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Zusammenfassung

Meeresschwdmme gehdoren mit ihrer Vielfalt an einzigartigen und
faszinierenden Strukturen zu den wichtigsten Quellen an Sekundérstoffen. Diese
weisen zu einem grofen Teil biologische Aktivitit in pharmazeutisch relevanten
Biotest-Systemen auf und stellen somit potenzielle Leitsubstanzen dar, die zur
Entwicklung effektiver therapeutischer und bioaktiver Arzneistoffe beitragen konnen.

Die vorliegende Studie umfasste die Isolierung, Strukturaufklirung und
biologische Analyse der aktiven Bestandteile von sechs Meeresschwamm-Proben, die
aus verschiedenen Sammelgebieten in Indonesien und der Tiirkei stammen.

Die Strukturaufkldrung der Sekundirstoffe wurde durch moderne analytische
Verfahren durchgefiihrt, beispielsweise mit Hilfe von 1D (*H, *C)- und 2D (COSY,
TOCSY, ROESY, HSQC, HMBC)-Kernresonanzspektroskopie (NMR) und mit Hilfe
von Massenspektrometrie (EI, ESI, MALDI-TOF). Zusétzlich wurden fiir einige
optisch aktive Naturstoffe chirale Derivatisierungsreaktionen angewendet, um deren
absolute Konfiguration zu ermitteln. SchlieBlich wurden die ermittelten Substanzen
verschiedenen Biotests unterzogen, um ihre zytotoxischen und antimykobakteriellen
Eigenschaften sowie ihre Wirkung als Inhibitoren verschiedener Proteinkinasen zu

ermitteln.

1. Dactylospongia metachromia

Die chemische Untersuchung des Schwamms Dactylospongia metachromia
(Indonesien) ergab fiinf neue Sesquiterpen-Aminochinone und zwei neue Benzoxazol-
Sesquiterpene. Weiterhin wurden drei bekannte Stoffe isoliert: ein Sesquiterpen-
Hydrochinon, ein Indol-Derivat und ein Glycerolipid. Die Derivate des Sesquiterpen-
Hydrochinons zeigten hohe zytotoxische Aktivitit im Test gegen Maus-Lymphom
(L5178Y)-Zellen sowie eine ausgeprigte inhibitorische Aktivitit gegeniiber

Proteinkinasen.

2. Callyspongia aerizusa

Eine genaue chemische Untersuchung von vier separaten Proben von
Callyspongia aerizusa (Indonesien) ergab 12 strukturell dhnliche zyklische Peptide
(Callyaerine), einschlieflich fiinf neuer Analoga. Alle Stoffe wurden in vitro gegen

M. tuberculosis getestet sowie gegen THP-1 (akute monozytische Leukédmie beim



Menschen) und MRC-5 (fetale humane Lungenfibroblasten)-Zellen, um ihre
allgemeinen zytotoxischen Eigenschaften zu ermitteln. Callyaerin A und Callyaerin B
wirken demnach in geringen mikromolaren Mengen als Inhibitoren gegen M.
tuberculosis, wodurch diese Stoffe interessante Kandidaten fiir weiterfithrende

Studien sind.

3. Acanthostrongylophora ingens

Die chemische Untersuchung des Schwamms Acanthostrongylophora ingens
(Indonesien) ergab die zwei bekannten B-Carbolin Alkaloide Annomontin und 1-
Hydroxy-3,4-dihydronorharman. Die isolierten Stoffe wurden auf ihre antibakterielle
Aktivitdt gegentiber S. aureus, E. coli, und P. Aeruginosa getestet. Weiterhin wurden
die isolierten Stoffe Biotests unterzogen, um ihre zytotoxischen Eigenschaften und
ihre inhibitorischen Profile gegeniiber Proteinkinase zu ermitteln. Annomontin zeigte
eine schwache inhibitorische Aktivitit gegen S. aureus. Desweiteren zeigte es
moderate inhibitorische Aktivitit gegen PIM1-Kinase, wohingegen 1-Hydroxy-3,4-

dihydronorharman keinerlei Aktivitét zeigte.

4. Sarcotragus spinosulus

Die biotest-geflihrte Fraktionierung von Sarcotragus spinosulus (Tirkei)
fiihrte zu der Isolierung einer 3:1-Mischung der zwei bekannten linearen
Sesterterpene Ircinin 1 und Ircinin 2. Ircinin-1,2 (3:1) wurde Biotests unterzogen, um
die zytotoxischen Figenschaften und das inhibitorische Profil gegeniiber
Proteinkinasen dieser Stoffe zu ermitteln. Interessanterweise stellte sich heraus, dass
Ircinin-1,2 (3:1) duBerst aktiv gegeniiber einer Reihe von Proteinkinasen ist,
wohingegen es gegeniiber Maus-Lymphom (L5178Y)-Zellen nur schwache Aktivitat

zeigte.

5. Dysidea avara

Zwei bekannte Sesquiterpene Chinone/Chinole wurden gereinigt und aus dem
methanolischen Extrakt des Meeresschwammes Dysidea avara (Tiirkei) isoliert:
Avarol und Avaron. Avarol zeigte in verschiedenen Biotests interessante bioaktive
Ergebnisse, beispielsweise zytotoxische (MTT), antibakterielle und in vitro

inhibitorische Eigenschaften gegeniiber Proteinkinasen.



6. Agelas oroides

Die chemische Untersuchung des Schwammes Agelas oroides (Tiirkei)
resultierte in der Isolierung eines bekannten Bromopyrrol-Alkaloid. 4,5-
Dibromopyrrole-2-carboxyl-Sédure wurde auf zytotoxische FEigenschaften und

antibakterielle Aktivitdten getestet, zeigte jedoch keinerlei Aktivitit.
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1. Introduction

Marine sponges are among the oldest invertebrate animals (phylum Porifera)
exhibiting a wide range of shapes and colors (Proksch et al., 2010). These sessile
invertebrate animals are mostly attached to a substratum in marine or freshwater
habitats (Koopmans et al., 2009). Sponges have various types of cells with different
functions, which together carry out distinct body functions (Koopmans et al., 2009).
Moreover, a large amount of water is filtered through their bodies in order to provide
them with nutrients and oxygen, as well as to excrete waste products and carbon
dioxide (Koopmans ef al., 2009).

Currently, there are around 8.600 species of sponges inhabiting different
marine and freshwater ecosystems (Sagar ef al., 2010; Van Soest ef al., 2015). Marine
sponges continue to draw the attention of natural product chemists, due to their broad
array of bioactive metabolites, which are considered to be produced as a defense
against pathogenic fungi, bacteria, algae, and predators; a system that has successfully
evolved throughout millions of years (Sagar et al., 2010). Notably, more than 15,000
sponge-derived metabolites have been discovered, and every year numerous novel
metabolites are being isolated and identified (Yasuhara-Bell & Lu, 2010).

Marine sponges are viewed not only as a prolific source of compounds with
novel chemical structures, but also as a source of bioactive metabolites with
pharmaceutical potential. These compounds are interesting candidates in drug
discovery, primarily in the area of cancer, anti-inflammatory and analgesy (Proksch et

al., 2002).



1.1. Significance of the study

Marine organisms represent a largely unexploited source of potential
pharmaceuticals with a great variety of fascinating structures (Blunt et al., 2013).
Such bioactive compounds are believed to play an important role in the protection,
adaptation and survival of marine organisms in the unique environmental conditions
of the sea (Pawlik, 2011, Daletos ef al., 2014). Many marine invertebrates, including
sponges, are sessile and soft-bodied animals lacking a hard outer shell, which makes
them vulnerable to potential predators (Leal et al., 2010). It is assumed that sponges
like other marine invertebrates rely mainly on chemical defense, producing a wide
range of bioactive metabolites to deter predators or compete with neighbors for
resources or space (Proksch et al., 2010, Daletos et al., 2014).

Indonesia, as the central part of the larger Indo West Pacific region, has been
reported to possess high marine biodiversity including sponges (Van Soest et al.,
2015). The highest frequency of deterrent or toxic metabolites arises in high
competing environments as a result of competition for space or environmental stress
factors, including overgrowth of fouling organisms (Proksch et al., 1994). Notably,
sponges that are susceptible to predators are commonly more toxic than those growing
in less exposed areas (Koopmans et al., 2009). For instance, chemical deterrence of
predators was found considerably greater for tropical marine sponge extracts than that
found from extracts of temperate sponges, where less predation takes place (Proksch
et al., 2002) Therefore, study on the Indonesian sponges is of great importance, due to
them being a prospective source of numerous bioactive metabolites that serve as lead
structures in drug development (Proksch et al., 2003).

The main function of these bioactive metabolites is to modulate cellular
defense or communication (Sagar et al. 2009). Several of them have entered the
market as anti-cancer or antiviral agents or are currently in different stages of clinical
trials as remarkably fascinating constituents for applications in drug discovery. (Sagar
et al., 2010; Martins et al., 2014).

Undoubtedly, marine sponges are among the most prolific sources of bioactive
metaboiltes from marine organisms (Laport et al., 2009). Taking into account, the
eminent development and advancement of more sponge-derived bioactive compounds
into the current marine drug pipeline, the prospective of sponge-derived metabolites

as sources of new drugs seems to be high (Liu, 2012).



1.2.The biological importance of marine natural products

1.2.1. Anti-inflammatory marine natural products

Inflammation is an elaborate defence process, in which leukocytes migrate
into damaged tissues to eradicate potential agents that may cause tissue injury (Gabay,
2006). The body reacts by increasing the blood flow and the permeability of the blood
vessels, facilitating the escape of cells from the blood into the tissues (Tan et al.,
1999). Chronic inflammation of the skin or joints may lead to psoriasis or rheumatic
arthritis and severely damage the body (Pope et al., 1999). Sponges have proved to be
a remarkable source of anti-inflammatory compounds (Fig. 1).

Manoalide, is an unusual sesquiterpenoid, which was originally obtained from
the sponge Luffariella variabilis (De Silva and Scheuer, 1980). Its anti-inflammatory
action is based on the irreversible inhibition of the release of arachidonic acid from
membrane phospholipids by inhibiting the binding of the the enzyme phospholipase
A2 to the membranes (Glaser et al., 1989).

Scalaradial is a tetracyclic sesterterpene possessing a scalarane carbon
skeleton, which was originally isolated from the sponge Cacospongia mollior
(Cimino et al., 1974). Scalaradial is an inhibitor of PMA-induced arachidonic acid
release in vivo in the mouse peritoneal macrophage, as well as a potent bee venom
PLA2 inhibitor (Carvalho and Jacobs, 1991).

Contignasterol is a highly oxygenated sterol, which was originally isolated
from the sponge Petrosia contignata (Burgoyne et al., 1992). Contignasterol was
shown to inhibit the histamine release induced by anti-immunoglobulin E (anti-Ige)
from sensitized rat mast cells in a dose dependent manner, indicating that this is a
potential anti-inflammatory compound (Takei ef al., 1994).

Topsentin is a bis-indole alkaloid isolated from the Mediterranean sponge
Topsentia genitrix (Bartik et al., 1987). It was found to inactivate PLA2 and to inhibit
PMA-induced mouse ear oedema, comparable to the anti-inflammatory effects of

standards such as hydrocortisone and indomethacin B. (Wylie et al., 1995).
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Figure 1.1: Anti-inflammatory marine natural products

1.2.2. Antitumor marine natural products

Cancer is the rapid formation of abnormal cells that grow beyond their natural
boundaries, and which can then occupy adjacent parts of the body and spread to other
organs (Stewart and Wild, 2014). This progression is referred to as metastasis, which
is the main cause of death from cancer (Stewart and Wild, 2014). Natural products
and their derivatives have been the mainstay of cancer therapy for the past 40 years.
The relevance of the sea as a tool to discover novel bioactive compounds was
corroborated by the discovery and marketing approval of cytarabine (Ara-C)
(Bergmann et al, 1985). Cytarabine 1is a semi-synthetic derivative of
spongothymidine, a pyrimidine nucleoside analogue, which was originally isolated
from the Caribbean marine sponge Tethya crypta (Bergmann and Feeney, 1950).
Cytarabine is intracellularly converted to cytosine arabinoside triphosphate, which
competes with the physiological substrate deoxycitidine triphosphate, and thus acts as
antimetabolite cytotoxic agent inhibiting the synthesis of DNA (Mayer et al., 2010).

Since then, three marine drugs have been approved as anticancer agents including ET-

4



743 (Yondelis, EU registered 2007), eribulin mesylate (Halaven, FDA approval
2010), and brentuximab vendotin (SGN-35, FDA approval 2011). Additionally there
is an abundant pipeline of preclinical marine compounds to suggest their contimued
application as antitumor drugs (Mayer et al., 2010).

Plitidepsin (Aplidin™) is a macrocyclic depsipeptide, which was originally
obtained from the Mediterranean tunicate Aplidium albicans (Rinehart et al., 2000).
Plitidepsin highly induces cell death (apoptosis) with ICso values at submicromolar
concentrations (Mayer et al, 2010). Specifically, it causes rapid activation of
apoptosis as a result of activation of p38-MAPK, EGF receptor, and Src protein
kinases, as well as induction of oxidative stress (Garcia-Fernandez et al., 2002).

Hemiasterlin is a tripeptide, which was originally isolated from the sponge
Hemiasterella minor (Talpir et al., 1994). Hemiasterlin exhibited remarkable
cytotoxicity against several tumor cell lines with ICso values in the nanomolar range
(Coleman et al., 1994). Mechanistic studies showed that the remarkable activity
hemiasterlins is based on the induction of mitotic arrest in metaphase as described for
the well-studied tubulin binders taxol and vincristine (Molinski et al., 20009).
Molecular modelling studies likewise suggested that binding takes place near the o/
interface of the vinca domain B-tubulin, which is a known target for the tubulin
inhibitors phomopsin A and dolastatin 10 (Mitra et al., 2004). In addition, it was
shown that hemiasterlin A induces microtubule depolymerization at high
concentrations (Molinski et al., 2009). Interestingly, hemiasterlin is a poor substrate
for P-glycoprotein transporters, whereas it maintains toxicity against multidrug
resistant tumor cell lines, thus hinting at its potential as a lead structure for the
development of novel anticancer drugs (Loganzo et al., 2003).

(+)-Discodermolide was isolated from the deep-water marine sponge
Discodermia dissoluta (Gunasekera et al., 1990). (+)-Discodermolide induces G2/M
phase cell-cycle arrest in lymphoid and non-lymphoid cells with ICso values at
nanomolar concentrations (De Souza et al., 2004). In addition, (+)-discodermolide
displayed immunosuppressant activity (Longley ef al, 1991). Interestingly, the
enantiomer (—)-discodermolide prepared by total synthesis showed less cytotoxicity
than the natural (+)-discodermolide (Nerenberg et al., 1993). Mechanistic studies
showed that (+)-discodermolide stabilized microtubules with even higher affinity than

that reported for taxol (Hung et al, 1996). However, despite their competitive



inhibitory activity, both compounds showed strongly synergistic activity (Martello et
al., 2000), signifying the potential use of (+)-discodermolide in combination therapy.
Kahalalide F is a depsipeptide, which was originally isolated from the
sacoglossan (sea slug) Elysia rufescens, an herbivorous opisthobranch. E. rufescens
feeds on the alga Bryopsis sp. (Hamann et al., 1993), and thus the latter is considered
to be the the original source of kahalalide F. However, in E. rufescens the observed
concentration of kahalalide F is higher (1%) compared with Bryopsis sp. (0.0002%),
indicating that E. rufescens accumulates this compound as a chemical defense against
predators (Becerro ef al., 2001). Studies on the mode of action of kahalalide F showed
that it disrupts lysosomal membranes, which is in accordance with the high
concentration of lysosomal proteins found on prostate cells (Garcia-Rocha et al.,
1996). Moreover, kahalalide F induced oncotic cell death (necrosis associated with
karyolysis) in human prostate cancer cells (Suarez et al, 2003). In addition,
kahalalide F induces channel formation and subsequent cell membrane permeability

in HepG2 cells (Sewell et al., 2005).

(+)-Discodermolide Kahalalide F

Figure 1.2: Antitumor marine natural products



1.2.3. Protein kinase inhibitors

A fundamental mechanism of cell communication in multicellular organisms
is via binding of ligands to cell surface receptors with kinase catalytic activity. Protein
kinases (PKs) are enzymes in that catalyze the transfer of a phosphate moiety from a
high-energy molecule, commonly adenine triphosphate (ATP), to another substrate
(Skropeta et al., 2011). Phosphorylation mostly results in a functional modification of
the target protein by altering enzyme activity, and/or association with other proteins
(Hubbard and Till, 2000). The human genome comprises a total of 518 protein
kinases, including 478 classical PKs and 40 atypical PKs. The former consist of 388
serine/threonine kinases and 90 tyrosine kinases, as well as 50 sequences lacking a
functional catalytic site (Manning et al., 2002). Serine/threonine kinases transfer a
phosphate group to a serine or threonine amino acid residue, whereas tyrosine protein
kinases recognise and phosphorylate a protein at a tyrosine moiety (Skropeta et al.,
2011).

PKs mediate a plethora of signaling pathways within cells and play a central
role in various biological processes, including control of cell growth, metabolism, cell
cycle progression, and apoptosis (Manning et al., 2002). Thus, the development of
selective protein kinase inhibitors that can impede or modulate diseases associated
with abnormalities in these specific signaling pathways is extensively considered as a
promising approach for drug development (Fabbro et al., 2002). Numerous natural
products of marine origin have been reported to inhibit protein kinases (Bharate et al.,
2013).

Bryostatin 1 is a macrocyclic lactone, originally isolated from the marine
bryozoan Bugula neritina (Pettit et al., 1982). It features a polyacetate carbon
backbone skeleton bearing 11 stereocenters, which is unprecedented among natural
products (Molinski et al., 2009). Mechanistic studies showed that bryostatin 1 causes
significant downregulation of protein kinase C (PKC). PKC is a tumor promoting
receptor and as a result bryostatin 1 leads to inhibition of tumor cell growth (Hennings
et al., 1987). Moreover, this compound inhibits the growth of murine P388 leukemia
cells at subnanomolar concentrations (Brown ef al, 2000). However, the positive
effects of bryostatin are obtained only when combined with other anticancer agents,
including taxol, vincristine, and dolastatin, among others (Mutter et al., 2000).

Hymenialdisine is a marine component that has been isolated from many

marine sponges belonging to the genera Acanthella, Axinella and Hymeniacidon
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(Mattia et al., 1982; Cimino et al., 1982; Kitagawa et al., 1983). Hymenialdisine is a
potent (ICs0=10 — 40 nM) inhibitor of the protein serine/threonine kinases CDKS,
mitogen-activated protein kinase-1, and casein kinase 1, which regulate several vital
cellular functions such as gene expression, cellular proliferation, membrane transport
and apoptosis (Meijer et al., 2000). In addition, hymenialdisine inhibited several pro-
inflammatory cytokines (IL-1, IL-2, IL-6, and NO), through inhibition of the NF-kB
signalling pathway that is potentially effective for treatment of various inflammatory
diseases such as rheumatoid arthritis and osteoarthritis (Sharma et al., 2004).
Aeroplysinin-1 is a bromotyrosine metabolite isolated from the sponges of the
genus Aplysina (Proksch et al., 2002). All Aplysina sponges accumulate isoxazoline
bromoalkaloids, such as isofistularin-3, aplysinamisin-1, and aerophobin-2 (Ebel et
al., 1997). However, following disruption of the sponge tissue, these alkaloids are
transformed through enzyme-mediated catalysis to aeroplysinin-1 (Proksch et al.,
2002). Despite the fact that the isoxazoline precursors exhibit no or only weak
antibiotic activity, aeroplysinin-1 shows potent activity against numerous marine and
terrestrial bacteria, and hence the formation of aeroplysinin-1 has been proposed to be
implicated in the chemical defense of sponges against invading pathogenic bacteria
(Weiss et al., 1996). Moreover, aeroplysinin-1 was found to inhibit epidermal growth
factor (EGF) receptor, followed by suppression of angiogenesis in vivo and of
proliferation of cancer cell lines (Hinterding et al., 1998; Haefner et al., 2003).
Halenaquinone is a polyketide isolated from the Okinawan sponge
Xestospongia exigua (Roll and Scheuer, 1983). Halenaquinone was shown to inhibit
the tyrosine kinase activity of EGF and pp60"-SR¢ receptors in the low micromolar
range. As a result, it inhibits the proliferation of several cell lines, including those
transformed by oncogenic PTKs (Lee et al., 1992; Skropeta et al., 2011). Apart from
its cytotoxicity, halenaquinone was also shown to possess antibiotic and cardiotonic
effects (Schmitz and Bloor, 1988), which initiated further interest for several structure

activity relationship studies (Nobuyuki ef al., 1988; Toyooka ef al., 1992).



Aeroplysinin-1 Halenaquinone

Figure 1.3: Marine Protein kinase inhibitors

1.2.4. Antiviral marine natural products

Marine sponges are rich sources of potent antiviral agents that have been
advanced to clinical studies, with most of them screened toward human
immunodeficiency virus (HIV) and Herpes simplex virus (HSV) (Sagar et al., 2010).
An example of sponge-derived antiviral metabolite that has successfully entered the
pharmaceutical market is the nucleoside vidarabine (Ara-A). Vidarabine was
synthetically developed from spongouridine, a nucleoside analogue from the
Caribbean sponge Tethya crypta (Bergmann and Feeney, 1950). Mechanistic studies
showed that it is readily transformed to adenine arabinoside triphosphate, followed by
inhibition of the viral DNA polymerase (Mayer et al., 2010). Vidarabine has been
used herpes virus infection treatment, although it was discontinued in the USA by
June 2001, probably due to its low therapeutic window with regard to antiviral
compounds currently on the market (Newman and Cragg, 2004).

A number of sponge-derived lead compounds have been discovered that have

the potential as promising antiviral agents (Sagar et al., 2010).



Avarol, originally isolated from the marine sponge Dysidea avara, is a
sesquiterpene quinol, possessing an unusual rearranged drimane skeleton (Minale et
al., 1974). Interestingly, avarol showed inhibitory activity toward HIV and human T-
lymphotropic retrovirus (HTLV III) in human H9 cells at submicromolar
concentrations (Sarin et al., 1987). The antiviral activity of avarol was caused by an
enhancement in the intracellular concentration levels of superoxide radicals, including
glutathione peroxidases and dismutases (Batke et al., 1988; Sagar et al., 2010).
Moreover, avarol completely inhibited glutamine tRNA, which is important for viral
protease synthesis required for viral proliferation (Miiller et al., 1988). The antiviral
activity of the quinone structural analogue of avarol, namely avarone, from the
marine sponge Dysidea avara has likewise been reported (Sarin et al., 1987).

Papuamides A and B are cyclic depsipeptides, originally isolated from the
Papua New Guinea marine sponge of the genus Theonella (Ford et al., 1999). Both
compounds were tested toward CEM-SS T-cells and were found to possess
remarkable activity at nanomolar concentrations (Xie et al., 2008). Papuamides A and
B are assumed to interact with the phospholipid phosphatidylserine, which is
expressed on the viral membrane and is responsible for the antiviral activity of
papuamides (Andjelic et al., 2008). Interestingly, the antiviral activity of these
peptides was independent of chemokine co-receptors that are known to be involved in
the process of recognition and viral cell entry (Esté ef al., 2007).

4-Methylaaptamine is an alkaloid, originally isolated from a marine sponge
of the genus Aaptos. (Coutinho et al., 2002). Interestingly, 4-methylaaptamine
displayed inhibition of HSV-1 in Vero cells with an ICso value of 2.4 uM, which is
more potent than that of the positive control acyclovir (8.6 uM) (Souza et al., 2007)
Subsequent mechanistic studies indicated that 4-methylaaptamine inhibited HSV-1
replication, by impeding viral entry into the host cells as well as by reducing ICP27
expression (Souza et al., 2007). Moreover, 4-methylaaptamine was found to be not
cytotoxic, and thus this alkaloid could be considered as a potential antiviral agent
toward HSV-1 (Souza et al., 2007).

Mycalamide A is a heterocyclic compound, possessing a trioxadecalin ring
system, originally isolated from a marine sponge of the genus Mycale (Perry et al.,
1988). Mycalamide A was active toward A59 corona, herpes simplex type I, and polio
type I viruses at submicromolar concentrations (1-2 ng/disc) (Perry et al., 1990). The

mode of action of mycalamide A was investigated and it was shown that it inhibits
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protein biosynthesis. (Burres and Clement, 1990). In a subsequent study, the mode of
action of mycalamide A was likewise investigated and it was shown that it binds to
the large ribosomal subunit of Haloarcula marismortui followed by inhibition of
RNA translation into protein, which is in agreement with the previously reported
results (Gurel et al., 2009). Moreover, mycalamide A analogues have been described
to inhibit multiplication of influenza virus via interaction with nucleoproteins (NPs)
(Hagiwara et al., 2010). Therefore, the antiviral effect of mycalamide A may be

attributed to its property as a protein synthesis inhibitor (Sagar ef al., 2010).

OH

Avarol Papuamide A R=CHj;
Papuamide A R=H

4-Methyl-aaptamine Mycalamide A

Figure 1.4: Antiviral marine natural products

1.2.5. Antitubercular marine natural products

Mycobacterium tuberculosis, the major causative agent of tuberculosis (TB), is
one of the primary reasons of human mortality caused by infective microorganisms
(Smith, 2003; Daletos et al., 2015). At present, one third of the world’s population is
infected with M. tuberculosis and around 9 million new cases of tuberculosis are

described every year (Garcia et al., 2012; Daletos et al., 2015, WHO report 2015). In
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addition, TB treatment is gradually facing serious obstacles due to the increased
incidence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) M.
tuberculosis strains as well as due to the emergence of TB associated with viral
infections such as HIV (Nora de Souza et al., 2009). Thus, there is an urgent call for
new antitubercular (anti-TB) drugs (Daletos et al., 2015). Marine sponges producing
unique and wide range of bioactive metabolites, emerge as prolific sources of new
antituberculosis agents (Laport ef al., 2009).

Halicyclamine A is a tetracyclic alkaloid, originally obtained from the marine
sponge Haliclona sp. (Jaspars et al., 1994). Halicyclamine A was found to inhibit M.
tuberculosis H37Ra with a MIC of 5.0 pg/ml under both aerobic and hypoxic
conditions (Arai ef al., 1994). Moreover, it did not show cross-resistance with the
anti-tuberculosis drugs ethambutol, isoniazid or rifampicin,. Interestingly, the mode of
action of halicyclamine A was considered to be through inhibition of inosine 5'-
monophosphate dehydrogenase (IMPDH) (Jaspars et al., 1994). However, it displayed
similar MIC values against the wild-type and IMPDH over-expressing M. tuberculosis
strains, thus suggesting that IMPDH is not the target molecule of the anti-
mycobacterial activity of halicyclamine A (Arai et al., 1994).

Heteronemin is a scalarane-type sesterterpene that was originally isolated
from the sponge Heteronema erecta (Arai et al., 1994). It showed inhibition of M.
tuberculosis (H37Rv) with an MIC of 6.25 pg/mL (Wonganuchitmeta et al., 2004).
Interestingly, this was the first report of anti-TB activity for this intriguing class of
compounds. Furthermore, in a study investigating the mechanism of action of
heteronemin, it was shown that it inhibited proteasome inhibition and TNF-a-induced

NF-«B activation, thus inducing apoptotic cell death (Schumacher et al., 2010).

1.2.6. Antimalarial marine natural products

Malaria is an exceptionally serious disease in sub-Saharan Africa, as well as a
serious public health issue in certain Southeast Asia and South America regions of
(Snow et al., 2005). Around 40% of the world population lives in endemic areas and
350-500 million clinical incidences occur each year, causing more than 2.0 million
deaths (Snow et al., 2005). Protozoa from the genus Plasmodium (i.e. P. falciparum,
P. ovale, and P. malariae) are the cause of malaria, with P. falciparum being the
prominent agent responsible for most fatal cases (Mishra ef al., 1999). Removal of the

vector of transmission (the Anopheles mosquito) is not feasible, and thus new
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antimalarial agents with novel modes of action are urgently needed to combat
resistance to the current antimalarial drugs, including quinolines and artemisinins
(Fidock et al., 2004).

Manzamine A is an unusual polycyclic B-carboline alkaloid originally
obtained from an Okinawan marine sponge of the genus Haliclona (Sakai et al.,
1986). Manzamine A strongly inhibited the growth of P. falciparum at submicromolar
concentrations both in vitro (ICso = 5.0 ng/mL) and in vivo (at the same concentration
as the positive control artemisinin) (Ang et al., 2000). Moreover, manzamine A
analogues have also displayed, antifungal, antibacterial and antitubercolosis effects, as
well as activity against HIV/AIDS opportunistic infections (e.g. the protozoan
Toxoplasma gondii) (Rao et al., 2003, Yousaf et al., 2004). Therefore, manzamine A
is a potential candidate for further development as a promising lead against malaria
and other serious infectious diseases.

Plakortin is a 1,2-dioxane polyketide metabolite, originally isolated from the
marine sponge Plakortis halichondroides (Higgs et al., 1978) and later obtained in
large amounts from the marine sponge .P. simplex (Cafieri et al., 1999). This
compound displayed remarkable activity toward chloroquine-resistant strains of P.
falciparum, whereas it was devoid of cytotoxicity (Campagnuolo et al., 2005).
Structure-activity relationship studies indicated that the endoperoxide functionality
plays an important role for the antimalarial activity of plakortin, given that the
respective diol was totally inactive (Fattorusso et al., 2006). Remarkably, plakortin is
thought to be produced by a bacterial symbiot of the sponge Plakortis simplex
(Laroche et al., 2006). Therefore, identification of the respective gene cluster could
allow the production of plakortin by bacterial fermentation, overcoming the supply
problem that is commonly encountered in marine natural products research.

(Fattorusso and Taglialatela-Scafati, 2009).
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Heteronemin

Manzamine A Plakortin A

Figure 1.5: Antitubercular and antimalarial marine natural products
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1.3. The current status of marine natural products research

Marine sponges are one of the most prolific sources of biologically active
compounds occurring in the marine environment (Sagar et al., 2010). The global
marine preclinical and clinical pharmaceutical pipelines remain astonishingly active
with a plethora of marine-derived metabolites entering clinical studies (Mayer et al.,
2013; Martins et al., 2014). In 2004, the only FDA/EMEA approved drugs were
cytarabine, vidarabine, ziconotide and omega-3 fatty acids. However, in 2013, the
number of FDA/EMEA approved marine drugs doubled (Table 1.1), indicating the
value of marine natural products as remarkably interesting candidates aimed at drug
discovery and development (Martins et al., 2014).

