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Agrip

Hafid hefur ad geyma mikinn liffraedilegan fjolbreytileika er gridarleg
uppspretta lifvirkra efnasambanda med mikla mdoguleika & préun nyrra
lyfjasprota. Sjavarsvampar og samlifsérverur peirra framleida fjdlbreytileg og
einstdk annarstigs efnasambond. Markmid pessa verkefnis var ad rannsaka
efnainnihald og lifvirkni nattdruefna dr mismunandi sjavarasvémpum og
samlifsérverum peirra. | pvi skyni var fimm svémpum safnad i hafinu i
kringum Island, premur svémpum UGr Indo-Kyrrahafinu og tveer tegundir
geislagerla (e.actinomycetes) safnad af svompum, peir reektadir upp og
einangradir.  Hemjandi  ahrif  nattdruefnanna  voru  kénnud &
krabbameinsfrumur, bakteriudrepandi ahrif i reekt og offituvirkni i
sebrafiskalikani.

Lifreenir Grdreettir ar fimm islenskum sjavarsvémpum voru rannsakadir.
Oskautudu Grdraettirnir innhéldu mikid af fituefnum. Efnagreiningaradferd med
hahradavokvagreini tengdum massagreini (UPLC-QTOF-MS) var hamoérkud
til ad skima fyrir og fjarleegja (dereplication) pekkt natturuefni til ad auka
skilvirkni vid greiningu a skautudum urdrattum. Sjo pekktir nakledsidar og
nudkleébasar voru greindir i Gtdreettinum (e. dereplication) pegar leitad var
eftir nyjum efnasambdndum. Pekktu efnasambondin voru einangrud og
efnabygging peirra stadfest med 1H—kjarnsegulgreiningu (NMR). Frekari
rannséknum & lifvirknileiddri einangrun og efnainnihaldi islenskra
sjavarsvampa var hins vegar heett vegna pess ad Urdraettirnir sem unnid var
med syndu enga lifvirkni i peim préfunum sem framkveemd voru.

brjar svamptegundir: Acanthostrongylophora sp., Acanthodendrilla sp. og
Acanthostrongylophora ingens sem safnad var i Indé-Kyrrahafinu voru
rannsakadar. Nytt haploscleridamin efni og kéfnunarefnis-
hligsteeduefnasamband voru einangrud ar metanélardreetti
Acanthostrongylophora. Tvo ny diterpen efnasambdnd voru einangrud Ur
svampinum Acanthodendrilla og leiddi pessi uppgvétum i ljés ad
Acanthodendrilla var eina Dendroceratida eettkvislin par sem pessi
efnasambond hoéfou ekki adur fundist. Fimm ny efnasambodnd r bisabdlan-
efnaflokknum voru einangrud og skilgreind ar  svampnum
Acanthostrongylophora ingens, asamt eftirfarandi pekktum
efnasambondunum.  Nidurstédur  ar  lifvirknimaelingum  syndu  ad
efnasambandid, 6-(1,5-dimetyl-1,4-hexadienyl)-3-metylbenzen-1,4-diél haféi



frumuhemjandi ahrif krabbameinsfrumur i raekt. Auk pess hofou pessi
bisabdlan efnasambdnd hamlandi ahrif i offituvirknilikani i sebrafiskum.

Efnasambodnd med tveimur fldorvirinin C hépum voru audkennd i Urdrattum
fra samlifsérverum svampa af geislagerlastofninum (e. Actinomycete) (DIL-
12-02-135). bessi efnasambénd voru audkennd med massagreiningu og er
petta i fyrsta sinn sem pessi efnasambond eru einagrud Ur sjavarlifverum.
Jafnframt voru tvd pekkt efni, mangrolide A og naphthoquinone, einangrud
med adstod massagreiningaradferdar Ur 68rum geislagerlastofni (CP9-13-01-
036). Nidurstodur syndu ad naphthoquinone hefur beedi
krabbameinsfrumuhemjandi  ahrif og syklahemjandi ahrifa  gegn
Staphylococcus aureus.

Nidurstodur verkefnisins syna ad svampar og samlifsorverur peirra eru rik
uppspretta ahugaverdra og fjdlbreyttra nattGruefna med mismunandi lifvirkni
og pvi mikilveegt ad halda afram leitinni ad nyjum og spennandi efnum ar
lifverum i hafinu.

Lykilora:

Sjavarnattaruefni, sjavarsvampar, geislagerlar, annarstigs efnasambénd,
lifvirkni



Abstract

The ocean represents a tremendous source of biologically active metabolites
with great potential for the development of new pharmaceuticals. Marine
sponges and their microbial associates are known as the most prolific source
of structurally diverse and unique secondary metabolites. The present work
aimed to explore the potential of different sponge and sponge-associated
microorganisms as a source of natural compounds with possible
pharmacological applications. Five sponge individuals collected in the
Icelandic waters, three in the Indo-Pacific Ocean and two sponge-associated
actinomycete strains were used for that purpose. Cytotoxic, anti-bacterial and
anti-obesity activities were tested.

Organic extracts were prepared from the five sponges collected in Iceland.
The apolar extracts were found to be rich in fatty acids. The UPLC-QTOF-MS
method used for dereplication of the present natural compounds was
successfully optimized in order to increase efficiency when analyzing polar
extracts. Seven known nucleosides and a nucleobase were dereplicated. The
compounds were isolated and their structure confirmed by 'H-NMR. The
Icelandic sponge's study was, however, discontinued due to the absence of
promising extracts.

Three sponge specimens collected in the Indo-Pacific Ocean were studied:
Acanthostrongylophora sp., Acanthodendrilla sp. and Acanthostrongylophora
ingens. Acanthostrongylophora sp. methanolic extract resulted in the isolation
of haploscleridamine and a new nitrogenated analog. Acanthodendrilla sp.
was found to be the producer of two spongian diterpenes with novel
structures. This discovery withdrew Acanthodendrilla of being the only
Dendroceratida genus that had not been reported as a producer of this class
of compounds. Acanthostrongylophora ingens revealed to be the producer of
five new bisabolane related compounds, the previously reported 6-(1,5-
dimethyl-1,4-hexadienyl)-3-methylbenzene-1,4-diol and 1-(2,4-dihydroxy-5-
methylphenyl)ethan-1-one. The bioactivity studies showed that 6-(1,5-
dimethyl-1,4-hexadienyl)-3-methylbenzene-1,4-diol have moderate cytotoxic
activity against the tested cancer cell lines. Bisabolane-related compounds
also demonstrated to have anti-obesity potential based on the zebrafish Red
Nile assay.

The actinomycete strain DIL-12-02-135 mycelial cake was found to contain
two group C fluvirucinins. Those compounds were obtained through mass
spectrometry-guided isolation and represent the first isolation of this class of



compounds from marine sources. Another mass spectrometry-guided
isolation carried out in the actinomycete strain CP9-13-01-036 yielded two
known compounds: mangrolide A and a naphthoquinone. Naphtoquinone
was shown to have both strong cytotoxic activity against the tested cell lines
and anti-bacterial activity against Staphylococcus aureus.

The studied marine sponges and actinomycete strains resulted in several
known and new compounds with valuable bioactivities. Marine sponges
demonstrated, once again, to be a tremendous source of bioactive natural
compounds.

Keywords:

Marine natural products, marine sponges, actinomycetes, secondary
metabolites, bioactivity
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1 Introduction

1.1 History of Natural Products Drug Discovery

Since early times, mankind has felt the need for healing and treating injuries
and diseases. At least 60,000 years back, traditional medicine emerged with
the use of plants, animals and microorganisms as an empirical attempt to treat
and prevent human diseases [1]. Many of those medicines, such as traditional
Chinese medicine, Ayurveda, Kampo, traditional Korean medicine and Unani,
have been used throughout the world for hundreds of years and evolved into
regulated systems of medicine that are in use nowadays [2]. Today, chemical,
pharmacological and clinical studies of ancient medicines represent the basis
for the discovery of new drugs.

In the early 1800s, morphine was isolated from the opium plant and
became the first isolated active compound being used for pharmacological
purposes [3]. This represented a turning point for traditional medicine. During
the 19" and 20" centuries, many active compounds were isolated from natural
sources, in some cases based on traditional uses.

The 1980s brought the expansion of the chemical synthesis. Combinatorial
chemistry emerged as an accelerator in the process of searching for new
effective medicines. The idea of obtaining big libraries of new compounds in
short periods of time and doing fast screenings for several biological activities
revolutionized drug discovery. Also, the modern advances in hardware and
software have allowed the development of a vast technology platform which
combinatorial chemistry could take benefit of [4]. In the early 1990s, with the
development of PCR technique and nucleic acid synthesizers, biosynthetic
techniques became also an accelerating tool for combinatorial chemistry.
Thousands of new compounds were discovered due to the combination of all
these modern techniques and were screened in many biological assays.
However, the delivery of new pharmaceuticals into the market was not
proportional to the immense increment in new compounds. The kinase
inhibitor sorafenib (Nexavar; Bayer Pharmaceuticals) was approved in
December 2005 to be used in the treatment of advanced renal cell carcinoma
[5] and was the only compound resultant from the combinatorial programs
approved by Food and Drug Administration (FDA).

In fact, natural products have been selected, through natural evolution, to
interact with specifically targeted macromolecules in a specific organism. This



resulted in more diversity and chemically complex structures, contributing
strongly to the appearance of new molecules with drug-like properties [2].

Nowadays, it seems clear that the more efficient strategy for the
development of new pharmaceuticals is going back to the basics.
Researchers are, again, focusing drug discovery in the study of natural
products, trying to meet the urgent need to find and develop new effective
drugs.

1.1.1 The Ocean as an Unlimited Source of Natural Compounds

Covering more than 70% of the earth surface and with a mean depth over
3000 meters [6], oceans host an extraordinary vast chemical and biological
diversity. From the 36 animal phyla taxonomically identified in nature, 34 can
be found in the marine environment [7]. On some coral reefs, the density of
species is believed to be much higher than the biodiversity observed in
tropical rainforests [8]. This overwhelming marine habitat, with macro and
microorganisms, continuously suffering a high selective pressure, due to the
underwater physical, chemical and predatory conditions, forces them to
develop highly specific and effective mechanisms of defense. This leads to the
production of unusual and structurally complex secondary metabolites [8]. The
majority of all known marine organisms have been investigated for their
capacity to produce natural products and concluded to represent a valuable
source of unknown compounds with great potential, not only as
pharmaceuticals but also with other bioactivities precious for the human being
such as nutritional supplements, cosmetics or agrochemicals [9-12]. As shown
in Figure 1, pharmacology and toxicology represent the main topic whithin the
publication of marine isolated natural compounds, but they are also published
as part of many other fields like agriculture, engineering or environmental
science.

Fundamentally, marine natural compounds often differ from the ones
isolated from terrestrial sources. In contrast to terrestrial, marine organisms
often produce halogenated secondary metabolites [13, 14]. From those
halogenated marine metabolites, the majority contains bromine, which is
especially abundant in the marine environment, whereas terrestrial organisms
preferably synthesize chlorinated compounds [14]. The marine algal enzyme
vanadium bromoperoxidase plays a crucial role oxidizing bromide for its
incorporation into marine organic compounds [15].
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Figure 1 - Relevance of marine natural compounds published by subject area up to
January 2017 [16].

In the 1950s, with the isolation of two bioactive nucleosides [17], the value
of marine natural products was understood by scientists, marking the
beginning of systematic screenings on marine organisms. Despite this late
discovery, the expansion was tremendous. Blunt et al. publish every year a
review compiling the late discovered marine natural compounds [9, 18, 19].
MarinLit is a marine natural compounds database, initially established by Blunt
and Munro and later acquired by the Royal Society of Chemistry. This
database currently contains approximately 30,000 entries [20]. Those
indicators clearly place marine organisms on top of the richest sources of
novel drug leads.

1.1.2 Marine Pharmaceuticals Pipeline

The pharmaceuticals pipeline is very long. From drug discovery to its market
release, an enormous amount of time and money are spent. From dozens of
thousands of new natural compounds discovered, only very few reach the
stage of clinical trials in a process that lasts approximately 15 years as shown
in Figure 2.

Currently, the marine pharmaceuticals clinical pipeline consists of seven
FDA approved drugs, nine drugs in phase | of clinical trials, ten in phase Il and
six in phase Il [21], as it is demonstrated in Table 1. Figure 3 illustrates the
chemical structure of all isolated marine natural compounds that led to
commercialized drugs. The first case of success regarding the clinical pipeline
of marine pharmaceuticals can be traced to the 1950s. Bergmann and Feeney
reported the isolation and structure elucidation of the two arabidose
nucleosides spongothymidine and spongouridine from the Caribbean sponge
Tethya crypta [22]. The antiviral properties of these two compounds were
demonstrated [23] leading to the disprove of the ongoing theory stating that for



a nucleoside to have biological activity, the sugar moiety should be either a
ribose or a deoxyribose. The synthesis of analogs of those two nucleosides
led to the development of the compound Ara-A (Vidarabine), with enhanced
antiviral activity against herpes viruses, and to an antitumor compound, Ara-C
(Cytarabine) effective in acute lymphoid leukemia. Vidarabine was the first
antiviral to be approved for the systematic treatment of herpes virus infection;
however, it was discontinued because of new and more effective antiviral
agents have appeared [24]. Cytarabine, on the other hand, is currently still a
chemotherapy agent used mainly in the treatment of white blood cell cancers
[25].

0 years

250 compounds
Preclinical

©

1 FDA approved 15 years
drug

Figure 2 - Timeline and success rate of the process from the discovery of a compound
until its approval as a drug.



Table 1 - Current marine pharmaceuticals pipeline [21].

Clinical status Compound Trademark Marine organism Chemical Disease / Disease area
(Companyl/Institution) class
2015 Trabectedin (ET- Yondelis® (PharmaMar) Tunicate Alkaloid Soft tissue sarcoma and ovarian cancer
743)
2011  Brentuximab Adcetris® Mollusk/ Antibody-Drug  Anaplastic  large  T-cell  systemic
vedotin (Seattle Genetics) cyanobacterium Conjugate malignant lymphoma, Hodgkin's disease
(SGN-35)
2010  Eribulin Mesylate Halaven® (Eisai Inc.) Sponge Macrolide Metastatic breast cancer
FDA - (E7389) = . o
approved 2004  Omega-3-acid Lovaza® Fish Omega-3 fatty Hypertriglyceridemia
ethyl esters (GlaxoSmithKline) acids
Ziconotide (w- Prialt® Cone snail Peptide Severe chronic pain
conotoxin MVIIA) (Jazz Pharmaceuticals)
1976  Vidarabine Vira-A® (discontinued) Sponge Nucleoside Herpes Simplex virus
(Ara-A)
1969  Cytarabine Cytosar-U® (Pfizer) Sponge Nucleoside Leukemia
(Ara-C)
Phase Il Plinabulin ~ (NPI- NA (BeyondSpring  Fungus Diketopipera- Lung cancer, brain tumor
2358) Pharmaceuticals) zine
Lurbinectedin NA (PharmaMar) Tunicate Alkaloid Ovarian, breast and lung cancers
(PM01183)
Depatuxizumab NA (AbbVie) Mollusk/ Antibody-Drug  Glioblastoma, pediatric brain tumors
mafodotin cyanobacterium Conjugate
(ABT-414)
Tetrodotoxin Tectin® (WEX Pufferfish Alkaloid Chronic pain
Pharmaceutical Inc.)
Polatuzumab NA (Genentech/Roche) Mollusk/ Antibody-Drug  Lymphoma, leukemia
vedotin cyanobacterium Conjugate
Marizomib NA (Triphase) Bacterium Beta-lactone- Lung and pancreatic cancers, melanoma,
(Salinosporamide gamma lactam lymphoma, myeloma
A; NPI-0052)




Clinical status Compound Trademark Marine organism Chemical Disease / Disease area
(Companyl/Institution) class
GTS-21 (DMXBA) NA Worm Alkaloid Schizophrenia, Alzheimer disease,
attention deficit hyperactivity disorder,
endotoxemia, sepsis, vagal activity
AGS-16C3F NA (Agensys & Astellas Mollusk/ Antibody Drug Renal cell carcinoma
Pharma) cyanobacterium Conjugate
Plocabulin NA (PharmaMar) Sponge Polyketide Solid Tumors
(PM060184)
ABT-414 NA (AbbVie) Mollusk/ Antibody-Drug  Breast cancer, melanoma
EGFRuvIII - MMAF cyanobacterium Conjugate
Glembatumumab  NA Mollusk/ Antibody-Drug  Breast cancer, melanoma
Vedotin (Celldex Therapeutics) cyanobacterium Conjugate
(CDX-011)

Phase Il Agensys & HuMax®-TF-ADC Mollusk/ Antibody-Drug  Ovary, endometrial, cervix, bladder,
Astellas Pharma (GenMab) cyanobacterium Conjugate prostate, esophagus and lung cancers,
Vedotin cancers of head and neck
Enfortumab NA (Seattle Genetics) Mollusk/ Antibody-Drug  Tumors, neoplasms, urothelial cancer
Vedotin cyanobacterium Conjugate
ASG-22ME
GSK2857916 NA (GlaxoSmithKline) Mollusk/ Antibody-Drug  Multiple myelomas

cyanobacterium Conjugate
Bryostatin NA Bryozoan Macrolide Alzheimer disease
(Neurotrope BioScience) Lactone
Telisotuzumab NA (Abbvie) Mollusk/ Antibody-Drug  Breast cancer, melanoma
vedotin cyanobacterium Conjugate
(ABBV-399)
Phase | ABBV-085 NA (Abbvie) Mollusk/ Antibody-Drug  Solid tumors
cyanobacterium Conjugate
ASG-67E NA (Astellas & Seattle Mollusk/ Antibody-Drug  Refractory and relapsed lymphoid
Genetics) cyanobacterium Conjugate malignancies




Clinical status Compound Trademark Marine organism Chemical Disease / Disease area
(Company/Institution) class
ASG-15ME NA (Astellas & Seattle Mollusk/ Antibody-Drug  Urothelial cancer
Genetics) cyanobacterium Conjugate
CDX-014 NA Mollusk/ Antibody-Drug  Renal carcinoma
(Celldex Therapeutics) cyanobacterium Conjugate
ARX-788 NA (Ambrex & Zhejiang Mollusk/ Antibody-Drug  Breast and gastric cancers
Medicine) cyanobacterium Conjugate
SGN-CD48A NA (Seattle Genetics) Mollusk/ Antibody-Drug  Myeloma
cyanobacterium Conjugate
XMT-1536 NA (Mersana Mollusk/ Antibody-Drug  Solid tumors
Therapeutics) cyanobacterium Conjugate
XMT-1522 NA (Mersana Mollusk/ Antibody-Drug  Breast, lung and gastric cancers
Therapeutics) cyanobacterium Conjugate
ALT-P7 NA (3SBio & Alteogen) Mollusk/ Antibody-Drug  Breast and gastric cancers
cyanobacterium Conjugate

NA: Not available



Prialt® was initially isolated from the marine snail Conus magus as w-
conotoxin MVIIA or ziconotide. Prialt® is a potent analgesic and appeared
with a novel mechanism of action that involves selective blockage of pre-
synaptic neuronal N-type calcium channels in the spinal cord [26]. Prialt®
got FDA approval in 2004 and it still remains today as the only selective N-
type channel blocker approved for clinical use.

Lovaza® was approved in 2004 by FDA. It can be obtained from fish oils
and consists in concentrated w-3 polyunsaturated fatty acids, mainly
eicosapentaenoic acid, 20:5(n - 3) (EPA), and docosahexaenoic acid, 22:6(n
- 3) (DHA). Lovaza® is used to treat adults with severe hypertriglyceridemia
[27].

Tj ]
Spongothymidine Spongouridine o 0 N O HN N OHN
o H
o

A
Halichondrin B N
H N o
q N \
N/ NH N—
o

5/\0 N _ _

o A A o
0Ny Ho,

= = =
o S

H 1
o N N X X X o
\—O Z = = 0™

HO
Trabectedin Omega-3-acid ethyl esters (EPA and DHA)

Figure 3 - Planar chemical structures of the marine natural compounds that led to
commercialized drugs.



Halaven® appeared next, being approved by the FDA in 2010. It is a
synthetic analog of halichondrin B, developed by Eisai Pharmaceuticals.
Halichondrin B is a polyether macrolide with potent anticancer activity
originally isolated from the marine sponge Halichondria okadai [28].
Halaven®'s interfere in the cell cycle, inhibiting microtubule growth and
sequestering tubulin that causes G2-M cell cycle arrest and apoptosis [29].
The drug is approved for the treatment of metastatic breast cancer in patients
who have progressed following prior chemotherapy [30].

Adcetris® is an antibody-drug conjugate and a synthetic analog of
dolastatin 10, originally isolated from the sea hare Dolabella auricularia [31].
It conjugates the chimeric 1IgG1 antibody cAC10, the microtubule-disrupting
agent monomethyl auristatin E (MMAE) and a protease-cleavable linker that
covalently attaches MMAE to cAC10. MMAE binds to tubulin, disrupting the
microtubule network and leading to cell cycle arrest and apoptosis [32].
Adcetris® was approved by FDA in 2011 for the treatment of anaplastic large
T-cell systemic malignant lymphoma and Hodgkin’s disease [33].

At last, in 2015 trabectedin was approved as Yondelis®. The alkaloid was
originally extracted from the tunicate Ecteinascidia turbinate and introduced
in the market by PharmaMar [34]. It is used for the treatment of soft tissue
sarcoma and relapsed platinum-sensitive ovarian cancer [35].

Table 1 shows a detailed description of the current marine
pharmaceuticals pipeline. A close look into the pipeline shows the high
numbers of, not only approved marine drugs but also isolated compounds
that are currently in clinical trials. The number of candidates to enter those
clinical trials in a near future is expected to increase once marine natural
compounds are in constant study and development and the need for new
effective drugs becomes drastically urgent.

1.1.3 Statistics on Marine Natural Products

Approximately 30,000 structurally diverse marine metabolites have been
isolated and characterized [20]. The number of new marine natural
compounds increased dramatically to an average of, approximately, 1,600
per year over the last two decades, as illustrated in Figure 4a [36], with the
greatest increase in the 1980s and remaining relatively constant since then.
This is coincident with the development of instrumentation such as
chromatographic techniques, NMR spectroscopy, and mass spectrometry as
well as the invention of 2D-NMR [36]. The development of these techniques
allowed a chemical characterization with a high degree of confidence and



with a little amount of material needed (below mg). This is reflected by the
low percentage (1.4%) of corrections to previous publications across all
marine natural products [37].

A biogeographic analysis revealed that marine compounds have been
isolated from organisms collected from all over the globe. Japanese
surrounding waters, including Okinawa, were the ones from which the higher
number of natural compounds was isolated. This was followed by Chinese
surrounding waters, as illustrated in Figure 4b [9].

of New NPs with T<0.4

R I ) (R P R |
a) 1950 1960 1970 1980 1990 2000 2010 b)

Figure 4 - Statistics on marine natural compounds. a) Percentage/Number of novel
compounds published per year (adapted from Pye et. al, 2017 [36]). b) All collection
sites leading to natural products isolation from 1965 to 2014 [9].

Regarding the source, the phyla Porifera appears to be the most prolific
and Cnidaria is the one appearing next [38]. Additionally, macroalgae and
microorganisms are also major sources of natural compounds [38]. In
contrast to macro, microorganisms represent promising sources of natural
compounds due to the sustainable and easy production of large quantities of
metabolites by large-scale cultivation of the source organisms. A study
performed in marine natural compounds isolated on the year of 2003
revealed that the relative incidence of any kind of bioactivity was greatest on
green algae, followed by tunicates, echinoderms and sponges. However, in
absolute numbers of isolated natural compounds, sponges are still the
leaders [39].

1.2 Marine Sponges

Marine sponges had established a stable relationship with the environment,
remaining, from an evolutionary point of view, as one of the oldest metazoan
phylum existing today. A phylogenetic debate is currently open among the
evolutionists about which was the first group, Porifera or Ctenophora, to
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branch off the evolutionary tree as shown in Figure 5. Despite that Porifera
has always been considered the simplest phylum, recent data supports the
evidence that Porifera is more closely related to Bilateria and Cnidaria than
Ctenophora [40]. Nevertheless, it is clearly accepted that at least 640 million
years ago, sponges branched into a separated phylum - Porifera [41].

The human interest in sponges has been reported ages ago in ancient
civilizations, such as in Crete-Minoan culture (1900 to 1750 BC) when
sponges were used as decorations [42]. The use of bath sponges by Greeks
and Romans was popular in the Mediterranean area and it spread out across
Europe during the Middle-Ages and Renaissance [42]. Documents dating
back to Hippocrates (460 to 370 BC) described the application of sponges on
healing human injuries [43].

— Bilateria *

—— Cmdara *

Placozoa *

W

Ctenonophora

Porifera

Figure 5 - Simplified scheme showing the phylogenetic position of sponges. The
current query about the first phylum branching off is highlighted.

Sponges are exclusive aquatic animals, appearing in environments that
vary from polar [44] to tropical [45] and play a crucial role in the maintenance
of benthic ecosystems, in some cases occupying up to 80% of the available
surfaces [46]. Sponges are known to grow in both fresh and marine waters.
Adult marine sponges are largely sessile, living anchored to a non-mobile
substrate or to other organisms [47].

