Terminal cells are rounded after trichomedivision. Mature trichomes show a

thickened outer cell wall at the distal end of the terminal cell (calyptra). Brmogonia separate

by help of necridic cells No false nor true branching observed.
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Due to the described morphologal features Figure 22), the strain AnoTu10 was classified
as section Il (Oscillatoriales), order Oscillatoriales, family Phormidiaceae subfamily

Phormidiodeae, gens Phormidium, and group VIIR1112113 The species could not be
determined by taxonomic criteria. It is noted that this group probably needs revision and
belongs to the familyOscillatoriaceae!3

Figure 22. Morphological characteristics of AnoTu10 . A. Growth of filaments an
production of hormogonia (h); B.overviewand Csection mature trichomes with necrotic cells
(nc) and calyptra (cal), width (8um) and length (-2 uM) of common cells.
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3.2.4.2.AnoTU10: Chemical Profile

The biomassextract AnoTu10 exhibited antibacterial activityagainstS. aureusind B.subtilis.

Its HPLGUV chromatogramshows 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 AnoT10 biomass extract.

mode (green);HPLCGUV chromatogram (black).

T
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Ti||"ne [mlin]

(blue), neg

The mass spectraf the compoundAnoTu10-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 amolecular mass of 84.5 Dafor AnoTU{+A. At

10.7min the mass spectra show gM+H]* ion at m/z 859.5 and a [MH]- ion at m/z 857.4

indicating a molecular mass of 858.Dafor AnoT(-B. Regarding the similar retention time

Intens

o] A

+M5, 10.3min £461
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x107

1A

Intens. -]

Figure 24. Mass spectra of compound A and B from AnoTu10 biomass extract.

mode (left), neg. mode (right).
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and molecular mass, the two compounds might be structurally relatedThe difference of
14 Da indocates an additional methyl group at AnoTHB. No cyanobacteriaderived
compound with a corresponding mass could & found in the DNP for AnoTU10-A nor
AnoTu10-B. Thus further investigation of this extractmight lead to the solation of two novel

compounds with antibacterial activity.
3.2.4.3.AnoT120: Origin and Morphological Characterization

The unicellular cyanobacteria strain AnoTud was isolated from a fresh wateraquarium at
the Eberhard Karls University Tubingen (48°32'10.1"N 9°02'10.9"E).The sampled biofilm
was enriched in BG11 medium followed by thetreak plate method as described in2.2.3.4

Characterization of e morphologywas performed as described ir2.2.4.

1-2.5 pm +—d 1 pm

dividing cell

S B
: falew - e

Figure 25. Morpho logical characteristics of AnoTu20 . A. overview: Irregular growth of
colonieswithout mucilage. B.dividing cell: cell division by binary fission, cell width (x1pm)
and length (1-2.5 uM).

\

Solitary cells, thin layer of very finediffluent mucilage, colonies with irregularly organized
cells of variable shape and size, irregular outline, cells slightly elongated to oval, cell content
pale bluegreen, 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 plancticunit4115 previously described asSynechococcus plancticd®¥ The strain

is dassified as section and order Chroococcales (1), family Gloeobacteraceae and subfamily

Aphanothecoiceae.

Figure 26 shows the genusCyanobiumtt4 which is described as widely distributed, occurring
as plankton, in subaerial and submersed benthic mats, and epiphyti¢z118 The common
features as solitary cds < 3um and crosswise division match the strain AnoTu20 Figure
25).
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O solitary cells

< 3um

_9_ Cross-wise
division

@ parietally
arranged thylakoids

Figure 26. Cyanobium; a.C. gracileCross section through the celivith parietally localized thylakoids
(t = thylakoids; bar = 0.3 pm)3b. C eximiumand c.C. roseuntboth described from thermal springs
in Yellowstone National Park under Synechococcu&)?

3.2.4.4. AnoTl 20:Chemical Profile

The biomass extractof AnoTu20 shoved QS inhibition againstV. harveyiand S. aureusQS
enhancing activity onC. violaceumand antibacterial activity againstB. 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

unspecificactivities.

Intensé: ANOT __20.D,TIC +All MS
x10

—
lo oo g layaal

x10 ANOT__20.D: TIC-AIl MS
41 D

E ANOT__20.D: UV Chromatogram, 225-235 nm

2 4 6 8 10 12 14 Time [min]
Figure 27. Chromatogram of AnoT#20 biomass extract. TIC pos mode (blue), neg. mot
(green); HPLGUV chromatogram (black).
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The UV andtotal ion chromatograms (Figure 27) and the the UV andMS specta of the
detected compounds(Figure 28) show four compounds with strongly dffering masses.The
mass spectraof compound AnoTi20-A eluting at tr = 6.2 min show a [M+H} ion at m/z
1003.5and a [M-H]-ion at m/z 1001.4,suggestinga mass 0fL002.5 Da. Dereplication with the
DNP delivers three already known substanceswith matching masses isolated from
cyanobacteria Micropeptin SD100211° and KR1002120 (Gs;H7oNsOi3, My 1002.56) share the
same molecular formular and were both isolated fronMicrocystissp.,in case of Micropeptin
SD1002 more specifically from a hydrophilic extract oMicrocystis aeruginosaThe linear
lipopeptide Apramide D (GssHs2NsOsS, M: 1002.6) was isolated from the marine
cyanobacterium Lyngbya majusculd?! As the strain AnoTu20 was isolated from freshwater

and classified as Chroococcaleblicropeptin SD1002with serine protease inhibitory activity
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Figure 28. Mass spectra of compound A, B, C and Dfrom AnoTu2 0 biomass extract.
Pos. mode (left), neg. mode (right).
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or Micropeptin KR1002 with chymotrypsin and elastase inhibition seem more likely!19.120

Nevertheless, this assumption needs to be verified by M8S experiments.