Eribulin mesylate (Halaven®, FDA-approved 2010), a synthetic analogue of
halichondrin B, originally derived from the marine sponge Halichondria okadai, is a
noteworthy example of approved marine-derived drugs. It is a tubulin-targeting
chemotherapeutic drug that inhibits the proliferation of numerous cancer cell lines
(Ortega and Cortés, 2012). Mechanistic studies showed that eribulin exerts its
cytotoxicity via a novel action on tubulin, principally by binding to a small number of
high affinity sites at the plus ends of microtubules (Smith ez al., 2012).

Brentuximab vedotin (Adcetris®, FDA-approved 2011) is currently the latest
example of a marine drug that has successfully entered the market (Martins et al.,
2014). This drug was approved for the treatment of Hodgkin and systemic anaplastic
large cell lymphoma (Senter and Sievers, 2012). Its structure is based on a synthetic
analog of dolastatin 10, monomethyl auristatin E, connected to an anti-CD30 antibody
(Martins et al., 2014). It should be noted that dolastatins, originally isolated from the
sea hare Dolabella auricularia, have shown remarkable cytotoxicity in vitro, but
phase I and II clinical studies were unsuccessful due to presence of side effects.
However, taking advantage of the progress on the development of antibody-drug
conjugates (ADCs), connecting monomethyl auristatin E to an antibody that targets
the cell membrane protein CD30 (brentuximab vendotin), yielded an effective agent
with favorable safety profile (Bauer and Bronstrup, 2013).

The development of new drugs from marine natural products is undoubtedly
on the horizon. Recent advances in sampling strategies and in NMR methodologies,
such as nanoscale-NMR techniques for structure determination, are foundamental for
the discovery of novel marine natural products as leads in drug development (Liu et

al., 2012).
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Table 1.1: Selected marine natural products in clinical and preclinical trials (Martins

etal.,2014)

Name Source Therapeutic area Status (2013)
Spongothymidine  Cryptotethya crypta  Cancer Approved
Spongouridine Cryptotethya crypta  Viral infection Discontinued
Omega-3-fatty Fish Hypertriglyceridemia Approved
acids

®-Conotoxin Conus magus Neuropathic Pain Approved

Ecteinascidin 743

Halichondrin B
Dolastatin 10

Pliditepsin
Tetrodotoxin

Bryostatin I

Ecteinascidia
turbinate
Halichodria okadai
Dolabella
auricularia
Aplidium albicans
Pufferfish

Bugula neritina

Cancer

Cancer

Cancer

Cancer
Pain: Chronic Pain

Cancer

EU-approved

Approved
Approved

Phase I1I/111
Phase II/111
Phase I/11
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1.4. Aim and scope of the study

Sponges are hitherto the most prolific sources of bioactive and structurally
unique secondary metabolites in the marine environment with a vast medicinal
potential, predominantly in the area of cancer, anti-inflammatory and analgesy
(Proksch et al., 2002).

The aim of this study was the isolation and structure elucidation of novel
bioactive secondary metabolites from several sponge extracts, as well as the
preliminary evaluation of their biological properties and pharmaceutical potential. Six
marine  sponges,  Dactylospongia  metachromia,  Callyspongia  aerizusa,
Acanthostrongylophora ingens, Sarcotragus spinosulus, Dysidea avara, and Agelas
oroides were investigated as biological objects of this study.

Bioassay-guided isolation of secondary metabolites was achieved through
solvent extraction of marine sponges followed by various chromatographic
techniques, such as column chromatography and semipreparative HPLC. Afterwards,
the obtained fractions were analysed by HPLC for their purity and by LC-ESI-MS for
their molecular weight and fragmentation patterns and monitored by bioactivity
assays. The structures of the isolated compounds were unequivocaly elucidated by
one- and two-dimensional NMR and by MS (HRESIMS) analysis, as well as by
comparison with the literature. In addition, selected chiral compounds were
derivatized to establish their absolute stereochemistry.

Chromatographic fractions and pure compounds were subjected to selected
bioassays to evaluate their pharmaceutical potential, including cytotoxicity (MTT),
antimycobacterial and protein kinase inhibitory activities. The assays were conducted
in cooperation with Prof. W. E. G. Miiller, Mainz, Dr. Rainer Kalscheuer, Diisseldorf,

and ProQinase, Freiburg, respectively.
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2. Materials and Methods
2.1. Biological materials

Sponge specimens were collected by scuba diving in three different collection
sites in Indonesia (Makassar, S. Sulawesi; Lembeh, N. Sulawesi; Ambon, Maluku)
and the Mediterranean Sea (Fethiye, Turkey). The specimens were preserved in a
mixture of EtOH and H>O (70:30) and stored in a —20 °C freezer until extraction. The
voucher specimens were identified by Dr. Nicole de Voogd (Netherlands Centre for
Biodiversity Naturalis, P.O. Box 9517, 2300 RA Leiden, the Netherlands) (Daletos et
al., 2014; Daletos et al., 2015).

2.1.1. Sponges

Sponges are animals belonging to the phylum Porifera that literally means
“bearing pores” (Kingdom Animalia). They are the oldest metazoans present at all
water depths, from the tidal zone to the deepest regions (abyssal zone) (Miiller, 1998).
Calcarea and Demospongiae sponges are found in sublittoral rocky-bottom habitats,
whereas Hexactinellida sponges are mainly found in muddy-bottom habitats of the
deepest parts of the oceans (Van Soest et al., 2015). Interestingly, sponges of the
family Spongillidae (class Demospongiae) are adapted to the fresh waters of rivers
and lakes. Currently, there are 8.603 valid species recognized (Van Soest et al., 2015).

The outer surface of sponges is covered with tiny pores, which filter ambient
water into the sponge body (Van Soest et al., 2015). These pores lead to a system of
internal canals, in which a continuous water flow is maintained by specialized collar
cells providing oxygen and nutrients to the sponge. Lining these canals are special,
which maintain a continuous water flow through the sponge to obtain and to remove
carbon dioxide and waste (Miiller, 1998).

The body of sponges is composed of a jelly-like mesohyl between a layer of
conical cells (choanocytes) and a layer of flattened cells (pinacocytes), which are
responsible for maintaining their structure and size (Miiller, 1982). Remarkably,
sponges lack nervous, digestive, or circulatory systems (Miiller, 1998). Their skeleton
consists of mineralized substances (calcareous or siliceous) or a collagen-type protein
called spongin. Spicules are units of mineralized substances that are scattered
throughout the sponge and their function is to aid protection or support (Urizl et al.,
2003). Notably, the skeleton is of great taxonomic significance and according to its

composition, sponges are hitherto divided into Demospongiae, Calcarea,
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Hexactinellida, and Homoscleromorpha (Miiller, 2006). Demospongiae and
Hexactinellida (or glass sponges) have siliceous spicules with the latter forming six
fused rays as denoted by their names (Bergquist et al., 2002). On the other side,
Calcarea have skeletons made of calcite, which is a form of calcium carbonate
(Bergquist et al., 2002). Homoscleromorpha were previously considered as members
of the class of Demospongiae. However, on the basis of recent molecular
phylogenetic studies, they have recently been recognized as a new class of sponges
(Gazave et al., 2012). In contrast to Demospongiae, the skeleton of
Homoscleromorpha is amorphous and not well organized indicative of the absence of

a tertiary protein structure (Gazave et al., 2012).

2.1.1.1. Dactylospongia metachromia

A specimen of Dactylospongia metachromia (Phylum: Porifera, Class:
Demospongiae, Order: Dictyoceratida, Family: Thorectidae) (Fig. 2.1) was collected
at Ambon, Indonesia, in August 1996 by Dr. Elisabeth Ferdinandus (University
Pattimura, Ambon). A voucher specimen is kept in ethanol under registration number

ZMAPOR 19107 at the Zoological Museum, Amsterdam, The Netherlands.

2.1.1.2. Callyspongia aerizusa

In this study we examined four separate collections of Callyspongia aerizusa
(Phylum: Porifera, Class: Demospongiae, Order: Haplosclerida, Family:
Callyspongiidae) (Fig. 2.2) obtained from three different regions in Indonesia as
indicated: Makassar, S. Sulawesi (TF23, TF90); Lembeh, N. Sulawesi (SP3); and
Ambon, Maluku (TF40). The collection was made by Dr. Elisabeth Ferdinandus
(University Pattimura, Ambon) and Prof. Dr. Sumali Wiryowidagdo (University
Hassanudin, Makassar) (Hooper, et al., 2002). Voucher specimens are deposited at the
Zoological Museum, Amsterdam, The Netherlands, under the registration numbers

RMNH POR.6169 (TF23), RMNH POR.6170 (TF40), and RMNH POR.6171 (TF90).

2.1.1.3. Acanthostrongylophora ingens

A specimen of Acanthostrongylophora ingens (Phylum: Porifera, Class:
Demospongiae, Order: Dictyoceratida, Family: Thorectidae) (Figure 2.3) was
collected at Ambon, Indonesia, in August 1996 by Dr. Elisabeth Ferdinandus

(University Pattimura, Ambon). A voucher specimen is kept in ethanol under
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registration number RMNH POR.6172 at the Zoological Museum, Amsterdam, The
Netherlands.

2.1.1.4. Sarcotragus spinosulus

A specimen of Sarcotragus spinosulus (Phylum: Porifera, Class:
Demospongiae, Order: Dictyoceratida, Family: Thorectidae) (Figure 2.4, photo: G.
Corriero, 1996) was collected in Fethiye, Turkey, in August 2006. A voucher
specimen is kept in ethanol under registration number RMNH POR.6173 at the

Zoological Museum, Amsterdam, The Netherlands.

2.1.1.5. Dysidea avara

A specimen of Dysidea avara (Phylum: Porifera, Class: Demospongiae,
Order: Dictyoceratida, Family: Dysideidae) (Figure 2.5, De Caralt et al., 2010) was
collected in Ayvalic, Turkey, in August 2012. The sponge is rosy to violet similar to
the common Mediterranean species Dysidea fragilis (Carballo et al, 1994). A
voucher specimen is kept in ethanol under registration number RMNH POR.6174 at
the Zoological Museum, Amsterdam, The Netherlands.

2.1.1.6. Agelas oroides

A specimen of Agelas oroides (Phylum: Porifera, Class: Demospongiae,
Order: Dictyoceratida, Family: Dysideidae) (Figure 2.6, photo: M.J. de Kluijver,
2012) was collected in Ayvalic, Turkey, in August 2012. A voucher specimen is kept
in ethanol under registration number RMNH POR.6175 at the Zoological Museum,
Amsterdam, The Netherlands.
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Fig. 2.5. Dysidea avara® Fig. 2.6. Agelas oroides'

[17 http://species-identification.org/species.php?species_group=sponges&menuentry=soorten&id=402&tab=classificatic
(Photo G. Corriero)

[2] http://species-identification.org/species.php?species_group=sponges&menuentry=soorten&id=213 &tab=classificatie
(Photo Mario de Kluiver)

[2] http://www.marinespecies.org/porifera/porifera.php?p=image&pic=48507 (Rob van Soest et al., 2016)

(Photo Mario de Kluiver)
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2.2. Chemicals

2.2.1. General laboratory chemicals

Anisaldehyde (4-methoxybenzaldehyde) Merck
(-)-2-Butanol Merck
Dimethylsulfoxide Merck
Formaldehyde Merck
Hydrochloric acid Merck
Potassium hydroxide Merck
Pyridine Merck
Concentrated sulphuric acid Merck
Ninhydrin Merck
Formic acid Merck
Trifloroacetic acid (TFA) Merck
Concentrated ammonia solution Fluka
Formic acid Merck
N-(5-fluoro-2,4-dinitrophenyl)-L-Alaninamide Merck
Amino acids standards Sigma
Sodium hydrogen carbonate Sigma

2.2.2. Chromatography
2.2.2.1. Stationary phases

Pre-coated TLC plates, Silica Gel 60 F2s4, layer thickness 0.2 mm Merck
Precoated TLC plates, Diol, F254 S, layer thickness 0.25 mm Merck
Silica Gel 60, 0.04 — 0.063 mm mesh size Merck
RP-18, 0.04 — 0.0.63 mm mesh size Merck
Sephadex LH-20, 0.25 — 0.1 mm mesh size Merck
LiChroprep Diol (40-63 mm) for liquid chromatography Merck

2.2.2.2. Spray reagents
The reagents were stored in amber-colored bottles and kept refrigerated until being
used. TLC was used to monitor the identity of each of the fractions and the qualitative

purity of the isolated compounds.

Anisaldehyde/H2SO4 spray reagent
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Methanol 85 mL

Glacial acetic acid 10 mL
Conc. H>SO4 5 mL (added slowly)
Anisaldehyde 0.5 mL

Ninhydrin spray reagent

Ninhydrin 02¢g

Acetic acid 0.5 mL
H>O 4.5 mL
Methanol 100 mL

2.2.3. Solvents

2.2.3.1. General solvents

Methanol, ethanol, acetone, ethyl acetate, acetonitrile, dichloromethane, and n-
hexane, and were used for chromatographic separations and they were purchased from
the Institute of Chemistry, Heinrich-Heine University, Duesseldorf. They were
distilled before use and spectroscopic grade was employed for spectroscopic

measurements (Daletos et al., 2014).

2.2.3.2. Solvents for HPLC

Methanol HPLC grade (Merck)
Acetonitrile HPLC grade (Merck)
Nanopure water Distilled water passed through ion exchange filter cells

(Barnstead, France).
2.2.3.3. Solvents for optical rotation
Chloroform Spectroscopic grade (Sigma)

Methanol Spectroscopic grade (Sigma)

2.2.3.4. Solvents for NMR

Chloroform-d Merck
DMSO-ds Merck
Methanol-d4 Merck
Acetone-ds Merck
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2.3. Methods
2.3.1. Isolation and purification of secondary metabolites

2.3.1.1. Isolation of secondary metabolites from Dactylospongia metachromia

Dactylospongia metachromia
Sponge raw material (wet weight 600 g)

MeOH ( 2Lx2),
MeOH.CH,Cl, (1:1; 2Lx2),
room temperature

L 4
Crude extract (6.7 g)

Liquid-liquid extraction

v v v v
n-hexane crude CH,Cl, crude EtOAc crude n-BuOH crude
extract (2.0 g) extract (1.8 g) extract (617 mg) extract (1.2 g)

Figure 2.7: Fractionation scheme of Dactylospongia metachromia

CH,Cl, crude extract (1.8 g)

VLC., silica gel (n-

v y v
Fraction 3 (40% EtOAc in Fraction 4 (40% n- Fraction 6 (100%
n-hexane), 110 mg hexane in EtOAc), 60 EtOAc), 85 mg
Sephadex LH-20, Sephadex LH-20, Sephadex LH-20,
CH,Cl,/MeOH CH,Cl,/MeOH CH,Cl,/MeOH
v v v
DMD 3.3, 25 mg DMD 4.5, 21 mg DMD 6.8, 17 mg
semioren. HPLC seminren. HPLC semiprep. HPLC
y A 4 A 4
18-Hydroxy-5-epi- 5-epi-Nakijiquinone Q, 5-epi-Nakijiquinone S, \
hyrtiophenol (8), 10 mg 8 mg 4 mg
S-epi-Nakijiquinone N, 5-epi-Nakijiquinone T,
5 mg 2.5mg

5-epi-Nakijiquinone U,

2 mg )

Figure 2.8: Isolation scheme of Dactylospongia metachromia (CH2Cl» fraction)
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n-hexane crude extract (2 g)

VLG, silica gel (n-hexane/EtOAc—CH,Cl,/MeOH)
v Y v
Fraction 3 (40% EtOAc in Fraction 4 (40% n-hexane Fraction 5 (20% n-
n-hexane), 77 mg in EtOAc), 87 mg hexane in EtOAc), 87
Sephadex LH-20, Sephadex LH-20, Sephadex LH-20,
CH>Cly/MeOH CH,Cl/MeOH CH>Cl,/MeOH
v v v
DMH 3.5, 15 mg DMH 4.8, 24 mg DMH 5.4, 13 mg
Semiprep. HPLC Semiprep. HPLC Semiprep. HPLC
( v v v
glycerolipid, 3 mg ] 5-epi-Nakijinol C, 5-epi-Nakijinol D,
A 8 mg 2.5 mg

Figure 2.9: Isolation scheme of Dactylospongia metachromia (n-hexane fraction)

2.3.1.2. Isolation of secondary metabolites from Callyspongia aerizusa

Callyspongia aerizusa TF23
Sponge raw material (wet weight 189.0 g)

MeOH ( 2Lx3),
room temperature

v
Crude extract - viscous oil (10.0 g)

Liquid-liquid extraction

v Y v
n-hexane crude EtOAc crude n-BuOH crude
extract (6.3 g) extract (267 mg) extract (4.2 g)

Sephadex LH-20, MeOH

A 4

v v ¥ T .
TF23.1-3, TF23.4,9 TF23.5, 11 TF23.10,21 mg | | TF23.21, 26 mg
TF23.6-9, i | | |
TF23.11-20, _ _ . .
TE23.22-29 Semipreparative HPLC Semipreparative HPLC

. - - .

[ Callyaerin 4, ][ Callyaerin B, ] Callyaerin D, Callyaerin G, ]

1.5 mg 3.4 mg 2.0 mg; 9.0 mg
Callyaerin F,

4.6 mg

Figure 2.10. Isolation scheme of Callyspongia aerizusa (TF23)
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Sponge raw material (wet weight 45.0 g)

Callyspongia aerizusa TF90

MeOH ( 2Lx3),
room temperature
A 4

Crude extract - viscous oil (27.0 g)

Liquid-liquid extraction

v

n-hexane crude
extract (14.5 g)

Y v

EtOAc crude n-BuOH crude
extract (614 mg) extract (11.4 g)

Sephadex LH-20, MeOH

v

v v v v v
TF90.1-5, TF90.6, 16 mg || TF90.8,45mg || TF90.12, 46 mg TF90.21, 33 mg
TF90.7, I I i I
TF90.9-11,

TF90.20-26 Semipreparative HPLC Semipreparative HPLC

:

| | |

Callyaerin 3,
2.0 mg
Callyaerin 4,

3.0mg
-

Callyaerin B, Callyaerin D, Callyaerin E,
11 mg 7.0 mg 17.0 mg

Callyaerin C, Callyaerin F, Callyaerin G,
14 mg 17.0 mg 6.0 mg

Figure 2.11. Isolation scheme of Callyspongia aerizusa (TF90)
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Callyspongia aerizusa SP3
Sponge raw material (wet weight 178.0 g)

MeOH ( 2Lx3),
room temperature
A

Crude extract - viscous oil (9.4 g)

Liquid-liquid extraction

v

A

n-hexane crude
extract (5.0 g)

EtOAc crude
extract (247 mg)

v

n-BuOH crude
extract (4.1 g)

Sephadex LH-20, MeOH

v v v v
SP3.1-6, SP3.7, 15 mg SP3.10, 23 mg SP3.14, 14 mg
SP3.8-9,

SP3.11-13, l ! I
SP3.15-20 Semiprep. HPLC Semiprep. HPLC Semiprep. HPLC

Callyaerin 2, Callyaerin B,

2.5mg 8.0 mg
Callyaerin 3, Callyaerin C,
2.9 mg 4.5 mg

Callyaerin D,
4.0 mg

Figure 2.12. Isolation scheme of Callyspongia aerizusa (SP3)
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Callyspongia aerizusa TF40
Sponge raw material (wet weight 1000.0 g)

A

MeOH ( 2Lx3),
room temperature

Crude extract - viscous oil (70.5 g)

Luiquid-liquid extraction

v Y v
n-hexane crude extract EtOAc crude extract n-BuOH crude extract
(409 g) 129 (20.8 g)
Sephadex LH-20, MeOH
\ 4
A
) ) e ™
»| TF405, 15 mg Semipreparative HPLC | Callyaerin 1, TF40.1-4,
4.0 mg TF40.7-12,
L TF40.14-18,
- N | TF40.20-23,
o] TF40.6. 10 mg Semipreparative HPLC ., Callyaerin 4, TF40.25-30
2.0 mg
N
( . )
o| TF40.13, 17 mg Semipreparative HPLC > Callia;lrln A,
g
.
»| TF40.19,17 mg Semipreparative HPLC » Callyaerin B,
1.0 mg
Callyaerin C,
3.0 mg
Callyaerin D,
- Semipreparative HPLC 4.0 mg
> TF40.24,31 mg Callyaerin F,
7.0 mg

Figure 2.13: Isolation scheme of Callyspongia aerizusa (TF40)
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2.3.1.3. Isolation of secondary metabolites from Acanthostrongylophora ingens

Acanthostrongylophora ingens

Sponge raw material (wet wieght 150.0 g)

MeOH ( 2Lx3),
room temperature

\ 4

MeOH crude extract (9.0 g)

VLG, silica gel

(n-hexane/EtOAc—CH,Cl,/MeOH)

v

A

v

Fraction 3 (30% CH:ClLyin
MeOH), 120 mg

Fraction 5 (50% CHCl; in
MeOH), 70 mg

Fraction 1, 2, 4, 6-10

A 4

Sephadex LH-20,
MeOH

AI3.5,27 mg

Semiprep. HPLC

Silica gel column

A 4
Al 5.6,29 mg

Semiprep. HPLC

[ Annomontine, 4 mg ]

1-Hydroxy-3,4-
dihydronorharman,
7 mg

CH,CL/MeOH (85:15)

Figure 2.14: Isolation scheme of Acanthostrongylophora ingens
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2.3.1.4. Isolation of secondary metabolites from Sarcotragus spinosulus.

Sarcotragus spinosulus

Sponge raw material (wet weight 100.0 g)

A

MeOH ( 2Lx3),
room temperature

Crude extract - viscous oil (6.4 g)

Liquid-liquid extraction

v

n-hexane crude
extract (2.0 g)

Y v
EtOAc crude extract n-BuOH crude extract
(370 mg) (2.0¢)

Sephadex LH-20, MeOH

SS1-7,
SS8-25

v

SS8, 19 mg

Semipreparative HPLC

!

Ircinin 1,2 (3:1),

6mg

Figure 2:15: Isolation scheme of Sarcotragus spinosulus
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2.3.1.5. Isolation of secondary metabolites from Dysidea avara.

Dysidea avara
Sponge raw material (wet weight 90.0 g)

MeOH ( 2Lx3),
room temperature
A

Crude extract - viscous oil (7.2 g)

Liquid-liquid extraction

v Y v
n-hexane crude extract EtOAc crude extract n-BuOH crude extract
(2.0g) (450 mg) (4.0 g)
Sephadex LH-20, MeOH

v Y v

DA1-10, DAI11, 17 mg DA12, 10 mg
DA13-17 I i

Semipreparative HPLC Semipreparative HPLC

!

)

[ Avarol, 2 mg ] [ Avarone, 0.5 mg ]

Figure 2.16: Isolation scheme of Dysidea avara
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2.3.1.6. Isolation of secondary metabolites from Agelas oroides.

Agelas oroides

Sponge raw material (wet weight 60.0 g)

A

MeOH ( 2Lx3),
room temperature

Crude extract - viscous oil (2.5 g)

Liquid-liquid extraction

v

(700 mg)

n-hexane crude extract

! v
EtOAc crude extract n-BuOH crude extract
(180 mg) (1.2 g

Sephadex LH-20, MeOH

AO1-4,
A06-10

v

AOS, 15 mg

Semipreparative HPLC

!

4,5-Dibromo-1H-pyrrole-
2-carboxamide, 6mg

Figure 2.17: Isolation scheme of Agelas oroides
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2.3.2. Chromatographic methods
2.3.2.1. Thin layer chromatography (TLC)

In thin layer chromatography the components move at different rates based on
their polarity index. TLC was performed on pre-coated TLC plates with silica gel 60
F254 (layer thickness 0.2 mm, E. Merk, Darmstadt, Germany), using the following

eluents:
For polar or semi-polar compounds DCM:MeOH (95:5, 90:10, or 80:20)
For non-polar compounds n-Hexane:EtOAc (90:10 or 80:20)

Pre-coated TLC plates with silica gel F254 (Merck) were used to monitor
fractions (DCM:MeOH or n-Hexane:EtOAc mixtures as developing systems), and
detection was by UV absorption at 254 and 366 nm or by spraying the TLC plates
with anisaldehyde or with ninhydrin reagent (Daletos ef al., 2014; Ebada et al., 2008).

2.3.2.2. Vacuum liquid chromatography (VLC)

Vacuum liquid chromatography (VLC) is mainly employed for the initial
separation of crude extracts. The bioactive sponge extract was concentrated under
vacuum and was mixed with a small part of the stationary phase (silica gel 60) using
DCM/MeOH (1:1, v/v). After letting the sample dry, it was submitted to VLC on
silica gel 60 using a step gradient of a non-polar mobile phase (e.g. n-hexane/EtOAc),
followed by an increasing amount of polar mobile phase (e.g. DCM/MeOH), to yield
10 to 12 fractions (Daletos et al., 2014; Ebada et al., 2008).

2.3.2.3. Column chromatography

Fractions resulting from VLC were further purified by column
chromatography. The following stationary phases were employed:

1. Silica gel 60 or Diol using a non-polar mobile phase (e.g. n-Hexane, DCM
or EtOAc) As a result, non-polar compounds elute earlier than polar compounds
(Daletos et al., 2014; Ebada et al., 2008).

2. Sephadex LH-20 wusing MeOH or MeOH:DCM (1:1, v/v). The
chromatographic separation is based on the molecular size of analyzed compounds

(size-exclusion chromatography). Compounds with larger molecular diameters elute
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first, while compounds with smaller molecular diameters will enter the small-sized
pores and elute later (Ebada et al., 2008; Daletos et al., 2014).

3. Diaion HP-20 using a polar phase (e.g. HO/MeOH). The sample
components are separated based on their different electrical affinities (ion-exclusion

chromatography) (Daletos et al., 2014; Ebada et al., 2008).

2.3.2.4. Semipreparative high-performance liquid chromatography (HPLC)
Semipreparative reversed-phase HPLC is used for final purification of
compounds using an eluting gradient of MeOH/H20 or CH3CN/H20 (with 0.01%
HCOOH). Polar compounds elute earlier than non-polar compounds. The desired
concentration of the sample was 1-3 mg per 100 pL (injection volume) and the
solvent system rate was adjusted to 5 mL/min. Semipreparative purification was
accomplished on a Merck Hitachi system consisting of an L-7400 UV detector and an
L-7400 UV detector and an L-7100 pump connected with a Kipp & Zonen flatbed
recorder. The attached column was a Knauer VertexPlus C18 column (Eurospher 100-

10,300 x 8 mm, L x i.d.) (Daletos et al., 2014, 2015).

Semi-preparative HPLC system specifications:

Pump Merk Hitachi L-7100
Detector Merk Hitachi L-7400 UV detector
Column Knauer VertexPlus C18 column

(Eurospher 100-10, 300 x 8 mm, L x i.d.)

2.3.2.5. Analytical high-performance liquid chromatography (HPLC)

HPLC analysis was employed to obtain the chromatograms of extracts or
fractions, and to evaluate the purity of obtained compounds. HPLC analysis was
performed using a Dionex Ultimate 3000 System coupled to a photodiode array
detector (DAD300RS). The separation column (125 x 4 mm, L x i.d.) was prefilled
with Eurospher-10 C18 (Knauer, Germany), and the following gradient was used
(MeOH, 0.1% HCOOH in H>0): 0 min, 10% MeOH; 5 min, 10% MeOH; 35 min,
100% MeOH; 45 min, 100% MeOH. Routine detection was at 235, 254, 280, and 340
nm (Daletos et al., 2014; Ebada et al., 2008).
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HPLC system specifications:

System Dionex Ultimate 3000

Detector Dionex Photodiode Array Detector DAD300RS

Column thermostat STH 585

Autosampler ASI-100T

HPLC Program Chromeleon (V. 6.3)

Column Knauer (125 X 4 mm, ID), pre-packed with Eurosphere

100-5 C18, with integrated pre-column

2.3.3. Structure elucidation of isolated secondary metabolites
2.3.3.1. Mass spectrometry (MS)

A mass spectrometer is an analytical instrument consisting of an ion source, a
mass analyzer and an ion detector. Mass spectrometers generate ions from molecules
under high-vacuum conditions and separate them according to their mass-to-charge
ratio (m/z). Then, the signals obtained from the ion detector are transmitted to a data
system and the respective mass spectrum is recorded. Thus, mass spectrometry is a
powerful tool for obtaining molecular weight and structural information of analyzed
compounds. In this study, several mass spectrometric techniques were used to

establish the molecular weight of the isolated compounds (Ebada ef al., 2008).

2.3.3.1.1. Liquid chromatography / Mass spectrometry (LC / MS)

Electrospray ionization mass spectrometry (ESI-MS) is an important method
for analyzing non-volatile, high molecular weight compounds. A solution of the
sample is passing through a metal capillary and sprayed at a high voltage, thus
producing electrostatically charged droplets that can be further detected (Ebada et al.,
2008). ESI-MS is commonly interfaced with LC (LC/ESI-MS) as a powerful tool for
MS analysis of sample mixtures. HPLC/ESI-MS spectra were measured on a
Thermoquest Finnigan LCQDeca mass spectrometer connected to an Agilent 1100
series LC. The samples were dissolved in MeOH and injected to HPLC/ESI-MS. The
analytical column (100 x 2 mm, L x i.d.) was prefilled with Eurospher 100-3 C18
(Knauer), and the following gradient was used (MeOH, 0.1% HCOOH in H;0): 0
min, 10% MeOH; 2 min, 10% MeOH; 35 min, 100% MeOH; 50 min, 100% MeOH,
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51 min, 10% MeOH; 60 min, 10% MeOH at a flow rate of 0.25 mL/min, monitoring
from 210 to 400 nm (Daletos et al., 2015; Ebada et al., 2008).

HPLC/ESI-MS system specifications:

HPLC system Agilent 1100 series

MS spectrometer Thermoquest Finnigan LCQDeca

Column Knauer, (100 X 2 mm, L X i.d.), prefilled with Eurospher 100-3
C18 (Knauer), with integrated pre-column

2.3.3.1.2. Electron impact mass spectrometry (EI-MS)

Electron impact mass spectrometry (EI-MS) involves vaporizing a compound
and then bombarding with electrons. It is a high energy method, generating extensive
fragmentation patterns that may provide useful information for the molecule. It is not
recommended for high-molecular weight compounds, such as peptides. EI-MS was
measured on a Thermo Finnigan TCQ 7000 mass spectrometer. Measurements were
held by Dr. Peter Tommes, Institute for Inorganic and Structural Chemistry, Heinrich-

Heine University, Duesseldorf (Daletos et al., 2014; Ebada et al., 2008).

