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Summary:

Natural products were the source for a big share of drugs that enabled modern pharmacotherapy.
Examples for that are the over-the-counter drug aspirin or lifesaving antibiotics that are present in your
daily life, which are in use now for many decades until today. Other natural product based drugs, like
cyclosporine, enabled transplantation medicine as we know it and methylergometrine saved, and still

saves, uncounted lives of young mothers.

From its historical roots, natural product chemistry became a scientific discipline where chemists and
pharmacists isolated active molecules and started to modify them chemically, in order to get stronger
effects, less side effects and molecules that were easier to obtain by synthesis. After the discovery of the
first antibiotics, microorganisms, such as bacteria and fungi, became subject to screening programs that

successfully led to the discovery of immunosuppressants, antibiotics and chemotherapeutics.

The last 30 years led to further insights in the properties that make natural products suitable drug
candidates, which motivates to further investigate them in order to find better cancer medication and
new antibiotics, effective against upcoming pathogens with antibiotic resistance. Bacteria are continuing

to be a great source for new chemical entities and new drug candidates.

The present work deals with the isolation of natural products from bacteria. Starting with fifteen isolates
from the Arctic Ocean, two isolates of the genus Algibacter were found to have antimicrobial bioactivity.
Mass-spectrometric analysis of the extracts lead to the identification of one common metabolite that was

isolated. Its structure was solved via NMR and found to be lipid 430.

From a co-culture of two bacteria, the siderophore serratiochelin A was isolated and its anti-cancer effect
as well as its specific anti-microbial effect on Staphylococcus aureus were discovered. Investigation of
the hydrolysed degradation product serraticohelin C revealed that the latter had no bioactivity raising
the question if the bioactivity of serratiochelin A is caused by a specific effect instead of iron deprivation

since both compounds are chelating Fe(III).

The investigation of a Nostoc sp. isolate led to the isolation of suomilide A and three new suomilides
(B-D). Those highly modified glyco-peptides have been subject to previous synthetic approaches but
their bioactivity was unknown. We were able to assign their potential biosynthetic cluster and to
investigate their bioactivity. They showed no anti-bacterial or anti-biofilm effect and no toxicity towards
human cell lines. The biological role and function of those complex cyanobacterial metabolites are still

unknown.

ii



Acknowledgements

The last three years were a very experience rich time, being challenging in a enjoyable way. I have to
thank first and foremost my supervisors Prof. Dr. Jeanette Hammer Andersen, Dr. Kine @stnes Hansen
and Prof. Dr. Espen Hansen for taking me as a PhD student and for supervising me. Despite your tight
schedule, you had always an open ear for my questions and gave me a lot of freedom in my work. I
received a lot of knowledge from you, which is not limited only to scientific matters; also your example
on how to supervise and lead was a lesson for itself. I admire you for your great skills, knowledge and
personality.

I was very fortunate to work together with many other people that substantially contributed to my work.
My great thanks go to Dr. Johan Isaksson for taking the NMR spectra and for his great work in
elucidating the structures of the compounds. Furthermore, I want to thank Dr. Anton Liaimer for the
work he did on the cyanobacteria and for leaving KVJ20 over to me. “The Suomilides” were exactly the
molecules I was looking for. I also want to thank my colleagues at Marbio, Kirsti Helland, Marte
Albrigtsen, Dr. Sarah Ullsten Wahllund and Dr. Chun Li for their work with the bioassays, flow
cytometry or molecular biology and a big thank you to all Marbank and Marbio people for many nice
discussions and hours that were socially spent apart from work. My thanks go also to the other PhD
students at Marbio, Ole Christian, Renate, Venke and my PhD-buddy Marte Jenssen.

Another part of my PhD program was that it was part of the MarPipe project, a Marie Sktodowska Curie
Early Stage Training Network of the European Commision. It was a great pleasure to meet regularly
with the eleven other PhD-students out of the same field and learn not only from my own supervisors,
but also from the whole “cloud of supervisors and senior PIs”. A warm thank you to all who contributed
and especially to Dr. Donatella de Pascale for coordinating MarPipe. The program gave me the
opportunity for a two moth secondment at University College Cork within the group of Prof. Dr. Alan
Dobson where I got practical education in genomic techniques. It was a great time together within the
“MarPipe family”. Arianna, Anky, Florent, Maria, Kevin, Alejandro, Jane, Grant, Menia and Sloane, |
will miss our project meetings, the time we spent together and your great personalities.

To settle fully into a new country was a new experience to me. However, it turned out to be one of the
best decisions I made. The last three years where the so far best in my life and they would not be without
the friends I made during that time, thanks to all of you.

Finally, I want to thank my family for their support and anchor. Particularly I want to thank my aunt,

uncle, and my father, for contributing to become who I am.

Yannik Schneider Tromsg, July 2020

iii



List of abbreviations

1D/2D
AA
ADME(T)
AEX
AMR
ASA
B.C.
CEX
CNS
CoA
DOS
e.g.

El

ESI

et al.
etc.
FDA
GPCR
HPLC
HR

ie.
IPC
MIC
MP
MRSA
MS
NCI
NMR
NP
NRP
NRPS
OSMAC
p.a.
PCA
PCR
PDB
PK
PKS
RiPPs
RP
SEC
SP

sp.
ToF
US
UV/Vis

one/ two dimensional

amino acid

absorption, distribution, metabolism, elimination, (toxicity)
anion exchange chromatography
anti-microbial resistance

acetylsalicylic acid

before Christ

cation exchange chromatography

central nervous system

Coenzyme A

diversity oriented synthesis

exempli gratia

electron impact ionization

electrospray ionization

et alii

et cetera

Food and Drug Administration
G-protein coupled receptor

high performance liquid chromatography
high resolution

id est

instrument personal computer

minimum inhibitory concentration
mobile phase

methicillin resistant Staphylococcus aureus
mass spectrometry

National Cancer Institute

nuclear magnetic resonance (spectroscopy)
normal phase

non-ribosomal peptide

non-ribosomal peptide synthetase

one strain many compounds

per anum

principal component analysis
polymerase chain reaction

Protein Data Base

polyketide

polyketide synthetase

ribosomal synthesized posttranslational modified peptides
reversed phase

size exclusion chromatography
stationary phase

species

time of flight

United States

ultra violet/ visible (spectrum of light)



List of publications

Paper I

Yannik K.-H. Schneider, Kine @. Hansen, Johan Isaksson, Sara Ullsten, Espen H. Hansen and Jeanette
Hammer Andersen.

Anti-Bacterial Effect and Cytotoxicity Assessment of Lipid 430 Isolated from Algibacter sp.
Molecules, 2019, 24, 3991.

Paper II

Yannik Schneider’, Marte Jenssen’, Johan Isaksson, Kine @. Hansen, Jeanette Hammer Andersen and
Espen H. Hansen.

Bioactivity of Serratiochelin A, a Siderophore Isolated from a Co-Culture of Serratia sp. and
Shewanella sp.

Microorganisms, 2020, 8, 1042.

"Those authors contributed equally to the article

Paper 111

Yannik K.-H. Schneider, Anton Liaimer, Johan Isaksson, Kine @. Hansen, Jeanette Hammer Andersen
and Espen H. Hansen.

New suomilides isolated from Nostoc sp. KV]J20, bioactivity and biosynthesis

Manuscript



Table of Contents

Cover page i

Summary il
Acknowledgements iii
List of abbreviations iv

List of publications v
Table of contents vi
List of tables vii
List of figures vii
1 Natural products as SOUIce fOr NEW AIUZS.......ccueeeruiieriiiiiiiieriee et eetee ettt et e st e sbeeesbee e 1
1.1 Historical deVEIOPIMENL..........eiviiiiiiieiiieiiie ettt ettt ettt e st e et e e s bt e e sabe e sabeesbaeesabeeenes 1
1.2 Microbial natural ProQUCES .........c.eeiierieiieei ettt ettt ettt e bt e st e e eneean 4
1.3 Definition Of tEIMS ..eeouiiitieiiiiiieie ettt ettt e sttt e st et e e bt e sbtesabeeabe e bt e bt enbeesbeesaneeneean 5
1.4  Systematic screening of Natural ProdUCES ..........coceerieriiiiiiriie ettt 7
1.5  Natural products in drug diSCOVETY ......ceeiiriiiriieiieiierite ettt ettt ettt ettt e bt e seee e et an 8
1.6 The refocus on natural products in drug diSCOVETY .......ccceeruiiriiiiiiriieenieenieeie et 10
2 Chemistry of natural PrOAUCES ........ccocuiiiiiiiiiiiieiieeie ettt sttt sb et e st e et et ebee e 12
2.1  Chemical classification of natural Products .............ccecceereerieniiniieeie e 12
2.2 Secondary metabolites Of DACIETIA.........ccvcuiieiiiieiieiie ettt et 12
2.2.1 NONTIDOSOMAL PEPLIAES ...cnevieeeiieeiiieeiie ettt e st e ere e st e ssaeesnseeenees 13
2.2.2 0] 4] 1 (SO USPR 14
2.3 Chemical and pharmacological properties of natural products ...........cccceeeveererercierenveennenn. 14
2.4 Privileged structures in natural products, the repetitive structural patterns in bioactivity. ... 18
3 Taxonomic ranks of bacteria that are prolific producers of secondary metabolites ..................... 22
T8 AN 11 1o o ¥ Tod ) - KOO OO RS TUPTURUPR 22
3.2 VLY XODACTETIA  ceuteeuieeiiieie et ettt te et ettt et et e e st e e s ate st e eateebeesbeesaeesabeeabeembeenbeebeenbeesaeesaeeentenn 22
ST T €721 1 To] o T (53 4 U- H OO U UPRURUPR 23
3.4  Genome size and complex life cycles, indicators for the biosynthetic potential of bacteria. 23
4 Need for new drugs and drug 1€ads ..........ceceeriiiiiiiiiiie et 24
5  Process and techniques of natural product diSCOVETY ......cc.eeeeviererieneneenienentenieneeee e sieens 25
5.1 Cultivation and extraction Of DACLEITa .......ccueruirriiriiiiiierierte e 25
5.2 High performance liquid chromatography ..........c.cceccvveviiineiieeriie et 25
5.3  Mass spectrometry and derepliCation ............ccueeeeveerrireriieeiieeeieesseeeeeeereeeeeeseeeeseeeesnseens 27
5.4 The bioprospecting WOTrKFIOW..........coeviiiiiiiieiiieeiie ettt eee e eenee s 30
5.5 Structure elUCIAAtiON. .......cooueiiiiiiiiiieieeteete ettt ettt st 31
5.6  Genomics as a new tool in natural product reSearch ...........ccceeeveereieerieeecieerie e e 32

Vi



6
7

8

ATM OF the WOTK ..ottt ettt ettt e st e sate e sbeeeeabee s 33
Results and discussion Of the WOTK...........coceiiiiiiiiiiiiiice e 34
7.1 SUMMATY Of PAPETS.....veeriiieeiiieeiie ettt ertee ettt et e ettt e siteeebteesabeesbaeestteesbteesabeesaseeeseeesnseesnes 34
7.2 Discussion and CONCIUSION ...c..eeruiriiriiirriiiniienierieeie ettt ettt et ettt st e 38
7.3 Further work and outlooK .........c.cceoiiiiiiiiiiiii e 42
WOTKS CIEEA. ...ttt ettt et e b e b e s at e st e bt e bt e s bt e sbeesateeabeebeenbeesaeesas 43

vii



List of Tables

Table 1: Classes of natural products and their building blOCKS. ..........ccoviiiriiiiiiiiiniiiiiieeeeie e 12
Table 2: Differences between biosynthesis and SYNthesis. ........coccueerrveerriiiniiieinieeeeeeie et 18
Table 3: Number of antibacterial compounds from marine bacteria reported 2010-2015. ................... 40

List of Figures

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:

Structures of morphine, quinine, salicin, salicylic acid and acetylsalicylic acid. ................... 1
Claviceps purpurea, ergot sclerotia On Tye. .. ........cocvovvivveiiieiiieieeeeeeeeeeee s 2
Structures of lysergic acid, methylergometrine and ergometrine. ..........cceeecveerrveereeersueeennennn 3
Arthur SOll, POTTEATE.T ......viviviiieecieee ettt 3
Alfred Hofmann, POrtrait.".............ccoeveveviuiiiiiecccecccc e 3
Structures of penicillin G, streptomycin and actinomycin D.........cccccooviiiiiiiiiiiniiniineeen. 5
Taxus brevifolia (Pacific yew three). . ......c.cooiiioiiiiieeeeeeee e 7
Structures of cyclosporine A and taXOl. ........ccecvieeiieiiiieiiieeie et 8
Origin of drugs between 1981 and 2014 ..........coooiririiininienieeeeee et 9

Structures of cytarabine, spongouridine, salinosporamide A, trabectedin and eribulin....... 11
LIPINSKI’S Tules Of fIVE. .....ovoviiiiiiiiiiiccc e 16
Targets and target families of small molecule drugs ........ccocceevviiinciirriiienncieee e, 19
X-ray structures and unique protein folds in PDB..........c.ccoociiiiiiiiiiie, 20
HPLC system for natural product iSOIation. ..........ccecueerieeiieeriienieeie et 27
Schematic function of @ MASS SPECIOMELET . ......ceevveeriiieeiieeeieeeiieerieeeteeeereesieeeseeeeereeenes 28
ElectroSpray 10MIZAtION. .......eeivieeiiiieeiieeitie ettt eeieeetteesteesbteeeateesbeessateeenbeesseeesnseesnseessnseean 29
Bioprospecting WOrKEIOW.......c..coiiiiiiiiieieie ettt s 30
Fundamental strategies in natural product diSCOVETY.........ccerveeriiriiiriiiiieeieeneeniiesee e 33

Figure 19: Structure of LPid 430 ....c.oee ittt ettt e e tte e s te e saeeessbeesseeesnseeenns 34
Figure 20: Structures of serratiochelin A and C..........c.ccoocuiiriiiieiiieeiieeeeeiee e e eaee e 35
Figure 21: Structures of the suomilides and banyasides. ..........ccccceerieriieiieiienieriee e 37
+ See page 52 for picture sources and licenses.

viii


file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408932
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408933
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408934
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408935
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408936
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408937
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408938
file://///ad.uit.no/uitfelles/projects/BFE/MMM-felles/PhD%20Yannik%20Schneider/Avhandling/200629_Avhandling_version.docx%23_Toc44408941

1 Natural products as source for new drugs

1.1 Historical development

The genesis of natural product chemistry was probably the isolation of morphine (Figure 1, 1) from
Papaver somniferum by the German pharmacist FRIEDRICH W. A. SERTURNER in 1804. It was the first
purification of an active principle from a biological material. It is also an example of innovation by
breaking with old paradigms since his success was based on the idea that morphine could be an alkaline
substance, which was in conflict with the (at that time) prevailing idea that all plant products were acidic.
However, the recognition of the alkaline nature of morphine enabled SERTURNER to isolate the molecule
[1]. Morphine served as valuable painkiller for more than hundred years and was certainly the first

“blockbuster” drug.

However, the first medical use of natural products back in history was done through the application of
herbs, mushrooms and other preparations in folk medicine and doctoring. Such use was probably based
on trial and error or from coincidental observations. That way, prehistoric cultures gained knowledge
e.g. about the effect of certain plants and how to use them to threat pathologic conditions [2]. The two
oldest civilisations, Mesopotamia and Egypt, left us the first documented knowledge about
pharmaceutical preparations. From about 2600 B.C., the first cuneiform documents describe the use of
plants, e.g. cypress and myrrh, which are still in use in form of herbal preparations today. The Egyptian

Ebers Papyrus dates back to 1500 B.C. and describes about 700, mostly plant based, drugs [3].

Figure 1: Morphine (1), quinine (2), salicin (3), salicylic acid (4) and acetylsalicylic acid (5).
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The scientific development through the end of the renaissance was preparing the ground for a chemistry
with scientific methodology that was capable of isolating the first active pharmaceutical ingredients.
The isolation of morphine was followed by the isolation of the antimalarial drug quinine (Figure 1, 2)
from Cinchona species in 1820 by the French pharmacists CAVENTOU and PELLETIER [3]. For a long
time in history, people have known the pain-reducing effect of the bark of the willow tree (Salix sp.),
which is the source of salicin (3). Because of problematic unwanted side effects of salicin (gastritis), the
chemists ARTHUR EICHENGRUN and FELIX HOFFMANN, both working at Bayer & Co., were searching
for a modification of salicylic acid that did not cause gastric irritation. In 1897, F. HOFFMAN successfully
acetylated salicylic acid (4, a building block of salicin) yielding acetylsalicylic acid (ASA, 5) [4]. Beside
its more common use to threat pain, inflammation and fever, ASA is also used to treat Kawasaki
syndrome, coronary artery disease and many more indications [5]. It is an example, possibly the first, of
the systematic chemical modification of a natural product in order to change its pharmacological

properties, a process known as lead optimization [6].

Another organism that was delivering the basis for a group
of active substances was Claviceps purpurea (Ergot). The
parasitic fungi infects the grains of rye, but also barley, oat
and wheat and forms characteristic sclerotia (Figure 2) [7].
The fungi was causing severe intoxications when it came
into the food chain, resulting in a condition known as
Ergotism or St. Anthony’s fire. In its most severe
manifestation, Ergotism led to death or loss of limbs. The
impact of the disease on the medieval society is reflected
by its presence in medieval Cristian iconography. Ergot
itself was possibly first mentioned around 600 B.C. on an
Assyrian cuneiform tablet [8]. Already in 1582, ADAM
LONICER described the use of three sclerotia to induce

uterine contractions. In 1787, PAULIZKY described the

v

Figure 2: Claviceps purpurea, ergot sclerotia on
rye (dark structures on the rye ear that are
bigger than the corns, similar for other grains) S.
Nelson.

administration of ergot as “pulvis ad partum” by midwifes

and physicians [8]. The observation of the side effects in
1822, particularly stillbirths, banned the use of ergot as
delivery accelerator. Ergot powder, which was previously
termed “pulvis ad partum”, was in spite of that renamed “pulvis ad mortem”. Nevertheless, ergot powder
was still used to treat postpartum hemorrhage after delivery for which it was found to be effective [7,9].

During the first half of the 20™ century, scientists in Great Britain, namely DALE and BARGER, and in
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Figure 3: Lysergic acid (6), the basic building block of ergot alkaloids,
methylergometrine (7) and ergometrine (8).
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Figure 4: Prof. Dr. Arthur Stoll (1887-1971), former head Figure 5: Dr. Alfred Hofmann (1906-2008), successor of
of the pharmaceutical department and “father” of natural ~ Stoll at Sandoz, in his laboratory with a model of lysergic
product chemistry at Sandoz. Photography was kindly acid diethylamide. Photography was kindly provided by
provided by the company archive of Novartis AG, the company archive of Novartis AG, Switzerland.
Switzerland.

Switzerland made ergot the subject of their investigation. In 1918, ARTHUR STOLL isolated ergometrine
(Figure 3, 8) at the Sandoz laboratories in Basel, Switzerland, which became a successful migraine
medication and drug for preventing postpartum hemorrhage [10]. The further work of STOLL and
ALBERT HOFMANN at Sandoz lead to the chemical elucidation of the different ergot alkaloids and

synthesis of modifications that lead directly and indirectly to many drugs such as dihydergot,



methylergometrine (7) and bromocriptine [9,11]. Some people called ergot a “chemical mess” [10], but
many would probably agree with HOFMANN describing ergot as “rich treasure house of valuable

pharmaceuticals” [9].

1.2 Microbial natural products

The introduction gave some examples of molecules that were isolated from organisms and resulted in
drugs with high therapeutic and life-saving values, and some of them are still in use today more than a
century after their discovery. The molecules described in the previous examples were derived from
sources that where known for a pharmaceutical effect for which they were used in folk medicine and
doctoring. This approach using historical or traditional knowledge about a pharmaceutical effect of
plants, mushrooms or other derived preparations is termed ethnopharmacy. The actual discovery for the
previous examples was the isolation, structure elucidation and chemical modification of the active
principle(s). This strategy, which was based on the knowledge of a certain activity of the source of the
molecule, changed when microbes entered the field of natural product research. The development of
screening-based natural product discovery was to a large degree triggered by the discovery of penicillin

by ALEXANDER FLEMMING and the work of SELMAN WAKSMAN and colleagues.

In 1928 ALEXANDER FLEMMING reported his observation that a Penicillium mould was inhibiting the
growth of Staphylococcus aureus and other bacteria [12]. This lead to the discovery of penicillin (Figure
6, 9) as the active principle and spurred its investigation in animals and humans [13,14]. Penicillin finally
found its way into clinics during the course of world war II [15]. In 1939 a group around WAKSMAN at
Rutgers University started, based upon earlier observations, to screen soil actinomycetes and fungi for
antimicrobial activity, which resulted in the discovery of streptomycin (10) [16]. Streptomycin, in
contrast to penicillin, was active against Mycobacterium tuberculosis, providing a potential cure against
one of the most problematic infectious diseases, tuberculosis [16]. Streptomycin was later the subject of
the first randomized clinical study in history, proving its suitability for curing tuberculosis [16,17].
Through the work of WAKSMAN’s group, actinomycetes were found to be prolific producers of bioactive

molecules such as actinomycin (11), clavicin, fumigacin and others [16].

The discoveries of the antibacterial molecules produced by fungi and actinomycetes led to the so-called
“golden age of antibiotics” between 1950 and 1970, in which all major classes of currently known
antibiotics were discovered [18]. During this period, the interest in microbial natural product chemistry
increased, and motivated by the previous success stories several companies entered the field and started
to screen for natural products from microbes [19]. One of them, Elli Lilly, requested Christian

missionaries to send soil samples for the isolation of microbes [19]. One soil sample from Borneo was



the source for the isolation of the actinobacteria Streptomyces orientalis which produced the
antibacterial compound we know now as vancomycin [20]. Because of its toxicity, the preference in
treatment was initially given to other antibiotics, but the arise of resistant strains, in particular MRSA,
made vancomycin the preferred antibiotic for treating resistant infections [20]. It should be mentioned
that the discovery of bioactive natural products from microbes was not limited to the drug class
antibiotics. One of the first molecules discovered by WAKSMAN’s group, actinomycin (Figure 6, 11),
was developed into a cancer chemotherapy agent [21] and the spinosyns are agricultural insecticides that

were isolated from actinobacteria [22].

)~

1%
5

Figure 6: Penicillin G (9), streptomycin (10) and actinomycin D (11).
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1.3 Definition of terms

Within the previous chapter, the term natural product was introduced without further explanation, which
should be done now. A natural product is literally any molecule that is produced by any living organism
[23]. This includes peptides, proteins, lipids, toxins etc. and most of those building blocks of life are
present in all organisms alike, with some minor variations and modifications. On the other hand, some
natural products, e.g. toxins, can be very specific to taxonomic groups or unique to a certain species.
The subgroup of natural products that is of particular interest for natural product chemists is the latter,

termed secondary metabolites.



Primary Metabolites:

Primary metabolites are a subgroup of natural products and can be seen as the aforementioned “basic
building blocks of life” such as fatty acids, carbohydrates, amino acids efc. and they are an integral part
of primary metabolism and are essential for sustaining the organism and its vital functions. They are,

with some exceptions, present in all organisms alike [24].
Secondary Metabolites:

Secondary metabolites are another subgroup of natural products and not part of the cell’s most vital
chemical processes. They are molecules produced by the organism that are not essential to its vital
functions, but give additional benefits e.g. in competition with other organisms or by acting as chemical
defence mechanism [25]. The natural products mentioned in chapter 1.1 and 1.2 are examples of

secondary metabolites.
Bioprospecting:

The search for natural products, commonly secondary metabolites, from living organisms is called
bioprospecting. The term bioprospecting also includes the discovery and use of genes and construction
principles that were copied from nature or inspired by organisms [26]. In summary, bioprospecting
includes the discovery, development and commercialization of material as well as intellectual property

either originating or derived from nature.

Dereplication:

The term dereplication describes one of the most critical working steps in the identification and isolation
of anew natural product. When searching for new bioactive molecules by bioprospecting plants, bacteria
and other organisms, one often start with testing an extract of an organism for bioactivity. An active
extract or fraction can contain >100 molecules. To analyse the extract and to point out if its bioactivity
is caused by a known molecule or not is called dereplication. The aim of dereplication is to identify the
known molecules and to point out one or more molecules that are likely to be unknown and/or
responsible for the extracts bioactivity*. Dereplication will result in terminating the work on an extract
if its active principle is already known (e.g. production of a known B-lactam by a fungi or bacteria)

[27,28]. Dereplication aims to avoid replicating the investigation of already known molecules.

*A new bioactivity of an already known molecule can be of interest as well.



1.4 Systematic screening of natural products

The discoveries of FLEMMING and WAXMANN were not only the start of screening programs for
antibiotics. Scientists in different institutions and companies
went out to search for natural products with different
bioactivities and applications after recognizing the
biosynthetic potential of living organisms, particularly that of
actinobacteria and fungi. One of the pharmaceutical
developments of the second half of the last century which
changed immunosuppressive therapy was the discovery of
cyclosporine (Figure 8, 12). The associates of Sandoz were
asked to bring soil and water samples from their business trips
and private holidays, and from these samples microbes were

isolated, fermented and screened [29]. In a screening for

immunosuppression agents, the ferment of a fungi was found £ gure 7: Branch, fruits and leaves of Taxus

brevifolia (Pacific yew three), not to be
confused with Taxus baccata (common

toxicity. The active principle was found to be cyclosporine, a Yew or European yew) J. Hollinger.

to have an immunosuppressive effect but no bone marrow

cyclic peptide produced by Tricoderma polysporum [30,31]. After overcoming issues with the
bioavailability of the molecule and developing it into a drug, the product enabled organ transplantation
by supressing the “graft versus host disease” and its immunosuppressive effect also aids Psoriasis

patients by suppressing the autoimmune reaction directed to the patients skin [32,33].

Another success story was the discovery of taxol (13). Initially it was discovered by the National Cancer
Institute (NCI), US, during a large screening campaign, where thousands of plants were screened for
their anti-cancer activity. The extract of the bark from Taxus brefivolia (see Figure 7) showed activity
and its active principle, taxol, was identified in 1971. Due to the low abundance of the compound in the
bark it was not possible to isolate sufficient amounts of taxol for further investigation. The isolation of
substantial quantities would have threatened the population of 7. brefivolia. Therefore, taxol remained
without further attention until its unique mode of action was discovered in 1979. It was discovered that
taxol is inhibiting the cell cycle trough stabilisation of the microtubule. Finally it was possible to
circumvent the supply issue by using a semisynthetic approach using baccatin III or 10-acetylbaccatin
III isolated from Taxus baccata as predecessors [34]. By date, taxol is approved for the treatment of

several cancer types such as breast cancer, Kaposi’s sarcoma and small cell lung cancer [35].
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Figure 8: Cyclosporine A (12) and taxol (13).

1.5 Natural products in drug discovery

The examples given above were some individual discoveries with remarkable impact on
pharmacotherapy. Nevertheless, the impact of natural products is also quantitatively recognizable. In
2016, NEWMAN & CRAGG published their review “Natural Products as sources of new Drugs from 1981
to 2014” [36]. A simplified summary for small molecules, excluding “non-chemical” drugs such as
biologics and vaccines, is given in Figure 9. Overall, natural products, directly or indirectly as
derivatives or similar, contributed to about % of the drugs in that period. For the antibiotics, natural
products contributed directly or indirectly to 74% of the compounds discovered during that period. It
clearly underscores the importance of natural products to our pharmaceutical armament. However, there
is one group of organisms, which deserves special attention when it comes to being the source of
bioactive natural products. This is microorganisms, more specific fungi and bacteria and among the
latter to the biggest extent the actinobacteria. These microorganisms have contributed the lion’s share
of drugs and bioactive compounds that were discovered in screening campaigns for natural products

[37,38].



Origin of Drugs (small molecules) Origin of Antibiotics

35%
= Natural products = Botanical drugs/Mixtures
= Natural product derivate Syntehtical drugs = Natural products = Natural product derivate
= NP mimic, NP pharmacophore Syntehtical drugs = NP mimic, NP pharmacophare

Figure 9: Origin of drugs between 1981 and 2014 according to NEWMAN & CRAGG [36].

During the 1980’s, synthetic chemistry entered the field of drug discovery and many pharmaceutical
companies left natural product drug discovery in favour of screening libraries of synthetic compounds.
This was mainly because of technical difficulties associated with natural product libraries, but also
because of high expectations in synthetic libraries generated by combinatorial chemistry [39]. There
were technical difficulties associated with natural products, such as the rediscovery of known molecules
and the supply of material, as well as the problem of “dereplication” (See chapter 4.3) [40]. The regime
of ‘blitz’ screening (fast screening of a high number of compounds or samples) was less compatible
with the long process of dereplication and isolation of natural products [40]. An important methodology
that came into place in that time and played a role that cannot be neglected in that regard, is high
throughput screening (HTS). HTS enabled the fast screening of a high number of samples, thus, the
development of HTS triggered a demand for vast compound libraries that were conveniently and
relatively cheaply provided by combinatorial chemistry [41]. During the 1990s a relative decrease in
natural product patents was observed, which is mainly attributed to the abandoning of natural product
screening in the industry [41]. However, there are also opinions that the expectations that were associated

with HTS of compound libraries generated via combinatorial chemistry were simply not realistic.

Another factor that contributed to the decline of interest and innovation in natural products in the 1990s
was potential regulatory issues, caused for example by the Rio Convention on biological diversity in
1992 that raised legal concerns about sampling and intellectual property which may gave additional

motivation for pharmaceutical companies to leave the field of natural product chemistry [41,42].



1.6 The refocus on natural products in drug discovery

In hindsight, the change towards using combinatorial libraries for HTS can be seen as one of those
learning process triggering investigations that would not have taken place if that change was not done.
Finally recognizing the disappointment or missed expectations associated with the synthetic libraries
led to investigations looking into the properties of natural products and searching for the principles that
made them suitable drug candidates. During the last two decades, the properties of natural products and
underlying principles of their bioactivity were investigated, which will be topic of the next chapters.
Moreover, there were technical improvements taking place in the field of analytical chemistry and
structure elucidation. Antimicrobial resistance has additionally triggered the refocus on natural products

for new antibiotics [43], a field in which natural products have shown their suitability.

In addition to technological improvements, a strategy evolved to look into previously under-investigated
or ignored ecosystems and organisms. First, the biggest part of our soil microorganisms, which are easy
to access with respect to sampling, is probably not yet cultivated and it is in part a question of effort to
cultivate them [44]. Moreover, for those who are not accessible to conventional cultivation new
techniques have evolved, such as in-situ cultivation [45]. For those microorganisms that are not

cultivable at all, metagenomics techniques provide an opportunity for investigation [46].