Morphologically, sponges present a huge diversity of structures, sizes,
shapes and colors. They are found, for instance, cushion-shaped, cup-
shaped and branching. Sizes can range from several millimeters (crusts) to
meters. Their consistency can be soft, compressible and fragile or rock hard
[47].
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Despite the wide variety of sponge morphologies, most of them are built
upon the same simple body plan seen in Figure 6. Sponges are filter-feeders,
pumping seawater through numerous pores — ostia - located on the external
body wall. Instead of organs, muscles and sensory cells, sponges possess a
structured body disposition based on totipotent cells, which are capable of
differentiating and thus playing specific and independent functions within the
sponge body [48]. Pinacoderm, the external cell layer, is formed by
pinacocytes that are responsible for maintaining the structure and size of the
sponge. Choanocytes, on the other side, are located in the inner layer and
use their flagella to pump water through the ostia and the sponge aquiferous
system, thereby filtering food particles such as bacteria and other
microorganisms. Those are further transferred to the mesohyl, where
amoebocytes carry out phagocytosis to ingest the food particles [49]. The
mesohyl of many sponge species also hosts a dense, diverse and very
specific microbial community that has found a way to avoid phagocytosis and
in some cases is engaged in a close relationship with its host. Additional
structures providing mechanical stability, called spicules, are also found
within the mesohyl and form the “skeleton” of the sponge [46]. The general
arrangement of this skeleton is a characteristic used for taxonomic
identification. Spicules type, shape and sizes are also characteristics used to
differentiate between sponge species.

The reproduction patterns of sponges can range from asexual by budding
of body parts to sexual reproduction by fertilizing eggs. Some sponge species
are hermaphroditic, producing both eggs and sperm, but at separate times to
avoid self-fertilization. After release, the larvae swim for a short period to find
a suitable substratum to settle until the adult phase [50].
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Figure 6 - Basic sponge body plan and main sponge cell types. Arrows show the
water flow direction through ostia (in) and osculum (out). Microorganisms appear in
mesohyl, together with other specialized cells and structures, like spicules.

Taxonomically, Porifera is a very diverse phylum containing three major
classes: Hexactinellida (glass sponges), Calcarea (calcareous sponges), and
Demospongiae (demosponges), with the last group containing the great
majority of described species [51]. To the date, there are 9,082 sponges
species registered in World Porifera Database, among almost 20,000
different taxon names [52]. However, every year, a large number of sponges
are still being described and it is estimated that the number of accepted
sponge species will rise to at least 12,000 by the end of the 21* century [51].

Hexactinellida and Calcarea are very small in numbers, consisting of 5 to
8% of the total sponge diversity each [53, 54]. Calcarea is an exclusively
marine class and all species present a viviparous mode of reproduction [54].
Their taxonomy based on morphology is usually a big challenge for
taxonomists as specimens are generally relatively small, colorless and live in
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habitats with difficult access. They possess a skeleton entirely composed of
calcareous spicules (calcium carbonate, CaCO3), making Calcarea unique
when compared to all other sponges species [54]. On the other hand,
Hexactinellida is characterized by its siliceous spicules (silicon monoxide,
SiO) of hexactinic, cubic symmetry, or derived shapes, and an absolute lack
of calcareous minerals. Hexactinellida species are also exclusively marine
and found in deep-water environments [54]. Demospongiae is the largest
class of sponges and therefore, also the most diverse class. Sponges
belonging to this class appear as encrusting, massive, lobate, tubular,
branching, flabellate, cup-shaped or excavating sponges. Their skeleton is
composed of spongin fibers and/or siliceous spicules. Demospongiae are
mostly marine but several species may occur in freshwater habitats [55].

1.2.1 Marine Sponge-Associated Microbes

The interest in sponge-microbe associations appeared in the 1970s when it
was reported in detail for the first time [56, 57]. Since then, it has been rising
exponentially. Despite mutual symbiosis being commonly accepted, the exact
nature of sponge-microbes association remains unclear. To the sponge,
microbes can represent a nutritional source of nitrogen, carbohydrates and
amino acids, either directly by intracellular digestion, or indirectly, by
translocation of metabolites [58]. It is reported that microorganisms maintain
the sponge rigidity [59] and that they are part of the host chemical defense
against predators and biofouling by other micro- and macro-organisms [60,
61]. Microorganisms benefit from excreted ammonia from the sponge and
take advantage of the rigid structure that the sponge represents [62].
Microbes can also represent pathogens or parasites to the sponge [49].

The associated microbial community can represent up to 40% of sponge
tissue volume [56], appearing in orders of 10°%-10' bacteria per gram of
sponge wet weight. These values exceed bacterial concentrations in
seawater by two to four magnitudes [62]. Microorganisms belonging to the
three domains of life (Bacteria, Archaea and Eukarya) have been described
as being associated with marine sponges [49].

The microbe’s distribution within the sponge body follows a general
pattern that suits their characteristics. The outer layers, that receive more
light, are often populated with photosynthetic organisms, such as
cyanobacteria or eukaryotic algae [63]. The mesohyl contains the greatest
majority of both autotrophic and heterotrophic microorganisms which are
mostly located extracellularly but can also appear inside of the cells [62].
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Considering that the sponge microbiome is much more consistent over time
than the microbiome in the surrounding seawater [64], the mesohyl seems to
represent a stable habitat for the sponge-associated microbes.

Some sponge species, particularly demosponges, harbor extraordinarily
dense and diverse microbial communities. These types of sponges are
termed high-microbial-abundance (HMA) sponges or bacteriosponges and
can host 10%-10' microbial cells per gram of sponge wet weight [62]. Other
species have the mesohyl largely free of microorganisms and the abundance
of microorganisms reflects that of the surrounding seawater: 10°-10°
microbial cells per gram of sponge wet weight [62]. These species are
commonly called low-microbial abundance (LMA) sponges. HMA and LMA
can coexist in the same habitat, but the reason for them to present these
different microbial abundances is yet unknown. However, it seems that
morphology is a determining factor: HMA sponges are frequently large and
massive and generally have a firm touch, while LMA sponges are generally
smaller and feel fragile [65].

The cultivation of sponge-associated microorganisms has been a
challenge since its discovery in the 1970s. In the 1990s, it became accepted
that only, approximately, 1% of the sponge microbiome was actually
culturable [66]. That revealed the importance of finding new culture-
independent approaches that would enable access to the remaining 99%
present biodiversity. Until close to the end of the millennium very little
progress was made in this field, however, it became clear that marine
sponges are one of the richest producers of secondary metabolites with
biological activity and that, at least some of them, were actually of microbial
origin [67]. This made sponges an even more interesting target for
researchers and led to a boom in marine sponge’s research in the following
years.

The development of cultivation-independent techniques revolutionized
sponge-microbial ecology. Early studies using 16S ribosomal ribonucleic
(rRNA) or deoxyribonucleic (rDNA) acid analysis, fluorescent in situ
hybridization (FISH), gradient gel electrophoresis (DGGE) or clone library
construction led to the introduction of the concept of the rare microbial
biosphere. In these rare microbial biospheres, a small humber of abundant
taxa dominate the microbial community, but the great diversity is composed
of thousands of low abundance taxa [68].

One of the first studies using these novel molecular techniques aimed to
compare sponge-derived sequence data from both culture-dependent and
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independent studies [69]. From 190 sponge sequences, the authors were
able to identify 14 sponge-specific clusters and they were the first workgroup
to come up with the concept of a rare microbial community in sponges. They
found that 70% of all sponge-derived sequences belonged to a single cluster
and that those sequences were spread through several bacterial phyla:
Proteobacteria, Nitrospira, Bacteroidetes, Cyanobacteria, Actinobacteria,
Acidobacteria and Chloroflexi [69]. Later, several studies involving the same
experimental approach supported the finding of sponge-specific
microorganism lineages [62] and the sponge candidate phylum ‘Poribacteria’
was proposed [70]. Sponge-specific clusters are defined as sponge-derived
groups of at least three 16S rRNA gene sequences which (i) are more similar
to each other than to sequences from other non-sponge sources; (i) are
found in at least two host sponge species and/or the same host species from
different geographic locations; and (iii) cluster together independently of the
phylogeny method used in the study [69].

So far, 32 different bacterial phyla and candidate phyla have been
identified in sponges [71]. Besides the proposed ‘Poribacteria’,
Proteobacteria (Alpha-, Beta-, Gamma- and Deltaproteobacteria), Chloroflexi,
Acidobacteria, Actinobacteria, Cyanobacteria, Verrucomicrobia,
Fusobacteria,  Nitrospira, Firmicutes, Spirochaetes, Bacteroidetes,
Gemmatimonadetes are frequently found [49, 71, 72]. It is interesting to note
that ‘Poribacteria’ have been found in sponges originated from very different
geographic locations [70, 73].

Eukaryotic organisms, including dinoflagellates and diatoms, also occur in
sponges, whereas diatoms are particularly common in polar sponges [74,
75]. Marine fungi isolated from sponges also present an incredible diversity
[76-78] and their isolates are receiving increased research attention due to
their promising biotechnological potential [77, 78].

The interest in sponge microbial communities was supported through the
belated discoveries about the origin of secondary metabolites, originally
thought to have been derived by the sponge itself [79]. Due to the various
and often chemically mediated interactions occurring between
microorganisms and sponges, it is reasonable to predict that the microbial
communities contain particularly high amounts of bioactive secondary
metabolite producing strains [80]. Polyketides and non-ribosomal peptides
are two groups of compounds exclusively known as being produced by
microorganisms [81], however, their structural similarities with some sponge
isolated secondary metabolites, suggested a microbial origin of these
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compounds. Initial studies were based on tissue dissociation analysis of
individual cell populations. The bioactive compounds theopalauamide and
swinholide A, for instance, were found in different bacterial cell populations of
the marine sponge Theonella swinhoei [82]. With the recent advances in
genome sequencing techniques, those became the methods of choice. Using
single-cell genomics 'Candidatus Entotheonella' sp. was identified as the
producer of the cytotoxic compound calyculin A in the marine sponge
Discodermia calyx [83].

1.2.2 Marine Sponge Natural Compounds

Chemical diversity usually comes together with biological diversity. Regarding
the number of sponge species described, together with huge numbers of
associated microbes, it is expected that a plethora of chemical entities
isolated from them. In fact, today’s marine natural products discovery is
centered in Porifera and a statistical study from Blunt and co-workers [18],
illustrated in Figure 7, showed that from 1971 to 2015 Porifera was the most
collected phylum for chemical-related studies. The high collection rates can
be explained, not only by the fact that they are usually colorful and appear in
peculiar shapes allowing an easy identification and differentiation from the
other species, and also because sponges are easily accessible by scuba
diving, and, more significant, they are available in substantial amount of
biomass, allowing chemical isolations. Around 250 new natural compounds
are isolated per year from Porifera [84], however, as seen before, sponges
establish a close relationship with their associated microbes and the large
chemical diversity found in sponge natural compounds can be explained by
the fact that some of the molecules are a consequence of this association
and a combination of both sponge and microorganism biosynthetic pathways.

Marine sponge-derived secondary metabolites have been shown to
exhibit a diverse range of biological activities that include antifungal,
cytotoxicity, anti-inflammatory and antibacterial [85]. The marine sponge
isolated compounds can be categorized into four common structural groups:
peptides, polyketides, alkaloids and terpenes [86].
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Figure 7 - Distribution by phylum of the collection of marine organisms resultant in the
isolation of secondary metabolites, from 1971 to 2015 [18].

Marine sponge-derived peptides represent a significant study field,
offering an incredibly high structural diversity when compared with other
sources. The structural variations appear in both cyclic and linear forms, with
unusual amino acids that are unique and specific to marine organisms [86].

The first sponge isolated peptide, discodermin A, was reported in 1985 by
Matsunaga and co-workers from the marine sponge Discodermia kiiensis as
having antibacterial properties [87]. Generally, discodermin peptides
structures contain 13 to 14 amino acids, both common and uncommon, and
cyclize through the lactonization of threonine, forming a macrocycle. Since
the isolation of discodermin A, many sponge peptides have been reported,
like halicylindramides, which have structures very similar to discodermins.
Halicylindramides were isolated for the first time from Halichondria cylindrata
and since then, have been reported as having antifungal [88, 89], cytotoxic
[88] and human farnesoid X receptor (hFXR) antagonistic activities [90].

Jaspamide is another sponge peptide whose isolation represented a mark
for sponge natural compounds. It was initially isolated from Jaspis sp. as an
insecticidal and antifungal depsipeptide and represented the first of its class:
cyclic depsipeptides with a propionate unit and two rare B-tyrosine amino
acids. Orbiculamide A is also a sponge cyclic peptide containing three new
unusual amino acids: 2-bromo-5-hydroxytryptophan, theonalanine and
theoleucine. It was isolated from Theonella sp. and shows cytotoxic activity
against P388 murine leukemia cells [91].
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Figure 8 - Structures of several peptides isolated from marine sponges.

Dysinosin A was originally isolated from a Dysideidae sponge, with
cytotoxic activity reported at the moment of isolation and elucidation [92]. The
compound received some attention once it was structurally related with
aeruginosins, previously isolated from the cyanobacterium Microcystis
aeruginosa [93].

Many other bioactive peptides have also been described from marine
sponges, such as dolastatins, theonellamides [94, 95], axinellins [96], among
others.
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Polyketides represent another large and diverse class of bioactive natural
compounds as illustrated in Figure 9. Macrolides are polyketides that appear
usually associated to antibacterial activities [97], however, they can also have
others, as it is the case of the already mentioned Halichondrin B, originally
isolated from Halichondria okadai with anticancer activity [28] and nowadays
commercialized as Halaven®.

(+)-Discodermolide is a potent cytotoxic and immunosuppressive
compound originally isolated from the deep-sea marine sponge Discodermia
dissoluta [98]. This compound presents a distinctive linear backbone
structure with a uniqgue mechanism of action [99]. It was found by
Gunasekera and co-workers [98] in 1998 and in 2004 Novartis initiated the
Phase | clinical trials in patients with solid tumors. However, the trial was
discontinued due to severe toxicity effects in lungs [100]. Even after failure on
clinical trials, synthetic and semi-synthetic routes and mechanism of
stabilization were still being studied [99, 101].

Polyketides are one of the most interesting classes of sponge secondary
metabolites related to drug discovery. However, the origin of those
compounds is controversial, once several polyketides have later been
described to be produced by the sponge associated-microorganisms and not
by the sponge itself. Swinholide A was originally isolated from the marine
sponge Theonella swinhoei as a potent cytotoxic compound [102, 103], but
later found in marine cyanobacterial samples [104]. Also, the origin of
onnamide, another polyketide originally isolated from sponges, was later
attributed to microorganisms instead of the host [105]. Parent sponge and
associated-organism genome mapping allowed attributing the production of
these compounds to the microorganisms [106].
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Figure 10 - Structures of several alkaloids isolated from marine sponges.

Alkaloids are of one of the most studied and exploited classes of natural
products, both terrestrial and marine. Marine sponges are a rich source of
unique and structurally diverse alkaloid compounds as shown in Figure 10.
Manzamines are a big alkaloid family and the first isolated was manzamine
A, from Haliclona sp. [107]. Manzamine A has a characteristic structure with
a pentacyclic core of 6-, 6-, 5-, 13- and 8-membered rings. This class of
compounds exhibits several different bioactivities, such as cytotoxicity or
antibacterial [108].

Bromopyrrole alkaloids are exclusive from Porifera phylum. Oroidin, with
its pyrrole-imidazole and bromopyrrole carboxamide moieties, was the first
element of this class. It was isolated from Agelas oroides and since then
many have been reported in the literature. Bromopyrrole alkaloids are mostly
isolated from the families Agelasidae, Axinellidae and Halichondridae [109]
and seem to play a predator deterrent ecological role [110]. This class of
alkaloids has attracted much interest from the natural product researchers
due to the diversity of biological activities, including insecticidal, antibacterial
and cytotoxicity [111].
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Several alkaloids showing small differences from the oroidin skeleton
were identified. Hymenialdisine and debromohymenialdisine are cyclized
forms of oroidin, both inhibitors of several protein kinases, giving them potent
antitumor activity and a potential role in the treatment of cancer, diabetes and
Alzheimer’s disease [112]. Dimerization can also happen in this type of
alkaloids. Sceptrin is a sponge dimeric bromopyrrole alkaloid isolated from
Agelas sceptrum with a broad range of bioactivities, as antimicrobial [113,
114], antimuscarinic [115] and antiviral [114].

Aeroplysinin-1 was the first described sponge bromotyrosine alkaloid. It
was isolated from Aplysina aerophoba with antibacterial activity [116]. As the
structure of aeroplysinin is very simple, structural diversity appears from
small modifications as in degrees of bromination, oxidation, reduction and
rearrangements. However, higher structural complexities can occur, as in the
case of psammaplin A and aplysinone A. Psammaplin A was described in the
1980s from both Psammaplysilla sp. and Thorectopsamma xana [117, 118],
with a disulfide bond linking two brominated tyrosine units. Aplysinone A,
found in Aplysina gerardogreeni, is a spirocyclohexadienylisoxazoline-
containing metabolite [119].

Purealidins, purpurealidins and bastadins are three other classes of
bioactive bromotyrosine alkaloids. Several purealidins have been isolated
from Psammaplysilla purea and cytotoxic activity is usually associated with
them [120, 121]. The related purpurealidins, also isolated from the same
species, present antibacterial activity [122]. Bastadins are commonly isolated
from Verongida specimens and are heterodimers, characterized by the
combination of two brominated tyrosine-tyramine amides. Many compounds
belonging to this class have been isolated from sponges. Despite the first
isolated bastadins failed to show any tested bioactivity [123], other had
shown to be cytotoxic [124, 125].

The last big group of sponge metabolites is the terpenes group, which
represent an incredibly diverse class (Figure 11). Terpenes are considered to
be both primary and secondary metabolites and are composed of isoprene
building blocks. The structural modifications of those units lead to the
immense variability.
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Figure 11 - Structures of several terpenes isolated from marine sponges.

Sesterterpenes (C,s) include manoalide, a compound first isolated from
Luffariella variabilis with antibiotic activity against Streptomyces pyogenes
and Staphylococcus aureus [126]. Later, marine sponges belonging to the
genera Luffariella, Hyrtios, Thorectandra, Cacospongia, Fasciospongia,
Acanthodendrilla and Aplysinopsis, were also found to be rich sources of
sesterterpenoids related to manoalide [127]. Manoalide mechanism of action
includes an irreversible bind to phospholipase A2 (PLA2) [128].
Luffariellolide, also isolated from Luffariella, has a slight structural difference
from manoalide [129]. Luffariellolide is also active towards PLA2, but in
contrast to manoalide, this one is slightly less potent and partially reversible
[129]. More complex sesterpenes are also described as being produced by
sponges, including palauolide, thorectandrols and petrosaspongiolides, all
displaying cytotoxic activity [130-132].

Triterpenes (Cys5) were the first marine terpenes to be found and the
research on these compounds continues very actively until today due to their
broad range of bioactivities and diverse structures. The isomalabaricane
triterpenes and the steroidal saponins are the two big families of sponge
triterpenes. Jaspiferal A, an isomalabaricane triterpene with a 3a-hydroxyl
group, was isolated in 1996 from Jaspis stellifera and showed to have
cytotoxic activity [133]. Malabaricanes are not unique to marine natural
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compounds, they were also isolated from terrestrial sources [134]. Steroidal
saponins are usually associated with other marine invertebrates; however,
they have been described as produced by marine sponges. Eryloside A was
isolated from Erylus lendenfeld as an antifungal and antitumor agent [135].

Despite sponges being an incredible source of diverse and numerous
bioactive compounds with medicinal potential, the main limitation plaguing
the development of more marine secondary metabolites as clinical agents is
their supply. Many of the compounds are present in very small quantities and
have complicated structures that make industrial syntheses very complicated,
as well as time- and resources-consuming [136]. The development of
biotechnological production of marine natural products using aquaculture
such as in the production of bryostatin, through microorganisms fermentation
such as partially used to produce trabectedin and also through the
development of synthetic routes as used to obtain halichondrin B are
becoming solutions for those plagues [137]. Thus, prospects of marine
natural products as future medicine are still promising.

1.2.3 Organisms Studied During the Present Work

1.2.3.1 Marine Sponges

The compounds being produced by several sponge species: Geodia
macandrewi, Acanthodendrilla sp., Acanthostrongylophora sp. and
Acanthostrongylophora ingens were studied during this work. The sponge
specimens were collected in different geographical locations and belong to
diverse taxonomical groups, as illustrated in Figure 12.

Geodia is an abundant marine sponge genus with a wide geographic
distribution. Specimens belonging to this genus are particularly abundant in
continental slopes of the cold-temperate north Atlantic waters [138]. Those
sponges can be found in dimensions that can go up to 80 cm in diameter and
38 kg. Geodia species possess characteristic round-shaped spicules called
sterrasters which are part of the cortex. Geodia species are very rich in
spicule diversity, which can be used to identify species [138]. Geodia barretti
is the most well-studied species regarding natural products isolation [139],
producing the 2,5-diketopiperazines barettin and 8,9-dihydrobarettin, two
compounds with interesting non-toxic bioactivity as antifouling agents [140].
From Geodia macandrewi, the literature only reports the isolation of one
secondary metabolite: geodiataurine, an N-acyl-taurine with no described
bioactivities [141].

24



Demospongiae
— Dendroceratida
|_ Dictyodendrillidae
|_ Acanthodendrilla
— Haplosclerida

|_ Petrosiidae

|_ Acanthostrongylophora

— Tetractinellida
L— Geodidae

|— Geodia

Figure 12 — Taxonomic relations between the sponge individuals used during this
study.

Acanthodendrilla is a Dendroceratida genus reported for the first time in
1995. Only two species have been described within this group [142] and the
number of compounds found in the literature is relatively low when compared
with other genera [20]. Besides several alkaloids [143, 144], Acanthodendrilla
produces many acantholides, sesterterpenes with in vitro cytotoxic activity
and (+)-makassaric and (+)-subersic acids, two meroterpenoids inhibitors of
protein kinase MK2 [144].

Acanthostrongylophora is another genus from which only two species are
described: Acanthostrongylophora ingens and Acanthostrongylophora
ashmorica [145]. This genus is the producer of two main classes of (-
carboline alkaloids: manzamine and ingenines. As seen in section 1.2.2,
manzamines are complex alkaloids characterized by the presence of a
polycyclic system [146]. Ingenines are a class of pyridine B-carboline
alkaloids, with several identified analogs, all active against cancer cell lines
[147-149]. Considering the natural products described from these genera, it
seems that they are yet underexplored and new chemical entities can be
found.

1.2.3.2 Actinomycetes

During the present studies, two strains of sponge-isolated actinomycetes
were also used for the isolation of secondary metabolites.

For decades, natural products isolated from microbes have been one of
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the major resources for the discovery of novel drugs, being the
Actinomycetales order (commonly called actinomycetes) producing most of
the known microbial secondary metabolites [150]. As the marine environment
is extremely different from the terrestrial one, it is known that actinomycetes
adapted to the marine environment exhibit unique metabolic diversity and
enzymatic potentialities [151].

The list of natural compounds produced by marine actinomycetes is
immense and can be divided into several main chemical classes. Terpenes
and terpenoids, polyketides and peptides represent the biggest classes, but
others like quinones, macrolides or lactams have also been isolated from
those organisms [152, 153]. Aliniketals are unusual bicyclic polyketides
isolated from the marine actinomycete Salinispora arenicola and they were
found to be inhibitors of ornithine decarboxylase biosynthesis. Inhibition of
this enzyme’s production is a potential target for the chemoprevention of
cancer [154]. The Streptomyces sp. 04DH110 strain was found to produce
streptochlorin, a 3-substituted indole compound with significant anti-
proliferative activity against human cultured cell lines [155]. Abyssomicin C is
a polycyclic polyketide isolated from Verrucosispora sp., which possesses
antibacterial activity against gram-positive bacteria, including clinical isolates
of multiple resistant and vancomycin-resistant Staphylococcus aureus [156,
157]. Several of other secondary metabolites isolated from this rich class of
microorganisms showed a wide variety of other bioactivities, such as anti-
inflammatory, antimalarial, antiviral or anti-angiogenesis [153]. All these
evidences place actinomycetes in a privileged position in what concerns to
marine drug discovery.

1.3 Isolation and Purification of Sponge Secondary
Metabolites

The medicinal chemist is usually focused on a series of known compounds
with similar chemical and physical properties, which involves a limited
number of separation techniques. Contrarily, the chemist focused on natural
products is forced to be prepared to deal with a diverse spectrum of
secondary metabolites. Those secondary metabolites can vary in several
different properties like hydro- and lipophilicity, charge, solubility, and size.

The common way of studying natural products includes the preparation of
organic and/or water crude extracts, fractionation of the extracts, separation
and isolation of the individual components using chromatographic methods
and structure elucidation using various spectroscopic (UV, IR, NMR) and
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spectrometric methods (MS). Despite the massive development in those
techniques during the last few decades, the isolation and structure
elucidation of compounds from natural sources is still a very challenging and
time-consuming task [158] as is represented in Figure 13.
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Figure 13 - Process of isolation and elucidation of a sponge secondary metabolite.

1.3.1 Extraction

The sponge material should be extracted immediately after collection. If not,
the biomass should be frozen and kept at, at least, -20°C until processing.
The extraction is the first step for the obtainment of pure secondary
metabolites, both produced by the sponge or by associated-microbes, and
generally, it involves the submersion of the sponge material into organic
and/or aqueous solvents. The sponge material can be freshly submerged into
the solvents or it can be freeze-dried first. However, in some cases, the
remaining sea-water may allow the degradation of the compounds by
intracellular enzymes that are also released during the extraction [159].
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Maceration or pre-cutting into small pieces also facilitate the solvent
penetration and a more efficient extraction.

The solvents used during extraction depend on the physicochemical
characteristics of the compounds, sponge biomass and the class of
compounds to be extracted (if there is an aim for a specific class). Ethanol,
ethyl acetate, methanol or chloroform can be used as extraction solvents, but
a mixture of dichloromethane:methanol is the most common, as it covers a
broad range of polarities. Aqueous extractions can also be performed
following the organic extraction. Usually, the solvents are evaporated to
obtain a crude extract.