" *DAD1, 7.368 (5.2 mAU, - ) Ref=7.208 & 8.315 of ANOTU_20.D " *DAD1, 12.381 (16.6 mAU, - ) Ref=12.128 & 13.261 of ANOTU_20.D
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Figure 29. UV spectra of compounds A, B, C and Dof biomass extract AnoTu20.

With a [M+H]* ion at m/z 1205.7 and a [MH]- ion at m/z 1203.6 at 8.4 min, compound
AnoT20-B has amolecular massof 1204.6 Da, for which nocyanobacteria derivedsubstance
could be found in theDNP. Though, he UV-spectrum of AnoTii 20-B x E Ok« 278 nm
features high similarity with the UV spectra of compound#\n-Al000-C, F and (3.2.4.5. The
MS spectra ofAnoT20-Cat 12.0 min showsan intense ion peak am/z 505.4 for [M+H]*, but

no corresponding mass in the spectra in negative modeérom the MS spectra oAnoTi20-D
at 12.4 minno mass could be concluded.

The biomass extract of AnoTi20 showed QS inhibition against harveyiand S aureus QS
enhancing activity onC violaceum and antibacterial activity againstB. subtilis. Additionally,
the extract exhibited 55+2% inhibition of rhodesain.The inhibition of rhodesain might be
causedby the compound AnoTU20A, which mass resembles thenicropeptines SD1002 and
KR1002andthe linear lipopeptide Apramide D. Regarding its broadbioactivity spectrum and
interesting chemical profile, further investigation by MSMS 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 ArrAIO00 exhibits a polymorphic life cycleand varying morphology, depending on
the presence of a nitrogen source in the mediumFgure 30). This cyanobacterium was
isolated from a biofiim on stone in Cibinong, West Java, Indonesia6°29'34.8"S
106°50'59.3"E) collected on the 2% of April 2016 by Delicia Yunita RahmanIindonesian
Institute of Sciences (LIPI)Research Center for Biotechology, Bogor, Java. The sample was
processed according ta2.2.2.1 and ArAIO00 was isolated from a BG11 agarose plate with
nitrogen source.Figure 30 A gives an overview of the polymorphic life cycle od population
cultivated in HD-Cultivator-Modules (10 mL) with CQ supply, in BG11 medium, includinga
nitrogen source.

™ . zmaw o~ ol

Figure 30. Morphological variability of An  -Al000 .BG11 (incl. nitrogen source), HBCultivator-
Modules (10 mL ) @.3.1.4. A.Overview varying morphology in one population, displaying
polymorphic life cycle. Detail: B. Nostoclike stage C. Chlorogloeopsibke stage, irregularly
arranged in filaments with cdorless 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 sideFigure 30 B and C show immature and

mature filaments respectively, in more detail.Young filaments B) show isodiametric to

cylindrical cells, constricted at crosswalls, 5¢ t | x-&%yukHongy with apical cells

mostly longer than wide, oval to conical, sheath absent. Intercalary andrteinal heterocysts

are not present. Mature filaments (C), cells oval or irregularly shaped;&d t 1 ET AEAI AO
cells irregularly arranged in filaments with colourless sheaths (sh), rarely cell division in two

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

Chlorogloeopsist?2

In order to evaluate thedependenceof 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 grales
(gr). Intercalary heterocysts (ihc) 5¢ 1 | x-8 JAnAlbng, xerminal heterocysts (thc)
significantly smaller, 20 t | x-£pfnAdmg, looth types light yellowgreen and solitary.
Filaments straight to slightly coiled.

Figure 31. Morphological variability of An -Al0O0O0 depending on the presence of a
nitrogen source . A. BG11 without nitrogen source; overview Nostoclike filaments with
intercalary heterocysts (ih) and terminal heterocysts (thc) B.BG11 without nitrogen source
detail: Nostoclike filament with intercalary heterocyst (ihc) and granules (gr).C.BG11 with
nitrogen source;Chlorogloeopsislike stage with muscilogous sheat¢ém), multiple branching,
germination of arthrospores (as).

Figure 31 C shows a population grown in BG11 without nitrogen supply. Here, the filaments
remind of the Chlorogloeopsidike stage as previously described for mature filamentsCells
irregularly shaped, Zw t I ET1 daikAluefg@dndriegularly 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 ARAIOO0 reminds of Chlorogloeopsis fritschjithough the morphological

properties of mature filaments do not exactly fit the descriptiong4123.124 Chlorogloeopsis
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fritschii represents the only member of the genuhlorogloeopsisclassified in the family
Chlorogloeocapsacea&4 Due to its special morphology, it is not easily recognised in natural
samples, but probaby widely distributed from thermal springs to hypersaline lakes.
Chlorogloeopsis fritschiis also known to grow in freshwater mediat23 In order to clarify the
taxonomic classification of ARAIOOO, further characterization as well as using golyphasic

approachare neededt2s
3.2.4.6.An-Al000: Chemical Profile

The biomass extract of ARAIOOO not only show 54.0+ 1.3% inhibition of rhodesain, butalso

QS inhibiting and enhancing activity(Table 15). Additionally, the chemical screening by
HPLCGDAD and HPLEMS (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. mo«
(green); HPLGUV chromatogram (black).