A merely under-investigated environment is for example the deep sea, where technical issues of
accessibility represented a considerable obstacle in the past. Advances in scuba diving or robot
techniques made this space more accessible to the scientific community [47]. The first drugs that
originated from the sea were cytarabine (14, approval 1969) derived from spongothymidine and
vidarabine, derived from spongouridine (15, approval 1976). Both were originating from Tectitethya
crypta and notably cytarabine is still in use today [48,49]. But there are other, more recent examples for
drugs derived from marine natural products. Ziconotide against chronic and severe pain, derived from
o-conotoxin, a toxine of Conus magnus got approved in 2004 [48,50,51]. In addition, the alkaloid
trabectedin (17) isolated from the tunicate Ecteinascidia turbinata got approval for treatment of soft
tissue sarcoma and ovarian cancer [48]. Eribulin against metastatic breast cancer reached the market in
2010 (18). It is a simplified structural analogue of halichondrin B isolated from the sponge Halichondria
okadai [52].

The drugs mentioned above were isolated from invertebrates. Interestingly, the actual producer
organisms of the exotic metabolites found in invertebrates are often bacteria that are associated with the
macroorganism. Especially sponges are hosts to a high number of bacteria in symbiotic relationships
[53,54]. The bacterial symbionts of a sponge can make up 40% of the sponge biomass [54]. Synthesis of

bioactive secondary metabolites by a bacterial symbiont is the case for trabectedin, where metagenomic
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studies revealed that the actual producer is a bacterial endosymbiont Candidatus Endoecteinascidia
frumentensis [55,56]. From prospecting marine bacteria, salinosporamide A (16) was isolated in 2003
from an isolate of the novel genus Salinospora and represents an example for structural motives
exclusive for marine microorganisms [57]. Salinosporamide A is currently undergoing phase III clinical

trials against glioblastoma [58].

Figure 10: Drugs from the sea: cytarabine (14), spongouridine (15), salinosporamide A (16), trabectedin (17) and
eribulin (18).
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2 Chemistry of natural products

2.1 Chemical classification of natural products

Secondary metabolites can be divided into several classes according to the nature of their biosynthesis
and the building blocks of which they are made. A possible classification (inspired by [59]) of secondary
metabolites is given in Table 1. It is thereby important to note that the grouping of natural products is
not rigid. There are hybrid natural products that are product of more than one pathway such as

polyketide-nonribosomal-peptide hybrids and e.g. peptides that are esterified with a fatty acid or

glycosylated [60].

Table 1: Classes of natural products and their building blocks, with inspiration of [59].

Building blocs Examples

Polyketides and Fatty acetyl-CoA, malonyl-CoA lipstatin, rapamycin
acids
Terpenoids and Steroids isoprene camper, diosgenin,

taxol
Phenylpropanoids shikimic acid cinnamic acid,

corniferyl alcohol
Alkaloids various ergot alkaloids,

trabectedin, caffeine
Specialized AAs and AA (D/L), other metabolites  cyclosporine,
peptides vancomycin
Specialized carbohydrates gentamicin,
carbohydrates validamycin

2.2 Secondary metabolites of bacteria

Bacteria have been shown to be able to produce a wide range of secondary metabolites. The secondary

metabolites produced by bacteria range from terpenoides to glycosides [61]. But among all the

biosynthetic products of bacteria, there are two classes of secondary metabolites making up a big part
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of the bacterial secondary metabolites. Those are nonribosomal peptides (NRP) and polyketides (PK).
NRPs and PKs are products of big multidomain enzyme complexes, so called NRP-synthases (NRPS)
and PK-synthases (PKS) [62]. These are enzyme-complexes that assemble their respective products

sequentially by connecting and modifying its building blocks [62].

2.2.1 Nonribosomal peptides

NRPS are big multidomain enzymes consisting of different modules, and each regular module consists
of three domains and each of them is responsible for the incorporation of one building block/ amino
acid (AA) into the final product. The AA that is incorporated is specific to the respective module. The
three domains a module consists of are the adenylation (A) domain, the peptidyl carrier (PCP) domain
(also thiolation (T) domain) and the condensation (C) domain. When adding a new AA to a chain the
A-domain is activating it by adenylation under consumption of ATP. The aminoacryl-adenylate reacts
with a thiol and is transferred to a serine in the PCP domain, where it is attached to the polymer by
condensation trough the C-domain [63,64]. The first module of an NRPS is consequentially lacking a C-
domain and the last module possesses a thioesterase (TE) domain to release the product, which is
attached to the NRPS via a thioester bond throughout synthesis [63,64]. The function of a NRPS is
thereby somewhat similar to the function of a ribosome, where the peptide is attached and sequentially
prolonged. While ribosomal peptide synthesis can make use of the 22 proteinogenic AA, a NRPS can
incorporate in addition almost 500 non proteinogenic AAs [65]. While a ribosome can synthesize
theoretically max. 22" possible peptides with the length of n (number of AA/ building blocks), a NRPS
can synthesize ~ 500" possible peptides of the same chain length (not considering post-translational
modification, PTM, where the peptide is altered after peptide synthesis, e.g. by glycosylation) [63].
Consequentially, for a peptide with a length of n = 10 AA there are 2.66 x 10'* combinatorially possible
ribosomal peptides, the same n = 10 building blocks chain length in NRPS yield ~ 9.77 x 10%
combinatorially possible NRPs (which is 3.68 x 10" times as many theoretical combinations as in the
“ribosomal case”!). Over more there are domains for internal heterocyclization of building blocks (such
as serine, cysteine or threonine) [63] or for halogenation [66]. Tailoring enzymes can thereby modify the
product during or after chain elongation e.g. trough glycosylation or methylation [67] finally, NRPs are

often highly modified molecules chemically different from ribosomal peptides.
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2.2.2 Polyketides

PKS work similar to NRPS by sequentially adding the building block acyl-CoA or malonyl-CoA to a
product bound to the enzyme [62]. PKS are commonly grouped into three types. Type I PKS are
consisting out of modules that synthesize a PK sequentially and noniteratively, each module is adding
one building block to the product. Type II PKS are enzyme complexes where the modules carry out
iterative reactions. Their products are often polycyclic polyketides. Type III PKS are iteratively
synthesizing their product by condensation of the building blocks. Type III PKS do not employ a Acyl
carrier protein (ACP) like Type I and II PKS and attach the acyl-CoA “directly” to the product [68]. The
product of a PKS can be further modified e.g. via heterocyclisation or alkylation catalysed by tailoring
enzymes [69,70]. PKS are also able to incorporate other building blocks as acyl- and malonyl-CoA such

as benzylmalonyl-CoA and modified AAs [70,71].

2.3 Chemical and pharmacological properties of natural
products

Around the year 2000, statistical and cheminformatical investigations started to look into the structural
and chemical properties of natural products, drugs and synthetic compounds. This was motivated
through the disappointing outcome of the screening campaigns using combinatorial libraries recognizing
that they do not deliver the same yield of drug candidates or leads [39,72]. The property-distributions of
natural products, drugs and synthetic molecules were studied by industrial groups as from Bayer [73],
Roche [74] and SignalGene [75] as well as academic groups [76] which lines out the fields importance
for commercial drug discovery. Despite starting from different datasets and employing different
algorithms and definitions, they discovered the same or similar differences between natural products
and synthetic molecules. Synthetic molecules have a higher number of heteroatoms, such as sulphur and
halogens and in general, a higher number of nitrogen atoms compared to natural products [73,75]. On
the other hand, natural products turned out to have a higher number of oxygen atoms and chiral centres
[73,75]. Natural products have a higher molecular weight and more sp*-hybridized bridgehead carbons
and are in general more rigid [73,75]. HENKEL et al. [73] found that 40% of the set of natural products
they investigated were structurally not represented within the synthetic compound-library. FEHER &
SCHMIDT investigated the chemical space that is occupied by natural products, synthetic molecules and
approved drugs. PCA of a random selection from the three compound classes revealed that natural
products as well as drugs occupy a larger chemical space than synthetic compounds [75]. However,
when doing comparisons between drugs, natural products and synthetic molecules and when drawing

conclusions from that, one should keep in mind where the drugs are coming from. The drugs recruit
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from the two aforementioned compound groups and they logically have interceptions in chemical space
[75]. Nevertheless, both studies indicate that natural products occupy a wider chemical space than
synthetic molecules. One of the structural attributes that is giving raise to favourable pharmacological
properties of natural products is their higher rigidity compared to “synthetics”. When binding to a
protein target, a rigid ligand will exhibit a stronger bond trough lower entropic losses compared to a
flexible ligand [77]. An explanation for the different chemical properties of both compound classes are
the fundamental differences in biosynthesis and chemical synthesis, see Table 2. BERDY estimated in
2005 that from ~ 3 x 10° to 4 x 10° compounds that were synthesized by the pharmaceutical industry ~
0.001% became approved drugs while ~ 0.2 to 0.3% of more than 5 x 10* natural products became
approved drugs and roughly the same number served as lead molecules [37]. When interpreting those
numbers, it should be kept in mind that isolation of natural products was often done guided by bioassays.
The industrial and institutional screening campaigns started commonly with bioassay screening of
extracts and cultures and employing bioassays during purification of the active principle to verify the
bioactivity in respective fractions and preparations of pure compounds before expending their effort to
structure elucidation. Therefore it should be expected, that the “space of isolated natural products™ is in
consequence of the above ‘“biased towards bioactivity” when compared to randomly generated

combinatorial compound libraries [37].

One example of the insufficient outcome of a common HTS campaign may be a screening study by
Glaxo Smith Kline for new antibacterials [78]. They screened different targets in 67 HT'S-campaigns in
a target-based screening and executed three cell-based screening campaigns. Target based screening led
to 15 hits and five leads while the cell-based screening resulted in three hits and no lead. Some of the
leads were lacking novelty or being too specific in their antibacterial activity [78]. The outcome was
doomed to be insufficient because multiple promising leads are needed due to the attrition rate in lead
optimization and clinical development. According to Glaxo Smith Kline, the hit rate in antibacterial
HTS was four to five-fold lower than for other therapeutic areas and targets. Antibiotics themselves
differed from drugs for other indications such as CNS by having on average a higher hydrophilicity and
a bigger size [78]. Occupying on average a different chemical space than drugs that target human cells

could be a consequence of the prokaryotic target of antibiotics.

Regarding the chemical properties a molecule has to possess in order to be developed into a drug the
ADME (Absorption, Distribution, Metabolism and Excretion; ADMET = the same + Toxicity)
properties are crucial. In order for a drug to come into effect, absorption and the ability to pass cellular
membranes is obviously important. LIPINSKI et al. published in 1997 their famous “Rules of five” “to
estimate the solubility and permeability in discovery and development settings” [79], LIPINSKI’s “Rules

of five” are given in Figure 11.
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According to LIPINSKI ef al. poor absorption or permeation of a
compound are more likely when:

i)  There are more then 5 H-bond donors (sum of OH’s and NH’s)
ii)  The molecular weight is over 500 u
iii)  The LogP is over 5
iv)  There are more than 10 H-bond acceptors (sum of N’s and O’s)

v)  Compound classes that are substrates for biological transporters
are exceptions to the rule.

Figure 11: LIPINSKI's rules of five to estimate the oral bioavailability of drug candidates.

Generally, when a compound is breaking more than one of the “Rules of five” it is considered to be a
problematic candidate regarding permeability and solubility. However, for the natural product chemist
LIPINSKTI’s fifth rule is the most important one. LIPINSKI and his co-authors at Pfizer recognized in their
original study that natural products such as vitamins, cardiac glycosides and antibiotics frequently break
more than one Lipinski-rule but still show excellent bioavailability because they are substrate to

transporters, thus being able to overcome poor passive permeability.

The pharmacological properties of natural products were further investigated by GANESAN, who looked
into the 24 unique natural products that led to an approved drug within the timespan between 1981 and
2006 according to strict criteria [38]. All the molecules, which were based on or could be traced down
to metabolites (e.g. nucleoside analogues) or common human metabolites such as neurotransmitters,
were excluded since they are more a result of drug design than natural product discovery. Also,
derivatives of known structures or those based on a natural products discovered before 1970 were
excluded leaving 24 candidates for further investigation. The purpose of this study was to investigate
the properties of successful natural product drug candidates and leads as LIPINSKI did on “successful”
(clinical phase II) compounds in medicinal chemistry programs. Five of the 24 compounds originated
from plants and 19 from microorganisms. Four of the microbial compounds originated from fungi, 13
from actinobacteria and two from bacteria other than actinobacteria, which exemplifies the biosynthetic
capacity of actinobacteria. When investigating the molecules upon their compliance with Lipinski’s
rules of five, the 24 molecules could be divided into two subgroups. One half (n = 12) of the molecules
were compliant with Lipinski’s rule and another half was having Lipinski descriptors that placed them
out of the “Lipinski space”. Interestingly, 50% of both groups became orally administrated drugs and

17 of the 24 compounds progressed “directly” into a drug without chemical modification. The drugs
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that do not belong to the “Lipinski space” are however remarkably compliant regarding their logP value,
indicating that this is the most important descriptor. The average molecular weight is 319 u for the
compounds lying within “lipinsky space” and 917 u for those outside it, the average logP values were
0.0 and 2.2 respectively. The logP differs remarkably little while the average molecular weight is
threefold bigger in the latter group. Natural products may employ polar functional groups and
intramolecular H-bonds to maintain a low logP and favourable desolvation properties. Those
intramolecular H-bonds represent a property of natural products that is difficult to design on purpose by
medicinal chemistry. Regarding their stereochemistry, the two groups of natural products show on
average 4 and 13 stereogenic centres, which is in approximate correlation with the increase in molecular
weight. The complexity of natural products may discourage lead optimization as being reason for the
fact that a relative high number of unaltered natural products end up as drugs. When discussing the
different chemical properties of natural products and synthetic molecules the reason can be found in the
difference of their synthesis, which are given in Table 2. Biosynthesis and synthesis rely on different
principles causing different product properties. However, the favourable chemical properties of natural
products and as GANESAN stated, to meet an unmet medical need are important factors for making up a

successful drug [38].
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Table 2: Differences between biosynthesis and synthesis according to GANESAN [38].

Biosynthesis Synthesis

Building blocs Few Many

Strategy Branching of Alteration of building
intermediate block

Scaffold diversity High Low

Functional group tolerance  High Low

Novel motifs Common Rare

C-H activation Common, site-specific Rare

Stereocontrol Easy, enantioselective Difficult, case-by-

case basis

2.4 Privileged structures in natural products, the repetitive
structural patterns in bioactivity

A genuine scientist would not be satisfied with the explanation that screening natural products “by
coincidence” yields a higher hit rate. In addition would he ask for a root cause why natural products do
have other favourable chemical properties that make them promising drug leads or drug substances.
Obviously, natural products and synthetic compounds show different chemical properties and natural

products are yielding a higher hit rate in screens, vide supra. But where lies the reason for that?

For some natural products, the medical or better technical application is based upon their natural
function and the pharmacological effect they mediate is related to their toxic or “intentional” bioactivity.
This accounts for example for the digitalis glycosides. They are toxins, which most probably protect the
plant from predation and have evolved to be cardio toxic. But when they are correctly dosed in the form
of Digoxin they are used to treat patients suffering from arterial fibrillation [80]. The question is why
for example drugs like artemisinin from the plant Artemisia annua provide a malaria medication due to
their anti-plasmodial effect [81]. Or why is rapamycin, produced by the bacterium Streptomyces
hygroscopicus working as an immunosuppressive agent having at the same time anti-fungal activity
[82,83]? Most of the microbial metabolites which have drug-like properties and which may be developed

into drugs, have most likely not evolved to interact with targets in the human body [76].
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Bioactive molecules in general and drugs in particular exhibit bioactivity by either unspecific reactions
such as surfactants [84] or by specific interactions with drug targets. Drug targets are mostly proteins,
such as receptors, ion channels and G-protein coupled receptors (GPCRs). The site of interaction of a
drug can thereby be a human protein or a protein belonging to a (human) pathogen [85]. In Figure 12.
an overview over the targets of small molecular FDA approved drugs (not including biologics and
vaccines) is given. The number of targets separated by target-organism (human or pathogen) and drug-
target-class (protein or other biomolecule) is given in the pie chart to the left and the quantitative
distribution of the protein families according to the number of drugs targeting them are given to the
right. For small molecules proteins represent the main drug target with 98% of the small molecular drug
targets being proteins either of human or pathogen origin and almost 3 of the drug targets are human
proteins [85]. It can therefore be concluded that for 98% of the drugs, proteins are the target class they

have to interact with in order to have a physiologic effect.

Small molecule drug targets according to Protein target families according to nr. of small
chemical class and target organism molecular drugs they are targeted by

= Human protein = Pathogen protein

Other human biomolecules Other pathogen biomolecules = GPCR's = Other = lonchannels = Nuclearreceptors = Kinases

Figure 12: Targets of small molecule drugs (exclusive biologics and vaccines). A: Drugs according to their target
class in humans and pathogens. 549 drugs targeting human proteins, 184 drugs targeting pathogen proteins, nine
are targeting other human biomolecules and seven are targeting other biomolecules of pathogens. B: Small
molecule drugs grouped according to their target families. 33% GPCR’s, 30% others, 18% ion channels and 3%
kinases [85].

The term privileged structures was introduced by EVANS et al. at Merck (US) who observed that
derivatives of benzodiazepines do not only bind to the CNS benzodiazepine receptors but also CNS and
peripheral cholecystokinin receptors with high affinity [86]. This was surprising since they have little
similarity with the natural ligands of those receptors [86]. The recognition of the fact that some structures
are predestined to interact with proteins, such as pyrimidine, oxopiperazine and benzopyran, lead to the
successful application of privileged structures as building block for privileged-structure-based DOS
(pDOS) screening libraries [87]. Proteins, which are mostly the target of drugs or bioactive molecules

(see Figure 12), are consisting of domains. Protein domains are protein subunits of 100-150 AA and
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fold independently into a structural subunit of the protein they are part of [88,89]. For eukaryotes the
characteristic domain size (125 AA) is different from the domain size of prokaryotes (150 AA) [90]. The
size of a domain underlies physical limitations and an optimal domain size was calculated to be 100 AA
[89]. The physical limitations of protein domains are furthermore reflected by the high conservation of
structural motives, protein structure is evolutionary three to ten times more conserved than amino acid
sequence [91]. Existing physical constrains lead in consequence to a limited number of protein domains.
The protein data bank (PDB, rcsb.org) [92] lists by end of 2019 n = 141587 X-ray structures of proteins
or protein fragments or domains, n = 9665 of them were added to the PDB in 2019. The number of
protein structures in the PDB is increasing and also the number of new structures added per year
increases, see Figure 13 A. However, when looking at the unique folds discovered per year a different
picture appears. Since the first submission the number of unique folds discovered per year was
increasing from 1976 peaking in 1999 with 118 new folds annually and declining until 2010 with the
last folds discovered in 2011 (two) and 2012 (one) (see Figure 13 B, identification of unique folding
topologies according to CATH 4.0.0 [93]). In sum, the number of unique folds discovered to date is n =
1375. The number of identified folds remains stable while the number of protein structures increases
ongoingly, indicating that the number of folds is limited. It is important to recognize that those unique

fold topologies make up all the proteins in all organisms.
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Figure 13: A: Unique protein folds in PDB. In black the number of new unique protein folds discovered by year and
in grey the total number of unique folds in the PDB, stagnating at n = 1375 since 2012. B: Number of X-ray structure
entries in the PDB. In grey the total number of X-ray structures and in black the number of structures added per
year. By the end of 2019 there were n = 141587 structures deposited in the PDB of which 9665 were added
throughout the year (rscb.org).
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The limited space of proteins or better protein domains is giving a rational explanation for the fact that
natural products make up formidable ligands and thereby potential drugs. Natural products are products
of biosynthetic pathways employing enzymes, able to interact with natural products as well as their
building blocks and some of the natural products are meant to interact with receptors, enzymes and other
types of proteins as targets [94]. Given the limited number of folding motives, natural products are more
likely to be privileged structures because they are capable of interactions with proteins due to their
synthesis and/or their biological function [94,95]. The potential number of small molecules with a
molecular weight <500 u on the other hand is as big as 10%° [96] not to speak of the further combinatorial
explosion when going to higher molecular weights. Natural products seem therefore to be a very suitable
way to narrow down the number of candidates to test, since they have proven to interact somehow with

the several magnitudes smaller chemical space of protein domains. To summarize:

1. Drugs are merely targeting proteins
ii.  Natural products are products of enzymatic biosynthesis* and often ligand to proteins

iii.  There is a limited number of underlying folding motives making up all proteins

* The biosynthesis of a given natural product involves many reactions catalysed by a number of enzymes and
in the case of NRPs or PKs the biosynthetic enzymes are big multi-domain enzymes. Therefore, the product
has bound to a high number of protein domains making it more likely to be “privileged” for ligand-protein

interaction.

I think the following quote summarises and lines out the consequences of the “limited number of protein

domains” in a very literary way:

“You can ignore the fact that natural products have not evolved to interact with humans
specifically. The point is natural products have evolved to interact with something and
that something may not be so different from human proteins. *

J. MEINWALD
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3 Taxonomic ranks of bacteria that are prolific
producers of secondary metabolites

When looking at the bacterial realm, the biosynthetic potential for secondary metabolites is not equally
distributed, and some taxonomic ranks stand out among the others regarding their biosynthetic potential.

Those genera are of particular interest for natural product research.

3.1 Actinobacteria

The actinobacteria, that were already mentioned, are the most prolific producers of bioactive metabolites
in the bacterial kingdom. This is exemplified by the aforementioned study of GANESAN were 12 of the
24 unique natural products leading to drugs between 1981 and 2006 originated from actinobacteria [38].
Within the actinobacteria, the genus Streptomyces has been the most prolific producer of antibiotics and
bioactive compounds and some estimations say that the majority of antibiotics from Streptomyces are
to be discovered [37,97,98]. Actinobacteria are Gram-positive bacteria with high G + C content and are
spread over terrestrial, aquatic and marine ecosystems [99]. They are spore forming filamentous bacteria
with a high phenotypic diversity forming multicellular mycelia [99]. The genomes of Actinomycetes
harbour a high number of biosynthetic gene clusters, in particular PKS and NRPS clusters [100]. Up to
5% of an actinobacterial genome can consist of biosynthetic gene clusters and the genome size for
Streptomycetes ranges from 8-10 Mb. All Streptomycetes and some Actinomycetes possess linear
genomes, breaking the rule that prokaryotes possess only circular chromosomes [100]. Besides the genus
Streptomyces the so called “rare actinobactreia” (non-Streptomyces actinobacteria), including isolates
from marine ecosystems, have moved into the focus during recent years in order to discover new

bioactive metabolites [101,102].

3.2 Myxobacteria

One bacterial order that possesses many physiologic, genetic and macroscopic curiosities at the same
time is the order myxobacteria. Myxobacteria show probably the most complex lifecycles and physical
actions within the bacterial realm. Taxonomically they are Gram-positive d-proteobacteria with the
ability to form biofilms and to move towards nutrient sources. They possess the ability to glide over
surfaces in order to “hunt” other bacteria and fungi, which they lyse by excretion of bacteriolytic

enzymes [103,104]. Under unfavourable conditions, myxobacteria are capable of spore-formation in
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macroscopic fruiting bodies [104]. This physiological complexity is reflected by the genome size of the
members of that order ranging from 9 to 12.5 Mb [104,105]. Their genomes contain a high number of
PKS-, NRPS-, and NRPS/PKS-hybrid-clusters and antibiotics of these classes have been isolated from
myxobacteria [105,106]. While it was previously assumed that myxobacteria were terrestrial organisms,
but halotolerant and obligate marine myxobacteria have now been reported [104]. Notably, the isolation
and cultivation of myxobacteria is difficult and represents an high effort of laboratory work compared
to most other bacterial phyla, making them a less investigated resource for natural product discovery

[105].

3.3 Cyanobacteria

Cyanobacteria are photoautotrophic bacteria present in terrestrial and aquatic ecosystems using
chlorophyll a as primary photosynthetic pigment [107,108]. On a cellular level, cyanobacteria show
unicellular organization but they form filaments, mats and colonies as well [109]. Cyanobacteria show
a high grade of cellular differentiation leading to highly specialized cell types and some are capable of
true branching and complex reproduction via binary fission [110,111]. Beside their photosynthetic
activity, many cyanobacteria have the capacity to fixate atmospheric nitrogen. This takes place in
heterocysts which are highly specialized cells that are not capable of photosynthesis but fixing nitrogen
[108]. More than 1100 secondary metabolites with different chemical structures were isolated from 39
cyanobacterial genera [112]. The most well-known effect of cyanobacterial secondary metabolites is
intoxication of humans and animals e.g. from cyanobacterial water blooms [113,114]. The secondary
metabolites of cyanobacteria are often products of NRPS and PKS type biosynthesis [115]. Another
interesting family of cyanobacterial metabolites are peptides that are ribosomally synthesized and
posttranslationally modified peptides (RiPPs) such as lantipeptides [116]. Over all, cyanobacteria are

prolific producers of bioactive secondary metabolites of which some are unique to cyanobacteria [117].

3.4 Genome size and complex life cycles, indicators for the
biosynthetic potential of bacteria.

The bacteria that are of particular interest as a source for bioactive secondary metabolites have
apparently in common that their life cycles and cellular organization are complex. Another observation
is the correlation between the biosynthetic potential and genome size of bacteria. In 2007 DONADIO et
al. investigated 223 sequenced bacterial genomes upon the presence of thiotemplate systems (NRPS and

PKS) [118]. They found that those are not present or rare in genomes under 3 Mb [118], this follows the
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logic that those big biosynthetic machineries and clusters need to be harboured within the genome in
addition to the primary metabolism. There are of course exceptions to this rule, however when reviewing
the literature one can conclude that those exceptions are very rare. In addition to the genome size, the
above-mentioned bacteria have in common that their life cycle, morphology and physiology is complex
compared with the commonly not differentiated unicellular physiology of procarya. It has been stated
for the cyanobacteria that they have developed beyond the microbial existence and need protection from

macrograzers for which they developed an armament of toxins and deterrents for protection [119].

The same could possibly apply for the myxobacteria and actinobacteria. They form macroscopically
visible multicellular structures, which represents a physiological effort. They are in addition rather slow
growing bacteria. A slow growing but complex organism will at some point need protection from
microbial overgrowth, predation, fouling efc. which would explain the production of bioactive

secondary metabolites by the abovementioned bacterial phyla.

4 Need for new drugs and drug leads

There are several disease classes needing improved medication and sometimes the reasons for that are
interconnected, since many fields of medicine such as surgery and cancer therapy depend indirectly on
antibiotics. In case of the diseases that are related to age, it is important to keep in mind that “aging

populations” or a demographic shift is considered a megatrend.

For the antibiotics we face the problem of antibiotic resistance where some pathogens developing
resistance with increasing prevalence. A relatively small group of bacteria, namely Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni, Pseudomonas
aeruginosa and Enterobacter sp. are causing the bulk of problematic infections in hospitals [120]. In
2016 a 70 years old woman in Nevada, US, died of an infection caused by a Klebsialla pneumoniae
isolate resistant against 26 antibiotics [121]. The infection was probably acquired in India and its causing
pathogen was resistant against all 26 antibiotics available in the US [122]. Currently there are estimations
that 700’000 people dying p.a. of antimicrobial resistance (AMR) and predictions that 10 million people
will die of AMR in 2050 [123].

Another risk to our health and life and a burden to our health system is cancer. Currently it is estimated
that about 8,2 million people are dying p.a. of cancer [123]. This current number is likely to increase
since our population is aging and with an increasing age the incidence of cancer will increase too

[124,125].
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Over more, the issue of AMR indirectly affects patients that are not primarily suffering of infections.
Cancer patients for example need antibiotics throughout their treatment because of surgeries and a
compromised immune system due to chemotherapeutic agents. The field of surgery relies on antibiotics
to treat opportunistically occurring infections that may occur during the procedure. Looking on those
developments and in addition keeping the aging population in mind, the need for new chemotherapeutic
and antibiotic agents is apparent. Natural products served as a source for antibiotics and

chemotherapeutics and are likely to do so in the future [97,126].

5 Process and techniques of natural product discovery

5.1 Cultivation and extraction of bacteria

Searching for new bacterial metabolites starts commonly with cultivation and extraction of bacteria. As
now commonly known, not all bacteria can be easily isolated and cultivated under laboratory conditions
but it is also a question of practical cultivation effort and of sampling new or less investigated
ecosystems to find and isolate hereto uncultivated bacteria [127-129]. It is possible to isolate specific
bacterial genera that are known for their capacity of secondary metabolite synthesis (such as
actinobacteria and myxobacteria) [129-132]. To isolate bacteria and get them into culture is just the first
prerequisite to yield secondary metabolites; the second one is to trigger the production of secondary
metabolites, which is not always a trivial task. One strategy can be the OSMAC (one strain many
cultures) approach where culture conditions are varied [133] another one is co-cultivation of the bacteria
of interest with other microorganisms [134,135]. To test for bioactivity and finally for isolation of
compounds, the cultures are often extracted using liquid-liquid phase or liquid-solid phase extraction.
The fermentation broth or extract of bacteria finally is the starting material for the subsequent

biodiscovery-process.