2.3.3.1.3. Matrix Assisted Laser Desorption Ionisation-Time of Flight mass
spectrometry (MALDI-TOF-MS)

Matrix Assisted Laser Desorption Ionisation (MALDI) is successfully applied
for the analysis of high molecular weight compounds, such as peptides,
oligosaccharides or oligonucleotides. A matrix is used (e.g. 4-aminoquinaldine) that
absorbs energy produced by a laser followed by ionization of the sample. The
analyser separates ions based on their mass-to-charge (m/z) ratios by measuring the
time it takes for them to "travel" through the field (time-of-flight; TOF). MALDI-
TOF-MS spectra were measured on a MALDI-TOF Ultraflex (Bruker Daltonics) mass
spectrometer using nitrogen laser (337 nm). Measurements were carried out by Dr.
Peter Tommes, Institute for Inorganic and Structural Chemistry, Heinrich-Heine

University, Duesseldorf (Daletos et al., 2014; Ebada et al., 2008).

2.3.3.1.4. High-resolution mass spectrometry (HR-MS)
High-resolution mass spectrometry (HR-MS) measures ion masses with high

accuracy, thus allowing the determination of the atomic composition of the detected

36



molecular ions. High-resolution ESI mass spectra were recorded on a Micromass Qtof
2 mass spectrometer at Helmholtz Centre for Infection Research, Braunschweig as
well as on a UHR-QTOF maXis 4G (Bruker Daltonics, Bremen) mass spectrometer,
Heinrich-Heine University, Duesseldorf (Daletos et al., 2014; Ebada et al., 2008).

2.3.3.2. Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a powerful method for
determining the chemical structure of a molecule. In this study, the structures of all
isolated compounds were unambiguously established on the basis of one-dimensional
(i.e. 'H, 1*C) and two-dimensional techniques (i.e. COSY, TOCSY, ROESY, HSQC,
and HMBC). The samples were dissolved in different deuterated solvents (i.e.
DMSO-ds, CDCI3 and CD30D), according to their solubility. Residual solvent signals
were used as reference signals and chemical shift (J) values were provided in ppm
(Daletos et al., 2014; Ebada et al., 2008). NMR spectra were recorded at 300° K on a
Bruker AVANCE DMX 600 by Prof. Dr. Klaus Schaper, Institute for Inorganic and
Structural Chemistry, Heinrich-Heine University, Duesseldorf. Some measurements
were also performed by Dr. Victor Wray, Helmholtz Centre for Infection Research,
Braunschweig, using Bruker DMX 600, Bruker ARX 400, and Bruker DPX 300
spectrometers, as well as by Dr. Rudolf Hartmann, Institute of Complex Systems:
Strukturbiochemie, Forschungszentrum Juelich, using a Bruker AVIII HD 700 NMR
spectrometer. The 2D-NMR experiments for assignment of spin systems and structure
elucidation (HH-COSY, HH-TOCSY, HH-ROESY, HC-HSQC and HC-HMBC) were
measured with standard Bruker pulse-sequences on a Bruker AVIII HD 600
spectrometer, equipped with a QXI/QCI cryo-probe at 303K. The sweep width for the
homonuclear experiments (COSY, TOCSY, ROESY) in F2 and in F1 was 7200 Hz.
Quadratur detection was used in both dimensions. 2K data points were collected in F2
and 512 data points were collected in F1 each with 8 scans per increment. The
TOCSY mixing time was set to 80 ms and a spin lock field of approximately 12 kHz
and ROESY with 450 ms mixing time and a spin lock field of approximately 5 kHz.
The sweep width for the heteronuclear experiments was set to 7200 Hz in F2 and
26.400 Hz in F1 for the HSQC and 27.900 Hz for the HMBC experiments. 4K data
points were collected in F2 and 512 data points were collected in F1 each with 4 scans
per increment (HSQC) or 64 scans per increment (HMBC) (Daletos et al., 2014;
2015).
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2.3.3.3. Optical activity

Optical activity is the rotation of the plane of polarized light that arises when
passing through chiral molecules Optical rotation was determined on a JASCO P-
2000 polarimeter. The chiral compound was subjected to a sample chamber (0.5 mL).
The specific optical rotation was measured at 589 nm employing a sodium lamp as a

light source at room temperature (25 °C) (Daletos et al., 2014; Ebada et al., 2008).

2.3.3.4. Determination of absolute stereochemistry by Marfey’s analysis

The absolute configurations of the individual amino acid constituents of the
isolated peptides were determined by acid hydrolysis and consecutive analysis of the
hydrolysates using the Marfey’s method (Marfey, 1984). LC-MS analyses of the
resulting  (Na-  (2,4-dinitro-5-fluorophenyl)-L-alaninamide)  derivatives  and
comparison with authentic amino acids prepared as standards led to the assignment of

the L or D configuration of the amino acid residues (Daletos et al., 2015).

2.3.3.4.1. Hydrolysis of peptide

Each of the isolated peptides (0.5—1 mg) was dissolved in 1-2 mL of 6 N HCI
in a sealed ampule and heated at 110 °C for 24 h under a N2 atmosphere. After
cooling, the reaction mixture was concentrated in vacuo to dryness (Daletos et al.,

2015).

2.3.3.4.2. Derivatization of the amino acids

To 50 pL of ~50 uM of each hydrolysate, 100 uL of FDAA (1% Na-(2,4-
dinitro-5-fluorophenyl)-L-alaninamide in acetone) and 20 pL of 1 M NaHCO3 were
added. The mixture was heated over a hot plate at 40 °C for 1 h with frequent mixing.
The reaction was stopped by addition of 10 pL of 2 M HCI, and the derivatized
product dried in a freeze-dryer and redissolved in MeOH. Commercially available
standard amino acids (L- or D-configuration) that are of interest were treated
separately with FDAA in the same manner. The derivatized amino acids obtained
following hydrolysis of the peptide were analyzed using LC-ESIMS by comparison of
the retention time and molecular weight with those of the derivatized standard amino

acids (Daletos et al., 2015).
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2.3.4. Biological test methods:
2.3.4.1. Antimicrobial assay
2.3.4.1.1. Agar diffusion assay

The antimicrobial assay was carried out according to the Bauer-Kirby-Test,
under aseptic conditions using microtiter 96 well plates (Bauer et al., 1966). After
adding the tested substance (or extract) on agar plate, the diameter of inhibition zone
was measured.

The inhibitory activity of isolated substances or extracts was evaluated toward

the following strains:

Gram-positive bacteria Staphylococcus aureus (ATCC 29213)
Gram-negative bacteria Esherichia coli (ATCC 25922)
Pseudomonas aeruginosa (ATCC 27853)

2.3.4.1.2. Antibacterial assay

Susceptibility discs were impregnated with 200 pg of crude extracts and
placed on agar plates that were inoculated with the bacterial strains S. aureus, E. coli,
and P. aeruginosa. The plates were incubated at 37°C and checked for inhibition
zones after 24 h. All isolated compounds were evaluated for their activity against the
aforementioned bacterial strains, following the broth microdilution method and
according to the recommendations of the Clinical and Laboratory Standards Institute
(CLSI). For assay validation, gentamicin and rifampicin were used as positive
controls. The direct colony suspension method was used for preparation of the
inoculum with 5 x 10° colony forming units/mL after the last dilution step. The tested
substances were added from stock solution (10 mg/mL in DMSO), resulting in a
DMSO amount of 0.64% for the highest antibiotic concentration tested (64 ug/mL).
Antibiotics addressing different bacterial targets, including ciprofloxacin, rifampicin,
tetracycline, and vancomycin were employed as positive controls (Ancheeva et al.,

2015, Daletos et al., 2015).

2.3.4.1.3. Experiments with Mycobacterium tuberculosis
Growth inhibition of M. tuberculosis was tested using a metabolic activity
assay employing the resazurin dye reduction method. M. tuberculosis cells were

grown aerobically at 37 °C in Middlebrook 7H9 media supplemented with 0.5% (v/v)
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glycerol, 0.05% (v/v) Tyloxapol and 10% (v/v) ADS enrichment (5%, w/v, bovine
serum albumin fraction V; 2%, w/v, glucose; 0.85%, w/v, sodium chloride). Bacteria
were precultured until log-phase (OD 600 nm ~ 1) and then seeded at 1x10° cells per
well in a total volume of 100 pul in 96-well round bottom microtiter plates and
incubated with test substances for 6 days. For viability determination, 10 ul resazurin
solution (100 pg/ml, Sigma-Aldrich) was added per well and incubated for ca. 8 h.
Then cells were fixed at room temperature for 30 min after addition of formalin (5%,
v/v, final concentration), and fluorescence was measured using a microplate reader
(excitation 540 nm, emission 590 nm). Residual growth was calculated relative to
rifampicin treated (0% growth) and DMSO treated (100% growth) controls (Daletos
etal.,2015).

2.3.4.2. Cytotoxicity assays
2.3.4.2.1. Microculture tetrazolium (MTT) assay

Cytotoxicity assays were carried out by Prof. Dr. W. E. G. Miiller, Institute for
Physiological Chemistry and Pathobiochemistry, University of Mainz, Mainz.
Cytotoxicity was tested against L5178Y mouse lymphoma cells grown in Fischer’s
medium using a microculture tetrazolium (MTT) assay and compared to that of
untreated controls. Experiments were repeated three times and carried out in triplicate.
As negative controls, media with 0.1% EGMME-DMSO were included in the
experiments. Kahalalide F was used as positive control (ICso 4.3 uM) (Daletos et al.,

2014).

2.3.4.2.2. Resazurin cell viability assay

In vitro cytotoxicity studies were performed using the human monocytic cell
line THP-1 (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) and
the human fetal lung fibroblast cell line MRC-5 (American Type Culture Collection).
THP-1 cells were cultured in RPMI 1640 medium with stable glutamine (Biochrom
AG) containing 10% fetal bovine serum (FBS, Life Technologies) and MRC-5 cells in
Dulbecco’s Modified Eagles Medium (DMEM, Life Technologies) containing 10%
FBS, respectively, at 37 °C in a humidified atmosphere of 5% CO,. Cells were seeded
at ca. 5x10* cells per well in a total volume of 100 uL in 96-well flat bottom
microtiter plates and incubated with tested substances for 48 h. For viability

determination, 10 uL resazurin solution (100 ug/mL) was added per well and
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incubated for further ca. 3 h after which fluorescence was quantified using a
microplate reader (excitation 540 nm, fluorescence 590 nm). Residual growth was
calculated relative to uninoculated (0% growth) and untreated (100% growth)

controls, respectively (Daletos ef al., 2015).

2.3.4.2.2. Protein kinase assay

The inhibitory profiles of the compounds were determined using 16 protein
kinases, namely, AKT1, ALK, ARKS, Aurora-B, AXL, FAK, IGF1-R, MEK1 wt,
METwt, NEK2, NEK6, PIM1, PLK1, PRK1, SRC, and VEGF-R2. A radiometric
protein kinase assay (**PanQinase activity assay) was used for measuring the kinase
activity of the 16 protein kinases as previously described.56 Briefly, recombinant
protein kinases were incubated with a mixture of [y-**P]-labeled ATP, unlabeled ATP,
and kinase substrate. After kinase reaction, incorporation of labeled ATP on the
substrate was measured using 96-well FlashPlates from Perkin-Elmer/NEN. Protein
kinase assay was carried out by Dr. Michael Kubbutat (ProQinase GmbH, Freiburg,
Germany) (Daletos et al., 2014).

Table 2.1: Relevance of the tested protein kinases to the regulation of tumor growth

and metastasis (Daletos et al., 2014).

Kinase Deregulation in tumors Relevant cancers

AKTI deregulation of upstream many human cancers
effectors

ALK expression of fusionproteins, ALCL, neuroblastoma
mutations, gene amplification

ARKS overexpression hepatocellular carcinoma

Aurora-B  overexpression many human cancers

AXL overexpression many human cancers

FAK overexpression, deregulation of  many human cancers
upstream effectors

IGF1-R overexpression of ligands breast cancer

MEK1 mutation of upstream B-Raf melanoma and all cancers

MET gene amplification, mutations many human cancers

NEK2 overexpression breast cancer

NEK6 overexpression most human cancers
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PIM1

PLK1
PRK1

SRC

VEGF-R2

overexpression

overexpression, mutations

overexpression

overexpression, deregulation of
upstream effectors

activated by tumor cells

2.3.5. General laboratory equipment

Balances

Centrifuge
Cleanbench
Digital pH meter
Drying Ovens
Fraction collector
Freeze dryer
-80°C Freezer
Hot plate
Magnetic stirrer
Rotary evaporator
Sonicator
Syringes

Ultra Turrax

UV lamp

Vacuum centrifuge

hematopoietic
malignancies/prostate cancer
many human cancers
androgen-dependent prostate
cancer

many human cancers

solid tumors

Mettler 200, Mettler AT 250, Mettler PE 1600,
Sartorious MCI AC210S
Biofuge pico, Heraeus
HERAsafe, Heraeus
420Aplus, Orion

Kelvitront, Heraeus

Cygnet, ISCO

Lyovac GT2, Steris

Forma Scientific, 86-Freezer
Camag

Combi Mag, IKA
Vacuubrand, IKA

Sonorex RK 102, Bandelin
Hamilton

T18 basic, IKA

Camag (254 and 366)
SpeedVac SPD 111V, Savant
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3. Results
3.1. Isolated compounds from the sponge Dactylospongia metachromia

In this study, we investigated a specimen of Dactylospongia metachromia
collected at Ambon, Indonesia, in August 1996, and subsequently identified by Dr.
Nicole de Voogd, National Museum of Natural History, Leiden, the Netherlands. The
thawed sponge material was cut into small pieces and exhaustively extracted with
MeOH (1L x 2) followed by MeOH:DCM (1:1, 1L x 2) at room temperature. Total
methanolic extract of the sponge was subjected to liquid liquid partition technique
against n-Hexane, DCM, EtOAc, and n-BuOH. The bioactive DCM fraction was
further subjected to vacuum liquid chromatography (VLC) on silica gel using a
stepwise gradient system from 100% n-Hexane to 100 % EtOAc, and from 100%
DCM to 100% MeOH. Each fraction was purified by column chromatography using
Sephadex LH-20 as a stationary phase and either MeOH or DCM:MeOH (1:1) as a
mobile phase followed by semi-preparative reversed phase HPLC (C18 Eurosphere
100) for final purification using an eluting gradient of MeOH:H>O or CH3CN:H>O.
This afforded three new sesquiterpene aminoquinones in addition to one known
sesquiterpene quinol. Following the same procedure, column chromatography of the
n-hexane fraction followed by purification using semi-preparative HPLC afforded two
new sesquiterpene benzoxazoles. In this part, we report the isolation and structure
elucidation of the isolated compounds, as well as bioassay results employing the
L5178Y mouse lymphoma cell line and a panel of protein kinases (Daletos et al.,

2014).
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3.1.1. 5-epi-Nakijiquinone S (1, new natural product)

5-epi-Nakijiquinone S

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-25

Dactylospongia metachromia
4.0 mg

red amorphous solid
C29H37NO4

463 g/mol

-23 (¢ 0.05, MeOH)
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Compound 1 was obtained as a red amorphous solid. The HRESIMS spectrum
exhibited a prominent peak at m/z 464.2792 [M+H]" consistent with the molecular
formula C29H37NO4. The UV spectrum, revealing absorbances at Amax 319 and 490
nm, suggested the presence of a quinone chromophore in the molecule. The 'H NMR
spectrum (Table 3.1) indicated the presence of one NH proton resonating at du 6.46
ppm, two olefinic protons at oy 5.30 and 5.38 ppm (H-3 and H-19, respectively), a
para substituted aromatic ring (H-25/29 and H-26/28), an olefinic methyl group at ou
1.62 ppm (H3-11), a secondary methyl group split to a doublet at oy 0.88 ppm (Hs-
13), and two tertiary methyl signals at Ju 0.88 and 0.93 ppm (H3-14 and Hs-12,
respectively). The ')C NMR (Table 3.1) and HMQC spectra confirmed the
corresponding carbon signals and revealed in addition eight sp’ quaternary carbons,
including two carbonyl groups at oc 178.6 and 183.1 ppm (C-18 and C-21,
respectively), two sp® quaternary carbons, two sp’ methines, and seven sp’ methylene
groups (Daletos et al., 2014).

Thorough inspection of the 2D NMR spectra disclosed the presence of a
sesquiterpenoid and an aminoquinone moiety in the structure of 1, thus revealing a
nakijiquinone core structure. The sesquiterpenoid moiety comprised two continuous
spin systems, CH(10)CH2(1)CH2(2)CH(3) and CH2(6)CH2(7)CH(8)CH3(13), as
indicated by the COSY spectrum. The corresponding HMBC correlations (Figure 3.1)
confirmed the sesquiterpenoid substructure as identical to that found in 18-hydroxy-5-
epi-hyrtiophenol (8). This was further corroborated by the prominent fragment ion
peak at m/z 191, characteristic of the decalin moiety (Ci4H23) that was observed in the
mass spectrum of 1. Further HMBC correlations of H>-15 to C-16, C-17 and C-21, of
H-19 to C-17 and C-21, and the downfield shifted signal of C-17 (dc 157.2 ppm)
established the 17-hydroxyquinone subunit and its connection to the sesquiterpenoid
moiety at C-16. The chemical shift of C-20 (oc 150.3 ppm) suggested its attachment
to an amino substituent, the HMBC correlations of the 20-NH to C-19, C-21 and C-22
confirmed the presence of the amino substituent on C-20, and the upfield chemical
shift of H-19 (du 5.38 ppm) was consistent with location ortho to an amino group. All
remaining signals were assigned to a tyramine unit, which included the
NHCH2(22)CH2(23) substructure and the AA’BB’ spin system observed in the COSY
spectrum. This was further corroborated by HMBC correlations of CH»-22 to C-20,
C-23 and C-24, of CH»-23 to C-22, C-24 and C-25/29, of H-25/29 to C-23 and C-27,
and of H-26/28 to C-24 and C-27 (Daletos et al., 2014).
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The relative configuration of the sesquiterpenoid unit in 1 was deduced from
analysis of the ROESY spectrum. Key correlations were observed from H»>-15 to both
H-8 and H-10, as well as from H-10 to H3-12, indicating their cofacial orientation.
According to the literature, the '*C signals of CH3-12 in trans-decalin moieties of
structural analogues resonate upfield from those in cis-decalins (4 ca. 10 ppm). Thus,
the deshielded resonance of C-12 (dc 32.5 ppm) in 1 offered additional evidence and
confirmed a cis rather than trans junction of the decalin ring. Hence, the structure of 1
was assigned representing a new natural product named 5-epi-nakijiquinone S

(Daletos et al., 2014).
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Figure 3.1: HMBC spectrum of 1.
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Table 3.1: NMR data of 1 at 600 (*H) and 150 ('3C) MHz (CDCls, J in ppm)

5-epi-nakijiquinone S

Nr. Jc, type ou (J in Hz) COSY HMBC
1 19.3, CH, 1.94, m la, 2, 10 2,3,9,10
2.15,m 1b,2, 10 2,3,5,9,10
2 24.7, CH, 2.01, m 1,2a,3
2.15,m 1,2b,3
3 124.1, CH 5.30, brs 2,11 1,2,5
4 139.2,C
5 37.5,C
6 37.6, CH, 0.91¢ 6a, 7 4,5,7,8
1.86,ddd (13.4,3.9, 6b,7 7,8, 10
1.8)
7 29.3, CH» 1.01, m 6,7a, 8 5,6,9,13
1.22, m 6, 7b 5,6
8 38.9, CH 1.19,m 7b, 13 6,9,10,13,14, 15
9 443, C
10 46.1, CH 1.09, brd (6.3) 1 1,2,4,5,6,9, 12,
14,15
11 20.0, CH3 1.62,d(1.1) 3 3,4,5
12 32.5, CH; 0.93,s 4,5,6,10
13 18.4, CH; 0.88,d (6.2) 8 7,8,9
14 16.5, CH; 0.88, s 8,9,10,15
15 33.1, CH; 2.40,d (13.8) 15a 8,9, 10, 14, 16,
17,21
2.56,d (13.8) 15b 8,9, 10, 14, 16,
17,21
16 114.3,C
17 157.2,C
18 178.6, C
19 92.0,CH 5.38,s 17,21
20 150.3,C
21 183.1,C
22 44.5, CH, 3.37,td (7.0, 6.7) 23, 20-NH 20, 23,24
23 33.6, CH; 2.86,t(7.0) 22 22,24, 25/29
24 129.8, C
25 130.0, CH 7.03,d (8.3) 26 23,27,29
26 116.0, CH 6.77,d (8.3) 25 24,27,28
27 154.8, C
28 116.0, CH 6.77,d (8.3) 29 24, 26,27
29 130.0, CH 7.03,d (8.3) 28 23,25,27
17-OH 8.27, brs
20-NH 6.46, brt 22 19, 21,22
27-OH 4.86, brs
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3.1.2. 5-epi-Nakijiquinone Q (2, new natural product)

S-epi-Nakijiquinone Q

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-5

Dactylospongia metachromia
8.0 mg

red amorphous solid
C29H37NO3

447 g/mol

-18 (¢ 0.05, MeOH)
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Compound 2 was obtained as a red amorphous solid. UV spectra of 2 were
almost the same as those of 5-epi-nakijiquinone S (1), suggesting that 2 was an analog
of 1. The molecular formula was established to be C29H37NO3 from the prominent ion
peak at m/z 448.2844 for the protonated molecule [M+H]" in the HRESIMS spectrum,
thus revealing a 16 amu decrease in the molecular weight compared to 1. The 'H and
13C NMR data of 2 were similar to those of 1 except for the loss of the hydroxy group
at C-27, which accounts for the molecular weight difference between both
compounds. Furthermore, comparison of 2 to the data reported for the known
nakijiquinone Q (Takahashi ef al., 2010) indicated that both compounds are epimers
with different configurations at the stereogenic center C-5. This was corroborated by
interpretation of ROESY spectra and the downfield chemical shift of C-12 (d¢ 32.5
ppm), establishing a cis junction of the decalin ring as in 1, in contrast to the trans
junction as reported for nakijiquinone Q (Figure 3.2). Thus, the structure of 2 was

identified and the trivial name 5-epi-nakijiquinone Q is proposed (Daletos et al.,

2014).
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Figure 3.2: ROESY spectrum of 2
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Table 3.2: NMR data of 2 600 ('H) and 150 (**C) MHz (CDCls, 6 in ppm)

5-epi-nakijiquinone Q

Nr. dc, type ou (J in Hz) COSY HMBC
1 19.3, CHx 1.94, m la, 2, 10 2,3,9,10
2.15, m b, 2, 10 2,3,5,9,10
2 24.7, CH, 2.00, m 1,2a,3
2.15, m 1,2b,3
3 124.1, CH 5.30, brs 2,11 1,2,5
4 139.2,C
5 37.5,C
6 37.6, CH» 0.92¢ 6a, 7 4,5,7,8
1.86, brdd (13.3, 3.5) 6b, 7 7,8, 10
7 29.3, CH, 1.01, m 6, 7a, 8 5,6,13
1.22, m 6, 7b 5,6
8 38.9,CH 1.19, m 7b, 13 6,9,10, 13,14, 15
9 443,C
10 46.1, CH 1.10, brd (6.3) 1 1,2,4,5,6,9, 12,
14, 15
11 20.0, CH3 1.62,d (1.1) 3 3,4,5
12 32.5, CHs 0.93,s 4,5,6,10
13 18.4, CH; 0.88,d (6.2) 8 7,8,9
14 16.5, CH; 0.88, s 8,9,10,15
15 33.1, CH» 2.41,d(13.8) 15a 8,9,10, 14, 16, 17,
21
2.56,d (13.8) 15b 8,9, 10, 14, 16, 17,
21
16 1143, C
17 157.2,C
18 178.7,C
19 92.1, CH 5.40, s 17,21
20 150.2, C
21 183.1,C
22 44.3, CH2 3.42,td (7.0, 6.7) 23,20-NH 20, 23, 24
23 34.5, CH, 2.94,t(7.0) 22 22,24,25/29
24 137.7,C
25 128.8, CH 7.17,d(7.4) 26 23,27,29
26 129.1, CH 7.31,dd (7.4,7.5) 25,27 24,28
27 127.3, CH 7.24,1(7.5) 26/28 25/29
28 129.1, CH 7.31,dd (7.4, 7.5) 27,29 24,26
29 128.8, CH 7.17,d(7.4) 28 23, 25,27
17-OH 8.29, brs
20-NH 6.47, brt 22
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3.1.3. 5-epi-Nakijiquinone T (3, new natural product)

S-epi-Nakijiquinone T

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-27

2.5mg

red amorphous solid
C31H3sN203

486 g/mol

-17 (¢ 0.05, MeOH)

Dactylospongia metachromia
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Compound 3 was obtained as a red amorphous solid. The molecular formula
C31H3sN203 was established by HRESIMS, in accordance with the signal observed at
m/z 487.2953 [M+H]". UV absorptions at 315 and 500 nm suggested the presence of a
quinone chromophore. The spectroscopic data of 3 had some features in common with
those of 1 and 2, suggesting the same sesquiterpenoid aminoquinone core structure,
but a different amine function connected to C-20. 'H NMR and COSY spectra
revealed an aminoethyl residue, an additional NH proton resonating at du 8.04 ppm,
which is coupled to an aromatic proton at oy 7.04 ppm (H-2’), and an aromatic ABCD
spin system (H-5" to H-8’). Hence, the last two spin systems revealed an indole
moiety. This was confirmed by HMBC cross-peaks detected from H-2’ to C-3°, C-4’
and C-9°, from H-5" to C-3’, C-7’ and C-9’, and from H-8’ to C-4’ and C-6" (Figure
3.3). In addition, HMBC correlations of H>-23 to C-2°, C-3°, C-4’ and C-22, as well
as of H2-22 to C-3” and C-23, established the connection of the indole ring with the
aminoethyl unit at C-3” (Figure 3.3), thus indicating a tryptamine unit. Accordingly,
the structure of 3 was elucidated and designated as 5-epi-nakijiquinone T (Daletos et

al., 2014).
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Figure 3.3: HMBC spectrum of 3
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Table 3.3: NMR data of 3 600 ('H) and 150 (**C) MHz (CDCls, 6 in ppm)

5-epi-nakijiquinone T

Nr. Jc,” type on” (J in Hz) COSY HMBC
1 19.3, CH, 1.92, m la, 2, 10 2,3,9,10
2.15,m 1b, 2, 10 2,3,5,9,10
2 24.7, CH» 2.00, m 1,2a,3
2.14, m 1,2b,3
3 124.1, CH 5.30, brs 2,11 1,2,5
4 139.2,C
5 37.5,C
6 37.5, CH; 0.89¢ 6a, 7 4,5,7,8
1.85,ddd (13.3,4.0,1.7)  6b,7 7,8, 10
7 29.3, CH, 1.00, m 6, 7a, 8 5,6,9,13
1.24, m 6, 7b 5,6
8 38.8, CH 1.18, m 7b, 13 6,9, 10, 13, 14,
15
9 443, C
10 46.0, CH 1.10, brd (6.3) 1 1,2,4,5,6,9,
12, 14, 15
11 20.0, CH; 1.62,d (1.1) 3 3,4,5
12 32.5, CHs 0.93, s 4,5,6,10
13 18.4, CH; 0.87,d (6.2) 8 7,8,9
14 16.5, CH; 0.88, s 8,9, 10, 15
15 33.1, CH, 2.40,d (13.8) 15a 8,9, 10, 14, 16,
17,21
2.55,d (13.8) 15b 8,9, 10, 14, 16,
17,21
16 1142, C
17 157.3,C
18 178.6, C
19 91.9, CH 5.41,s 17,21
20 150.3, C
21 183.1,C
22 43.1, CH, 3.49,td (6.9, 6.3) 23,20-NH  20,23,3
23 24.4, CH, 3.12,t(6.9) 22 22,2¢, 3¢, 4¢
24
25
17- 8.29, brs
OH
20- 6.54, brt 22
NH
NH- 8.04, brs 2’
1’
2’ 122.4, CH 7.04,d (1.7) NH-1’ 3¢, 44 9¢
3 112.0, C
4 127.1,C
5 118.6, CH 7.56, brd (7.8) 6’ 37,74 9¢
6’ 120.0, CH 7.13,dd (7.8, 7.4) 5,7 4.8
7’ 122.8, CH 7.21,dd (8.0, 7.4) 6,8’ 5,9
8’ 111.6, CH 7.37, brd (8.0) 7’ 4¢ 6°
9’ 136.7, C
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3.1.4. S5-epi-Nakijiquinone U (4, new natural product)

5-epi-Nakijiquinone U

Sample code

Biological source

Sample amount

Physical description

Molecular formula

Molecular weight

Optical rotation [a];

20

G2-28

Dactylospongia metachromia
2.0 mg

red amorphous solid
C2sH37NOsS

431 g/mol

-54 (¢ 0.1, MeOH)
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Compound 4 was obtained as a red amorphous solid. HRESIMS showed an
ion peak at m/z 432.2567 [M+H]" indicating the molecular formula C,sH37NOsS.
NMR data denoted the same sesquiterpenoid aminoquinone basic structure as in 1-3.
It displayed UV absorbances at Amax (MeOH) 204.5, 327.8, and 493.9 nm, showing
high similarity to UV spectra typical for nakijiquinone derivatives. In addition, 'H
NMR and COSY spectra (Table 3.4) showed an aminopropyl spin system including
three methylene groups resonating at oy 3.30, 1.95 and 2.56 ppm (H»2-22, H»-23 and
H»-24, respectively), and one methyl group singlet at on 2.09 (H3-25). The downfield
chemical shifts of the methyl group and of CH»-24 at ou 2.09 (Jc 15.8) and 2.56 (dc
31.7) ppm, as well as the presence of one sulfur atom in the molecule, as indicated by
HRESIMS, suggested the attachment of the methyl group to CH»-24 through sulfur.
This was further confirmed by the observed HMBC correlation of the methyl group to
C-24 (Figure 3.4). Further HMBC correlations were observed from H»-22 to C-20, C-
23 and C-24, from H-23 to C-22 and C-24, and from H»-24 to C-22, C-23 and C-25.
Thus, 4 was identified as the new natural product 5-epi-nakijiquinone U. Based on

ROESY and >C NMR spectra interpretation, the relative configuration of the

sesquiterpenoid unit in 3 and 4 was found to be identical to that observed for 1 and 2

(Daletos et al., 2014).