1.3.2 Dereplication

Due to the cosmopolitan occurrence of many bioactive compounds, most
natural product extracts contain compounds that have already been
characterized. This leads to a high rediscovery rate of generally active
compounds. Thus, the detection of molecules that are identical or highly
similar to known compounds is essential for the identification of novel
bioactive structures and its guided isolation [160]. The dereplication of
compounds at an early stage of the drug discovery process allows focusing
on samples with potentially new active molecules, saving time, cost and
resources.

A single analytical technique capable of profiling all secondary metabolites
in the biological source does not exist today. The dereplication procedure
strongly relies on hyphenated techniques coupled to high-pressure liquid
chromatography (HPLC) such as LC-UV (Liquid chromatography with
ultraviolet detection), LC-MS (Liquid chromatography with mass spectrometry
detection) and LC-MS/MS (Liquid chromatography with tandem mass
spectrometry detection). Liquid chromatography, coupled with nuclear
magnetic resonance (LC-NMR) is a relatively new technology that has been
successfully and practically achieved in the last two decades for the
dereplication of sponge natural compounds [161].

The combination of LC-UV, LC-MS and NMR information can be helpful in
the first step of dereplication, especially when this information is combined
with taxonomical searches in natural product databases. This approach is,
however, still limited by the unavailability of general LC-MS and LC-MS/MS
databases.
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1.3.3 Isolation

As the crude extracts are very complex, containing neutral, acidic, basic,
lipophilic and hydrophilic compounds, an unspecific crude fractionation is
usually carried out as a first separation step. Liquid-liquid partition, solid
phase extraction (SPE), size exclusion chromatography (SEC), vacuum liquid
chromatography (VLC) and column chromatography are frequently used, as
they represent low-resolution separation techniques and allow an initial
separation of the different compounds.

The final separation usually includes high-resolution separation
techniques. Preparative and semi-preparative HPLC are the most common
techniques at this stage. When connected to a diode array detector (DAD),
the compounds can be followed based on the retention time and their
ultraviolet spectrum. Additionally, an evaporative light scattering (ELSD),
fluorescence (FLD) or a charged aerosol detector (CAD), may allow for the
detection of the compounds that do not absorb UV light.

This way, the sponge chemical components are isolated one by one, by
chromatography of the respective extracts. This work is, obviously, very time-
and resource-consuming. It is a major effort to isolate all the compounds in a
pure form using the available technology.

1.3.4 Structural Elucidation

In natural product drug discovery programs, the major bottleneck has always
been structure elucidation [162]. This is still a complex part of the process
that requires modern techniques and equipment and detailed expertise in
analyzing the data obtained from them.

Commonly, the isolated compound is submitted to a range of different
analytical techniques that will lead to the structural elucidation. Those include
spectroscopic methods like UV, infrared (IR), and NMR as well as MS
methods. An integrated analysis of the data from all the different techniques
should allow the detailed molecular structure to be predicted [163], however,
MS and NMR are, for several reasons, the ones to which structural
elucidation process relies the most on.
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1.3.4.1 Mass Spectrometry

Mass spectrometers have been used as powerful tools both for dereplication
and structural elucidation, giving information about fragmentation pattern and
accurate molecular weight measurements of the compounds [164]. This
technique provides an idea about the molecular formula, which is a very
important step in the elucidation process. A great advantage of the use of MS
is that it is generally a very sensitive technique, capable of detecting
compounds in nano- or picogram quantities.

A typically simplified mass spectrometer is represented in Figure 14 and it
consists of an ion source generating ions, a mass analyzer separating those
ions based on their mass-to-charge ratio (m/z), and a detector measuring the
separated ions [165].

Results
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Figure 14 - Schematic diagrams of mass spectrometry. (a) A generic MS system
consisting of an ion source, mass analyzer and mass detector. (b) A schematic
diagram of electrospray ionization (ESI). Adapted from Shipovskov and Reimann
(2007) [165].

Traditionally, purified samples were subjected to high-energy ionization
under ultra-high vacuum conditions (e.g. electron ionization, El). Electrospray
ionization (ESI) appeared as a crucial milestone in natural products drug
discovery. Opposed to earlier ionization techniques, which were applicable
only to thermally stable, low molecular weight volatile compounds, any ion
(ranging from inorganic salts to large macromolecules) can be analyzed by
ESI-MS [166]. ESI-MS can also be directly coupled to liquid chromatography.
The sample is sprayed into the ion source as a solution. As shown in Figure
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14b, the solvent is evaporated under atmospheric pressure in the presence of
an electric field, generating charged ions that will be further separated by the
mass analyzer [165]. The mass analyzer appears as a unigue
chromatographic detector, giving valuable information about the several
components present in the complex sponge extracts [166].

A big variety of mass analyzers have been developed. The separation of
ions according to their m/z can be based on different principles, however, all
mass analyzers use static or dynamic electric and magnetic fields, combined
or not. Each mass analyzer has its advantages and limitations [166]. The
quadrupole analyzer uses the stability of the trajectories in oscillating electric
fields to separate ions according to their m/z ratios. It is constituted by four
cylindrical metal rods, parallel to each other in a square formation. An
oscillating radio frequency and direct current electric field are applied to the
four rods, forcing the ions to travel through the space between the rods and
oscillate in a similar manner. However, only ions of a specific m/z ratio will be
able to maintain the same trajectory within the quadrupole.

Time-of-flight (TOF) represents another MS analyzer. It separates the
ions, after their initial acceleration by an electric field, according to their
velocities when they drift in a free-field region, the flight tube [166]. The
longer the flight tube, the more accurate is the mass measurement.

1.3.4.2 Nuclear Magnetic Resonance

Despite the importance of MS and other spectroscopic techniques, NMR is
the most powerful technique for structural elucidation as it provides detailed
information about the structural components and the way they are organized,
the dynamics and the 3D disposition of the molecule [167]. 1D experiments
(*H, DEPT, **c, N, '°F, *P and others) give information about the atoms
present in the molecule, allowing a first indication of the molecular structure.
2D experiments (HSQC, COSY, TOCSY, HMBC, NOESY, ROESY and
others) provide more detailed information and show correlations between the
different atoms. In comparison with MS, NMR is a less sensitive technique;
however, it provides much more detailed structural information. The
technique also allows a total recovery of the sample. Both techniques, NMR
and MS, are necessary for structural determination.
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1.3.4.3 Stereochemistry

The last step for complete structural elucidation is the determination of the
molecule 3D disposition, its stereochemistry. Due to the high complexity of
this step, sometimes it becomes the most time consuming and because of
that, many sponge natural compounds are reported only with a planar
structure. Complex compounds require very often computational approaches,
that many times, coupled to experimental NMR data allow decoding the 3D
molecule disposition [168].

Techniques and approaches to determine the stereochemistry of sponge
natural products, include direct methods, as X-ray diffraction (XRD),
electronic and vibrational circular dichroism (ECD and VCD), and Raman
optical activity (ROA), as well as indirect methods using a reference or a
derivative agent with known stereochemistry, e.g. circular dichroism with
empirical rules and NMR utilizing anisotropic effects of chiral derivatized
agents. Well-defined conformations, as in the case of small cyclic
compounds, can be easily accomplished from proton-proton J-coupling
and/or NOE intensities.
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2 Aims

The comprehensive aim of this work was to isolate and structurally elucidate
secondary metabolites produced by selected specimens of marine sponges
and sponge-associated actinomycetes as well as test drug discovery relevant
bioactivities. The study-specific objectives were:

*+ To develop efficient methods for the isolation of the secondary
metabolites.

»  To elucidate the isolated compound’s structure using spectroscopic
and spectrometric techniques.

. To evaluate the cytotoxic, anti-bacterial and anti-obesity activities of
isolated compounds.
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3 Materials and methods

3.1 General Experimental Procedures

All aqueous solutions were prepared with ultrapure water generated by a
Milli-Q water purification system (18.2 MQ, Millipore). All chemicals and
laboratory supplies used were purchased from Sigma-Aldrich unless
otherwise stated. Organic solvents were HPLC grade or a higher degree of
purity and were purchased from Sigma-Aldrich unless another company is
mentioned. Deuterated solvents were purchased from Merck (Darmstadt,
Germany).

3.2 Biological Samples

3.2.1 Icelandic Sponges

Icelandic sponges were collected by hand while scuba diving or by deep-sea
probes during sea excursions with the Icelandic Coast Guard and the
Icelandic Marine Institute. Collection locations are shown in Figure 15 and
Table 2, they were chosen as part of a major project aiming at marine
invertebrate bioprospecting in the Icelandic waters [169]. Samples were
frozen at -20°C as fast as possible after collection. The sponges were kept
under those conditions until extraction.

Sponge samples with clear morphology were immediately identified by the
taxonomist Dr. Hans Tore Rapp, University of Bergen (Norway). A voucher
specimen of each one of the studied individuals is deposited at the Faculty of
Pharmaceutical Sciences, University of Iceland (Reykjavik, Iceland) under
the code specified in Table 2 as “Entry”.

Table 2 - Icelandic sponges collected in the Icelandic waters.

No. Entry Identification Cc(»ll_lgttftli_%r:q ;i)te c’c\alllfgcetigfq Weight
1 o Unidentified 65.4610, -27.3615  Deep seaprobe  972.0 g
2 23051'{*2'6’ Unidentified 65.2550, -28.0068  Deep sea probe  660.0 g
8 A0 _Ceoda 63.5755,-25.1455  Deep seaprobe  748.0 g
4 212%“ Weberellabursa ~ 64.8431,-13.7008  Scubadiving  300.0 g
5 032215 Unidentified 65.2038, -13.8024  Scubadiving  1572.0 g
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Figure 15 - Sampling locations of the Icelandic sponge specimens. 1) JS-A9-2011 #1.
2) JS-A9-2011 #6. 3) A5-2010-93. 4) 210111 #3. 5) 030915 #3

3.2.2 Sponges from the Indo-Pacific Ocean

The sponge samples from the Indo-Pacific Ocean were collected by hand
while scuba diving. Those samples are part of PharmaMar collection and
were selected based on previous indication of novel compounds (Table 3 and
Figure 16). The Spanish biopharmaceutical company PharmaMar is the
largest commercial organization investigating the marine environment for
bioactive metabolites with antitumor activities, owning the largest collection
(>130,000 extracts) of marine invertebrate samples in the world used for drug
discovery [170]. The organisms were morphologically identified by
PharmaMar’s collaborators. A voucher specimen of each one of the studied
individuals is deposited at PharmaMar facilities, (Madrid, Spain) under the
code specified in Table 3 as “Entry”.

Table 3 - Sponge samples collected in the Indo-Pacific Ocean.

No. Entry Identification Collection site Weight
1 ORMA 124984 Acanthostrongylophora sp. Wetar 82.0¢9
2 ORMA 101324 Acanthodendrilla sp. Pulau-Pulau 86.09
3 ORMA 135834 Acanthostrongylophora ingens Boano 320.09
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Figure 16 — Indo-Pacific Ocean sampling locations. 1) Wetar. 2) Pulau-Pulau. 3)
Boano.

3.2.3 Actinomycetes Isolated from Sponge Samples

The marine strains DIL-12-02-135 and CP9-01-036 were isolated from two
individual sponge samples collected in the Indo-Pacific Ocean during
PharmaMar’s ongoing screenings. Briefly, the strains were isolated from two
grams of homogenized sponge in 10 mL artificial seawater (ASW) which was
spread into solid BEN isolation medium supplemented with B group vitamins
and 0.8 mM nalidixic acid. After a month of incubation time, the grown
colonies were re-picked and re-isolated onto modified ATCC 172 medium.
The strains were identified as Actinobacteria based on their morphological
characteristics after isolation.

Fermentation occurred in scale-up steps, starting in few mL until reaching
2 L. The seed culture was grown on MIBM medium and fermentation
occurred on fermentation medium. The culture was grown at 28°C with
constant 220 rotations per minute (rpm). After 12 days of cultivation, the
culture was centrifuged to separate the mycelial cake and other solids from
the clarified broth. All media composition is resumed in Table 4.
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Table 4 - Composition of the media used to isolate/cultivate Actinobacteria.

DIL-12-02-135 CP9-01-036
L-asparagine (g/L) 25 25
Glycerol (g/L) 20.0 20.0
NaCl (g/L) 5.34
KClI (g/L) 5.35 0.15
Na,SO, (g/L) 7.50 7.50
. . . Mg.S0,.7H,0 (g/L 0.10 0.10
BEN isolation medium I\%gCIz.GHZO (g(]?L)) 240 240
Silice (g/L) 2.00
Taurine (g/L) 0.50 ---
FeS0,4.7H,0 (g/L) 0.10 0.10
CaCOs(g/L) 0.10 0.10
Agar (g/L) 20.0 20.0
Dextrose (g/L) 5.00 5.00
Soluble starch (g/L) 10.0 10.0
Yeast extract (g/L) 2.50 2.50
ATCC 172 medium Tryptone (g/L) 2.50 2.50
Avrtificial marine salts (g/L) 10.0 10.0
CaCOs(g/L) 2.00 2.00
Agar (g/L) 15.0 15.0
Dextrose (%) 0.10 0.10
Soluble starch (%) 2.40 2.40
Soy peptone (%) 0.30 0.30
Yeast extract (%) 0.50 0.50
Tryptone (%) 0.50 0.50
MIBM medium Soya Flour (%) 0.50 0.50
NaCl (%) 0.54 0.54
KCI (%) 0.02 0.02
MgCl (%) 0.24 0.24
Na,S0, (%) 0.75 0.75
CaCOs; (%) 0.40 0.40
Soy peptone (%) 0.10
Soy flour (%) 1.20 1.00
Dextrose (%) 0.25
Malt extract (%) 0.10 ---
Fermentation medium Mannitol (%) 5.00
Dextrin (%) 4.00 1.40
ASW (%) 2.00 0.60
CaCOs; (%) 0.80 1.40
CaCl,.6H,0 (%) 1.60

3.3 Spicules Analysis

Spicules were extracted using acid digestion. Small pieces (~0.5 cm? slide) of
sponge were cut and placed in 1.5 mL Eppendorf tube. 400 pL of nitric acid
(HNO3) (ACS 70%) were added to the fragments and placed at a 95°C water
bath for around 10 minutes. Once cool, samples were microcentrifuged for 30
seconds at 13,000 rpm (Heraeus Pico 17, Thermofisher Scientific) and HNO;
was discarded. The spicules were washed twice with 1 mL pure Milli-Q H,O
and finally dissolved in 300 pL H,O. Preparations were mounted immediately
and spicules observed under an optical light microscope (BHT-2, Olympus,
Japan). Pictures were acquired using an Olympus CAMEDIA C-5050 zoom

camera.
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3.4 Organic Extractions

3.4.1 Sponge Samples

Before extraction, the frozen sponge samples were taken out of the freezer
and thawed at room temperature. They were then cut into small pieces of,
approximately, 1cm® and lyophilized (Snijders Scientific, Tilburg, Holland)
during several days until complete dryness. Sponges collected in the Indo-
Pacific Ocean were extracted without going through the freeze-drying
process. Processed sponge samples were consecutively extracted while
being soaked in CH,Cl,:MeOH (1:1 v/v) at room temperature. Extractions
were conducted over variable periods of time, from few hours to a day,
depending on the sponge sample, and repeated three times. The resultant
material was filtered using a Whatman® grade 1 filtration paper, combined
and concentrated to dryness under vacuum to yield a crude extract. Crude
extracts were all stored at -20°C.

3.4.2 Actinomycetes

Mycelial cakes and/or clarified broths were homogenized with a mixture of
ethyl acetate:isopropanol (EtOAc:iPrOH) (6:4 v/v). The resultant mixtures
were stirred vigorously and then filtered through a pad of Celite® R-566.
Organic phases were further concentrated under vacuum to obtain a crude
extract. Crude extracts were all stored at -20 °C.

3.5 Compounds Separation and Isolation

3.5.1 Modified Kupchan Solvent Partition Method

The crude extracts resultant from Icelandic sponges were fractionated using
a standard modified Kupchan solvent partition procedure [171, 172], as
outlined in Figure 17. The crude extract was dissolved in MeOH:H,0 (9:1 v/v)
and partitioned against n-hexane (Hex) to yield fraction A. The water content
of the aqueous-methanolic phase was adjusted to 20% (v/v), by adding an
additional 10% H,O, and partitioned against chloroform (CHCI;) (fraction B),
then adjusted to 40% (v/v) and partitioned again against CHCI; (fraction C).
MeOH was then evaporated and the remaining H,O partitioned against
BuOH (fractions E and D, respectively). Resultant fractions were all stored at
-20 °C.
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Crude Organic Extract

Dissolved in MeOH:H,O (9:1 v/v)
Partitioned against Hex

I 0
__Fraclion A H.0O adjusted to 20%
Partitioned against CHCI,

Hex (upper phase)

i

CHCI; (lower phase) H,0 adjusted to 40%

Partitioned against CHCI;

CHCI, (lower phase) MeOH evaporated in rotavapor
Partitioned against BuOH

BuOH (upper phase) H,O (lower phase)

Figure 17 - Flow diagram of the Kupchan liquid/liquid partition modified method.

3.5.2 Thin Layer Chromatography (TLC)

Silica gel on TLC aluminum foils was cut according to the number of lanes
needed and extracts spotted using Hirschmann® microcapillary pipettes. TLC
plates were placed in a TLC developing tank, in which the various solvent
systems had saturated the chambers. TLC plates were left to run until the
solvent front had risen % of the plate. After evaporation of mobile phase, the
plate was visualized under both UV light (254 nm and 366 nm, Camag UV
Cabinet, ThermoFisher Scientific) and daylight. TLC plates were further
sprayed with anisaldehyde solution.

3.5.2.1 Anisaldehyde Staining

Anisaldehyde was used as a standard staining for visualization of the TLC
plates. The solution was prepared by adding 5 mL H,SO,, 1.5 mL CH;COOH
and 3.7 mL p-anisaldehyde to 135 mL of absolute ethanol (EtOH). This
solution was vigorously stirred and stored in a recipient protected from the
light. TLC plates were sprayed with freshly prepared anisaldehyde solution
and then heat-dried until clear visualization of the spots.
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3.5.3 Vacuum Liquid Chromatography (VLC)
3.5.3.1 Reverse-phase Vacuum Liquid Chromatography

Reverse-phase vacuum liquid chromatography (RP-VLC) was performed in a
fritted glass funnel dry packed with reverse-silica sorbent (RP-18, Merck
KGaA, Darmstadt, Germany). Extracts to separate were dissolved in a polar
solvent/mixture of solvents and applied in the upper portion of the sorbent.
Those extracts were then separated using appropriate step-gradients of
solvent mixtures, starting with the most polar mixture and gradually
decreasing polarity, pulling the column dry between each fraction collected.
The size of the column, together with the volume of solvents used for elution,
was dependent on the initial mass of extract to separate.

3.5.3.2 Normal-phase Vacuum Liquid Chromatography

Normal-phase vacuum liquid chromatography (NP-VLCs) was performed in a
fritted glass funnel dry packed with silica gel (0.035-0.070 60A, Merck KGaA,
Darmstadt, Germany). Extracts for separation were dissolved in an apolar
solvent/mixture of solvents and applied in the upper portion of the sorbent.
Those extracts were then separated using appropriate step-gradients of
solvent mixtures, starting with the less polar solvent and gradually increasing
polarity, pulling the column dry between each fraction collected. The size of
the column, together with the volume of solvents used for elution, was
dependent on the initial mass of extract to separate.

3.5.4 Preparative and Semi-preparative HPLC

Preparative HPLC was performed in a Dionex UltiMate 3000 HPLC system,
connected to UV detector (ThermoFisher Scientific, Waltham, MA USA). A
Phenomenex Luna C18 (5um, 250 x 21.20 mm) column was used for
preparative separations. The conditions of separations were dependent on
the physicochemical properties of the extract being separated. The
chromatograms were monitored at both 254 and 215 nm. Data acquisition,
analysis, and reporting were performed using Chromeleon 7 software
(ThermoFisher Scientific).

Semi-preparative HPLC was performed using three different LC systems:
a Dionex UltiMate 3000 HPLC system, connected to a UV detector
(ThermoFisher Scientific); a Waters 2695 Alliance HPLC system connected
to a 2487 UV detector (Waters, Milford, MA, USA) and an Agilent 1100 HPLC
also connected to a UV detector (Agilent, Santa Clara, CA, USA). Columns
and separation conditions were also dependent on the physicochemical
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properties of the extract being separated. The chromatograms were followed
at both 254 and 215 nm. Data acquisition, analysis, and reporting were
performed using Chromeleon 7 software (ThermoFisher Scientific),
ChemStation (Agilent) and Empower 3 (Waters), on each one of the semi-
preparative systems, respectively.

3.6 Mass Spectrometry Analysis

HRESIMS spectra were recorded using a Waters Synapt G1 UPLC-QTOF-
MS spectrometer, both in positive and negative ionization modes. An Agilent
6230 TOF LC/MS system was used for the same effect and ESI-MS spectra
were recorded using an Agilent 1100 Series LC/MS spectrometer.

3.6.1 Metabolites Screening

The initial dereplication approach was carried out on an ACQUITY BEH C18
1.7 ym, 2.1 x 150 mm column (Waters), maintained at 60 °C. A 98:2 to 0:100
(v/v) H,O/MeCN (0.1% FA) gradient in 10 minutes, 0.45 mL/min was used to
separate the compounds present in the extracts.

3.6.2 Optimized Conditions for Polar Fractions

The separation described in 3.6.1 was optimized to suit polar fractions. For
extracts with high polarities, the separation was carried out on an ACQUITY
UPLC BEH Amide 1.7 um, 2.1 mm x 100 mm, column (Waters), maintained
at 35 °C. A 10:90 to 15:85% (v/v) H,O/MeCN (0.2% CH3;COOH, 10 mM
CH3;COONHj3) gradient in 8 minutes at 0.6 mL/min flow rate.

3.7 Nuclear Magnetic Resonance Spectroscopy Analysis

Nuclear Magnetic Resonance (NMR) data were obtained on a Bruker Avance
spectrometer at 400/100 (*H/*3C), at room temperature using a 5 mm BB-
1H/D probe head (broadband). A Varian “Unity 500” at 500/125 MHz (*H/**C)
and a Varian “Unity 400” at 400/100 MHz (1H/13C) spectrometers were also
used. 2D experiments were performed according to standard pulse
sequences. The samples were dissolved in appropriate deuterated solvents:
chloroform-d;; dichloromethane-d,; DMSO-ds; methanol-d,. Solvent signals
(for example, by 3.3 and d¢ 49.0 for CD;OD) were considered as an internal
reference signal for calibration. The observed chemical shift values (8) were
given in ppm and coupling constants (J) in Hz. Data were processed using
MestReNova NMR 12.0 software (Mestrelab Research, Santiago de
Compostela, Spain).
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3.8 Ultra-violet (UV) Analysis

A Dionex UltiMate 3000 HPLC system, connected to a PDA (Photodiode
array) detector (ThermoFisher Scientific) was used to obtain UV spectra.
Data acquisition, analysis and reports generation were performed using
Chromeleon 7 software (ThermoFisher Scientific). An Agilent 8453 UV/vis
spectrometer was also used for the same purpose.

3.9 Infra-red (IR) Analysis

A Nicolet iZ10 FT-IR spectrometer (ThermoFisher Scientific) was used to
obtain IR spectra. Data acquisition, analysis and reports generation were
performed using ValPro software (ThermoFisher Scientific). A Perkin-Elmer
Spectrum 100 FT-IR spectrometer was also used for the same purpose.

3.10 Isolation Procedures

3.10.1 Nucleosides from Geodia macandrewi

Geodia macandrewi (A5-2010-93) frozen sponge sample (748.0 g) was cut
into small pieces and lyophilized (388.0 g). The lyophilized material was
repeatedly extracted with CH,Cl,:MeOH (1:1 v/v, 3x3L) at room temperature.
The material was filtered and concentrated under vacuum to yield 9.4 g of
crude extract. The crude extract was fractionated using the modified Kupchan
solvent partition procedure described on 3.5.1. The butanolic fraction (1.65 g)
was further separated by preparative HPLC on a Phenomenex Luna C18
(250 x 21.20 mm, 5um) column, 99:1 to 76:24 (v/v) H,O/MeOH (1M NacCl)
gradient for 47 minutes at 10 mL/min to yield salted compounds 1 at 55
minutes, 2 at 23 minutes, 3 at 40 minutes, 4 at 24 minutes, 5 at 34 minutes, 6
at 18 minutes, 7 at 29 minutes and 8 at 36 minutes. Finally, compounds were
desalted by dissolution in DMSO to obtain pure 2"-deoxyadenosine (4.8
mgq), thymine (1.1 mg), thymidine (4.7 mg), 2" -deoxyuridine (4.6 mg), 2"-
deoxyinosine (3.5 mg), 2"-deoxycytidine (1.0 mg), adenosine (6.4 mg) and
2'-deoxyguanosine (7.5 mg).

3.10.2 Alkaloids from Acanthostrongylophora sp.

Acanthostrongylophora sp. (ORMA 124985) frozen sponge sample (72.0 g)
was cut into small pieces and repeatedly extracted with CH,Cl,:MeOH (1:1
v/v, 3x300mL) at room temperature. The obtained material was concentrated
under vacuum to yield 2.8 g of crude extract. The crude extract was
subjected to RP-VLC over RP-18 silica gel with a step gradient from H,O to
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CH,Cl,, which resulted in five fractions. Fraction 3 (350.0 mg) eluted with
pure MeOH and was further separated by semi-preparative HPLC (Symmetry
C18 5um (10.0 x 150 mm) column, gradient 95:5 to 70:30 (v/v) H,O/MeCN
(0.4% TFA) in 20 min, 3 mL/min) yielding seven HPLC fractions. HPLC
fraction 1 eluted at 10 minutes (109.2 mg) and was again separated by semi-
preparative HPLC: Varian Pursuit XRS 5um (10.0 x 150 mm) column,
isocratic 86:14 (v/v) H,O/MeCN (0.1% TFA), 3.5 mL/min. Pure compounds
eluted at minute 15 (haploscleridamine (9), 12.2 mg) and minute 18
(compound 10, 9.4 mg).