5.2 High performance liquid chromatography

High Performance Liquid Chromatography (HPLC) is a technique for separating analytes according to
their physicochemical properties. For separating the analytes, a mobile phase (liquid) and a stationary
(solid) phase are used. In principle, HPLC is employing the same basic chemical principle as manual
column chromatography or thin layer chromatography. One reason for the high chromatographic

resolution in HPLC when separating the analytes is the small particle size of the stationary phase of
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around 5 um (down to 2.5 pm) which results in a high pressure (upper instrumentation and column
pressure limit of commonly ~ 400 bar, maximal 600 bar) under which the mobile phase is pumped
through the stationary phase. In the most common chromatographic experiments, the analytes are

separated according the following molecular properties:

1. according to their polarity (normal phase and reversed phase (NP/RP) chromatography)
ii.  according to their molecular weight (size exclusion chromatography, SEC)
iii.  according to their charge (cation/ anion exchange chromatography CEX, AEX)

iv.  according to affinity (affinity chromatography)

In HPLC instruments, the principle of chromatographic separation is automated. A theoretical setup of
an HPLC system is given in Figure 14, the function of the whole system is essentially to apply (load)
the sample onto the column and to pump solvent, mostly as a gradient of two solvents, trough the
column. The column is the compartment where the analytes get separated. The analytes eluting from the
column (eluents) are commonly detected by a DAD or other kind of UV/Vis detector. Other detector-
types may be employed as well, such as a refractometer or a mass spectrometer using electrospray
ionization. For preparative HPLC the eluents are collected by a fraction collector either continuously or
triggered by a signal (e.g. retention time, UV/Vis detector, MS (m/z) signal). The coupling of HPLC
systems to a mass spectrometer is a very powerful technique not only for analytical setups but also for
preparative applications. Because of its high resolution when working with complex mixtures of organic
molecules, RP-HPLC is commonly used for analysis and for preparation of natural products. Resolution
in the context of chromatography means the separation of analytes represented by their respective peaks
in a chromatogram. A seperation is given when two analytes are separated, which means the two peaks
are separated either by baseline or by given Rayleigh-criteria. The more similar the molecules are that
can be separated (e.g. difference in one double bond or chiral separation), the higher the
chromatographic resolution is. For RP-HPLC a matrix, commonly silica, is functionalized with nonpolar
functional groups such as C8 (R-(CH»)7;-CH3), C18 (R-(CH»)17-CHz), or fluorophenyl groups, just to
mention a few. The stationary phase is thereon apolar while the mobile phase (MP) is polar (water/more
polar solvent) and changing its composition in a gradient, from example 100% of aquatic MP (A) to
100% of organic MP (B), e.g. acetonitrile. Importantly the two components have to be miscible.
Throughout the gradient, the composition of MP changes and its elutive effect increases (for instance
trough a lower polarity or a higher pi-electron share in the organic MP (B)), which elutes analytes
gradually from the column. The analytes elute when their dissolvation is preferred over their interaction

with the column material. To improve the separation of analytes according to their polarity, the mobile
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phase (A+B) is commonly acidified (commonly formic acid or trifluoroacetic acid) for protonation of
functional groups. The charge of functional groups can alter the polarity of an analyte, when protonated
trough a low pH of the MP, this effect is suppressed. The peak shape is improved by constantly

protonating the analytes and silanol groups on the stationary phase.

Ultra high performance liquid chromatography (UHPLC) is an improvement of HPLC where columns
are used that are packed with a solid phase that possesses a particle size smaller than 2 pm [136]. This
causes an increased pre-column pressure. Therefore, UHPLC systems have a higher pressure limit of up
to 1200-1400 bar [136,137]. For the analyst the setup results in a better separation of the analytes (through
narrower peaks) in a given time, UHPLC is therefore very suitable to analyse complex mixtures, such
as extracts of bacterial cultures, plants and other organisms. Detectors, such as DAD or MS detectors
have to have an appropriate data collection rate for UHPLC systems. This applies especially to MS

detectors that need to have an appropriate scan rate [136,138].
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Figure 14: HPLC system for natural product isolation (simplified). The depicted system shows a HPLC system
equipped with a gradient pump, auto sampler, fraction collector, instrument PC (IPC), UV/Vis and MS-detector. The
isolation guided by mass spectrometry enables the operator to specifically isolate compounds that were identified
by high resolution MS. The solvent-flow is depicted in black and the electronic control/’signal-flow” in red
(simplified).

5.3 Mass spectrometry and dereplication

“A mass spectrometer is an instrument that generates a jet of gaseous ions out of a sample, separates
them by mass and charge and generates a mass spectrum” [139]. In Figure 15, a schematic mass
spectrometer (MS) is shown. In a MS the molecules in a sample are ionized and the ions are accelerated
in an electrical field. Thereafter the ions are separated according to their mass to charge ratio using e.g.

Time of Flight (ToF) or quadrupole mass filters. Thereafter the separated ions are detected and
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transformed into a signal. The signal output is given as an m/z value (mass per charge). It is the mass of
an ion in u divided by its charge, which is commonly plus/minus one for small molecules, but even in a
mass range <1000 u double charged (bivalent) ions occur frequently. Those bivalent ions can easily be
identified by their isotope distribution, when the isotope signals (called isotope satellites) of an analyte

are not distinct by full numbers (n x m/z unit) it indicates a bivalent (or higher) ion [139].
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Figure 15: Schematic function of a mass spectrometer. To the right the ion source is generating ions that are
accelerated in an electric field (in this example by ES-ionization, see Figure 16). The analyzer, e.g. quadrupole, is
separating the ions according to their charge and mass and the detector (electron multiplier) detects the separated
ions. Separation in the analyzer is done by distraction in electromagnetic field, ions with different molecular weights
but the same charge will be distracted according to their m/zvalue. In order to enable the ion-beam to move through
the instrument it has to be evacuated. Adopted from [140].

For natural product scientists the coupling of an HPLC to an electrospray mass spectrometer is a
powerful technique because it enables the separation of a complex mixture and mass spectrometric
analysis of the metabolites. The m/z value reveals the molecular weight of an analyte and with high
resolution MS data calculation of its elemental composition is possible. The technique that enabled
HPLC-MS coupling is electrospray ionization (ESI). Primarily electron impact ionization (EI) was the
“state of the art”, commonly coupled to gas chromatography for separation of complex mixtures.
However, for EI analytes need to be volatile (at elevated temperatures) and it is not directly compatible
with HPLC due to the need for removal of the HPLC solvents. Electrospray ionization is however
capable of ionizing the eluents in a mobile phase, its principle is shown in Figure 16 and its function is
described below. ESI is capable of generating positive and negative ions, some analytes ionize (only) in
positive ESI mode (proton accepting groups) and some (only) in negative ESI (proton donating groups)
mode [141], because of the different functional groups that are often present in natural products
commonly ionization on both modes but also increased ionization in one can be observed. In EI
ionization the molecules in gas phase get ionized by impact of electrons (~70 eV), the odd electron ions
generated in EI ionization often possess a high inner energy causing fragmentation of the ionized

molecule into fragment ions [142,143]. ESI ionization does rarely cause fragmentation, which is on one
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hand desirable to obtain the molecular weight of an analyte [141]. On the other hand, fragmentation can
provide valuable information; common fragments can indicate chemical groups (e.g. glycosylation,
sulphate) or identify related molecules. Fragments are also helpful in dereplicating molecules where
there are many structures for a certain elemental composition. Searching databases using mass
spectrometric (i.e. elemental composition and fragments) data is a common workflow in identification
of analytes and dereplication of natural products [143]. Fragmentation using ESI-mass spectrometry can
be achieved by using tandem mass spectrometers where a collision camber filled with (inert) collision
gas (commonly N, or Ar) is placed between two mass analyzers [143]. High resolution mass
spectrometry (HR-MS) is capable of measuring m/z values to an accuracy of 10 m/z units, enabling the
correct calculation of elemental formulas. Tandem HR-MS is therefore a valuable tool in analysing
complex mixtures of natural products since it delivers the exact mass [144] and it is capable of
distinguishing between molecules that are close in their molecular weight. The fragment data that is
acquired in tandem MS experiments, enables not only the identification of molecules, it can give

furthermore structural information that can aid structure elucidation [145].
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Figure 16: Electrospray ionization, adopted and changed from [139]. The purpose of ESl is to transform analytes in
solvent into gaseous ions that can be analyzed. Therefore the liquid is pumped trough a positively charged capillary.
At the end of the capillary drops form that disperse into smaller droplets, first, because of repulsion of the charges
and second because a stream of drying gas is evaporating solvent from the droplets and at the end of the process
a jet of gaseous ions can be directed to the analyzer. In addition, the ion source is heated up to increase the rate
of solvent evaporation. The charges get accelerated by the charge difference of the aperture generating an electric
field. In the figure, an ion source working in ESI+ mode is shown, generating positively charged ions. In ESI- the
charges and voltage in Figure 16 would be simply inverse, generating negative ions.

When an extract of an organism is identified as active, it is important to identify the possibly active
compounds within the mixture and prioritize them. Often the activity is caused by a compound that is
already known and therefore not worth to be isolated. HPLC-MS analysis of an extract provides a
solution for that problem, especially when coupled with database search for the identification of known

molecules [27,146]. Additional data for decision making in analytics and dereplication can be provided
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by a UV/Vis or DAD detector, which is commonly coupled to an HPLC [147,148]. It provides additional
information and can either confirm or invalidate a potentially identified molecule according to published
UV/Vis spectra or UV/Vis active functional groups. To compare the data of active and inactive fractions
of an extract can also help to conclude on the possibly bioactive compounds. However, dereplication is
a complex task that is implemented in the bioprospecting workflow, exemplified by the one described

in chapter 4.4.

In order to be certain about a compounds identity, it can be necessary to isolate a candidate and take a
first NMR spectrum, maybe insufficient for structure elucidation but enough to decide if the compound
is most likely known. It can also be a viable strategy to isolate a small sub-mg quantity of a candidate
compound just to confirm its bioactivity using the assay where the extract was active. This is a viable
strategy especially when exclusively looking for bioactive compounds. To quote my supervisor ESPEN

HANSEN, dereplication is about “reaching a certain degree of certainty”.

5.4 The bioprospecting workflow

A bioprospecting workflow for bioassay-guided bioprospecting is exemplified in Figure 17. When
detecting that a certain extract has bioactivity, the first thing to be checked if there is a known metabolite

responsible for the bioactivity during dereplication [27,146].

. novel compoun
active oo?bicc?acfht/)il:y - e
Extraction and Bioactivity Dereplication Isolation of |solated
prefactionation screening known \ compound(s) | s\ compound
inactive — )
et e compound/
v
termination termination

Figure 17: Bioprospecting workflow using bioassay guided purification [149].

The isolation of a natural product can be done guided by bioactivity (bioassay guided purification) or
using chemical assays, e.g. mass spectrometry (looking for certain diagnostic fragments) or chemical
assays to detect for instance siderophores [150,151]. One can decide upon a mass spectrum of a
compound to isolate it because it shows interesting chemical composition such as halogenation or e.g.
fragments that indicate similarity to other compounds of interest. Finally, it is a combination of initial

extract bioactivity screening, screening of the isolated compound(s) for confirmation and mass
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spectrometry for identification and priorization of candidates that seems most promising for discovering
new bioactive metabolites *. Prefractionation of an extract before screening and dereplication can help

to reduce the complexity of the extract and to ease the identification of its active principle(s) [152].

Different bioassays and chemical assays are used in bioprospecting, and they depend on what one is
looking for (anti-cancer, anti-microbial or a specific target such as a receptor, kinase or an enzyme). But
especially for the initial screening of extracts one should consider that phenotype based assays (assays
based on whole cells/organisms, in HTS this applies rather for cell based assays) are more successful
than target based assays in delivering new “first in class” drugs [153]. When using cell (or animal) based
screens, the screen does not depend on a specific molecular mode of action, it will not discriminate
between all the possible mode of actions within the cell or animal. In target based screens there is just
the screened target that can be addressed by the potential ligand or effector [154,155]. However, for
developing follow up drugs (not first in class/ no new mode of action) for known targets, target-based

screens have been proven to be a suitable strategy [154].

* The strict separation into bioassay guided and chemistry guided purification is in my opinion more an
idealized model with little practical meaning. The workflow in Figure 14 is for example employing mass

spectrometry for derelpication, which is a genuine physical-chemical technique.

5.5 Structure elucidation

Structure elucidation of natural products is mainly done by nuclear magnetic resonance (NMR)
spectroscopy. 1D and 2D NMR experiments are the main techniques for structure elucidation of small
molecules in natural product chemistry. NMR relies on the nuclear spin of NMR active nuclei ('H, *C)
and their resonance to radiofrequency when their energy states are excited by a strong applied magnetic
field. The NMR spectrum enables the operator to conclude the electric environment and neighbouring
nuclei. There are plenty of experiments (pulse sequences) that can reveal the relative location and
connection of nuclei over one or more bonds or through space. A great advantage of NMR is the fact
that the method is not using up the sample, similar to taking up a UV/Vis spectrum in a photometer, the
sample can be regained. Improvements in NMR techniques and equipment enabled the structure
elucidation down to a sample size of 1 mg [156], optimal are 5-10 mg, generally depending on the size

and proton content of the compound.

To solve the structure of a molecule by NMR alone would be a difficult task without having additional
information provided by high resolution MS which is in particular the exact mass to calculate the
elemental composition of a compound. In addition to that, chemical techniques like hydrolysis and pre-

column derivatization can be used to reveal the building blocks of a natural product (e.g. an NRP) and
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the stereochemistry of the respective building block if a standard is available [157]. A technique that is
less frequently employed in natural product chemistry is X-ray crystallography. X-ray crystallography
relies ideally on a crystal of the respective molecule and commonly needs higher compound quantities
for structure elucidation than NMR, which can be critical in natural product discovery. In turn, it
provides the possibility to reveal the stereochemistry or even the identification of a molecules absolute

structure [144].

5.6 Genomics as a new tool in natural product research

During the last two decades, genome mining as a new tool was added to the toolset of natural product
scientists, particularly for bacterial bioprospecting. Tools like antiSMASH [158] enable fast and
convenient analysis of sequenced genomes for biosynthetic clusters [158]. Genomics do of course not
replace the isolation and final testing of a natural product. But identified biosynthetic clusters are an
indicator for where to allocate resources since they show if there is a genetic capacity to produce the
secondary metabolites one is looking for. The sequencing of the first whole genomes of Streptomyces
and others revealed that even in well-studied strains there are clusters for which the product is not
discovered yet [159]. An intrinsic advantage of genome mining is that it does not rely on the actual
production of the secondary metabolite, which maybe is not the case under (the selected) laboratory
conditions for cultivation of a bacterial strain [160]. Notably, the decrease in sequencing costs for whole
bacterial genomes is crucial for making genome mining widely applicable and paved the path for the
development in genome mining including the increasing number of sequenced microbial genomes and
biosynthetic gene clusters available [161]. Another strategy that does not rely on whole-genome-
sequencing is PCR- based screening (and sequencing of the PCR-product) for PKS and NRPS genes
using primers for highly conserved motives of those enzymes [159]. Once the biosynthetic potential of
a bacterium is known, it is possible to vary culture conditions or even attempt heterologous expression

of an identified biosynthetic gene cluster in order to yield secondary metabolites [162].

Thereon the present techniques for discovering secondary metabolites can be divided into two
subsections: The bottom-up and top-down approaches [160]. Top-down approaches start with an
organism or biomass as subject of investigation and represent the classical bioassay and/or chemistry
guided isolation, while bottom-up approaches start with genetic information. A schematic illustration is

given in Figure 18.
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Fundamental strategies in natural product discovery

Top-Down Bottom-Up
Approaches Approaches
Biomass, fermentation Natural product discovery
Extraction Sequencing
(bio)-assays Bioinformatic tools
MS-based Heterologous or
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Natural product discovery

Figure 18: Fundamental strategies in natural product discovery. The toolset of
natural product discovery divided in Bottom-Up approaches starting with
genetic information and Top-Down approaches which include the common
tools of bioprospecting such as chemical dereplication and bioassay guided
isolation. With inspiration of [160].

The distinction between two fundamental strategies as illustrated in Figure 18 should however not lead
to percept them separately, as two independent silos. It is merely to illustrate the two different underlying
principles. The task of a scientist is to select the most appropriate methods of the two strategies that are

complementing each other to solve a given problem.

6 Aim of the work

The aims of this work were:
i.  Discover new, ideally bioactive bacterial secondary metabolites.
1.  Discover unknown bioactivities of known metabolites.

iii.  Investigate the mode of action and natural function of discovered metabolites, if
possible.

iv.  Investigate the biosynthesis of the metabolites using genomic methods, if possible.
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7 Results and discussion of the work

7.1 Summary of papers

Paper |

Anti-Bacterial Effect and Cytotoxicity Assessment of Lipid
430 Isolated from Algibacter sp.

Yannik K.-H. Schneider, Kine @. Hansen, Johan Isaksson, Sara Ullsten, Espen H. Hansen and Jeanette
Hammer Andersen.

Molecules, 2019, 24, 3991.

Two the extracts of two bacterial isolates, both belonging to the genus Algibacter sp., where showing
anti-microbial effect in an initial screening. Cultivation, extraction, fractionation and retesting
confirmed the hit of the initial screening. The fact that there was no bioactivity reported from Algibacter
sp. gave additional motivation to investigate the extracts of the strains. Dereplication of the active
fraction resulted in the identification of a molecule with m/z 431.3112 ([M + H]*). The candidate, with
the elemental composition of C22H4:N2Os, was isolated and structure elucidation via NMR proved it to
be lipid 430 (see Fig. 19), a short lipopeptide that is known for being a toll like receptor two agonist and
virulence factor originally isolated from Porphyromonas gingivalis. The study revealed an anti-
microbial effect against Streptococcus agalactiae with an ICso concentration of around 30 uM. The lipid
had an anti-proliferative effect on a melanoma cell line, which was relatively weak (50% inhibition of
cell growth at ~ 175 uM). Given its amphiphilic structure, the hypothesis was that the effect was caused
by lysing the cells which we investigated using propidium iodide-staining and flow cytometry, a way to
measure the membrane integrity of human cells. The results indicate that the compound is not acting as

detergent, not directly affecting the membrane integrity of the melanoma cells.

Figure 19: Structure of lipid 430
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Paper Il

Bioactivity of Serratiochelin A, Produced by Serratia sp. in a

co-culture with Shewanella sp.

Yannik Schneider, Marte Jenssen’, Johan Isaksson, Kine @. Hansen, Jeanette Hammer Andersen and
Espen H. Hansen.
Microorganisms, 2020, 8, 1042.

 Those authors contributed equally to the article

Serratiochelin A is a siderophore exclusive to the genus Serratia sp. During investigation of UHPLC-
MS data of bacterial extracts, one isolate appeared to produce a compound with m/z = 430.1594. The
compound was produced in DVR1 medium but not in same medium supplemented with 160 uM Fe in
form of FeSO,. Serratiochelin A was isolated from the culture. The degradation of serratiochelin A to
serratiochelin C (hydrolysis of its oxazoline ring, see Figure 20) made it necessary to adapt the
purification protocol that enabled separation without acidified mobile phase. The structures of
serratiochelines A-C, their ability to chelate iron and the liability for hydrolysis of serratiochelin A was
already published. However, there was no further investigation of bioactivity done on serratiochelines,
maybe partly owed to its chemical properties. While serratiochelin C did not show any bioactivity,
serratiochelin A had an anti-bacterial effect on Staphylococcus aureus but not on the other tested bacteria
Escherichia coli, Enterococcus faecialis, Streptococcus agalactiae and MRSA. Serratiochelin A had
also an anti-proliferative effect on lung fibroblast cells and melanoma cells, while serratiochelin C had
none. The two molecules have different bioactivities, despite their high structural similarity. The mode
of action is uncertain since serratiochelin A affects specifically S. aureus but none of the other tested
bacteria. It also affects proliferation of the tested human cell-lines where it affects the lung fibroblasts

little more than the melanoma cells.
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Figure 20: Structures of serratiochelin A (left) and C (right).
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Paper Il

New suomilides isolated from Nostoc sp. KVJ20, bioactivity
and biosynthesis

Yannik K.-H. Schneider, Anton Liaimer, Johan Isaksson, Kine @. Hansen, Jeanette Hammer Andersen

and Espen H. Hansen.

The Nostoc sp. isolate KVJ20 was isolated from a liverwort originating from Kvalgya, Tromsg,
Norway. UHPLC-MS dereplication of a methanol extract of the cyanobacterial biomass
revealed four banyaside/suomilide-like compounds present in the extract with elemental
compositions of CzHeNsO19S (Mmi 978.39 u), C41HesNsO10S (Mmi 1006.42 1), C43HesNsO20S (M
1048.43 u), and C45sH72N3O2S (Mmi 1076.46 u). The molecules were isolated via preparative HPLC and
two of their structures were elucidated by 1D and 2D NMR experiments. The structures are given in
Figure 21. The structure of S-1006 was proposed upon HR-MS data and we speculate that S-1048 is the
previously isolated suomilide A. The molecules turned out to possess the same aglycon as suomilide
and differed in the modification of their glycon. The structures showed a highly modified peptide
azabicyclononane aglycon, sulfated and glycosylated. The glucose glycons were esterified with short
fatty acids and aminoformic acid in different patterns. The modifications of the glycon characterize the
respective suomilide. The molecules were tested for biological activities, and since they represent
complex chemical entities produced by the same organism, they are expected to have biological
function(s). At concentrations up to 100 uM the suomildes had no effect on the biofilm formation of
Staphylococcus epidermidis or on the growth of the bacteria Escherichia coli, Enterococcus faecalis,
Staphylococcus aureus, Streptococcus agalactiae or MRS A. Furthermore the compounds did not have
any effect on human melanoma cells and a human lung fibroblast cell-line. However, a weak effect on
myeloma cells was detected at 100 uM for two of the suomilides. It was in combination with 1% DMSO
as solvent, which had already an effect on the cell line as shown by a control. Since the structurally
similar banyasides where reported to inhibit enzymatic activity of trypsin a trypsin-inhibition assay was
executed with negative outcome. The assumed biological function of the suomilides being complex

secondary metabolites remains therefore unknown.

The published genome of KVJ20 enabled us to propose and investigate the biosynthetic gene cluster for
for suomilides, which are possessing the characteristic azabicyclononane core. Interestingly the
proposed cluster contains merely genes similar to those found in the biosynthetic clusters of aeruginosin

(BGC0000297) and saxitoxin (BGC0000887).
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Appart from the trypsin inhibition of banyasides there was no bioactivity of suomilides or banyasides

reported. The testing of suomilides suggests that their function is neither cytotoxic nor anti-bacterial,

biofilm-inhibition or inhibition of trypsin. Interestingly, the suomilides with their distinctive

azabicyclononane core structure are product of a biosynthetic cluster that comprises parts of aeruginosin

and saxitoxin gene clusters but it synthesizes a chemical structure with significantly differing structural

attributes.
H,N
A J=NH
N
N
O.. _NH
o~ o)
H H
B R
o o OH >:o
0-§-0 O
OH
o. O
O/
=
~0 0

H,N_ O
hig
o

1: R= hexanoic acid, R’= butyric acid
2: R=-H, R’=butyric acid
3: R=hexanoic acid, R’=-H

N O
w?l)k/\

butyric acid

O NH
o~ W ’

N O
H‘\H/ W)\N " M
o o w OH O%o %

(@] :SIZO hexanoic acid
OH
0__0 _R™ o
(@] )J\
R % NH,
(0] OH
carbamic acid
(0]
R~

4: R=isoleucine, R’= hexanoic acid , R”’=-H, R’>’= hexanoic acid
5: R=leucine, R’= hexanoic acid, R’’= carbamic acid, R**’=-H
6: R=leucine, R’=-H, R*’=-H. R’"’=hexanoic acid

Figure 21: A: Structures of the compounds isolated within this study. Suomilide B (1), C (2) and S-1006 (3)
(proposed structure upon HR-MS data). B: Structures of the known compounds suomilide A (4) and the banyasides
A & B (5 & 6). Banyasides posess a leucine were suomildes posess isoleucine. The banyasides and suomildes are
characterized by the modification of their glycon via esterification with carbamic acid, hexanoic acid and/or butyric

acid respectively.
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7.2 Discussion and conclusion

All three papers have the common subject of isolation of bioactive or new molecules from bacteria. The
basis for the project was a selection of Arctic marine bacteria that were randomly isolated from sediment,
sea water and macro-organisms. The first two papers have marine bacteria as subject while Paper I1I is
about molecules isolated from a terrestrial Nostoc sp. isolate. The project, as initially planned, started
with fifteen bacteria that were isolated from different Arctic marine sources with the aim of discovering
new bacterial secondary metabolites in those strains. The bacteria were cultivated (using four different
culture media), extracted and pre-fractionated into six fractions in an earlier work. Those fractions were
tested in anti-cancer and anti-microbial assays and some yielded bioactivity at concentrations of 25-50

pg crude extract fraction per mL, and were selected for further investigation.

From of this set of extracts of 15 bacterial strains, it was possible to identify lipid 430 as active principle
in two extracts of two different Algibacter sp. strains. This was, to the best of my knowledge, the first
report of a bioactive secondary metabolite isolated from the genus Algibacter. The fact that there was
no reported bioactivity from Algibacter sp. was additional motivation to investigate the two hits of the
two strains. It was therefore interesting that there were two hits from two different Algibacter strains.
Bioassay testing of the pure compound revealed that lipid 430 had a weak anti-bacterial effect and a

very weak anti-proliferative effect on melanoma cells not sufficient for any further investigation.

During the investigation of the Arctic marine isolates, we found that one of the isolates produced the
siderophore serratiochelin A. We discovered the production by a co-culture, but not by an axenic culture
of Serratia sp. The degradation of serratiochelin A to C in presence of acid was a major problem for
obtaining a pure sample of serratiochelin A. However, it was possible to get a sufficiently pure sample
of serratiochelin A by using FLASH liquid-chromatography, to use for bioactivity-testing.
Serratiochelin A had an effect on human lung fibroblast and human melanoma cells. Among the tested
bacteria serratiochelin A had an anti-bacterial effect on S. aureus. We also tested serratiochelin C, the

degradation product of serratiochelin A, which had no bioactivity.

The investigation of the marine bacteria did not result in the identification of new molecules. However,
it resulted in the identification of unknown bioactivities of known molecules. The previous investigation
of serratiochelin did not go beyond chemical characterization, maybe also due to its chemical instability

and lipid 430 was not assayed against bacterial cells and cancer cells before.

My initial knowledge about bacteria and their biosynthetic potential was limited. I have come from the
chemical side being most interested in the task of identifying and isolating the active principles in order
to elucidate their structures. The work with the 15 active fractions was then ending up in terminating

one after the other because it was in some cases not possible to assign candidates for isolation and it
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seemed to be unspecific activity caused by bacterial metabolites, according to our analysis most likely
lipids. In many cases, especially for Pseudomonas-strains, it was possible to dereplicate and identify
rhamnolipids being most likely the cause of bioactivity [163,164]. Those lipids have already been
isolated by a colleague in the same experimental and analytical setup [165], therefore their identity was

unambiguous.

By acquiring more knowledge in the field of microbiology, in particular microbial bioprospecting, the
observation described above made more and more sense to me. The bacteria I had selected were from
genera that are not known for being prolific source of secondary metabolites. There were only a few
actinobacteria available in the selection, regardless of looking for bacteria that have produced active or
inactive extracts. When searching for bacterial secondary metabolites, the process starts with the
isolation of the right bacteria. The most promising bacterial producers, actinobacteria as well as
myxobacteria, would require specialized isolation procedures. Of course, there is the argument to
employ a higher number of different cultivation conditions for the 15 selected strains in order to test a
broader spectrum of conditions under which the bacteria could produce other metabolites which is called
the OSMAC approach [133]. But the number of conditions to be tested would increase the effort
exponentially, conditions like carbon and nitrogen source, trace elements, salinity, pH or temperature
can be varied [166,167]. The effort is then not only limited to the cultivation itself but also to the labour
and material spent on extractions and the subsequent bioassays and chemical analysis that increases with
the number of cultivation conditions. Such a resource intensive process should therefore be spent on
strain collections that have high biosynthetic potential or a high potential for novelty because they

possess unknown gene-clusters or biosynthetic genes.

It is of course possible to find bioactivity in other bacterial genera than those three mentioned in chapter
3. In areview by SCHINKE et al. for instance, the anti-bacterial compounds isolated from marine bacteria
between 2010 and 2015 were summarised [168], and the results are shown in Table 3 below. In addition
to the actinobacteria, bacilli and y-proteobacteria were also producers of anti-microbial secondary
metabolites. The cut-off in this study was set at MIC < 20 pg/mL of the respective compound in the
respective assay [168]. It is important to note that the bacilli produced mostly short linear lipopeptides,
macrolactins and gageomacrolactins as well as one antibacterial protein. The structural variety of anti-
bacterial small molecules within the bacilli is, based on that data, rather low. Bacillus and also
Pseudomonas are both well studied and known for producing lipopeptides [84]. But lipopeptides often

have rather unspecific bioactivity, mostly affecting the integrity of cell-membranes [84,169].
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Table 3: Number of antibacterial compounds from marine bacteria reported 2010-2015 [168].

Producer: Active New New compounds Known
compounds compounds active against Gram compounds with
negative bacteria. novel activity.
Actinobacteria 36 27 7 9
Bacilli 12 12 12 -
v-proteobacteria 4 3 3 1
total 52 42 22 10

For me there are two revealing insights when it comes to the production of secondary metabolites by
bacteria. First, the study of DONADINO et al. linking the genome size of bacteria to their biosynthetic
potential. Second, the rather complex life cycles and morphologies of actinobacteria, myxobacteria and
cyanobacteria (chapter 3) seem to indicate biosynthetic potential of bacteria. This thought evolved
particularly throughout a discussion with my colleague and fungi expert TEPPO RAMA, since fungi are
also source for secondary metabolites (e.g. cyclosporine, penicillin) and show morphological similarities
with the mentioned bacteria. I just know two examples of the observation that thiotemplate systems
(NRPS and PKS) are not or seldom present in genomes having a size below 3 Mb. One of them is an
isolate belonging to the Micrococcaceae having a 2.7 Mb genome [170] and the other one is an obligate
symbiont with a genome of about 2.3 Mb [171]. It seems that genome size is a very robust indicator for
biosynthetic potential or more precise: A small genome size is a very robust indicator for no biosynthetic

potential (considering NRPS and PKS).

During the project, a strain of cyanobacteria provided by ANTON LIAIMER was included in our
investigations. The draft genome of the bacteria Nostoc sp. KVJ20 [172] was already published which
enabled the investigation of its biosynthetic clusters [173]. UHPLC-MS investigation of the
cyanobacterial extract was then identifying four, most likely suomilide-like, molecules that were
isolated. Structure elucidation confirmed that one of the molecules is suomilde and the other three are
new variants. The suomilides were tested in anti-proliferative, anti-bacterial and anti-biofilm bioassays
at concentrations up to 100 pM without considerable bioactivity. Inhibition of trypsin-activity was also
tested since the structurally closely related banyasides were reported to inhibit trypsin, which is not the
case for the suomilides. Upon correspondence with CORINNA SCHINDLER, who synthesized the core of
the aglycon and nominal banyaside B [174,175], it was problematic to dissolve the compounds which
prevented further bio-testing. A potential explanation for the observed protease inhibiting activity of the

banyasides could also be trace amounts of other protease inhibitors within the preparation [176]. The
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proposed biosynthetic cluster for the suomilides consists merely of genes that are involved in

aeruginosin and saxitoxin synthesis [177-179].