The three main compounds observed itthe total ion chromatogramsin positive and negative
mode eluted after 9.1 min (An-Al000-A), 9.6min (An-Al000-B),and 10min (An-Al000-C). The
mass spectraof the compound elutingat 9.1 min show a [MH]- ion at m/z = 940.5 and a
[M+Na]*ion atm/z = 964.5, hinting a mass of 941.Bafor An-Al000-A. The [M-H]-ion at m/z
= 968.5 in negative modeas well as the ions am/z = 992.5([M+Na]*) and m/z = 9525 ([M-

H2OTJ*) in positive modeat 9.6 minsuggesta molecular mass of 969.9afor An-Al000-B.

An-AI000-C, eluting after 10.0 min,has a molecular mass of 1004.5 Daith m/z =1003.5 [M-
H]-in negative, and anadduct atm/z = 1027.5[M+Na]* in positive mode.For the later eluting

compoundsbetween 12.1min and 14.8min, no molecular masses couldinambiguously be
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determined from the MS data(Figure 33). The U\tspectra of the compounds(Figure 34)

might indicate 3 different basicstructures occurring in the extract.
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Figure 33. Mass spectra of compound A, B and Cfrom An -Al000 biomass extract. Pos
mode (left), neg. mode (right).
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Figure 34. UV-spectra of compounds A to | of biomass extract An -Al00O.

64



While An-AI000-A and Bshow similar U\:spectra with 1 max at 275 nm, An-Al000-C, Fand |

A @ E E A@f 2A7 nrh. CompoundAn-Al000-D shows a unique UMODAAOOOQinx x EOE 1

2341 1 A haf276)nm, while An-AIO00-E, GandHAGEEAEO A |.28EM.O0I AO 1

The mass of compoundin-Al000-B correspondsto Microcystin LM (M, 969.5, CigH72N70129)
and Microcystin EE M, 969.4, CisHs3N7Ox6),126:127 but the UV spectrum is not similar to those
of microcystins. Insulapeptolide D also has a molecular mass d369.6 (CigHzsNgOi2). This
metabolite has been isolated fromNostocinsulare as a potent inhibit or of human leukocyte
elastasel?8 Its UV1 max Of 277 nmin MeOHis similar to the absorption maximum of An-Al000-

B. Thus,An-Al000-B might be Insulapeptolide D, andAn-Al000-A Insulapeptolide A(M; 941.5,
CisH71N9O12). The rhodesain inhibiting activity of the extractmight therefore be based on the
Insulapeptolides, which are known to be potent inhibitors of the serine proteaséiuman
leukocyte elastase(HLE). As rhodesain belongs to the cysteine proteases, its active site is

similar to the one of HLEThis assumption needs no bevaluated by MSMS experiments.

An-Al000-C has a similar molecular mass ashe depsipeptide Wewakpeptin C (M, 1004.6,
GsaHesNgOsS), isolated from Lyngbya semipleng'2® hinting that An-Al0O00-F and | might
presentfurther Wewakpeptins, known for cytotoxicactivity. This presumption as well, needs
to be confirmed by MSMS experiments.Though some substancesmight be known, the
biomass extract ARAIOO0 counts to the most promising extracts, investigated within this

project, regarding its bioactivity profile and chemicalcompaosition.
3.2.4.7.An-Al115: Origin and Morphological Garacterization

The strain AnrAl115 was isolated from a biofilm on soil ina tea gardenHalimun Mountain
National Park, Cikaniki, West Java, Indpoesia (6°44'64.3"S 106°32'39.7"B, collected on the

A B

Figure 35. Morphological characteristics of An-Al115. A. Overview: Macrocospic appearant
in HD-cultivator 100 mL. B. Detail: Trichomes straight with colorless sheaths (sh); reproductit
by hormogonia (h).
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21st of April 2016 by Ronja Kossack. The sample was processed according to 2.2rid An

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

An-Al115 is a filamentous, mn-heterocystous cyanobacterium, forming a dark green
macroscopic hallus mostly attached to the substrate but sometimes forming free floating
tufts. Filamentsare solitary and straight, enclosed in &irm colourlesssheath (sh).Trichomes
are simple, uniseriate and ispolar, not constricted at crosgwalls, 7z8 t | x EAAR
attenuated or widened towards ends. Cells are shortef5z6 t [) than wide, light to dark
green, sometimes with granules. Terminal cells are rounded after trichome dsibn.
Hormogonia (h) separateby fragmentation of trichomesand stay with sheaths, ecridic cells

occasionally presentNo false nor true branching observed.

Due to thedescribed morphological features Figure 35), the strain AnoTu10 was classified
as section Il (Oscillatoriales), order Oscillatoriales, familyOscillatoriaceae, subfamily
Oscillatorioideae, genus Lyngbyalt3 The species needs to be determined by pghasic

approach. The genusLyngbyais found in various morphologies and ecotypes, especially in

tropical regions 113 though most studies deal with marineLynbyasp 130z132

The genus was first desdbed by Gomont (1892) and further defined and characterized by
modern classification systems (Komarek, 20143t.22 |t roused attention due to itsconspicuous
secondary metabolite profile, especially regarding the benthic, marine specidsyngbya
majusculal3z13s Nevertheless, this seemingly chemical richness is based on polyih In the
past, morphologically similar but evolutionarily divergent species have beergrouped
together. In the past strains of the cyanobacterial genusMoorea gen. nov. have been
misidentified as Lyngbya, leadingo the assumption, that Lyngbyaproduces a rich diversity