3.10.3 Spongian Diterpenes from Acanthodendrilla sp.

Frozen Acanthodendrilla sp. biomass (86.0 g) was cut into small pieces and
repeatedly extracted with CH,Cl,:MeOH (1:1 v/v, 3x450mL) at room
temperature. The obtained material was combined and dried under vacuum
to yield 4.4 g of crude extract. The crude extract was then separated using
preparative HPLC (Gemini-NX C18 5um (250 x 21.2 mm) 78:22 to 22:78 (v/v)
H,O/MeCN in 45 minutes, 10 mL/min) to yield nine fractions. Fraction 6 (14.2
mg) eluted at 30 minutes and fraction 9 (10.6 mg) at 37 minutes. Each one of
the fractions was further individually separated by semi-preparative HPLC
(Xbridge C18 5um, 150 x 10 mm, 3.5 mL/min). Compound 11 (0.9 mg) eluted
at minute 29 of a 40:60 (v/v) H,O/MeCN (0.1% TFA) isocratic run and
compound 12 (1.6 mg) eluted at minute 26 of a 35:65 (v/v) H,O/MeCN (0.1%
TFA) isocratic run.

3.10.4 Bisabolane-derivatives from Acanthostrongylophora
ingens

Frozen Acanthostrongylophora ingens biomass (320.0 g) was repeatedly
extracted with CH,Cl,:MeOH (1:1 v/v, 3x500mL) at room temperature. The
extracts were combined and concentrated under vacuum to yield 25.9 g of
crude extract. This crude extract was subsequently dissolved in H,O:Hex (1:1
v/v) and partitioned between H,O (300 mL), Hex (3x500 mL), EtOAc (3x300
mL) and BuOH (2x250 mL). The Hex extract (6.1 g) was subjected to RP-
VLC over RP-18 silica gel with a step gradient from H,O:MeOH (3:1 v/v) to
CHCl,. Fraction 1 eluted with H,O:MeOH (3:1 v/v) and fraction 3 with pure
MeOH. Fraction 1 (95.6 mg) was subjected to semi-preparative HPLC
(Phenomenex Gemini-NX C18 5 uym (10.0 x 250 mm), 60:40 to 50:50
H,O/MeCN (v/v) gradient in 15 min, 3 mL/min) to yield compound 13 (6.4 mg)
at 10 min. Fraction 3 (1640.7 mg) was initially separated by preparative
HPLC (Phenomenex Luna C18 5 pym (21.20 x 250 mm), 25:75 to 0:100
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H,O/MeCN (v/v) gradient in 30 min, 6 mL/min), yielding HPLC fraction 2 at
minute 14 (444.2 mg). This fraction was separated in another round of
preparative HPLC (Phenomenex Luna C18 5 uym (21.20 x 250 mm) 50:50 to
40:60 H,O/MeCN (v/v) gradient in 25 min, 10 mL/min), yielding compound 14
(98.6 mg) at minute 21 and HPLC fraction 4 at minute 24 (146.6 mg). HPLC
fraction 4 was submitted to a last semi-preparative HPLC separation
(Phenomenex Gemini-NX C18 5um (10.0 x 250 mm), 50:50 to 30:70
H,O/MeCN (v/v) gradient in 35 min, 2.3 mL/min) to yield compounds 15 (13.1
mg) at minute 11, 16 (4.9 mg) at minute 21 and 17 (9.4 mg) at minute 34.

The EtOAc extract resultant from the liquid/liquid partition was also
subjected to reversed phase VLC over RP-18 silica gel with a step gradient
from H,O:MeOH (3:1 v/v) to CH,Cl,. Fraction 2 (1021.7 mg) eluted with
H,O:MeOH (1:3 v/v) and was further separated by preparative HPLC
(Phenomenex Luna C18 5 ym (21.20 x 250 mm) 50:50 to 20:80 H,O/MeCN
(v/v) gradient in 30 min, 8 mL/min), to yield compounds 18 (46.5 mg) at
minute 28 and 19 (23.3 mg) at minute 19.

3.10.5 Fluvirucinin Derivatives from DIL-12-02-135

After 12 days of cultivation, the Actinobacteria culture was centrifuged to
separate the mycelial cake and other solids (464.0 g) from the clarified broth.
Mycelial cake was homogenized with a mixture of iPrOH:EtOAc (9:14 v/v).
The mixture was vigorously stirred and filtered through a pad of Celite®. The
organic phase was concentrated under vacuum to obtain 4.6 g of cell extract.
Organic extract (4.6 g) was separated by RP-VLC with a stepwise H,O-
MeOH-CH,CI, gradient. Fractions 5 (774.5 mg) and 6 (837.9 mg) eluted with
MeOH and were further separated using NP chromatography. A gradient
elution of Hex-EtOAc-MeOH was applied on the Silica gel VLC system.
Fluvirucinin C; (20) was found in silica gel fractions 3 (11.6 mg) and 4 (34.9
mg), which eluted with Hex:EtOAc (1:1 v/v) and 100% EtOAc respectively.
Fluvirucinin C, (21) was detected in silica gel fractions 5 (23.6 mg) and 6
(9.1 mg) which eluted with EtOAc:MeOH (9:1 v/v) and EtOAc:MeOH (8:2 v/v)
respectively. All fractions were further submitted to semi-preparative HPLC
for a final purification of 20 and 21. HPLC separations were carried on a
XBridge C18 5 pm (10x150 mm) column, 50:50 to 20:80 (v/v) H,O/MeCN
(0.05% FA) gradient in 30 minutes, 3.5 mL/min to obtain pure 20 (1.5 mg
eluted at minute 17) and 70:30 to 35:75 (v/v) H,O/MeCN (0.05% FA) gradient
in 20 minutes to yield 21 (1.0 mg eluted at minute 12).

45



3.10.6 Macrolide and Quinone from CP9-13-01-036

After 12 days of cultivation, the Actinobacteria culture was centrifuged to
separate the mycelial cake and other solids from the clarified broth. Clarified
broth (4.8 L) was homogenized with a mixture of iPrOH:EtOAc (9:14 v/v). The
mixture was vigorously stirred and filtered through a pad of Celite®. The
organic phase was concentrated under vacuum to obtain the cell extract
(543.3 mg) and further separated using NP-VLC with a stepwise Hex:EtOAc
(7:3 vIv)-EtOAc-MeOH gradient. Fractions 2 (18.3 mg) and 3 (61.5 mg)
eluted with Hex:EtOAc (1:1 v/v) and 100% EtOAc, respectively. Those
fractions were combined and suffered a following separation by semi-
preparative HPLC. HPLC separation experiments were carried out on an
XBridge C18 5um (10x150 mm) column, 75:25 to 40:60 (v/v) H,O/MeCN
(0.05% FA) gradient in 25 minutes, 3.5 mL/min, to obtain pure 22 (1.9 mg
eluted at minute 23).

Fractions 8 (17.4 mg) and 9 (11.2 mg) eluted with EtOAc:MeOH (3:1 v/v)
and 100% MeOH, respectively, and were further combined and separated
using semi-preparative HPLC. HPLC separation experiments were carried on
a Symmetry C18 7um (7.8x150 mm) 72:28 to 63:37 (v/v) H,O/MeCN (0.05%
FA) gradient in 20 minutes, 2.3 mL/min, to obtain pure 23 (1.4 mg eluted at
minute 12).

3.11 Isolated Compounds Physical Characteristics and
Spectroscopic Data

2’-Deoxyadenosine (1): White crystals; "H-NMR (400 MHz, DMSO-dg): see
Table 7; HRESIMS: m/z 252.1139 [M+H]" (calculated 252.1097), 274.1006
[M+Na]" (calculated 274.0916), 136.0664 [M-CsHgOs+H]™ (calculated
136.0623).

Thymine (2): White crystals; 'H-NMR (400 MHz, DMSO-dg): see Table 7;
HRESIMS: m/z 127.0530 [M+H]" (calculated 127.0507), 253.0970 [2M+H]"
(calculated 253.0937), 275.0793 [2M+Na]" (calculated 275.0756).

Thymidine (3): White crystals; '"H-NMR (400 MHz, DMSO-dg) see Table 7;
HRESIMS: m/z 241.0881 [M-H] (calculated 241.0824), 483.1743 [2M-H]
(calculated 483.1727).

2'-Deoxyuridine (4): White crystals; '"H-NMR (400 MHz, DMSO-dg): see
Table 7; HRESIMS: m/z 227.0664 [M-H] (calculated 227.0668), 455.1452
[2M-H] (calculated 455.1414).

2’-Deoxyinosine (5); White crystals; '"H-NMR (400 MHz, DMSO-dg): see
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Table 7; HRESIMS: m/z 251.0833 [M-H] (calculated 251.0780), 503.1624
[2M-H]  (calculated 503.1639), 135.0346 [M-CgHgOs-H] (calculated
135.0307).

2’ -Deoxycytidine (6): White crystals; 'H-NMR (400 MHz, DMSO-dq): see
Table 7; HRESIMS: m/z 228.1005 [M+H]" (calculated 228.0984), 455.1949
[2M+H]" (calculated 445.1890), 477.1778 [2M+Na]" (calculated 477.1710),
112.0551 [M-CsHgOs+H]" (calculated 112.0512).

Adenosine (7): White crystals; *H-NMR (400 MHz, DMSO-dg): see Table 7;
HRESIMS: m/z 268.1084 [M+H]" (calculated 268.1046), 252.1070 [M-
OH+H]" (calculated 252.1097), 136.0642 [M-CsHsOs+H]" (calculated
136.0623).

2’-Deoxyguanosine (8): White crystals; ‘H-NMR (400 MHz, DMSO-dg): see
Table 7; HRESIMS: m/z 266.0925 [M-H] (calculated 266.0889), 533.1874
[2M-H]  (calculated 533.1857), 150.0451 [M-CsHgOs-H] (calculated
150.0416).

Haploscleridamine (9): Amorphous white solid; [a]*°5 +4.1 (c 0.11, MeOH);
IR (MeOH) vy 2855 (br), 1673, 1436, 1366, 1204, 1136, 1002, 838, 800,
746, 723 cm™; UV/Vis (MeOH) Amax 272, 279, 289 nm. 'H-NMR (400 MHz,
CH5OD): & ppm 3.13 (m, 1H, H-4), 3.49 (m, 2H, H-3, H-10), 5.11 (dd, J = 9.0,
4.9 Hz, 1H, H-1), 7.09 (td J = 7.5, 7.5, 1.0 Hz, 1H, H-12), 7.20 (ddd, J = 8.2,
7.0, 1.2 Hz, 1H, H-6), 7.36 (d, J = 8.1 Hz, 1H, H-7), 7.39 (d, J = 8.1 Hz), 1H,
H-8), 7.52 (d, J = 7.9 Hz, 1H, H-5), 8.93 (d, J = 1.2 Hz, 1H, H-13),; ESIMS:
m/z 253.3[M+H]".

Compound 10: Amorphous white solid; [a]25D +2.3 (¢ 0.14, MeOH); IR
(MeOH) vnmax 2853 (br), 2926, 1676, 1440, 1135, 1026, 839, 799, 723 cm™;
UV/Vis (MeOH) Anax 221, 279, 289 nm. '"H-NMR (400 MHz, ds-DMSO) and
¥*C-NMR (100 MHz, d6-DMSO): see Table 8; ESIMS: m/z 216.1 [M+H]".

3B-Acetoxy-15-hydroxyspongia-12-en (11): Amorphous white solid; [a]*%,
+10.6 (c 0.03, CH3OH); IR (neat) Umax 3413 (br), 2927, 2853, 1683, 1443,
1368, 1247, 1138, 725 cm™; UV/Vis (CHzOH) Anax 199 nm. *H-NMR (500
MHz, CD;0D) and ¥C NMR (100 MHz, CD3;OD): see Table 9; ESIMS m/z
345.4 [M-H,0]", 385.3 [M+Na]" and 747.5 [2M+Na]’. HRESITOFMS: m/z
345.2451 [M-H,0]" (calculated for C,,H330s;, 345.2430), 362.2690 [M]
(calculated for CyHs,04 362.2457) 385.2381 [M+Na]® (calculated for
C,,H3404Na, 385.2355) 729.4733 [2M+Na-H,0]" (calculated for C4HesO-Na,
729.4706) 747.4845 [2M+Na]" (calculated for C44HgsOsNa, 747.4812).

3-Methylspongia-3,12-dien-16-one (12): Amorphous white solid; '"H-NMR
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(500 MHz, CD;0D) and "*C NMR (100 MHz, CD;OD): see Table 9; ESIMS
m/z 301.3 [M+H]", 323.3 [M+Na]", 602.5 [2M+H]" and 623.5 [2M+Na]".
HRESITOFMS: m/z 301.2176 [M+H]" (calculated for CyoH»s0,, 301.2168),
623.4072 [2M+Na]" (calculated for C4Hss04Na, 623.4076).

1-(2,4-Dihydroxy-5-methyphenyl)ethan-1-one (13): Dark brown oil; [a]*°p
+3.8 (c 0.0439, CH30H); IR (neat) Umax, 3314 (br), 2971, 2853, 1652, 1406,
1038 cm™. UV/Vis (MeOH) Amax 194, 210, 232, 265, 360 nm. ‘H-NMR (400
MHz, CDCl3) 6 ppm 2.27 (s, 1H, H-7), 2.56 (s, 3H, H3-14), 4.68 (br s, 1H, OH-
1), 6.77 (s, 1H, H-5), 7.10 (s, 1H, H-2), 11.84 (br s, 1H, COOH-1); *C-NMR
(100 MHz, CDCl3) & ppm 16.7 (C-7), 26.6 (C-14), 114.9 (C-2), 117.6 (C-3),
120.0 (C-5), 135.7 (C-6), 146.1 (C-1), 156.7 (C-4), 203.4 (COOH-1);
HRESIMS: m/z 165.0552 [M-H] (calculated for CgHgO3, 165.0552).

6-(1,5-Dimethyl-1,4-hexadienyl)-3-methylbenzene-1,4-diol  (14): Dark
brown oil; [0]25,3 +17.9 (c 0.177, CH3OH); IR (neat) vmax 3413 (br), 2970,
2913, 1416, 1187 cm™; UV/Vis (MeOH) Amax 229, 299 nm. 'H-NMR (400
MHz, CDCl;) and *C-NMR (100 MHz, CDCl,): see Table 10; HRESIMS: m/z
231.1496 [M-H] (calculated for C15H,90,, 231.1385).

6-(3-Hydroxy-6-methyl-1,5-heptadien-2-yl)-3-methylbenzene-1,4-diol
(15): Yellow amorphous solid; [a]*°; +0.72 (¢ 0.484, CH;OH); IR (MeOH) Upax
3314 (br), 2943, 2831, 1033 cm™; UV/Vis (MeOH) Amax 195, 299 nm. *H-NMR
(400 MHz, CDCl;) and '*C-NMR (100 MHz, CDCly): see Table 10;
HRESIMS: m/z 247.1344 [M-H] (calculated for CysH1sOs 247.1334)
149.0575 [M-CgH1;,0] (calculated for CgHgO,, 149.0602).

4-Hydroxy-3,7-dimethyl-7-(3-methylbut-2-en-1-yl)benzofuran-17-one
(16): Yellow amorphous solid; [a]*° +2.2 (¢ 0.115, CH3zOH); IR (MeOH) Upax
3313 (br), 2944, 2832, 1656, 1451, 1035 cm™; UV/Vis (MeOH) Anax 196, 294
nm. "H-NMR (400 MHz, CDCl;) and *C-NMR (100 MHz, CDCly): see Table
10; HRESIMS: m/z 245.1126 [M-H] (calculated for Cy5H,703, 245.1177).

3,16-Dimethyl-7-(3-methylbut-2-en-1-yl)benzofuran-4-ol  (17):  Yellow
amorphous solid; [a]25D +2.2 (¢ 0.257, CH30OH); IR (neat) Umax 3266 (br),
2915, 1437, 1168, 805, 434 cm™; UV/Vis (MeOH) Amax 203, 257, 297 nm. 'H-
NMR (400 MHz, CDCl;) and *C-NMR (100 MHz, CDCly): see Table 11;
HRESIMS: m/z 229.1234 [M-H] (calculated for C,5H,70,, 229.1229).

6-(2-Methoxy-6-methylhept-5-en-2-yl)-3-methylbenzene-1,4-diol (18):
Dark brown oil; [a]*°p +5.0 (c 0.0337, CH3OH); IR (MeOH) Umax 3339 (br),
2926, 1453, 1374, 1183, 1051 cm™; UV/Vis (MeOH) Anax 196, 297 nm. 'H-
NMR (400 MHz, CDCl;) and BC-NMR (100 MHz, CDCly): see Table 11;
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HRESIMS: m/z 263.1610 [M-H] (calculated for C;5H,303, 263.1647).

3,7,11,11-Tetramethyl-1,9-dihydro-2-benzoxirenoxocin-6-ol (19): Green
crystals; [a]*°p -10.4 (¢ 0.0322, CH3OH); IR (neat) Umax 3388 (br), 2926, 1412,
1178, 994, 829, 597 cm™; UV/Vis (MeOH) Anax 194, 217, 330 nm. ‘H-NMR
(400 MHz, CDCl;) and “*C-NMR (100 MHz, CDCly): see Table 11;
HRESIMS: m/z 245.1126 [M-H] (calculated for C;5H,703, 245.1177).

Fluvirucinin C; (20): Amorphous white solid; [0]®, +67.0 (c 0.05,
MeOH/CHClI; 1:1). IR (KBr): Umax 3300 (br), 3090, 2950, 1708, 1635, 1540,
1475 cm™. 'H-NMR (500 MHz, CDCly/CD;0D) and “*C-NMR (100 MHz,
CDCl,/CD;0D): see Table 12. ESIMS m/z 310.4 [M+H]", 332.3 [M+Na]", and
641.8 [2M+Na]". HRESIMS: m/z 310.2751 [M+H]" (calculated for C1gHzsNO,,
310.2741), 332.2599 [M+Na]® (calculated for CyoHzsNO,Na, 332.2568).
641.5283 [2M+Na]" (calculated for C3gH-oN,O4Na, 641.5249).

Fluvirucinin C, (21): Amorphous white solid; [a]*’, +18.8 (c 0.10,
MeOH/CHCI; 1:1). IR (KBr): umax 3320 (br), 3100, 2975, 1720, 1635, 1560,
1490, 1050 cm™. 'H-NMR (500 MHz, CDCl;) and *C-NMR (100 MHz,
CDCly): see Table 12. ESIMS m/z 348.4 [M+Na]", 308.3 [M-H,O+H]" and
673.5 [2M+Na]". HRESIMS: m/z 326.2771 [M+H]" (calculated for C;gH3sNOs3,
326.2690), 308.2602 [M-H,O+H]" (calculated for CioHzNO,, 332.2584),
348.2521 [M+Na]" (calculated C1oH3sNO3Na, 348.2509), 673.5141 [2M+Na]"
(calculated for C3gH;oN,OgNa, 673.5119).

2-Hydroxyethyl-3-methyl-1,4-naphthoquinone (22): Amorphous white
solid; "H-NMR (500 MHz, CDCl3): & ppm 2.25 (s, 3H, 3'-H3), 2.96 (t, J = 7.1
Hz, 2H, 1"-H,), 3.85 (t, J = 6.5 Hz, 2H, 2"-H,), 7.71 (m, 2H, 6-H, 7-H), 8.07 (m,
2H, 5-H, 8-H); **C NMR (100 MHz, CDCls): & ppm 185.7 (C-1), 185.2 (C-4),
145.3 (C-3), 144.0 (C-2), 133.7 (C-6), 133.6 (C-7), 132.3 (C-8a), 132.1 (C-
4a), 126.5 (C-5), 126.5 (C-8) 61.7 (C-2), 30.8 (C-1'), 13.1 (C-3'). ESIMS m/z
217.1 [M+H]", 199.1 [M+-H,O+H]".

Mangrolide A (23): Amorphous white solid; *H-NMR (500 MHz, CDCl;) and
¥C-NMR (100 MHz, CDCls): see Table 13. ESIMS m/z 780.5 [M+H]".

3.12 Bioactivities

3.12.1 Cytotoxicity Activity

Cytotoxic activity assessment of pure compounds and extracts was
performed towards A-549 human lung carcinoma cells, MDA-MB-231 human
breast adenocarcinoma cells, HT-29 human colorectal carcinoma cells and
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PSN1 human pancreatic adenocarcinoma cells. Briefly, cells were plated in
96-well plates at 5x10° cells/well and placed on an 37°C incubator for 24
hours. After the incubation time, cells were treated with the respective pure
compounds. One untreated plate was fixed and stained and used as a
reference. Treated cells were further incubated for 48 hours and quantified
using the sulforhodamine B (SRB) protein stain method [173]. 150 ppm SRB
(w/v) and 380 ppm CH;COOH (v/v) were added to each well and left at room
temperature for 20 minutes. SRB was removed and the plates washed 5
times with 1% CH;COOH before air drying. Bound SRB was solubilized with
200 mL 10 mM unbuffered Tris-base solution and plates were left on a plate
shaker for 10 minutes. Absorbance was read in a 96-well plate reader at 492
nm subtracting the background measurement at 620 nm.

Pure compounds were tested at concentrations ranging from 2.6 to 10000
pg/mL. Cell survival was expressed as a percentage of control cell
growth/cell death (i.e. cytostatic vs. cytotoxic compounds) using the National
Cancer Institute (NCI) algorithm [174].

3.12.2 Anti-microbial Activity

Anti-microbial activity assessment of the pure compounds was performed
using the paper disk diffusion method [175] against three bacteria,
Escherichia coli (ATCC 8739), Pseudomonas aeruginosa (ATCC 9027),
Staphylococcus aureus (ATCC 6538) and one fungus, Candida albicans
(ATCC 10231). In brief, seed cultures of the target strains were prepared by
incubating the organism for 24 hours at 28 °C in tryptone soya broth (TSB).
Aliquots of the overnight cultures were used to inoculate tryptone soya agar
(TSA) before solidification. Sterile filter disks (6 mm diameter) were infused
with 10 pL of tested compound dissolved in MeOH at the desired
concentration and added to the plates. The plates were incubated at 28 °C
for 24 h. After the incubation time, the diameter of growth inhibition zones
was measured around each disk. Pure compounds were tested at 1 ug/uL
against the bacterial strains and at 1, 2 and 3 pg/pL against the fungal strain.
Nalidixic acid, gentamicin, vancomycin and amphotericin B at 1 pg/uL were
used as positive controls for E. coli, P. aeruginosa, S. aureus and C.
albicans, respectively.

3.12.3 Anti-obesity Activity

The anti-obesity activity of the isolated compounds was performed using the
zebrafish Nile red assay [176, 177]. In brief, zebrafish embryos were raised
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from 1 day post fertilization (DPF) in egg water (60 pg/mL marine sea salts)
with 200 pM 1-phenyl-2-thiourea to inhibit pigmentation. From 3 to 5 DPF, 6—
8 zebrafish larvae/well in a 24-well plate were exposed to compounds at
concentrations ranging from 312.5 nM to 10 yM. A solvent (0.1% DMSO) and
positive controls (50 uM resveratrol) were included in the assay. Lipids were
stained overnight with 10 ng/mL Nile red. For imaging, the larvae were
anesthetized with tricaine (MS-222, 0.03%) for 5 minutes and fluorescence
analyzed with a fluorescence microscope (Olympus BX43, Hamburg,
Germany). Fluorescence intensity was quantified in individual zebrafish
larvae using the software ImageJ [178].
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4 Results

4.1 Icelandic Sponges

4.1.1 Biological Samples Extraction and Analysis

The five sponges used in this study and their diverse morphology are shown
in Figure 18. Specimens were extracted and fractionated according to the
procedure described in material and methods section 3.4.1. Dry weight of
each one of the obtained crude extracts and respective Kupchan fractions
was recorded and is summarized in Table 5.

y g

JS-A9-2011 #1 JS-A9-2011 #6 A5-2010-93

2101113 030915 #1

Figure 18 — Pictures of frozen sponges collected in the Icelandic waters and used in
the study.

As a standard dereplication approach, all extracts were analyzed using
QTOF-UPLC-MS. The obtained chromatograms/spectra were then compared
using available databases. ‘H-NMR analysis of all extracts was performed to
integrate the dereplication process. The first combined analysis of the
selected sponges showed a clear indication that these sponges are rich in
fatty acids, low molecular weight known compounds and primary metabolites.
Fatty acids are commonly extracted in very complex mixtures and are very
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difficult to separate from each other due to their high hydrophobic properties.
Frequently, after the isolation process, fatty acids turn out to be non-active
compounds.

Table 5 - Resume of vyields obtained for each Icelandic sponge
extraction/fractionation.

Liquid/liquid partition fractions

Dried Crude

A B C D B
sponge  extract

J5-Ao-

A9 2800 1213g 1079g  1844g 016709 1638y  2.867g
JS-A9-

A%, 21209 10009 0485g 22339 026809 01310g 4.631g

A5'§g1°' 38809 1457g 20799 1844g 0.1680g 16389 2.867g

210111#3 64.00g 15369 3.564g 2033g 055409 2.380g 0.6500 g
030915#3 20679 74.00g 43.43g 0012009 0.4990g 5.538g 1.625¢g

The UPLC-QTOF-MS method was chosen for the analysis of the sponge
extracts because our research group had previous experience using this
method for marine extracts analyses [179-181]. This method involves the use
of an ACQUITY BEH C18 column covering both high and low polarity, to be
able to efficiently separate the secondary metabolites present in the extracts.
This resulted in a clear mass spectrum which allowed an attempt on the
dereplication of each one of the peaks in the chromatogram. However, it was
not possible to separate highly polar compounds using the standard UPLC-
QTOF-MS method. Sponge Kupchan fractions D and E were often not
retained by the column and not separated with the chromatographic
conditions that were used.