Another two molecules, probably yet unknown alkylresorcinols [180], were also identified in an ethyl
acetate extract of KVJ20 and are awaiting to be isolated. The discovery of new molecules in KVJ20 was
on one hand the confirmation for the suitability of our MS-based dereplication strategy. The
identification of unknown molecules via elementary composition and fragments was straightforward
and beside that, it increased my certainty that there were no unknown secondary metabolites to be found
in the other bacterial extracts that were investigated in the beginning of the project *. On the other hand,
and not surprising to me, KVJ20 is a further example for the biosynthetic potential of bacteria with large
genomes, complex lifecycles and morphology. Its genome of 9.2 Mb belongs to the larger bacterial
genomes and its filamentous morphology is also in compliance with the hypothesis outlined in chapter

3.

Based on the above, the practical experience throughout my work and the background given in chapter
3.1 I came to the conclusion that bioprospecting for new molecules with anti-bacterial, anti-cancer, and
other bio-activity’s should be focussed on actinobacteria, myxobacteria and cyanobacteria if one is
looking for a “high hit rate of novel bioactive molecules”. To sample specifically the (deep) Arctic Sea
seems to be a very promising approach. Up to 2005, less than 3% of the known marine natural products
originate from the polar seas/cold waters [181], and less than 2% of the natural products described up to
2007 originate from deep sea samples [182]. The strategy to sample the deep Arctic Sea seems to be still
a rational approach taking into account that the oceans cover 70% of Earth’s surface and 95% of the
oceans are deeper than 1000 m. This indicates that the deep sea was previously neglected in
bioprospecting efforts or less available due to technical limitations. However, sampling the deep Arctic
Sea needs to be combined with an approach to isolate specifically the bacterial genera that are known
to be prolific producers of secondary metabolites, which will certainly increase the output of our
bacterial bioprospecting. The random sampling of marine bacteria is definitely not recommendable from
the viewpoint of efficient bioprospecting. In addition, marine macroorganisms and invertebrates can be
a source for bioprospecting, not only for new molecules but also for isolation of bacteria [53,183]. The
experimental findings in this project, as well as in the literature [168,184] support that the marine
microbes do not evade the rules we observed for terrestrial ones when it comes to select genera for

bioprospecting.

* An analogy that is frequently used to describe the task of dereplication is “to find the needle in the haystack”
[27]. One can imagine that this task will become very frustrating if nobody told you that there is no needle

within the haystack(s).
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7.3 Further work and outlook

The work on lipid 430 is finished because of insufficient bioactivity. The anti-proliferative activity of
serratiochelin A is an interesting observation since the structurally quite similar serratiochelin C did not
have bioactivity at all. The question remains if serratiochelin A is simply a better chelator having higher
affinity to iron and is causing iron deprivation. Another mode of action is also a possibility. The fact
that serratiochelin A has such a specific effect on Staphylococcus aureus questions the hypothesis of
anti-bacterial effect by iron chelation. Further knowledge about the bioactivity, mode of action and
structure-activity relationship can be investigated since we are able to produce and isolate both
molecules in sufficient quantities (> 30 mg). Oxazoline and oxazole are privileged structures and are
present in many molecules with anti-proliferative effect, and the hydrolysis of the heterocycle is the
only difference between the bioactive serratiochelin A, having the bioactivity and inactive serratiochelin
C [185,186]. The effect of serratiochelin A on other S. aureus isolates will be investigated in further

studies, as well as the testing against other cancer cell lines than those tested.

The suomilides are chemically complex molecules having a set of functional groups that range from
guanidine to sulphate and possess glycosylation. In our bioassay testing, we were not able to find a
bioactivity that could indicate a function of the molecules. The biological function of the suomilides is
therefore not revealed yet and they seem not to be protease inhibitors as originally reported for the
structurally closely related banyasides. It remains a question if the observation of no bioactivity could
also be caused by bad bioavailability of the suomilides or if their biological role is very different from

what we have tested.

The findings regarding the poor yield of novelty from our previously collected bacteria will be
implemented within the next research cruise in August 2020 in form of the specific isolation of
actinobacteria. The specific isolation of this genus is a strategy that is properly supported by published

data and a robust theory is explaining its biosynthetic potential.
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Abstract: Two bacterial isolates from the Barents Sea, both belonging to the genus Algibacter, were
found to yield extracts with anti-bacterial bioactivity. Mass spectrometry guided dereplication
and purification of the active extracts lead to the isolation of the same active principle in both
extracts. The structure of the bioactive compound was identified via mass spectrometry and nuclear
resonance spectroscopy and it turned out to be the known lipopeptide Lipid 430. We discovered and
determined its previously unknown anti-bacterial activity against Streptococcus agalactiae and revealed
a cytotoxic effect against the A2058 human melanoma cell line at significantly lower concentrations
compared to its anti-bacterial concentration. Flow cytometry and microscopy investigations of the
cytotoxicity against the melanoma cell line indicated that Lipid 430 did not cause immediate cell lysis.
The experiments with melanoma cells suggest that the compound functions trough more complex
pathways than acting as a simple detergent.

Keywords: flavolipin; marine bacteria; natural products; lipopeptides; algibacter

1. Introduction

The genus Bacteriocides represents the second most abundant bacterial phylum within the
marine heterotrophic picoplankton [1]. Bacteriocides, to which Flavobacteria belong, have the enzymes
required to degrade proteins and carbohydrates [2], and play an important role in the degradation
of organic matter within the marine environment. Remarkably, the observation of the abundance
of marine Flavobacteria and the hypothesis that their presence is linked to their ability to degrade
algal polymers dates back to 1946 [3]. Within the Flavobacteriaceae family, the genus Algibacter
was erected in 2004. It represents a taxon of rod-shaped, facultative anaerobic, Gram negative
bacteria, unable to form endospores [4]. Its first representative, Algibacter lectus, was isolated from
green algae and described in 2004 by Nedashkovskaya et al. [4]. Further representatives have been
isolated from seawater [5,6], invertebrates [7] and from algae or in close proximity to them [4,8-10].
Algibacter alginolytica was isolated from a brown seaweed (Laminaria japonica). Sequencing and
genomic analysis revealed that it has the highest proportion of carbohydrate-active enzymes (~7.5%)
among the Flavobacteria. The bacterium was shown to hydrolyze Tween 20, Tween 40, Tween 60,
Tween 80, galantine, alginate and starch, which indicates the ecological significance of Algibacter in
breaking down algal biopolymers [10]. As part of this work, a lipopeptide known as Lipid 430 (1,
Figure 1) was isolated. A novel serine dipeptide lipid, Lipid 654 (2, Flavolipin, Figure 1), was first
isolated from Flavobacterium menigosepticum in 1988 [11,12]. F. menigosepticum is an opportunistic
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pathogen able to cause neonatal meningitis and nosocomial infections in immunocompromised
individuals [13]. Stereo-controlled synthesis of 2 and bioactivity testing revealed that its observed
macrophage activating effect [14] is triggered stereospecifically by the L-serine dipeptide lipid
N-[N-[(3R)-15-methyl-3-(13-methyltetradecanoyloxy)hexadecanoyl]glycyl]-L-serine, showing the same
bioactivity as natural 2 [12]. An early investigation suggested that 2 was a Toll-like receptor 4 ligand [15],
but recent investigations have shown that it acts as ligand on human and murine Toll-like receptor
2 (TLR-2) [16]. Compound 1 (Figure 1) is also shown to trigger TLR-2 [16]. The structures of both
lipids (Figure 1) have been verified by total synthesis [17]. In the previously mentioned study, 1 and
2 were isolated from Porphyromonas gingivalis. The pathogen is reported to be a virulence factor in
destructive periodontal disease, and lipids, such as dihydroceramides, have been shown to be involved
in TLR-2 mediated inflammation and inhibition of osteoblast differentiation [18,19]. Compounds 1 and
2 also inhibit osteoblast differentiation and function. Notably, the effect of 2 is mediated trough TLR-2
while the effect of 1 on osteoblasts is only partly mediated via TLR-2, indicating another target for 1 in
osteoblasts beside TLR-2 [20]. Due to that, serine-dipeptide lipids, together with sphingolipids, are
suggested to be virulence factors of P. ginvialis [21]. Interestingly, all those lipids likely to be virulence
factors share the attribute of an isobranched aliphatic fatty acid as a common feature, but they have
a large degree of variation in the head groups [21]. It has been shown that 1 and 2 are produced by
commensal oral and intestinal bacteria of the Bacteroidetes phylum, and they can be detected in human
tissue samples [22]. Notably, 2 is stereospecifically deacetylated by phospholipase 2, yielding a free
fatty acid and 1 [17,23].
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Figure 1. The two serine dipeptide lipids Lipid 430 (1) and Lipid 654 (2), according to [16].

In the present study, we investigated two marine Algibacter sp. isolates for anti-microbial and
anti-cancer activities. Dereplication of the bioactive extracts revealed that both contained the same
unidentified compound and the purification of the compound led to the isolation and identification of
the lipopeptide 1 from both Algibacter strains. The previously unknown anti-bacterial effect against
S. agalactiae was investigated and its cytotoxicity against lung fibroblasts and two cancer cell lines
was assessed.

2. Results

2.1. High Troughput Screening and Identification of the Strains

Through an in house high-throughput screening campaign where marine microorganisms were
cultivated, extracted, fractionated and screened for potential anti-cancer and anti-microbial activities,
two strains showed anti-microbial activity. Sequencing of the 165 rRNA and nucleotide blast against
16S ribosomal RNA sequences revealed that the strains M09B557 and M09B045 belong to the genus
Algibacter (Sequences in Appendix A). Strain M09B557 was isolated from the bryozoan Alcyonidium
gelatinosum and strain M09B045 was isolated from a soft coral commonly called “sea strawberry”
(Gersemia rubiformis), both sampled in the Barents Sea.
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2.2. Bioactivity Screening and Dereplication

The strains were recultivated in three 300 mL cultures each to produce sufficient material for
confirming the bioactivity detected in the previous high throughput screening campaign. The raw
extracts were fractionated into six fractions using reversed phase flash liquid chromatography and
subsequently tested in cell-based anti-microbial and anti-cancer assays. At concentrations of 200 and
100 pg/mL, respectively, an anti-bacterial effect of fraction five from both extracts against Streptococcus
agalactine was detected (see Figure 2), while no cytotoxic effect was observed against A2058 melanoma
cells at a concentration of 200 pug/mL. The six flash fractions from each extract were analyzed using
UHPLC-HR-MS, and the active fractions five were compared with the “flanking” inactive fractions
four and six in an attempt to identify the component(s) responsible for the observed bioactivity. By
comparing the MS data of the active fraction with the flanking fractions it is possible to identify
compounds that are only present in the active fraction or there in the highest abundance. In addition,
extracts of the growth media were prepared according to the same protocol as used for bacterial
cultures. The media references were fractionated and analyzed via UHPLC-HR-MS to be compared to
the extracts in order to exclude media-components present within the bacterial extracts. Compounds
that were unique to the active fraction or present in higher amounts than in the inactive fractions,
were further investigated by calculation of elemental compositions, and along with the MS-fragments,
they were used for database searches. Using this approach, we were able to identify a candidate with
a positive ion mass of m/z 431.3103 and retention time of 8.28 min present in fraction five from the
extracts of both M09B557 and M09B045.

Antibacterial effect against S. agalactiae
0.4+

BN M09B045 (200 pg/mL)
[=3
& 0.2 3 M09B557 (100 pg/ml)
6]

0.1 |'|
0.0- T T T ll
1 2 3 4 5 6

Fractions

Figure 2. Anti-bacterial effect of the fractions generated by flash liquid chromatography from extracts
of the cultures of the two Algibacter strains M09B045 and M09B557. Note that the tested assay
concentrations are different for the two strains but the purpose of the test was to identify candidates for
isolation rather than quantitative comparison of bioactivity.

2.3. Isolation of Lipid 430

For isolation of 1, 16 X 450 mL of M09B557 and 12 X 450 mL of M09B045 were cultivated, extracted
and fractionated. The resulting flash fraction five from each extract was pooled, dried and dissolved
in DMSO (40 mg/mL) and then diluted 1:4 (v/v) in methanol. For the first HPLC-purification step, a
column with C-18 functionalized stationary phase was employed. Different gradients were used to
purify the target compound with fraction collection triggered by retention time. The collected fractions
were reduced to dryness by vacuum centrifugation and redissolved in methanol. For the second
HPLC-purification step a fluorophenyl column in combination with mass guided fraction triggering
was chosen. The final yields of the isolated compound were 1.7 mg from M09B045 and 2.3 mg from
MO9B557. The purities of the preparations were tested using UHPLC-HR-MS and the two samples
were pooled. The chromatograms (BPI and extracted ion chromatogram as well as Ajs4nm) of the
purity test are given in the Supplementary Information (Figure S1).
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2.4. Structure Elucidation via NMR and MS/MS Analysis

Through 1D (H, 13C, Table 1) and 2D (HMBC, HSQC, H2BC, COSY, Figure 3 and Figures 52-56
in the Supplementary Information) data recorded for 1, the compound was confirmed to be Lipid 430.
Due to significant overlap of the central CH, groups (13-CH, to 19-CH,), in agreement with what has
previously been observed for 1 as well as the ester-linked iso C15:0 variant of 1 [16], these methylene
groups could not be unambiguously assigned by NMR, though the integral sum of the unresolved
region was consistent with the expected number of contributing protons. Based on HR-MS/MS the
elemental composition was calculated to be CypHypN»Og (m/z 431.3112 [M + H]" in ESI+, caled 431.3121
and 429.2970 [M — H]~ in ESI-, calcd 429.2965). Taking the MS results and the NMR spectra together,
the proposed structure is the only conformation that fits both datasets.

Table 1. 'Hand 13C assignments for “Lipid 430 (1)” (see Figure 3) (*H 600 MHz, 13C 150 MHz, CD;OH).

Lipid 430 (1)
Position 8¢, Type 8y (J in Hz)
1 173.8,C
2 56.5, CH 4.47,dt(8.2,4.2)
3a 3.89,dd (9.3,5.2))
3b 63.2, CH, 3.82,dd (11.3,3.9)
4 7.99,d (7.8)
5 171.5,C
6a 3.98,dd (16.7,5.9) b
6b 43.6, CH, 3.89,dd (9.3,5.2) ©
7 8.31, t (5.9)
8 175.0,C
9% 2.40,dd (13.9, 4.1)
9b 448, CH, 2.33,dd (14.0, 8.8)
10 70.0, CH 3.98,dd (16.7,5.9) P
11 38.3, CH, 1.50-1.47, m
12 26.5, CH, 1.47-142, m
13 30.9-30.6 2, CH, 1.29,p (6.1,5.4)
14 30.9-30.6 2, CH, 1.29,p (6.1,5.4) ©
15 30.9-30.6 2, CH, 1.29,p (6.1,5.4) ¢
16 30.9-30.6 2, CH, 1.29,p (6.1,5.4)
17 30.9-30.6 2, CH, 1.29,p (6.1,5.4) ©
18 30.9-30.6 2, CH, 1.29,p (6.1,5.4) ©
19 30.9-30.6 2, CH, 1.29,p (6.1,5.4)
20 28.4, CH, 1.29,p (6.1,5.4) ©
21 40.1, CH, 1.16,q (7.1, 6. 7)
22 29.0, CH 1.56-1.50, m
23 229, CHj 0.87,d (6.6) 4
24 229, CHj 0.87,d (6.6) 4
a7¢ Signals are overlapping.
OH
A H o L3
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Figure 3. The structure of the isolated compound Lipid 430 (1) (A) and 2D-NMR correlations measured
from our isolated sample (B). In B, selected COSY correlations are indicated in bold bonds and selected

HMBC correlations are shown as arrows. The structure proposed upon the NMR data complies with
Lipid 430 (1).
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2.5. Anti-microbial effect of Lipid 430

Compound 1 was tested for anti-bacterial activity against S. aureus, E. coli, E. faecialis, P. aeruginosa,
S. agalactiae and Methicillin resistant S. aureus (MRSA) at concentrations of 50, 25, 10, 5,2.5 and 1 pg/mL,
equal to molar concentrations of 116, 58, 23, 12, 6 and 2 uM, respectively. The tests were conducted
twice, using two technical replicates in two independent experiments for S. agalactise. A significant
effect on S. agalactine and MRSA was observed, see Figure 4. The calculated ICsg of 1 against S. agalactiae
was 30 uM or 13 pg/mL respectively. At a concentration of 58 pM the growth of S. agalactine was
completely inhibited. For MRSA the ICsy was not determined as the highest tested concentration
of (1) (116 uM or 50 pg/mL) reduced growth by 38%. To test if the observed effect on S. agalactiae
was bactericidal or bacteriostatic, the 100 pL incubation volume of the growth assay for 58 tM 1 was
streaked out further on brown agar and incubated at 37 °C. No colony or sign of bacterial growth
was visible after 4 days of incubation (two technical replicates). There were no colonies formed after
incubation with the compound, which indicated that 1 exerted bactericidal effect against S. agalactiae at
a concentration of 58 pM.

1.5+ 1.5+ 8 S. agalactiae
O S agalactiae = MRSA
= MRSA
g 1.0-%% g 1.0+
& : &
o " o
-— ] -_
2 0.5- £ 0.5
O u}
0.0rrrrrrrrrrrrrrrrTr T 0.0 T T T T 1
0 50 100 150 0.0 0.5 1.0 1.5 2.0 2.5
Cuoen [UM] 10g 1o(Cuipao[WM])

Figure 4. Anti-microbial effect of Lipid 430 (1) on S. agalactiae (two technical replicates in two
experiments) and MRSA (two technical replicates). ICs for S. agalactiae was 30.16 uM using a sigmoidal
fit (Span + 0.91 uM; Degrees of Freedom 20; R squared 0.97; Adjusted R squared 0.97, Sum of squares
0.13). IC5g of MRSA is >116 uM and was not determined.

2.6. Cytotoxic Effect of 1

2.6.1. Cytotoxicity Assay

The effect of 1 was tested against three human cell lines, the melanoma cell line A2058, the
colon carcinoma cell line HT29 and the lung fibroblast cell line MRC5. The compound was tested at
concentrations of 100, 75, 50, 25, 10 and 5 pug/mL equal to molar concentrations of 233, 175, 116, 58, 23
and 12 uM, respectively. There was no significant effect observed against the lung fibroblast or colon
carcinoma cells at the tested concentrations. The results for all tested cell lines and positive controls are
shown in the Supplementary Information (Figure S7). For the melanoma cell line, a dose dependent
cytotoxic effect was observed, see Figure 5. The ICsq of 1 against the melanoma cell line was calculated
to be 175 uM (75 pg/mL). The test was executed in two independent experiments with three technical
replicates each.
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Figure 5. Cytotoxic effect of Lipid 430 (1) against the A2058 melanoma cell line. A linear correlation
with % Survival = —0.00332¢+1.08 {c € R | ¢ > 12 uM " ¢ < 233 uM} was found (R square 0.93, Sy.x
0.07442). The 95% Confidence intervals are shown in dot lines. The calculated ICgj for 1 in the linear

model is 175 uM.

2.6.2. Propidium Iodide Staining and Flow Cytometry

To investigate whether the cytotoxic effect of 1 was mediated by affecting the integrity of the cell
membrane, propidium iodide (PI) staining in combination with flow cytometry was employed. Pl is
indicating integrity of the cell membrane by passing through damaged membranes and intercalating
into the DNA. As a positive control, TritonX™ was tested at concentrations of 0.005, 0.01 and 0.05%.
(v/v). Compound 1 was tested at concentrations of 20, 50 and 100 pM. The results are shown in
Figure 6. The PI positive cells indicate the population of cells with affected cell membranes increasing
with the concentration of the detergent TritonX. For 1, no tendency was observable (see Figure 6A).
The exemplary dot plot graphs of the Control and of 100 uM 1 support this assumption (see Figure 6B,C).
Due to the limited amount of compound, the experiment was carried out only once, this should be
considered critically when interpreting the gained data. The dot plot graphs for all conditions are
given in the Supplementary Information S8.
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Lipid 430 (100 uM)
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—
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Figure 6. Results of the flow cytometry experiments with melanoma cell line A2058. In (A) the relative
ratio between PI positive (+) and PI negative (—) is shown. The exact results are the following: stained
control (Ctrl.), 8.46% PI+; 0.01% TritonX, 27.61% PI+; 0.05% TritonX, 87.38% PI+; 20 uM 1, 9.45% PI+;
50 uM Lipid 430, 11.26% PI+; 100 uM Lipid 430, 8.72% PI+. (B) depicts the flow cytometry results as
dot plot graph of the stained control and in (C) a dot plot graph of the cells threated with 100 uM 1
is given. Forward scatter is displayed on the X-axis and propidium iodide absorption on the Y-axis.
The relative ratio of events is given in %.
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2.6.3. Microscopic Investigation of the Melanoma Cell Line A2058

For the microscopic examination, the cells were exposed for 4 h to concentrations of 100- and
500 pg/mL of 1, equal to molar concentrations of 233 uM and 1165 uM, respectively. In both cases,
no morphological difference between the treatment and the control could be observed at 100x
magnification. Microscopic pictures of the investigation are shown in the Supplementary Information
(Figure S9).

2.7. Lipid Isolation, Detection of Lipid 654

Compound 1 is known to be a de-acetylation product of 2 catalyzed by phospholipases. Likewise,
1 could be the biosynthetic predecessor of 2 trough esterification of 1. Therefore, the raw extracts of
both bacteria were analyzed using UHPLC-HR-MS in order to look for 2, but no mass signal was found
that could be related to 2. To ensure that the absence of 1 was not a result of the extraction protocol
using HP-20 beads, chloroform extraction was executed with cultures of both strains. The chloroform
extracts were analyzed using UHPLC-HR-MS, but no signals potentially related to 2 were detected.

3. Discussion

The active principle of the two extracts from two Algibacter isolates was identified and investigated
upon its bioactivity towards bacteria and mammalian cell lines. The observed anti-bacterial effect
of 1 against Streptococcus agalactiae was higher compared to the pathogen MRSA which possessed
a significantly higher tolerance against 1. Notably, S. agalactiae was the most sensitive among the
tested bacterial strains. When screening the bacterial extracts, we frequently observed that fractions
containing for instance phosphocolines or thamnolipids were active against S. agalactiae while no or
only weak activities were observed against the other bacteria (data not shown) [24]. The sensitivity
of the melanoma cell line against 1 was significantly (at least seven times) lower compared to the
anti-bacterial effect against S. agalactine. Furthermore, no effects were observed on colon carcinoma
cells and lung fibroblasts. This corresponds well with the observation that the initial screening of the
flash fractions of the crude extracts did not show activity in the anti-cancer assays while it did in the
anti-microbial assays.

The fact that 1 showed activity against the bacterial strain and cancer cell line that in our experience
are most sensitive to surfactants gives rise to the suspicion that the compound is affecting the integrity
of the cell membranes in an unspecific way. Given the known bioactivity of 1, being a ligand to
TLR-2 on one hand and the structure of the molecule on the other one, it was questionable if the
cytotoxic effect was mediated by lysing the cells. The aliphatic, iso-branced fatty acid with a polar
head consisting of two amino acids could suggest that it acts as surfactant. Therefore, PI staining
followed by flow cytometry analysis was done to check if the lipid affected the membrane integrity of
melanoma cells. This turned out to not be the case for any of the tested concentrations. PI staining is
a technique capable of staining cells with reduced membrane integrity that can be detected by flow
cytometry [25,26] with high linearity [27]. We used TritonX™ as detergent to test the suitability of the
method. However, we did not observe a cellular effect after one hour of incubation with propidium
iodide when analyzed with flow cytometry or after 4 h when inspecting the cells in the microscope, at
least not at the tested concentrations. The effect we detected in the cytotoxicity assay was observed
after 72 h of incubation with 1, conclusively the effect is taking place during a longer incubation time
maybe affecting cell division or cell cycle.

Itis known that lipopeptides have a broad spectrum of activity including anti-fungal, anti-bacterial,
anti-cancer and anti-inflammatory effects [28-30]. The lipopeptide antibiotic daptomycin is used
to treat infections by Gram positive bacteria and was introduced into the marked in 2001 [31].
Surfactin, a lipopeptide with high surfactant power [32], exhibits also various bioactivities such as
anti-inflammatory, anti-cancer and thrombolytic bioactivities [30]. The anti-bacterial and cytotoxic
mode of action of both compounds relies on affecting the integrity of the cell membrane of target
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cells [30,33]. However, those two marketed lipopeptides differ significantly from 1. Daptomycin is a 13
amino acid cyclic lipopeptide (10 amino acids forming a ring structure) linked to decanoic acid [34]
while Surfactin consists of a seven aminoacid cycle, linked to a 13—15 carbon chain [35]. Note that
there are also linear lipopeptides as for example gageostatins, isolated from a marine Bacillus, showing
similar bioactivities [36]. However, the mentioned cyclic lipopeptides differ greatly from the linear
two-amino acid 1 in structure and molecular mass. Even the Gageostratins with an Mw > 1000 u appear
to be rather distant relatives. It seems more appropriate to consult the results of Makovitzki et al. [37]
who investigated synthetic lipo-tetrapeptides linked to C-12, C-14 and C-16 fatty acids. They observed
varying anti-fungal, anti-bacterial and hemolytic activities depending on the respective peptide
sequence and length of the fatty acid chain. Their effect in vivo corresponded with the respective
lipopeptide’s ability to disrupt the membrane of the respective organisms, indicating a membranolytic
mode of action. Taking that together, 1 rather seemed to be a candidate for membranolytic bioactivity.
Its anti-bacterial effect varies between the species and already between the two Gram positive bacteria
MRSA and S. agalactiae. Taking all together, we conclude that 1 is not lysing the cells or affecting their
integrity immediately. Taking the general bioactivity of lipopeptides into account, mostly affecting the
cell membrane, possibly the lipid is interfering with the membrane during cell division, representing a
more fragile state of cell integrity. It would be valuable to investigate its effect on melanoma cells more
in detail, which was not possible in the present study due to a limited quantity of 1.

After isolating 1, the extracts of the bacterial fermentations were investigated upon the presence
of the related Lipid 654 (2). The UPLC-MS/MS profiles of the solid phase extracts have not shown
any signal that indicated the presence of 2. However, it was reported that 2 is soluble in chloroform.
To exclude that the lack of 2 was caused by unsuitability of solid phase extraction for that compound,
we used chloroform liquid-liquid phase extraction and UHPLC-HR-MS to investigate its presence
with negative outcome.

The natural role of Algibacter, being decomposers degrading algal biomass, may suggests that 1
is produced as a surfactant for mobilizing nutrients, in a similar way as the rhamnolipids do [38,39].
An additional role, or side effect, as an antibacterial agent cannot be excluded. There is no indication
that the water insoluble Compound 2 is produced by the two Algibacter strains under the selected
conditions; this could support the hypothesis that 1 is produced as a surfactant to mobilize hydrophobic
nutrients. It furthermore supports the hypothesis that 1 is the biosynthetic precursor of 2 [17].

4. Materials and Methods

4.1. Bacterial Isolates

Two Algibacter sp. strains were isolated from organisms collected in the Barents Sea. Strain
MO09B557 was isolated from Alcyonidium gelatinosum sampled at 28.05.2009 at 70°6,60000" N and
28°56,206190" E. Strain M09B045 was isolated from Gersemia rubiformis sampled at the 14.05.2019 at
78°7,80000" N and 13°34,962001” E. The bacteria were isolated from the surface of the animals after
washing them under filtrated seawater. Using a inoculation loop the surface of the organisms was
sampled and potentially adhering bacteria were streaked out on FMAP agar, prepared of: 15 g Difco
marine broth (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), 15 g agar (Sigma, St. Louis,
Mo, USA), 5 g peptone (Sigma), 700 mL ddH,O and 300 mL filtrated seawater. For storage of the
isolates, liquid FMAP media was inoculated with the respective strain, grown until turbidity of the
media was visible and cryo-conserved at —80 °C after adding 30% (v/v) glycerol (Sigma).

4.2. PCR and Identification of the Strains

The cryo-conserved isolates were plated out on FMAP agar in petri dishes and cultivated at 10 °C.
After 7 d, colonies were picked and dissolved with 100 uL ddH,O in an Eppendorf tube. The sample
was subsequently boiled for 5 min to break up the cells. For PCR, 1 uL of the bacterial lysate was
used for a PCR reaction of 25 pL with 1 uM of forward and reverse primer (forward primer: 27F,



Molecules 2019, 24, 3991 9of 15

AGAGTTTGATCMTGGCTCAG; reverse primer: 1492rR, CGGTTACCTTGTTACGACTT) and 12,5 uL.
ThermoPrimeTM 2 x ReddyMix PCR master mix (ThermoFisher Scientific, Waltham, MA, USA).
The reactions were amplified using an Mastercycler epgradient S (Eppendorf, Hamburg, Germany)
with the following program: 95 °C initial denaturation for 5 min followed by 30 cycles of 94 °C for
30 s, 55 °C for 30 s and 72 °C for 1 min. Final extension was at 72 °C for 10 min. Afterwards the
PCR reaction was analyzed for purity on a 1.0% agarose gel and the results were documented using a
Syngene Bioimaging system. For purification of the 16S rRNA gene PCR amplificate the QIAquick
PCR purification kit was used according to manufacturer’s instructions (QIAGEN, Hilden, Germany).
The PCR product purified from the gel was sequenced at the University Hospital of North Norway
(Tromse, Norway) employing the two primers mentioned above. For sequence homology comparison
the online Basic Local Alignment Search Tool (BLAST) was used (www.ncbi.nlm.nih.gov/BLAST).
The strains were identified according to their phylogenetic interference.

4.3. Fermentation and Extraction of Algibacter Cultures

M09B557 was cultivated in 1 L Warburg flasks containing 450 mL modified DSGC medium for 7 d
at 130 rpm and 10 °C. M10B738 was cultivated for 12 d under the same conditions in 1 L Warburg flasks
containing 450 mL DVR1 medium. Modified DSGC medium was prepared of 1 L filtrated seawater,
4.0 g p-glucose (Sigma) and 3.0 g Peptone (from casein, enzymatic digest, Sigma). DVR1 medium was
prepared from 0.5 L filtrated seawater, 0.5 L ddH,O, 6.7 g malt extract (Sigma), 11.1 g Peptone (from
casein, enzymatic digest, Sigma) and 6.7 g yeast extract (Sigma). All media were autoclaved at 120
°C for 30 min. The filtrated seawater was prepared by filtrating seawater through a Millidisk® 40
Cartridge with Durapore® 0.22 pm filter membrane (Millipore, Burlington, MA, USA).