of secondary metabolites3s
3.2.4.8.An-Al115: Chemical Profile

The biomass extractof the strain An-Al115 showed thehighest rhodesain inhibiting activity
of 71.4 £ 0.2% and QS inhibition on the indicator strainV. harveyi(Table 15). The MS data
and UV spectra are shwon in Figure 37, Figure 38, and Figure 36. The MS spectra ofAn-Al115-
A provides no reliable information . For An-Al115-B, the mass spectra at 8& min show a [M
H]-ion at m/z = 974.4and a [M+Na} ion at m/z =998.4, indicating a mass 0B75.4 Da, which
resembles Micropeptin 478A (M 975.3 Da, CioHs2CINgO15S), a potent plasmin inhibitor

isolated from Microcystisaeruginosats¢
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The MS spectraat 8.8min (An-Al115-C) show a [M-H]-ion at m/z = 1002.5and a [M+Na} ion

at m/z = 1026.4, indicating a mass of 1003.®a The massof An-Al115-C corresponds to
Wewakpeptin A(M, 1003.6, Gs4Hs1N70O11),12° which was isolated fromLyngbya semiplenaand
is known for its cytotoxic activity. The UV spectra of ArAI115-C, indicates a similarity with
the potenial Insulapeptolides ARAIO00-! AT A "hj IxIE® ErRnd(§iguce $4) and not
with the potential Wewakpeptin An-Al000-C.In case ofAn-Al115-D, a [M+H]+*ion at m/z =

869.4, as well as a [MH]-ion at m/z = 867.3 could be detectedsuggestinga molecular mass
of 868.4 Da, which suits the known protein phosphatase inhibitor Oscillamide B (M868.4,
Ci1HeoN100sS), isolated from Planktothrix agardhii and P.rubesceng3” All assumptions need

to be varified by MSMS experiments, but the identification of rhodesain inhibiting substances

Int?%sé 3 AN-AL115_CD_200_UNV.D: TIC +All MS
X -
E
x1083 C AN-AL115_CD_200_UNV.D: TIC -All MS
23
13 A B D
O_E —r P S N
] AN-AL115_CD_200_UNV.D: UV Chromatogram, 225-235 nm
[mAU]7
100 3
] - —~
0
h 1 M 1 T 1 ' 1 T 1 T 1 T 1 ' . 1 .
2 4 6 8 10 12 14 Time [min]

Figure 37. Chromatogram of An-Al115 biomass extract. TIC pos mode (blue), neg. mot
(green); HPLGUV chromatogram (black).
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Figure 36. UV-spectra of compounds -A and B ofbiomass extract An -A115.
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in the biomass extract ARAI115 could be beneficial for our endeavour to find novahodesain

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 Garacterization

This cyanobacterium was isolated from asoil biofilm collected in Cibinong, West Java,
Indonesia (6°29'59.6"S 106°49'44.2"H on the 19t of April 2016 by Delicia Yunita Rahman,
Indonesian Institute of Sciences (LIPI), Research Centar Biotechnology, Bogor, Java he

sample was processed according t@8.2.2.1(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 formatior

of hormogonia resp. hormocytes (h). Metail: Intercalary heterocysts (ihc), colorles

sheath (sh).
The filamentous cyanobacterium gows as small colonies consisting of intertwinegbranched
filaments, in liquid and on solid medium with and without nitrogen source. The laments
show extensive trugzbranching (T-like, rarely Y-like) (Figure 39 A). Trichomes uniseriate,
composed of polymorphic cells,om slightly to clearly constricted at crosswalks, (3)5-8-
(12) pm wide, with a thin colourlesssheath, up to 1 um wde. Lateral filaments are more or
less of the same width as the main filamentsThe cells are short to long 512-(20) um in
length and aswide as themain filaments, mostly barrel-shaped but some oval Heterocysts
occur intercalary and lateral, cylindrical, of the same length as vegetative cel{figure 39 B,

C). Hormogonia (h) originate at the apical part of lateral branched-{gure 39 B), wherethey
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are separated from the vegetative cells withoutthe formation of necrotic cellsas hormocytes

(sheathed hormogonia).

Evaluation of the described morphological features suggest aclassification in the family
Hapalosiphonaceaawithin the order Nostocales Here, ARAI061.1 might either belong to the
genusChondrogloe&s8 or Hapalisophor?® For the genusChondrogloeaonly two species are
described, and as no phylogeny is known, the whole genus needs revisi@hThe species
Chondrogloea flagelliformigvas found on wet rocks in Indonesia, Java, and is as wikllown
under the pseudonyms Mastigocladus flagelliforme!3® and Hapalisophon flgelliforme 40

indicating taxonomic difficulties.122
3.2.4.10. An-Al061.1; Chemical Profile

The biomass extractAn-Al061.1 was counted as hit extractdue to its antimicrobial activity
againstS. aureusand B. subtilis as wellasits QS enhancing activityon C. ViolaceumHPLC
DAD and HPLGMS experiments revealed a complex compositionFigure 40), but
dereplication usingthe DNP, revealed thatmost ofthe detected compoundsnight already be
known, as summarized in Table 16. The corresponding mass spectra are shown in the

Appendix (Figure Al).
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Figure 40. Chromatogram of An-Al061.1. biomass extract. TIC pos mode (blue), ne
mode (green);HPLGUV chromatogram (black).