Figure 3.4: ROESY spectrum of 4
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Table 3.4: NMR data of 4 600 (‘H) and 150 ('3C) MHz (CDCls, § in ppm)

5-epi-nakijiquinone U

Nr.  dc,” type on” (J in Hz) COSY HMBC
1 19.3, CH, 1.93, m la, 2, 10 2,3,9,10
2.17, m 1b,2, 10 2,3,5,9,10
2 24.7, CH» 2.00, m 1,2a,3
2.15,m 1,2b,3
3 124.1, CH 5.30, brs 2,11 1,2,5
4 139.2,C
5 37.5,C
6 37.5,CH, 0.89¢ 6a, 7 4,5,7,8
1.86,ddd (13.4,4.5, 6b,7 7,8, 10
3.2)
7 29.3, CH, 1.01, m 6, 7a, 8 5,6,9,13
1.24, m 6, 7b 5,6
8 38.8, CH 1.20, m 7b, 13 6,9, 10, 13, 14,
15
9 443, C
10 46.1, CH 1.11, brd (5.9) 1 1,2,4,5,6,9,
12, 14, 15
11 20.0, CH3 1.62,d (1.1) 3 3,4,5
12 32.5, CH; 0.93, s 4,5,6, 10
13 18.4, CH; 0.90, d (6.2) 8 7,8,9
14 16.5, CH; 0.89, s 8,9, 10, 15
15 33.1, CH» 2.41,d(13.8) 15a 8,9, 10, 14, 16,
17,21
2.56,d (13.8) 15b 8,9, 10, 14, 16,
17,21
16 1142, C
17 157.3,C
18 178.6, C
19 92.0, CH 541,s 17,21
20 150.4, C
21 183.1,C
22 41.8, CH, 3.30, td (6.9, 6.5) 23, 20-NH 20, 23, 24
23 27.3, CH, 1.95, q (6.9) 22,24 22,24
24 31.7, CH, 2.56,1(6.9) 23 22,23, 25
25 15.8, CH; 2.09, s 24
17- 8.27, brs
OH
20- 6.51, brt 22
NH
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3.1.5. 5-epi-Nakijiquinone N (5, new natural product)

5-epi-Nakijiquinone N

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-13

Dactylospongia metachromia
5.0 mg

red amorphous solid
C26H40NO3

413 g/mol

-26 (¢ 0.05, MeOH)

26
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Compound 5 was obtained as a red amorphous solid. The molecular formula
C26H39NO3 was established by HRESIMS analysis (m/z 414.3006 [M+H]"). It
exhibited UV absorbances at Amax (MeOH) 206.3, 322.2, and 495.1 nm. '"H NMR and
COSY spectra showed an isopentylamine spin system including two methylene
groups resonating at ou 3.16, 1.55 ppm (H2-22, H>-23 respectively), one methine at on
1.66 and two methyl groups at ou 0.93 (H3-25, H3-26). This was further confirmed by
the observed HMBC correlations from H»-23 to C-25, C-26 and C-22, from Hz-24 to
C-22, C-25 and C-26, and from H3-25/26 to C-23 and C-24. Close similarity of the 'H
and 3C NMR data with those reported for nakijiquinone N (Takahashi et al., 2010)
indicated both compounds to be epimers differing in the configuration of C-5. In
contrast to the trans fused decalin ring reported for nakijiquinone N, ROESY and *C
NMR data indicated a cis fusion in 5, by analogy with 1-4. This was corroborated by
interpretation of ROESY spectra and the downfield chemical shift of C-12 (éc 32.5
ppm), establishing a cis junction of the decalin ring as in 1, in contrast to the trans
junction as reported for nakijiquinone N. Thus, the structure of 5 was identified and

the trivial name 5-epi-nakijiquinone N is proposed (Daletos et al., 2014).
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Figure 3.5: COSY spectrum of §



Table 3.5. NMR data of 5 600 ('H) and 150 (**C) MHz (CDCls, 6 in ppm)

5-epi-nakijiquinone N

Nr. oc, type ou (J in Hz) COSY HMBC
1 19.3, CH» 1.94, m la, 2, 10 2,3,9,10
2.17, m 1b, 2, 10 2,3,5,9,10
2 24.7, CH, 2.00, m 1,2a,3
2.15, m 1,2b,3
3 124.1, CH 5.30, brs 2,11 1,2,5
4 139.2,C
5 37.5,C
6 37.5, CH» 0.90* 6a, 7 4,5,7,8
1.86, ddd (13.4, 6b, 7 7,8,10
3.7,2.1)
7 29.4, CH, 1.01, m 6, 7a, 8 5,6,13
1.23, m 6, 7b 5,6
8 38.8, CH 1.19, m 7b, 13 6,9, 10, 13, 14,
15
9 442, C
10 46.0, CH 1.11, brd (6.2) 1 1,2,4,5,6,9,
12, 14, 15
11 20.0, CH3 1.62,d(1.1) 3 3,4,5
12 32.5, CH; 0.93, s 4,5,6,10
13 18.4, CH3 0.90, d (6.2) 8 7,8,9
14 16.5, CH3 0.89, s 8,9,10,15
15 33.1, CH» 2.41,d (13.8) 15a 8,9, 10, 14, 16,
17,21
2.56,d (13.8) 15b 8,9, 10, 14, 16,
17,21
16 114.0,C
17 157.5,C
18 178.4,C
19 91.7, CH 537, s 17,21
20 150.5,C
21 183.2,C
22 41.4, CH; 3.16,td (8.0, 6.2) 23,20-NH 20, 23, 24
23 37.1, CH» 1.55,td (8.0,7.1) 22,24 22,25/26
24 26.2, CH 1.66, m 23,25,26 23, 25/26
25 22.5, CH; 0.93,d (6.5) 24 23,24,26
26 22.5, CH3 0.93,d (6.5) 24 23, 24,25
27
28
29
17-OH 8.33, brs
20-NH 6.39, brt 22
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3.1.6. 5-epi-Nakijinol C (6, new natural product)

S-epi-Nakijinol C

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-37

Dactylospongia metachromia
8.0 mg

pale yellow amorphous solid
C24H33NO3

483 g/mol

-33 (¢ 0.1, MeOH)
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Compound 6 was obtained as a pale yellow amorphous solid. The molecular
formula was determined to be C24H33NO3; by HRESIMS (m/z 384.2532 [M+H]"),
indicating nine elements of unsaturation. It showed UV absorbances at Amax (MeOH)
204.1, 227.4, and 294.0 nm. Thorough inspection of 1D and 2D NMR data disclosed
the presence of the same sesquiterpenoid moiety as in 1-5. In addition, the 'H NMR
spectrum revealed the presence of a hydroxy group resonating at ou 5.85 ppm, an
aromatic proton at ou 6.98 ppm (H-19), a methoxy group at ou 3.91 ppm (18-OCH3),
and an olefinic methyl group at du 2.54 ppm (CH3-23). The '*C NMR (Table 3.6) and
HMQC spectra confirmed the corresponding carbon signals and revealed in addition
six sp’ quaternary carbons, four of which were oxygenated as indicated by their
downfield chemical shifts at c 162.1, 146.8, 144.6 and 143.7 ppm (C-22, C-17, C-18
and C-21, respectively) (Daletos ef al., 2014).

HMBC correlations of H-19 to C-17, C-18, C-20 and C-21 (Figure 3.6)
established a pentasubstituted aromatic ring, which was connected to the
sesquiterpenoid moiety at C-16 based on correlations observed for H>-15 to C-16, C-
17 and C-21. The methoxy group 18-OCHj3 was attached to C-18, as indicated by the
respective HMBC correlation (Figure 3.7), as well as by its ROESY correlation to H-
19. The downfield chemical shifts of C-20 (dc 132.5), C-21 (dc 143.7) and C-22 (dc
162.1), as well as the HMBC correlation observed for the methyl group H3-23 to C-
22, were indicative of a 2-methyloxazole moiety and hence accounted for the
remaining two elements of unsaturation in the structure of 6. This was further
confirmed by the upfield chemical shift of C-23 at Joc 14.6 ppm, which is
characteristic for respective methyl substituents in structural analogues. Accordingly,
6 was identified as a new natural product and was given the name 5-epi-nakijinol C

(Daletos et al., 2014).
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Table 3.6. NMR data of 6 600 ('H) and 150 (**C) MHz (CDCls, 6 in ppm)

5-epi-nakijinol C

position  dc, type ou (J in Hz) COSY HMBC
1 19.6,CH>  2.05,m 1a,2,10 2,9,10
2.32,brdd (13.3, 1b, 2, 2,3,5,9,10
9.1) 10
2 249,CH,  2.06,m 1,2a,3
221, m 1,2b,3
3 124.1, CH 5.32, brs 2,11 1,2,5
4 1394, C
5 374,C
6 37.3,CH, 0.74,td (13.6,2.8) 6a,7 4,5,7,8
1.79, ddd (13.6, 6b, 7 7,8, 10
3.5,2.8)
7 294,CH, 1.03,qd (13.3,2.5) 6,7a,8 5,6,13
1.19,dq (13.4,3.5) 6,7b 5,6,9,13
8 38.1,CH 1.35, m 7b, 13 6,7,9, 13, 14,
15
9 442, C
10 45.3, CH 1.32,brd (5.7) 1 1,2,4,5,6,9,
12, 14,15
11 20.0,CHs  1.62,d(1.2) 3 3,4,5
12 324,CHs  0.87,s 4,5,6,10
13 18.7,CHs  0.99,d(6.2) 8 7,8,9
14 16.7,CHs  0.99, s 8,9,10, 15
15 349,CH, 2.82,d(14.0) 15a 8,9, 10, 14, 16,
17,21
3.01,d (14.0) 15b 8,9,10, 14, 16,
17,21
16 109.7, C
17 146.8, C
18 144.6, C
19 98.9, CH 6.98, s 17,18, 20, 21
20 132.5,C
21 143.7,C
22 162.1,C
23 14.6,CHs  2.54,s 22
24
25
18- 56.7,CHs  3.91,s 18
OCHj3
17-OH 5.85,s
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3.1.7. 5-epi-Nakijinol D (7, new natural product)

S-epi-Nakijinol D

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-46

2.5mg

C2sH32N20;
393 g/mol

-41 (¢ 0.1, MeOH)

Dactylospongia metachromia

pale yellow amorphous solid
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Compound 7 was obtained as a pale yellow amorphous solid. The molecular
formula C25H3:N202 was established by HRESIMS (m/z 393.2535 [M + H]"), thus
corresponding to 11 elements of unsaturation. It displayed UV absorbances at Amax
(MeOH) 219.0, 248.9, 284.1, 288.9, and 493.9 nm. NMR data of 7 revealed the
presence of the same cis-4,9-friedodrim-3-ene subunit as for 1-6. The remaining 'H
NMR signals (Table 3.7) included an aromatic proton at on 7.71 ppm (H-19), and two
overlapping olefinic methyl groups at ou 2.61 ppm (CH3-23/25), both familiar features
from the spectra of 6. In addition to the corresponding carbon signals, only four out of
seven expected sp’ quaternary carbon signals were detected in the 3C NMR spectrum.
Accordingly, six carbons appeared as three pairs of overlapped signals (C-17/21, C-
18/20 and C-22/24), suggesting a plane of symmetry in the structural subunit. HMBC
correlations from H-19 to C-17/21 and C-18/20, from H3-23/25 to C-22/24 (Figure
3.9), as well as comparison of '*C chemical shifts of C-18/20 (dc 138.5), C-17/21 (5c
149.2) and C-22/24 (6c 163.9) with those detected in 6, corroborated the presence of a
2,6-dimethyl-bisbenzoxazole moiety, rationalizing the remaining elements of
unsaturation. The connection to the sesquiterpenoid moiety at C-16 was deduced from
HMBC correlations of H»-15 to C-16 and C-17/21 (Figure 3.8) by analogy with 6.
Moreover, the prominent fragment ion peaks detected at m/z 191 and 202, which are
characteristic for the decalin (Ci4H2;3) and the 2,6,8-trimethyl-bisbenzoxazole
(C11H10N202) subunits, respectively, offered further evidence. Thus, the structure of 7

was assigned and it was designated 5-epi-nakijinol D (Daletos et al., 2014).
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Table 3.7: NMR data of 7 600 ("H) and 150 (**C) MHz (CDCls, § in ppm)

5-epi-nakijinol D

Nr. dc, type ou (J in Hz) COSY HMBC
1 19.3, CH» 2.11, m la, 2, 10 2,9,10
2.44.brdd (13.7, 9.8) 1b, 2, 10 2,3,5,9,10
2 24.7, CH, 212, m 1,2a,3
2.26, m 1,2b,3
3 123.9, CH 5.34, brs 2,11 1,2
4 1394, C
5 37.3,C
6 37.2, CHz 0.64, td (13.8, 3.0) 6a, 7 4,5,7,8,12
1.78, brdt (13.8, 3.1) 6b, 7 4,7,8,10
7 29.1, CH» 1.08“ 6, 7a, 8 5,6,8
1.19, m 6, 7b 8,13
8 38.0, CH 1.25, m 7b, 13 9,13, 14
9 442,C
10 45.2, CH 1.22, m 1 1,2,4,5,6,9,
12, 14, 15
11 19.9, CH; 1.63,d (1.3) 3 3,4,5
12 32.4, CHs 0.81,s 4,5,6,10
13 18.1, CH3 1.08, d (6.5) 8 7,8,9
14 16.7, CHs 1.06, s 8,9,10, 15
15 35.2, CH; 3.04,d (14.2) 15a 8,9, 10, 14,
16, 17/21
3.25,d(14.2) 15b 8,9, 10, 14,
16, 17/21
16 106.7, C
17 149.2,C
18 138.5,C
19 106.7, CH 7.71, s 17/21, 18/20
20 138.5,C
21 149.2,C
22 163.9,C
23 14.9, CH; 2.61,s 22
24 163.9,C
25 14.9, CH3 2.61,s 24
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3.1.8. 18-Hydroxy-5-epi-hyrtiophenol (8, known natural product)

18-Hydroxy-5-epi-hyrtiophenol

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Optical rotation [a]f)o

G2-1

Dactylospongia metachromia
10 mg

white amorphous solid
C23H3204

372 g/mol

-70 (¢ 0.1, MeOH)
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Compound 8 was obtained as a white amorphous solid. It displayed UV
absorbances at Amax 218 and 269 nm. The EIMS showed molecular ion peak at m/z
372 [M'] indicating a molecular weight of 372 g/mol. The NMR spectral data
revealed two substructures consisting of a sesquiterpene and a tetrasubstituted
benzene moiety. The NMR '3C and 'H chemical shifts corresponding to the
sesquiterpene substructure indicated among others the presence of a secondary
methyl, two tertiary methyls, and a trisubstituted double bond bearing one further
methyl group. Such a pattern, together with the presence in the mass spectrum of an
intense fragment ion at m/z 191, is characteristic of the cis-4,9-friedodrim-3-ene
subunit as for 1-7. In addition, HMBC correlations from H-19 to C-17, C-21, and C-
22, and from H-21 to C-17, C-19 and C-22 (Figure 3.10) established a 1,3,4,5-
tetrasubstituted benzene ring, which was connected to the sesquiterpenoid moiety at
C-16 based on correlations observed for H»-15 to C-16, C-17, and C-21. The structure
of 8 was further confirmed by comparison of its spectroscopic data (UV, MS, 1H and
13C NMR) with those reported for 18-Hydroxy-5-epi-hyrtiophenol from the sponge
Hyrtios tubulatus (Salmoun et al., 2000; Daletos et al., 2014).
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Figure 3.10: HMBC spectrum of 8
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3.1.9. 1,2-Propanediol, 3-[(13-methyltetradecyl)oxy]-, (25)-

(9, known natural product)

1,2-Propanediol, 3-[(13-methyltetradecyl)oxy]-, (25)-

Sample code

Biological source

Sample amount

Physical description

G2-6
Dactylospongia metachromia
3 mg

white amorphous solid

Molecular formula Ci18H3803
Molecular weight 302 g/mol
Optical rotation [«] +10 (¢ 0.06, MeOH)
OH
HO g o 5 7 9 11 13 15 17
\1/2\/ 4 6 8 10 12 14 16

Relative Abundance
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Compound 9 was isolated as a white amorphous solid. Its molecular formula
was established as C1sH3sO3 based on MS and NMR spectral analyses. The 'H-NMR
spectrum of 9 displayed a typical fatty acid spectrum, with an intense peak at ou 1.23,
due to the methylenes in the fatty acyl chain. In addition proton signals for three pairs
of oxymethylene protons and one oxymethine were observed [Ju 3.94 (1H, brddd, 9.4,
5.5,3.9,H-2),3.71 (1H, dd, J = 11.4, 3.9 Hz, H-1a), 4.16 (1H, dd, J = 11.4, 5.5 Hz,
H-1b), 3.51 (2H, m, H-3), 3.44 (2H, m, H-4)], representing typical signals for a
glycerol monoether moiety. The remaining resonances of an aliphatic methine at oy
1.50 (1H, m, H-16) and two overlapping methyl groups at ou 1.50 (6H, d, J = 6.6, Hs-
17 and H3-18) were indicative of an isopropyl terminated aliphatic long chain, as
confirmed by the strong COSY correlation from both methyl groups H3-17 and H3-18
to H-16. Thus, compound 9 was identified as 1,2-propanediol, 3-[(13-
methyltetradecyl)oxy]- by comparison of its NMR and MS spectroscopic data with
those reported in the literature (Liu et al., 2006). Previous reports include the
detection of the isolated glycerolipid in the Myxobacterium Myxococcus xanthus and
its isolation from a Sarcotragus sp. (Dictyoceratida) sponge (Liu et al., 2006). The S
configuration was established from the positive specific rotation value ([a]*’p +10, ¢
0.06, MeOH), which is a general feature of long-chain 1-O-alkyl-sn-glycerols (Baer
and Fischer, 1941; Daletos et al., 2014).
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3.1.10. Indole-3-carboxyaldehyde (10, known natural product)

Indole-3-carboxyaldehyde

Sample code G2-22
Biological source Dactylospongia metachromia
Sample amount 3 mg
Physical description Yellowish white amorphous solid
Molecular formula CoH7NO
Molecular weight 145 g/mol
Optical rotation [a]3° —
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Compound 10 was isolated as a yellowish white amorphous The UV spectrum
revealing absorbances at Amax (MeOH) 208, 244, 260, and 299 nm, indicating the
presence of an indole chromophore. The (+)-ESI-MS spectrum exhibited a molecular
ion peak at m/z 146.0 [M+H]" (base peak), suggesting a molecular weight of 145
g/mol. The '"H NMR spectrum revealed the presence of a a ABCD spin system,
including a doublet at oy 8.16 (1H, d, J = 7.8 Hz, H-4), two doublets of triplets in the
downfield region at on 7.24 (1H, dt, J= 7.8, 1.1 Hz, H-5) and Ju 7.28 (1H, d, J = 8.1,
1.3 Hz, H-6), and one doublet at ou 7.48 (1H, d, J = 8.1 Hz, H-7) (Figure 3.11), hence
suggesting an ortho-disubstituted benzene ring. The other singlet signal at Ju 8.09
(1H, s, H-2) in addition to the above mentioned signals were assigned to a C3-
substituted indole moiety. Moreover, the downfield signal at du 9.88 (1H, s), which
was not exchangeable indicated the presence of an aldehyde group. The above data
were identical to those in the literature for indole-3-carboxyaldehyde (Aldrich, 1992;
Daletos et al., 2014).
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1 060’
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Figure 3.11: '"H NMR spectrum of 10
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3.1.11. Bioactivity of compounds isolated from the marine sponge D.
metachromia

The isolated compounds were subjected to bioassays aimed to determine their
cytotoxicity and their protein kinase inhibitory profiles. The results are shown in
Tables 3.8 amd 3.9. Compounds 1-5 showed potent cytotoxicity against the mouse
lymphoma cell line L5178Y with ICso values ranging from 1.1 to 3.7 uM. When
tested in vitro for their inhibitory potential against 16 different protein kinases,
compounds 5, 6 and 8 exhibited the strongest inhibitory activity against ALK, FAK,
IGF1-R, SRC, VEGF-R2, Aurora-B, MET wt and NEK6 kinases (ICso 0.97-8.62 uM)
Daletos et al., 2014).

Table 3.8: Cytotoxic activities of 1-8

Compound ICso (uM)*

1 1.7
1.1
3.7
1.8
1.3

>10.0

>10.0

8 >10.0
Kahalalide F 4.30

“Only ICso values < 10.0 uM are reported.

N QN G AW

Table 3.9: 1Cso values of 5§, 6 and 8 against 16 different protein kinases

ICso [#M]

AKT1 ALK ARKS Auwrora-B AXL FAK IGF1-R MEK1wt MET wt NEK2 NEK6 PIM1 PLK1 PRK1 SRC VEGF-R2

732 097 >100 61.0 >100 3.03 1.94 >100 40.3 299 90.8 62.6 100.0 >100 220 222
>100 3.38  >100 >100 147 7.78 3.3l >100 >100 >100 >100 >100 >100 >100 19.7 3.66
484 219 294 3.89 13.1 4.56 11.8 >100 3.12 147 7.72 203 217 >100 &.62 4.81
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3.2. Isolated compounds from the sponge Callyspongia aerizusa

In this study, we investigated four separate collections of Callyspongia
aerizusa obtained from three different regions in Indonesia. Total methanolic extract
of the sponge was subjected to liquid-liquid partition technique against n-Hexane,
EtOAc, and BuOH. The bioactive EtOAc fractions were subjected to consecutive
column chromatography on Sephadex LH-20, using MeOH as a mobile phase. Further
purification was achieved by semi-preparative reversed phase HPLC (C18 Eurosphere
100) using an eluting gradient of MeOH:H>0. This afforded five new cyclic peptides
callyaerins I-M, along with the known callyaerins A-G. The structures of the new
compounds were unambiguously elucidated on the basis of one- and two-dimensional
NMR spectroscopy and mass spectrometry. In addition the structures of callyaerin D,
F, and G, previously available in only small amounts, have been reinvestigated and
revised. All compounds were tested in vitro against M. tuberculosis, as well as against
THP-1 (human acute monocytic leukemia), and MRC-5 (human fetal lung fibroblast)
cell lines in order to assess their general cytotoxicity. In this part, the results of the
chemical investigation of the secondary metabolites produced by C. aerizusa are

presented (Daletos ef al., 2015).
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3.2.1. Callyaerin I (11, new natural product)

Callyaerin I
Sample code G4-1
Biological source Callyspongia aerizusa
Sample amount 4.0 mg

Physical description white amorphous powder

Molecular formula CeoHoaN13012
Molecular weight 1295 g/mol
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Compound 11 was obtained as a white amorphous solid. The HRESIMS
spectrum exhibited the prominent ion peak at m/z 1296.7139 [M+H]" consistent with
the molecular formula Cg9Ho3N13012, accounting for thirty degrees of unsaturation.
The peptidic nature of 11 was evident from the abundance of signals in the amide NH
region (ou 8.45-5.36), from the a-amino protons (du 4.63-3.52) in the 'H NMR
spectrum and from the presence of carbonyl carbons (dc 174.1-168.3), as deduced
from the HMBC spectrum. Additionally, a cluster of aliphatic primary and secondary
methyl groups indicated the presence of lipophilic amino acid residues. In particular,
the region between 5.36 and 7.78 ppm of the 'H spectrum of 11 accounted for 9
deshielded amide NH resonances. Extensive analysis of the 2D NMR data of 11,
including COSY, TOCSY, HSQC, and HMBC spectra, enabled the assignment of
eleven spin systems, seven of which originated from the amidic protons of one Gly,
two Leu, three Phe and one Val residues. In addition, an uncommon spin system of
one NH proton resonating at oy 8.45 (brs, NH), which is coupled to an olefinic proton
at on 7.43 (d, J=13.5 Hz, f-H), in association with their HMBC correlations to dc 98.1
(DAA-0) and 168.3 (DAA-CO), indicated the presence of an unusual (Z£)-2,3-
diaminoacrylic acid (DAA) moiety, characteristic of the callyaerin series of peptides.
The remaining three spin systems showed no correlations to any amide proton and
were indicative of three proline residues. Finally, two NH protons at oy 7.21 and 7.10
were attributed to the terminal NH> group. The HMBC and HSQC NMR spectra
supported the presence of 11 amino acids along with the DAA unit, as indicated by
the 12 carbonyl signals at dc 174.1-168.3 and 11 a-carbon signals of amino acids in
the region oc 42.1-63.4. These residues accounted for 29 of the 30 degrees of
unsaturation, indicating that the final degree of unsaturation must arise from the cyclic
nature of 11 (Daletos et al., 2015).

HMBC and ROESY NMR data established the connectivity and the sequence
of the amino acids for 11. Key ROESY correlations were observed between Pro®!-
Ho/Leu®-NH, Leu“>-Ho/Phe®-NH, Phe®-Ha/Gly“*-NH, and Gly“*-Ha/terminal-
NH>, as well as between the amide protons of adjacent residues Leu“>-NH/Phe®’-
NH/Gly“*-NH, corresponding to the peptide fragment Pro®!-Leu“?-Phe®-Gly“*-NHa.
This was further corroborated by the HMBC correlations of NH signals at 7.21/7.10,
7.53, 7.66 and 7.78 for terminal-NHa, Gly“*, Phe®® and Leu®?, respectively, to their
neighboring vicinal (2J) carbonyls of Gly®* (¢ 170.6), Phe® (6c 170.7), Leu®? (dc
171.5), and Pro“! (6c 174.1), respectively (Daletos et al., 2015).
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Further ROESY correlations between Phe®’-NH/PheR®*-NH, and DAA-
NH/Val®¥-Ha, Val®’-NH, along with the HMBC correlations between Phe®*-Ho/
Phe®3-CO (6c 170.9), and DAA-NH/ Val?’-CO (éc 171.8), established the partial
structures Phe®*-Phe®* and DAA-Val®’, respectively. The positions of the proline
residues Pro®? and Pro®’ were apparent from the ROESY correlations of their § proton
signals with the preceding residues LeuR!-Ho and Phe®*-Ha, respectively (Figure
3.12). In addition, HMBC correlations from the amide protons to adjacent carbonyls
allowed the assignment of connections between Phe®*-NH/Pro®?-CO and between
Val?’-NH/ProR®-CO. This assignment was also evident from the ROESY cross-peaks
between Phe®*-NH/Pro®*-Ho and Val®’-NH/ProR®-HB, respectively, thus leading to
the overall substructure Leu®!-Pro®?-Phe®*-Phe®*-Pro®°-ProR°-val®’-DAA (Daletos et
al., 2015).

Moreover, the ROESY correlations observed for DAA-BH to Leu®!-Ha and
LeuR!-NH, in addition to its COSY correlation to Leu®!-NH, established the nature of
the cyclization of compound 11 via the connection of the DAA unit with Leu®!,
fulfilling the degrees of unsaturation (Figure 3.13). Thus, the cyclic substructure was
established as cyclo(LeuR!-Pro®?-Phe®3-PheR4-Pro®>-ProR®-Val?’-DAA). Finally, the
connectivity of the cyclic part of 9 (R1-R7) and the linear chain (C1-C4) was
established through the ROESY correlation of DAA-NH/Pro“!-H3, as well as by the
HMBC correlation between Pro®!-Ha/DAA-CO (Figure 3.14). Further support was
provided by ESI and MALDI-TOF MS spectra, which gave a fragment ion at m/z 865
for [M-(Pro+Leu+Phe+Gly+NH>)]", arising from the cleavage of the linear side chain.
Interestingly, 9 comprises a cyclic part and a linear side chain identical to that found
for callyaerin E and C, respectively, indicating a combinatorial biosynthesis of the
non-ribosomal peptide synthetases (NRPSs), catalyzing the synthesis of these peptides
(Daletos et al., 2015).

A further attempt to confirm the sequence of the amino acids of 11 was made
through an ESIMS/MS fragmentation experiment. However, this experiment only
confirmed the nature of the linear side chain as elucidated by NMR, whereas the
amino acid sequence of the cyclic part could not be unambiguously determined
(Daletos et al., 2015).

The absolute configurations of the individual amino acid constituents of
compound 11 were determined by acid hydrolysis and consecutive analysis of the

hydrolysates using the advanced Marfey’s method. LC-MS analyses of the resulting
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(N-(5-fluoro-2,4-dinitrophenyl)-r -leucinamide) derivatives and comparison with

authentic amino acids prepared as standards led to the assignment of the -

configuration of all amino acid residues (Daletos ef al., 2015).