Fraction D of sponge A5-2010-93 was one of the extracts showing the
chromatographic profile previously described, as it can be seen in Figure
21a. A dereplication attempt showed that the pile of compounds that was not
separating in the column and being eluted in the first three minutes,
contained mainly marine nucleosides. Known marine nucleosides are very
often not filtered by the dereplication process and end up being isolated [182,
183]. In an attempt to avoid that in future analysis and to improve the
efficiency while looking for new natural compounds, this fraction was selected
to optimize a chromatographic method to be used for dereplication of this
type of compounds. The taxonomy of A5-2010-93 sponge sample was also
studied.
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4.1.2 Geodia macandrewi ldentification

The sponge specimen A5-2010-93 (0.748 g) was collected in the southwest
of Iceland at 226 meters dept using a deep sea probe. The sponge presented
a whitish and massive body, with a globular lobately shape. The outside
consistency was hard and rough to the touch and the inside was pulpy, as
shown by the pictures in Figure 19. This morphology allowed a clear
identification of the sponge as a Geodia macandrewi specimen (Taxonomist
Professor Han Tore Rapp, University of Bergen, Norway). In an attempt of
confirming this assumption, the sponge spicules were extracted using acid-
digestion and observed on the electron microscope.

Figure 19 - External morphology of the sponge identified as Geodia macandrewi. a)
Specimen after collection. b) Frozen sponge. c) Cut of the frozen sponge.

High abundance of straight pointed oxea-like spicules (around 150 pum
length) was the first obvious observation in the slides. Dichotrienes and
Anatrienes also appeared in high abundance (Figure 20b and b"). Protocladi
with diameters up to 50 um as well as sphereoasters and oxyasters up to 20
pm were also found as part of this sponge (Figure 20c-f). Finally, rounded-
shaped sterrasters were found, which were rare (Figure 20f). The
morphological identification as Geodia macandrewi was confirmed according
to Céardenas et al., 2013 [138].
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Figure 20 - Spicules of Geodia macandrewi Bowerbank, 1858. Megascleres: a)
Pointed oxeas. b) Dichotriene. b") Anatriene. c) Protocladi. d) Sphereoasters. e) and
€’) oxyasters. f) Sterraster. f") Close-up on the warty rosettes of a sterraster.

4.1.3 UPLC-QTOF-MS Analysis

Due to their similar chemical structures and high polarity, nucleosides are
difficult to separate. An individual identification of each in the base peak
intensity chromatogram was not possible using the UPLC method described
in 3.6.1, as seen in the chromatogram represented in Figure 21a. To improve
their separation, a BEH amide column was used. The separation
performance was improved supplementing the mobile phases with 0.2%
CH3;COOH and 10 mM CH3;COONH,. Geodia macandrewi fraction D was
analyzed at the optimized chromatographic conditions. The results are shown
in the base peak intensity chromatogram presented in Figure 21b. The
optimized conditions offer the possibility of a better individual visualization of
the metabolites present in the extract and an individual dereplication of
marine nucleosides in the mixture. A targeted approach was applied for
nucleosides identification.
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Figure 21 - UPLC-QTOF-MS base peak intensity chromatograms of Geodia
macandrewi fraction D (BuOH fraction). a) Separation acquired using an ACQUITY
BEH C18 1.7 pm (2.1 x 150 mm) column and a 98:2 to 0:100 H,O/MeCN (0.1% FA).
b) Separation acquired using an ACQUITY UPLC BEH Amide 1.7 um (2.1 mm x 100
mm) column and a 10:90 to 15:85 H,O/MeCN (0.2% CH3;COOH + 10 mM
CH3COONHy,) gradient.

Results found for the targeted identification of each one of the nucleosides
in Geodia macandrewi fraction D using UPLC-QTOF-MS under optimized
conditions are resumed on Figure 22. Both positive ((+)ESI) and negative ((-
)ESI) ionization modes were used for analysis of the targeted nucleosides in
the extract. (-)ESI was found to be more sensitive than (+)ESI for 2'-
deoxyuridine, 2’-deoxyinosine, 2’-deoxyguanosine and thymidine. 2'-
Deoxycytidine, thymine, 2"-deoxyadenosine and adenosine did not ionize in
(-)ESI mode, but were ionized in (+)ESI mode. Zhao et al. (2013) [184]
developed a method to analyze the fungal species Cordyceps nucleosides.
Their results showed increased sensitivity in (+)ESI mode compared to (-)ESI
for these compounds and they were able to detect thymidine in positive
ionization mode. This is not in accordance with the results presented, which
showed better sensitivity for most of the compounds in (-)ESI mode.
Thymidine was also only detected in (-)ESI. These differences may be
related to the complexity of the analyzed extracts. Sponge extracts are very
complex and, consequently, the detection of targeted compounds may be
suppressed or suffer from interference of other compounds present in the
extract.
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Figure 22 - Extracted ion chromatograms for the targeted nucleosides and
nucleobase found in Geodia macandrewi fraction D (ACQUITY UPLC BEH Amide 1.7
pm (2.1 mm x 100 mm) column and a 10:90 to 15:85 H,O/MeCN (0.2% CH3COOH +
10 mM CH3COONH,) gradient). a) 2"-Deoxyadenosine. b) Thymine. ¢) Thymidine. d)
2’-Deoxyuridine. €) 2’-Deoxyinosine. f) 2°-Deoxycytidine. g) Adenosine. h) 2’-
Deoxyguanosine. 2"-Deoxyadenosine, thymine, 2"-deoxycytidine and adenosine were
detected in (+)ESI. The other compounds were detected in (-)ESI.
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Table 6 - UPLC-QTOF-MS measurements for Geodia macandrewi targeted nucleosides and nucleobase.

Compound Retention Compound ESI mode Proposed ions Elemental Theoretical Experimental Error ppm
No time (min) composition value m/z m/z

1 0.43 2’-Deoxyadenosine + [M+H] C10H14Ns03 252.1097 252.1139 16.7784
[M+Na] Ci10H1sNsOsNa 274.0916 274.1006 32.8357

[M-CsHgOs+H]" CsHeNs 136.0623 136.0664 30.1333

2 0.77 Thymine + [M+H]" CsH7N20, 127.0507 127.0530 18.1030
[2M+H]" C10H13N4O4 253.0937 253.0970 13.0386

3 0.78 Thymidine - [M-H] C10H13N20s 241.0824 241.0881 23.6434
[2M-H] CaoH27N4010 483.1727 483.1743 3.3114

4 0.87 2’-Deoxyuridine - [M-H] CgH11N20s 227.0668 227.0664 -1.7616
[2M-H] Ci5H23N4010 455.1414 455.1452 8.3490

5 1.31 2’-Deoxyinosine - [M-H] C10H11N404 251.0780 251.0833 30.2695
[2M-H] Ca0H23NgOs 503.1639 503.1624 -2.9811

[M-CsHgOs-H] CsHsN,O 135.0307 135.0346 28.8823

6 1.56 2’-Deoxycytidine + [M+H]" CgH14N304 228.0984 228.1005 9.2065
[2M+H]" CigH27NgOsg 445.1890 455.1949 12.9616

[2M+Na]” Ci1sH26NsOsNa 477.1710 477.1778 14.2507

[M-CsHgO3s+H]" C4HeNsO 112.0512 112.0551 34.8055

7 1.93 Adenosine + [M+H]" Ci10H13Ns04 268.1046 268.1084 14.1733

[M-OH+H]" C10H14N503 252.1097 252.1070 -10.7096

[M-CsHgO4+H]" CsHeNs 136.0623 136.0642 13.9642

8 1.95 2’-Deoxyguanosine - [M-H] Ci10H12Ns04 266.0889 266.0925 13.5293
[2M-H] CaoH23N100g 533.1857 533.1874 3.1884

[M-CsHgOs-H] CsH4NsO 150.0416 150.0451 23.3269
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Nucleosides and nucleobases were identified based on their exact
masses. An example for compound 6 is shown in Figure 23, the exact
masses extracted from the (+)ESI mass spectrum were m/z 477.1778, m/z
455.1949, m/z 228.1005 and m/z 112.0551. Those measurements
resulted from the ions [2M+Na]’, [2M+H]", [M+H]" and [M-CsHgOs+H]",
respectively, which were consistent with the elemental compositions
CigHosNgOgNa, CigHo7NgOg, CoH14N30, and C,HgN3O. This allowed the
identification of that specific chromatographic peak as 2 -deoxycytidine.
The same principle was applied to all the other targeted nucleosides and
nucleobase. The obtained results are summarized in Table 6. The
molecular ion, [M+H]", was clearly identified for all compounds. For all the
nucleosides analyzed in (+)ESI, the nucleobase appears as the most
intense peak. However, for thymine and the nucleosides analyzed in (-
JESI, the highest intensity peak observed is the molecular ion, [M+H]".
Dimeric and sodium adduct ions were also commonly seen in the obtained
spectra.

[M-CsHsOs+H]™ 1: TOF MS ES+
1.30e4

100 112.0551

[2M+H]
455 1949
[M+H]
2281005 [2M+Na]”
d 250.0840 4771778
A [

ol L 6822831 909.3628
100 200 300 400 500 500 700 800 900 1000

Figure 23 - (+)ESIMS spectrum obtained for 2"-deoxycytidine dereplicated in Geodia
macandrewi fraction D (BuOH faction).

A compilation of the experimentally extracted exact masses and the
correspondent theoretical value is shown in Table 6. The differences between
those two values are also reported in Table 6. This difference seems to be
significantly higher than others previously reported in the literature, which
reported natural nucleosides with exact masses differing from theoretical
masses not more than 4 ppm [184, 185]. This study shows differences that
can go up to 35 ppm. That the elemental isotopic composition is variable
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according to several geographical and biological parameters is well
established [186]. Other studies have reported differences between
theoretical and experimental exact masses within the same range, 35 ppm,
or even higher of other compounds isolated from marine sponges [187-190].
This allows attributing those differences to natural variations.

To confirm the identity of the targeted compounds and their efficient
dereplication, a separation and isolation by preparative HPLC and NMR
analysis were performed.

4.1.4Nucleosides Isolation and Identification by *H-NMR

Geodia macandrewi fraction D was then submitted to repeated preparative
HPLC separation for purification of identified nucleosides and nucleobase. A
resumed scheme of their isolation is represented in Figure 24. The
nucleosides were purified using a preparative Phenomenex Luna C18 5um
column. The mobile phase used had a very high aqueous content due to the
compound’s high polarity. The mobile phases were supplemented with 1M
NacCl, once it was found to induce a noticeable retardation and separation of
the peaks, as it can be seen in the UV-chromatograms represented in Figure
25.

CH,CL:MeOH (1:1)

. . Freeze-drying R . extraction
Geodia macandrewi |———— | Dried biomass | ——— Crude extract
14573 g
method

7480g 388.0¢
Kupchan modified

Hex. \ CHLCL, CHCl, { BuOH H,0

[~ ] 2] [c] [o] [ =]
1638 g

Luna C18 5 (250 % 21.20 mm), 10 mL/ min
6MeOH (H,0), 1MNaCl 55 minutes

[ 2"-Deoxyadenosine | [ Thymine H Thymidine | [ 2"Deoxyuridine | [ 2" Deoxyinosine | [ 2"-Deoxycytidine | [ Adenosine | [ 2"Deoxyguanosine |
48mg 1.1mg 4.7mg 4.6mg 35mg 1.0mg 6.4mg 7.5mg

Figure 24 - Scheme of the workflow that led to the isolation of seven nucleosides and
one nucleobase from the sponge Geodia macandrewi.
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Figure 25 — Geodia macandrewi fraction D semi-preparative separation
(Phenomenex Luna C18 5pm (250 x 21.20 mm) column, 99:1 to 76:24 (v/v)
H>O/MeOH gradient in 47 minutes, 10 mL/min). The separation was followed at 215
and 254 nm. a) Mobile phases not supplemented. b) Mobile phases supplemented
with 1M NaCl. The numbers indicate the peaks correspondent to the targeted
compounds.

The preparative HPLC separation led to 18 fractions. Those 18 fractions
were analyzed by ‘H-NMR and eight of them were identified as the targeted
pure compounds: 2'-deoxyadenosine (1), thymine (2), thymidine (3), 2'-
deoxyuridine (4), 2'-deoxyinosine (5), deoxycytidine (6), adenosine (7) and
2’-deoxyguanosine (8). The structures are represented in Figure 26.

'H-NMR obtained results are resumed in Table 7. Seven clear
carbohydrate protons (&4 6.33, 4.40, 3.88, 3.60, 3.53, 2.71 and 2.25),
together with two signals, that despite not being broad singlets were assigned
as —OH (dy 5.38 and 5.27), were found in compound 1 proton spectrum,
suggesting a deoxyribose for the sugar moiety. The remaining resonances &4
8.33 and 8.12 indicated the presence of an adenine as a nucleobase, which
was confirmed by the NH,-6 resonance (&4 7.28). 'H-NMR data were then
consistent to identify 1 as 2"-deoxyadenosine. Compound 7 proton spectrum
was very similar to 2"-deoxyadenosine, only with an extra hydroxyl group in
the sugar moiety, OH-2" (dy 5.45), and a substitution of the methylene C-2’
(64 2.71, 2.25) by a methine group (64 4.60). This indicated a ribose as a
sugar and confirmed 7 as adenosine. Signals &4 5.19 and 5.40 appearing as
broad singlets also allowed confirming their entity as OH-3° and OH-5’,
respectively, endorsing deoxyribose as the sugar moiety present in 7 and 1.
By comparing the sugar signals, 3, 4, 5, 6 and 8 were also found to contain a
deoxyribose.
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Table 7 - "H-NMR data (400 MHz) obtained for compounds 1-8. Experiments were performed in DMSO-de.

Position 2’-Deoxyadenosine Thymine Thymidine 2’-Deoxyuridine 2’-Deoxyinosine 2’-Deoxycytidine  Adenosine 2’-Deoxyguanosine
(®n, mult (J in Hz)) (&1, mult (&1, mult (&1, mult (&1, mult (&n, mult (&1, mult (&1, mult
(J in Hz)) (J in Hz)) (J in Hz)) (J in Hz)) (J in Hz)) (J in Hz)) (J in Hz))
1 5.62, d (8.0) 5.71,d (7.3) 10.60, br s
2 8.12, s 7.24,m 7.69, m 7.85,d (8.1) 8.05, s 7.78,d (7.2) 8.13, s
3 10.90, brs
5 10.90, br s 11.26, brs 11.41, brs
8 8.33,s 8.30, s 8.33,brs 7.10, brs
1 6.33, m 6.16,t(6.9) 6.14,1(6.8) 6.31, m 6.15,1(6.7) 5.87,d(6.2) 6.11, dd (7.83; 6.04)
2 2.25;m 2.06, m 2.07, m 2.29,ddd (13.2,6.2,3.3) 191, m 4.60, m 2.19, ddd (13.1; 6.0; 3.0)
271, m 2.63, m
3 4.40, m 423, m 4.22,d (3.5) 4.38, dd (5.7, 3.0) 419, m 414, m 4.33,p (6.0; 3.2)
4 3.88,q(4.3) 3.75,9(3.8) 3.77,dd (6.7,3.7) 3.85m 3.75, m 3.96,q(3.4) 3.80,td (4.6, 2.8)
5 3.53, m 3.56, m 3.54,dt(11.6,5.8) 3.59, m 3.54, m 3.53, m 3.52, dtd, (16.7; 11.7; 5.0)
3.60, m 351, m 3.67,d (12.0)
1-CHs 1.72, s 1.77,s
2-NH; 6.44, brs
6-NH; 7.28,brs 7.05, brs 7.32,brs
7.12,brs
6-OH 12.35, brs
2-OH 5.45, brs
3"-OH 5.38, d (4.0) 5.25,brs 5.26,d (4.1) 5.31,d (4.0) 5.18, brs 5.19, brs 5.24,d (3.9)
5-OH 5.27, m 5.04, brs 5.04,t(5.1) 4.96, t (5.5) 4.97, brs 5.40, brs 4.93,t(5.5)
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Figure 26 - Chemical structures of the nucleosides and nucleobase identified as
being produced by Geodia macandrewi (1-8).

Compound 5 proton spectrum was also very close to the one of 1. The
substitution of NH»-6 (& 7.28) in 1, for OH-6 (84 12.35) in 5, suggested the
presence of hypoxanthine as a nucleobase. 5 was, therefore, confirmed as
2’ -deoxyinosine.

The methyl singlet Me-1 (&4 1.77) was indicative of the presence of
thymine as the nucleobase of 3. The presence of H-2 (& 7.69), together with
NH-5 resonance at &y 11.26 confirmed 3 as thymidine. Comparing its
resonances with thymidine, 2 was identified as the nucleobase thymine. Also,
based on proton resonance similarities, 4 was thought to be, structurally, very
close to 3. The substitution of the methyl signal by H-2 (&, 7.85) confirmed 4
as 2’-deoxyuridine.

A COSY cross-peak between H-1 (84 5.71) and H-2 (&4 7.78) in 6, seen in
Figure 27, allowed the identification of the nucleobase as cytosine, confirming
the identity of the nucleoside as 2" -deoxycytidine. Finally, the methine singlet
H-8 (dy 7.10), together with the NH,-2 (&4 6.44), undoubtedly indicated
guanosine as the nucleobase of 8, allowing a confirmation of its identity as
2’-deoxyguanosine.

Chemical structures of the nucleosides and nucleobases proposed based
on mass spectrometry analysis were then confirmed by "H-NMR studies. All
HRESIMS and 'H-NMR spectra can be found in Appendixes 1 to 16.
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Figure 27 - g-COSY spectrum obtained for 2"-deoxycytidine (6). The arrow indicates
the cross-signal H-1/H-2.

The possibility that these compounds could be the result of DNA
degradation during the extraction procedure can be discarded because DNA
is highly resistant to hydrolysis [191, 192]. Also, the nucleosides 2'-
deoxyuridine and 2’-deoxyinosine do not occur naturally. Uracil appears
exclusively in RNA and associates only with ribose and not with deoxyribose.
2'-deoxyuridine only appears in physiological conditions under high-stress
mutagenic factors. Therefore, it was assumed that the isolated nucleosides
are produced as secondary metabolites.

The newly developed method revealed to be extremely useful on the
identification of nucleosides or structural-related compounds in marine
sponge extracts. However, the search for new secondary metabolites was
focused on sponge samples collected in warmer environments due to the
presence of more promising chemical entities.
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4.2 Sponges Collected in the Indo-Pacific Ocean

4.2.1 Alkaloids from Acanthostrongylophora sp.

The sponge sample labeled as ORMA 124985, collected by hand while
scuba diving at Wetar (Indonesia), is shown in Figure 28. Regarding
morphological features, it was identified as Acanthostrongylophora sp.. The
sponge was immediately frozen and kept at those conditions until extraction.

Figure 28 - Picture of Acanthostrongylophora sp. fresh sponge sample, collected by
hand while scuba diving in Wetar (Indonesia) and which led to the isolation of two
alkaloids.

The procedure to purify two alkaloids was followed according to the
workflow resumed in Figure 29. The sponge biomass was repeatedly
extracted with CH,Cl,:MeOH (1:1 v/v) and the crude extract subsequently
subjected to RP-VLC and semi-preparative HPLC. HPLC fraction 1 (109.2
mg) was initially indicated to contain the known compound haploscleridamine
due to 'H-NMR resonance similarities with published data and a MS
spectrum peak at m/z 253.3. However, a closer look into the 'H-NMR
spectrum revealed the presence of an -NCHj; singlet signal (6y4 2.87), which
did not belong to haploscleridamine. A careful analysis of the spectrum
exposed some of the signals in duplicate. These findings, seen in Figure 30,
led to the assumption that the faction should contain haploscleridamine, but
was contaminated with another related compound.
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Acanthostrongylophora

CH,Cl,'MeOH (1:1)

extraction
sp Crude extract
720g
H,0 H,0-McOH MeOH MeOH-CH,Cl, CH,Cl,
(1:1) (1)
EN BN El BN El

540.0mg 1080.0 mg 50.0mg 261.0mg 449.0mg

Symmetry C18,10.0% 150 mm,

5-30%MeCN (0.4% TFA), 20 min, 3 mL'min

[ mecar | [ ®eee2 | [ mees | [ mPLos | mpLcs | | EpLcs | [ mPLCT
109.2mg

Varizn Pursuit XRS, 10.0 x 150 mm,
14% MeCN isocratic (0.1% TFA), 23 min, 3.3 mL'min

|

JHPLCA |

Haploscleridamine | [ Compound10 | [ 2rpLc3 | |
94mg

122mg

Figure 29 - Scheme of the workflow that led to the isolation of two

sponge Acanthostrongylophora sp..
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Figure 30 - '"H-NMR spectrum obtained for Acanthostrongylophora sp. HPLC fraction
1 (400 MHz, CD30D). The regions containing double peaks are zoomed.
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Figure 31 - Structures of haploscleridamine (9) and compound 10 isolated from
Acanthostrongylophora sp..
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(S)-1-Ethyl-1.2.3.4- (S)-1-Isopropyl-1,2,3,4- (S)-1-Undecyl-1.2,3.4-
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CHQ ?
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lclmh;dm 9H- tetrahydro-9H-pyrido[3,4-
pyrido[3,4-b]indole blindole
[a]F+11.0 [a]=+65.0

Figure 32 - Related compounds considered for the assignment of 9 and 10
stereochemistry and their respective optical values.

Compound 9 was isolated as an amorphous white powder. It was
identified as haploscleridamine based on available spectral data described in
Appendixes 17 to 20 [193]. However, the literature only describes this
compound planar structure. The absolute stereochemistry of 9 was
determined by comparison of its optical rotation with that of known related
compounds. It was found that the related isomers with S configuration,
showed negative values for optical rotation. R isomers, on the other hand,
presented positive values for optical rotation, as it is seen in Figure 32 [194-
197]. The obtained optical rotation for 9 was +4.1, indicating the presence of
the R isomer. Therefore, compound 9 was elucidated as shown in Figure 31:
(R)-haploscleridamine.
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Table 8 -'H and C-NMR data (400 and 100 MHz, respectively) obtained for
compound 10. Experiments performed in DMSO-ds.

Compound 10

Position 8¢, type &y, mult (J in Hz)

1 48.8, CH 5.09, brs

la 125.7,C

2-NH 1.75,brs

3 40.4, CHy* 3.48, dt (12.5, 6.6)
3.60, m

4 18.2,CH, 295 m

4a 107.6, C

4b 125.7,C

5 118.3,CH 7.50, d (7.8)

6 119.3,CH 7.05,td (7.4, 7.0)

7 122.4,CH 7.16,ddd (8.1, 6.9, 1.2)

8 111.6,CH 7.41,d(8.2)

8a 136.3, C

9-NH 11.24, brs

10 49.2,CH, 3.65,m

12-NH 9.05, brs

10-NCH; 33.5,CH; 2.74,s
*Signal observed in g-HSQC.

Compound 10 was isolated as an amorphous white powder. 1D-NMR
data is resumed in Table 8. Its **C-NMR spectrum confirmed the presence of
thirteen carbon signals, which were assigned by HSQC spectrum analysis, to
one methyl (8¢ 33.5), three methylenes (8¢ 49.2, 40.4, 18.2), five methines
(6c 122.4, 119.3, 118.3, 111.6, 48.8) and four non-protonated carbons (&c
136.3, 125.7, 125.7, 107.6). The methylene &c 40.4 was only detected by
HSQC. In accordance, the "H-NMR spectrum exhibited one nitrogen-methyl
singlet (&4 2.74), three methylenes (& 3.65, 3.60, 3.48, 2.95), from which one
was splitting and had been assigned appealing to HSQC, and five methines
(®y 7.50, 7.41, 7.16, 7.05, 5.09), being the last one the only non-aromatic.
Based on 'H and °C data and having present that this compound was
structurally very similar with 9, a pyridoindole core was proposed for 10. The
presence of the indole group was supported by the COSY correlations H-5/H-
6, H-6/H-7 and H-7/H-8, as represented in Figure 33. Those, together with
the HMBC cross-peaks H-5/C-8a, H-6/C-4b and H-7/C-8a and the
correlations of 9-NH with H-1a, H-4a, H-4b and H-8a confirmed the indole
group. C-3 deshielded carbon shift (&c 40.4) predicted a nitrogen-bonding,
which combined with COSY cross-peak H-3/H-4 and HMBC correlations H-
3/H-1, H-4/H-1a and H-4/H-4a, allowed the full elucidation of the pyridoindole.
The nitrogen-methyl (& 2.74) was linked to C-10 based on an HMBC cross-
peak relating those two. The two sub-structures were connected together
based on the COSY correlation H-1/H-10. The ESIMS molecular ion peak
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m/z 216.1 confirmed the molecular formula as C;3H;7N; and the seven
degrees of unsaturation. Spectral data obtained for 10 can be found in
Appendixes 21 to 28.

Figure 33 - Key "H-"H COSY and HMBC correlations of compound 10.

As for 9, the stereochemistry of compound 10 was determined based on a
comparison of its optical rotation with the known related compounds listed in
Figure 32. The optical rotation obtained for 10 was +2.3, indicating, as for 9,
the presence of the R isomer. Compound 10 was then elucidated as the
xestoamine analog shown in Figure 31. This represents a novel structure and
the first report of this compound.