In the MS data at least five different main components were recognized. Compound-An
Al061.1-A showed an (M+HY 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 Al061.2B with an (M+H)"ion at 12.5 min with m/z = 998.7 matches
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the mass and U¥spectra of the Trypsin inhibitor Micropeptin SF995(M; 995.5, C,gH,.N,,0,,)
with 1 max 206; 280 (MeOH)142

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

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

Micropeptin SF995. It alsainhibited trypsin (ICso 0.5 mg/mL). 141 Additionally, the mass fits
the dechlorinated form ofMicroginin 91A (Microginin 91B, M 608.3, C,;H,,CLN,O;), for which

no UV data is availablé43

The (M+H) ion at 13.5 min with m/z = 305.0 (AlI061.1-D) resembles a derivate of
Fischerindole L44 and three derivatives of Hapalindole A and Hapalindole E ea¢M, 304.2,
C,,H,,N,) (Table 16).145146 These results fit to the (M+H)* ion at 13.8 min with m/z = 339.1

(AlI061.1-E), which could be assigned to either Fischerindole Hapalindole A or Hapalindole
E (M 3382, C,H,,CIN,), all exhibiting similar U\tspectra with 1nax 220; 278; 290 and

Ymax 222; 280; 291 respectively.

Table16. 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.

tr m/z . molecular accurate
no. ! + chemical name source
[min] [M+H] formula mass
. - Oscillatoria agardhii
A 117 1032.6 Oscillapeptilide 97B  G;,H;3NO,;;  1031.532786 ,,;
B 125 998.7 Micropeptin SF995  C,gH,;N;,O,,  995.544019 Microcystis spl42
C 13 609.4  Microcin SF 608 C,H, NGO, 608.332234 Microcystis spl42
Microginin 91A, H CLN.O Microcystis
dechloro CatsoCLN,O, - 608.310742 aeruginosal43
Fischerindole L, 10 Hapalosiphon
H,,N
b 135 305.0 Epimer, dechloro CataaN, 304.193948 | elwitschii 144
. Hapalosiphon
Hapalindole A, - - fontinalis ATCC
dechloro

39964 145,146

Hapalindole A, 9
Epimer, dechloro,

FischerellaATCC
43239 145,146

Hapalindole A, 10a
Epimer, dechloro,

Hapalosiphon
fontinalis ATCC
39964 145,146

Hapalindole E,
dechloro

Hapalosiphon
fontinalis 146
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Hapalosiphon
- welwitschii, Westiella
intricata , H. laingii 146

Hapalindole E, 5
Epimer, dechloro

Hapalindole E, 1',2',5" ) Hapalosiphon laingii
Triepimer, dechloro, 146
E 138 3391 Fischerindole L CuH,CIN,  338.154976 | iocherella muscicola
. Hapalosiphon
Hapalindole E - - fontinalis 145
Hapalindole A - - Hapalosiphon

fontinalis 145

Regardingthe U\tspectra of the identified compounds Figure 41), compoundAl061.1-B and
Al061.1-C, as well asAl061.1-D and AIO61.1-E seem to be dgtucturally related. The
assumptions referring AnAl061.1-A, -B, and -C need to be further analysed by MBIS
experiments, as all matching compounds were isolated from different genera then

Hapalisophon An-Al061.1-D and -E seem to resemble either the Fischmmdoles or the
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Figure 41. UV spectra of compounds A, B, C, D, and E of biomas®xtract An -Al061.1.
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Hapalindoles as ARAIO61.1 was classified in the family Hapalosiphonaceae within the order

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

The strain An-Al006.1 was isolated from a biofilm on sil in the Halimun Mountain National
Park, Citalahah West Java, Indonesiabf44'34.3"S 106°31'82.8"B, collected on the Dth of
April 2016 by Ronja KossackThe sample was processed according to 2.2ahd An-Al006.1
was isolated from a BG1l agarose plate withut nitrogen source. Due to its distinct
morphological characteristics Figure 42), the strain could easily be identified as

Cylindrospermunsp. (Nostocales (l1) Nostocaceag.

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 olivgreen when old air
bubbles forming in liquid culture and on solid medium Filamentsmotile and slightly curved.
Trichomeslong, cells onstricted at cross walls, 3.84.5 um wide, barrel shapedjonger than
wide, with blue-green, granulated cytoplasm, without aerotypes, 38 um long. End cells
rounded. Terminal heterocysts with always paraheterocytic akinetes. Heterocysts always

terminal, rounded, almost sphericalto ellongate-ellipdial, light green, 3.5%7 um long, 3.84.5
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pum wide. Akinetes single, oval taylindrical, with bright green strongly granulated content,

16-20 pum long, &10 um wide, with smooth, thin, coloutess exospores, 3.5 um long.

Most Cylindrospermumspecies are benthic, epiphytic or epilithid4” 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 wels from subtropical and
tropical habitats.t22 This isolate does not resemble any found descriptio for a known
Cylindrospermumspecies, though it would need to be confirmed by a polyphasic approach

whether this is a novel specie$?s
3.2.4.12. An-Al006.1: Chemical Profile

Even though the biomass extract AMI006.1 showed no activity in thebioactivity screening
the main compaind in this extract might beinteresting. The HPLGUV chromatogram and TIC

in Figure 44 reveal alipophilic compound (tr = 15.7 min).
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Figure 44. Chromatogram of An -Al006.1 biomass extract. TIC pos mode (blue), ne
mode (green);HPLGUV chromatogram (black).
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Figure 43. Mass spectra of compound A of An-Al006.1 biomass extract. Pos. mod
(left), neg. mode (right).

The corresponding mass spectraigure 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 rangeno resembling known
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compound, isolated from cyanobacteria sp. could be found in the Dictionary of Natural
products. Additionally, the UV spectum with 1 ma228.0 and299.6 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 notweighable amount. Due tothe low concentration, the
subsequent tH NMR experiment did not lead toany 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.Screeningof the Cyano Botech 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 Gutenbetgniversitat
Mainz, Germany) a primary screening of 450 biomass andl22 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 taa second
screening with lower extract concentration (0.1 mg/ mL), resultingin twelve extracts (2.7%)
with an inhibition equal orhigher than 70% (Table 17).