DAA-NH — ﬁ
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Figure 3.12: ROESY spectrum of 11
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Table 3.10: NMR data of 11 at 600 (‘H) and 150 (!3C) MHz (DMSO-ds, J in ppm)

unit position Jac?, type ou (J in Hz) HMBC ROESY"
DAA NH 8.45 (brs) DAA-0, DAA-CO, C1-3, R1-a, R1-NH,
R7-CO R7-a, R7-NH
CcO 168.3,C
o 98.1,C
B 143.3, CH 7.43 (d, 13.5) R1-0, DAA-0, DAA- RI-a, R1-y, R1-3, R1-
CO NH
R1 Leu NH 5.36 (dd, 13.5, Rl-a, DAA-a, DAA-B  Rl-a, R7-y,R7-y’,
9.8) DAA-B, DAA-NH
CcO 173.4,C
o 57.4,CH 4.39¢ RI1-B, R1-y, DAA-B, R2-a, R2-5, DAA-B,
R1-CO DAA-NH
B 42.1, CH2 1.59 (m); 1.02
(m)
v 23.1,CH 1.21 (m) DAA-B
) 19.6, CHs 0.45 (d, 6.4) RI1-B, R1-y, R1-&’ DAA-B
& 22.7,CHs 0,32 (d, 6.7) RI1-B, R1-y,RI1-8
R2 Pro cO 172.1,C
o 63.1, CH 3.98 (dd, 10.0, R2-B, R2-CO,R1-CO  Rl-a, R3-NH
7.3)
B 28.3, CH» 2.14 (m); 1.63 R3-NH
(m)
v 24.7, CHz 2.02 (m); 1.82
(m)
) 45.9, CH 3.96 (m); 3.48 R2-y Rl-a, R3-NH
(m)
R3 Phe NH 7.61 (d, 6.8) R3-a, R3-B, R2-CO R2-a, R2-B, R2-5, R4-
NH
CcO 170.9,C
o 53.7,CH 4.38° R3-B, R3-1, R2-CO, R4-NH
R3-CO
B 35.0, CH2 2.96 (m) R3-CO, R3-a, R3-1,
R3-2,6
Aromatic 1: 138.0,C
2:128.3,CH 7.25¢ R3-B, R3-3/5,R3-4
3:128.3, CH 7.15¢ R3-2/6, R3-4
4:126.3, CH 7.18¢ R3-2/6, R3-3/5
5:128.3,CH 7.15¢ R3-2/6, R3-4
6:128.3, CH 7.25¢ R3-B, R3-3/5,R3-4
R4 Phe NH 7.25¢ R4-a, R4-B, R3-CO, R5-3, R3-NH
R4-CO
cO 169.1,C
o 52.7, CH 4.63¢ R4-B, R4-1, R4-CO, R5-HS
R3-CO
B 35.8, CH2 2.96 (m); 2.68 R4-a, R4-CO, R4-1,
(dd, 13.4,4.7) R4-2,6
Aromatic 1: 137.8,C
2:128.9,CH 7.25¢ R4-B, R4-3/5,R4-4
3:128.1,CH 7.29¢ R4-2/6, R4-4
4:126.4,CH 7.23¢ R4-2/6, R4-3/5
5:128.1, CH 7.29¢ R4-2/6, R4-4
6:128.9, CH 7.25¢ R4-B, R4-3/5, R4-4
R5 Pro CcO 171.6,C
o 63.4, CH 4.44 (dd, 11.1, R5-B, R5-y, R5-CO,
7.6) R4-CO
B 26.9, CH2 2.16 (m); 1.81
(m)
Y 24.0, CH2 1.92 (m); 1.90
(m)
) 46.1, CH2 3.49 (m); 3.41 R5-B, R5-y R4-NH, R4-a
(m)
R6 Pro CcO 171.7,C
o 63.1, CH 4.18 (dd, 10.1, R6-B, R6-CO R7-NH
7.4)
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R7 Val NH

CcO

<= =2 ™

C1 Pro

2 N
o)

=

C2 Leu NH
CcO

87
C3 Phe NH
CcO

Aromatic

C4Gly NH
Co

NH:2

28.7, CHz
25.4, CHz

46.5, CHz

171.8,C
56.6, CH

30.0, CH
17.4, CHs
18.0, CHs
174.1,C

61.9, CH

29.2, CHz
25.7, CHz
48.5, CHz
171.5

52.6, CH

38.0, CH2

24.4, CH

22.3,CHs
20.4, CHs

170.7,C
54.4,CH

37.5,CH2

1:138.2,C

2:129.7, CH
3:127.6, CH
4:125.9,CH
5:127.6, CH
6:129.7, CH

170.6, C
42.1, CHz

2.23 (m); 1.42
(m)
1.75 (m); 1.59
(m)
3.34 (m); 2.49
(m)
7.03 (d, 10.1)

4.62(dd, 10.2,
3.8)

2.48 (m)

1.19 (d, 7.0)
1.06 (d, 7.0)

4.30 (dd, 10.8,
7.1)

2.30 (dt, 12.1,
6.4); 1.52m
1.71 (m); 1.85
(m)

3.64 (dd, 11.0,
7.7); 3.24 (m)
7.78 (d, 7.0)

3.82 (ddd, 11.4,
7.0,4.2)

1.66 (m); 1.12
(ddd, 13.6, 9.3,
4.2)

1.56 (m)

0.87 (d, 6.6)
0,74 (d, 6.6)
7.66 (d,9.7)

4.23 (ddd, 12.4,
9.7,2.9)

3.24 (dd, 12.4,
2.9);2.75 (t,
12.4)

7.25¢
7.12¢
7.15¢
7.12¢
7.25¢

7.53 (dd, 7.3, 5.0)

3.88 (dd, 17.0,

7.3); 3.52 (dd,

17.0, 5.0)

7.21 (brs), 7.10
(brs)

R6-0, R6-y, R6-3
R6-B, R6-5
R6-0, R6-B, R6-y

R7-a, R7-CO, R6-CO

R7-B, R7-y, R7-y’, R7-
CO

R7-a, R7-y, R7-y’
R7-a, R7-B, R7-y’
R7-a, R7-B, R7-y

C1-B, C1-CO, DAA-
co
Cl-0, Cl-y, C1-3

Cl-a, C1-8, C1-8

Cl-a, C1-B, Cl-y,
DAA-CO
C2-a, C2-B, C1-CO

C2-B, C2-y, C2-CO,
C1-CO

C2-0, C2-y, C2-3, C2-
8, C1-CO

C2-0, C2-B, C2-3, C2-
8’

C2-B, C2-y, C2-8°
C2-B, C2-y, C2-8
C3-0, C3-B, C2-CO

C3-B, C3-1, C3-CO,
C2-CO
C3-a, C3-CO, C3-1,
C4-2,6

C3-B, C3-3/5,C3-4
C3-2/6, C3-4
C3-2/6, C3-3/5
C3-2/6, C3-4
C3-B, C3-3/5,C3-4
C4-a, C3-CO

C3-CO, C4-CO

C4-a, C4-CO

R7-NH

R6-0, R6-B, R6-5,
DAA-NH

DAA-NH, C1-3
RI1-NH
RI1-NH

C2-NH

DAA-NH, C2-NH
Cl-a, C1-5, C3-NH

C3-NH

C2-a, C2-NH, C4-NH

C4-NH

C3-NH, Terminal-NH>

Terminal-NH»

C4-a, C4-NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. ¢ Signal overlap prevents determination of

couplings
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3.2.2. Callyaerin J (12, new natural product)

Callyaerin J

Sample code
Biological source
Sample amount

Physical description

G4-2
Callyspongia aerizusa
2.5mg

white amorphous powder

Molecular formula CesHosN 13012
Molecular weight 1262 g/mol
Ile-C3
Val-R7 PI'O-R6
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Compound 12 was obtained as a white amorphous solid. The HRESIMS
spectrum showed a prominent ion peak at m/z 1262.7292 [M+H]" indicating the
molecular formula CessHosNi3O12, and accounting for twenty six degrees of
unsaturation. The 'H NMR spectrum of 12 exhibited dispersed amide (du 5.44-8.21),
a-amino protons (du 3.50-4.60), and aliphatic signals, indicative of its peptidic nature.
Interpretation of COSY and TOCSY spectra of 12 established the amino acid residues
Gly, Leu, Ile (2X), Phe (2X), Val, and Pro (4X), which are identical to those of the
known compound callyaerin E (Ibrahim ef al., 2010). However, significant differences
were observed in the 'H and '*C NMR data for compound 12 and callyaerin E,
suggesting that both compounds were isomers. The presence of DAA was indicated
by signals at ou 8.21 (brs, NH) and Ju 7.04 (d, J=13.4 Hz, p-H). Two downfield
singlets at oy 7.01 and 7.04 were assigned to the terminal NH» group (Daletos et al.,
2015).

As described for 11, the connectivities between the different amino acid
residues in 12 were unambiguously identified by key HMBC and ROESY
correlations. ROESY correlations between Pro®!'-Ho/Ile“>-NH, Ile“*-Ho/Ile“*-NH,
[e®-Ho/Gly“*-NH, and Gly“*-Ha/terminal-NHa, as well as between Ile“>-NH/Ile®*-
NH/Gly“*-NH/terminal NHa, indicated the peptide fragment Pro®'-Ile“2-11e3-Gly“*-
NH,. This was supported by HMBC correlations between terminal NH,/Gly*-CO (dc
170.9), Gly®*-NH/1Ie“*-CO (5c 170.9), 11e“*-NH/IIe“>-CO (Jc 171.1), and IIe“*-
NH/Pro®!-CO (éc 172.9) (Table 3.15) (Daletos et al., 2015).

Similarly, the observed ROESY correlation of Leu®*-NH/Phe®*-NH suggested
the fragment Leu®*-Phe®, which was confirmed by the HMBC correlation of Phe®*-
NH to Leu®*-CO (171.9). The positions of the proline units Pro®?, Pro® and Pro®°,
were found to be the same as in compound 11, as indicated by the ROESY
correlations of Phe®'-Ha/Pro®?-H§, LeuR®*-NH/Pro®>-H8 and Val?’-NH/ProR®-Ho,
together with the HMBC correlations between Leu®*-NH/Pro®*-CO (Jc 172.0) and
Val®’-NH/Pro®®-CO (éc 171.5). Additionally, ROESY correlations between DAA-
BH/Phe®!-Ha, Phe®!-NH; and DAA-NH/Val?’-Ha, Val®’-NH, established the ring
closure of 10 through the linkage of the DAA unit with Phe®! and ValI’, respectively
(Table 3.16). These data corroborated the amino acid sequence of the cyclic part of 12
as cyclo(DAA-PheR!-ProR?-LeuR3-PheR?*-Pro®-ProR%-val®”). Finally, ROESY cross
peak between DAA-NH/Pro®!'-H3, in association with the HMBC correlation between
Pro“!-Ha/DAA-CO, confirmed the linkage between the linear side chain (C1-C4) and
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the cyclic part (R1-R7) of compound 12. This was in agreement with the fragment ion
at m/z 865 for [M-(Pro+2Ile+Gly+NH>)]" that was observed in the ESI mass spectrum
of 12. Thus, compound 12 differs from the known callyaerin E by an exchange of the
amino acids Phe and Leu at positions R1 and R3, respectively (Daletos et al., 2015).
The absolute stereochemistries of the individual amino acid constituents of 12
were determined following acid hydrolysis of the parent peptide and consequent
derivatization with Marfey’s reagent. Stereochemical assignments were made using
LC-MS technique to compare the amino acids of 12 with appropriate standards (Fig.
3.10). The LC-MS analysis of the resulting 1-flouro-2,4-dinitrophenyl-5-L-
leucinamide derivatives established the presence of the r-configuration of all amino

acid residues (Daletos et al., 2015).
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Figure 3.15: ROESY spectrum of 12
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Figure 3.16: ROESY spectrum of 12

Table 3.11: NMR data of 12 at 600 ('H) and 150 (**C) MHz (DMSO-ds, 6 in ppm)

Unit position oc?, type ou (J in Hz) HMBC ROESY"
DAA NH 8.21 (brs) DAA- o, DAA-CO, R7- R7-0, R7-NH, C1-6, R1-
CO NH
CO 167.3,C
a 99.2,C
B 142.0, CH 7.04 (d, 13.4) R1-0, DAA-a, DAA-CO  Rl-g, RI-NH, R7-y
R1 Phe NH 5.44(dd, 13.4,9.7)  Rl-0, DAA-a, DAA-B  DAA-NH, DAA-B
CcO 172.4,C
o 60.4, CH 4.60° R1-B, DAA-B,RI-CO  R2-5, DAA-B
B 38.7, CH2 3.34(dd, 14.2, 3.1); R1-CO, R1-a, R1-1, R1-
2.67 (m) 2,6
Aromatic 1: 136.0, C
2:129.1, CH 7.21¢ R1-B, R1-3/5, R1-4
3:128.2, CH 7.22¢ R1-2/6, R1-1
4:126.5,CH 7.22¢ R1-2/6
5:128.2, CH 7.22¢ R1-2/6, R1-1
6:129.1, CH 7.21¢ R1-B, R1-3/5,R1-4
R2 Pro CcO 172.0, C
o 63.4, CH 4.02(dd, 10.5,6.9)  R2-B, R2-y, R2-CO R3-NH
B 28.8, CHz2 2.23 (m); 1.81 (m) R2-a, R2-y, R2-8
v 24.8, CH, 2.10 (m); 1.90 (m)  R2-q, R2-B, R2-3
) 46.5, CHz 3.97 (brt, 9.7); 3.85 R2-0, R2-B, R2-y Rl-a
(td, 9.7, 6.5)
R3 Leu NH 7.41 (d, 6.2) R3-a, R3-B, R2-CO R2-0, R2-B, R2-5, R4-NH
CO 171.9,C
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Q
S

NH:2

51.8,CH
38.9, CH2

242, CH
22.4, CHs
21.0, CH3

169.1,C
52.5,CH
36.0, CHa

:138.0,C
:128.9, CH
:127.8, CH
:126.2, CH
:127.8,CH
:128.9, CH
171.4,C
63.2, CH

AN AW~

26.8, CHz
24.1, CHz
46.3, CHz
1715,C

62.8, CH
28.6, CH2
25.2, CH2
46.4, CHz

170.9,C
56.7, CH

29.7, CH2
18.7, CH3
18.3, CH3
172.9,C

61.1,CH
29.0, CHz
25.5, CHz
48.4, CHz

171.1,C
58.5,CH

35.1,CH
24.9, CHz

154, CHs
11.0, CHs

170.9,C
57.1,CH

354,CH
24.1, CHz
15.3, CHs
10.5, CHs

170.9,C
42.1, CHz

4.08¢
1.47 (m)

1.63 (m)
0.92 (d, 6.6)
0.82 (d, 6.6)
7.13 (d, 6.5)

4.60°
3.01 (dd, 13.5, 8.9);
2.64 (dd, 13.5, 4.9)

7.24¢
7.26¢
7.20¢
7.26°
7.24¢

4.36 (dd, 11.3,7.6)

2.11 (m); 1.80 (m)
1.92 (m); 1.90 (m)
3.52 (m); 3.34 (m)

4.15 (dd, 9.8, 7.5)
2.22 (m); 1.42 (m)
1.74 (m); 1.58 (m)
3.34 (m); 2.51 (m)
7.10 (d, 10.2)

4.50 (dd, 10.2, 5.2)

2.33 (m)
1.06 (d, 6.9)
1.01 (d, 6.9)

4.30 (dd, 9.7, 7.4)
2.18 (m); 1.54 (m)
1.76 (m); 1.65 (m)
3.53 (m); 3.14 (d,
11.3,6.7)

7.68 (d, 7.5)

3.95(t,7.5)

1.92 (m)
1.46 (m); 1.26 (m)

0.86 (d, 6.8)
0.86 (t, 7.4)
7.31(d, 8.4)

4.08°

1.78 (m)
1.23 (m); 1.06 (m)
0.69 (d, 6.9)
0.65 (t, 7.4)
7.83 (dd, 6.5, 5.6)

3.70 (dd, 16.7, 6.5)
3.50 (dd, 16.8, 5.6)
7.04 (brs); 7.01 (brs)

R3-B, R3-y, R3-CO
R3-0,R3-y, R3-3, R3-5",
R3-CO

R3-0, R3-B, R3-5, R3-5’
R3-B, R3-y, R3-8°

R3-B, R3-y, R3-8

R4-0, R4-CO, R3-CO

R4-B, R4-1, R4-CO
R4-CO, R4-q, R4-1, R4-
2,6

R4-B, R4-3/5, R4-4
R4-2/6, R4-1
R4-2/6

R4-2/6, R4-1

R4-B, R4-3/5, R4-4

R5-B, R5-y, R5-CO, R4-
Cco

RS-0, RS-y, R5-8

RS-0, R5-B, R5-5

RS-0, R5-B, R5-y

R6-B, R5-CO
R6-0, R6-y, R6-0
R6-a, R6-B, R6-3
R6-0, R6-B, R6-y
R7-a, R7-B, R6-CO

R7-B, R7-y, R7-y’, R7-
CO

R7-a, R7-y, R7-y’
R7-0, R7-B, R7-y’
R7-0, R7-B, R7-y

C1-, C1-CO, DAA-CO
Cl-0, Cl-y, C1-8
Cl-0, C1-B, C1-5
Cl-o, C1-, Cl-y

C2-a, C2-B, C1-CO

C2-B, C2-y, C2+y", C2-
co

C2-a., C2-y, C2-y", C2-3
C2-a., C2- B, C2-y’, C2-
5

C2-0., C2-B, C2+y

C2-B, C2-y

C3-a., C3-B, C2-CO

C3-B, C3-y, C3-y*, C3-
co

C3-a., C3-y, C3-y’, C3-8
C3-0., C3-B, C3-y°, C3-3
C3-a., C3-B, C3y

C3-B, C3-y

C4-a, C3-CO

C4-CO

C4-a, C4-CO

R4-NH

R3-q, R3-B, R3-NH, R5-5

R5-6

R4-NH

R4-a, R4-NH

R7-NH
R7-NH

R7-NH

R6-a, R6-B, R6-3, DAA-

NH

Cl1-8, DAA-NH

C2-NH

DAA-NH, C2-NH, R7-Ha

C3-NH, Cl-0, C1-8

C3-NH

C2-a, C2-NH, C4-NH
C4-NH

C4-NH

C3-NH, C3-a, C3-8,
terminal-NH>

terminal-NH>

C4-a, C4-NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of couplings
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3.2.3. Callyaerin K (13, new natural product)

Callyaerin K
Sample code G4-3
Biological source Callyspongia aerizusa
Sample amount 5.0 mg
Physical description white amorphous powder
Molecular formula C77H97N13016
Molecular weight 1459 g/mol
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Callyaerin K (13) was obtained as a white amorphous solid. The HRESIMS
spectrum showed the pseudomolecular ion peak at m/z 1460.7252 [M+H]" indicating
the molecular formula C77H97N 13016, accounting for thirty six degrees of unsaturation.
The '"H NMR spectrum again suggested the peptidic nature of compound 13, as
indicated by the presence of a series of amide NH signals (ou 5.53-8.93) and a-amino
protons (du 3.24-5.11). Detailed analysis of the TOCSY and HMBC spectra allowed
the assignment of twelve amino acid residues consisting of Pro (4X), Phe (4X), Gly,
Leu, Ile, and Asp along with the DAA unit (Daletos ef al., 2015).

In the '"H NMR spectrum of 13 the absence of terminal NH signals indicated
that the terminal carboxyamide group of 11 and 12 was replaced by a carboxylic
group, which is in accordance with the molecular formula of 13. In addition, the
presence of Asp explains the additional carbonyl signal (oc 171.9), as observed in the
HMBC spectrum (Daletos et al., 2015).

ROESY correlations between Pro®!-Ha/Phe®>-NH, Phe“>-NH/IIe“*-NH, and
1e“3-NH/Asp“*-NH (Table 3.17), indicated the sequence of the linear side chain as
Pro“!-Phe®?-11e“3-Asp®-OH. The HMBC correlations of Asp®*-NH/I1e®*-CO (dc
170.2), 11e“*-NH/Phe“>-CO (5c 170.2), and Phe“>-NH/Pro¢!-CO (dc 171.6) further
supported the assignments made from the ROESY spectrum (Daletos et al., 2015).

Additional ROESY correlations observed between PheR®-Ha/DAA-NH,
Phe®-NH/Gly®-NH and Gly®*-NH/Leu®>-NH, established the partial peptide
sequences Phe®3-DAA and Phe®*-GlyR*-Leu® (Table 3.18). Key ROESY correlations
between Phe®-NH/Pro®?-Ha, Phe®®-NH/Pro?’-Ha and Pro®"Ha/ProR°-Hao confirmed
the assignments of the remaining proline residues Pro®?, ProR®, and Pro%,
respectively. The nature of the ring closure was corroborated by the ROESY
correlations between DAA-BH/Phe®!-Ha and PheR!-NH, indicating the sequence of
the cyclic part of 13 as cyclo(DAA-PheR!-ProR?-Phe®*-GlyR*-Leu®>-ProR®-Pro®’-
PheR®) (Daletos et al., 2015).

The linkage of the linear side chain (C1-C4) with the cyclic part (R1-R7) of
compound 13 was deduced from the ROESY correlation between DAA-NH/Pro“!-H3,
as well as from the HMBC correlation between Pro“!-Ho/DAA-CO. This was in
agreement with the fragment ion at m/z 970 for [M-(Pro+Phe+Ile+Asp+OH)]" that
was observed in the ESI mass spectrum of 13 (Daletos et al., 2015).

The absolute stereochemistries of the individual amino acid constituents of 13

were determined following acid hydrolysis of the parent peptide and consequent
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treatment with Marfey’s reagent [Marfey, 1984]. This established the presence of the

L-configuration of all amino acid residues (Daletos et al., 2015).
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Figure 3.18: ROESY spectrum of 13
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Table 3.12: NMR data of 13 at 600 (‘H) and 150 (!3C) MHz (DMSO-ds, J in ppm)

Unit position ac?, type ou (J in Hz) HMBC ROESY?
DAA NH 8.93 brs DAA-a, DAA-CO, R8- C1-6, R8-B, R8-a, R8-
Co NH, R1-NH, DAA-B
CO 168.1, C
o 101.1,C
B 139.1, CH 7.41° DAA-a Rl-a, R1-B, RI-NH
R1 Phe NH 5.53(dd, 13.6,8.5) Rl-a,RI-CO,DAA-0.  DAA-B, DAA-NH
Co 169.0, C
a 58.2, CH 4.54 (m) R2-0, DAA-B
B 42.8, CH2 2.87 (m); 2.68 (m)  Rl-o, R1-CO, R1-1, R1-
2/6
Aromatic 1: 135.6,C
2:129.2, CH 7.05¢ R1-B, R1-3/5,R1-4
3:127.9,CH 7.24¢ R1-2/6, R1-1
4:126.4,CH 7.21¢ R1-2/6
5:127.9,CH 7.24¢ R1-2/6, R1-1
6:129.2, CH 7.05¢ R1-B, R1-3/5,R1-4
R2 Pro cO 171.9,C
o 58.9, CH 3.89 (brd, 7.8) R2-B, R2-y,R2-8, R2-  Rl-0, R1-B, R3-NH
CO
B 31.2, CHa 1.44 (m); 1.30 (m)
y 21.0, CHa 1.63 (m); 1.52 (m)  R2-B, R2-5
) 45.1, CHz 3.43 (m); 3.08 (ddd, R2-0, R2-B, R2-y
11.4,8.9,7.4)
R3 Phe NH 8.61 (brs) R2-a, R2-B, R4-NH
CO 170.4, C
o 553, CH 3.97 (dd, 10.9,5.4)  R3-B, R3-1, R3-CO R4-NH
B 34.4, CHa 330 (m); 2.84 (m)  R3-0, R3-1, R3-2/6, R3-
CO
Aromatic 1: 139.0,C
2:129.0, CH 7.38¢ R3-B, R3-3/5, R3-4
3:128.1,CH 7.28°¢ R3-2/6, R3-1
4:126.1,CH 7.21¢ R3-2/6
5:128.1, CH 7.28¢ R3-2/6, R3-1
6:129.0, CH 7.38¢ R3-B, R3-3/5,R3-4
R4 Gly NH 8.83 (brs) R3-0, R3-NH, R5-NH
CO 169.5, C
a 42.6, CHa 3.50 (m); 3.24 (m)  R4-CO, R3-CO R5-0.
R5 Leu NH 7.05¢ R4-NH
CO 170.8, C
a 49.9, CH 4.04 (m) R5-y
B 38.9, CHa 1.58 (m); 1.30 (m)  R5-a,R5-y, R5-3, R5-3",
R5-CO
y 23.1,CH 1.93 (m) R5-0, R5-B, R5-5, R5-5’
8 22.6, CHs 0.87 (d, 6.5) RS-, R5-y, R5-8" R6-8
& 22.0, CH; 0.85 (d, 6.5) R5-B, R5-y, R5-3 R6-8
R6 Pro CcO 169.6, C
o 58.1, CH 4.03 (m) R6-B, R6-y R7-a
B 27.5, CHa 2.15(m); 1.76 (m)  R6-a, R6-y, R6-8, R6-  R7-a
CO
y 24.1,CH» 1.90 (m); 1.78 (m)  R6-0, R6-B, R6-5
8 473, CHa 4.02 (m); 3.45 (m)  R6-0, R6-B, R6-y
R7 Pro CcO 173.3,C
M 60.3, CH 4.18° R7-B, R7-y, R7-CO R6-a, R6-B
B 31.6, CHa 2.02 (m); 1.10 (m)  R7-a, R7-y, R7-CO
y 213, CHs 144 (m); 1.32 (m)  R7-0, R7-B, R7-5
8 47.1, CHa 3.66 (m); 3.15(m)  R7-a, R7-B, R7-y R8-NH
R8 Phe NH 9.23 (brd, 8.1) R7-a, R7-B, R7-y, R7-9,
DAA-NH
CO 171.7,C
o 55.9,CH 5.11(ddd,11.8, 8.1,  R8-B, R8-1, R8-CO DAA-NH, DAA-B
3.2)
B 37.3, CHz 3.27¢ 3.15 (brd, R8-a, R8-1, R8-2/6, R8-

11.8)
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Aromatic

C1 Pro CcO

C2 Phe NH

Aromatic

C31le NH

C4 Asp NH

CO(y)

1 138.1,C

1 128.6, CH
:128.0, CH
:126.3, CH
1 128.0, CH
1 128.6, CH
171.6,C
60.3, CH
28.5, CHz
24.6, CHz
48.1, CHz

AN AW N

170.2, C
53.7,CH

36.9, CHa

1384, C

:129.4,CH
:128.2, CH
:126.0, CH
:128.2, CH
:129.4, CH

AN AW~

170.2,C
55.8,CH

359,CH
24.1, CHz
14.9, CHs
10.1, CHs

172.1,C
171.9,C
48.3, CH

35.7, CH2

7.11¢
7.25¢
7.22¢
7.25¢
7.11¢

4.07 (dd, 10.1, 7.7)
1.83 (m); 0.57 (m)
1.61 (m); 1.35 (m)
2.95 (m)
7.83(d,9.3)

432 (ddd, 12.6,9.3,
3.6)
3.33 (m); 2.87 (m)

7.32¢
7.25¢
7.19¢
7.25¢
7.32¢
7.21¢

4.19¢

1.84 (m)
1.43 (m); 1.32 (m)
0.82 (d, 6.8)
0.71 (t, 7.4)
8.26 (d, 7.7)

4.52 (ddd, 7.7, 6.8,
6.3)

2.70 (dd, 6.3, 16.6);
2.55 (dd, 6.8, 16.6)

R8-B, R8-3/5, R8-4
R8-2/6, R8-1
R8-2/6

R8-2/6, R8-1

R8-B, R8-3/5, R8-4

CI1-B, C1-CO, DAA-CO

Cl-y,C1-8

Cl-a, C1-B, Cl-y
C2-0, C2-B, C1-CO

C2-B, C2-1, C2-CO, C1-

CO
C2-a, C2-1,C2-2,6

C2-B, C2-3/5, C2-4
C2-2/6, C2-1
C2-2/6

C2-2/6, C2-1

C2-B, C2-3/5, C2-4
C3-a, C3-B, C2-CO

C3-B, C3-y, C3-y", C3-

CO

C3-a., C3-y, C3-y’, C3-8
C3-0., C3-B, C3-y°, C3-3

C3-0., C3-B, C3y
C3-B, C3-y
C4- 0, C3-CO

C4- B, C4-CO

C4- o, C4- CO(Y)

C2-NH

DAA-NH
Cl-a, C3-NH

C3-NH

C2-a, C2-NH, C4-NH

C4-NH

C3-0, C3-B, C3-y, C3-
NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of couplings
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3.2.4. Callyaerin L (14, new natural product)

Callyaerin L

Sample code

Biological source

G4-4

Callyspongia aerizusa

Sample amount 5.0 mg
Physical description white amorphous powder
Molecular formula CecHi101N13015
Molecular weight 1316 g/mol
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Compound 14 was obtained as a white amorphous solid. The HRESIMS
spectrum showed the pseudomolecular ion peak at m/z 1316.7614 [M+H]", which was
consistent with the molecular formula CesH101N13015, accounting for 25 degrees of
unsaturation. Inspection of the 'H spectrum of 14 denoted its peptidic nature from the
presence of a series of amide protons, as well as signals in the diagnostic region for a-
amino protons. However, the amide protons of Glu®® and Ile®* were not observed in
the '"H NMR spectrum measured in DMSO-ds. By employing CF3CD>OH/H,0 (1:1)
as a solvent for the NMR measurements, it was possible to assign all exchangeable
signals of the amino acids and hence CF;CD,OH/H>O (1:1) was subsequently used as
an alternative NMR solvent for a series of 1D and 2D NMR experiments ('H,
TOCSY, ROESY, HSQC, and HMBC) for the structure elucidation of compound 14.
Accordingly, interpretation of the 2D NMR data revealed the presence of ten amino
acids as Ile(2X), Glu, Val, Pro(3X), Leu(2X), and Phe, together with the unusual
amino acid y-hydroxyproline (Hyp) and the DAA moiety. The amine protons at ou
6.94 and 7.27 were attributed to the terminal NH» group (Daletos ef al., 2015).

ROESY correlations between the a-protons and NH protons of adjacent amino
acids allowed us to establish the sequence of the linear side chain as Pro®!-Leu®-
Phe“*-NH» (C1-C3). This was further corroborated by inspection of the respective
HMBC correlations (Table 3.13) (Daletos et al., 2015).

In the same manner the cyclic part of 14 was found to be composed of two
peptide fragments LeuR®-DAA-IIe?! and GluR*-1IeR*-Val®. Key ROESY correlations
between GIuR-NH/Hyp*?-Ha, Val®>-NH/Pro®®-H5, and Leu®*-NH/Pro®’-Ha
connected these two fragments, and accordingly the cyclic part of 14 was established
as  cyclo(DAA-TIe?M-Hyp®?-Glu®*-11e®*-Val®-ProRS-Pro®’-Leu®®). The HMBC
correlations of Val®>-NH/Ile?*-CO, and Leu®®-NH/Pro®’-CO supported the
interpretation of the ROESY spectrum. Finally, the HMBC correlation between Pro®!-
Ha/DAA-CO and the ROESY correlation between DAA-NH/Pro®!-H§ established the
linkage between the linear side chain and the cyclic part of compound 14. Further
support for the linkage was provided by the fragment ion at m/z 942 for [M-
(Pro+Leu+Phe+NH>)]" that was observed in the ESI mass spectrum of 14 (Daletos et
al., 2015).

The absolute stereochemistries of the individual amino acid constituents of 14
were determined following acid hydrolysis of the parent peptide and consequent

treatment with Marfey’s reagent [Marfey, 1984]. This established the presence of the
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L-configuration of all amino acid residues. In the same manner, the hydroxyproline

unit was identified as trans-4-hydroxy-r-proline (Daletos et al., 2015).