A large number of structurally diverse B-carbolinic alkaloids have been
isolated from natural sources. These compounds have been found in plants
[198], bacteria [199], fungi [200] and in marine invertebrates, mainly marine
sponges [201]. The short chain alkyl substitution at C-1 seems to be
widespread among the literature; however, this is the first report of compound
10 structure. Together with xestoamine, they represent the only described
methylethanamine B-carbolinic alkaloids isolated from marine sponges.
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4.2.2 Spongian Diterpene Analogs from Acanthodendrilla sp.

The sponge sample labeled as ORMA 101324, collected by hand while
scuba diving at Pulau-Pulau, is shown in Figure 34. The sponge was
identified as Acanthodendrilla sp. regarding morphological features. The
frozen biomass was extracted with CH,Cl,:MeOH (1:1 v/v) and the resultant
organic extract was further separated using preparative HPLC, followed by
semi-preparative HPLC to yield compounds 11 (0.9 mg) and 12 (1.6 mg). The
workflow of the isolation procedure is resumed in Figure 35.

Figure 34 - Picture of Acanthodendrilla sp. fresh sponge sample, collected by hand
while scuba diving in Pulau-Pulau and which led to the isolation of spongian diterpene
analogs.
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Figure 35 - Scheme of the workflow that led to the isolation of two spongian
diterpenes from Acanthodendrilla sp..

11 12

Figure 36 - Structures of the spongian diterpenes 3f-acetoxy -15-hydroxyspongia-12-
en (11) and 3-methylspongia-3,12-dien-16-one (12) isolated from Acanthodendrilla

sp..

Compound 11 was obtained as an amorphous white powder. Its molecular
formula was established as C,,H3,0, based on (+)HRESTOFMS, indicating
six degrees of unsaturation. 1D-NMR data are presented in Table 9. B3¢
NMR data confirmed the presence of 22 signals that, together with the HSQC
data, were assigned to five sp> methyl carbons (3¢ 28.5, 21.1, 17.1, 15.9,
15.2), six methylenes (8¢ 69.2, 42.1, 39.0, 24.5, 23.9, 19.2), six methines (8¢
117.5, 100.3, 82.3, 62.8, 57.1, 55.9) and five non-protonated carbons (dc
172.8, 137.8, 38.9, 38.2, 34.6). The listed resonances revealed one
oxygenated (&c 100.3) methine and one ester non-protonated carbon (&¢
172.8). Accordingly, the "H-NMR spectrum exhibited five methyl singlets (3
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2.03, 0.99, 0.91, 0.90, 0.82), six methylenes, which were splitting and so,
assigned resorting to HSQC (64 4.41 and 4.11, 2.08 and 1.99, 1.92 and 1.38,
1.72 and 1.09, 1.64 and 1.63, 1.61 and 1.53) and six methines (64 5.50, 5.17,
447, 2.16, 1.27, 1.02). Among them, an olefinic (&4 5.50), a vicinal ester (o4
4.47) and hemiacetal (54 5.17) methine protons were noted. Based on COSY
and HMBC spectral data, as shown in Figure 37, a spongian diterpene basic
structure was proposed for this compound. The HMBC correlation H-3 (04
4.47) to the carbonyl group 8¢ 172.8 indicated the presence of a substitution,
which was assigned to an acetoxy moiety based on the HMBC correlation of
this carbonyl group to the methyl &4 2.03. The position of the four remaining
methyl groups which were all singlets, was also confirmed based on HMBC
correlations: Me-17 to C-7 and C-8, Me-18 to C-9 and C-5 and Me-19 and
Me-20 to C-3, C-4 and C-5. This confirmed the spongian skeleton as the
basic structure of 11. Additionally, the double bound anticipated on C-12 by
the deshielded proton and carbon signals (8¢ 117.5, &4 5.50) was assigned
based on the HMBC cross-correlations H-16 to C-13 and C-12. Finally,
HMBC correlations H-16/C-12 and H-16/C-13 and H-15 to C-8, along with the
proton (&4 5.17, 4.11 and 4.41) and carbon (8¢ 100.3, 69.2) chemical shifts
for these centers, allowed ring D to be identified as a five-membered cyclic
hemiacetal.

N, (/4 — COSY
X\ HMBC

Figure 37 - Key "H-'"H-COSY and HMBC correlations found for compounds 11 and
12.

The relative configuration of the asymmetric carbon centers in 11 was
assigned based on combined coupling constants and ROESY analysis, as
seen in Figure 38. Cross-peaks between H-63, Me-17 and Me-18 and H-3
and H-7a suggested a trans-fused ring junction. The absence of a ROESY
correlation between Me-18 and H-5 confirmed this configuration. The cross-
peaks between H-683, Me-18 and Me-17 were used to assign both Me-17 and
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Me-18 groups as B-orientated relatively to the molecule. The correlation Me-
17/H-15 allowed the assignment of H-15 as B-oriented, and consequently,
OH-15 as a-oriented. A small coupling constant between H-14 and H-15 (J =
4.8 Hz) confirmed their opposite locations relative to the molecule. Additional
ROESY cross-peaks at H-3/H-5, H-5/H-9, H-9/H-14 and H-14/H-7a indicated
that those protons were also a-oriented, while AcO-3 was assigned as [3-
oriented. Compound 11 was then elucidated as the spongian diterpene
shown in Figure 36: 3B-acetoxy-15-hydroxyspongia-12-en. Spectral data
obtained for 11 can be found in Appendixes 29 to 38.

AcO

Figure 38 - Key NOESY correlations found for compounds 11 and 12.

Compound 12 was obtained as an amorphous white powder. Its molecular
formula was established as C,yH»30,, based on (+)-HRES-TOFMS, which
indicated seven degrees of unsaturation. 1D-NMR data are resumed in Table
9. Its analysis showed that some common signals of the spongian diterpene
nuclei found on 11 were also present on 12. This included the B ring signals,
Me-17 group and C-12(13) double bond. However, differences in the
chemical shifts of the rest of the other signals suggested significant structural
changes compared to 11. C-3 (6¢c 125.3) and C-4 (¢ 127.6) resonances
pointed to olefinic carbons, suggesting the presence of a double bond
between them. C-4 linkage to Me-19 and C-3 linkage to Me-20 were
confirmed by HMBC correlations, as seen in Figure 37. Finally, the y-lactone,
which was suggested by the C-16 resonance (8¢ 172.5), was confirmed
based on the crucial HMBC correlations of H-15 to C-16, C-14 and C-13.

Similarly to 11, ROESY analysis illustrated in Figure 38, was the key to
assign the relative configurations of the asymmetric carbon centers present in
12. A trans-fused ring junction was also proposed due to the cross-peaks
between H-63, H-118, Me-17 and Me-18 and H-5, H-9 and H11a. Again, the
absence of a ROESY correlation between Me-18 and H-5 confirmed this
configuration. The cross-peaks H-11p/Me-17, Me-17/Me-18, H-63/Me-18 and
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Me-17/H-6B were used to assign both Me-17 and Me-18 groups as -
orientated to the molecule. Additional ROESY cross-peaks at H-5/H-9 and H-
9/H-14 indicated that these protons were a-oriented. Therefore, compound
12 was identified as the spongian diterpene shown in Figure 36: 3-
methylspongia-3,12-dien-16-one. Spectral data obtained for 12 can be found
in Appendixes 39 to 46.

Table 9 - 'H-NMR and *C-NMR data (500 and 100 MHz, respectively) obtained for
compounds 11 and 12. Experiments performed in CD;OD.

Compound 11 Compound 12
Position dc, type &y, mult (Jin Hz) &c, type &y, mult (J in Hz)
1 39.0, CH, a1.09, m 37.1,CH, a1.20,m
B1.72, m B1.16, m
2 24.5, CH, a1.63, m 30.3,CH, a1.95m
1.64, m 2.04, m
3 82.3, CH 4.47,dd (11.0, 5.1) 125.3,C
4 38.9,C 127.6,C
5 57.1, CH 1.02, m 51.1, CH 1.92, m
6 19.2, CH; a1.53,9d (13.2,3.1) 218,CH, «a1l.38 m
B1.61, m B 1.86, m
7 42.1, CH, a 1.38,td (13.3, 4.5) 41.0,CH, a1.36,m
B 1.92, dt (13.3, 3.6) $1.76, m
8 34.6,C 35.3,C
9 55.9, CH 1.27, m 52.9, CH 1.42,dd (11.5, 5.3)
10 38.2,C 36.8,C
11 23.9, CH; a 1.99, brd (12.0) 256,CH, a 2.21, dddd (20.2,
32.08, brd (17.9) 11.6,5.0,3.3)
B 2.50, dq (20.3, 4.1)
12 117.5,CH 5.50, brs 138.2,CH 6.86,q(3.5)
13 137.8,C 128.8,C
14 62.8, CH 2.16,m 52.4, CH 2.93, (tt, 9.2, 4.4)
15 100.3, CH 5.17,d (4.8) 68.9,CH, 04.44,t(9.3)
B4.14,t(9.1)
16 69.2, CH, a4.41,dt (1.7, 2.4) 172.5, C*
B4.11,dt(11.5,1.7)
17 15.2, CHs 0.82, s 147,CH; 0.88,s
18 15.9, CH; 0.99, s 12.7,CH;  0.85,s
19 17.1, CH; 0.91,s 15.7, CHs 1.62,s
20 28.5, CHs 0.90, s 19.4,CH; 1.60,s

OCOCH; 172.8,C
OCOCH;  21.1, CHs 2.03, s
*Signal observed in g-HMBC

11 and 12 belong to a known and well-studied class of marine natural
compounds: spongian diterpenes. However, they have structures with novel
features within the field of marine natural compounds. A C-16 carbonyl
moiety is common in the literature, as seen for spongia-16-one and spongia-
15,16-one [202]. The C-12(13) double bond has been reported before [203]
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and 3-acetoxy-spongians can also be found reported in the literature [204,
205]. The rearrangement of the spongian skeleton resulting in a 3-methyl-3-
en spongian-analog as seen in 12 is being reported for the first time. A trans-
fused ring junction is consistent with the stereochemistry usually found for
this class of compounds [202, 206]. Despite five-membered cyclic
hemiacetals usually existing as two interconverting anomers, the D-ring of 11
appeared as a single isomer. This occurrence seems to be common for
sponge isolated natural hemiacetals [206, 208]. Also, while ring A oxidations
are common for Dicyteroceratida, they have never been previously reported
for a sponge belonging to Dendroceratida.

Spongian diterpenes relevance in sponge chemotaxonomy has been
discussed in the literature [209]. To date, Acanthodendrilla was the only
Dendroceratida genus that had not been reported as a producer of this class
of compounds. These results filled this gap. The reported data provide further
opportunities for chemotaxonomic studies based on spongian diterpene
profiling.

4.2.3 Bisabolane Derivatives from Acanthostrongylophoraingens

The sponge sample labeled as ORMA 135834 and seen in Figure 40 was
collected by hand while scuba diving at Boano (Indonesia). It was identified
as Acanthostrongylophora ingens regarding morphological features. The
frozen biomass was extracted with CH,Cl,:MeOH (1:1 v/v) and the resultant
organic extract was further partitioned between Hex, EtOAc, BUuOH and H,O.
The Hex extract, after RP-VLC and several semi-preparative HPLC
separations led to the isolation of compounds 13 (6.4 mg), 14 (98.6 mg) 15
(13.1 mg), 16 (4.9 mg) and 17 (9.4 mg). The EtOAc extract, after RP-VLC
and semi-preparative HPLC led to the isolation of compounds 18 (46.5 mg)
and 19 (23.3 mg). A simplified workflow of the isolation of those compounds
is illustrated in Figure 39.
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Figure 39 - Scheme of the workflow that led to the isolation of seven bisabolane derivatives from Acanthostrongylophora ingens.

77



Table 10 - *H and *C-NMR data (400 and 100 MHz, respectively) obtained for compounds 14-16. Experiments performed in CDCls.

Compound 14 Compound 15 Compound 16
Position 8¢, type 84, mult 8¢, type O, mult O, type &4, mult
(Jin Hz) (Jin Hz) (Jin Hz)

1 145.4,C 147.5,C 146.4,C

2 117.2, CH 6.69, s 118.8, CH 6.68, s 1125,CH 6.87,s

3 124.3,C 125.4,C 123.9,C

4 147.4,C 147.0,C 150.4, C

5 114.7, CH 6.48, s 117.2, CH 6.50, s 110.0,CH 6.64,s

6 125.8,C 124.2,C 1304, C

7 131.0,C 148.0,C 48.1,C

8 130.0, CH 5.63,td (7.5, 1.4) 76.7, CH 4.40, dd (8.6,5.4) 37.4,CH; 2.42,dd (14.1, 7.9)

2.58, dd (14.1, 8.3)

9 28.6, CH, 2.53,t(7.3) 34.3, CH; a2.30, m 117.2,CH  4.85,dddd (9.7, 5.5, 2.8, 1.4)
215 m

10 121.7,CH 5.05, tdt (7.1, 2.7,1.3) 118.8,CH 5.06, m 136.5,C

11 132.9,C 136.9,C 18.0, CH; 1.56, s

12 25.8, CHs 1.66, s 26.1, CHs 1.71,s

13 17.8, CHs 149, s 18.1, CHs 153,s 25.8, CHs 1.60, s

14 15.9, CHs 2.21,s 15.8, CHs 2.20,s 16.2,CH;  2.26,s

15 25.2, CHs 1.94,dd (3.9, 1.3) 120.3, CH, a5.43,d(1.3) 23.5, CHs 1.44,s
35.24,d(1.6)

16 180.8,C

OH-1 4.80, brs 8.02, brs

OH-4 4.59, brs 4.48, brs 4.65, brs

OH-8 3.27,brs
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Figure 40 - Picture of Acanthostrongylophora ingens fresh sponge sample, collected
by hand while scuba diving in Boano (Indonesia) and which led to the isolation of

several bisabolane derivatives.

Compound 13 was isolated as a dark brown oil. It was identified as 1-(2,4-
dihydroxy-5-methylphenyl)ethan-1-one, as shown in Figure 41, based on
spectral data available in the literature [210]. Obtained 1D-NMR and mass

spectrometry data can be found in Appendixes 47 to 51.

OH
15
1 \7
o)
11
% OH / oCH, 13 o
12
18 19
Figure 41 - Chemical structure of bisabolane-derivatives isolated

Acanthostrongylophora ingens.

from
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Compound 14 was identified as 6-(1,5-dimethyl-1,4-hexadienyl)-3-
methylbenzene-1,4-diol based on spectral data available in the literature, as
resumed in Table 10 [211]. Obtained spectra can be found in Appendixes 52
to 57. A significant difference was found in C-15 shift (d¢ 25.2), which had
been reported as steric shielded (&c 17.8) due to E configuration of the
double bond [211]. This steric effect does not appear in 14. The COSY cross-
signal Me-15/H-8, together with a small coupling constant between them (Js.
¢=1.3) supported the assignment of a cis configuration. The geometry of the
double bound A”® was therefore proposed to be Z-configured.

Figure 42 - Comparison of *C-NMR chemical shifts obtained for compound 14
(black) and the ones described in the literature (red) [211].

Compound 15 was isolated as a yellow amorphous solid. The molecular
formula Cy5H,003 was established based on the (-)-HRESIMS molecular ion
m/z 247.1344 [M-H], which imposed six degrees of unsaturation. Obtained
1D-NMR data are resumed in Table 10. The *C-NMR spectrum of 15
confirmed the presence of fifteen carbon signals which were assigned, by
DEPT and HSQC spectra analysis, to two tertiary (8¢ 26.1, 18.1) and one
secondary (6¢c 15.8) methyls, two methylenes (6c 120.3, 34.3) from which
one was double bonded (& 120.3), two aromatic (6c 118.8, 117.2), one
double-bonded (6c 118.8) and one hydroxylated (8¢ 76.7) methines and six
non-protonated carbons (6c 148.0, 147.5, 147.0, 136.9, 125.4, 124.2). From
the listed non-protonated carbons, two were hydroxylated (6c 148.0, 147.5).
In accordance, the *H-NMR spectrum exhibited three methyl singlets (5y
2.20, 1.71, 1.53), two splitting methylenes (&4 5.43 and 5.24, 2.30 and 2.15),
the first two suggesting a double bond, and four methines (6H 6.68, 6.50,
5.06, 4.40). Based on COSY and HMBC spectral data, as shown in Figure
43, a sesquiterpene basic structure was proposed for this compound.lH and
¥C-NMR data, together with H-2 HMBC cross-correlations with C-1 and C-5
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revealed the presence of a tetrasubstituted benzene ring. C1 and C4
deshielded carbon resonances (6¢c 147.5, 147.0) pointed to a benzene-1,4-
diol. 3-methyl was assigned by the HMBC correlation Me-14/C-4 and C-6
substitution by the correlations H-5/C-7 and H»-15/C-6. Further HMBC cross-
peak H,-15/C-8 allowed linking the hydroxyl group on C-8 to the side chain.
Me-12 and Me-13 were assigned considering their respective HMBC
correlations to C-11. Further HMBC signals, Me-12/H-10 and Me-12/Me-13
confirmed the assignment of those two methyls and the position of A1
double bond. The two sub-structures were linked based on the COSY
correlations H,-9 to both H-8 and H-10. The stereochemistry of 15 could not
be determined with the available resources. Thus, the structure of 15 was
elucidated as the curcuhydroquinone derivative shown in Figure 41: 6-(3-
hydroxy-6-methyl-1,5-heptadien-2-yl)-3-methylbenzene-1,4-diol. Obtained
spectra can be found in Appendixes 58 to 67.

15

Figure 43 - Key "H-"H COSY, TOCSY and HMBC correlations of 15 and 16.

Compound 16 was isolated as a yellow amorphous powder. The
molecular formula Ci5H1503 was calculated based on the (-)-HRESIMS m/z
2451126 [M-H] peak indicating the existence of seven degrees of
unsaturation. *H and *C-NMR spectral data of 16, resumed in Table 10,
resembled those of 14 and 15. **C-NMR spectrum confirmed the presence of
fifteen carbon signals which were assigned, by DEPT and HSQC spectra
analysis, to four methyls (&¢ 25.8, 23.5, 18.0, 16.2), one methylene (5¢ 37.4),
two aromatic (6¢c 112.5, 110.0) and one olefinic (§¢c 117.2) methines and
seven non-protonated carbons (&¢c 180.8, 150.4, 146.4, 136.5, 130.4, 123.9,
48.1), from which two were hydroxylated (8¢ 150.4, 146.4) and one ester (&¢
180.8). In accordance, the '"H-NMR spectrum showed four methyl singlets (dy
2.26, 1.60, 1.56, 1.44), one splitting methylene (&4 2.58, 2.42), two aromatic
(64 6.87, 6.64) and one olefinic (dy4 4.85) methines. The same tetrasubstituted
benzene ring found in 14 and 15 was suggested for 16 by similarities of H
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and *C-NMR data and confirmed by the HMBC correlations H-2 to C-4 and
C-6 and H-5 to C-1, C-3 and C4, as seen in Figure 43. Further HMBC
correlations Me-14/C-3 and Me-14/C-4, together with the TOCSY crossing
signal Me-14/H-2, corroborate the assignment of this methyl group. The most
remarkable features of 16 were the carbonyl resonance (6. 180.8) and a
non-protonated alkane carbon (&c 37.4). The allocation of those was
accomplished based on the HMBC correlations of Me-15 with C-6, C-7, C-8
and C-16, confirming a furanone sub-structure. A methyl-butene moiety was
also elucidated by the HMBC correlations of Me-11 and Me-13 with both C-9
and C-10. The COSY correlation H,-8/H-9 allowed linking these two sub-
structures. Spectral data for 16 can be found in Appendixes 68 to 77. The
stereochemistry of 16 could not be determined with the available resources.
Thus, the structure of compound 16 was elucidated as the curcuphenol
derivative shown in Figure 41: 4-hydroxy-3,7-dimethyl-7-(3-methylbut-2-en-1-
yl)benzofuran-17-one.

Compound 17 was isolated as a yellow amorphous powder. The (-)-
HRESIMS m/z 229.1234 [M-H] molecular ion peak indicated the molecular
formula Cy5H;150, and demanded seven degrees of unsaturation. Again, 'H-
and *C-NMR data of 17, resumed in Table 11, resembled those of 14-16.
The phenol together with methylpentene sub-structures was elucidated by
the similarity of reported resonances found for the previous compounds.
COSY, TOCSY and HMBC correlations confirmed the premised sub-
structure. A furan moiety, as seen in 16 was also found as part of 17. A
methylfuran then proposed based on the HMBC correlations of Me-17 with C-
7 and C-16. The m/z 16 difference between 17 and 16, confirmed the loss of
the carbonyl group. The remaining part of 17 was elucidated based on
resonances similarities, allowing the identification of this compound as the
curcuphenol derivative shown in Figure 41: 3,16-dimethyl-7-(3-methylbut-2-
en-1-yl)benzofuran-4-ol. Spectral data of 17 can be found in Appendixes 78
to 87.
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Table 11 - *H and **C-NMR data (400 and 100 MHz, respectively) obtained for compounds 17-19. Experiments with 17 and 19 were performed in CDClz and with 18 in CD3zOD.

Compound 17

Compound 18

Compound 19

Position &, type Oy, mult (J in Hz) &, type 8y, mult (J in Hz) 8¢, type 8y, mult (J in Hz)

1 149.0,C 149.5,C 146.7,C

2 112.2,CH 7.12,s 118.9, CH 6.63, s 116.9,CH 6.70,s

3 120.0,C 1245,C 125.1,C

4 149.6,C 146.7,C 148.1,C

5 103.7,CH 6.77,s 114.2, CH 6.48, s 110.3,CH 6.62,s

6 129.3,C 126.0, C 132.1,C

7 109.0,C 82.4,C 122.0,C

8 25.8, CH; 3.39,d(7.1) 39.8, CH; 1.84, m 118.7,C 5.36, dd (3.8, 1.5)

9 119.7,CH  5.31,dddd (7.0, 22.8, CH; a2.00, m 75.6, CH 4,51, ddt (8.2, 3.9, 1.6)
5.6, 2.8, 1.4) B 1.89, m

10 133.7,C 123.9, CH 5.04,t(6.6,6.5) 63.8,CH 3.06,d(8.2)

11 25.8, CHs 1.73,s 132.0,C 57.7,C

12 17.7, CHs 151, m 25.1, CH; 1.33,s

13 18.0, CHs 1.74,s 25.8, CHs 1.65, s 19.4, CH; 1.35,s

14 16.6, CHs 2.32,s 15.6, CH3 2.18, s 15.9, CH; 2.19,s

15 22.4, CHs; 1.55,s 18.3, CH; 2.01,t(1.5)

16 1534, C 50.5, CHs 3.21,s

17 8.1, CHs 2.10, s

OH-1 8.28, brs

OH-4 4.54, brs 8.28, brs 3.49, brs
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Figure 44 - Key "H-"H COSY, TOCSY and HMBC correlations of 17 and 18.

Compound 18 was isolated as a dark brown oil. The molecular formula
C16H2403 was established based on (-)-HRESIMS m/z molecular ion peak
263.1610 [M-HJ, demanding five degrees of unsaturation. Both *H and **C-
NMR, resumed in Table 11, indicated structural similarities with 13-17. The
same tetrasubstituted hydroquinone ring found in 13 and 14 was suggested
for 18, which was supported by HMBC spectral data, illustrated in Figure 44.
HMBC correlations of H-5 to C1, C3 and C4 and Me-14 to C3 and C4 and
TOCSY crossing signal H-2/Me-14 confirmed the proposed hydroquinone
sub-structure. The HMBC correlations Me-15/C-7 and Me-16/C-7 were the
keys for granting those methyl groups. The ¥C-NMR and DEPT data
anticipated the presence of two methylenes (8¢ 39.8, 22.8), pointing for a side
chain one carbon longer than the ones found until then. Me-12 and Me-13
were assigned resorting to their HMBC correlations with C-10 and C-11. The
COSY correlation H-10/H-9 allowed finishing this second sub-structure, which
was connected to the other one based on the HMBC correlation Me-16/H-9.

Figure 45 - Key NOESY correlations of 18.

Finally, the configuration of the chiral center present in 18 was analyzed
reviewing nuclear Overhauser effect spectroscopy (NOESY), as it is
represented in Figure 45. The NOESY spectrum showed cross-peaks
between H-5, H-9a, H-10, Me-13 and Me-15, indicating that those groups
were all located on the same side of the molecule. Me-16 was then found to
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be oriented to the opposite side and 18 was found to be S oriented. Based on
biosynthetic considerations, the absolute stereochemistry of compound 18
was expected to be S. All known bisabolane related compounds exhibit 7R
configuration, except for the sponge counterparts, which are 7S configured
[193, 194]. Thus, the structure of 18 was elucidated as the
curcuhydroquinone derivative shown in Figure 41: 6-(2-methoxy-6-
methylhept-5-en-2-yl)-3-methylbenzene-1,4-diol. Spectral data of 18 can be
found in Appendixes 88 to 97.

Compound 19 was isolated as a green crystal. The (-)-HRESIMS showed
the molecular ion peak m/z 245.1126 [M-H], very similar to the reported for
16. As for 16, C;5H1303 was the calculated molecular formula, indicating the
existence of seven degrees of unsaturation. An analysis of 1D-NMR spectral
data of 19, resumed in Table 11, and its comparison with those of the
elucidated related compounds revealed the presence of the phenolic part of
the structure, however with considerable modifications on the side chain. The
HMBC correlations Me-15 to C-6 and C-7 (Figure 46a), together with the
deshielded resonance of C-7 (&c 122.0) allowed assigning Me-15 and the
A"® double bond. COSY correlations H-8/H-9 and H-9/H-10 assigned those
three methine groups together and C-8 was linked to C-7 based on the
HMBC cross-peak Me-15/C-8. C-9 and C-10 deshielded resonances (&¢
75.6, 63.8), together with the "H-"H coupling constants between the involved
protons which were consistent with the presence of a cis epoxide unit (Jg.19 =
8.2 Hz). Finally, the HMBC correlations Me-12 with C-10, C-11 and C-13 and
Me-13/C-11 allowed concluding the structure. An octa-membered ring was
then elucidated as part of 19 structure and linked to the phenol group on C-1
and C-6.