Table17.Cyanobacteria b iomass extract s with an inhibition of rhodesain
equal or higher than 70% , and corresponding media extracts .

rhodesain inhibition [%0]

Strain biomassextract medium extract
[mg/mL] [mg/mL]
0.1 0.33 0.2 0.33
Nostocl 81 99 - 55
Cylindrospermumil 100 100 - -
Cylindrospermun? 95 100 98 99
Fischerellal 97 99 - -
Fischerella2 96 99 - -
Nostoc2 86 96 - -
Cylindrospermuns 99 100 - -
Oscillatorial 93 100 - 66
Nostoc3 98 100 - 94
Calothrix1 70 99 - 48
Aphanizomenoril 74 99 - -
Stigonematalesl 70 98 - -

Interestingly, only Cylindrospermun®? showed prominent inhibitory activity for both medium
und biomass extracts though some medium extracts were not availabldz=rom the twelve
most active extracts eight belong to the section Nostocales, three to the section
Stigonematalesand one tothe section Oscillatoriales, while nme of thestrains belonging to
the Chroocoalles showed pronounced inhibitory activity. Based on their bioactivity and
chemical profiles, the five most pronsing biomass extracts (Cylindrospermum 2,

Cylindrospermun®, Oscillatoria 1, Nostoc3, Aphanizomenori) 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 attemptsto
isolate the active compoundswere unsuccessful, solely the processingf biomass extract

Nostoc3 is reported within this thesis.

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

than 70%.
rhodesain inhibition [%0]
strain biomass extract medium extract
[mg/mL] [mg/mL]
0.1 0.33 0.2 0.33
Anabaenal - 86 78 85
Fischerella3 - 67 83 95
Calothrix2 - 86 97 100
Cylindrospermun? 95 100 98 99
Microcystisl - 64 88 92
Nostoc4 - 66 89 94
Tolypothrix 1 - 19 79 95
Oscillatoriales2 60 93 85 91
Microcystis2 - 86 86 86
Nostoc5 - - 81 86
Planktothrix 1 60 90 98 97
Microcystis3 - 74 96 99
Anabaena2 - 81 87 98
Nostoc6 - 89 93 100
Pseudanabaend - 87 70 83
Limnothrix 1 38 96 75 86
Stigonemaales2 - 58 81 84
Scytonemédl 45 90 80 95

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

an inhibition higher than 70 %, though in cae of some extracts there was na&nough amount
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left to perform a second screeningFrom these most active extracts ten belongng to the
section Nostocales two to the sectionStigonematalesthree to the section Oscillatoriales,and
three Microcystis strains belonging to the Chroococcalesshowed pronounced inhibitory

activity.

Based on their chemical profile and rhodesain inhibitiontwo medium extracts were chosen
for further processing (medium extracts ofFischerella3 and Nostoc6). As not all approaches
led to the successful isolation of bioactive compounds, solelthe analysis of the medium

extract of Nostoc6 is describedin this thesis.

3.3.1. Isolation of Inhibitory Compounds from the Biomass ExtractNostoc3

The first isolation of bioactive compounds fromNostoc3 was performed by Trang Nguyen
under my supervision (Master thesis, Trang Nguyen, 2007 The results are summarized in

the following, for more detailsrefer to the mentioned thesis

Analysisof the biomass extracby HPLCDAD revealedminor peaks eluting after 3 to 4.5 min

and 3 prominent peaks between 6.5 and 8 minFjgure 46).
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Figure 46. HPLGUV chromatogram of biomass extract Nostoc 3. Blue: 210 nm, red: 230 nm, greel
260 nm, pink:280 nm, green: 310 nm

The subsequentprefractionation of 0.3g biomass extract withFlash Chromatography (see
section 2.7.1) accompanid by bioactivity testing of the resulting fractions,showed thatthe
main inhibitory activity of the extractwas due to thecompounds elutingwith 12% to 24%
MeOHin H.O. Thus,fractions 7 to 14 were combined(80 mg yield), and subjected to further
analysis bysemi-preparative HPLC(time-based fractionation, seesection 2.7.2). The major

compounds of the biomass extracshowed considerably less inhibitory activity with 10-15%.
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Time based fractionation at a gradient of % to 30% MeCNin H.O(0.1% FA)and a subsequent
rhodesain assay with the resulting fractions, assignethe bioactivity to compounds eluting
with tr= 13-14 min (Figure 47).
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Figure 47. HPLGUV 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, pk: 230 nm, light green: 280 nmAssay)
performed as described in section 2.4.1.

Due to the observed inhibitory activity, the gradient was further optimized to 3% to 20%
MeCNin H20 (0.1% FA) in 20 min, gaining a better peak resolutiorFractionation by semi-
preparative HPLC (see 2.7.3.]) resulted in the isolation of 8 compounds with varying
inhibitory activity ( Figure 48). While Nostoc3-A, -B,-C,-D and Grevealed over 90%inhibition
and Nostoc3-F about 71%, Nostoc 3H showed only about 436 and 5 nearly no inhibitory
activity (see2.4.2.2.
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compound  retention time yield monoisotopic mass inhibition at
Nostoc 3 [min] [mg] m/z [M+H] 0.1mg mL™ [%]
A 10.5 0.32 622.2 91.7+0.6
B 12.0 0.51 622.3 97.8+0.0
C 13.1 0.21 604.2 98.3+0.1
D 13.4 0.26 606.3 99.7 £ 2.7
E 14.6 7.5 604.2 45+0.0
F 16.9 0.32 622.3 71.3+6.0
G 18.3 0.24 618.2 1004+ 1.0
H 6.7 0.15 n. d. 43.4 +6.5*