For extraction of metabolites, solid phase extraction using Diaion® HP-20 resin (13607, Supelco
Analytica, Bellefonte, PA, USA) was executed. The resin had been activated by incubation in methanol
for a minimum of 30 min and washed with ddH,O for 15 min. 40 g of resin were added to 1 L of culture
three days before the culture was harvested. The resin was separated from the fermentation broth by
vacuum filtration using a cheesecloth mesh (1057, Dansk Hjemmeproduktion, Ejstrupholm, Danmark)
to restrain the resin. Thereafter the resin was washed with 100 mL of ddH,O to remove remaining
fermentation broth. The molecules bound to the resin were eluted with 150 mL methanol (HiPerSolv,
VWR, Radnor, Penns., USA) per 40 g resin (shaking at 130 rpm for 30 min) and vaccuumfiltration using
Whatman No. 3 filterpaper (Whatman plc, Buckinghamshire, UK). The elution from the resin was
done twice and the methanolic extract was dried under reduced pressure at 40 °C and stored at —20 °C
upon further processing.

4.4. Fractionation

Crude extracts were fractionated using flash liquid chromatography. The extracts were loaded
onto resin (Diaion® HP-20ss, Supelco) by dissolving them in 90% methanol aq. (v/v) and adding resin
in a ratio of 1:1.5 (resin/dry extract, w/w). Subsequently, the solution was dried under reduced pressure
at 40 °C. Flash columns (Biotage® SNAP Ultra, Biotage, Uppsala, Sweden) were prepared by activating
the resin by incubation in methanol for 20 min, washing with ddH,O and loading it into the column
ensuring the resin being always covered with water. 6.5 g HP-20ss resin was loaded on one column.
The fractionation was performed using a Biotage SP4™ system and a water: methanol gradient from
5-100% methanol over 36 min (6 min 5% B, 6 min 25% B, 6 min 50% B, 6 min 75% B, 12 min 100% B)
followed by a methanol: acetone step-gradient (4 min methanol, 12 min acetone). The flow rate was
set to 12 mL/min. 27 eluent fractions to 24 mL each were collected in glass tubes and pooled to six flash
fractions in total (1-3 were pooled to fraction 1; 4-6 to fraction 2; 7-9 to fraction 3; 10-12 to fraction 4;
13-15 to fraction 5; 16-27 to fraction 6). An appropriate amount of extract-resin mixture was loaded
onto the column after equilibration to 5% methanol aq. (v/v). The flash fractions were dried under
reduced pressure at 40 °C.
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4.5. UHPLC-HR-MS and Dereplication

UHPLC-HR-MS data for dereplication was recorded using an Acquity I-class UPLC (Waters,
Milford, MA, USA) coupled to a PDA detector and a Vion IMS QToF (Waters). The chromatographic
separation was performed using an Acquity C-18 UPLC column (1.7 pm, 2.1 mm X 100 mm) (Waters).
Mobile phases consisted out of acetonitrile (HiPerSolv, VWR) for mobile phase A and ddH,O produced
by the in-house Milli-Q system as mobile phase B, both containing 1% formic acid (v/v) (33015, Sigma).
The gradient was run from 10% to 90% B in 12 min at a flow rate of 0.45 mL/min. Samples were run in
ESI+ and ESI- ionization mode. The data was processed and analyzed using UNIFI 1.8.2 (Waters).

4.6. Isolation of Lipid 430

Purification of compound 1 was done using a semi preparative HPLC system (Waters) made
up by a 600 HPLC pump, a 3100 mass spectrometer, a 2996 photo diode array detector and a 2767
sample manager. A 515 HPLC pump and a flow splitter were used to infuse the analytes into the MS.
The mobile phases were degassed by an in-line degasser. For controlling the system, the software
MassLynx™ 4.1 (Waters) was used. The columns used for isolation were X-Terra RP-18 preparative
column (10 pm, 10 mm X 250 mm) and XSelect CSH preparative Fluoro-Phenyl column (5 pm, 10 mm
x 250mm), both columns were purchased from Waters. The mobile phases for the gradients were A
[ddH,O with 0.1% (v/v) formic acid] and B [acetonitrile with 0.1% (v/v) formic acid], flow rate was set to
6 mL/min. Acetonitrile (Prepsolv®, Merk KGaA, Darmsatdt, Germany) and formic acid (33015, Sigma)
were purchased in appropriate quality, ddH,O was produced with the in-house Milli-Q® system. For
the MS-detection of the eluting compounds one percent of the flow was split from the fractions in line,
blended with 80% Methanol in ddH,O (v/v) acidified with 0.2% Formic acid (Sigma) and directed to
the ESI-quadrupole-MS.

4.7. NMR Spectroscopy

AIINMR spectra were recorded on a Bruker Avance III HD spectrometer equipped with an inverse
detected TCI probe with cryogenic enhancement on 'H, 2H and !3C. The operating frequencies were
599.90 MHz for 'H and 150.86 MHz for '3C. The samples were prepared in methanol-d; and recorded
at 298 K.

All experiments were recorded using standard pulse sequences for Proton, Presat, Carbon,
DQFCOSY, HSQC, HMBC, H2BC, NOESY and ROESY (gradient selected and adiabatic versions, with
matched sweeps where applicable) in Topspin 3.5pl7 and processed in Mnova 12.0.0. Spectra were
referenced on the residual solvent peak of methanol-d; (8H = 3.31 and 6C = 49.00).

4.8. Lipid Extraction

Total lipids were extracted by shaking 25 mL of bacterial culture with 25 mL chloroform (EMSURE®,
Merck) in screw cap centrifuge tubes (21008-242, VWR) for 3 h at 40 rpm using a tube-rotator (SB3,
Stuart, Stone, UK). Afterwards the organic phase was separated and centrifuged for 10 min at 4600
rpm (Multifuge 3, rotor 75006445, S-R, Heraeus, Hanau, Germany) to remove debris and particles.
Thereafter the organic phase was vacuum filtrated trough Whatman No. 3 filter paper (Whatman) and
concentrated to 5 mL under nitrogen.

4.9. Anti-Microbial Assays

4.9.1. Growth Inhibition Assay

To determine and quantify anti-microbial activity, a bacteria growth inhibition assay in liquid
media was executed. The samples were tested against S. aureus (ATCC 25923), E. coli (ATCC 259233),
E. faecialis (ATCC 29122), P. aeruginosa (ATCC 27853), S. agalactiae (ATCC 12386) and Methicillin resistant
S. aureus (MRSA) (ATCC 33591). S. aureus, MRSA, E. coli and P. aeruginosa were grown in Muller Hinton
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broth (275730, Becton, Dickinson and Company). E. facalis and S. agalactine were cultured in brain hearth
infusion broth (53286, Sigma). Fresh bacteria colonies were transferred in the respective medium and
incubated at 37 °C over night. The bacterial cultures were diluted to a culture density representing the
log phase and 50 pL/well were pipetted into a 96-well microtiter plate (734-2097, Nunclon™, Thermo
Scientific, Waltham, MA, USA). The final cell density was 1500-15,000 CFU/well. Flash fractionated
extracts were diluted in 1% (v/v) dimethyl sulfoxide (DMSO, D4540, Sigma). Pure compound was
diluted in 2% (v/v) DMSO in ddH,O, the final assay concentration was 50% of the prepared sample,
since 50 uL of sample in DMSO/water were added to 50 uL bacterial culture. After adding the samples
to the plates, they were incubated over night at 37 °C and the growth was determined by measuring
the optical density at A = 600 nm (ODgg) with a 1420 Multilabel Counter VICTOR3™ (Perkin Elmer,
Waltham, MA, USA). A water sample was used as reference control, growth medium without bacteria
was used as a negative control and a dilution series of gentamycin (A2712, Merck) from 32 to 0.01 pg/mL
was used as positive control and visually inspected for bacterial growth. The positive control was used
as system suitability test and the results of the antimicrobial assay were only considered valid when
positive control was passed. The final concentration of DMSO in the assays was < 2% (v/v) known to
have no effect in the tested bacteria. The data was processed using GraphPad Prism 8.

4.9.2. Bactericidal Assay

For investigation of bactericidal effect, the 100 pL reactions of the S. agalactiae anti-microbial
assay were streaked on brown agar plates (University hospital of northern Norway, Tromse, Norway)
and incubated for four days at 37 °C, the plates were visually investigated after 1 day and 4 days
of incubation.

4.10. Cell Proliferation Assay

The inhibitory effect of fractions and compounds was tested using an MTS in vitro cell
proliferation assay against two cancer cell lines and one normal cell line. The cancer cell
lines were human melanoma A2058 (ATCC, CLR-1147™) and human colon carcinoma HT29
(ATCC HTB-22™), as cell line for the general cytotoxicity assessment, non-malignant MRC5
lung fibroblast cells (ATCC CCL-171™) were employed. The cells were cultured and assayed
in Roswell Park Memorial Institute medium (RPMI-16040, FG1383, Merck) containing 10% (v/v)
Fetal Bovine serum (FBS, 50115, Biochrom, Cambridge, UK). The cell-concentration was 4000
cells/well for the lung fibroblast cells and 2000 cells/well for the cancer cells. After seeding,
the cells were incubated 24 h at 37 °C and 5% CO,. The medium was then replaced with
fresh RPMI-1640 medium supplemented with 10% (v/v) FBS and gentamycin (10 ug/mL, A2712,
Merck). After adding 10 pL of sample diluted in 2% (v/v) DMSO in ddH,O the cells were
incubated for 72 h at 37 °C and 5% CO,. For assaying the viability of the cells 10 puL of CellTiter
96® AQueous One Solution Reagent (G3581, Promega, Madison, WI, USA) containing tetrazolium
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt] and phenazine ethosulfate was added to each well and incubated for one hour. The tests were
executed with three technical replicates. The plates were read using a DTX 880 plate reader by
measuring the absorbance at A = 485 nm. The cell viability was calculated using the media control.
As a negative control RPMI-1640 with 10% (v/v) FBS and 0.5% Triton™ X-100 (Sigma-Aldrich) was
used as a positive control. The data was processed and visualized using GraphPad Prism 8

4.11. Mode of Action Studies

4.11.1. Flow Cytometry

For the investigation of the mode of action of 1 on the A2058 cells, cells were seed in six well
plates (Nunclon™, Thermo Fisher) with a density of one million cells in three mL of Eagle’s medium
(Dulbecco’s modified Eagles medium, D6171, Sigma) with 10% (v/v) FBS. Cells were incubated over
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night at 37 °C and 5% CO, and medium was exchanged to two mL Eagle’s medium, the respective
amount of compound or Triton™ X-100 (Sigma-Aldrich) as positive control, propidium iodide (Sigma)
to a final concentration of 5 ug/mL and the wells were filled up to 3 mL with phosphate buffered
saline (PBS, Dulbecco’s PBS, D8537, Sigma). One unstained control without propidium iodide and one
negative control without compound were prepared. The reactions were incubated for 1 h at 37 °C and
5% CO,, media was removed, the cells were spilled with PBS buffer and trypsinated using 400 uL of
trypsine solution (Trypsin-EDTA 10 %, Biowest, Nuaillé, France) and redissolved in 1 mL of PBS with
propidium iodide (5 pg/mL). The cell suspensions were transferred into sample tubes and analyzed
using a Cytoflex flow cytometer (Beckman Coulter, Brea, Cal., US) and CytExpert.

4.11.2. Microscopic Investigation of Melanoma Cells

For the microscopic investigation of melanoma cells, the A2058 cells were seed out in Eagle’s
medium at a concentration of 2000 cells/well in 100 pL. medium per well. The cells were incubated
over night at 37 °C and 5% CO,. The media in the wells was replaced with 50 uL Eagle’s medium,
compound 1 was added and the wells were filled up with PBS to a total volume of 100 uL. The reactions
were incubated at 37 °C and 5% CO; for 4 h, 50 pL of media were removed and replaced with 50 pL of
0.4% Trypan blue solution (Sigma) and incubated at room temperature for three minutes. Then the
media with Trypan blue was removed, leaving the bottom of the wells covered with a thin liquid layer
and examined microscopically at a magnification of 10 x 10 (Leica DMIC, Leica, Germany). Pictures
were taken using a microscope camera (Marlin F-046B IRF, Allied vision, Germany).

5. Conclusions

It was shown that two strains of the genus Algibacter were capable of producing Lipid 430 (1).
The bioactivity of 1 seems to be comparable to other lipopeptides such as synthetic lipo-tetrapeptides.
It showed cytotoxicity against melanoma cells with a ICsp concentration of 175 uM after 72 h of
incubation, the exact mode of action remains to be investigated but our experimental results indicate
that 1 did not lyse the cells immediately. The ICsy concentration against S. agalactiae was determined to
be 30 uM, at a concentration of 58 uM it was shown to be bactericidal against S. agalactiae. To the best
of our knowledge, this is the first report of bioactive compounds isolated from the genus Algibacter.

Supplementary Materials: The following are available online, Figure S1: purity analysis of prepared compound
1, Figure S2: 'H NMR spectrum of 1, Figure S3: 13C NMR spectrum of 1, Figure S4: HSQC + HMBC spectrum of
1, Figure S5: COSY spectrum of 1, Figure S6: H2BC spectrum of 1, Figure S7: results of the cytotoxicity assays,
Figure S8: results of the flow cytometry experiments, Figure S9: pictures of the microscopic investigation of
melanoma cells.
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Strain ID

Genus

16s rRNA sequence

MO09B557

Algibacter sp.

TTGGGTTTAAGGGTCCGTAGGTGGATAATTAAGTCAGAGGTGAAAGTT
TGCAGCTCAACTGTAAAATTGCCTTTGATACTGGTTATCTTGAATCATT
ATGAAGTGGTTAGAATATGTAGTGTAGCGGTGAAATGCATAGATATT
ACATAGAATACCAATTGCGAAGGCAGATCACTAATAATGTATTGACA
CTGATGGACGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTA
GTCCACGCCGTAAACGATGGATACTAGCTGTTCGGAACTTGTTITCTGA
GTGGCTAAGCGAAAGTGATAAGTATCCCACCTGGGGAGTACGTTCGC
AAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCAGGGCTTA
AATGTAGATTGACAGGACTAGAGATAGTTTTTTCTTCGGACAATTTAC
AAGGTGCTGCATGGTTGTCGTCAGCTCGTGCCGTGAGGTGTCAGGTTA
AGTCCTATAACGAGCGCAACCCCTGTTGTTAGTTGCCAGCGAGTCAAG
TCGGGAACTCTAACAAGACTGCCAGTGCAAACTGTGAGGAAGGTGGG
GATGACGTCAAATCATCACGGCCCTTACGTCCTGGGCTACACACGTGC
TACAATGGTAGGGACAGAGAGCAGCCACTGGGCGACCAGGAGCGAA
TCTATAAACCCTATCACAGTTCGGATCGGAGTCTGCAACTCGACTCCG
TGAAGCTGGAATCGCTAGTAATCGCATATCAGCCATGATGCGGNGAA
TACGTTCCCGGGNNNT

M09B045

Algibacter sp.

TGANNGTTTGCAGCTCANNNNNNAAATTGCCTTTGATACNNGTTATC
TTGAATCATTATGANNNNNNTAGANTNNGNANNNNNGCGGTGAAA
TGCATAGATATTACATAGAATACCAATTGCGAAGGCAGATCACTAAT
AATGTATTGACACTGATGGACGAAAGCGTGGGGAGCGAACAGGATTA
GATACCCTGGTAGTCCACGCCGTAAACGATGGATACTAGCTGTTCGG
AACTTGTTTCTGAGTGGCTAAGCGAAAGTGATAAGTATCCCACCTGGG
GAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCG
CACAAGCGGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAACC
TTACCAGGGCTTAAATGTAGATTGACAGGACTAGAGATAGTTTTTTCT
TCGGACAATTTACAAGGTGCTGCATGGTTGTCGTCAGCTCGTGCCGTG
AGGTGTCAGGTTAAGTCCTATAACGAGCGCAACCCCTGTITGTTAGTTG
CCAGCGAGTCATGTCGGGAACTCTAACAAGACTGCCAGTGCAAACTG
TGAGGAAGGGGGGGGGATGACGTCAAATCATCACGGCCCTTACGTCC
TGGGCTACACACGTGCTACAATGGTAGGGACAGAGAGCAGCCACTGG
GCGACCAGGAGCGAATCTATAAACCCTATCACAGTTCGGATCGGAGT
CTGCAACTCGACTCCGTGAAGCTGGAATCGCTAGTAATCGCATATCAG
CCATGATGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCA
AGCCATGGAAGCTGGGANTGNCTGAAGTCCGTCACCGTAAGGGAGC
GGGC
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Figure S1. ESI— BPI chromatogram (A), Extracted lon chromatogram of Lipid 430 (B) and Azs4mm (C)
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Chromatograms of the UHPLC analysis of the isolated Lipid 430 (1). In A the base peak intensity chromatogram of the ESI-
MS/MS signal is depicted. In B the extracted ion chromatogram of the most abundant isotopic peak (m/z 429.2972, [M-H]")
and in C the absorption at 254 nm. The signal at RT = 7.06 min is also visible when injecting the blank solution.



Figure S2. '"H NMR (600 MHz, CD;0D) spectrum of 1
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Figure S4. HSQC + HMBC (600 MHz, CDsOD) spectrum of 1
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Figure S5. COSY (600 MHz, CD3;0D) spectrum of 1
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Figure S6. H2BC (600 MHz, CD;0D) spectrum of 1
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Figure S7. Results of the cytotoxicity assays for all tested cell lines
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positive control.



Figure S8. Results of the flow cytometry experiments with propidium iodide staining
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Figure S9. Results of the microscopic investigation

Microscopic investigation of Melanoma cells (A2058) after 1h of incubation with test solution. Inspection was done at 100x
magnification. A: PBS-control; B: 1% (v/v) DMSO; C: Lipid 430, 100 pg/mL; D: Lipid 430, 500 pg/mL.
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Abstract: Siderophores are compounds with high affinity for ferric iron. Bacteria produce these
compounds to acquire iron in iron-limiting conditions. Iron is one of the most abundant metals on
earth, and its presence is necessary for many vital life processes. Bacteria from the genus Serratia
contribute to the iron respiration in their environments, and previously several siderophores have
been isolated from this genus. As part of our ongoing search for medicinally relevant compounds
produced by marine microbes, a co-culture of a Shewanella sp. isolate and a Serratia sp. isolate,
grown in iron-limited conditions, was investigated, and the rare siderophore serratiochelin A (1) was
isolated with high yields. Compound 1 has previously been isolated exclusively from Serratia sp.,
and to our knowledge, there is no bioactivity data available for this siderophore to date. During the
isolation process, we observed the degradation product serratiochelin C (2) after exposure to formic
acid. Both 1 and 2 were verified by 1-D and 2-D NMR and high-resolution MS/MS. Here, we present
the isolation of 1 from an iron-depleted co-culture of Shewanella sp. and Serratia sp., its proposed
mechanism of degradation into 2, and the chemical and biological characterization of both compounds.
The effects of 1 and 2 on eukaryotic and prokaryotic cells were evaluated, as well as their effect on
biofilm formation by Staphylococcus epidermidis. While 2 did not show bioactivity in the given assays,
1 inhibited the growth of the eukaryotic cells and Staphylococcus aureus.

Keywords: Serratiochelin A; Serratiochelin C; Serratia sp.; siderophore; iron; anticancer; natural products;
microbial biotechnology; degradation; antibacterial; S. aureus

1. Introduction

Iron is the fourth most abundant metal in the Earth’s crust and is an absolute requirement for life [1].
Iron is an essential nutrient vital for several biological processes, such as respiration, gene regulation,
and DNA biosynthesis [1,2]. Despite its abundance, iron is a growth-limiting factor for organisms
in many environments [1]. To tackle this, microorganisms produce a vast range of iron-chelating
compounds, called siderophores. Siderophores are compounds of low molecular weight (<1000 Da)
that have high affinity and selectivity for ferric iron (iron(Ill)) [1], with the function of mediating iron
uptake by microbial cells [3]. Siderophore production is commonly regulated by the iron concentration
in the surroundings [4]. The siderophores are accumulated by membrane-bound iron receptors and
brought inside the cell by active transport. Subsequently, the iron is normally reduced from iron(Ill) to
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iron(II). Since the affinity towards iron(II) is much lower than to iron(IIl), the iron is released from the
iron-siderophore complex and can be utilized by the microorganism [4]. One of the major functional
groups of siderophores is catecholate. Many siderophores of the catecholate type contain building
blocks consisting of dihydroxybenzoic acid coupled to an amino acid [3]. The first catecholate-type
siderophore, a glycine conjugate of 2,3-dihydroxybenzoic acid, was identified in 1958. The compound
was produced by Bacillus subtilis under iron-poor conditions [5].

The genus Serratia is part of the family Enterobacteriaceae, whose type species is Serratia marcescens [6,7].
Species of the genus Serratia have been detected in diverse habitats, such as soil, humans, invertebrates,
and water. For Serratia plymuthica, water appears to be the principal habitat [6]. Bacteria from this genus
are also problematic in health care, as Serratia marcescens is an opportunistic pathogen causing infections
in immunocompromised patients. One of the pathogenicity factors of the bacterium is its production
of potent siderophores. Several different siderophores are produced by bacteria of this genus [8],
one example being the serratiochelins produced by Serratia sp. V4 [9,10].

The serratiochelins are catecholate siderophores produced by Serratia sp. [9,10]. In a paper from
2012 by Seyedsayamdost and co-authors, a new siderophore biosynthetic pathway was proposed for the
production of the serratiochelins [10]. The new pathway consisted of genes originating and recombined
from two known siderophore biosynthetic clusters: The clusters for enterobactin (Escherichia coli) and
vibriobactin (Vibrio cholera). The study mentions three different serratiochelins, serratiochelin A (1), B,
and C (2); the structures of 1 and 2 can be seen in Figure 1. In the study from 2012, only two of the
three compounds, 1 and serratiochelin B, were found in the untreated culture extracts, while 2 is a
hydrolysis product of 1, which was produced in the presence of formic acid. Sayedsayamdost et al.
indicated that 1 and serratiochelin B were the native compounds produced by the bacterium [10].

oH 19 HO g OH HO
’_OH 0, 0 Ot SN Hji o OH
H H N N 20 116 ] 14 OH
/ 2N
5 3 q\/zs\/'g\ﬂlN%@" ¢ Do =2 | N 10
o o 13
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Figure 1. The structures of serratiochelin A (1) and C (2).

Siderophores are of pharmaceutical interest. They can be used in their native form to treat iron
overload diseases, like sickle cell disease. Desferal® (Deferoxamine) is a siderophore-based drug
used to treat iron poisoning and thalassemia major, a disease that leads to iron overload, which can
lead to severe organ damage [11,12]. Siderophores can furthermore be used to facilitate active
uptake of antibiotics by bacteria, and by the production of siderophore-antibiotic drug conjugates
(SADCs). For some antibiotics, this strategy can reduce the minimal inhibitory concentration (MIC)
by 100-fold, compared to an unbound antibiotic that enters the bacterial cell by passive diffusion [13].
The sideromycins are one example of SADCs. Albomycin, which belongs to this group, enters via
the ferrichrome transporter, and has broad-spectrum antibiotic activity and is active against different
Gram-negative bacteria [4,14]. The main problem with the use of SADCs is that most pathogenic
bacteria have different routes for iron uptake, which could lead to higher frequency in resistance [4].

Due to the important role of Shewanella sp. and Serratia sp. in the environmental iron cycle,
we were intrigued by observing a compound in high yields in an iron-limited co-culture of the two
bacteria, which was not found in cultures supplemented with iron nor in axenic cultures of the bacteria.
Here, we report the isolation of 1 from a co-culture of Shewanella sp. and Serratia sp. The degradation of
1 into 2 in the presence of acid was confirmed. To our knowledge, there is no published data regarding
the bioactivity of these compounds. In this study, 1 and 2 were tested against a panel of bacterial
and human cells, and for their ability to inhibit biofilm formation of the biofilm-producing bacterium
S. epidermidis.
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2. Materials and Methods

2.1. Bacterial Isolates

Compound 1 was isolated from bacterial cultures started from a non-axenic glycerol stock.
The bacterial glycerol stock originally contained a Leifsonia sp. isolate. The stock was found to be
contaminated with both Shewanella sp. and Serratia sp. after several steps of cultivation and production
of new glycerol stock solutions. The non-axenic glycerol stock was inoculated onto three different
agar plates, in order to gather information of the different isolates present. Originally, the Leifsonia
sp. isolate was provided as an axenic culture by The Norwegian Marine Biobank (Marbank, Tromsg,
Norway) (Reference number: M10B719). The bacterium was isolated from the intestine/stomach of
an Atlantic hagfish (Myxine glutinosa) collected by benthic trawl in Hadselfjorden (Norwegian Sea,
16th of April, 2010). The bacterium was grown in liquid FMAP medium (15 g Difco Marine Broth
(Becton Dickinson and Company, Franklin Lakes, NJ, USA), 5 g peptone from casein, enzymatic digest
(Sigma, St. Louis, MS, USA), 700 mL ddH;0O, and 300 mL filtrated sea water) until sufficient turbidity,
and cryo-conserved at —80 °C with 30% glycerol (Sigma). Filtration of sea water was done through a
Millidisk® 40 Cartridge with a Durapore® 0.22-um filter membrane (Millipore, Burlington, MA, USA).

2.2. PCR and Identification of the Strains

The glycerol stock was plated onto three different types of agar: FMAP agar (FMAP medium
with 15 g/L agar), DVR1 agar (6.7 g malt extract (Sigma), 11.1 g peptone from casein, enzymatic digest
(Sigma), 6.7 g yeast extract (Sigma), 0.5 L filtered sea water, 0.5 L ddH,0O), and potato glucose agar
(Sigma). The plates with bacteria were incubated at 10 °C until sufficient growth, and transferred
to 4 °C for temporary storage. This plating experiment resulted in the discovery of three different
bacterial isolates, based on bacterial morphology and sequencing of the 16S rRNA gene. Clear colonies
were picked from the plates, and inoculated into 100 uL of autoclaved ddH,O. The samples were
stored at —20 °C until PCR amplification. The characterization of the bacterial strains was done with
sequencing of the 16S rRNA gene through colony PCR and Sanger sequencing. The primer set used for
amplification of the gene was the 27F primer (forward primer; 5-AGAGTTTGATCMTGGCTCAG)
and the 1429R primer (reverse primer; 5-TACCTTGTTACGACTT), both from Sigma. Prior to the
amplification PCR, the bacterial samples were vortexed and diluted 1:100 and 1:1000 in UltraPure Water
(BioChrom GmbH, Berlin, Germany). For PCR, 1 pL of the diluted bacterial sample was combined in a
25-uL PCR reaction, together with 12.5 uL DreamTaq Green PCR Master Mix (2X) (Thermo Scientific,
Vilnius, Lithuania), 10.5 uL ultrapure water, and 0.5 uL of the forward and reverse primers (10 uM)
mentioned above. The amplification was done using a Mastercycler ep gradient S (Eppendorf AG,
Hamburg, Germany) with the following program: 95 °C initial denaturation for 3 min, followed by
35 cycles of 95 °C for 30 s, 47 °C for 30 s, and 72 °C for 1 min. Final extension was 72 °C for 10 min.
The success and purity of the PCR reaction was analyzed on a 1.0% agarose gel (Ultrapure™ Agarose,
Invitrogen, Paisley, UK) with Gel-Red® Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA), and the
results were documented using a Syngene Bioimaging system (Syngene, Cambridge, UK). Successfully
amplified samples were purified by the A’SAP PCR clean up kit (ArcticZymes, Tromso, Norway).
The purified PCR product was used for sequencing PCR, using 1 uL PCR product, 2 uL BigDye™
3.1 (Applied Biosystems, Foster City, CA, USA), 2 uL 5x sequencing buffer (Applied Biosystems,
Foster City, CA, USA), 4 uL of UltraPure water, and 1 uL of primer (1 uM of 27F primer or 1429R
primer). The program for the sequencing PCR was as follows: 96 °C initial denaturation for 1 min,
followed by 30 cycles of 96 °C for 10 s, 47 °C for 5 s, and 60 °C for 2 min. The PCR product was
sequenced at the University Hospital of North Norway (Tromsg, Norway).

The forward and reverse sequences obtained were assembled using the Geneious Prime® 2020.0.5
software (https://www.geneious.com). The sequences were assembled by using the built-in Geneious
assembler. Prior to assembly, the sequences were trimmed using a 0.05 error probability limit.
Sequence homology comparison was conducted using the built-in Basic Local Alignment Search
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Tool (BLAST) [15] in Geneious, excluding environmental samples, metagenomes, and uncultured
microorganisms, for phylogenetic identification of the strains.

To identify which strain was responsible for the production of 1, the three bacterial strains were
isolated on separate agar plates and inoculated in small cultures of DVR1 medium (for media contents,
see below). The bacteria were pelleted by centrifugation, and the supernatant was diluted 1:1 in
methanol and ran on the UHPLC-HR-MS for identification of the compound.

2.3. Fermentation and Extraction of Bacterial Cultures

For extraction of compounds, the bacteria were cultivated in 1000-mL flasks containing 300 mL
DVR1 medium (6.7 g malt extract (Sigma), 11.1 g peptone from casein, enzymatic digest (Sigma),
6.7 g yeast extract (Sigma), 0.5 L filtered sea water, and 0.5 L ddH,O) cultures for 16 days, at 10 °C and
130 rpm. A total of 12 flasks were inoculated, giving 3.6 L of culture. The medium was autoclaved for
30 min at 120 °C prior to inoculation. Cultures were started by loop inoculation from the non-axenic
glycerol stock solution.

Extraction of metabolites from the liquid media was done with Diaion® HP-20 resin (Supelco,
Bellefonte, PA, USA). The resin was activated by incubation in methanol for 30 min, followed by washing
with ddH,O for 15 min, and added to the cultures (40 g/L). The cultures were incubated with resin for
3 days prior to compound extraction. For extraction, the resin beads were separated from the liquid by
vacuum filtration through a cheesecloth mesh (Dansk Hjemmeproduktion, Ejstrupholm, Denmark),
the resin was washed with ddH,O, and finally extracted two times with methanol. The extract was
vacuum filtered through a Whatman No. 3 filter paper (Whatman plc, Maidstone, UK), and dried
under reduced pressure at 40 °C.

2.4. Fractionation by FLASH Chromatography

Due to the degradation of 1 in the presence of acid, the culture extract was fractionated for
bioactivity testing and structure verification, using FLASH chromatography (Biotage SP4™ system,
Uppsala, SE), removing the use of acid in the purification process. The extract (3667.9 mg) was
re-dissolved in 90% methanol, before adding Diaion® HP20-SS resin (Supelco) in a ratio of 1:1.5
(resin:dry extract, w/w) and drying under reduced pressure at 40 °C. Due to the high amount of
the extract, it was fractionated in two rounds. FLASH columns were prepared with 6.5 g activated
Diaion® HP-20SS resin per column. The dried extract was applied to the column, and ran with a water:
methanol gradient from 5-100% methanol over 36 min at a flow rate of 12 mL/min. This resulted in
15 fractions per run. The fractions eluting at 100% methanol were analyzed on the UHPLC-HR-MS,
and the purest fraction (fraction no 13, >95% pure based on UV/Vis) was used and dried under reduced
pressure at 40 °C. The fraction yielded 50.9 mg and was used for the bioactivity testing.