This was supported by the MS fragmentation pattern showing the m/z
fragments 230.1421, 165.0497, 122.0332, as it can be seen in Figure 47.
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Figure 46 - Key correlations for the elucidation of 19. a) 'H-'H COSY, HMBC and
TOCSY. b) NOESY (partial structure).
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Figure 47 - Compound 19 MS fragmentation ions induced by (-)ESI.

The relative stereochemistry of 19 was resolved based on NOESY, as
resumed in Figure 46b and coupling constant analysis. The geometry of the
double bound A"® was suggested to be Z based on the NOE correlation Me-
15/H-8. This is supported by the small coupling constant between those two
(J1s8 = 1.5 Hz) and by the correlation due to w-coupling appearing in the
COSY spectrum. In addition, the NOESY spectrum showed the cross-peaks
Me-12/H-9, Me-12/H-10 and H-9/H-8, locating them all on the same side of
the molecule. Me-13 and the epoxy group were then located in the opposite
side. Therefore, the structure of 19 was elucidated as the curcuphenol
derivative shown in Figure 41: 3,7,11,11-tetramethyl-1,9-dihydro-2-
benzoxirenoxocin-6-ol. Spectral data of 19 can be found in Appendixes 98 to
107.

Several bisabolane-type sesquiterpenoids have been reported from
different marine organisms, such as the marine sponge Halichondria sp.
[211], the gorgonians Pseudopterogorgia spp. [212] or the red algae
Laurencia scoparia [213]. The isolation of bisabolane-related compounds
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from microorganisms, such as the marine-derived fungus Aspergillus sp.
[214] had been suggested as evidence that these compounds are produced
by microbial-associated organisms and not directly by the host. In the present
studies, it was not clear if the producer of the isolated five new bisabolane-
related compounds is the sponge or possible associated-microorganisms.
Once the metabolites were extracted indistinctly, the possibility of the real
producer being an associated microbe exists.

Bisabolane-like compounds had been previously isolated from marine
sponges [215, 216], however, this represents the first report of this class of
compounds in Acanthostrongylophora ingens. Consequently, these
compounds could be of significant interest in future biogenetic and taxonomic
studies. Besides belonging to a known class of compounds, the five new
isolated bisabolane-related metabolites show novel structural features. Both
cyclic bisabolane and metabolites bearing oxo functionality are not common
among this group of compounds, highlighting the importance of these
discoveries. Also, besides being described in the literature as involved in the
biosynthesis of the marine compounds peniphenones [217], 13 has only been
reported from terrestrial sources [218]. These studies represent its first
isolation from marine organisms.

Despite sponges being found in all seas, they reach the highest
biodiversity in the tropical region. The Indo-Pacific Ocean is one of the largest
marine ecosystems. Indo-Pacific sponges are a good representative of its
great biodiversity [219, 220]. As stated before, chemical diversity usually
comes together with biological diversity and considering the analyzed sponge
samples, the search for structurally diverse new chemical entities was more
productive in individuals collected in the Indo-Pacific Ocean than in Icelandic
waters, resulting in higher novelty rates. Seeing that sponges in tropical
areas suffer more pressure from predation as well as microbiological
infections [221], the obtained results might be explained based on that. A
lower selective pressure on the sponges growing in the Icelandic waters does
seem to promote the production of natural compounds as a mechanism of
defense in the same degree as the tropical water surrounding the sponges
growing in the Indo-Pacific Ocean.
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4.3 Microorganism Isolated from Sponges

4.3.1 Fluvirucinins from the Actinomycete DIL-12-02-135

The marine strain DIL-12-02-135 was isolated from a sponge sample
collected in the Indo-Pacific Ocean, in Timor. The colonies of the
microorganism showed to be encrusting, mate-pale yellowish with the oldest
colonies showing a whitish peripheral sporulation, as seen in Figure 48.
These morphological characteristics are typical of filamentous Actinomycete
bacteria, allowing an identification of the strain as an Actinobacteria.

The strain was fermented in a step-wise scale-up procedure until reaching
5.0 L of culture medium. After inoculation, the culture was grown for 12 days.
At the end of cultivation time, the entire culture volume was centrifuged and
the mycelial cake and other solids (464.0 g) were separated from 4.8 L of
clarified broth. The mycelial cake was extracted with EtOAc:iPrOH (6:4 v/v) to
yield the cell crude extract. The organic cell extract was separated using RP-
VLC. An ESIMS analysis of silica gel fractions 3, 4, 5 and 6 revealed the
presence of 2 compounds with an m/z 16 difference between them, as shown
in Figure 50. According to MS profile, it was not possible to obtain a
reasonable dereplication. Therefore, the two compounds were further
isolated after several semi-preparative HPLC separations under MS-guiding.
The simplified workflow leading to the isolation of 20 and 21 is resumed in
Figure 49.

Figure 48 - DIL-12-02-135 strain growing on modified ATCC 172 solid medium
(172M) at 28 °C after isolation from a sponge sample.
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Figure 51 - Chemical structures of fluvirucinins isolated from DIL-12-02-135.

Compound 20 was obtained as an amorphous white solid. The (+)-
HRESIMS molecular ion peak m/z 310.2751 allowed establishing the
molecular formula as CigH3sNO,, indicating three degrees of unsaturation.
The obtained 1D-NMR data are resumed in Table 12. The C-NMR
spectrum displayed 19 signals, which were assigned, together with HSQC, to
three methyls (8¢ 11.9, 11.9, 11.4), 11 methylenes (&¢ 39.4, 38.9, 31.7, 30.6,
27.7, 27.6, 26.8, 25.4, 25.1, 22.5, 20.0), three methines (3¢ 63.4, 38.2, 37.3),
and two non-protonated carbons that consisted of a ketone (8¢ 169.4) and an
amide carbonyl (5c 208.9). In accordance, ‘H-NMR data exhibited three
triplet methyls (o4 0.82, 0.80, 0.78), 11 methylenes, some of them splitting
and assigned resorting to HSQC (&4 3.17, 2.55 and 2.40, 1.77, 1.55 and
1.45, 1.45 and 1.33, 1.28 and 1.02, 1.25 and 1.07, 1.25 and 1.01, 1.20, 1.19,
1.06 and 1.01) and three methines (64 3.19, 1.20, 1.18). A combined analysis
of COSY and TOCSY spectra allowed establishing four partial fragments: C-2
to C-16, C-4 to C-7 to C-18, C-9 to C-20 and C-11 to C-13, as seen in Figure
52. HMBC spectral data fully supported the elucidation of those four
fragments. The additional HMBC cross-peaks correlating H,-15 and H-2 to C-
3 and C-1, H,-4 to C-3 and H,-13 to C-1 were crucial for the assignment of
the ketone group at C-3 and the amide carbonyl at C-1. Further HMBC
signals relating H»-19/C-9, H,-19/C-11, H,-7/C-8 and H,-7/C-9 allowed the full
structure of a 2-, 6-, 10- tri-ethyl 14-membered ring macrolactam to be
established. Hence, the planar structure of 20 was determined as the new
member of the fluvirucin aglycone shown in Figure 51 and named fluvirucinin
C,. Spectral data for 20 can be found in Appendixes 108 to 114.

90



= COSY/TOCSY

-~ HMBC

Figure 52 - Key 'H-'H COSY, HMBC and TOCSY correlations for the elucidation of
20.

Table 12 - 'H and *C-NMR data (500 and 100 MHz, respectively) obtained for
compounds 20 and 21. Experiments with 20 were performed in CDCI3/CD3;OD and
with 21 in CDCls.

Compound 20 Compound 21

Position &, type Oy, mult (J in Hz) &, type &y, mult (J in Hz)

1 169.4, C 168.8, C

2 63.4, CH 3.19,t(8.0) 63.6, CH 3.24,m

3 208.9,C 208.9,C

4 38.9, CH, 2,55, m 37.6, CH, 254, m
240, m

5 25.1, CH, 1.55, m 25.1, CH, 1.70, m
1.45, m 1.56, m

6 38.2, CH 1.20, m 38.3,CH 1.30,m

7 30.6, CH, 1.25;m 32.4, CH, 1.31, m
1.01, m 1.07, m

8 20.0, CH, 1.06, m 20.2, CH, 1.17, m
1.01, m 1.06, m

9 31.7, CH, 1.28, m 37.6, CH, 1.35, m
1.02. m

10 37.3,CH 1.18, m 74.4,C

11 26.8, CH, 1.25, m 34.2, CH, 1.45, m
1.07, m 1.37, m

12 25.4, CH, 1.33, m 24.3, CH, 1.44, m
1.45, m

13 39.4, CH, 3.17,m 39.5, CH, 3.31,m

3.23, m

14 -NH 6.63, br. s 6.11, br. s

15 22.5, CH, 1.77, m 22.8, CH, 1.87, m

16 11.9, CH3 0.82,t(7.5) 12.0, CH3 0.91,t(7.4)

17 27.7, CH, 1.19, m 28.0, CH, 1.24, m

18 11.9, CH; 0.80, t (7.0) 11.9, CH; 0.87,t(7.1)

19 27.6, CH, 1.20, m 32.9, CH, 1.42, m

20 11.4, CH; 0.78,t(7.4) 7.1, CH3 0.89,t(7.4)
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Compound 21 was isolated as an amorphous white solid. The molecular
formula C19H3sNOs was deduced from (+)-HRESIMS m/z 326.2771 molecular
ion peak, indicating 3 degrees of unsaturation. The m/z 16 difference of 21
when compared with 20, predicted the presence of a related compound with
an extra hydroxyl group present in its structure. The B¥C-.NMR spectrum of
21, resumed in Table 12 displayed 19 signals, which were assigned, together
with HSQC, to three methyls (&¢ 7.1, 11.9, 12.0), 11 methylenes (8¢ 39.5,
37.6, 37.6, 34.2, 32.9, 32.4, 28.0, 25.1, 24.3, 22.8, 20.2), two methines (d¢
63.8, 38.3), and three quaternary carbons (&c 208.9, 168.8, 74.4).
Accordingly, "H-NMR displayed three triplet methyls (3, 0.91, 0.87, 0.87), 11
methylenes, some of them splitting and then assigned together through
HSQC and H2MBC (64 3.31 and 3.23, 2.54, 1.87, 1.70 and 1.56, 1.45 and
1.37,1.44, 1.35, 1.42, 1.31 and 1.07, 1.24, 1.17 and 1.06) and two methines
(5,4 3.24, 1.30). Both 'H and "*C-NMR data of 21 pointed for the presence of
the same core skeleton (C-1 to C-20) found in 20. However, methine C-10
(6c 37.3) in 20 seemed to be replaced by an oxygenated quaternary carbon
(6c 74.4, C-10) in 21. The position of the hydroxyl group at C-10 was
confirmed by the HMBC correlations Hs-20/C-10 and H,-19/C-10. 21 was
therefore found to be a new member of the fluvirucin aglycone family shown
in Figure 51 and named fluvirucinin C,. Spectral data of 21 can be found in
Appendixes 115 to 122.

The available spectroscopic data did not allow a determination of the
relative configuration of the asymmetric carbon centers C-2, C-6 and C-10 of
both compounds. However, based on highly similar 1D-NMR data of related
compounds [222-225], a relative stereochemistry similar to those reported
before in the literature for A and B series of fluvirucins was proposed.

Fluvirucins are a family of macrolactam glycoside compounds
characterized by a C-2, 6 and 10 tri-methyl and/or ethyl 14-membered
macrolactam ring linked to an amino sugar on C-3 or 9. Fluvirucin A; is the
only exception, having the ethyl group on C-2 hydroxylated [226]. This class
of compounds is typically produced by terrestrial actinomycete strains [224,
227] and had never been reported before from marine sources. Also,
fluvirucinins, the common aglycone of fluvirucins, have previously been
obtained by synthesis [228-230] but never from natural sources. The isolation
of fluvirucinins C; and C, as naturally derived secondary metabolites from a
marine-derived microorganism is being reported for the first time.
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4.3.2 Macrolide and Quinone from the Actinomycete CP9-13-01-
036

The marine strain CP9-13-01-036 was isolated from a sponge sample, also
collected in the Indo-Pacific Ocean. The morphology of this strain appeared
very similar to the one found for DIL-12-02-135: encrusting mate-pale
yellowish colonies and the oldest ones appearing with a whitish peripheral
sporulation, as shown in Figure 53. Based on these morphological
characteristics, the strain was identified as a filamentous actinomycete
bacterium.

Figure 53 - CP9-13-01-036 strain growing on modified ATCC 172 solid
medium (172M) at 28 °C after isolation from a sponge sample.

The strain was fermented in a step-wise scale-up procedure until reaching
5.0 L of culture medium. After inoculation, the culture was grown for 12 days.
At the end of cultivation time, the entire culture volume was centrifuged and
the mycelial cake and other solids were separated from 4.8 L of clarified
broth. The clarified broth was extracted with EtOAc:iPrOH (14:9 v/v). The
organic crude extract was separated using RP-VLC and a final semi-
preparative HPLC separation to yield compound 22 (1.9 mg). The simplified
isolation procedure is shown in Figure 54.

Compound 22 was isolated as an amorphous powder. It was identified as
2-hydroxyethyl-3-methyl-1,4-naphthoquinone based on spectral data
available in the literature [231]. Spectral data for 22 can be found in
Appendixes 123 to 124.
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Figure 54 - Scheme of the simplified workflow that led to the isolation of two
mangrolides and a naphtoquinone from the marine actinomycete strain CP9-13-01-

036.

An ESIMS analysis of silica gel fractions 8 (17.4 mg) and 9 (11.2 mg)
revealed the presence of two compounds with m/z 16 difference between
them. Based on MS profile, it was not possible to obtain a reasonable
dereplication. Therefore, the two compounds were followed after several
semi-preparative separations under mass spectrometry guiding.
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Figure 55 - Chemical structure of 2-hydroxyethyl-3-methyl-1,4-naphthoquinone (21)
mangrolide A (23) isolated from CP9-13-01-036.
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Compound 23 was obtained as an amorphous white solid. 1D-NMR data
is resumed on Table 13. Its "*C-NMR spectrum revealed the presence of 42
carbon signals which were assigned, together with HSQC, to 12 methyls (&¢
60.8, 60.7, 40.7, 40.7, 19.4, 17.8, 17.8, 17.5, 16.9, 14.7, 13.0, 10.6), four
methylenes (8¢ 56.6, 36.1, 28.5, 25.5), 21 methines (& 142.5, 140.5, 133.4,
127.7, 124.2, 122.8, 102.5, 102.4, 93.2, 84.6, 83.8, 78.7, 76.0, 75.7, 72.3,
71.4, 70.6, 70.6, 68.3, 41.3, 30.3) and five non-protonated carbons (dc
168.5, 135.6, 135.5, 134.5, 127.4). From the listed non-protonated carbons,
two were hydroxylated (& 148.0, 147.5). In accordance, the '"H-NMR
spectrum exhibited 12 methyls (o4 3.53, 3.50, 3.04, 3.04, 1.73, 1.58, 1.58,
1.25, 1.25, 0.93, 0.90, 0.81), four splitting methylenes and so, assigned
resorting to HSQC spectrum analysis (&4 4.32 and 4.27, 2.62 and 2.43, 2.39
and 2.33, 1.97 and 1.23) and 21 methines (o 7.14, 6.46, 5.71, 5.76, 5.34,
5.01, 4.69, 4.38, 4.30, 4.20, 3.69, 3.54, 3.45, 3.40, 3.30, 3.25, 2.94, 2.87,
2.76, 2.66, 2.03). An integrated analysis of both 1D spectra led to a first
assumption of the presence of a polyketide structure with five double bonds
and two sugar moieties.

The COSY spectrum allowed relating the olefinic protons H-3 (& 7.14), H-
4 (dy 6.46) and H-5 (&4 5.76) in a conjugated double bond system, as it is
illustrated in Figure 56. H-5 was also related by COSY with the methylene H,-
6 (O 6.46) and this one with the hydroxylated H-7 (&4 4.20). A second sub-
structure elucidation was initiated based on HMBC spectrum analysis: the
triplet methyl Me-24 (& 0.81) was linked with H,-23 and this one with H-10.
The COSY cross-peaks H-9/H-10 and H-10/H-11 allowed to relate those
methines and H-9 resonance (84 5.01) anticipated a double bond. The HMBC
correlation H-7/C-8 allowed connecting this system with the previous one.
The Me-25/H-9 cross-peak appeared in the COSY spectrum due to w-
coupling and was the key to link this multiplet methyl to the structure. A third
sub-structure was constructed based on the HMBC correlations H-13/C-11,
H-13/C-15, Me-21/C-13, H,-16/C-14. H,-6/H-17 COSY cross-peak allowed
relating those two. The remaining groups of the macrolide were linked based
on HMBC cross-signals: H-13/Me-22, H-18/H-17, H-17/Me-19 and H-18/Me-
20.
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Table 13 - "H-NMR and *C-NMR data (500 and 100 MHz, respectively) obtained for
compound 23. Experiments were performed in CDCls/CD3sOD.
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Compound 23

Position oc, type &y, mult (J in Hz)
1 168.5, C
2 127.4,C
3 142.5, CH 7.14,d (11.4)
4 127.7, CH 6.46, t (13.5)
5 140.5, CH 5.76, td (10.3, 5.1)
6 36.1, CH, 2.62, m
2.43, m
7 72.3,CH 4.20, s
8 135.6,C
9 122.8, CH 5.01, dt (10.4, 1.6)
10 41.3,CH 2.66, m
11 93.2, CH 3.69,d (9.7)
12 1345,C
13 133.4,CH 5.71,s
14 1355,C
15 124.2, CH 5.34,1(8.2)
16 28.5, CH; 2.39,m
2.33, m
17 78.7, CH 4.69, dt (8.8, 4.5)
18 30.3, CH 2.03, m
19 17.5, CHs 0.93,d (6.8)
20 19.4, CHs 0.90, d (6.7)
21 16.9, CH3 1.58, m
22 13.0, CHs 1.73,d (1.3)
23 25.5, CH; 1.97, m
1.23, m
24 10.6, CH3 0.81,t(7.4)
25 14.7, CHg 1.58, m
26 56.6, CH, 4.32,d (7.8)
4.27,d (12.6)
1 102.4, CH 4.30,d (7.7)
2 68.3, CH 3.45, dd (10.5, 7.5)
3 70.6, CH 2.94,1(10.3)
4 76.0, CH 3.54,m
5 72.3, CH 3.30,dd (8.9, 6.2)
6 17.8, CHs 1.25,d(6.2)
7 40.7, CH3 3.04,s
8 40.7, CH3 3.04,s
1” 102.5, CH 4.38,d(7.7)
27 83.8, CH 2.87,dd (9.2, 7.7)
37 75.7, CH 3.40,t(9.1)
4 84.6, CH 2.76,1(9.2)
57 71.4,CH 3.25,dd (9.4, 6.2)
6" 17.8, CH3 1.25,d (6.2)
7 60.7, CHs 3.53,s
8" 60.8, CHs 3.50, s
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Figure 56 - Key "H-"H COSY, HMBC and TOCSY correlations for the elucidation of
mangrolide A (23).

The elucidation of the two sugars was immediate. The first sugar was
assigned to a mycaminose based on the chain COSY correlations of the
anomeric H-1" to the oxymethine H-2", to the amine methine H-3", to the
oxymethine H-4", to the oxymethine H-5" and finally, from that one to Me-6".
The second sugar was assembled based on the same principle: COSY
cross-correlations: H-1""-H-2""-H-3"-H-4""-H-5""-Me-6"". The shielded carbon
shifts found for C-2"'(dy 83.8) and C-4"" (04 84.6) were indicative of the
presence of two oxymethyls, resulting in a 6-deoxy-2,4-dimethyl-glucose. The
two sugars were connected by a glycosidic bond as elucidated by the HMBC
correlation H-17/C-4". Another HMBC correlation H-11/C-1" was the key to
locate both sugars in the macrolide structure. The (+)-ESIMS m/z 780.5
molecular ion peak confirmed the proposed compound with the molecular
formula C4,HegNO1, and nine degrees of unsaturation. The planar structure of
23 was established as shown in Figure 55, however, against the first
indications of being new, 23 is described in the literature as mangrolide A
[232]. Spectral data for 23 can be found in Appendixes 125 to 131.

The compound showing m/z 796.4 [M+H]" was also isolated, but the
available mass (0.3 mg) did not allow its structure elucidation.

Macrolides are characteristic secondary metabolites isolated from
actinomycetes, erythromycin being the most successful one [233].
Mangrolide A had been reported before, also isolated from an Actinobacteria
strain [234]. Jamison et. al reported the isolation of three mangrolide analogs,
being mangrolide A also the dominant compound in the extract. Mangrolides
B and C were methylated and ethylated forms of mangrolide A, however,
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isolated at very low yield. The structure of mangrolide C could not also be
confirmed by NMR studies [234]. A hydroxylated analog havent been
reported before, however, it was not possible to fully structure elucidate
during the time of these studies.

2-hydroxyethyl-3-methyl-1,4-naphthoquinone had been previously isolated
from terrestrial soil Myxobacterium [231] and Actinobacterium [235].
However, this represents its first isolation from a marine source.

The secondary metabolites isolated from the two studied actinomycete
strains re-enforce the immeasurable value of microorganisms in the
production of natural compounds. Their biosynthetic pathways have been
selected, through evolution, to produce compounds which give them
advantages in their environment [236]. Actinomycetes are considered to be
the most potent source for the production of secondary metabolites [237,
238]. Also, the use of marine microorganism’s secondary metabolites
overcomes the supply-issue raised when sponge biomass is directly collected
from the ocean. Microorganisms can be produced in large scale under
controlled laboratory conditions. However, the process of secondary
metabolites isolation from microorganisms has proven to be more demanding
than from the sponges themselves. The complex composition of isolation and
fermentation media is reflected in the crude extract, forcing to an extremely
careful dereplication process, more resources and time-consuming isolation
until the achievement of a pure secondary metabolite.

4.4 Bioactivities

Pure isolated compounds were all tested for their cytotoxic activity against
four cell lines: A-549 human lung carcinoma cells, MDA-MB-231 human
breast adenocarcinoma cells, HT-29 human colorectal carcinoma cells and
PSN1 human pancreatic adenocarcinoma cells using the protein binding dye
SRB method. The other tested bioassays: anti-bacterial and anti-obesity were
performed based on its relevance and availability of the assay at the time of
isolation.
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Table 14 - Summary of growth inhibitory effects (uM) measured for all isolated
compounds.

A-549 MDA-MB-231 HT-29 PSN1
Lung Breast Colorectal Pancreatic
carcinoma adenocarcinoma  carcinoma _ adenocarcinoma
2’-Deoxyadenosine (1) > 39.7 > 39.7 > 39.7 >39.7
Thymine (2) >79.4 >79.4 >79.4 >79.4
Thymidine (3) >41.1 >41.1 >41.1 >41.1
2’-Deoxyuridine (4) >43.9 >43.9 >43.9 >43.9
2’-Deoxyinosine (5) >39.7 >39.7 >39.7 >39.7
2’-Deoxycytidine (6) >44.1 >44.1 >44.1 >44.1
Adenosine (7) >37.4 >37.4 >37.4 >37.4
2’-Deoxyguanosine (8) >37.4 >37.4 >37.4 >37.4
Haploscleridamine (9) > 46.0 > 46.0 > 46.0 >46.0
Compound 10 > 39.6 > 39.6 > 39.6 > 39.6
Spongian compound 11 >27.5 >27.5 >27.5 >27.5
Spongian compound 12 >33.3 > 33.3 > 33.3 >33.3
Compound 13 60.2 60.2 60.2 60.2
Bisabolane compound 14 29.7 19.4 6.9
Bisabolane compound 15 >40.3 >40.3 >40.3 >40.3
Bisabolane compound 16 > 40.6 > 40.6 > 40.6 > 40.6
Bisabolane compound 17 >43.4 >43.4 >43.4 >43.4
Bisabolane compound 18 >37.8 > 37.8 >37.8 >37.8
Bisabolane compound 19 > 40.6 > 40.6 > 40.6 > 40.6
Fluvirucinin C; (20) >32.3 >32.3 >32.3 >32.3
Fluvirucinin C, (21) >32.3 >32.3 >32.3 >32.3
Naphthoquinone (22) 0.786 0.356 0.601 0.823
Mangrolide A (23) >12.8 >12.8 >12.8 >12.8

Results are given as the lowest concentration causing 50% of cell growth inhibition
(Glso) after a continuous exposure to the compounds during 48h.

Obtained Glsq for cell growth inhibitory bioassay are resumed in Table 14.
The great majority of the compounds revealed not to be active against A-549,
MDA-MB-231, HT-29 and PSN1 cancer cell lines, not showing cell growth
inhibition at the highest tested concentration (10 mg/mL). However, not
surprisingly, compound 22 showed strong growth inhibitory activity against
the four tested cell lines with Glsg = 786 nM, 356 nM, 601 nM and 823 nM for
A-549, MDA-MB-231, HT-29 and PSN1, respectively. Despite compound 22
had never been described as an anticancer agent, quinone compounds form
a large class of anticancer approved drugs with a mechanism of action based
on their redox potential [239].