Figure 48. A. HPLGUV chromatogram overview of the raw biomass extract Nostoc3 B. HPLGUV
chromatogram of the inhibitory active fractions 7to 14  .Blue: 210 nm, red: 230 nm, green: 260 nr
pink: 280 nm, light green: 310 nm

LGMSanalysis (see section 2.5.1) resulted in [M+H] ions with m/z 604.2 and 622.3,
indicating a structural relationship betweenthe compounds.Dereplication of the isolated
Ai i i 0T AO xEOE OEA O$ERO kbatdikgdtie sburte KostodH P A |
revealed no matches (see Master thesis, Trang Nguyen, 2017). Therefore, the isolated
substances were considered tanot be yet described.As the inhibitory active compounds
Nostoc3-A, B, C, DF andGwere not isolated in sufficient amounts notad therequired purity

to perform NMR experiments, solelyNostoc 3E was subjected to!H-NMR and 3CG-NMR

measurements(seesection2.8).
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In order to isolate higher amountsof the rhodesain inhibiting compounds discovered in
Nostoc3, 0.9 g biomass extract were fractionated by reversed phaggéash Chromatography
(seesection 2.7.1). In Figure 49, the U\tchromatogram (3 E10 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 elutingwith 100% MeOHat

51 min, 53 min, 57 min and 59 min.
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Figure 49. UV-AEOT | AOT COAT j1E¢pmn 11 q NofocB Eradtiohalich by
reversed phase Flash Chromatography . 0.9 g biomass extract in 3nL MeOH 806 in H.O (v/v),
20 mL/min, blue shade: proportion of solvent A (H20), light yellow shade: proportion of solvent E
(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. HPLGUV chromatogram of combined fractions 7 -19 from

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

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

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

section 2.4.1
A rhodesain inhibition assay was conducted with each fractior{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 vyield). Due to their high inhibitory activity, and based on the corregponding prior
results of the first isolation described above fractions 7 to 19 wee combined andsubjected
to time-based fractionation with HPLCDAD (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 visibla the HPLGUV
chromatogram. In addition to HPLGDAD, HPLEMS measurements with a gradient of 1.0
100% MeCNin H,O were conducted (see 2.5.1). The HPLGUV chromatogramj 12&0-
270 nm) of the combined fractions 719 showed one distinct peak eluting after 1.8nin with

a[M+H]-ion at m/z 602.1 and a[M+H]+*ion at m/z 604.2, indicatinga 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 themolecular mass of 617, calculated frorfM+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 ptocessing in order to isolateNostoc3-E and G.
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Figure 52. HPLG5 6 A E OT | A QT ¢ @720inm)jol dembined fractions 7 -19 from
biomass extract Nostoc3. 0.4 mL/min, 17 min, 10-100% MeCN (0.06% FA) in £D(0.1% FA)

Intens. M5, 1.8min #75 Intene}- +M5, 1.6min #58
& 1
’me_ E 602.1 0y E 604.2
2.0
A 15]
1.0
24 ]
h 252.0
0.5
1205.3 h 414.1 1207 4
0 I 0.0 1 | l. |
T T T T T T T T T T T T T ST T T T T T T T T T T T T T
200 400 600 800 1000 1200 miz 200 400 600 800 1000 1200 miz
Intens { M5, 2. 7min #117 | Intens W5, 2 Bmin #120
o o
4% G 616.1 @G 376.2
] 6182
259 64
209
15
1.0 .
24
2520
057 364.0 p { ‘
1 I 12355
U-U-u T T lII| T T T T T T T |I T T 0% |I e I|lJ T L| e T T T T \I T T
200 400 600 800 1000 1200 miz 200 400 600 800 1000 1200 miz

Figure 53. Mass spectra of compound Nostoc 3-E and G Neg. mode (left), Pasnode (right).
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3.3.1.1.Compourd Isolation and Characterization

About 40 mginhibitory active combined fractions 7-19 were dissolved in 20% MeOH irH,0,
and subjected tofurther purification by semi-preparative HPLC(seesection2.7.3.2 using an
optimized gradient of 525 % MeCNin H,O. Two runsresulted in three fractions containing
the target compoundNostoc3-E, two fractions containing Nostoc3-Gand two containing the
potentially inhibitory active compound Nostoc3-I, eluting around 25% MeCNin H;O, later

than the previously isolated compoundsNostoc3-A to H.
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Figure 54. Chromatogram of compound Nostoc 3-E and G from Nostoc 3 biomass extract.
TIC pos. modé€blue), neg. mode (green)HPLGUV chromatogram (black).

A second preparative isolation step with 518% MeCNin H,O (0.1% FA) led to the final
isolation of Nostoc3-E (yield 3 mg) and Nostoc3-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 Nostoc3-E and G, compound Nostoc 3-1 with a
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Figure55.Chromatogram and mass spectra of compound Nostoc3-1 from Nostoc3 biomass
extract. TIC pos. mode(blue), neg. mode (green)HPLGUV chromatogram (black), mas:
spectra Neg. mode (left), posmode (right).
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Figure 56. UV-spectra of compounds Nostoc3-E, G and IMaxima at 280 and 335 E, G or 335
() respectively.

molecular mass of 490¢alculated from [M+H} m/z 491.1and [M+H]+m/z 488.9 (Figure 55).
The similar mass and UV spectra oNostoc3-E and G (Figure 56) combined with the similar
molecular masses of603 and 617 suggest a structural relatiorship 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. Basedon NMR andHRMSdata (Table A5), evduated by Steffen Breinlinger,a
partial structure of Nostoc3-E was deduced Figure 57).