Table 3.13. NMR data of 14 at 700 (‘H) and 176 ('*C) MHz (CF3;CD,OH/H,0 1:1)

unit position Jc?, type On (J in Hz) HMBC ROESY"
DAA NH 8.19 (brs) DAA- o, DAA-CO, RS- R8-0, RI-NH, RS-NH,
CcO Cl1-6
CO 1714, C
o 102.3,C
B 145.4, CH 7.24 (d, 13.4) R1-a, DAA-0, DAA-CO Rl-a, R1-y, R1-NH,
R2-5
RI Ile NH 5.50 (dd, 13.4, 10.3) DAA-B, DAA-NH
Co 1753,C
a 68.8, CH 3.73 (, 10.3) R1-B, R1-y", R1-CO, R2-5, DAA-B
DAA-a
B 40.9, CH 1.50 (m) R1-0, R1-y, R1-y’, R1-5
¥ 26.8, CH> 1.27 (m); 0.62 (m) Rl-o, R1- B, R1-y’, R1-3
Y’ 16.9, CHs 0.81 (d, 6.5) R1-0, R1-B, R1-y
5 11.7, CHs 0.26 (t, 7.4) R1-B, R1-y
R2 Hyp Co 175.8,C
o 63.5, CH 4.23¢ R2-B, R2-y, R2-5, R2- R3-NH
CcO
B 39.4, CH, 2.35 (m); 2.05 (m) R2-a, R2-3, R2-CO R3-NH
y 71.8, CH 4.62 (brs) R2-a
8 58.6, CHa 4.01 (m); 3.77 (dd, R2-a, R2-B, R2-y Rl-a, R3-NH, DAA- B
11.2,1.5)
R3 Glu NH 8.92 (brs) R1-3, R2-a, R2-B, R2-
8, R4-NH
CO 175.5,C
Co(y) 182.0, C
o 59.3,CH 3.90°¢ R3-y, R3-CO
B 28.3, CH» 2.12 (m); 2.17 (m)
y 35.1, CHa 2.35 (m); 2.27 (m) R3-a, R3-CO(y)
R4 Ile NH 7.70 (brs) R3-B, R3-NH
CO 174.8, C
a 63.1, CH 4.24¢ R4-B, R4-y, R4y, R4-  R5-NH
CcO
B 40.8, CH 1.45 (m) R4-a, R4-y, R4-y’, R4-5
y 26.9, CHa 1.43 (m); 1.05 (m) Ré4-a, R4-B, R4-y’, R4-5
v 16.3, CHs 0.90 (d, 6.6) Rd-a, R4-B, Rd-y
§ 11.1, CHs 0.78 (t, 7.3) R4-B, Rd-y
RS Val NH 7.75 (d, 7.8) R5-0, R5-B, R5-CO, R4-  Rd-0, R4-y, Rd-y’, R4-
CcO 5, R6-6
CO 173.7,C
a 57.9, CH 4.58¢ R5-B, R5-y, R5-y°
B 32.5,CH 221 (m) R5-0, R5-y, R5-y°
v, 21.1, CHs 1.05 (d, 6.8) R5-a, R5-B, R5-y’
v 19.9, CH; 1.01 (d, 6.8) R5-a, R5-B, R5-y
R6 Pro CO 176.0, C
o 66.8, CH 4.05¢ R6-B, R6-CO
B 28.4, CH, 2.44 (m); 1.99 (m) R6-a, R6-y
y 26.9, CHa 2.23 (m); 2.20 (m) R6-B, R6-5
8 49.1, CH, 3.57 (m); 3.52 (m) R6-y R5-NH
R7 Pro CO 176.1, C
o 65.4, CH 4.37¢ R7-B, R7-y, R7-CO R8-NH
B 30.8, CHa 2.37 (m); 1.74 (m) R7-a, R7-y, R7-3, R7-
CcO
y 27.4,CH, 2.00 (m); 1.96 (m) R7-a, R7-B, R7-
§ 50.1, CHa 3.60 (m); 3.34 (m) R7-B, R7-y R6-B, R$-NH
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R8 Leu

C1 Pro

C2 Leu

C3 Phe

NH
CcO

=

o O <

<2 >™e N

NH

Aromatic

NH2

175.2,C
53.7,CH

43.2, CH2

26.9, CH
24.1, CHs
21.6, CH3
178.4,C

65.1, CH
31.6, CH2
28.0, CH2

52.0, CHa

177.4,C

557, CH
41.1, CH»
26.7, CH
24.2, CH3
21.7, CH3

178.6,C
57.9, CH

40.0, CH2

1:139.1,C

2:131.7,CH
3:130.5,CH
4:128.9, CH
5:130.5,CH
6:131.7,CH

7.00 (d, 9.8)

4.75 (ddd, 11.7,9.8,
3.8)
1.95 (m); 1.78 (m)

1.62 (m)
0.94 (d, 6.5)
0.87 (d, 6.5)

4.36°

2.38 (m); 1.60 (m)
2.02 (m); 1.85 (dq,
12.2,5.7)

3.54 (m); 3.35 (m)

8.11(d,7.1)

4.05¢

1.60 (m); 1.11 (m)
1.56 (m)

0.85 (d, 6.5)

0.73 (d, 6.5)
7.81(d, 9.1)

4.40 (ddd, 12.0, 9.1,
3.1)

3.28 (dd,13.7, 3.1);
2.73 (dd, 13.7, 12.0)

7.21¢
7.13¢
7.13¢
7.13¢
7.21¢
7.27 (brs); 6.94 (brs)

R8-0, R8-B, R7-CO
R8-B, R8-CO

R8-,R8-y, R8-3, R8-5",
R8-CO

R8-5, R8-8’

RS8-B, R8-y, R8-5°
R8-B, R8-y, R8-5

Cl1-B, C1-CO, DAA-CO
Cl-u, C1-3
Cl-a, C1-,C1-3

Cl-a, C1-B, Cl-y, DAA-
Cco
C2-a, C2-B, C1-CO

C2-8, C2-CO
C2-0, C2-y

C2-B

C2-8, C2-y, C2-8°
C2-B, C2-y, C2-6
C3-0, C3-B, C2-CO

C3-B, C3-1, C3-CO

C3-a, R4-CO, C3-1, C3-
2,6

C3-B, C3-4
C3-1

C3-2/6

C3-1

C3-B, C3-4
C3-a, C3-CO

R7-a, R7-6, DAA-NH

C1-5, DAA-NH

C2-NH

DAA-NH, C2-NH, R8-
Ha

Cl-0, C1-B, C1-5, C3-
NH

C3-NH

C2-B, C2-a, C2-NH,
Terminal-NH>

Terminal-NH>

C3-a, C3-NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of couplings
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3.2.5. Callyaerin M (15, new natural product)

Callyaerin M

Sample code
Biological source
Sample amount
Physical description
Molecular formula

Molecular weight

G4-5

2.0 mg

Ce4HosN15015
1313 g/mol

Callyspongia aerizusa

white amorphous powder

Phe-C3
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Compound 15 was obtained as a white, amorphous solid. The molecular
formula was determined to be CesHosN 5015 by HRESIMS (m/z 1314.7202 [M+H]"),
and contained twenty five degrees of unsaturation. The 'H NMR spectrum of 15
denoted the same callyaerin basic structure as in 11 — 14 (Table 3.14). Thorough
inspection of 1D and 2D NMR data disclosed the presence of nine amino acid
residues as Leu (3X), Pro (3X), Val, Gly, and Phe, together with two unusual amino
acid moieties: y-hydroxyproline (Hyp) and 2-amino-3-(5-methoxy-2-oxoimidazolidin-
4-ylidene)propanoic acid (AMOIPA). The presence of DAA was indicated by signals
at on 8.40 (brs, NH) and ou 7.40 (d, J=13.7 Hz, -H). In addition, the amine protons at
on 7.06 and 7.17 were attributed to the terminal NH> group. The previously unreported
amino acid 2-amino-3-(5-methoxy-2-oxoimidazolidin-4-ylidene)propanoic  acid
(AMOIPA) was identified by long-range HMBC correlations of both NH(3) and
NH(5) to C4 (oc 157.5), C2 (oc 83.5), and C1 (dc 140.1); of H-2 to C-1, C-4, and C-B
(dc 94.1); and of 2-OMe to C2 (Table 3.14) (Daletos et al., 2015).

The geometry of the double bond between C1 and C-B was deduced to be Z,
on the basis of key ROESY cross-peaks detected from H-f to 2-OMe, and from
NH(5) to AMOIPAR!-Ha and DAA-B. However, analysis of the relative configuration
of the stereocenter at C-2 of AMOIPA was not possible due to the limited amount of
sample (Daletos et al., 2015).

The connectivities between the amino acid residues in 15 were revealed by
key HMBC and ROESY correlations (Table 3.14). Thus, compound 15 was deduced
to have an overall callyaerin basic structure consisting of the linear side chain Pro®!-
Leu®-Phe®>-Gly“*-NH, (C1-C4) and the cyclic substructure cyclo(DAA-
AMOIPAR-Hyp®2-Leu®3-Leu®*-Pro®>-Pro®®-Val®”) (R1-R7), connected through the
DAA unit. This was also corroborated by the base peak at m/z 883 [M-
(Pro+Leu+Phe+Gly+NH>)|" that was observed in the ESI mass spectrum of 15.
Interestingly, compound 15 shares the same amino acid sequence with the known
callyaerin C,> except for the amino acid moiety at position R1 in the cyclic part, where
histidine has been replaced by the uncommon amino acid 2-amino-3-(5-methoxy-2-
oxoimidazolidin-4-ylidene)propanoic acid (AMOIPA). Thus, it is suggested that this
unusual amino acid is the oxidation product of histidine, followed by methylation and
subsequent migration of the double bond into the linear region of the side chain. The
upfield proton chemical shifts of HB (du 3.83) and 2-OMe (du 2.90) are unusual and

suggest the possibility of anisotropy caused by the imidazolidin-2-one ring and/or by
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the spatial proximity of the y-hydroxyproline unit. It is well documented that proline

analogues restrict the conformational mobility of the preceding residue, hence

favoring steric and anisotropic effects. In the case of callyaerin C, the marked

difference in the chemical shifts observed for the Ho protons of the hydroxyproline

unit (dy 3.54 and 1.81), further supported this assumption (Daletos et al., 2015).

The absolute stereochemistries of the individual amino acid constituents of 15

were determined following acid hydrolysis of the parent peptide and consequent

derivatization with Marfey’s reagent. LC-MS analyses of the resulting (N-(5-fluoro-

2,4-dinitrophenyl)-L-leucinamide) derivatives and comparison with authentic amino

acids prepared as standards led to the assignment of the r-configuration of all amino

acid residues except for AMOIPA where no standard was available (Daletos et al.,

2015).

Table 3.14: NMR data of 15 at 600 ('H) and 150 (*C) MHz (DMSO-ds, 6 in ppm)

Unit position Jc?, type ou (J in Hz) HMBC ROESY?
DAA NH 8.40 (brs) DAA-a, DAA-CO, R7- R1-NH, R7-a, R7-y’,
CO R7-NH, C1-6
CcO 167.8,C
o 99.6, C
B 141.0,CH  7.40(d, 13.7) Rl-0, DAA-a, DAA-CO  Rl-a, RI-NH, R1-
NHgs)
R1 AMOIPA NH 5.76 (dd, 13.9, 8.8) R1-0, DAA-a R1-a, R1-B, R7-7,
DAA-B, DAA-NH
CcO 171.0,C
a 56.5,CH  5.13(dd, 10.8, 8.8) R1- B, R1-1, DAA-B, R2-5, DAA-B, R1-
R1-CO NHgs)
B 94.1,CH  3.83(dd, 10.8, 1.3) R1-1, R1-2, R1-CO R1-OCH3, Rl-q, Rl-
NH, R1-4
1 140.1, C
2 835, CH  3.59 (brdd, 1.7, 1.3) R1-B,R1-1,R1-4,Rl1-  RI1-OCHs, RI-NHg)
OCH;3
4 157.5,C
-OCH3 52.0, CHs 2.90 (s) R1-2 R1-2, R1-NHg), R2-8
NHg) 7.60 (brt, 1.7) R1-1, R1-2, R1-4 R1-OCHs, R1-2
NHs) 9.64 (brd, 1.7) R1-1,R1-2, R1-4 R2-5, R1-Ho, DAA-B
R2 Hyp co 171.6, C
a 61.3,CH  4.14° R2-B, R2-CO R3-NH
B 36.9,CH>  2.04 (m); 1.92 (m) R2-a, R2-y, R2-§
y 68.7,CH  4.32 (m)
8 54.8,CH,  3.50 (m) R2-a, R2-B, R2-y R1-Ha, R1-NHgs)
3.40 (dd, 10.8, 3.9) R1-OCHj3
OH 5.20 (d, 4.2) R2-B, R2-y, R2-8
R3 Leu NH 6.71 (d, 6.0) R3-a, R3-B, R2-CO R2-0, R4-NH
CcO 171.6,C
o 52.6, CH 3.96 (dt, 9.0, 6.0) R3-B, R3-y, R3-CO R4-NH
B 392,CH,  1.48 (m); 1.47 (m) R3-a,R3-y, R3-8, R3-5",
R3-CO
y 24.1,CH  1.60 (m) R3-5, R3-3°
8 224,CHs  0.86 (d, 6.6) R3-B, R3-y, R3-8"
& 21.3, CHs 0.80 (d, 6.6) R3-B, R3-y, R3-6
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R4 Leu

RS5 Pro

R6 Pro

R7 Val

Cl1 Pro

C2 Leu

C3 Phe

C4 Gly

NH
CcO

& o=
o

m=e AR ™R N
o

Aromatic

NH

CcO
a

NH:2

170.2,C
48.5, CH
40.2, CHz

23.9,CH
22.7,CH;s
21.9, CH3
171.7,C

63.8, CH
26.4, CHa
242, CHa
45.8, CHa
171.6, C

62.5,CH
28.8, CHa

25.3, CHz
46.8, CH2

171.4,C
56.7, CH

29.2, CH
17.9, CH3
18.9, CH3
174.2,C
62.1,CH
29.0, CHz

25.6, CHz
48.3, CH2

172.0,C

52.7,CH
37.8, CHz
24.1,CH
22.5,CHs
20.5, CH3

170.9, C
54.8, CH
36.4, CH2

11382
:129.6
0 127.2
11253
21272
1 129.6

AN AW~

170.5,C
42.0, CH2

7.11 (d, 7.1)

4.53(q,7.1)
1.63 (m); 1.37 (m)

1.47 (m)
0.93 (d, 6.6)
0.91 (d, 6.6)

4.45(d, 11.0,7.6)
2.20 (m); 1.91 (m)
2.00 (m)

3.58 (m); 3.51 (m)

4.29 (t,8.3)
2.30 (m); 1.62 (m)

1.92 (m)
3.64 (m); 3.26 (m)
7.34 (d, 10.2)

4.53 (dd, 10.2,5.3)

2.46 (m)
1.08 (d, 6.9)
0.98 (d, 6.9)

4.30°
2.30 (m); 1.53 (m)

1.88 (m); 1.76 (m)
3.48 (m); 3.27 (m)
7.96 (d, 6.8)

3.77 (m)

1.51 (m); 1.08 (m)
1.59 (m)

0.82 (d, 6.6)

0.71 (d, 6.6)

7.64 (d,9.2)

4.14(ddd, 13.1, 9.2, 3.0)
3.19 (dd, 13.1, 3.0);
2.81(t, 13.1)

7.15¢
7.04¢
7.07°
7.04¢
7.15¢
7.46 (dd, 6.9, 5.5)

3.81(dd, 17.0, 6.9); 3.55
(dd, 17.0, 5.5)
7.17 (brs); 7.06 (brs)

R4-a, R4-CO, R3-CO

R4-B, R4-y, R4-CO
R4-0,R4-y, R4-5, R4-5",
R4-CO

R4-, R4-B, R4-5, R4-§’
R4-B, R4-y, R4-§’

R4-B, R4-y, R4-5

R5-B, R5-CO
R5-a, RS-y, R5-8
R5-0, R5-B
RS-, R5-B, R5-y

R6-B, R6-y, R6-CO
R6-0, R6-y, R6-3, R6-
co

R6-0, R6-B, R6-5
R6-B, R6-y

R7-0, R6-CO

R7-B, R7-y,R7-y’, R7-
CcO

R7-a, R7-y, R7-y’
R7-0, R7-B, R7-y’
R7-a, R7-B, R7-y

CI1-B, C1-CO, DAA-CO
Cl-a, Cl-y, C1-3, C1-
CO

Cl-a, C1-8, C1-8

C1-B, Cl-y

C2-a, C2-B, C1-CO

C2-B, C2-y, C2-CO
C2-0, C2-y, C2-3, C2-8°
C2-0, C2-B, C2-5, C2-8’
C2-B, C2-y, C2-8°

C2-B, C2-y, C2-5

C3-0, C3-, C2-CO

C3-B, C3-1, C3-CO
C3-0, C3-CO, C3-1, C3-
2,6

C3-B, C3-4
C3-1

C3-2/6

C3-1

C3-B, C3-4
C4-a, C3-CO

C3-CO, C4-CO

C3-a, C3-CO

R5-8, R3-a, R3-NH

R5-8

R4-a

R7-NH

R7-a
R6-0, DAA-NH

R6-8, DAA-NH

C2-NH

DAA-NH
Cl-a, C3-NH

C3-NH

C2-a, C4-NH, C2-
NH

C4-NH

C3-NH, Terminal —
NH:2

C3-a, C3-NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of couplings
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3.2.6. Callyaerin A (16, known natural product)

Callyaerin A
Sample code G4-6
Biological source Callyspongia aerizusa
Sample amount 4.0 mg
Physical description white amorphous powder
Molecular formula CeoH108N 14014
Molecular weight 1357 g/mol

Optical rotation [a]f)o

-80 (¢ 0.12, MeOH)
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Compound 16 was obtained as a white amorphous solid. MALDI-TOF-MS
showed molecular ion peak at m/z 1379.8 [M+Na]+ (base peak), respectively,
indicating a molecular weight of 1356.8 g/mol. Particularly noteworthy were the
numerous deshielded amide NH resonances, a-amino acid methines, aromatic protons,
and aliphatic primary and secondary methyls, indicative of the peptidic nature of
compound 16. Careful inspection of TOCSY and COSY spectra showed the existence
of eleven amino acid residues consisting of Pro (3X), Phe, Gly, Leu (2X), Ile (3X),
and Val along with the DAA unit (Daletos et al., 2015).

The sequence of amino acids, the position of the DAA, the terminal NH and
the cyclic structure of callyaerin 16 were established by interpretation of HMBC and
ROESY experiments. ROESY correlations between Pro“!-Ho/lle“>-NH, Ile“*-
NH/Phe®*-NH, and Phe“*-NH/Gly“*-NH, indicated the sequence of the linear side
chain as Pro“!-I1e“>-Phe®*-Gly“*-NH,. The HMBC correlations of Gly“*-NH/Phe®*-
CO, Phe“*-NH/I1e“>-CO, and 11e“>-NH/Pro®!-CO further supported the assignments
made from the ROESY spectrum (Daletos et al., 2015).

Additional ROESY correlations observed between LeuR®-Ho/DAA-NH,
Val®*-NH/Ile®-NH and Ile?*-NH/Leu®*>-NH established the partial peptide sequences
Leu®-DAA and Val®-lle®*-Leu®. Key ROESY correlations between Val®-
NH/Hyp®*-Ha, Leu®®-NH/Pro®’-Ho. and Pro®’Ho/Pro®®-Ha confirmed the
assignments of the remaining proline residues Pro®?, Pro®®, and Pro®’, respectively.
The nature of the ring closure was corroborated by the ROESY correlations between
DAA-BH/Ile®!-Ha and I1eR!-NH, indicating the sequence of the cyclic part of 16 as
cyclo(DAA-TIeR-HypR2-Val®3-TleR*-Leu®-ProR®-Pro®’-Leu®®) (Daletos et al., 2015).

The linkage of the linear side chain (C1-C4) with the cyclic part (R1-R8) of
compound 16 was deduced from the ROESY correlation between DAA-NH/Pro“!-H3,
as well as from the HMBC correlation between Pro“!-Ho/DAA-CO. This was in
agreement with the fragment ion at m/z 870 for [M-(Pro+Ile+Phe+Gly+NH>)]" that
was observed in the ESI mass spectrum of 16. The obtained NMR and mass spectral
data were found to be identical with published data for callyaerin A, previously

reported from the sponge C. aerizusa (Ibrahim et al., 2010; Daletos et al., 2015).
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3.2.7. Callyaerin B (17, known natural product)

Callyaerin B
Sample code G4-7
Biological source Callyspongia aerizusa
Sample amount 10.0 mg
Physical description white amorphous powder
Molecular formula Ce4HosN15015
Molecular weight 1280.6 g/mol

Optical rotation [a]3°
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Compound 17 was obtained as a white amorphous solid. The MALDI-TOF-
MS showed molecular ion peak at m/z 1302.6 [M+Na]+ (base peak), respectively,
which was consistent with the molecular weight of 1280.6 g/mol. Interpretation of
TOCSY and COSY spectra revealed the spin systems for nine amino acid residues
consisting of Pro (3X), Leu (2X), Ile (3X), and Val along with the DAA unit. A
detailed 1D and 2D NMR spectroscopic data analysis revealed that 17 had the same
ring size as 14, but differed in the length and sequence of the side chain. This was in
agreement with the fragment ion at m/z 940.2 for [M-(Pro+2Ile+NH>)]" that was
observed in the MALDI-TOF mass spectrum of 17 (Daletos et al., 2015).

In particular, the observed ROESY correlations between Leu®®-Ho/DAA-NH,
Val®-NH/Ile®-NH, Ile?*-NH/Leu®>-NH, Val®*-NH/Hyp®*-Ha, Leu®®-NH/Pro®’-Ha
and DAA-BH/IleR'-Ho, corroborated the sequence of the cyclic part of 17 as
cyclo(DAA-TIeR-HypR2-Val®3-Tle**-Leu®*-ProR®-ProR’-Leu®®), which is identical to
that found in 16. Moreover, ROESY correlations between Pro“'-Ho/Ile“>-NH, Ile“*-
Ha/Ile®3-NH, and Ile“*-Ha/terminal-NH,, indicated the peptide fragment Pro®!-11e“*-
[le®>-NH,. This was further supported by HMBC correlations between terminal
NH/11e“3-CO (éc 172.7), Ie®-NH/11e“>-CO (¢ 172.1), and 11e“>-NH/Pro“!-CO (dc
171.2) (Daletos et al., 2015).

Finally, ROESY cross peak between DAA-NH/Pro®!-H3, in association with
the HMBC correlation between Pro“'-Ha/DAA-CO, confirmed the linkage between
the linear side chain (C1-C4) and the cyclic part (R1-R8) of compound 17.
Comparison of the NMR data and molecular weight of 15 with callyaerin B isolated
from C. aerizusa indicated that both compounds were identical (Ibrahim ez. al. 2010;

Daletos et al., 2015).
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3.2.8. Callyaerin C (18, known natural product)

Callyaerin C
Sample code G4-8
Biological source Callyspongia aerizusa
Sample amount 8.0 mg
Physical description white amorphous powder
Molecular formula Ce3HosN15013
Molecular weight 1268.7 g/mol
Optical rotation [a]3° -52 (¢ 0.15, MeOH)
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Compound 18 was obtained as a white amorphous solid. The MALDI-TOF-
MS showed molecular ion peak at m/z 1290.7 [M+Na]" (base peak), respectively,
which was consistent with the molecular weight of 1268.5 g/mol. The 'H NMR
spectrum showed six deshielded amine protons at oy 8.06 — 5.14 and a cluster of a-
amino acid methines at oy 4.68 — 3.80, indicative of the peptidic nature of 18. COSY
and TOCSY spectra showed the spin systems of nine amino acid residues consisting
revealed the spin systems for eleven amino acid residues consisting of Pro (3X), Leu
(3X), Phe, Hyp, Val, Gly and His along with the DAA unit (Daletos ef al., 2015).

ROESY correlations between between Pro“'-Ho/Leu®>-NH, Leu“*-Ha/Phe®-
NH, and Phe®-Ha/terminal-NH,, allowed us to establish the sequence of the linear
side chain as Pro®!-Leu“?-Phe“3-Gly-NH, (C1-C4). In the same manner the cyclic part
of 18 was found to be composed of two peptide fragments Val®’-DAA-His®! and
Leu®-Leu®. Key ROESY correlations between Leu®-NH/Hyp®*-Ha, Val®*-
NH/Pro®>-H§, and Val®’-NH/Pro®®-Ha connected these two fragments, and
accordingly the cyclic part of 18 was established as cyclo(DAA-His®!-Hyp®?-Leu®*-
Leu®-Pro®-Pro®®-Val®”). The HMBC correlations of Leu®-NH/HypR?-CO, Leu®-
NH/Leu®3-CO, and Val®’-NH/ProR®-CO supported the interpretation of the ROESY
spectrum. Finally, the HMBC correlation between Pro“'-Ha/DAA-CO and the
ROESY correlation between DAA-NH/Pro®!-H§ established the linkage between the
linear side chain and the cyclic part of compound 18. Further support for the linkage
was provided by the fragment ion at m/z 942 for [M-(Pro+Leu+Phe+NH>)]" that was
observed in the ESI mass spectrum of 18. Comparison of the NMR data and
molecular weight of 18 with callyaerin C isolated from C. aerizusa indicated that both

compounds were identical (Ibrahim et. al. 2010; Daletos et al., 2015).
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3.2.9. Callyaerin D (19, known natural product)

Callyaerin D

Sample code G4-9
Biological source Callyspongia aerizusa
Sample amount 9.0 mg
Physical description white amorphous powder
Molecular formula CeoH107N15015
Molecular weight 1386.8 g/mol
Optical rotation [a]3° -49 (¢ 0.2, MeOH)
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Compound 19 was isolated as a white amorphous powder. The MALDI-TOF-
MS spectrum showed a prominent ion peak at m/z 1409.7 [M+Na]’, suggesting a
molecular weight of 1386 g/mol. The '"H NMR and COSY spectra suggested that
compound 19 was a peptide, due to the presence of a series of NH signals between Ju
5.30 - 7.95 coupled to a-protons in the region from dn 3.95 - 4.64. 'H-'H-COSY and
TOCSY spectra indicated the spin systems of eleven amino acid residues consisting of
Ile(4X), Pro(3X), Phe, Leu, Asn, and Ala, together with the unusual amino acid v-
hydroxyproline (Hyp) and the DAA moiety. The presence of DAA was indicated by
signals at 0 8.42 (1H, s, DAA-NH) and 7.38 (1H, d, J = 8.8 Hz, H-B). Two downfield
singlet signals at & 7.03 and 7.11 were assigned to the terminal NH> group. The
obtained UV, NMR and mass spectral data were identical to those reported for
callyaerin D, which was previously isolated from C. aerizusa (Ibrahim et al., 2010).
The sequence of amino acids, in the case of the callyaerins D had earlier been
deduced only based on sequence correlations in the ROESY spectra, due to the
insufficient material available to record heteronuclear NMR spectra (Ibrahim et. al.
2010). However, re-isolation of these compounds in the present study afforded
sufficient amounts for further 2D NMR measurements (Daletos et al., 2015).

Accordingly, ROESY correlations between Pro“!-Ho/Ile“>-NH, Ile“*-
Ho/Asn®-NH, Asn®*-Ho/Ala“*-NH, and Ala®-Ho/Ile“>-NH, and Ile“>- Ho/terminal-
NH,, as well as between Ile®>-NH/Asn“*-NH/Ala®*-NH/ Ile®>-NH/terminal NHb,
indicated the peptide fragment ProC!-Ile“>-Asn®-Ala“*-1le®-NH,. This was
confirmed by HMBC cross-peaks between terminal NHy/Ile®>-CO, 11e®>-NH/Ala®-
CO, Ala®-NH/Asn“3*-CO, Asn“*-NH/Ile“>-CO, and I1e“>-NH/Pro‘'-CO (éc 172.9).
The MALDI-TOF mass spectrum gave a basic fragment ion peak at m/z 861 for [M-
(Pro+2lle+Asn+Ala+NH»)]", further supporting the composition of the side chain as
previously reported (Ibrahim et al., 2010; Daletos et al., 2015).

In the same manner, ROESY correlations between the amide protons of the
cyclic moiety disclosed the presence of the partial peptide sequences LeuR?’-DAA-
IleR! and Ie®3-PheR*. The connectivity of these two fragments was justified based on
ROESY cross-peaks between Ile®*-NH/Hyp®*-Ha, Phe®*-NH/Pro®°-H§, and Leu®’-
NH/ProR®-Ha, ProR°-Hp, in association with the HMBC correlations between Leu®’-
NH/ProR®-CO, Pro®-Ho/Phe®*-CO, and Phe®*-Ho/Ile®*-CO. Thus, the sequence of
the cyclic part of 6 cyclo(DAA-IIeR!-11e®2-Phe®3-Pro®*-Hyp®°-ProRS-LeuR’) should be
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revised to cyclo(DAA-IIe?'-HypR2-Tle?3-PheR*-Pro®>-ProR®-Leu?’) as shown (Figure

3.19) (Daletos et al., 2015).