2.5. UHPLC-HR-MS and Dereplication

UHPLC-HR-MS data for dereplication and to analyze the various experiments was recorded using
an Acquity I-class UPLC (Waters, Milford, MA, USA) coupled to a PDA detector and a Vion IMS QToF
(Waters). The chromatographic separation was performed using an Acquity C-18 UPLC column (1.7 um,
2.1 mm X 100 mm) (Waters). Mobile phases consisted of acetonitrile (HiPerSolv, VWR, Radnor, PA, USA)
for mobile phase B and ddH,O produced by the in-house Milli-Q® system (Millipore, Burlington, MA,
USA) as mobile phase A, both containing 1% formic acid (v/v) (33015, Sigma). The gradient was run from
10% to 90% B in 12 min at a flow rate of 0.45 mL/min. Samples were run in ESI+ and ESI- ionization
mode. The data was processed and analyzed using UNIFI 1.9.4 (Waters). Exact masses and isotopic
distributions were calculated using ChemCalc (https://www.chemcalc.org).

2.6. Purification by Preparative HPLC

Initially, the purification of 1 and 2 was done by preparative HPLC-MS using a 600 HPLC pump,
a 3100 mass spectrometer, a 2996 photo diode array detector, and a 2767 sample manager (Waters).
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For infusion of the eluents into the ESI-quadrupole-MS, a 515 HPLC pump (Waters) and a flow splitter
were used and 80% methanol in ddH,O (v/v) acidified with 0.2% formic acid (Sigma) as make-up solution
at a flow rate of 0.7 mL/min. The columns used for isolation were a Sunfire RP-18 preparative column
(10 pm, 10 mm x 250 mm) and XSelect CSH preparative fluoro-phenyl column (5 pm, 10 mm X 250mm),
both columns were purchased from Waters. The mobile phases for the gradients were A (ddH,O with
0.1% (v/v) formic acid) and B (acetonitrile with 0.1% (v/v) formic acid), flow rate was set to 6 mL/min.
Acetonitrile (Prepsolv®, Merck, Darmstad, Germany) and formic acid (33015, Sigma) were purchased in
appropriate quality, ddH,O was produced with the in-house Milli-Q® system. The collected fractions
were reduced to dryness at 40 °C in vacuo and freeze drying using an 8L laboratory freeze dryer
(Labconco, Fort Scott, KS, USA).

2.7. NMR analysis

NMR spectra were acquired in DMSO-dg on a Bruker Avance III HD spectrometer (Bruker, Billerica,
MA, USA) operating at 600 MHz for protons, equipped with an inverse TCI cryo probe enhanced
for 'H, 13C, and 2H. All NMR spectra were acquired at 298 K, in 3-mm solvent-matched Shigemi
tubes using standard pulse programs for proton, carbon, HSQC, HMBC, COSY, and ROESY with
gradient selection and adiabatic versions where applicable. 'H/!3C chemical shifts were referenced to
the residual solvent peak (DMSO-dg: SH = 2.50, 6C = 39.51).

2.8. Cultivation Study

Due to the hypothesis that the compound had iron-chelating properties for the bacteria, a cultivation
study with and without the addition of iron to the medium was conducted. To investigate if the
production was temperature specific, the bacteria were also grown at two different temperatures.
The bacteria were grown in DVR1 medium and DVR2 medium (DVR1 with added 5.5 mL FeSO4 7 H,O
(8 g/L stock, = 28.8 mM Fe)), at room temperature and at 10 °C with 130 rpm shaking. Samples were
taken from the cultures, under sterile conditions, after 7, 14, and 21 days, for chemical analysis by
UHPLC-HR-MS. From the cultures, 5 mL of sample were taken and centrifuged to pellet the bacteria,
1 mL of the supernatant was transferred to a new tube and centrifuged again, before sterile filtration
using an Acrodisc syringe filter 0.2 pm, supor membrane (Pall Corp., East Hills, NY, USA) The filtered
sample was mixed 1:1 with methanol prior to injecting on the UHPLC-HR-MS for investigation.

2.9. Marfey’s Amino Acid Analysis

A small quantity of 1 was dissolved in 1 mL of 6N HCL and incubated for 6 h at 110 °C using
1.5-mL reaction tubes and a thermoblock. After cooling down to room temperature, the reaction was
reduced to dryness by vacuum centrifugation at 40 °C. The dry sample after hydrolysis was re-dissolved
in 100 uL of H,O. The derivatization was carried out by mixing the re-dissolved hydrolystate with
180 uL FDAA in acetone (Marfey’s reagent, Sigma), N «-(2,4-Dinitro-5-fluorophenyl)-L-alaninamide),
and 20 pL. IN NaHCOj;. The reaction was incubated at 40 °C using a thermoblock. After incubation,
the reaction was acidified with 30 pL of 1N HCI and diluted with 2.5 mL of methanol. Then, 0.1 mg of
L-threonine and p-threonine dissolved in 100 uL water were used to prepare standards of the amino
acids using the same derivatization procedure as described for the sample hydrolysate. The standards
and sample diluted in methanol were analyzed using UHPLC-MS/MS as described above.

2.10. Iron Chelation Experiment

For testing the capability of 1 and 2 to chelate iron, a chelation assay was performed. The molecule
was dissolved in water (0.2 mg/mL) and 75 pL of the molecule were mixed with 25 pL of 10 mg/mL
FeCl; x 6 H,O. The preparation was done in HPLC vials, the reaction was thoroughly mixed by
vortexing, centrifuged, and subsequently analyzed by UHPLC-MS/MS.
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2.11. Hydrolyzation with Formic Acid

For testing the liability for hydrolyzation, a 1-mg sample of 1 was dissolved in 1 mL 10% (v/v)
DMSO aq. and incubated for 24 h at room temperature with formic acid concentrations of 0% (control),
0.1%, 1.0%, 5.0%, and 10% (v/v). The reaction product was analyzed by UHPLC-MS/MS.

2.12. Production of Serratiochelin C

For testing the bioactivity of 2 in comparison to 1, a sample of non-degraded 1 was hydrolyzed
by adding 10% (v/v) formic acid and incubation over 24 h at room temperature. The formic acid was
removed by vacuum centrifugation at 40 °C and subsequent freeze drying using a laboratory freeze
dryer (Labconco).

2.13. Bioactivity Testing

2.13.1. Growth Inhibition Assay

To determine antimicrobial activity, a bacterial growth inhibition assay was executed. Compounds
1 and 2 were tested against Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 259233),
Enterococcus faecialis (ATCC 29122), Pseudomonas aeruginosa (ATCC 27853), Streptococcus agalactine (ATCC
12386), and Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC 33591), all strains from LGC
Standards (Teddington, London, UK). S. aureus, MRSA, E. coli, and P. aeruginosa were grown in Muller
Hinton broth (275730, Becton). E. faecalis and S. agalactine were cultured in brain hearth infusion broth
(53286, Sigma). Fresh bacterial colonies were transferred to the respective medium and incubated at
37 °C overnight. The bacterial cultures were diluted to a culture density representing the log phase
and 50 pL/well were pipetted into a 96-well microtiter plate (734-2097, Nunclon™, Thermo Scientific,
Waltham, MA, USA). The final cell density was 1500-15,000 colony forming units/well. The compound
was diluted in 2% (v/v) DMSO (Dimethyl sulfoxide) in ddH,O, and the final assay concentration was
50% of the prepared sample, since 50 pL of sample in DMSO/water were added to 50 pL of bacterial
culture. After adding the samples to the plates, they were incubated over night at 37 °C and the
growth was determined by measuring the optical density at A = 600 nm (ODgp) with a 1420 Multilabel
Counter VICTOR3™ (Perkin Elmer, Waltham, MA, USA). A water sample was used as the reference
control, growth medium without bacteria as a negative control, and a dilution series of gentamycin
(32 t0 0.01 pug/mL, A2712, Merck) as the positive control and visually inspected for bacterial growth.
The positive control was used as a system suitability test and the results of the antimicrobial assay
were only considered valid when the positive control was passed. The final concentration of DMSO in
the assays was <2% (v/v), known to have no effect in the tested bacteria. The data was processed using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA).

2.13.2. Cell Proliferation Assay

The inhibitory effect 1 and 2 was tested using an MTS in vitro cell proliferation assay against two
cell lines: The human melanoma cell line A2058 (ATCC, CLR-1147™), and for general cytotoxicity
assessment, the non-malignant MRC5 lung fibroblast cells (ATCC CCL-171™) were employed. The cells
were cultured and assayed in Roswell Park Memorial Institute medium (RPMI-16040, FG1383, Merck)
containing 10% (v/v) fetal bovine serum (FBS, 50115, Biochrom, Holliston, MA, USA). The cell
concentration was 4000 cells/well for the lung fibroblast cells and 2000 cells/well for the cancer
cells. After seeding, the cells were incubated for 24 h at 37 °C and 5% CO;. The medium was then
replaced with fresh RPMI-1640 medium supplemented with 10% (v/v) FBS and gentamycin (10 pg/mL,
A2712, Merck). After adding 10 uL of sample diluted in 2% (v/v) DMSO in ddH,O, the cells were
incubated for 72 h at 37 °C and 5% CO,. For assaying the viability of the cells, 10 uL of CellTiter
96® AQueous One Solution Reagent (G3581, Promega, Madison, WI, USA) containing tetrazolium
[3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
and phenazine ethosulfate was added to each well and incubated for one hour. The tests were executed
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with three technical replicates. The plates were read using a DTX 880 plate reader (Beckman Coulter, CA,
USA) by measuring the absorbance at A = 485 nm. The cell viability was calculated using the media
control. As a negative control, RPMI-1640 with 10% (v/v) FBS and 10% (v/v) DMSO (Sigma) was used
as a positive control. The data was processed and visualized using GraphPad Prism 8.

2.13.3. Biofilm Inhibition Assay

For testing the inhibition of biofilm formation, the biofilm-producing Staphylococcus epidermidis
(ATCC 35984) was grown in Tryptic Soy Broth (TSB, 105459, Merck, Kenilworth, NJ, USA) overnight
at 37 °C. The overnight culture was diluted in fresh medium with 1% glucose (D9434, Sigma) before
being transferred to a 96-well microtiter plate; 50 pL/well were incubated overnight with 50 pL of
the test compound dissolved in 2% (v/v) DMSO aq. added in duplicates. The bacterial culture was
removed from the plate and the plate was washed with tap water. The biofilm was fixed at 65 °C
for 1 h before 70 pL of 0.1% crystal violet (115940, Millipore) were added to the wells for 10 min
of incubation. Excess crystal violet solution was then removed and the plate dried for 1 h at 65 °C.
Seventy microliters of 70% ethanol were then added to each well and the plate incubated on a shaker
for 5-10 min. Biofilm formation inhibition were assessed by the presence of violet color and was
measured at 600-nm absorbance using a 1420 Multilabel Counter VICTOR3™. Fifty microliters of a
non-biofilm-forming Staphylococcus haemolyticus (clinical isolate 8-7A, University Hospital of North
Norway Tromso, Norway) mixed in 50 pL of autoclaved Milli-Q water was used as a control; 50 pL of
S. epidermidis mixed in 50 uL of autoclaved Milli-Q water was used as the control for biofilm formation;
and 50 pL of TSB with 50 pL of autoclaved Milli-Q water was used as a medium blank control.

3. Results

Compound 1 was isolated from a co-culture of Serratia sp. and Shewanella sp. when cultivated
in an iron-limited medium. The bacteria were also cultivated in iron-supplemented media, where 1
was not detected. Compound 1 was only produced in co-cultures started directly from the glycerol
stock by loop inoculation, and not found in any axenic cultures. The cultures were extracted,
and the extracts were fractionated using FLASH chromatography to isolate serratiochelin A (1),
a siderophore previously isolated exclusively from a Serratia sp., also when grown under iron-limited
conditions [10]. During preparative HPLC-MS isolation, it was observed that the compound was
degraded, and the degradation product was found to be serratiochelin C (2), which corresponds to
previous observations [10]. A study of the iron binding of the compounds and a degradation study
with formic acid was conducted. The structures of the compounds were verified by 1-D and 2-D
NMR and MS experiments, and Marfey’s analysis was used to find the configuration of the threonine
moiety of the molecule. Compound 1 and 2 were tested for their antibacterial activities, their abilities
to inhibit the formation of biofilm, and their toxicity towards human cells. This is the first study on the
bioactivity of 1 since its original discovery in 1994 [9].

3.1. Identification of Co-Culture and Serratiochelin A Production Strain

When streaking out the glycerol stock onto three different agar plates, three morphologically
different bacterial colonies were observed (Figure S14). The 16S rRNA gene of these bacteria was
amplified and sequenced by Sanger sequencing, showing that the stock solution contained Leifsonia
sp. (original isolate in stock), Shewanella sp., and Serratia sp. The 16S rRNA sequences for the three
isolates can be found in the Supplementary Material (Texts S15-5S17). Shewanella sp. and Serratia sp.
are assumed to be of marine origin, as strains of the same genera have been cultivated at the same time
as the Leifsonia sp. isolate, and the 165 rRNA sequences are similar to two strains of the Marbank strain
collection (Shewanella sp. M10B851 and Serratia sp. M10B861, Marbank ID). In order to investigate
if all bacteria were able to co-exist in the liquid culture started from the glycerol stock, a 450-mL
culture of DVR1 was inoculated with the glycerol stock (identically as was done with the culture from
which 1 was isolated) and the culture was streaked out on agar after 3 and 10 days of cultivation.
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After three days of cultivation, the colony forming units (CFUs) of both Shewanella sp. and Serratia
sp. were observed on the plates (Figure S14), proven by morphological identification and sequencing
of the 165 rRNA gene. After 10 days of culturing, no CFUs of Shewanella sp. were observed from
the culture, and the experiment detected exclusively CFUs of Serratia sp. No Leifsonia colonies were
observed from the liquid cultures, not after 3 nor 10 days of cultivation. This indicates that the Serratia
sp. isolate outgrow the other two isolates in the cultivation done in this study. After re-streaking the
three bacterial isolates present in the glycerol stock to obtain pure cultures, the different isolates were
cultivated separately in 50-mL cultures in DVR1 to identify the actual producer of 1. Compound 1 was
only produced in co-cultures started directly from the glycerol stock, and not by any of the cultures
started from axenic colonies from agar plates.

3.2. Dereplication and Isolation

Serratiochelin A (1) was obtained as a brown powder. The bacterial extracts and fractions were
analyzed using UHPLC-IMS-MS and 1 was detected at m/z 430.1594 (IM+H]") in ESI+ eluting at
4.45 min. The calculated elemental composition was Cp1Hp3N3O7 (Cale. my/z 430.1614 [M+H]"),
corresponding to 12 degrees of unsaturation. The elemental composition gave several hits for natural
products in available databases, including serratiochelin A (1). As 1 had been previously isolated
from Serratia sp., we saw it as a clear possibility that we had a positive identification of the compound.
However, to confirm this, isolation and structure elucidation was necessary. After the first round of
isolation using preparative HPLC, we detected two species of the product, one at RT= 4.45 min (1) and
another at RT = 2.07 min (2), both having the same m/z and elemental composition in ESI+. We later
confirmed that the m/z of 2 in ESI+ was not the m/z of the molecular ion due to neutral water loss in the
ion source. The masses of 1 and 2 are thus not equivalent, which was later confirmed by ESI-ionization,
which confirmed the mass of 2 to be equal to that of 1+H,O.

It was not possible to obtain 1 as a pure compound after the purification, as it was always
accompanied by 2, indicating a possible degradation of 1. Compound 2, on the other hand, was obtained
as a pure compound after using preparative HPLC for isolation. To distinguish between the two
molecules, the collision cross section (CCS) and drift time of the compounds were compared, and the
samples were also investigated in ESI- (see Table 2 for the respective values, the high- and low-energy
MS spectra, as well as UV/Vis spectra for 1 and 2 that are given in Figures 511 and S12). For isolating 1,
FLASH chromatography was used, since there was no 2 detected using this protocol, where no acid
was employed. The collected fractions were assayed individually using UHPLC-MS and the first
fraction eluting at 100% methanol was found to be sufficiently pure for structure elucidation via NMR
and further bioactivity testing (results of the purity assay are given in Figure 2), yielding 50.9 mg 1 from
3667.9 mg of extract. Compound 1 was not readily dissolved in water and methanol but it dissolved in
DMSO. Solutions of 1 were prepared in 100% DMSO and further diluted in water. The same was done
with 2, which also dissolved in methanol.

Serratiochelin C (2) was obtained as a brown powder, after acid-catalyzed degradation of 1.
From the ESI-, it was possible to elucidate the elemental composition of 2. Compound 2 was detected,
with m/z 446.1568 ([M-H]J") in ESI- eluting at 2.07 min. The calculated elemental composition was
Cy1Hy5N30g (Calce. my/z 446.1563 [M-H]"), corresponding to 11 degrees of unsaturation.
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Figure 2. Purity of serratiochelin A (1) after isolation using FLASH chromatography, analyzed by
UHPLC-MS. Top (in red) absorbance at 254 nm, middle (black) BPI chromatogram, bottom (blue)
extracted signal for m/z = 430.162 (+33.3 ppm). ART for UV/Vis detector is ~—0.05 min.

3.3. Structure Elucidation

Close inspection of 1-D (*H and 13C, Table 1) and 2-D (HSQC, HMBC, COSEY, and ROESY) NMR
data of 1 confirmed that we isolated the previously reported compound serratiochelin A (1). All NMR
spectra can be seen in the Supplementary Material (Figures 51-55). Key COSY and HMBC correlations
used to assign the structure of 1 can be seen in Figure 3.

In preparations treated with formic acid, we detected a third molecule eluting at 2.60 min.
According to its signal, fragments, and retention time, we concluded it was serratiochelin B [10].
Serratiochelin B was not isolated or verified by NMR. Serratiochelin B and 2 were not present within
the crude extract or within fractions obtained by FLASH chromatography but were detected after
treatment with acid. The conformation of threonine was found to be L by Marfey’s method, which is
in compliance what has been published previously [10]. Results are given within the Supplementary
Material (Figure 513).

Figure 3. Key COSY (bold) and HMBC (arrow) correlations for serratiochelin A (1).
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Table 1. 'H- and '3C-NMR data for serratiochelin A (1) and C (2) in DMSO-d,.

NMR Data Serratiochelin A (1) Serratiochelin C (2)

Position o¢c, Type oy (J in Hz) o¢c, Type oy (J in Hz)
1 8.30,t(5.9) 8.01,t(5.9)
2 169.6, C 169.73, C
3 114.9,C 114.92, C
4 117.1, CH 7.25,dd (8.1, 1.5) 117.04, CH 7.25,dd (8.2, 1.5)
5 117.8, CH 6.67,t(7.9) 117.84, CH 6.66, t (8.0)
6 118.7, CH 6.9,dd (7.8,1.4) 118.65, CH 6.89,dd (7.8, 1.5)
7 146.3, C 146.27, C
8 149.8,C 149.81, C
9 148.3,C 146.12, C
10 145.7,C 148.27, C
11 119.4, CH 6.96,dd (7.8, 1.6) 118.18, CH 6.92,dd (7.7, 1.5)
12 118.7, CH 6.73,t(7.9) 117.77, CH 6.69,t(7.9)
13 117.9, CH 7.07,dd (7.9, 1.6) 118.92, CH 7.37,dd (8.1, 1.6)
14 110.3,C 116.77,C
15 165.7,C 168.01, C
16 8.66, s
17 73.7, CH 4.45,d (87.3) 59.18, CH 4.34,dd (8.0,4.4)
18 78.8, CH 4.86, p (6.4) 66.38, CH 4.10,qd (6.1,4.7)
19 20.7, CHjy 1.45,d (6.3) 20.30, CHjy 1.09,d (6.4)
20 169.8, C 169.99, CH
21 8.81,s 8.78,t (5.3)
22 36.7, CH, 3.30, m 36.58, CH, 3.29,q (6.7)
23 28.9, CH, 1.72,p (7.0) 28.96, CH, 1.67,p (7.0)
24 36.6, CH, 3.18, m 36.41, CH, 3.20-3.08, m

The structure of serratiochelin C (2) was confirmed in a similar manner to that of 1. All NMR spectra can be seen in
the Supplementary Material (Figures S6-510).

3.4. Detection of Iron Chelation

Compounds 1 and 2 were mixed with aqueous FeCl; solution to investigate if the compounds
were able to chelate iron. Both 1 and 2 chelated iron, and the mass spectrometric data given in Table 2
indicate chelation of iron by the loss of three protons through coordination, as published previously [10].
The calculated exact mass for chelation of 1 was m/z 483.0729 ([M+Fe-2H]*) and for 2 and serratiochelin
B my/z 501.0835 ([M+Fe-2H]*). In ESI-, the calculated my/z ratios were my/z 481.0572 ((M+Fe-4H]") for 1
and m/z 499.0678 ([M+Fe-4H]") for 2.

Table 2. IMS and MS data for the apo- and ferrylspecies of serratiochelin A (1), serratiochelin B,
and serratiochelin C (2).

Compounds Form Ionization RT " [min] mfz CCS " [A?]  Drift Time [ms]
apo ESI+ 2.07 430.1610 ™ 202.88 7.00
Serratiochelin C apo ESI- 2.05 446.1568 ™" 198.35 6.94
(earliest eluting) ferri ESI+ 2.09 501.0844 208.06 6.75
ferri ESI- 2.11 499.0680 203.54 7.12
apo ESI+ 2.64 448.1714 210.99 6.84
Serratiochelin B apo ESI- 2.60 446.1573 199.52 6.98
(middle eluting) ferri ESI+ 2.61 501.0822 211.91 6.89
ferri ESI- 2.62 499.0673 201.16 7.04
apo ESI+ 4.45 430.1611 202.85 6.99
Serratiochelin A apo ESI- 4.37 428.1466 201.47 7.05
(late eluting) ferri ESI+ 4.46 483.0723 206.88 6.70
ferri ESI- 4.39 481.5058 208.50 7.30

* Retention time, ** Collision cross section, " Loss of water of apo-serratiochelin C (2) in ESI+, not in ESI-, and not
for the ferri-siderophores.
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3.5. Degradation Study with Formic Acid

The study confirmed that the degradation was triggered by formic acid. In order to obtain a
pure sample of 1, we used FLASH fraction no. 13, which predominantly contained 1 since during
the extraction process and the FLASH chromatography, no formic acid or acidic solution is used
that could induce degradation. This sample was used for the degradation study. Formic acid at
concentrations of 0.1%, 1.0%, 5.0%, and 10% (v/v) were tested and compared to the control (no acid),
as can be seen in Figure 4. It was found that the degradation correlates with the concentration of formic
acid. The degradation takes place not only in the presence of formic acid. When incubated with 1%
(v/v) hydrochloric acid or acetic acid, we observed degradation to approximately the same extent (data
not shown). The acid-catalyzed degradation mechanism turning 1 into 2 via intermediates 1a—e can be
seen in Figure 5.
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Figure 4. UV-max plot chromatogram. Degradation study showing the effect of formic acid on serratiochelin
A (1). The purified sample of 1 was treated with different concentrations of formic acid (% (v/)) for
24 h at room temperature and subsequently analyzed via UHPLC-PDA-MS. The chromatograms of the

control (0% formic acid), 0.1% formic acid, and 10% formic acid are given above. The degradation
of 1 (RT = 4.45 min) into serratiochelin C (2) (RT = 2.07 min) corresponds to the amount of formic

acid used.
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Figure 5. The proposed acid-catalyzed degradation reaction of the central methylated oxazoline ring
of 1, turning 1 into 2 via intermediates 1a to 1e.
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3.6. Cultivation Study

The cultivation study revealed that 1 was only produced in the iron-deficient co-cultures, as can be
seen in Figure 6. Cultures grown in media supplemented with 160 uM FeSO,4 did not produce 1 after 7,
14, and 21 days when grown at room temperature nor when grown at 10 °C (Figure 6). Within the
iron-deficient cultures, 1 was detected after 7, 14, and 21 days cultivation at 10 °C as well as when
cultivated at room temperature. Additionally, when extracting two cultures grown for 14 days at 10 °C
using solid-phase extraction, there was no 1 present within the iron-supplemented media while it was
a major component in the extract of the iron-deficient culture. Serratiochelin B and 2 were not detected
in the cultures, nor in crude extracts after solid-phase extraction.
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Figure 6. BPI chromatograms of the extracts of two co-cultures. (A) The extract of a 14-day culture
(10 °C) supplemented with 160 uM Fe(IIl). (B) The extract of a 14-day culture (10 °C) grown in
iron-deficient media. The peak of serratiochelin A (1) is indicated by the black arrow.

3.7. Bioassays

The growth-inhibiting properties of 1 and 2 were tested against several Gram-positive and
Gram-negative strains. The antimicrobial assay detected an effect of 1 on S. aureus. Interestingly, there was
no effect of 2 on S. aureus detected in the assay. There was no antimicrobial effect of 1 and 2 against
S. agalactiae, P. aeruginosa, E. coli, E. faecalis, and MRSA observed. The results against all the test strains
can be seen in Figure 7. The antimicrobial assay with S. aureus was repeated to verify the effect of
1. Among the tested concentrations, 25 uM was the lowest concentration of 1, which completely
inhibited the growth of S. aureus, as displayed in Figure 8. Compound 1 and 2 were also tested for
their ability to inhibit biofilm formation by S.epidermidis in concentrations up to 200 uM. Compound 1
showed some weak effects (assay result of ~ 40%, meaning 60% inhibition, normal cut-off used for
further investigation is minimum 70% inhibition) at 200 uM. Compound 2 showed no visible effect up

to 200 uM.
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Figure 7. Initial screen of antibacterial activity of (A) serratiochelin A (1) and (B) serratiochelin C (2) on
E. faecialis, E. coli, P. aeruginosa, S. agalactiae, and MRSA, normalized assay results. The experiment was
executed twice with two technical replicates each.
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Figure 8. Effect of serratiochelin A (1) on S. aureus showing inhibition of growth down to 25 uM,
normalized assay results. The assay was executed in four experiments with 3 X 2 and 1 x 3
technical replicates.

The effects of the compounds on eukaryotic cells was evaluated using the human melanoma cell
line A2058 and the non-malign lung fibroblast cell line MRCS5, see Figure 9. The effect of 2 on both cell
lines is insufficient, while 1 reduces the cell proliferation of both MRC5 and A2058 cells. The effect of 1
is stronger against MRCS5 cells than against A2058.
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Figure 9. Antiproliferative effect of serratiochelin A (1) and C (2) on (A) A2058 (melanoma) and (B)
MRC-5 (non-malignant lung fibroblasts) cell lines. The experiments were repeated twice with three
technical replicates.
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4. Discussion

In this study, a siderophore was isolated from a co-culture of a Shewanella sp. and Serratia
sp. bacteria, both of which come from bacterial genera that are important for environmental iron
metabolism. Bacteria from the genus Shewanella are known for their important role in iron metabolism,
especially in aquatic environments. Previously, several siderophores have been isolated from bacteria
of the genus Serratia, among these serratiochelin A (1).

Shewanella is a genus of Gram-negative rod-shaped vy-proteobacteria, within the order
Alteromonadales, found mostly in aquatic habitats [16]. Bacteria from this genus have been isolated
from several aquatic sources, both marine and freshwater [17-20]. The genus was established in
1985 [21], after a reconstruction of the Vibrionaceae family. Shewanella is part of the monogeneric family
Shewanellaceae [16], which consists only of this one genera. The genus has high respiratory diversity,
with the capability to respire approximately 20 different compounds, including toxic compounds and
insoluble metals, one example being reducing Fe(Ill) chelate and Fe(Ill) oxide to produce soluble
Fe(II) [22]. Bacteria from this genus are often involved in the iron metabolism in their environment,
and several iron chelators (siderophores) have been isolated from this genus. Putrebactin is a cyclic
dihydroxamate siderophore, produced and isolated from S. putrefaciens [23].

To investigate if the three bacterial isolates present in the glycerol stock co-exist in the liquid
DVR1 cultures, the culture was streaked out on several agar plates after 3 and 10 days of incubation.
The Shewanella colonies appeared first, followed by Serratia forming colonies on top of the Shewanella
sp. colonies (Figure S14). After 10 days, there were only colony forming units of Serratia sp. present
from the liquid co-culture, and the Shewanella could not be detected when streaked out on agar.
Serratiochelins have previously only been isolated from the Serratia genus, and are considered to
be rare siderophores [10]. As Serratia completely dominates the Serratia-Shewanella co-culture after
10 days, and based on data reported regarding previous isolation of 1 [9,10], it seems to be reasonable
to hypothesize that Serratia is the true producer of 1 in this co-culture and that it is outcompeting
Shewanella because of its specific iron acquisition. As 1 was not observed in axenic cultures of Shewanella
or Serratia, we assume that the co-culturing is inducing the production of the compound, possibly due
to the competition for iron in the culture.

Compound 1 was isolated from the co-culture after modifying the purification protocol.
The degradation of 1 to 2 was triggered by formic acid used in the mobile phase during chromatographic
isolation of the compounds. We confirmed that the degradation correlates with the concentration of
formic acid as previously published [10]. In addition, the same acidic hydrolyzation of an oxazoline
ring was also observed for the compound agrobactin after exposure to hydrochloric acid [24]. We also
confirmed the chelation of iron in a hexadecanoate coordination indicated by the loss of three protons,
observed in HR-MS experiments [10]. Compound 1 was only produced when no additional iron was
added to the co-culture. In the presence of iron, 1 was not detected in the bacterial culture media.
We did not detect serratiochelin B and 2 in the culture media, extract, or FLASH fractions (where no acid
was used). Previously, it was reported that 1 and serratiochelin B are the initial biosynthetic products
of Serratia [10]. For our isolate, the results strongly indicate that 1 is the only biosynthetic product,
while serratiochelin B and 2 are degradation products of 1. To obtain 1, its liability for acid degradation
is a significant disadvantage. The FLASH liquid chromatography represents a rather inefficient method
for isolation since we were taking only the fraction with the highest purity. Thus, a considerable amount
of compound eluted before and after together with other impurities, which diminished the yield of
pure 1 significantly, and the purification protocol was not optimized regarding yields but for obtaining
1 without its degradation product. We assume that within the producer isolates’ natural environment,
1 is, however, most likely not degrading into 2 due to the rather alkaline pH of seawater [25].