OH (0}
o O,

OH 0o

14 22

Figure 57 - Structure of the compounds with measured in vitro cytotoxicity activity.
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Compound 14 showed moderate growth inhibition on HT-29 colorectal
carcinoma cells with a Glsg of 6.9 uM. Phenoxy radicals play a crucial role in
the development of activities in a biological system and therefore, phenolic
compounds are another well-studied class of antitumor compounds [240].
Compound 15, despite being structurally very similar to compound 14, did not
show cytotoxic activity at the tested concentrations (Glsy > 40.3 pM),
highlighting also, in this particular case, the important role of the side chain in
the bioactivity.

Table 15 - Summary of antimicrobial activity measured for compounds 20-23.

E. coli P. aeruginosa S. aureus C. albicans
ATCC 8739 ATCC 9027 ATCC 6538 ATCC 10231

Fluvirucinin C; (20) NA NA NA NA

Fluvirucinin C, (21) -—- -—- NA

Naphthoquinone 22 NA NA 60% inhibition NA

Mangrolide A (23) NA NA NA NA
Nalidixic acid 100% inhibition --- --- ---
Gentamicin 100% inhibition
Vancomicin - 100% inhibition -

Amphotericin B o --- --- 100% inhibition

Results are given as a percentage of inhibition relative to the respective control
antibiotic after a continuous exposure to the compounds during 24h. NA: Not active.

Compounds isolated from microorganisms were tested for their
antimicrobial activity using the disk diffusion antibiotic sensitivity test against
Escherichia coli (ATCC 8739), Pseudomonas aeruginosa (ATCC 9027),
Staphylococcus aureus (ATCC 6538) and Candida albicans (ATCC 10231).
Macrolactams are a known class of anti-fungal compounds and glycosylated
fluvirucins have been previously described as possessing this activity [222,
241]. Fluvirucins, the glycosylated form of fluvirucinins, were described as
potent selective antifungal agents [222]. However, in contrast to what would
be expectable, none of the isolated fluvirucinins were shown to be active
against the tested microbial strains. A comparison of the obtained activities
with those described for fluvirucins suggests that the sugar moiety is
essential for the antifungal in vitro activity.
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° 22

Figure 58 - Structure of the compounds tested for antimicrobial activity.

Macrolides are an old and well-established class of antimicrobial agents
that have long played an important role in the treatment of infectious
diseases [242]. Mangrolide A, specifically, had been described as a selective
potent antibiotic against a number of clinically important Gram-negative
bacteria: Burkholderia cenocepacia, Acinetobacter baumannii, Escherichia
coli and Staphylococcus aureus [243]. However, the antimicrobial results
obtained for 23 do not confirm its described bioactivity, the glycosylated
macrocyclic mangrolide A (23) was not found to be active against any of the
tested bacterial strains, including the Gram-negative ones (Table 15).

Compound 22 showed positive results when tested against the Gram-
positive bacteria Staphylococcus aureus. Its activity is comparable to those
standard antibiotics currently in therapeutics, with the advantage of being
also active against fungi, yeast [231] and other Gram-positive and Gram-
negative bacterial strains [231, 235]. Along with anticancer activity, quinones
are also typical antimicrobial compounds.
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Figure 59 - Structure of the compounds tested for anti-obesity activity.

Table 16 - Summary of anti-obesity activity measured for compounds 13-19.

Compound ECs, [UM]
Compound 13 NA
Compound 14 1.78
Compound 15 7.89
Compound 16 12.61
Compound 17 0.84
Compound 18 NA
Compound 19 1.22

Results are given as the half maximum inhibitory concentration (ICsp). Data are
obtained from 6-8 replicates per concentration. NA: Not active

Obesity is increasing at epidemic rates and the development of new drugs
is urgently needed. Several marine natural compounds had already proven to
have anti-obesity activity [177, 244] and also many phenolic natural
compounds have demonstrated anti-obesity properties [245]. In this context,
13-19 were tested for anti-obesity activity based on their lipid reducing
capacity in zebrafish Nile red assay.
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Figure 60 - Anti-obesity activity of compounds 13-19 in zebrafish larvae Nile red
assay.1% DMSO and 50 puM resveratrol (REV) were used as negative and positive
controls, respectively. 6-8 individual larvae were used per treatment.** p < 0.01, *** p

< 0.001.

Figure 61 - Representative images of the zebrafish Nile red assay. Images show the
overlay of the fluorescence and phase contrast. 0.1% DMSO was used as a solvent
control and 50 pM resveratrol (REV) as the positive control.

103



A resume of the obtained ICs; is shown in Table 16 and the results can be
visualized in Figures 60 and 61. The results showed that 14, 17 and 19 have
potent anti-obesity activity (ICsp = 1.78, 0.84 and 1.22 pM, respectively),
reducing significantly the zebrafish total amount of lipids. Compounds 15 and
16 also presented anti-obesity activity (ICso = 7.89, 12.61 uM, respectively),
showing a moderate reduction in zebrafish total amount of lipids. It is
interesting to observe that 13 did not show activity, suggesting an anti-obesity
potential for bisabolane-type compounds. Further, the structural differences
found when compounds 14 or 15 are compared to compound 18, as seen in
Figure 59, are able to cause the inactivation of the compound, but cyclising
the side chain, as seen in 19, does not.
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5 Summary and Conclusions

The present study aimed to investigate the secondary metabolites produced
by marine sponges and sponge-associated microorganisms from different
sampling locations and to evaluate their relevant and potential biological
activities. A total of 23 sponge natural compounds comprising diverse
structural groups were isolated, 10 of which have structures never reported
before in the literature. The structures of the new compounds were
unambiguously established based on NMR spectroscopic (1D and 2D) and
mass spectrometric data. The identities of the known compounds were
established by comparison with previously published data. The chemical
diversity found in the present studies highlights the great biosynthetic
capacities of both sponges and their associated microbes. The biological
activities screened for the isolated compounds were cytotoxicity, anti-
microbial and anti-obesity activities.

The compounds resulted from this study were tested against the human
cancer cell lines A-549 human lung carcinoma cells, MDA-MB-231 human
breast adenocarcinoma cells, HT-29 human colorectal carcinoma cells and
PSN1 human pancreatic adenocarcinoma. Among them, 2-hydroxyethyl-3-
methyl-1,4-naphthoquinone (22), the quinone isolated from the Actinobacteria
CP9-13-01-036, and 6-(1,5-dimethyl-1,4-hexadienyl)-3-methylbenzene-1,4-
diol (14), the bisabolane-related compound isolated from
Acanthostrongylophora ingens displayed, respectively, strong and moderate
in vitro growth inhibitory activity against the tested human cancer cell lines.
Thus, these two compounds represent novel chemical scaffolds with potential
for the development of new anticancer derivatives.

2-hydroxyethyl-3-methyl-1,4-naphthoquinone (22) revealed also to be a
promising antibacterial agent against Staphylococcus aureus infections. Its
activity is comparable to those standard antibiotics currently in therapeutics,
with the advantage of being also active against fungi, yeast and other
bacterial strains.

Five bisabolane-related compounds isolated from Acanthostrongylophora
ingens showed inhibitory effects on zebrafish total amount of lipids (14-
17,19). These results, indicating bisabolane class of compounds as anti-
obesity agents, are of great importance regarding the fact that obesity
represents one of the top health problems of humanity.
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Table 17— Summary of compounds isolated from sponges or sponge-associated
microbes, their sources, novelty and studied bioactivities.

Chemical

No. Source Trivial name
structure

Novelty Bioactivities

NH,
1 Geodia 2- <N ‘ N)
/\Q/

] . Known Not active
macandrewi Deoxyadenosine o
OH
(o)
2 Geodia . Thymine H ‘ Known Not active
macandrewi )\
(o) N
N
o
3 Geodia ) Thymidine o Known Not active
macandrewi N
OH
HN
4 Geodia 2’-Deoxyuridine Known Not active
macandrewi Ad
| </f
5 Geodia . 2’-Deoxyinosine / Known Not active
macandrewi Ag
Geodia . P )\ i
6 macandrewi 2"-Deoxycytidine Ad Known Not active
Geodia . )

! macandrewi Adenosine Aq Known Not active

OH OH

H,

{Nﬁw
Geodia 2- o) N)\N

. . Known Not active
macandrewi Deoxyguanosine

Y
OH
NH
e s
Acanthostron- - .
9 gylophora sp. Haploscleridamine I NH Known Not active
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Chemical

No. Source Trivial name Novelty Bioactivities
structure
NH
Acanthostron- Haploscleridamine N .
10 gylophora sp. derivative 10 T NH New Not active
. 3B-Acetoxy -15-
11 Acanth;)dendnlla hydroxyspongia- New Not active
P 12-en
Acanthodendrilla  3-Methylspongia- .
12 sp. 3.12-dien-16-one New Not active
OH
Acanthostron- 1‘(2,4-D5I|'_1ydroxy-
13 gylophora methyphenyl)etha oH Known Not active
ingens
n-1-one
o
OH
6-(1,5-Dimethyl-
Acanthostron- ’ ; )
1,4-hexadienyl)-3- Cytotoxic
14 gB{LOZTSra methylbenzene- OH Known Anti-obesity
9 1,4-diol
=
6-(3-Hydroxy-6- o
Acanthostron- methyl-1,5- OH
15 gylophora heptadien-2-yl)-3- N New Anti-obesity
ingens methylbenzene- O
1,4-diol
OH
4-Hydroxy-3,7-
Acanthostron- dimethyl-7-(3-
16 gylophora methylbut-2-en-1- 4 New Anti-obesity
ingens yl)benzofuran-17- o
one o
OH
3,16-Dimethyl-7-
Acanthostron- '
(3-methylbut-2-en- . .
17 gylophora 1-yl)benzofuran-4- _ New Anti-obesity
ingens /
ol o
6-(2-Methoxy-6- oH
Acanthostron- methylhept-5-en-
18 gylophora 2-yl)-3- N New Anti-obesity
ingens methylbenzene- OH 7 OCH,
1,4-diol
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Chemical

No. Source Trivial name Novelty Bioactivities
structure
OH
3,7,11,11-
Acanthostron- Tetramethyl-1,9-
19 gylophora dihydro-2- § New Anti-obesity
ingens benzoxirenoxocin- Q
6-ol
[¢]
o
Actinomycete N
20  strain DIL-12-02- Fluvirucinin C, o New Not active
135

Actinomycete

21 strain DIL-12-02- Fluvirucinin C, New Not active
135
(0]
Actinomycete 2-Hydroxyethyl-3- .
22 strain CP9-13- methyl-1,4- Known Agt)ig:tc(glrcial
01-036 naphthoquinone OH
O
Actinomycete Ny
23 strain CP9-13- Mangrolide A 2 __ I Known Not active
01-036 o

Despite the lack of activity found for the new haploscleridamine derivative
(10), the two new spongian diterpenes derivatives (11-12), 1-(2,4-dihydroxy-
5-methylphenyl)ethan-1-one (13), the bisabolane-related compound 18 and
the two fluvirucinins (20-21), they should be considered in other biological
activity assays, against different diseases.

The isolation of those compounds for the first time from selected macro-
and microspecies contributed to a new insight, not only based on the
identification of new sources of sponge and actinomycetes secondary
metabolites with relevant biological properties, but also on to their
chemotaxonomic value. The isolated 3[3-acetoxy-15-hydroxyspongia-12-en
(11) and 3-methylspongia-3,12-dien-16-one (12) are a good example.
Dendroceratida class is known by producing spongian diterpenes and
Acanthodendrilla was the only genus that had not been reported as a
producer of this class of compounds. The present study provides valuable
opportunities for further chemotaxonomic studies. The isolation of several
other compounds from other sponge species and actinomycete strains during
this study can also be classified as additional tools for the purpose of
taxonomic identification.
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Sponges collected in the Indo-Pacific Ocean led to the isolation of more
known and new natural compounds than the one from Icelandic waters, being
in accordance with the fact that the majority of marine drug candidates are
originally isolated from tropical or subtropical seas. Microorganisms also
revealed to be a valuable source of structurally diverse natural compounds,
however, their isolation was a demanding and time-consuming procedure.

Marine sponges are identified as a tremendous and remarkable source of
biologically active metabolites, extremely valuable for the development of
new drugs. This study directly confirms this premise with the isolation of
structurally diverse new and known compounds with anticancer, antimicrobial
and anti-obesity agents.
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Appendix 1 - *H-NMR spectrum for 2"-deoxyadenosine (1) (400 MHz, DMSO-ds).
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Appendix 2 - HRESIMS spectrum for 2"-deoxyadenosine (1).
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Appendix 3 - '"H-NMR spectrum for thymine (2) (400 MHz, DMSO-ds).
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Appendix 5 - '"H-NMR spectrum for thymidine (3) (400 MHz, DMSO-ds).
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Appendix 6 - HRESIMS spectrum for thymidine (3).
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Appendix 7 - '"H-NMR spectrum for 2"-deoxyuridine (4) (400 MHz, DMSO-dg).
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Appendix 8 - HRESIMS spectrum for 2"-deoxyuridine (4).
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Appendix 9 - 'H-NMR spectrum for 2’-deoxyinosine (5) (400 MHz, DMSO-d).
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Appendix 10 - HRESIMS spectrum for 2"-deoxyinosine (5).

132



2"-decycytidine
k2o

f-240
:zzo
:zco
k180

180
K C E G |
7.([355} 5[7d1] 4.!;55} 3F7'15.} e

a| |16 Flm} H[m] 1im) [

778 712 615 5.18 4,13 3.54 L91 120

r100

l
AL UMUJ N

k20

o
il

9 RS 10 115 110 05 100 55 90 E5 B0 75 70, S5 S0 55 5D 45 40 35 30 25 20 15 L0 05
1 {ppm

Appendix 11 - "H-NMR spectrum for 2"-deoxycytidine (6) (400 MHz, DMSO-ds).
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Appendix 12 - HRESIMS spectrum for 2"-deoxycytidine (6).
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Appendix 13 - "H-NMR spectrum for adenosine (7) (400 MHz, DMSO-d).
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Appendix 14 - HRESIMS spectrum for adenosine (7).
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Appendix 15 - "H-NMR spectrum for 2"-deoxyguanosine (8) (400 MHz, DMSO-dg).
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Appendix 16 - HRESIMS spectrum for 2" -deoxyguanosine (8).
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Appendix 17 - "H-NMR spectrum for haploscleridamine (9) (400 MHz, CH30D).
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Appendix 18 - ESIMS spectrum for haploscleridamine (9).
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Appendix 19 - UV spectrum for haploscleridamine (9) (MeOH).
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Appendix 20 - IR spectrum for haploscleridamine (9) (MeOH).
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Appendix 21 - "H-NMR spectrum for compound 10 (400 MHz, DMSO-ds).
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Appendix 22 - BC-NMR spectrum for compound 10 (100 MHz, DMSO-ds).

138




I | m.lu L

b

120 115 1L0 105 100 95 50 &5 B0 75 70 &5 &0 5B ED 45 40 35 30 25 20 15 10

f2 (ppm)

Appendix 23 - g-COSY spectrum for compound 10 (400 MHz, DMSO-ds).
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Appendix 24 - g-HSQC spectrum for compound 10 (400 MHz, DMSO-ds).

—

10

i1

k20

100

110

120

0

F1 (ppm)

1 (ppm)

139



W
— 0 s
= . 0
N .
— s
— o ®
— a
— ° B -
— B 0 8

e
120 115 110 105 100 55 50 85 &0 75 70 65 &0 55 50 45 40 15 30 15 20 15
P,

f2 (ppm)

Appendix 25 - g-HMBC spectrum for compound 10 (400 MHz, DMSO-ds).
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Appendix 26 - ESIMS spectrum for compound 10.
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Appendix 27 - IR spectrum for compound 10 (MeOH).
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Appendix 28 - UV spectrum for compound 10 (MeOH).
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Appendix 29 - "H-NMR spectrum for compound 11 (500 MHz, CDsOD).

Appendix 30 - BC-NMR spectrum for compound 11 (100 MHz, CD30D).
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Appendix 31 - g-COSY spectrum for compound 11 (500 MHz, CDs0OD).
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Appendix 32 - TOCSY spectrum for compound 11 (500 MHz, CD30D).
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Appendix 33 - g-HSQC spectrum for compound 11 (500 MHz, CD3;0D).
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Appendix 34 - g-HMBC spectrum for compound 11 (500 MHz, CDs0OD).
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Appendix 35 - ROESY spectrum for compound 11 (500 MHz, CD3;0D).
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Appendix 36 - HRESTOFMS spectrum for compound 11.
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Appendix 38 - UV spectrum for compound 11 (MeOH).
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Appendix 39 - "H-NMR spectrum for compound 12 (500 MHz, CD30D).
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Appendix 40 - "*C-NMR spectrum for compound 12 (100 MHz, CDsOD).
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Appendix 41 - g-COSY spectrum for compound 12 (500 MHz, CDs0OD).
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Appendix 42 - TOCSY spectrum for compound 12 (500 MHz, CD30D).
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Appendix 43 - g-HSQC spectrum for compound 12 (500 MHz, CD3;0D).
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Appendix 44 - g-HMBC spectrum for compound 12 (500 MHz, CDs0OD).
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Appendix 45 - ROESY spectrum for compound 12 (500 MHz, CD3;0D).
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Appendix 46 - HRESTOFMS spectrum for compound 12.
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Appendix 47 - "H-NMR spectrum for compound 13 (400 MHz, CDCly).

2034
1867

—146.1

—1357

~120.0

—117.6
114.9

—266
167

§

EFEEEEEEE Y

B

R
8 s

e T 1
180 160 150 m 10 [

WMLMMWNIHMMLMJNLWWWMMMMMH
Ho w0 de 1w W R g me w w A m

110
£1 (.

Appendix 48 - *C-NMR spectrum for compound 13 (100 MHz, CDCl3).
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Appendix 50 - UV spectrum for compound 13 (MeOH).
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Appendix 51 - HRESIMS spectrum for compound 13.
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Appendix 53 - *C-NMR spectrum for compound 14 (100 MHz, CDCP).
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Appendix 56 - UV spectrum for compound 14 (MeOH).
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Appendix 58 - "H-NMR spectrum for compound 15 (400 MHz, CDCls).
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Appendix 59 - DEPT and **C-NMR spectra for compound 15 (100 MHz, CDCls).
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Appendix 60 - g-COSY spectrum for compound 15 (400 MHz, CDCls).
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Appendix 61 - TOCSY spectrum for compound 15 (400 MHz, CDCl5).
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Appendix 62 - g-HSQC spectrum for compound 15 (400 MHz, CDCls).
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Appendix 63 - g-HMBC spectrum for compound 15 (400 MHz, CDCls).
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Appendix 64 - NOESY spectrum for compound 15 (400 MHz, CDCl3).
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Appendix 65 - IR spectrum for compound 15 (MeOH).
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Appendix 67 - (-)-HRESIMS spectrum for compound 15.
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Appendix 68 - "H-NMR spectrum for compound 16 (400 MHz, CDCls).
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Appendix 69 - DEPT and **C-NMR spectra for compound 16 (100 MHz, CDCls).
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Appendix 70 - g-COSY spectrum for compound 16 (400 MHz, CDCls).
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Appendix 71 - TOCSY spectrum for compound 16 (400 MHz, CDCls).
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Appendix 72 - g-HSQC spectrum for compound 16 (400 MHz, CDCls).
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Appendix 73 - g-HMBC spectrum for compound 16 (400 MHz, CDCls).
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Appendix 74 - NOESY spectrum for compound 16 (400 MHz, CDClIs).
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Appendix 75 - IR spectrum for compound 16 (MeOH).
z &
2
§ 0.8
£ |
8 06
< .\
0.4 <
[=2]
0.2 - AT
™
o] S
S ——
200 250 300 350 400 450 500 Wavelength (nm
Appendix 76 - UV spectrum for compound 16 (MeOH).
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Appendix 77 - HRESIMS spectrum for compound 16.
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Appendix 78 - "H-NMR spectrum for compound 17 (400 MHz, CDCls).
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Appendix 79 - DEPT and 3C.NMR spectra for compound 17 (100 MHz, CDCls).
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Appendix 80 - g-COSY spectrum for compound 17 (400 MHz, CDCls).
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Appendix 81 - TOCSY spectrum for compound 17 (400 MHz, CDCls).
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Appendix 82 - g-HSQC spectrum for compound 17 (400 MHz, CDCls).
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Appendix 83 - g-HMBC spectrum for compound 17 (400 MHz, CDCls).
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Appendix 84 - NOESY spectrum for compound 17 (400 MHz, CDCls).
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Appendix 85 - IR spectrum for compound 17 (neat).
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Appendix 86 - UV spectrum for compound 17 (MeOH).
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Appendix 87 - HRESIMS spectrum for compound 17.
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Appendix 88 - "H-NMR spectrum for compound 18 (400 MHz, CDsOD).
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Appendix 89 - DEPT and **C-NMR spectra for compound 18 (100 MHz, CDsOD).
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Appendix 90 - g-COSY spectrum for compound 18 (400 MHz, CDsOD).
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Appendix 91 - TOCSY spectrum for compound 18 (400 MHz, CD30D).
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Appendix 92 - g-HSQC spectrum for compound 18 (400 MHz, CD30D).
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Appendix 93 - g-HMBC spectrum for compound 18 (400 MHz, CDs0D).
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Appendix 94 - NOESY spectrum for compound 18 (400 MHz, CD30D).
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Appendix 95 - IR spectrum for compound 18 (MeOH).
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Appendix 96 - UV spectrum for compound 18 (MeOH).
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Appendix 97 - HRESIMS spectrum for compound 18.
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Appendix 98 - "H-NMR spectrum for compound 19 (400 MHz, CDCls).
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Appendix 99 - DEPT and **C-NMR spectra for compound 19 (100 MHz, CDCls).
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Appendix 100 - g-COSY spectrum for compound 19 (400 MHz, CDCls).
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Appendix 101 - TOCSY spectrum for compound 19 (400 MHz, CDCls).
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Appendix 102 - g-HSQC spectrum for compound 19 (400 MHz, CDCls).
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Appendix 103 - g-HMBC spectrum for compound 19 (400 MHz, CDCls).
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Appendix 104 - NOESY spectrum for compound 19 (400 MHz, CDCI3).
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Appendix 105 - IR spectrum for compound 19 (MeOH).
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Appendix 106 - UV spectrum for compound 19 (MeOH).
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Appendix 107 - HRESIMS spectrum for compound 19.
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Appendix 108 - "H-NMR spectrum of fluvirucinin C; (500 MHz, CDCl3/CDsOD).

¥HIR SIFRY-WMES

e s —ad

—20897
—104
—63.0

F320

300

280

260

F240

F220

r200

180

ri60

F140

120

r100

80

60

ra0

18000

+17000

(16000

(15000

14000

13000

(12000

11000

(10000

9000

t-8000

(7000

6000

5000

(4000

-3000

-2000

1000

0

-1000

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 so 40 30 20 10
f1 (ppm)

Appendix 109 - *C-NMR spectrum of fluvirucinin C; (100 MHz, CDCls/CD3OD).
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Appendix 110 - g-COSY spectrum of fluvirucinin C; (500 MHz, CDCIls/CD30D).
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Appendix 111 - TOCSY spectrum of fluvirucinin C, (500 MHz, CDCI3/CD3;0D).
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Appendix 112 - g-HSQC spectrum of fluvirucinin C; (500 MHz, CDClIs/CD30D).
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Appendix 113 - g-HMBC spectrum of fluvirucinin C; (500 MHz, CDCIs/CD30D).
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Appendix 114 - HRESIMS spectrum of fluvirucinin C;.
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Appendix 115 - "H-NMR spectrum of fluvirucinin C; (500 MHz, CDCls).
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Appendix 116 - **H-NMR spectrum of fluvirucinin C, (100 MHz, CDCls).
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Appendix 117 - g-COSY spectrum of fluvirucinin C, (500 MHz, CDCl5).
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Appendix 118 - TOCSY spectrum of fluvirucinin Cz (500 MHz, CDCls).
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Appendix 119 - g-HSQC spectrum of fluvirucinin C, (500 MHz, CDCl5).
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Appendix 120 - g-HMBC spectrum of fluvirucinin C (500 MHz, CDCls).
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Appendix 121 - H2MBC spectrum of fluvirucinin C, (500 MHz, CDCls).
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Appendix 122 - HRESIMS spectrum of fluvirucinin Ca.
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Appendix 123 - "H-NMR spectrum of compound 22 (500 MHz, CDCls).
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Appendix 124 - *C-NMR spectrum of compound 22 (100 MHz, CDCls).

o [at0
704 6.45

B [ci]1 e
576 534 | 5.01

E=IET) E
461 |4.27 3.69|

—
w’_“‘

R
4.20

3| 5]
.9 233 1

ey
e
i

()| AL (m)
76| 239

=

T

=)
58

cid)
4.38

z(m) | m)
243 | 203

) D1 {m)
266 197

|M1[s |Y[m}
D2

m|
432

| #
=3

(

4,30 287

PEY R
ColPs _TseCafez]®
HE

15

LS T i T T AP e, 5’}'."! LTS S A A L
3 3 35 § & 5 E535539955795s50553585 5% §% 850 349
B5 80 7.5 0 65 &0 55 50 45 4D 35 30 25 20 1.5 10 0.5
F1 (ppm)

Appendix 125 - "H-NMR spectrum of mangrolide A (500 MHz, CDCI3/CD30D).
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Appendix 126 - **C-NMR spectrum of mangrolide A (100 MHz, CDCl3/CDsOD).
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Appendix 127 - g-COSY spectrum of mangrolide A (500 MHz, CDClI3/CD3;0D).
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Appendix 128 - TOCSY spectrum of mangrolide A (500 MHz, CDCI3/CDs0D).
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Appendix 129 - g-HSQC spectrum of mangrolide A (500 MHz, CDCI3/CD30D).
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Appendix 130 - g-HMBC spectrum of mangrolide A (500 MHz, CDCI3/CDsOD).
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Appendix 131 - ESIMS spectrum of mangrolide A.
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