Table 3.15: NMR data of 19 at 700 ('H) and 176 (*C) MHz (DMSO-ds, J in ppm)

unit position ac?, type ou (J in Hz) HMBC ROESY"
DAA NH 8.42 (brs) DAA-0, DAA-CO, C1-5, R1-0, R1-NH,
R7-CO R7-a, R7-NH
CO 167.2,C
o 98.7,C
B 143.6. CH 7.38 (d, 13.9) R1-a, DAA-0, DAA- Rl1-a, R1-y, R1-8, R1-
CO NH
R1Tle NH 5.30 (dd, 13.9, R7- 5, DAA-B, DAA-
10.0) NH
CcO 172.7,C
o 63.8, CH 4.41¢ RI-B, R1-y, R3-y’, DAA-B
R1-CO
B 35.9,CH 1.98 (m) Rl-a, R1-y, R1-y’,
R1-6
y 223,CH2  125(m);0.94(m) Rl-a,RI1-B,R1-y’,
R1-5
Y 15.1,CH3  0.84¢ Rl-a, R1-B, Rl-y
) 11.39, CH3 0.83¢ RI1-B, R1-y
R2 Hyp CO 172.6,C
o 62.1,CH 4.13¢ R2-B, R2-CO R3-NH
B 37.5, CH2 2.06 (m); 1.97 (m)  R2-a, R2-y, R2-§ R3-NH
Y 68.9, CH 4.40° R2-B R3-NH
) 55.2, CH2 3.93 (m); 3.65 (brd R2-a, R2-B, R2-y
10.9)
R3 Ile NH 7.64 (d, 4.9) R2-a, R2-B, R2-y, R4-
NH
CcO 170.5, C R2-B, R2-y, R2-8
o 58.7, CH 4.00 (dd, 4.9, 3.5) R3-B, R3-y, R3-y’,
R3-CO
B 35.7, CH 1.81 (m) R3-a, R3-y, R3-y’,
R3-5
Y 24.7, CH2 1.30 (m); 1.25 (m)  R3-a, R3-B, R3-y’,
R3-5
Y 15.1, CH3 0.82¢ R3-a, R3-B, R3-y
) 11.14, CH3 0.82¢ R3-B, R3-y
R4 Phe NH 7.50, (d, 6.0) R4-0, R4-CO, R3-CO  R5-8, R3-NH
Cco 169.0, C
a 53.4,CH 4.61 (ddd,9.7,6.0, R4-B,R4-1,R3-CO,  R5-5
3.5) R4-CO
B 36.3, CH2 3.06 (dd, 13.1, R4-a, R4-1, R4-2/6,
9.7); 2.77 (dd, R4-CO
13.1, 3.5)
aromatic 1:138.0,C
2:129.0, 7.24¢ R4-B, R4-3/5, R4-4
CH
3:128.2, 7.30¢ R4-2/6, R4-1
CH
4:126.5, 7.22¢
CH
5:128.2. 7.30¢ R4-2/6, R4-1
CH
6:129.0, 7.24¢ R4-B, R4-3/5, R4-4
CH
R5 Pro CcO 171.5,C
o 63.7, CH 4.32¢ R5-B, R5-y, R5-CO,
R4-CO
B 26.9, CH2 2.16 (m); 1.80 (m)  R5-a, R5-y, R5-8
v 24.3, CH2 1.92 (m); 1.90 (m)  R5-a, R5-6
) 46.3, CH2 3.61 (t, 8.8); 3.38 R5-a, R5-B, R5-y R4-a, R7-NH
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R6 Pro cO

Z o= >R

R7 Leu

CcO

CI1 Pro CcO

C21le NH

C3 Asn NH

CO(y)
NH2

C4 Ala NH

C51le

171.6,C
62.8, CH
28.6, CH2
25.5, CH2
46.5, CH2

172.5,C
50.6, CH
412, CH2
24.3,CH
22.3¢, CH3
21.14, CH3
173.6,C
61.6,CH
28.7, CH2

25.7, CH2
48.5, CH2

171.5,C
58.7,CH
35.0, CH
24.6, CH2

15.1, CH3
11.0¢, CH3

171.1,C
50.0, CH

37.2,CH2

171.3,C

171.9,C
48.8, CH
17.1, CH3

172.9,C
57.1, CH

36.2, CH
24.1, CH2

15.1, CH3
11.14, CH3

(m)

4.17°

2.23 (m); 1.40 (m)
1.69 (m); 1.47 (m)
3.27 (m); 2.23 (m)
7.54 (d, 9.5)

4.47 (td, 9.5, 5.5)
1.85 (m); 1.71 (m)
1.76 (m)

0.85¢
0.87¢

4.30¢

2.17 (m); 1.60 (m)
1.79 (m); 1.71 (m)
3.53 (brt, 9.5);
3.30 (m)

7.76 (d, 6.3)

3.93 (t,6.3)

1.90 (m)

1.40 (m); 1.28 (m)
0.87¢

0.82°¢

7.88 (d, 7.6)
4.55(q, 7.0)

2.69 (dd,15.1, 6.9);
2.35(dd,15.1, 6.9)

6.93 (brs); 7.31
(brs)
7.57 (d, 6.9)

4.16°

1.25(d, 6.9)

7.34 (d, 6.7)

4.05 (dd, 8.9, 6.7)
1.77 (m)

1.12 (m); 1.45 (m)
0.83¢

0.83¢

7.11 (brs), 7.03
(brs)

R6-B, R6-CO
R6-a, R6-y

R6-B, R6-6

R6-0, R6-B, R6-y
R7-a, R7-B, R6-CO

R7-B, R7-y, R7-CO,
R7-CO

R7-a, R7-y, R7-8, R7-
6’

R7-a, R7-B, R7-8, R7-
6’

R7-B, R7-y, R7-&’
R7-B, R7-y, R7-8

C1-B, C1-CO, DAA-
CO

Cl-a, Cl-y, C1-5
Cl-a, C1-8, C1-3
Cl-a, C1-8, Cl-y

C2-a, C2-B, C1-CO

C2-B, C2-y, C2-y’,
C2-CO

C2-a, C2-y, C2-y’,
C2-3

C2-a, C2- B, C2-y’,
C2-5

C2-a, C2-B, C2-y
C2-B, C2-y

C3-a, C2-CO

C3-, C3-CO, C3-
CO()
C3-, C3-CO, C3-
CO)

C3-B, C3-CO
C4- 0, C4-, C3-CO

C4-B, C4-CO
C4-a
C5-a, C5-B, C4-CO

C5-B, C5-y, C5-y’,
C5-CO

C5-a, C5-y, C5-y°,
C5-6

C5-a, C5-B, C5-y’,
C5-6

C5-a, C5-B, C5-y
C5-B, C5-y

C5-a, C5-CO

R7-NH
R7-NH

R7-NH

R6-0, R6-B, R6-3,
DAA-NH

C2-NH

C1-§, Cl-a, C3-NH

C3-NH

C2-0,C2-NH, C4-NH

C4-NH

C3-a, C3-NH, C5-NH
C5-NH
C4-NH, Terminal-NH>

Terminal-NH>

C5-a, C5-NH

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of
couplings. ¢ Assignments may be interchanged within the same column.
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Figure 3.19: Structure revision of callyaerin D (19)
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3.2.10. Callyaerin E (20, known natural product)

Callyaerin E

Sample code
Biological source
Sample amount

Physical description

G4-10
Callyspongia aerizusa
12.0 mg

white amorphous powder

Molecular formula Cs6HosN13012
Molecular weight 1261.5 g/mol
Optical rotation [a]3° -68 (¢ 0.25, MeOH)
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Compound 20 was isolated as a white amorphous powder. The MALDI-TOF-
MS spectrum showed a prominent ion peak at m/z 1409.7 [M+Na]’, suggesting a
molecular weight of 1386 g/mol. The '"H NMR and COSY spectra suggested that
compound 20 was a peptide, due to the presence of a series of NH signals between Ju
5.30 - 7.95 coupled to a-protons in the region from dn 3.95 - 4.64. 'H-'H-COSY and
TOCSY spectra indicated the spin systems of eleven amino acid residues consisting of
Ile(4X), Pro(3X), Phe, Leu, Asn, and Ala, together with the unusual amino acid v-
hydroxyproline (Hyp) and the DAA moiety. The presence of DAA was indicated by
signals at & 8.36 (1H, s, DAA-NH) and 7.28 (1H, d, J = 14.2 Hz, H-B). Two
downfield singlet signals at 6 7.03 and 7.11 were assigned to the terminal NH> group.
The sequence of amino acids, the position of the DAA, the terminal NH>, and the
cyclic structure of 20 were established by interpretation of HMBC and ROESY
experiments (Daletos et al., 2015).

The sequence of amino acids, the position of the DAA, the terminal NH; and
the cyclic structure of callyaerin 20 were established by interpretation of HMBC and
ROESY experiments. ROESY correlations between Pro®!-Ho/Ile“>-NH, Ile“*-
NH/I1e“*-NH, and 11e“>-NH/Gly“*-NH, indicated the sequence of the linear side chain
as Pro“!-11e“*-11e“-Gly“*-NH,. The HMBC correlations of Gly“*-NH/I1e®-CO, Ile“*-
NH/Ile“>-CO, and 1le“>-NH/Pro“!-CO further supported the assignments made from
the ROESY spectrum (Daletos et al., 2015).

Further ROESY correlations between Phe®*-NH/Phe®*-NH, and DAA-
NH/Val?’-Ha, Val?’-NH, along with the HMBC correlations between PheR*-Ha/
Phe®?-CO, and DAA-NH/ Val?’-CO, established the partial structures Phe®*-PheR
and DAA-Val®’, respectively. The positions of the proline residues Pro®? and Pro®
were apparent from the ROESY correlations of their 6 proton signals with the
preceding residues Leu®'-Ha and Phe®*-Ha, respectively. In addition, HMBC
correlations from the amide protons to adjacent carbonyls allowed the assignment of
connections between Phe®-NH/Pro®*-CO and between Val?’-NH/Pro®®-CO. This
assignment was also evident from the ROESY cross-peaks between Phe®’-NH/Pro®*-
Ha and Val®’-NH/ProR®®-HB, respectively, thus leading to the overall substructure
LeuR!-ProR?-Phe®*-PheR*-Pro®*-ProR®-Val®’-DAA (Daletos et al., 2015).

Moreover, the ROESY correlations observed for DAA-BH to LeuR!-Ho and
LeuR!-NH, in addition to its COSY correlation to Leu®!-NH, established the nature of

the cyclization of compound 20 via the connection of the DAA unit with Leu®!,
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fulfilling the degrees of unsaturation. Thus, the cyclic substructure was established as
cyclo(Leu®!-Pro®?-Phe®*-Phe®*-Pro®-Pro®®-Val®’-DAA). Finally, the connectivity of
the cyclic part of 20 (R1-R7) and the linear chain (C1-C4) was established through the
ROESY correlation of DAA-NH/Pro“!-HS, as well as by the HMBC correlation
between Pro®!-Ha/DAA-CO. Further support was provided by ESI and MALDI-TOF
MS spectra, which gave a fragment ion at m/z 865 for [M-(Pro+Ile+Ile+Gly+NH>)]",
arising from the cleavage of the linear side chain. The structure of compound 20 was
confirmed by comparison of UV, 'H, *C NMR and mass spectral data with those of
callyaerin E previously isolated from the sponge C. aerizusa. (Ibrahim et al., 2010;

Daletos et al., 2015).
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3.2.11. Callyaerin F (21, known natural product)

Callyaerin F
Sample code G4-11
Biological source Callyspongia aerizusa
Sample amount 15.0 mg
Physical description white amorphous powder
Molecular formula CssHsaN11010
Molecular weight 1094.0 g/mol

Optical rotation [a]3°

-32 (¢ 0.15, MeOH)
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Compound 21 was obtained as a white amorphous solid. The MALDI-TOF-
MS spectrum showed a prominent ion peak at m/z 1117.0 [M+Na]’, suggesting a
molecular weight of 1094 g/mol. The '"H NMR spectrum indicated the peptidic nature
of compound 21. It showed six deshielded amine NH protons at oy 5.14-7.66 and a
cluster of a amino acid metthines at Ju 3.80-4.68, signals for methylenes, and
aliphatic primary and secondary methyls, which suggested the presence of lipophilic
amino acid residues (Table 3.15). Thorough inspection of 1D and 2D NMR data
allowed the assignment of nine amino acid residues as Val (2X), Pro (3X), Phe (2X),
Leu, and Ile The presence of DAA was indicated by signals at & 8.36 (1H, s, DAA-
NH) and 7.28 (1H, d, J = 14.2 Hz, H-B). Two downfield singlet signals at 6 7.03 and
7.11 were assigned to the terminal NH> group. Compound 21 was identified by
comparing NMR and MS data with those of callyaerin F, previously isolated from the
marine sponge C. aerizusa (Ibrahim et. al. 2010). The sequence of amino acids, in the
case of callyaerin F had earlier been deduced only based on sequence correlations in
the ROESY spectra, due to the insufficient material available to record heteronuclear
NMR spectra (Ibrahim ez. al. 2010). However, re-isolation of this compound in the
present study afforded sufficient amounts for further 2D NMR measurements (Daletos
etal., 2015).

Accordingly, detailed interpretation of the ROESY relationships established
the connectivities of the amino acids, similar to those previously reported for this
compound (Ibrahim et. al. 2010). However, the HMBC correlations from Phe®!-NH
(Phe® in the original structure) to DAA-CO, as well as from DAA-NH to Leu®’-CO
(Leu® in the original structure), justified the assignment of the partial peptide
sequences Phe®!-DAA and DAA-Leu®’, respectively. Thus, the sequence of the side
chain of 21, Pro®-Leu®?-Phe®-11e“*-NH», should be revised to Phe®'-1le“>-NH,,
while the sequence of the cyclic part, cyclo(DAA-Val?!-ProR?-Val®*-PheR*-Pro®°),
should be revised to cyclo(DAA-ValR!-ProR2-Val®3-PheR*-Pro®-ProR¢-Leu®’) (Figure
3.20). This was further corroborated by the base ion peak at m/z 817 for [M-
(Phe+Ile+NH>)]", that was observed in the ESI mass spectrum of 21 (Daletos ef al.,
2015).
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Table 3.15: NMR data of 21 at 700 (‘H) and 176 (}3C) MHz (DMSO-ds, J in ppm)

unit position Jac?, type ou (J in Hz) HMBC ROESY?
DAA NH 8.25 (brs) DAA-0, DAA-CO, R7-a, R7-NH, C1-9,
R7-CO R1-NH
CO 165.8,C
o 97.9,C
B 142.7, CH 7.25 (d, 14.0) R1-0, DAA-0, DAA- R1-0, R1-NH, R7-y
CO
R1 Val NH 5.14 (dd, 10.1, 13.7) Rl-a, DAA-a, DAA-3 DAA-NH, DAA-B
CcO 172.5,C
o 63.7, CH 4.38 (brd, 9.8) R1-B,R1-y,R1-y’,R1- R2-5, DAA-B
CO
B 29.6, CH 2.31 (m) Rl-a, R1-y,R1-y’
Y 18.4, CHs 0.87 (d, 6.9), R1-a, R1-B, R1-y’
Y 15.4, CHs 0.66 (d, 6.9) R1-a, R1-B, R1-y
R2 Pro CcO 172.5,C
a 63.8, CH 3.95(dd, 10.3,6.7)  R2-B, R2-y,R2-CO R3-NH
B 29.2, CH2 2.17 (m); 1.81 (m) R2-a, R2-y, R2-$
Y 24.8, CH2 2.03 (m); 1.84 (m) R2-a, R2-B, R2-8
) 46.6, CHz 3.86 (m); 3.74 (m) R2-a, R2-B, R2-y R3-NH
R3 Val NH 7.54 (d, 5.1) R3-a, R2-CO R2-a, R2-3, R4-NH
CO 170.7,C
a 59.8, CH 3.86 (m) R7-B, R7-y,R7-y’,R7- R4-NH
CO
B 29.0, CH 2.11 (m) R7-a, R7-y, R7-y’
Y 18.4, CH3 0.93 (d, 6.7) R7-a, R7-B, R7-y’
Y 18.3, CH3 0.86 (d, 6.7) RS-0, R5-B, RS-y
R4 Phe NH 7.50 (d, 6.1) R4-0, R4-CO,R3-CO  R3-0, R5-8
CO 168.7, C
o 53.8,CH 4.54 (ddd, 9.3,6.1,  R4-B,R4-1,R4-CO R5-6
3.5)
B 36.4, CH2 3.01 (dd, 12.9,9.3);  R4-a, R4-1, R4-2/6,
2.71dd (12.9, 3.5) R4-CO
Aromatic 1: 138.1,C
2:1289,CH 7.21° R4-B
3:128.1,CH 7.28¢ R4-2/6, R4-1
4:126.5,CH 7.23° R4-2/6
5:128.1,CH  7.28¢ R4-2/6, R4-1
6:1289,CH 7.21° R4-B, R4-3/5, R4-4
RS Pro CcO 170.9,C
o 63.4,CH 4.28 (m) R5-B, RS-y, R5-CO
B 27.0, CHz 2.09 (m); 1.80 (m) R5-a, R5-y, R5-6
Y 24.3, CH2 1.91 (m); 1.83 (m) R5-a, R5-B, R5-0
) 46.4, CH2 3.58 (m); 3.35 (m) R5-a, R5-B, R5-y R4-a, R4-NH
R6 Pro CcoO 171.5,C R6-B, R6-CO
o 63.1,CH 4.26 (m) R6-a, R6-y, R6- R7-NH
B 28.7, CH2 2.29 (m); 1.42 (m) R6-a, R6-B, R6-8
Y 25.7, CH2 1.73 (m); 1.45 (m) R6-a, R6-B, R6-y
) 46.5, CHz 3.23 (m); 2.17 (m) R6- R7-NH
R7 Leu NH 7.66 (d, 9.6) R7-a, R7-B, R6-CO R6-0, R6-5, DAA-
NH
CO 171.8,C
o 50.2, CH 4.62 (dt, 10.1, 3.9) R7-B, R7-y, R7-CO DAA-NH, C1-NH
B 40.1, CHz2 1.93 (m); 1.67 (m) R7-a, R7-y, R7-8, R7-
§’, R7-CO
Y 24.4, CH 1.72 (m) R7-a, R7-B, R7-8, R7-
6?
) 21.0, CH3 0.94 (d, 6.7) R7-B, R7-y, R7-&’
& 22.9, CHs 0.84 (d, 6.2) R7-B, R7-y, R7-8
C1 Phe NH 6.17 (d, 7.8) Cl-a, C1-, DAA-CO  R7-0, C2-NH, DAA-
NH
CO 171.0,C

117



a 54.0, CH 4.42 (td, 7.6, 4.5) Cl1-g, C1-1, C1-CO C2-NH

DAA-CO
B 36.8, CH2 2.93 (m); 2.90 (m) Cl-a, C1-1, C1-2/6,
C1-CO
Aromatic 1: 136.9, C
2:1294,CH 7.18° C1-B, C1-3/5,C1-4
3:128.4,CH 7.28¢ C1-2/6, Cl1-1
4:126.1,CH 7.15¢ C1-2/6
5:128.1,CH 7.28¢ C1-2/6, C1-1
6:1294,CH 7.18¢ CI-B, C1-3/5,C1-4
C21le NH 7.52 (d, 8.5) C2-a, C2-B, C1-CO Cl-a, C1-NH,
terminal-NH>
CO 173.1,C
o 57.6, CH 3.98 (dd, 8.3, 6.1) C2-B, C2-y, C2-y’, C2-  terminal-NHz
CO, C1-CO
B 36.0, CH 1.73 (m) C2-a, C2-y, C2-y’, C2-
o
% 23.8, CHz 1.29 (m); 1.10 (m) C2-a, C2- B, C2+y’,
C2-5
Y 15.9, CH3 0.77 (t, 7.3) C2-a, C2-B, C2-y
d 11.0, CH3 0.76 (d, 6.8) C2-B, C2-y
NH2 7.04 (brs); 6.95 C2-a, C2-CO C2-a, C2-NH

(br)s

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. ¢ Signal overlap prevents determination of
couplings

Figure 3.20: Structure revision of callyaerin F (21)
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3.2.12. Callyaerin G (22, known natural product)

Callyaerin F
Sample code G4-12
Biological source Callyspongia aerizusa
Sample amount 5.0 mg
Physical description white amorphous powder
Molecular formula CssHsaN11010
Molecular weight 1094.0 g/mol
Optical rotation [a]3° -32(c 0.15, MeOH)
Leu-R7

Phe-C3 Pro-R6
Pro-C2

8 (
j\/ 0 X g . /lleN )\\D Pro-R5
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H N \n/\
o
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H o
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Y Pro-C1 K(
>7 NH @Phe-R4
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Compound 22 was obtained as a white amorphous solid. The MALDI-TOF-
MS spectrum showed a prominent ion peak at m/z 1117.0 [M+Na]’, suggesting a
molecular weight of 1094 g/mol. The peptidic nature of 22 was evident from the
abundance of signals in the amide NH region (du 7.96-5.32), from the a-amino
protons (Ju 4.63-3.41) in the 'H NMR spectrum and from the presence of carbonyl
carbons (dc 174.1-168.3), as deduced from the HMBC spectrum. Interpretation of the
COSY and TOCSY spectra allowed the assignment of eleven spin systems consisting
of Leu (2X), Pro (5X), Phe (3X), and Gly. The presence of the DAA unit was evident
from the '"H NMR data at éy 8.23 (brs, NH) and du 7.46 (d, J = 13.9 Hz, B-H). Two
downfield singlet signals at 6 7.03 and 7.11 were assigned to the terminal NH> group
(Daletos et al., 2015).

The obtained UV, NMR and mass spectral data were identical to those
reported for callyaerin G, which was previously isolated from C. aerizusa (Ibrahim et
al., 2008). Due to the insufficient material available to record heteronuclear NMR
spectra, callyaerin G had earlier been deduced only based on sequence correlations in
the ROESY spectra (Ibrahim et. al. 2008). However, re-isolation of this compound in
the present study afforded sufficient amounts for further NMR measurements that
prompted us to reconsider its structural assignments (Daletos et al., 2015).

Key ROESY correlations between Pro®!-Ho/Pro“?-Ha, Pro“>-Ho/Phe“*-NH,
and Phe®- Ha/Gly“*-NH, as well as between Phe“*-NH/Gly“*-NH/terminal NH>
disclosed the nature of the linear side chain as Pro“!-Pro“>-Phe“*-Gly“*-NH,. This
was supported by HMBC correlations between terminal NH»/Gly®*-CO (dc 171.1),
Gly“*-NH/Phe®-CO (dc 170.9), and Phe“>-NH/Pro®?-CO (dc 171.0) (Daletos et al.,
2015).

Additional ROESY correlations were observed between Leu®'-NH/DAA-
NH/Leu®’-NH, and Phe®¥/Phe®* corresponding to the peptide fragments Leu®!-DAA-
Leu®” and Phe®-Phe®, respectively. Moreover, careful inspection of the ROESY
correlations between LeuR!-Ha, Phe®*-NH/Pro®?-Ha; Phe®*-NH/Pro®*>-H§; and Leu®’-
NH/ProR®-Ha, ProR®-HB connected these two fragments, and accordingly the cyclic
part of 4 was determined as cyclo(DAA-LeuR!-Pro®?-Phe®*-Phe®*-Pro®*-ProR®-Leut’).
The HMBC correlations of DAA-NH/Leu?’-CO, Leu®’-NH/ProR®-CO, PheR*-
NH/Phe®*-CO, and Phe®*-NH/Pro®>-CO corroborated the interpretation of the
ROESY spectrum. Thus, the structure of 22 should be revised according to Figure
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3.21, which is in agreement with the fragment ion at m/z 879 for [M-

(2Pro+Phe+Gly)]" observed in the ESI mass spectrum (Daletos et al., 2015).

Table 3.16: NMR data of 22 at 700 (‘H) and 126 (!3C) MHz (DMSO-ds, J in ppm)

unit position oc?, type ou (J in Hz) HBMC ROESY"
DAA NH 8.23 (brs) DAA- a, R7-CO C1-5, R7-a, R7-B, R7-
NH, R1-NH, DAA-B
CcO 168.0, C
o 98.0, C
B 145.3, CH 7.46 (d, 13.9) R1-a, DAA-a, DAA- Rl-a, RI-NH
CO
R1 Leu NH 530 (dd, 13.9, DAA-B, DAA-NH
10.0)
CcO 173.3,C
o 57.7, CH 4.27°¢ RI1-B, Rl-y, DAA-B, R2-Ho, R2-H$
R1-CO
B 42.0, CH» 1.62 (m); 1.08 (m)
% 23.3,CH 1.33 (m)
) 23.3, CHs 0.53 (d, 6.7) R1-B, R1-y, R1-8’
& 20.2, CH3 0.37 (d, 6.4) RI1-B, R1-y,RI1-8
R2 Pro CO 172.2,C
o 63.0, CH 3.94¢ R2-B, R2-y, R2-CO R1-Ha, R3-NH
B 28.7, CH» 2.10 (m); 1.59 (m) R2-a, R2-CO, R3-NH
v 24.9, CH2 2.01 (m); 1.84 (m)
) 46.0, CH> 3.92 (m); 3.49 (m) R2-a, R2-B R1-Ha, R3-NH
R3 Phe NH 7.71 (d, 6.8) R3-B, R2-CO R2-0, R2-B, R2-5, R4-
NH
CcO 170.7, C
o 53.8,CH 4.22¢ R4-NH
B 35.2, CH» 2.86 (m) R3-a, R3-1, R3-2/6,
R3-CO
Aromatic 1: 138.3,C
2: 128.5, 7.12(brd, 7.2) R3-B, R3-4
C
3: 128.1, 7.25(brt, 7.2) R3-1
CH
4. 126.5, 7.19(brt, 7.2) R3-2/6, R3-3/5
CH
5. 128.1, 7.25(brt, 7.2) R3-1
CH
6:  128.5, 7.12(brd, 7.2) R3-B, R3-4
CH
R4 Phe NH 7.21¢ R4-a, R4-B, R3-CO R3-NH, R5-5
CO 169.6, C
o 52.3,CH 4.63(q,7.1) R4-B, R4-CO R5-8
B 36.4, CHz 2.96 (m); 2.66 (dd, R4-a, R4-CO, R4-1,
13.4,4.7) R4-2/6
Aromatic 1:137.7,C
2: 129.2, 7.18(brd, 7.2) R4-B, R4-3/5, R4-4
CH
3: 128.1, 7.25(brt, 7.2) R4-1
CH
4:  126.6, 7.22(brt,7.2) R4-2/6
CH
5. 128.1, 7.25(brt, 7.2) R4-1
CH
6:  129.2, 7.18(brd, 7.2) R4-B, R4-3/5, R4-4
CH
R5 Pro CcO 171.7,C
o 63.5, CH 4.41(dd,9.8,7.9) R5-B,R5-CO
B 26.5, CHz 2.15(m); 1.83 (m) R5-y,R5-8
% 24.0, CH2 1.92 (m); 1.90 (m) R5-a, R5-f
) 46.1, CH» 3.45 (m); 3.38 (m) R5-a, R5-B, R5-y R4-NH, R4-a
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R6 Pro

R7 Leu

CI1 Pro

C2 Pro

C3 Phe

C4 Gly

2 Data extracted from HSQC and HMBC spectra. ® Sequential NOEs. © Signal overlap prevents determination of

couplings

=2 NZoR™
(@Ran

Aromatic

NH
CcO

NH:2

171.4,C
62.5, CH

28.5, CH2
25.4, CHz
46.5, CH2

171.9,C

50.0, CH
40.0, CHz
242, CH
20.6, CHz
22.7,CHz
171.9,C

64.0, CH

26.1, CHz
25.4, CHa
45.9, CHa
171.0,C

61.4,CH

27.7, CH2
24.8, CH2
47.4, CHz

170.9, C
54.5,CH
37.0, CHa

1:138.3,C
2: 130.0,
CH
3 128.1,
CH
4: 1259,
CH
5. 128.1,
CH
6:  130.0,
CH
171.1,C
419, CHs

424 (dd,
7.4)

2.28 (m); 1.48 (m)
1.78 (m); 1.67 (m)
3.40 (m); 2.74 (td,
10.3, 6.2)

7.51 (d, 10.1)

10.1,

4.46 (dt, 10.1, 3.8)
1.92 (m); 1.75 (m)
1.75 (m)

0.86 (d, 6.5)

0.83 (d, 6.2)

4.34 (dd, 9.8, 7.9)

2.08 (m); 1.83 (m)
1.95 (m); 1.78 (m)
3.86 (m); 3.36 (m)

411 (dd,
7.5)

1.89 (m); 1.06 (m)
1.69 (m)

3.84 (m); 3.37 (m)
7.67 (d, 7.0)

10.0,

4.23¢
323 (dd,
2.7);2.92 (m)

134,

7.35 (brd, 7.2)
7.25 (brt, 7.2)

7.17 (brt, 7.2)

7.25 (brt, 7.2)

7.35 (brd, 7.2)
7.96 (dd, 7.9, 5.0)
391 (dd, 172,
7.9); 3.41 (dd,
17.2,5.0)

7.12  (brs); 7.11
(brs)

R6-B, R6-CO

R6-y, R6-CO
R6-5
R6-0, R6-B, R6-y

R7-a, R6-CO

R7-B, R7-y, R7-CO
R7-a, R7-y, R7-CO
R7-a, R7-3, R7-8°
R7-B, R7-y, R7-&’
R7-B, R7-y, R7-8

Cl1-B, C1-CO, DAA-

CcO

Cl-a, C1-CO

Cl1-p

C1-, Cl-y, C1-CO
C2-v,C2-CO
C2-vy

C2-B, C2-y
C3-a, C2-CO

C3-B, C3-CO

C3-a, C3-CO, C3-1,

C4-2,6
C3-B, C3-4
C3-1

C3-2/6, C3-3/5
C3-1

C3-B, C3-4
C3-CO

C4-CO

C4-a, C4-CO

R7-NH
R7-NH
R7-NH

R6-0, R6-B,
DAA-NH

DAA-NH
DAA-NH

C2-0, C2-6

DAA-NH

Cl-a, C3-NH

Cl-a, C3-NH
C2-a, C2-5, C4-NH

C4-NH

C3-NH, Terminal-NH>

Terminal-NH>

C4-a, C4-NH
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Figure 3.21: Structure revision of callyaerin G (22)
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3.2.13. Bioactivity of compounds isolated from the marine sponge C. aerizusa

The new callyaerin derivatives 11 — 15, together with the known derivatives
callyaerin A (16), B (17), C (18), D (19), E (20), F (21), and G (22), were assayed in
vitro against M. tuberculosis (Figure 3.22). Compounds 16 and 17 showed
pronounced anti-TB activity with MICoo values of 2 and 5 uM, respectively.
Compound 18 was found to be less active with an MICog value of 40 uM (Table 3.17).
The remaining congeners were inactive (MICoo>100 uM) in this assay (Daletos et al.,
2015).

All callyaerin derivatives were further assayed for their cytotoxicity toward
THP-1 and MRC-5 cell lines (Figure 3.22). Compound 16, which showed the
strongest anti-TB activity, exhibited only low cytotoxicity against the two cell lines
with 1Cso values of 20 or 30 uM for THP-1 or MRC-5 cells, respectively that are at
least 10-fold above the MICoo (Table 3.17). Compound 17, which was the second best
inhibitor of M. tuberculosis growth, exhibited moderate activity towards the two cell
lines studied. While 11 exhibited a low cytotoxicity profile similar to 16, the
remaining compounds showed weak cytotoxic activity only at concentrations >50 pM

(Daletos et al., 2015).

Mtb
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Figure 3.22: Anti-TB and cytotoxic profiles of callyaerins A-C (16 — 18), E (20) and
F (21). Compounds I-M (11 — 15), D (19) and G (22) showed weak or no anti-TB
activity at the range of the concentrations analyzed (MICoo >100 uM), and therefore
they are not included in the corresponding graphs. Data are means of three

independent experiments + SD (Daletos et al., 2015).
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Table 3.17: Anti-TB assay and cytotoxic activities against THP-1 and MRC-5 cell

lines of 16 — 18

M. tuberculosis THP-1 MRC-5
MICyy (UM) | MICigo (M) | ICso (uM) | ICoo (UM) | ICso (UM) | ICop (UM)
Cal. A (16) 2 6 30 50 20 40
Cal. B(17) 5 10 5 30 2 6
Cal. C (18) 40 100 >100 >100 >100 >100

MICoyg: concentration for 90% bacterial growth inhibition

MIC,o: concentration for 100% bacterial growth inhibition
ICso:
ICoo:

concentration for 50% cell growth inhibition

concentration for 90% cell growth inhibition
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3.3. Isolated compounds from the sponge Acanthostrongylophora ingens

In this study, we investigated a specimen of A. ingens (class Demospongiae,
order Haplosclerida, family Petrosiidae), collected at Ujung Pandang Island,
Indonesia, in August 1996, and subsequently identified by Dr. Nicole de Voogd,
National Museum of Natural History, Leiden, the Netherlands. The thawed sponge
material was cut into small pieces and exhaustively extracted with MeOH (1L x 2) at
room temperature. Total methanolic extract of the sponge was subjected to vacuum
liquid chromatography (VLC) on silica gel using a stepwise gradient system from
100% n-Hexane to 100 % EtOAc, and from 100% DCM to 100% MeOH. Each
fraction was purified by column chromatography using silica gel 60M and Sephadex
LH-20 as stationary phases and MeOH as a mobile phase followed by semi-
preparative reversed phase HPLC (C18 Eurosphere 100) for final purification using an
eluting gradient of MeOH:H>O. This led to the isolation of two known alkaloids,
namely, annomontine (23) (Leboeuf et al, 1982) and 1- hydroxy-3,4-
dihydronorharman (24) (Roa et al., 2003). In this part, the results of the chemical
investigation of the secondary metabolites produced by A. ingens are presented

(Daletos et al., 2015).
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3.3.1. Annomontine (23, known natural product)

Annomontine
Sample code G3-1
Biological source Acanthostrongylophora ingens
Sample amount 7.0 mg
Physical description Yellow crystalline solid
Molecular formula CisH11Ns
Molecular weight 261 g/mol

Retention time (HPLC)

26.16 min (standard gradient)

F: + ¢ ESI Full ms [ 100.00-1000.00]

E/JI.‘T('_‘%"LM)S'D #3 G3-20Ms end W\‘/‘C‘;;;’fﬂ;‘ 1m— 262.3 [M+ H ]+
a0od 1 /
8 80+
300- —
- 126,163 g 60:
e | “ 2 40
o | = 3 0]
] - J,} @ 20 2214 263.3
100 | 1 1933 ) 264.3 4140 4586 6205 6748
—— L o 0 G i T O e e s i e |
oo 10.0 200 200 40,0 580 60,0 100 200 300 400 500 €00 700
miz
50 Peak #1  100% at 26 16 min . 4
l% 2194
1:_!:—; )
o) 2y, No ionization in (-)-ESI-MS
N
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Compound 23 was isolated as a yellow crystalline solid. It has UV
absorbances at Amax 229, 289 and 311 nm. It had a molecular weight of 261 g/mol, as
derived from the ESIMS measurement that showed the ion peak at m/z 262 [M+H]+.
The 'H NMR spectrum revealed the presence of a disubstituted phenyl ring,
containing four ortho-coupled protons at 6 8.31 (d, J = 7.9 Hz, H-5), 7.77 (d, J = 8.2
Hz, H-8), 7.64 (dt, J = 8.2, 0.9 Hz, H-7) and 7.29 (dt, J = 7.9, 0.9 Hz, H-6) (Figure
3.23). This ABCD system was corroborated by the COSY spectrum. The second spin
system consisted of two downfield proton signals at 6 8.51 (d, J = 5.0 Hz, H-3) and
8.29 (J = 5.0 Hz, H-4) with a small coupling constant (Figure 3.23), indicating that
these two protons are present in a nitrogen-bearing ring system, as found in pyridine.
The downfield singlet at 6 11.54 was assigned to an indolic NH group, thus
suggesting a B-carboline moiety. Comparison of the 'H and *C NMR data with
literature data (Coune et al., 1980; Leboeuf et al., 1982; Corbally, et al., 2000)
indicated the presence of a norharmane structure as found in compound 23. Proton
doublets at 6 8.44 and 7.68 with coupling constants of 5.3 Hz were positioned ortho to
each other, as also indicated by their COSY correlations, which led to the elucidation
of a 2-aminopyrimidine as the second substructure. Therefore, 23 was identified as a
B-carboline alkaloid substituted at C-1 by a 2-aminopyrimidine unit, which is known
as annomontine. Interestingly, annomontine was originally isolated from the bark of
Annona montana (family Annonaceae) (Leboeuf et al., 1982), which suggests a

microbial origin of this class of compounds.