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

Figure 57. Partial structure of Nostoc3-Efrom Nostoc3 biomass

extract. Xand Y present unidentified residues.
The structure of Nostoc3-E consists of a sugar backbone, comprising two C6 sugars, bound
by a 1,4glycosidic linkage. An aliphatic side chain is linked to the sugar backbone. The
residuesXand Ycould not beidentified yet, though X might be a hydroxyl groupAs the whole
structure could not be elucidated by NMRadditional experiments were need.Remarkably,
Nostoc 3E readily crystallized, when pureMeOHwas added to tle dried compound. hus,
about 5mg ofNostoc3-E were sentto the company Crystallise! (Dr. Gunther Steinfeld and Dr.
Gustavo SantiseQuifiones) in order to determine the complete structure via Xay
crystallography. Unfortunately, no adequate crystals could be grown and most &fostoc3-E
was lost while trying. As no more biomass nor biomass extract dfostoc 3was available the

structure could not be fully elucidated
3.3.1.2.Nostoc3 Biomass Extract Summary and Future Perspectives

From the biomass extractNostoc3, five of nine isolated compounds showed an inhibitory
activity higher than 90 % at 1 mg/mL concentration. The yield was low, except foNostoc 3
E, indicating that the irhibitors were minor compounds. From 6 g cyanobacterid biomass
(0.3 g biomass extract) only 0.21mg to 0.51mg of the compoundscould be isolated. Thus,
only in case ofNostoc3-E structure elucidation by NMR spectroscopy andHRMScould be
attempted. The data were evaluated by Steffen Breinlinger, leading to the partial structure
shown in Figure 57. Sincemore material was needed to complete the structure elucidatiorg
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
Nostoc3-Ato D, F and H could not be isolated againduring the 2nd isolation. In addition to

Nostoc3-E and Nostoc3-G, the more lipophilic potentially inhibitory active compound Nostoc
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3-I could be isolated. Compoundlostoc3-1 possessesa molecular weight of 490 Da,and a UV
spectrum similar to Nostoc 3E and Nostoc 3-G. As, except for Nostoc 3-E, the isolated
compoundspurity was to low to achieveexploitable NMR spectra, structure elucidation was
focused on the inactive compoundNostoc3-E. Unfortunately, neither NMRspectroscopynor
X-ray crystallography led to a complete elucidation of the structure. As nmore biomass or
raw extract of Nostoc3 were available, the structure elucidation could not be completed
Isolation of additional amounts of the compounds frommore 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 fom the Medium Extract Nostoc6

From 122 screened medium extractsNostoc6 showed not only the strongest inhibitory
activity against the cysteine proteaserhodesain, but also the most interesting chemical
profile. Thus, the raw extract was subjected to further processing witlsemi-preparative
HPLGC in order to identify and isolate the inhibitory active substancesThe results ae

summarized in the following publication.

Reprinted with permission from Kossack, R.; Breinlinger, S.; Nguyen, T.; Moschny, J.;
Straetener, J.; Berscheid, A.; BréQesterhelt, H.; Enke, H.; Schirmeister, T.; Niedermeyer, T.
H. J. Nostotrebin 6 relatedtyclopentenediones and) -lactones with broad activity spectrum
isolated from the cultivation medium of the cyanobacteriumNostocsp. CBT1153. J. Nat. Prod.
2020. Copyright (2020) American Chemical Societydoi: 10.1021/acs.jnatprod.9b00885

3.3.2.1.Nostotrebin 6 RelatedCU AT T PAT OAT A-adiohds kith AT A
Broad Activity Spectrum Isolated from theCultivation Medium of the
Cyanobacterium Nostocsp. CBT1153
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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.

N eglected by natural product researchers for a long time, apoptotic activity on mouse fibroblasts as well as antimicrobial
cyanobacteria are nowadays recognized as a prolific activity, especially against Gram-positive bacteria, have been
source of structurally diverse and pharmacologically active reported for the compound.zg"w

natural products.'_6 Several cyanobacterial specialized metab- Often, cyanobacterial specialized metabolites show pro-
olites have served as potent lead slctores inspiring drug nounced cytotoxicity, but another activity that is frequently
deve}gg?}ent PIOGIams, & & the dolastatins, ™" the cr?'?lt(ophy- observed for cyanobacterial non-ribosomal peptides is the
cins, "~ the saxitoxins, ” * and the anabaenopeptins. " One inhibition of proteases.”’ ™ The cathepsin L-like cysteine

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,m’]9 fungi,m‘l’ and

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.

bacteria.”>>* Most of those CPDs are based on a cyclopent-4- brucei to elude the host immune response.’” Because of its
ene-1,3-dione, varying in the side chains. The biosynthesis of essential physiological role in the metabolism of the parasite,
CPDs has not yet been explored, but several synthetic routes rhodesain is regarded as a promising target for the development
were described.”*"*® The only cyanobacterial CPD known to of urgently needed new therapeutics.’’

date is the Nostoc metabolite nostotrebin 6 (1), a homodimer

built of two identical 4,5-bis(4-hydroxybenzyl)-2-(4- Received: September 13, 2019

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-
© x;i(r),(,)e(rﬁ-?:ggi?efyg}";iﬂ"snféggnﬂg https://dx.doi.org/10.1021/acs.jnatprod.9b00885
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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.
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Bl RESULTS AND DISCUSSION

Isolation and Structure Elucidation. Our screening of a
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
J. Nat. Prod. XXXX, XXX, XXX—XXX
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