The acid-free isolation enabled us to isolate 1 for bioactivity testing. Since there is no bioactivity
data present for 1 and 2, and the purpose of our investigation was to find new bioactive molecules,
it was prioritized for isolation. The testing of both compounds revealed some interesting insights into
their bioactivity. Compound 2 displayed no activity in the tested assays and at the tested concentrations,
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while 1 had antibacterial activity against S. aureus and toxic effects on both eukaryotic cell lines tested.
Its antibacterial effect was specific towards S. aureus, while not having an effect on the other bacteria,
including MRSA. Its cytotoxic effect was evaluated against the melanoma cell line (A2058), as we
frequently observed that it is the most sensitive cancer cell line in our screening of extracts and
compounds. The non-malignant lung fibroblasts (MRC5) was included as a general control of toxicity.
The observed effect was stronger on lung fibroblasts than melanoma cells. Of interest to us was the
observed difference in activity between 1 and 2 despite the fact that the two structures are closely
related. It is questionable if the antiproliferative effect of 1 is caused by iron deprivation as observed for
other siderophores [26] or by another effect. The same applies for the observed antibacterial effect on
S.aureus, while the lack of effect on the other bacteria might indicate a specific target. Both molecules
are capable of chelating iron, so either 1 has a higher affinity to iron than 2, or it has another mode of
action. The species-specific antibacterial effect indicates the latter. Gokarn and co-authors investigated
the effect of iron chelation by exochelin-MS, mycobactin S, and deferoxiamine B on mammalian cancer
cell lines and an antiproliferative effect was observed at concentrations between 0.1 to 1.0 mg/mL.
Only HEPG2 cells have shown 23% cell survival at 20 ug/mL for mycobactin S. They observed a
different sensitivity among the tested cell lines and siderophores [26]. Compound 1 had an effect
at concentrations of <43 ug/mL (40% cell survival was detected at 2.15 ug/mL of 1 against MRC5).
Therefore, testing of 1 against more cell lines and testing of 2 at higher concentrations would be an
approach for further studies on the antiproliferative effects of 1 and 2. Some siderophores are known
to have additional functions, such as a virulence factor and modulation of the host of a pathogen [27].
Assuming another mode of action than iron chelation, the most relevant structural difference would be
the 5-methyl-2-oxazoline heterocycle in 1, which is hydrolyzed in 2. Oxazole and oxazoline moieties are
structural motives present in molecules with an antibacterial and antiproliferative effect [28,29]. They are
ligands to a number of different protein targets and can be regarded as “privileged structures” [29,30].
Further bioactivity elucidation of the two serratiochelins and the mode of action studies of 1 will be the
subject of further investigation.

5. Conclusions

We proved the production of 1 in high yields by a co-culture of Serratia sp. and Shewanella sp.,
while the compound was not observed in axenic cultures. We confirmed the iron chelation, as well as
the degradation of 1 to 2. We did not observe the production of any compound that could be related to
serratiochelin B in the bacterial cultures nor in the extract, but we observed its generation in traces
during acid-induced degradation, which gives rise to the assumption that serratiochelin B and 2 are
both hydrolyzation products of 1 in this study.

While 1 showed antiproliferative activity on human cancer cells but also on non-malignant lung
fibroblasts, and a specific antimicrobial effect on S. aureus, 2 did not show any bioactivity in the assays
conducted in this study. Since 1 and 2 differ in the presence of a structural motif that can be seen as a
privileged structure, we hypothesize that the hydrolyzation of the 5-methyl-2-oxazoline explains the
difference in bioactivity. The liability for hydrolyzation, however, represents a strong disadvantage for
developing this candidate further as a drug lead.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/7/1042/s1,
Figure S1: 'H NMR (600 MHz, DMSO-dg) spectrum of 1; Figure S2: '3C (151 MHz, DMSO-d) spectrum of 1;
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S14. Left: Non-axenic glycerol stock streaked on DVR1 agar displaying three morphologically different
bacteria. Through 16S rRNA sequencing the colonies were shown to be Leifsonia sp. (yellow colonies),
Shewanella (pink colonies) and Serratia sp. (white colonies). Right: Streak-out of liquid culture (3 days)
started by the non-axenic glycerol stock showed Serratia sp. (white colonies) growing on top of the
Shewanella sp. (light pink colonies).

S15. Consensus sequence of Shewanella sp.

Multiple sequences of forward and reverse reads were assembled, and the assembly was manually
corrected where this was possible. The consensus sequence was used to conduct a Nucleotide BLAST
with the nucleotide collection (nr/nt) database, excluding uncultured/environmental sample sequences
was conducted giving exclusively hits for Shewanella sp. bacteria. The best match (date 20.05.20) was
Shewanella sp. strain DZ-02-04-aga 16S ribosomal RNA gene, partial sequence (Accession number
MK577329), with 100% identity.

>Shewanella_consensus
TGCAGTCGAGCGGTAACACAAGGGAGCTTGCTCCTGAGGTGACGAGCGGCGGACGGGTGAGTAATGCCTAG
GGATCTGCCCAGTCGAGGGGGATAACAGTTGGAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGG
AGGGGACCTTCGGGCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCAC
CAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTA
CGGGAGGCAGCAGTGGGGAATATTGCACAATGGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAA
GGCCTTCGGGTTGTAAAGCACTTTCAGTAGGGAGGAAAGGTAGCGTGTTAATAGCACGTTACTGTGACGTTAC
CTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTCCGAGCGTTAATCGGAA
TTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTAAGCCAGATGTGAAATCCCCGGGCTCAACCTGGGAATTG
CATTTGGAACTGGCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAT
ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCATGCACGAAAGCGTGGGG
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCTACTCGGAGTTTGGTGACTTAGTCAC
TGGGCTCCCAAGCTAACGCATTAAGTAGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTG
ACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCTTGAC



ATCCACAGAAGAGACCAGAGATGGACTTGTGCCTTCGGGAACTGTGAGACAGGTGCTGCATGGCTGTCGTCA
GCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATCCTTATTTGCCAGCACGTAATGG
TGGGAACTCTAGGGAGACTGCCGGTGATAAACCGGAGGAAGGTGGGGACGACGTCAAGTCATCATGGCCCTT
ACGAGTAGGGCTACACACGTGCTACAATGGCGTATACAGAGGGTTGCAAAGCCGCGAGGTGGAGCTAATCTC
ACAAAGTACGTCGTAGTCCGGATCGGAGTCTGCAACTCGACTCCGTGAAGTCGGAATCGCTAGTAATCGTGGA
TCAGAATGCCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGCTGCAAA
AGAAGTGGGTAGTTTAACCTTCGGGAGAACGCTC

S16. Consensus sequence of Serratia sp.

Multiple sequences of forward and reverse reads were assembled, and the assembly was manually
corrected where this was possible. The consensus sequence was used to conduct a Nucleotide BLAST
with the nucleotide collection (nr/nt) database, excluding uncultured/environmental sample sequences
was conducted giving exclusively hits for Serratia sp. bacteria. The best match (date 20.05.20) was
Serratia plymuthica PRI-2C chromosome, complete genome (Accession number CP015613), with
100% identity.

>Serratia_consensus
AAGCGCCCTCCCGAAGGTTAAGCTACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACA
AGGCCCGGGAACGTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTG
CAGACTCCAATCCGGACTACGACGTACTTTATGAGGTCCGCTTGCTCTCGCGAGTTCGCTTCTCTTTGTATACGC
CATTGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTAT
CACCGGCAGTCTCCTTTGAGTTCCCGACCGAATCGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGAC
TTAACCCAACATTTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACTAA
GCTATCTCTAGCGAATTCTCTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGC
TCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCGATTT
AACGCGTTAGCTCCGGAAGCCACGCCTCAAGGGCACAACCTCCAAATCGACATCGTTTACAGCGTGGACTACC
AGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGGGGGCCGCCTTCGC
CACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTACACCTGGAATTCTACCCCCCTCTACAAGACTCTAGC
TTGCCAGTTTCAAATGCAGTTCCCACGTTAAGCGCGGGGATTTCACATCTGACTTAACAAACCGCCTGCGTGCG
CTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCCGTATTACCGCGGCTGCTGGCACGGAGTTAGCCGGT
GCTTCTTCTGCGAGTAACGTCAATGCAATGTGCTATTAACACATTACCCTTCCTCCTCGCTGAAAGTGCTTTACA
ACCCTAAGGCCTTCTTCACACACGCGGCATGGCTGCATCAGGCTTGCGCCCATTGTGCAATATTCCCCACTGCT
GCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGTGGCTGGTCATCCTCTCAGACCAGCTAGGGATCGT
CGCCTAGGTGAGCCATTACCCCACCTACTAGCTAATCCCATCTGGGCACATCTGATGGCGTGAGGCCCGAAGG
TCCCCCACTTTGGTCCGTAGACGTTATGCGGTATTAGCTACCGTTTCCAGTAGTTATCCCCCTCCATCAGGCAGT
TTCCCAGACATTACTCACCCGTCCGCCGCTCGTCACCCAGAGAGCAAGCTCTCCTGTGCTACCGCTCGACTTGC
AT

S17. Consensus sequence of Leifsonia sp.

Multiple sequences of forward and reverse reads were assembled, and the assembly was manually
corrected where this was possible. The consensus sequence was used to conduct a Nucleotide BLAST
with the nucleotide collection (nr/nt) database, excluding uncultured/environmental sample sequences
was conducted giving hits for bacteria of different genera, mainly Salinibacterium sp., Leifsonia sp.,
Agreia sp., and other un-identified bacteria of marine origin and Actinobacteria, all with % identity
above 99%. The best hit (date 20.05.20) was surprisingly found to be Pseudomonas sp. AW15 16S
ribosomal RNA gene, partial sequence (Accession number FJ362501, 99.93% identity), but the identity



of this sequence is questionable as it has no hits for other Pseudomonas sp. through BLAST. The second
best hit for our sequence was for Salinibacterium sp. strain DZ-02-03-aga 16S ribosomal RNA gene,
partial sequence (Accession number MK577334, 99.86% identity).

>Leifsonia_consensus
TGCAGTCGAACGATGAAGCTGGAGCTTGCTCTGGTGGATTAGTGGCGAACGGGTGAGTAACACGTGAGTAAC
CTGCCCTTGACTCTGGAATAAGCGTTGGAAACGACGTCTAATACCGGATACGAGCTTCCGCCGCATGGTGAGG
AGCTGGAAAGAATTTCGGTCAAGGATGGACTCGCGGCCTATCAGGTAGTTGGTGAGGTAATGGCTCACCAAG
CCTACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGG
GAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCAACGCCGCGTGAGGGACGACGGC
CTTCGGGTTGTAAACCTCTTTTAGTAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCACCGGCTAAC
TACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTA
GGCGGTTTGTCGCGTCTGCTGTGAAAACTGGGGGCTCAACCCCCAGCCTGCAGTGGGTACGGGCAGACTAGA
GTGCGGTAGGGGAGATTGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCAATGGC
GAAGGCAGATCTCTGGGCCGTTACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCT
GGTAGTCCATGCCGTAAACGTTGGGAACTAGATGTAGGGGCCATTCCACGGTTTCTGTGTCGCAGCTAACGCA
TTAAGTTCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
GCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATATACGAGAACGGGCTA
GAAATAGTTCACTCTTTGGACACTCGTAAACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTG
GGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTTGTTGCCAGCACGTAATGGTGGGAACTCAAAGGAGACT
GCCGGGGTCAACTCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGTCTTGGGCTTCACGCAT
GCTACAATGGCCGATACAAAGGGCTGCAATACCGCGAGGTAGAGCGAATCCCAAAAAGTCGGTCTCAGTTCG
GATTGAGGTCTGCAACTCGACCTCATGAAGTCGGAGTCGCTAGTAATCGCAGATCAGCAACGCTGCGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCAAGTCATGAAAGTCGGTAACACCCGAAGCCAGTGGCCTAACC
CGCAAG
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ABSTRACT

Suomilide and the banyasides are highly modified and functionalized non-ribosomal peptides
produced by cyanobacteria of the order Nostocales, which have structural similarities to
glycosylated aeruginosins, the aeruginosides. Their common structural feature is the complex
azabicyclononane core, previously assumed to be derived from the amino acid tyrosine. In these
compounds, the azabicyclononane core is functionalized with lipoglycosyl and decorated with
sulfate groups, making them chemically complex secondary metabolites. In our study we were
able to identify, isolate and determine the structure of two new suomilides, named suomilide B
and C (1 and 2). In addition, two compounds, suspected of being a new suomilide variant (S-
1006, 3) and the previously reported compound suomilide (4), were isolated, but their structures
were not characterized. Compounds 1 — 4 were assayed for protease inhibition, anti-
proliferative, anti-biofilm and anti-bacterial activities. No bioactivity was found, leaving the
question of the biological role of the suomilides open. The sequenced genome of the producer
organism Nostoc sp. KVJ20 enabled us to propose a biosynthetic gene cluster for suomilides.
This was the first genomic investigation of a biosynthetic machinery for this group of
structurally distinct cyanobacterial secondary metabolites. Our findings indicated that the
azabizyclonoinane-core of the suomilides is derived from prepenate and incorporated by a

proline specific NRPS-unit.



INTRODUCTION

Cyanobacteria are well known for being prolific producers of a broad range of bioactive
secondary metabolites, some of which are unique to cyanobacteria [1]. Some cyanobacteria
have been recognized for the toxins they produce, which are capable of causing severe
intoxications in humans and animals [2]. One of the most prominent group of such toxins is the
microcystins, a group of phosphatase inhibitors, which are problematic when they enter
drinking water supplies during dense cyanobacterial blooms [3]. The diverse and big group of
cyanobacterial secondary metabolites are products of a range of biosynthetic machineries such
as non-ribosomal peptide synthetases (NRPS) and polyketide synthases (PKS), but there are
also peptides that are synthesized ribosomal and modified posttranslationally [4]. For the
investigation of the biosynthesis of those metabolites, genome mining tools have been
extensively used in the field of cyanobacterial natural products [5]. A very powerful strategy to
identify new secondary metabolites and their biosynthetic pathways is the combination of mass

spectrometry and genomic studies [6].

In 1997, a new glycoside was isolated from an isolate of the non-toxic cyanobacterium
Nodularia spumigena. The structure of the compound was elucidated and named suomilide (4,
Figure 1) [7], but its bioactivity was not investigated. In 2005, two compounds with high
similarity to suomilide, banyaside A and B (5 and 6, Figure 1), were isolated from a bloom of
the cyanobacterium Nostoc sp. [8]. When comparing the aglycon of 4 to the aglycon of 5 and
6, they differ in one amino acid residue; leucine in 5 and 6 and isoleucine in 4. The conformation
of the leucine has been shown to be D in 5 and 6, while the confirmation was not confirmed for
the isoleucine in 4 [7,8]. Compounds 5 and 6 differ between themselves in the modification of
the glucose unit, consisting of a-glucose, esterified with hexanoic acid, where S is esterified

with carbamic acid (Figure 1).

Beside the production of secondary metabolites, cyanobacteria have the capability of
atmospheric nitrogen fixation. This feature is utilized by several land plants, ranging from
mosses to angiosperms, which developed the ability to attract diazotrophic Nostoc as their
symbiotic partners [10]. In 2016 Liaimer et al. conducted a study where a number of diverse
Nostoc sp. strains were isolated from the symbiotic organs of the liverwort Blasia pusilla found
at two different habitats in northern Norway, among which an isolate called Nostoc sp. KVJ20
was isolated [11]. Mass spectrometric analysis of extracts from KVJ20 cultures indicated that

they contained previously undescribed banyaside and suomilide like (bsl) molecules.



A NH B J=NH
N N
T
N o}
E)LNHZ
o~ o) Oy -NH o~ o 0. NH carbamic acid
N N H H
See M A
o o OH o>:° 6 & R OH >=o 0
OZSZO - ‘ - o M
" ;
o o OH hexanoic acid
P
o o 0O oR
“o 0 R0 OH °
R
H,N m/o o 1,1)&/\
R"~ butvic acid
o utyric acl
1-3 4-6
1: R=hexanoic acid, R’= butyric acid 4: R=isoleucine, R’= hexanoic acid , R”’=-H, R’*’= hexanoic acid
2:R=-H, R’=butyric acid 5: R=leucine, R’= hexanoic acid, R*’= carbamic acid, R’"’=-H
3: R=hexanoic acid, R’=-H 6: R=leucine, R’=-H, R’’=-H. R’*’=hexanoic acid

Figure 1: A) Structures of suomilide B (1), suomilide C (2) and S-1006 (3). The structures of 1 and 2 were
determined using NMR. The structure of 3 is proposed based on HR-MS and NMR analysis. B) The previously
isolated molecules suomilide (4), banyaside A (5) and banyaside B (6). All molecules have in common their Abn
(azobicyclononane) core and Aeap (1-amino-2-(N-amidino-A*-pyrrolinyl)ethyl), which also can be observed in
the aeruginosins, similar to leucine and glycosylation [9]. Suomilide differs from the banyasides by incorporation
of isoleucine instead of leucine. The banyasides among themselves differ in the modification of their glycon (a-

glucose for 4, 5 and 6).

The crude extracts of KVJ20 showed anti-proliferative activity against a human melanoma cell
line (A2058) and a human lung fibroblast cell line (MRCS5) [11]. These observations nominated
the extract for chemical investigation, which in turn led to the isolation of four bsl compounds.
The draft genome of KVJ20 was published in 2019 [12], and enabled us to combine chemical

analyses of the culture extracts with genome mining for the possible biosynthetic gene clusters.

In this study, we present the chemical and biological characterization of two novel suomilide-
like compounds, suomilide B (1) and C (2). In addition, the biological characterization of one
presumed novel suomilide-like compound, S-1006 (3) and S-1047 (4), which is presumed to be
identical to the previously reported suomilide, is described. The structures of 3 and 4 could not
be determined based on our currently available NMR datasets. In addition, we investigated the

bsl gene cluster coding for biosynthetic enzymes involved in the suomilide biosynthesis.



RESULTS AND DISCUSSION
Compound Identification and Dereplication

Investigation of a methanol-water extract of KVJ20 cells using UHPLC-IMS-MS led to the
identification of four compounds with fragments at m/z 610.3206 (in ESI+). This mass is
identical to the aglycon of 4, 5 and 6 since they are structural isomers (Figure 1), after neutral
loss of sulphur and its sugar moiety, which indicates that the compounds belong to the bsl
family of molecules [8]. The tentative identification of the new compounds structural
relationship to the banyasides was supported by comparing their herein obtained MS spectra to
the published MS spectrum of synthetic 6 [13]. Signals of a neutral loss of 80 u (in ESI+)
indicated that the molecules were carrying a sulfate group (Figure S1). The supernatant of the
bacterial cultures were analyzed for the presence of the compounds described above, but none
of them were detected, indicating that they were not excreted by the cells to the growth medium.
In addition to the above mentioned compounds, dereplication of the cyanobacterial extract gave
a hit in the ChemSpider database for elemental composition and one common fragment of the
anabeanopeptin-like cyclic peptide schizopeptin m/z 792.46506 [M+H]" (calc. m/z 792.46599,
for the elemental comp. Cs2Hs:N7Os, one fragment hit at m/z 631.380 (Figure S2) [14].
Schizopeptin has not been reported for this strain previously, and its presence is in accordance
to the genomic data [12]. As schizopeptin is well described in literature, the peptide was not

selected for isolation.
Isolation of 1 - 4

Isolation of 1 - 4 was done using mass guided preparative HPLC in two campaigns. Each
campaign was using the extract of a 5 L cyanobacterial culture (yielding 12.5 g and 16.9 g dry
mass of cells, respectively). The compounds where isolated using mass triggered fractionation.
For the first isolation step, the compounds were separated using a Sunfire C18 reversed phase
column. The collected fractions were reduced to dryness at 40°C in vacuo. The fractions were
dissolved in DMSO and methanol (1 dissolved poorly in methanol, but well in DMSO after
extensive shaking, 2 - 4 dissolved well in methanol), and separated in a second step using a
fluoro-phenyl reversed phase column. The yields were: 1: 3.7 mg; 2: 4.1 mg; 3: 5.9 mg; 4: 2.6

mg.



Structure Elucidation

Suomilide B (1) (Figure 1) was isolated as white crystalline substance. The molecular formula
was calculated to be CssH72NgO20S by HRESIMS, suggesting a presence of 14 degrees of
unsaturation. 1D ('H and *C, Table 1, Figure S4 and S5) and 2D NMR (HSQC, HMBC, COSY,
ROESY, Figure S6 — S8) results resembled those reported for 4 and allowed seven substructures
of 1 to be assigned. The substructures were isoleucine (Ile), 1-amidino-3-(2-aminoethyl)-3-
pyrroline (Aaep), azabicyclononane (Aza), glycolipid with a methylated glucose core decorated
with the subunits butyric acid (BA), carbamic acid (CA) and hexanoic acid (HA) (Figure 2,
Table 1). An additional substructure, 2-O-methylglyceric acid 3-O-sulfate (MgS), was partially
assign and later added a sulfate group at C-1 based on elimination of every other possible

binding site for the group (Figure 2).
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Figure 2: A) Selected 2D NMR correlations obtained for substructures of 1. B) Key 2D NMR correlations used to
connect the substructures and elucidate the complete structure of 1. HMBC (black arrows), COSY (bold), ROESY
(blue arrows), Mgs: 2-O-methylglyceric acid 3-O-sulfate, Aaep: 1-amidino-3-(2-aminoethyl)-3-pyrroline, BA:
butyric acid, MgS: 2-O-methylglyceric acid 3-O-sulfate, Aza: azabicyclononane, CA: carbamic acid and HA:

hexanoic acid. Weak correlations are indicated with dashed arrows.

The Aza substructure was assigned based on COSY and HMBC correlations, and by comparing
our data to previously published data [7]. A COSY spin system was observed from H-17 (du
3.72) to H-21a (6u 2.14)/H-21b (0n 1.99). The shift value of the tertiary C-17 (6c 65.7) placed
an —OH group in this position. HMBC correlations furthermore links both H-17 and H-21a to
the quaternary C-16 (3¢ 80.5) carbon atom, which was further linked to H-13 (dn 4.22) through
an HMBC correlation. The downfield shift value of C-16 (dc 80.5) suggests that it is linked to



a heteroatom, placing an oxygen in this position. H-13 is linked to H-12 (6n 4.52) through a
COSY correlation. HMBC correlation was observed between NH-14 (6u 7.98) and carbon
atoms C-13 (8¢ 58.3) and C-15 (6c 156.7). The deschielded shift value of C-15 (3¢ 156.7) is
characteristic for a carboxyl carbon, places an oxygen atom at this position, and attaches C-15
to C-16 via an ester linkage. Our 1D NMR data are highly comparable with previously
published data for the Aza subunit. When comparing 1D NMR data for protons and carbons 12
to 21 to the same data recorded for suomilide [7], the Adc shift values varies on average 0.11
ppm and Adn shift values varies on average 0.03 ppm (data recorded in ds-DMSO, Figure S9).

This confirmed that 1 had the Aza moiety commonly amongst the bsl family of compounds.

Table 1: 'H and >C NMR Assignments for 1 ('H 600 MHz, 3C 150 MHz, ds-DMSO).

Suomilide B (1) Suomilide B (1)
position  dc, type du (J in Hz) position  dc, type ou (J in Hz)
la 3.96 - 3.90, m* 26 1359,C
66.2, CHa
1b 3.76,dt (11.9,7.7) 27 119.0, CH 5.64,s
2 80.2, CH 3.96 - 3.90, m* 28 55.4,CH 4.17-4.11, m*
3 169.8, C 30 54.2, CH 417 -4.11, m*
4 7.94,d (6.9) 31 154.2,C
5 53.1,CH 4.62,1(6.9) 32/32" 7.25,s
6 36.5, CH 1.72, m* 33 94.7, CH 4.97,d (3.8)
7 14.5, CH3 0.92 - 0.83, m* 34 68.0, CH 4.83,dd (11.0, 3.7)
8a 1.29, m* 35 66.6, CH 5.02,dd (11.0, 3.5)
254, CHz
8b 1.19, m 36 68.4, CH 5.34,d (3.3)
9 11.8, CHs 0.92 - 0.83, m* 37 67.0, CH 4.17-4.11, m*
10 171.9,C 38a 3.34, m
70.0, CH2
12 56.9, CH 452,d(24) 38b 3.25,dd (10.0, 6.0)
13 58.3,CH 422,s 39 58.5, CHs 3.21,s
14 7.98, s 40 172.0,C
15 156.7,C 41 33.3, CH2 2.41-2.24, m*
16 80.5, CH 42 24.1, CH2 1.54, m*
17 65.7, CH 3.72, s* 43 30.6, CH2 1.28, m*
18 53.4,CH 4.28,s 44 21.8, CH2 1.28, m*
19a 2.14,d (12.1) 45 13.8, CHs 0.92 - 0.83, m*
28.8, CHa2
19b 1.72, m* 46 155.4,C
20 70.0, CH 3.72, m* 47 6.56, s
2la 2.41 -2.24, m* 48 172.6,C
34.4, CH2
21b 1.99,dd (11.1,5.4) 49 35.3, CHz 2.41 -2.24, m*
22 168.8,C 50 18.0, CHa2 1.54, m*
23 7.59,s 51 13.4, CH3 0.92 - 0.83, m*
24 37.2, CH2 3.18, m* 2me 57.3,CH;s 3.30,s
25 27.8, CHz 2.41 -2.24, m*

*Peaks are overlapping



The Ile subunit was assigned based on typical proton and carbon chemical shifts and
correlations in HMBC and COSY spectra and was found to be attached from C-10 (&¢ 171.9)
to position 11 of the Aza subunit through a weak HMBC correlation between H-12 (dn 4.52)
and C-10 (8¢ 171.9). This places a nitrogen in the 11 position and completes the tricyclic Aza

subunit.

The MgS subunit was assigned based on 1D NMR shift values and HMBC and COSY
correlations. It was found to be attached to N-4 of the Ile group through an HMBC correlation
between NH-4 (6u 7.94) and C-3 (8¢ 169.8). A sulfate group at C-1 based on elimination of

every other possible binding site for the group.

The glycosyl group of the glycolipid subunit was determined to be methylated glucose based
on typical proton and carbon chemical shifts and correlations in HMBC and COSY spectra. The
glucose was determined to be methylated through an HMBC correlation between H-38a (dn
3.34) and H-38b (0u 3.25) and the primary carbon atom C-39 (8¢ 58.5). The glucose subunit
was found to be attached through an ether bond to C-20 of the Aza subunit through a weak
HMBC correlation between H-33 (6n 4.97) and C-20 (¢ 70.0).

The CA subunit was assigned based on 1D and 2D NMR data and was found to be linked to the
glucose subunit through an ester bond determined by a weak HMBC correlation between H-35
(0n 5.02) and the quaternary C-46 carbon atom (dc 115.4). The HA and BA subunits were
identified by correlations in the HMBC and COSY spectra. The HA and BA subunits were
linked to the glucose subunit through ester bonds. The HA subunit was placed at C-36-O
through an HMBC correlation between H-36 (6u 5.34) and C-40 (6c 172.9). The BA subunit
was found to be linked to C-34 through an ether bond through weak ROESY correlations
between H-34 (u 4.83) and the BA protons H-49 (ou 2.41 - 2.24) and H-50 (on 1.54).

Consequently, the structure of 1 was assigned.

Suomilide C (2) (Figure 1) was isolated as white crystalline substance. The molecular formula
was calculated to be C39He2NgO19S by HRESIMS, suggesting a presence of 13 degrees of
unsaturation. The mass and elemental composition of 2 indicated that its structure was closely
related to that if 1. By close inspection of 1D ('H, *C, Table 2, Figure S10 and S11) and 2D
(HSQC, HMBC, COSY, TOCSY and ROESY, Figure S12 — S15) NMR data, the structure of
2 was elucidated in a similar manner as described above for 1. In the '3C spectra, only 22 of the
carbon atoms resulted in prominent peaks. The remaining carbon atom shift values were

extracted from the HSQC spectra. When comparing the 'H and '*C chemical shift values of 1



and 2 for the MgS, Ile, Aza, Aaep, CA and BA substructures, the values were found to conform

well (Adc average: 0.2 ppm, Adu average: 0.013 ppm). The most noticeable difference between

the 'TH-NMR datasets of 1 and 2, was the lack of a proton resonance for H-36 at 5.34 ppm in

the 'H spectrum of 2. Instead, H-36 was found to have a shift value of 3.86 ppm. The shift value
of C-36 had also changed from 68.4 ppm in 1 to 66.4 in 2. The shielding of CH-36 could be

explained by elimination of the HA subunit, causing C-36 to be attached to a hydroxyl group

rather than an ester, which is the case in 1. Elimination of HA was in line with the difference in

the calculated elemental composition of 1 and 2. Signals from the HA subunit were however

still visible, but were significantly less prominent in the spectra recorded for 2. This showed

that 2 was a variant of 1 lacking the HA substructure, but also indicated that 1 was still present

in the sample as a minor component.

Table 2: 'H and >C NMR Assignments for 2 ('H 600 MHz, 3C 150 MHz, ds-DMSO).

Suomilide C (2)

Suomilide C (2)

position  dc, type du (J in Hz) position  Jc, type ou (J in Hz)
la 3.97 - 3.85, m* 23 7.61,s
65.9, CH2
1b 3.76,dd (11.6, 7.8) 24 36.9, CHz 3.18, m
2 79.9, CH 3.97 - 3.85, m* 25 27.6, CH2 2.32-2.23, m*
3 169.7, C 26 1359,C
4 8.00 - 7.92, m* 27 118.8, CH 5.64,s
5 529, CH 4.62,1(7.0) 28 55.4,CH 412, m
6 36.3,CH 1.71, m* 30 54.2, CH 412, m
7 14.1, CHs 0.92 - 0.79 (m)* 31 154.0,C
8a 129, m 32/32" 7.23,s
25.03, CH2
8b 1.17, m 33 94.6, CH 4.90 - 4.80, m
9 11.5, CHs 0.92 -0.79 (m)* 34 68.8, CH 4.90 - 4.80, m
10 171.2,C 35 67.7, CH 4.95,dd (10.7, 3.9)
12 56.6, CH 4.54, m 36 66.4, CH 3.89, m
13 57.9, CH 423, m 37 68.7, CH 3.88, m
14 8.00 - 7.92, m* 38a 3.44, m
70.4, CH2
15 156.7,C 38b 3.38, m
16 80.3, CH 39 58.4, CH3 325, m
17 65.6, CH 3.71, m 46 156.3,C
18 53.2,CH 427, m 47 6.50, s
19a 2.12,d (12.9) 48 172.3,C
28.57, CHz
19b 1.71, m* 49 35.2,CH2 2.32-2.23, m*
20 69.1, CH 3.69, m 50 17.8, CH2 1.53, m
21a 51 14.1, CH3 0.92 - 0.79 (m)*
34.4, CH: 1.96, m
21b 2me 57.07, CH3 3.30, s
22 168.7, C

*Peaks are overlapping



S-1006 (3) (proposed structure in Figure 1) was isolated as white crystalline substance. The
molecular formula was calculated to be C41HssNgO19S by HRESIMS, suggesting a presence of
13 degrees of unsaturation. S-1048 (4) (believed to be suomilide, Figure 1) was isolated as
white crystalline substance. The molecular formula was calculated to be Cs3HgsNgO20S by
HRESIMS, suggesting a presence of 14 degrees of unsaturation. The structures of S-1006 (3)
and S-1048 (4) could be indisputably elucidated using our currently available NMR datasets.
However, the datasets show resemblance to those recorded for 1 and 2, and to previously
reported datasets for suomilide. Based on HRMS and NMR data, we therefore presume that the
structure of 3 is similar to that of 1 and 2, lacking the butyric acid substructure which is linked
to C-34-O- in 1 and 2. Furthermore, we speculate that 4 is suomilide as our recorded data are
fitting with previously reported HRMS and NMR data for the compound. Further isolation and

structure elucidation is in progress.
Biological characterization of 1 - 4

With the isolated material of 1 — 4 at hand, it was possible to investigate the bioactivity of all
four compounds. Since the production of secondary metabolites represents a metabolic and
energetic effort, they are likely to give a selective advantage to the producing organism [15] or
have a function within the organism. Were therefore tested to see if 1 - 4 had any effect on the
survival of bacterial cells, malignant and non-malignant human cells, as well as on bacterial
biofilm formation. We also wanted to investigate if the previously observed bioactivity of this
strain is related to the isolated suomilides, by assaying the ability of 1 — 4 to act as protease

inhibitors. For the bioassays, 1 - 4 were dissolved in DMSO and further diluted in ddH2O.
Antibacterial and antibiofilm formation activity

There were no significant effects of 1 — 4 when tested at concentrations up to 100 uM against
S. aureus, E. coli, MRSA, P. aeruginosa, E. faecialis and S. agalactiae. There were also no
effects on biofilm formation by S. epidermidis at concentrations up to 100 uM. Given the results
we got from the bacterial bioassays, we conclude that the suomilides do not have an effect on

bacterial growth and biofilm formation.
Activity against malignant and non-malignant cell lines

As part of our continuous screening effort to identify bacterial extract with bioactive
compounds, the extract of KVJ20 was assayed against three human cell lines. This showed that

the extract had anti-proliferative effects on the human non-malignant cell line MRCS5 (lung



fibroblast) and the human malignant cell line A2058 (melanoma), but not on the human
malignant cell line HT29 (colon carcinoma). Therefore, we further investigated the bioactivity
of 1 - 4 against MRCS5 and A2058 (Figure 3). Compounds 1 — 4 were furthermore tested for
activity against the human malignant cell lines, MOLMI13 (acute myeloid leukemia).
Compounds 1 - 4 were assayed at concentrations up to 100 uM against all cell lines. While
there were no detectable effects on MRC5 and A2058, there was a detectable effect on
MOLM13 cells at the highest concentration of 100 uM (Figure 3). The concentration of DMSO
at the highest concentration of suomilides was 1.0% (v/v). To investigate the role of DMSO
which were as high as 1% at the highest concentration, DMSO controls were included. This
might have interfered with the assay results as seen in Figure 4 with larger standard deviations.
Apparently, the anti-cancer effect of 2 and 4 have a high standard deviation and varies around
the DMSO control. Compounds 1 and 3 have an effect on the proliferation of MOLM13 cells
that is higher than the DMSO control. The question remains if the effect is of unspecific nature
in combination with DMSO or if a specific effect leads to the observed activity. However, we

doom the observed weak effect not to be sufficient for further investigation.
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Figure 3: Effect of 1 - 4 against the non-malignant human cell line MRC5 (lung fibroblasts) and two human
malignant cell lines A2058 (melanoma cell line) and MOLM13 (monocytic leukemia). While A2058 and MRCS
show no sensitivity towards 1 — 4, MOLMI13 were sensitive at 100 uM. The assays were executed in two

experiments with three technical replicates each.

Compounds 5 and 6 were isolated by bioassay guided purification using a serine-protease
inhibition assay when discovered in 2005 [8]. The two banyasides were reported to inhibit the
catalytic activity of trypsin. Given the high structural similarity between banyasides and
suomilides (Figure 1), we tested 1 - 4 in a trypsin inhibition assay, but they showed no activity.
As far as we know, the bioactivity of suomilide has not been investigated previously, and the
Nostoc sp. strain it has been isolated from was reported as non-toxic [7]. This complies with

our results, being no activity of 1 - 4 against bacteria or cell lines at high concentrations. Taking



a closer look on the structure of other cyanobacterial protease inhibitors, such as
cyanopeptolins, microviridins and others, it appears that they are cyclic peptides in contrast to
the rigid modified core of the suomilides and banyasides [16-19]. This leaves the question of
the biological function and potential bioactivity of suomilides unanswered. Recently the
detection of bsl compounds in a chemotyping study employing mass spectrometry of Nostoc
like isolates from Hungarian grasslands has been reported [20]. The geographic spread of
cyanobacteria capable of producing bsl compounds and glycosylated aeruginosines gives

further motivation to investigate those molecules and reveal their biological function.
Biosynthesis of the Suomilides

A previous study predicted 19 gene clusters in KVJ20 containing genes involved in the
biosynthesis of nonribosomal peptides, polyketides, and ribosomally synthesized and
posttranslationally modified peptides [12]. In addition to well defined anabaenopeptin and
nostocyclopeptide gene clusters, we were able to identify genes associated with aeruginosin
production and assemble the entire bsl gene cluster. The reassembled bsl cluster can be retrieved
under the gene bank accession number: MT269816 (Figure 4). The cluster consists
predominantly of genes that are also present in aeruginosin and saxitoxin gene clusters. For
aeruginosin, the most similar clusters are aeruginosin 126B (BGC0000297) where 41% of the

genes show similarity and aeruginosin 98-A (BGC0000298, 42% of genes show similarity).
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Figure 4: bsl-biosynthetic cluster proposed for suomilides: At the top the bsl-gene cluster. Below the indication
of which genes are similar to those in the respective gene clusters of aeruginosin (aer) and saxitoxin (sxt). A
detailed description is given in Table 3. NRPS genes are given in red, other biosynthetic genes in blue and

transporters/transport related genes in green. Open reading frames/hypothetical genes are coloured black.

For the saxitoxin the clusters BGC0000887, BGC0000188 and BGC0000928 show a similarity
of 14%. The genes and the respective cluster they are originating from are given in Table 3 and
illustrated in Figure 5. We propose the cluster described in this article (Figure 4 and Table 3) is
the biosynthetic cluster producing the suomilides. The proposed functions for the respective

genes are given in Table 3.



Table 3: Genes of the identified bsl-cluster.

Gene | Predicted function/ (Strand) BLAST match / Homology to known | Proposed Ref.
name | protein family ORF % identity genes / compound function
start:stop /organism / notes
bslA D-Ile specific NRPS (+) WP_146110921 aerB [ aeruginosine / Incorporation of [9,22]
1373:10153 Nostoc sp. 'Peltigera M. aeruginosa, P. D-Ile
membranacea agardhii
cyanobiont' N6 / 88%
bslB Hypothetical (+) WP_162397141 orf3 / aeruginosine / unknown 9]
10244:11068 | Nostoc sp. B(2019) / P. agardhii
92%
bslC Adenylylsulfate (+) WP_169266147 sxtO / saxitoxin / sulfatation [23]
kinase 11221:11799 | Brasilonema Dolichospermum
octagenarum / 91% circinale
bslD Oxidoreductase/ (+) WP_094328884 aerC /aeruginosine / electron transfer [9,22]
Ferredoxin 11821:13986 | Nostoc sp. 'Peltigera M. aeruginosa, P.
membranacea agardhii
cyanobiont' 213 / 87%
bslE type 2 isopentenyl- (+) WP_096564146 aerK / aeruginosine / DMAPP [21,22]
diphosphate Delta- 13983:15038 | Scytonema sp. NIES- M. aeruginosa synthesis
isomerase 4073 /95%
bslF DMT family (+) WP_162397144 Transporter
transporter 15071:15973 | Nostoc sp. B(2019)/
90%
bslG Dehydration and (+) AVHG65362 Nostoc sp. | aerD / aeruginosine / Dehydration and [9,21,22]
decarboxylation of 16026:16634 | 'Peltigera M. aeruginosa, P. decarboxylation
prephenate, BacA membranacea agardhii of prephenate
cyanobiont' N6 / 93%
bsll cupin domain- (+) WP_094328882 aerE [ aeruginosine / Epoxylation ? [9,22]
containing protein, 16627:17334 | Nostoc sp. 'Peltigera M. aeruginosa, P.
BacB membranacea agardhii
cyanobiont' 213
bslH SDR family +) WP_162397147 aerF / aeruginosine /| Oxidation of OH [9,22]
oxidoreductase 17348:18142 | Nostoc sp. B(2019)/ M. aeruginosa, P.
89% agardhii
bsl] Pro specific NRPS (+) WP_104900371 aerG / aeruginosine /| Incorporation of [9,22]
18206:23224 | Nostoc sp. 'Peltigera M. aeruginosa, P. Abn
membranacea agardhii
cyanobiont' N6 / 88%
bslK SDR family +) WP_094328879 Orfl / aeruginosine / Oxidation of OH | [22]
oxidoreductase 23472:24248 | Nostoc sp. 'Peltigera M. aeruginosa
membranacea
cyanobiont' 213 /93%
bsIL ABC transporter +) WP_096564141 transporter
substrate-binding 24281:26077 | Scytonema sp. NIES-
protein 4073 / 88%
bsIM isopenicillin N (+) WP_104900374 aerH / aeruginosine / | unknown [9,22]
synthase family 26228:27190 | Nostoc sp. 'Peltigera M. aeruginosa, P.
oxygenase membranacea agardhii
cyanobiont' N6 / 92%
bsIN isopenicillin N +) WP_162397152 aerH / aeruginosine/ | unknown [9,22]
synthase family 27228:28220 | Nostoc sp. B(2019)/ M. aeruginosa, P.
oxygenase 85% agardhii
bslO Hypothetical (+) AVH65370 Nostoc sp. unknown
28286:29443 | 'Peltigera
membranacea
cyanobiont' N6 / 93%
0YD97159 Nostoc sp.
'Peltigera
membranacea
cyanobiont' 213 /93%
bslP D-alanyl-lipoteichoic +) AVH65371 Nostoc sp. acetyltransferase
acid acyltransferase 29495:31012 | 'Peltigera
DItB, MBOAT membranacea
superfamily cyanobiont' N6 / 93%




0YD97158 Nostoc sp.

'Peltigera
membranacea
cyanobiont' 213 /93%

bslQ SAM-dependent +) WP_094328873 Methyltransferase
methyltransferase 31040:31762 | Nostoc sp. 'Peltigera
membranacea
cyanobiont' 213 /91%
bsiR Carbamoyltransferase | (+) WP_094328872 sxtl / saxitoxin / carbamoylation [23]
31810:33648 | Nostoc sp. 'Peltigera Dolichospermum
membranacea circinale
cyanobiont' 213 /97%
sxtJ (+) WP_162397157 sxtJ / saxitoxin / unknown [23]
33654:34061 | Nostoc sp. B(2019)/ Dolichospermum
88% circinale
bslS hypothetical (+) WP_007355070 sxtK / saxitoxin / unknown [23]
34061:34225 | Kamptonema sp. PCC Dolichospermum
6506 / 76% circinale
bsiTI SGNH/GDSL (+) WP_162397158 sxtL / saxitoxin / hydrolase [23]
hydrolase 34641:35552 | Nostoc sp. B(2019)/ Dolichospermum
83% circinale
bsiT2 | SGNH/GDSL (+) WP_096564131 sxtL / saxitoxin / hydrolase [23]
hydrolase 35634:36758 | Scytonema sp. NIES- Dolichospermum
4073 /91% circinale
bslUI | Hypothetical (+) WP_096564130 Annotated as carbohydrate
36891:37856 | Scytonema sp. NIES- carbohydrate — binding protein ?
4073/ 87% binding protein in
other annotated
genomes
bslU2 | Hypothetical (+) AVHG65379 Nostoc sp. | Annotated as carbohydrate
37961:38860 | 'Peltigera carbohydrate — binding protein ?
membranacea binding protein in
cyanobiont' N6 / 87% other annotated
OYD97151 Nostoc sp. | genomes
'Peltigera
membranacea
cyanobiont' 213 / 87%
bslV radical SAM protein (+) WP_171978128 methylation or
38930:39610 | Brasilonema/95% sulphur activation
bsIWI | isopenicillin N (+) AVHG65381 Nostoc sp. | aerH/aeruginosine/ | unknown [9,22]
synthase family 39713:40720 | 'Peltigera M. aeruginosa, P.
oxygenase membranacea agardhii
cyanobiont' N6 / 93%
0YD97149 Nostoc sp.
'Peltigera
membranacea
cyanobiont' 213 /93%
bsIW2 | isopenicillin N (+) 0YD97148 Nostoc sp. | aerH/aeruginosine/ | unknown [9,22]
synthase family 41045:42028 | 'Peltigera M. aeruginosa, P.
oxygenase membranacea agardhii
cyanobiont' 213 /93%
bsly aldo/keto reductase (-) AVHG65383 Nostoc sp. hydration of DB/
42143:42976 | 'Peltigera reduction of OH
membranacea
cyanobiont' N6 / 94%
0YD97147 Nostoc sp.
'Peltigera
membranacea
cyanobiont' 213 / 94%
bslX glycosyltransferase +) AVHG65384 Nostoc sp. | aerl/aeruginosine / glycosylation [9]
family 4 protein 43181:44470 | 'Peltigera P. agardhii
membranacea
cyanobiont' N6 / 94%
bslZ1 MES transporter +) WP_096570964 transporter
44638:45984 | Scytonema sp. NIES-
4073 / 89%
bslZ2 ABC transporter, +) WP_162397169 aerN / aeruginosin / transporter [22]

similar to
anabaenopeptin
transporters

46051:48060

Nostoc sp. B(2019)/
83%

M. aeruginosa | P.
agardhii




For the banyasides, the biosynthesis of the Abn moiety was proposed to start from L-tyrosine
[8]. The present cluster, however, possesses prephenate decarboxylase (bs/G). This indicates
that the biosynthesis of Abn is starting from prephenate instead of tyrosine. We propose
therefore an alternative biosynthesis starting from prephenate, given in Figure 5. The
biosynthesis of secondary metabolites from prepenate, employing prepenate decarboxylases,
has been observed for bacilysin, salinosporamide A and aeruginoside 126A as well [21]. The
gene bslJ is coding a NRPS subunit predicted to incorporate isoleucine which is apparently
present in the suomilides. However bsiA is predicted to code for a NRPS incorporating proline,
we hypotesize that the NRPS-subunit is binding the azabizyclononane moiety (Figure 5, VII)
due to its structural similarity to proline. The proposed cluster and its genes can be related to

the structural properties of suomilides.
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Figure 5: Proposed biosynthetic pathway for the Abn moiety [8] proposed a biosynthetic pathway starting from
tyrosine. Similar to the proposed biosynthesis we proposed biosynthesis starting from prephenate (1) instead. The
similarity of the azabizyclononane (VII) to proline can be imagined, we hypothesize that the peptide bond between

VII and isoleucine is established via non ribosomal peptide synthesis.

The suomilides are representing secondary metabolites with significant complexity. Suomilide
(putatively the isolated suomilide S-1048(4)) was first isolated in 1997 and the new suomilides
discovered within this study were tested in a range of bioassays. The question of their biological

function is not answered yet but the occurrence of banyaside/suomilide like molecules in



Nostocales and most likely intracellular localization of these gives rise to the assumption that

the molecules have an important physiological function yet to be discovered.

CONCLUSIONS

While we were not able to discover the biological role of the suomilides we were able to propose
a biosynthetic pathway and assign a biosynthetic cluster which could be valuable for the
identification of further suomilides using genomic methods. Further investigation of the
suomilides should include assays detecting their effect on animals but also investigations of
their effects or function in cyanobacteria seem recommendable since they are not excreted into

the media.

EXPERIMENTAL SECTION
UHPLC-HR-MS analysis

UHPLC-HR-MS data for dereplication and structure elucidation was recorded using an Acquity
I-class UPLC (Waters, Milford, MA, USA) coupled to a PDA detector and a Vion IMS QToF
(Waters). The chromatographic separation was performed using an Acquity C18 UPLC column
(1.7 um, 2.1 mm x 100 mm) (Waters). Mobile phases consisted out of acetonitrile (HiPerSolv,
VWR) for mobile phase A and ddH>O produced by the in-house Milli-Q system as mobile
phase B, both containing 1% formic acid (v/v) (33015, Sigma). The gradient was run from 10%
t0 90% B in 12 min at a flow rate of 0.45 mL/min. Samples were run in ESI+ and ESI- ionization
mode. The data was processed and analyzed using UNIFI 1.9.4 (Waters). Calculation of exact

ion masses was done by using ChemCalc [24].
Structure Elucidation via NMR-Spectroscopy

NMR data of the compounds was recorded on a Bruker Avance III HD spectrometer equipped
with an inverse detected TCI probe with cryogenic enhancement on 'H, *H and '*C. Operating
frequencies were 599.90 MHz for 'H and 150.86 MHz for *C. For taking up the spectra the
samples were dissolved in de-DMSO and recorded at 298 K. All experiments were recorded
using standard pulse sequences for Proton, Presat, Carbon, DQF-COSY, HSQC, HMBC,
H2BC, NOESY and ROESY (gradient selected and adiabatic versions, with matched sweeps



where applicable) in Topspin 3.5pl7 and processed in Mnova 12.0.0. The solvent peak of ds-

DMSO was used to reference the spectra.

Origin of Isolate and Genome Sequencing

The isolate originates from 69,64 N 18,73°E, Kvalaya island, Northern Norway and has been
termed KVJ20 [11], its draft genome was sequenced and published in 2019 [12].

Cultivation of Cyanobacteria

The subject of investigation, the cyanobacteria Nostoc sp. KVJ20 was maintained as described
previously [11][25]. The scale up cultures were grown for five weeks in 1 L constantly aerated
bottles. The cultures were illuminated with 30 pm/m?/s using a 36W/77 Osram Fluora light

source.
Extraction and Isolation

The cells were harvested by centrifugation, the pellet was freeze dried and sonicated in 100%
MeOH, centrifuged again and the methanol supernatant was collected. The pellet was extracted
the same way again with 50% MeOH aq. and with 100% ddH>O, without additional

sonification. The extracts were collected and reduced to dryness at 40°C in vacuo.

Isolation of the molecules out of the extract was done using a semi preparative HPLC system
(Waters) made up by a 600 HPLC pump, a 3100 mass spectrometer, a 2996 photo diode array
detector and a 2767 sample manager. For infusion of the eluate and analytes into the mass
detector a 515 HPLC pump and a flow splitter were employed. The mobile phases were
degassed by an in-line degasser. For controlling the system, the software MassLynx™ 4.1
(Waters) was used. The columns used for isolation were Sunfire RP-18 preparative column (10
um, 10 mm x 250 mm) and XSelect CSH preparative Fluoro-Phenyl column (5 pm, 10 mm x
250mm), both columns were purchased from Waters. The mobile phases for the gradients were
A [ddH20 with 0.1% (v/v) formic acid] and B [acetonitrile with 0.1% (v/v) formic acid], flow
rate was set to 6 mL/min. Acetonitrile (Prepsolv®, Merk KGaA, Darmsatdt, Germany) and
formic acid (33015, Sigma) were purchased in appropriate quality, ddH20 was produced with
the in-house Milli-Q® system. For the MS-detection of the eluting compounds one percent of
the flow was split from the fractions in line, blended with 80% Methanol in ddH20 (v/v)
acidified with 0.2% Formic acid (Sigma) and directed to the ESI-quadrupole-MS. The fractions



were collected by mass triggered fraction collection and the respective fractions were reduced

to dryness under reduced pressure and by vacuum centrifugation, both at 40°C.

Suomilide B (1): white powder (9.8 mg); UV (ACN:H20) Amax 213 nm; 'H and '*C NMR data

in Table 1; HRESIMS m/z 1075.4496 [M - H] (calcd for C4sH71NsO20S, 1075.4510).

Suomilide C (2): white powder (4.1 mg); UV (ACN:H20) Amax 198 nm; 'H and '*C NMR data

in Table 2; HRESIMS m/z 977.3781 [M - H] (calcd for C39He1NgO19S, 977.3774).

S-1006 (3): white powder (5.9 mg); UV (ACN:H20) Amax 213 nm; HRESIMS m/z 1005.4089

[M - H] (calcd for C41HgsNgO19S, 1005.4087).

S-1048 (4): white powder (2.6 mg); UV (ACN:H20) Amax 217 nm; HRESIMS m/z 1047.4171

[M - H] (calcd for C43Hg7NgO20S, 1047.4192).

Investigation of Bioactivity
Protease Inhibition Assay

To test the compounds for their capacity to inhibit proteases, the trypsine digestion of Suc-Ala-
Ala-Pro-Phe-pNA in presence of the compounds was measured. Therefore 5 mL of assay
solution were prepared out of 500 uL of 1M Tris-HCL (pH 8.0), 500 uL 0.1M CaCl,, 50 uL of
100 mM Suc-Ala-Ala-Pro-Phe-pNA Suc-Ala-Ala-Pro-Phe-pNA (Sigma, S3014) and 3.95 mL
of ddH20. The reaction was done in microtiter plates ((VWR 734-2073), per well 90 uL of
assay solution were mixed with 5 uLL of 100 uM suomilides in 10% DMSO (v/v) or PBS buffer
as control. The reaction was prepared on ice and 5 uL of Trypsin-solution were added to start
the reaction short before starting the photometric measasurement. For quantifying the reaction
its product 4-nitroaniline was measured at A =410 nm over 20 min using a Victor™ plate reader

(PerkinElmer, Waltham, MA, US) and WorkOut 2.5 (PerkinElmer).



Growth Inhibition Assay

To determine and quantify potential anti-microbial activity, a bacterial growth inhibition assay
in liquid media was executed. The samples were tested against S. aureus (ATCC 25923), E.
coli (ATCC 259233), E. faecialis (ATCC 29122), P. aeruginosa (ATCC 27853), S. agalactiae
(ATCC 12386) and Methicillin resistant S. aureus (MRSA) (ATCC 33591). S. aureus, MRSA,
E. coli and P. aeruginosa were grown in Muller Hinton broth (275730, Becton, Dickinson and
Company). E. faecalis and S. agalactiae were cultured in brain hearth infusion broth (53286,
Sigma). Fresh bacteria colonies were transferred in the respective medium and incubated at 37
°C overnight. The bacterial cultures were diluted to a culture density representing the log phase
and 50 pL/well were pipetted into a 96-well microtiter plate (734-2097, Nunclon™, Thermo
Scientific, Waltham, MA, USA). The final cell density was 1500-15,000 CFU/well. The
compound was diluted in 2% (v/v) DMSO in ddH2O, the final assay concentration was 50% of
the prepared sample, since 50 pL of sample in DMSO/water were added to 50 puL bacterial
culture. After adding the samples to the plates, they were incubated over night at 37 °C and the
growth was determined by measuring the optical density at A = 600 nm (OD600) with a 1420
Multilabel Counter VICTOR3™ (Perkin Elmer, Waltham, MA, USA). A water sample was
used as reference control, growth medium without bacteria was used as a negative control and
a dilution series of gentamycin (A2712, Merck) from 32 to 0.01 pg/mL was used as positive
control and visually inspected for bacterial growth. The positive control was used as system
suitability test and the results of the antimicrobial assay were only considered valid when
positive control was passed. The final concentration of DMSO in the assays was < 2% (v/v)

known to have no effect in the tested bacteria.

Biofilm Inhibition Assay

For testing the inhibition of biofilm formation Staphylococcus epidermidis (ATCC 35984) was
grown in Tryptic Soy Broth (TSB, 105459, Merck, Kenilworth, NJ, USA) overnight at 37 -C.
The overnight culture was diluted in fresh medium with 1% glucose (D9434, Sigma-Aldrich)
before being transferred to a 96-well microtiter plate; 50 uL/well were incubated overnight with
50 pL of the test compound dissolved in 2 % (v/v) DMSO agq. added in duplicates. The bacterial
culture was removed from the plate and the plate was washed with tap water. The biofilm was
fixed at 65 oC for 1 h before 70 pL 0.1% crystal violet (115940, Merck Millipore) was added
to the wells for 10 min of incubation. Excess crystal violet solution was then removed and the
plate dried for 1 h at 65 ~C. Seventy microliters of 70% EtOH were then added to each well and

the plate incubated on a shaker for 5-10 min. Inhibition of biofilm formation was assessed by



the presence of violet color and was measured at 600 nm absorbance using a 1420 Multilabel
Counter VICTOR3 TM. Fifty microliters of a non-biofilm

forming Staphylococcus haemolyticus (clinical isolate 8-7A, University hospital, UNN,
Tromsg, Norway) mixed in 50 uL autoclaved Milli-Q water was used as a control; 50 pL S.
epidermidis mixed in 50 puL autoclaved Milli-Q water was used as the control for biofilm
formation; and 50 uL TSB with 50 puL autoclaved Milli-Q water was used as a medium blank

control.

Cell Proliferation Assay

The inhibitory effect of compounds was tested using an MTS in vitro cell proliferation assay
against two cancer cell lines and one physiologic cell line. The cancer cell lines were human
melanoma A2058 (ATCC, CLR-1147™) and acute myeloid leukemia MOLM 13 [26], as cell
line for the general cytotoxicity assessment, non-malignant MRCS5 lung fibroblast cells (ATCC
CCL-171™) were employed. The cells were cultured and assayed in Roswell Park Memorial
Institute medium (RPMI-16040, FG1383, Merck) containing 10% (v/v) Fetal Bovine serum
(FBS, 50115, Biochrom, Cambridge, UK). The cell-concentration was 4000 cells/well for the
lung fibroblast cells and 2000 cells/well for the cancer cells. After seeding, the cells were
incubated 24 h at 37 °C and 5% CO2. The medium was then replaced with fresh RPMI-1640
medium supplemented with 10% (v/v) FBS and gentamycin (10 pg/mL, A2712, Merck). After
adding 10 pL of sample diluted in 2% (v/v) DMSO in ddH2O the cells were incubated for 72
h at 37 °C and 5% CO2. For assaying the viability of the cells 10 pL of CellTiter 96®AQueous
One Solution Reagent (G3581, Promega, Madison, W1, USA) containing tetrazolium [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt] and phenazine ethosulfate was added to each well and incubated for one hour. The tests
were executed with three technical replicates. The plates were read using a DTX 880 plate
reader by measuring the absorbance at A = 485 nm. The cell viability was calculated using the
media control. As a negative control RPMI-1640 with 10% (v/v) FBS was used and 0.5%
Triton™ X-100 (Sigma-Aldrich) was used as a positive control. The data was processed and

visualized using GraphPad Prism 8.
Genome and Gene-Cluster Analysis

The recently published genome of Nostoc KVJ20 [12] was submitted to antiSMASH [27].
Genes predicted to belong to the Aeroginosin biosynthetic gene clusters were found at the edges

of several contigs. Therefore we have undertaken analysis of additional data acquired in



connection to the previous genome study and processed in the same way [12]. We were able to
find a contig containing the entire operon which was verified again by antiSMASH. The bsl-

operon was deposited and can be retrieved under the following accession number: MT269816.
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S1. ESI+-IMS-MS spectra of suomilide C (2). A: Low-collision energy spectra, the neutral loss of sulfate
is indicated by the black arrow. B: High-collision energy spectra (20-60 eV ramp) in red below. The
fragment at m/z 601.3206 is the aglycon after loss of the sulfate and sugar-moiety. 899.4340 is the

observed loss of sulfate for 2.
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S2. ESI+-IMS-MS identification of putative schizopeptin 791. A: Low collision energy spectra. B: High
collision energy spectra (20-60 eV ramp), for assignment of fragments see Figure S3.
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S3. Putative identification of schizopeptin 791 via its fragments.
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S5. ¥C (151 MHz, DMSO-ds) spectrum of 1075 (1)
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S6. HSQC + HMBC (600 MHz, DMSO-ds) spectrum of 1075 (1)

14 32
B S
i A
45 \ 97/
50
44— —
43 4; 19
49 T = SR S S e
185
30
LN
e e
35 1 1
uiﬁ .............
T i gttt e T S
2038 :
- B
16
33 "
27
26
4631
15
o
T eE (BN SRR ——
e

7 6 5 4
1H (ppm)

70

140

150

160

170



S7. COSY (600 MHz, DMSO-ds) spectrum of 1075 (1)
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S8. ROESY (600 MHz, DMSO-d) spectrum of 1075 (1)
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S9. Comparison of 1D NMR chemical shift values between 1075 (1) and suomilide

Data recorded for the Aza subunit

1075 (1) Suomilide

position oc O oc on Adg Adyg

12 56.9 4.52 56.6 4.59 0.3 0.07

o 13 58.3 4.22 58.1 4.27 0.2 0.05

1 H 14 7.98 7.95 0 0.03
’F{\N 13 12 15 156,7 156.6 0.1 0
OH >:0 16 80,5 80.4 0.1 0

18 J fo) 15 17 65.7 3.72 65.7 3.60 0 0,03

19 21 18 53.4 428 53,5 423 0.1 0,05
20 19a 2,14 2.14 0

R 19b 88 1.72 87 1.68 o1 0.04

20 70 3.72 69.8 3.62 0.2 0,1

21a 241224 2,27 na.

21b 34 1.99 343 1.94 0.1 0,005

Avg__ 0.11 0.03
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S11. 1*C (151 MHz, DMSO-ds) spectrum of 978 (2)
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S12. HSQC + HMBC (600 MHz, DMSO-ds) spectrum of 978 (2)
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S$13. COSY (600 MHz, DMSO-ds) spectrum of 978 (2)
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S15. ROESY (600 MHz, DMSO-ds) spectrum of 978 (2)
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