NH Hh‘l\l]:‘ HS“II-? L ; :
L _—— W l‘—”‘) S R S S LR

Figure 3.23: '"H NMR spectrum of compound 23
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3.3.2. 1-Hydroxy-3, 4-dihydronorharman (24, known natural product)

1-Hydroxy-3, 4-dihydronorharman

Sample code
Biological source
Sample amount
Physical description
Molecular formula
Molecular weight

Retention time (HPLC)

G3-2

Acanthostrongylophora ingens
2.5mg

Pale yellow amorphous powder
Ci1iH10N20

186 g/mol

22.55 min (standard gradient)

1 200 CD120318 43 G3-20Ms13,14 VIS T
mAd WHAL235 om| F; + ¢ ESI Full ms [ 100.00-1000.00]
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Compound 24 was obtained as a white amorphous powder. It showed UV
absorbances at Amax 206, 226, and 300 nm. The (+) ESIMS spectrum exhibited an ion
peak at m/z 187 [M+H]", implying a molecular weight of 186 g/mol. '"H NMR and
COSY spectra revealed an exchangeable NH proton resonating at oy 7.55 ppm and an
aromatic ABCD spin system comprising four protons in the aromatic region at ou 7.57
(d, J=8.2 Hz, H-5), 7.37 (d, J = 8.2 Hz, H-8), 7.20 (dt, J = 8.2, 0.9 Hz, H-7) and 7.04
(dt, J= 8.2, 0.9 Hz, H-6) (Figure 3.24), representing signals for an indole moiety.

In addition, two methylene protons at 6 3.51 (t, /= 6.9 Hz, H2-3) and 2.91 (t,
J = 6.9 Hz, H2-4) were positioned adjacent to each other as indicated by the
respective COSY correlation, thus suggesting a dihydropyridine moiety attached to
the indole ring. The remaining resonance in the 'H NMR spectrum of 24 of an
exchangeable proton at oy 11.51 was assigned to a hydroxy group (Figure 3.24).
Based on these observations, as well as by comparison of the UV, 'H NMR, and MS
data with those reported in the literature, 24 was identified as 1-hydroxy-3,4-
dihydronorharman (Roa et al., 2003).

taE-07

+4E-07

~3E=07
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Ca
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Fig 3.24: 'H NMR spectrum of compound 24
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3.3.3. Bioactivity of compounds isolated from the marine sponge A. ingens.

The isolated compounds (23 and 24) were tested for their antibacterial
activities against the bacterial strains S. aureus, E. coli, and P. aeruginosa (Table
3.18). In addition, the isolated compounds were subjected to bioassays aimed to

determine their cytotoxic and protein kinase inhibitory profiles (Table 3.19).

Table 3.18: Antibacterial assay of compounds 23 and 24:

Name E. Coli S. aureus P. aeruginosa
MIC (pg/ml) MIC (pg/ml) MIC (pg/ml)
Annomontine (23) - 64 -

1-Hydroxy-3, 4-dihydronoharman (24) - — -

Table 3.19: Residual activity (in %) of a panel of 7 different kinases for compounds
23 and 24 at concentrations of 10 uM.

VEGF-
Compound Aurora B AXL FAK MEkl-wt PIM1 PRK1 R2
Annomontine (23) 62 74 80 78 29 71 72
1-Hydroxy-3, 4-
dihydronoharman (24) 2 9% %0 86 %6 7 83
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3.4. Isolated compounds from the sponge Sarcotragus spinosulus

In this study, we investigated a specimen of S. spinosulus (class
Demospongiae, order Haplosclerida, family Petrosiidae), collected in Fethiye, Turkey.
Total methanolic extract of the sponge was subjected to liquid-liquid partition
technique against n-Hexane, EtOAc, and BuOH. The bioactive EtOAc fraction was
subjected to consecutive column chromatography on Sephadex LH-20, using MeOH
as a mobile phase. Further purification was achieved by semi-preparative reversed
phase HPLC (C18 Eurosphere 100) using an eluting gradient of MeOH:H:O to yield a
3:1 mixture of two known linear sesterterpenes ircinin-1 and ircinin-2. The structures
of the isolated compounds were unambiguously elucidated based on 1D- and 2D-
NMR spectroscopy and mass spectrometry, as well as by comparison with the
literature (Daletos et al., 2014, 2015). In this part, we report the results of the
chemical investigation of the secondary metabolites produced by S. spinosulus, as
well as bioassay results employing the L5178Y mouse lymphoma cell line and a panel

of protein kinases.
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3.4.1. Ircinin-1 (25, known natural product)

Ircinin-1
Sample code B6-sp2
Biological source Sarcotragus spinosulus
Sample amount 2.5mg
Physical description Light yellow oil
Molecular formula C25H2905
Molecular weight 410 g/mol
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3.4.2. Ircinin-2 (26, known natural product)

Ircinin-2
Sample code B6-sp2
Biological source Sarcotragus spinosulus
Sample amount 2.5mg
Physical description Light yellow oil
Molecular formula C25H2905
Molecular weight 410 g/mol
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Compounds (25) and (26) were isolated as an inseparable mixture (3:1). The
EI-MS of 25 and 26 showed an ion peak at m/z 410 [M]". The carbon skeletons of 25
and 26 were established as bisfuranoditerpenes by analysis of the UV, 'H and COSY
spectra. Accordingly, the '"H NMR spectrum revealed signals attributable to three o
protons (du 7.29, 7.22, and 6.99) and two [ protons (du 6.25, 5.78) of the furan ring,
suggesting the existence of both a B-substituted and an a-disubstituted furan rings. A
vinylic proton (du 5.14, t, J = 6.6 Hz) and a vinylic methyl (du 1.52) suggested the
presence of a trisubstituted double bond. In addition, the '"H NMR spectrum showed
six distinct methylenes; a singlet at ou 3.70 (s, H-5), a triplet at on 2.37 (H-10, t, J =
7.5 Hz), and four multiplets at on 2.20, 1.99, 1.36, and 1.29 (H-11, 15, 16, and 17,
respectively). The COSY spectrum showed long range correlations between the
singlet at oy 3.70, the two B protons (dn 6.25 and 5.78) and the a-proton (ou 7.29) of
the furan rings, thus indicating that the rings are linked to each other by a methylene
group (CH:-5). Moreover, the 'H-NMR signals of a vinylic proton at du 5.28 (H-20,
d, /= 10.2 Hz) and a singlet vinylic methyl at Ju 1.74, indicated the presence of a
conjugated tetronic acid moiety.

On comparison of the different intensities in the 'H-NMR spectrum as well as
by analysis of the COSY spectral data, two sets of individual data corresponding to
each isomer could be delineated. In the first set of correlations, the COSY spectrum
showed a spin system composed of a vinyl methine (CH-12), and two methylene
groups (CH2-10 and CH>-11). However, in the second set of data, the COSY spectrum
allowed us to establish a long spin system within the molecule starting from a vinyl
methine (CH-15) and sequentially extending until CH-20. These data suggested that
the two isomers differ at the position of the central double bond (C12/13 and C13/15),
which were in accordance with the values reported for the known linear sesterterpenes
ircinin-1 and ircinin-2, respectively (Cimino et al. 1971). The absolute configuration
of C-18 was determined to be R on the basis of the positive [a]p value of compounds

25 and 26 (3:1) (+32.3 ¢ 0.05, MeOH).
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3.4.3. Bioactivity of compounds isolated from the marine sponge S. spinosulus
The 3:1 mixture of ircinin-1 (25) and ircinin-2 (26) was subjected to bioassays
aimed to determine the cytotoxicity and the protein kinase inhibitory profiles of these
compounds. Interestingly, ircinin-1,2 (3:1) proved to be highly active against ALK,
AXL, FAK, IGF1-R, SRC, and VEGF-R2 kinases (Table 3.20), whereas it showed
only weak cytotoxicity toward the mouse lymphoma cell line L5178Y (16.6%
inhibition at a dose of 10 ug/ml) as well as toward the human ovarian cancer A2780
sens (cisplatin-sensitive) and A2780 CisR (cisplatin-resistant) cell lines (Figure 3.25).

The bioactivity test results are shown below:

Ircinin-1,2 (3:1):
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Figure 3.25: Cytotoxicity of ircinin-1,2 (3:1) against A2780 (sens and CisR) cell lines

Table 3.20: Residual activity (in %) of a panel of 16 kinases for ircinin 1,2 (3:1) at 10 uM

I1Cso [#M]

AKT1 ALK ARKS Aurora-B AXL FAK IGF1-R MEK1wt MET wt NEK2 NEK6 PIM1 PLK1 PRK1 SRC VEGF-R2

100 0 70 45 1 2 0 100 75 63 77 95 82 97 0 0
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3.5. Isolated compounds from the sponge Dysidea avara

In this study, we investigated a specimen of D. avara (class Demospongiae,
order Dictyoceratida, family Dysideidae), collected in Ayvalic, Turkey. Total
methanolic extract of the sponge was subjected to liquid-liquid partition technique
against n-Hexane, EtOAc, and BuOH. The bioactive EtOAc fraction was further
subjected to consecutive column chromatography using Sephadex LH-20 as stationary
phase and MeOH as a mobile phase. Further purification was achieved by semi-
preparative reversed phase HPLC (C18 Eurosphere 100) using an eluting gradient of
MeOH:H;O. This led to the isolation of two known sesquiterpene quinols/quinones,
namely, avarol (23) and avarone (24) (Minale ef al., 1974). In this part, the isolation
and structure elucidation of the secondary metabolites produced by D. avara is
presented, as well as results from different bioassays, including cytotoxicity (MTT),

antibacterial and in vitro protein kinase assays (Daletos et al., 2014).
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3.5.1. Avarol (27, known natural product)

Avarol

Sample code
Biological source
Sample amount
Physical description
Molecular formula

Molecular weight

Optical rotation [a]f)o

B23-1

Dysideas avara

2.0 mg

White amorphous solid
C21H3002

314 g/mol

+10.8 (¢ 0.1, CHCLy)

Peak#1 100% at 32.30 min
o,

= - TR
nau o WNLZ3E 80,0
] 2155
o
m
1003 . Sn A
| Fo
g : !
i g 200 |
3 o T

N . ‘ .
—— rin '
200 . So— ‘ i — o -10,0- v — T [ e
0 100 0 00 00 200 600 200 250 300 350 400
-+ El ms [ 34.66-698.09]
100- &2
g{]“
80 |
70 1
B a0
£ |
5
2 50 |
£
30
5 08
44 | 200
204
i 55 ARE ‘ 224
10 ®" s 197 424 | 166 191 ‘
E Iy %8 180 | 255 205
ot M ol W bl i, 52 ke o i
50 100 150 200 250 ado 350




Compound 27 was obtained as a white amorphous solid. It displayed UV
absorbances at Amax 215 and 298 nm. The EIMS showed molecular ion peak at m/z
314 [M]" indicating a molecular weight of 314 g/mol. The NMR spectral data
revealed two substructures consisting of a sesquiterpene and a trisubstituted benzene
moiety. The 'TH NMR chemical shifts corresponding to the sesquiterpene substructure
indicated among others the presence of an olefinic methyl group at ou 1.51 ppm (Hs-
11), a secondary methyl group split to a doublet at oy 1.00 (3H, d, J = 6.6 Hz, H3-13),
and two tertiary methyl signals at oy 1.02 and 0.86 ppm (Hs3-12 and Hs-14,
respectively). In addiditon, the COSY spectrum of 8 comprised two continuous spin
systems, CH(10)CH2(1)CH2(2)CH(3) and CH2(6)CH2(7)CH(8)CH3(13), indicative of
a trans-4,9-friedodrim-3-ene subunit. The remaining signals in the '"H NMR spectrum
of 27 (Table 3.21) showed an ABX spin system, including a doublet of doublets at ou
6.55 (1H, dd, J = 1.5, 8.2 Hz), and two doublets at ou 6.60 (1H, d, J = 8.2 Hz) and Ju
6.57 (1H, d, J = 1.5 Hz), thus suggesting the presence of a 1,2,5- trisubstituted
benzene ring. The structure of 27 was further confirmed by comparison of its
spectroscopic data (UV, MS, and '"H NMR) with those reported for avarol (Minale et
al., 1974).
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3.5.2. Avarone (28, known natural product)

Avarone
Sample code B23-2
Biological source Dysideas avara
Sample amount 0.5 mg
Physical description Purple amorphous solid
Molecular formula C21H2802
Molecular weight 312 g/mol
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Compound 28 was obtained as a white amorphous solid. The UV spectrum,
revealing absorbances at Amax 326 and 490 nm, suggested the presence of a quinone
chromophore in the molecule. The EIMS showed molecular ion peak at m/z 313 [M
+H]" indicating a molecular weight of 312 g/mol. The'H NMR spectrum of 2 (Table
3.21) was similar to that of 1, except for the marked downfield shifts observed for H-
19 and H-20 resonating at Ju 6.75 and 6.70, respectively. The above spectral
differences suggested that 28 is the quinone analogue of avarol (27), which accounts
for the 2 amu molecular weight difference between both compounds. From the above
data and by comparison with the literature, compound 28 was identified as avarone

(Minale et al., 1974).

Table 3.21: '"H NMR data of 27 and 28 at 600 MHz (CDCls)

Nr. 27 28
ou (J in Hz) o (J in Hz)

3 5.14(1H, brs) 5.13 (1M, brs)

11 1.51 3H, brs) 1.53 (3H, br s)

12 1.02(3H,s) 1.00 (3H, s)

13 1.00 3H, d,J = 6.6 Hz) 0.93 3H, d, J = 6.6 Hz)

14 0.86 3H, s) 0.85 3H, s)

152 2.56 (1H, d,J = 14.2 Hz) 2.43 (1H, d,J = 13.4 Hz)
15b  2.67 (1H, d,J = 14.2 Hz) 2.64 (1H, d, J = 13.4 Hz)
17 6.57(1H,d,J = 1.5 Hz) 6.51 (1H, d, J = 2.5 Hz)
19 6.55(1H,dd,J=1.5,82Hz) 6.70 (1H, dd, J = 2.5, 10.1 Hz)

20 6.60 (1H, d,J = 8.2 Hz) 6.75 (1H, d, J = 10.1 Hz)
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3.5.3. Bioactivity of compounds isolated from the marine sponge D. avara.

The isolated compounds (27 and 28) were tested for their antibacterial
activities against several bacterial strains (Table 3.22). In addition, the isolated
compounds were subjected to bioassays aimed to determine their cytotoxic (Table

3.23) and protein kinase inhibitory profiles (Table 3.24).

Table 3.22: Antibacterial assay of compounds 27 and 28

E. j
Name MRSA MIC | S. pneumonia | E. faecalis M?gh
/ml MIC (pg/ml) | MIC (ng/ml)
(ng/ml) g/ g (ng/ml)
Avarol (27) 391 3.91 391 -
Avarone (28) 7.81 7.81 391 -

Table 3.23: Cytotoxic activity of 27

Name % Growth of L5178Y (10pg/ml)

Avarol (27) 6.2

Table 3.24: Residual activity (in %) of a panel of 16 kinases for 27 at 10 pM

ICs0 [uM]

AKT1 ALK ARKS Aurora-B AXL FAK IGF1-R MEK1wt MET wt NEK2 NEK6 PIM1 PLK1 PRK1 SRC VEGF-R2

100 92 100 19 70 100 54 100 45 70 100 100 100 100 100 100
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3.6. Isolated compounds from the sponge Agelas oroides

In this study, we investigated a specimen of A. oroides (class Demospongiae,
order Agelasida, family Agelasidae), collected in Ayvalic, Turkey. The bioactive
EtOAc fraction was subjected to consecutive column chromatography on Sephadex
LH-20, using MeOH as a mobile phase. Further purification was achieved by semi-
preparative reversed phase HPLC (C18 Eurosphere 100) using an eluting gradient of
MeOH:H-O to yield a known bromopyrrole compound. The structure of the isolated
compound was unequivocally determined on the basis of NMR spectroscopy and
mass spectrometry (ESIMS), as well as by comparison with the literature. In this part,
we report the structure elucidation of the bromopyrrole secondary metabolite
produced by A. oroides, as well as results from different bioassays, including

cytotoxicity (MTT) and antibacterial assays (Daletos et al., 2014).
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3.6.1. 4,5-Dibromo-1H-pyrrole-2-carboxylic acid (29, known natural

product)

4,5-Dibromo-1H-pyrrole-2-carboxylic acid

Sample code B10-1
Biological source Agelas oroides
Sample amount 4.0 mg
Physical description White amorphous solid
Molecular formula CsH3”BraNO;
Molecular weight 267 g/mol
Optical rotation [a]3° i
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Compound 29 was isolated as white amorphous solid. The UV spectrum,
revealing absorbances at Amax 233 and 277 nm, suggested the presence of a pyrrole
chromophore in the molecule. The ESIMS spectrum indicated two bromines in the
molecule as shown by a cluster of molecular ion peaks at m/z 266/268/270 [M-H]
having an intensity ratio of 1:2:1. In addition, the '"H NMR spectrum of 29 measured
in MeOH-d4 disclosed the presence of a downfield signal resonating at on 6.82 (1H, s,
H-3). Based on these observations, as well as by comparison of the UV, 'H NMR and
mass spectral data with published data, 29 was identified as 4,5-dibromo-1H-pyrrole-

2-carboxamide (Forenza et al., 1971).
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3.6.2. Bioactivity of compound isolated from the marine sponge A. oroides.

The isolated compound (29) was examined for its effect on the growth of the
L5178Y mouse lymphoma cell line using the MTT assay (Table 3.25). Moreover,
compound 29 was evaluated for its antimicrobial activity against a panel of different

bacterial strains (Table 3.26); however, it exhibited no significant activity to any of

the cell lines tested.

Table 3.25: Cytotoxic activity of 29

Name

% Growth of L5178Y (10pg/ml)

4,5-Dibromopyrrole-2-carboxylic acid (29)

98.9

Table 3.26: Antibacterial assay of compound 29

2-carboxylic acid (29)

Name MRSA MIC | S. pneumonia | E. faecalis E. Coli
(ng/ml) MIC (pg/ml) | MIC (pg/ml) | MIC (pg/ml)
4,5-Dibromopyrrole- 125 125 _ ~125
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4. Discussion
4.1. Metabolites isolated from marine sponges
4.1.1. Metabolites isolated from the marine sponge Dactylospongia metachromia.

Sponges of the genus Dactylospongia are a rich source of bioactive secondary
metabolites, the majority of which are sesquiterpene quinones/quinols (Rodriguez et
al., 1992). This class of compounds includes constituents of mixed biogenetic origin,
which frequently consist of sesquiterpene moieties linked to quinones, quinols or
structural analogues (Daletos et al., 2014). The sesquiterpene unit is of biosynthetic
interest as it usually features a drimane or a 4,9-friedodrimane type skeleton
comprising a trans or a less common cis fused ring junction (Daletos et al., 2014).
These compounds have attracted considerable interest due to their pronounced
biological activities including antitumor (Miiller et al, 1985) anti-inflammatory
(Lucas et al. 2003) and antiviral activities (Loya ef al., 1990). D. metachromia has not
been intensively investigated so far. It is important to mention, however, that this
species was originally described as Hippospongia metachromia by De Laubenfels in
1954. (De Laubenfels et al., 1954) The reassignment by Bergquist in 1965 led to the
currently accepted name D. metachromia. (Bergquist et al., 1990) Reports on D.
metachromia describe the isolation of a sesterterpene lactone (Nakagawa et al., 1986)
sesterterpene sulfates (Musman et al. 2001) and sesquiterpene quinones/quinols
(Luibrand et al., 1979; Ishibashi et al., 1988; Daletos et al., 2014).

In this study we investigated a specimen of D. metachromia collected at
Ambon, Indonesia. The extract exhibited considerable in vitro cytotoxicity against
mouse lymphoma L5178Y cells. Subsequent bioactivity guided isolation yielded five
new sesquiterpene aminoquinones (1-5), two new sesquiterpene benzoxazoles (6 and
7), along with the known analog 18-hydroxy-5-epi-hyrtiophenol (8) and a known
glycerolipid (9) (Daletos et al., 2014).

Literature surveys revealed that sesquiterpene quinones/quinols structurally
related to 1-8, are reported from sponges of the order Dictyoceratida. Compounds
incorporating a nakijiquinone core structure, as in 1-5, have hitherto been isolated
only from Spongia sp. (Shigemori et al., 1994), Dactylospongia elegans (Rodriguez et
al., 1992), Smenospongia sp. (Kondracki et al., 1989) and Hippospongia sp. (Oda et
al., 2007). These compounds have attracted considerable interest as they display a

wide range of biological activities, including cytotoxic, antimicrobial, inhibitory
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activity against the tyrosine kinase EGFR and protein kinase C, as well as
differentiation-inducing activity of K562 cells into erythroblasts (Kobayashi et al.,
2007; Oda et al., 2007) The nakijiquinones belong to a relatively rare group of natural
products that selectively inhibit the Her-2/Neu receptor tyrosine kinase (Kondracki et
al., 1989) known to be overexpressed in approximately 30% of primary breast and
gastric carcinomas (Stahl et al., 2001; Geng et al., 2013; Ross and Fletcher, 1999).
Structurally related sesquiterpene benzoxazoles (6 and 7) are rarely encountered in
nature. Interestingly, nakijinols A and B, isolated from Spongia sp. (Kobayashi et al.,
2007) and Dactylospongia elegans (Rodriguez et al., 1992), respectively, are so far

the only representatives of this class of compounds (Daletos ef al., 2014).

4.1.1.1. Biosynthesis of sesquiterpene quinones/quinols.

The proposed biosynthesis of nakijiquinones includes farnesyl pyrophosphate, derived
from the mevalonate pathway, and p-hydroxy benzoic acid, derived from the
shikimate pathway, as starting units. C-alkylation of the aromatic unit with farnesyl
pyrophosphate ortho to the phenol group, which could be catalyzed by p-hydroxy
benzoic acid polyprenyl transferase (Coq2), leads to intermediate A (Figure 4.1).
Subsequently, the cyclic terpene (4,9-friedodrimane) unit is formed through a series of
carbocation-mediated reactions. Then, the aromatic ring could undergo different
modifications, such as decarboxylation and oxidation reactions to afford a quinone
ring, and subsequent nucleophilic attack of the amino group of an amino acid
followed by decarboxylation, could give rise to the core structure of nakijiquinones

(Minale et al., 1979; Rudney et al., 1995; Sladic et al., 2006).
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Figure 4.1: Proposed biosynthesis of nakijiquinones.

4.1.1.2 Bioactivity of isolated compounds from Dactylospongia metachromia.

Compounds 1-8 were subjected to a cellular cytotoxicity (MTT) assay against
L5178Y mouse lymphoma cells. The sesquiterpene quinones (1-5) showed
pronounced cytotoxicity against L5178Y cells with ICso values ranging between 1.1-
3.7 uM (Table 3.8) compared to kahalalide F as a positive control (ICso 4.30 uM).
Interestingly, the loss of the aminoquinone core structure, as in 6-8, resulted in a
significant decrease of cytotoxic activity, indicating that the aminoquinone moiety
plays an important role in mediating cytotoxicity (Daletos et al., 2014).

The compounds (1-8) were further tested against 16 protein kinases, which
have been shown to be involved in the regulation of tumor growth and metastasis at a
dose of 10 uM each. The protein kinase activity assay results revealed comparable
activity for 1-5, particularly inhibiting ALK, FAK, IGF1-R, SRC and VEGF-R2. The
nakijinols (6 and 7) showed a slightly narrower spectrum of protein kinase inhibition.
Both compounds inhibited ALK, FAK and IGF1-R, and only 6 inhibited VEGF-R2 as
well. 18-Hydroxy-5-epi-hyrtiophenol (8) exhibited a broader spectrum of activity
inhibiting ALK, Aurora-B, FAK, MET wt, NEK6, SRC and VEGF-R2. ICs¢ values

were determined for compounds 5, 6 and 8, which inhibited the activity of at least one
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of the 16 kinases by more than 75% (Table 3.9). The lack of cytotoxic activity for 6-8
in spite of their protein kinase inhibitory activity indicated that the pronounced
cytotoxic activity of 1-5 is most likely due to another cellular mechanism which needs

to be further investigated (Daletos et al., 2014).
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4.1.2. Metabolites isolated from the marine sponge Callyspongia aerizusa.

Sponges belonging to the genus Callyspongia are extensively investigated for
bioactive natural products. Many new bioactive natural products have been isolated
from different Callyspongia sp., including polyacetylene derivatives (Youssef et al.,
2003), uncommon fatty acids (Carballeira and Pagan 2001), triterpenes (Fukami et al
1997), macrolides (Dat et al., 2013) and cyclic peptides, such as phoriospongins A
and B from C. bilamellata (Capon et al., 2002), callynormine A from C. abnormis
(Berer et al 2004) and callyaerins from C. aerizusa (Ibrahim, et al., 2010; Daletos, et
al., 2015).

In this study we examined four separate collections of C. aerizusa obtained
from three different regions in Indonesia. The respective crude EtOAc extracts
exhibited strong in vitro activity against M. tuberculosis. Subsequent fractionation of
the EtOAc extracts yielded five new callyaerin derivatives I — M (11 — 15), along
with seven known callyaerins A — G (16 — 22) (Daletos, et al., 2015).

Callyaerins constitute a unique class of sponge-derived peptides. The basic
structural unit of these peptides comprises a cyclic part and a linear side chain, both of
variable size, joined through the non-proteinogenic (Z)-2,3-diaminoacrylic acid
(DAA) (Ibrahim et al., 2010). It was speculated that DAA biogenetically arises from
oxidation of a serine or cysteine unit to give a formyl glycine which will undergo
Schiff base formation with the amino group of the next amino acid in the ring,
followed by double bond migration (Berer et al., 2004). This endiamino group is of
special interest, as it is expected to introduce rigidity into cyclic peptide structures.” In
addition, callyaerins contain an unusually high number of proline residues (or -
hydroxyprolines), which provide additional rigidity to the peptide backbone due to
their restricted dihedral angles and may lead to higher affinity and selectivity for
protein binding.®!? The remaining residues are predominantly hydrophobic amino
acids such as Ile, Leu, Val, and Phe, with all amino acids present in the -
configuration. Apart from our previous reports on this class of peptides (Ibrahim et
al., 2010), there is only one further example, callynormine A, which had been isolated
from the Kenyan sponge Callyspongia abnormis (Berer et al., 2004). Thus, this
intriguing class of peptides is currently restricted to the sponge genus Callyspongia. In
this context, our report highlights the potential of these derivatives as promising anti-

TB agents (Daletos, et al., 2015).
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4.1.2.1. Biosynthesis of nonribosomal peptides

Nonribosomal peptides (NRPs) are secondary metabolites that are mainly
produced by microorganisms, such as bacteria and fungi (Dewick, 2008). In contrast
to ribosomal peptide synthesis, nonribosomal peptides biogenetically arise from
specific enzymes, called nonribosomal peptide synthetases. Each nonribosomal
peptide synthetase is responsible for the production of only one type of peptide. NRPs
commonly undergo structural modifications that lead to additional structural diversity
and make them resistant against enzymatic hydrolysis or even increase their biological
activities. NRPs feature linear, cyclic or branched moieties and they often contain
non-proteinogenic amino acid residues in their structures, such as D-amino acids.
Examples of NRPs are the antibiotic vancomycine, the antitumor bleomycin or the
siderophore pyoverdin (Marahiel et al., 1997; Caboche et al., 2008).

Nonribosomal peptide synthetases contain repeating units, called modules that
are specific for each amino acid. Each module typically contains three domains,
including an adenylation (A) domain, a peptidyl carrier protein (PCP) domain, and a
condensation (C) domain. The A domain is responsible for the activation of a specific
amino acid through reaction with ATP. The activated amino acid is then transferred to
the PCP domain forming a thioester. Finally the C domain is responsible for the
amide bond formation between two amino acids, and thus elongation of the growing
peptide chain (Walsch et al., 2003; Dewick, 2008).

Callyaerins are suggested to biogenetically arise from nonribosomal peptide
synthetases, which are specific for each of these peptides (Dewick, 2008). The
proposed biosynthesis of callyaerin F is shown in Figure 4.2. The peptide chain grows
by an amino acid each time, through the repeating modules of the responsible enzyme,
until the final sequence is completed. Then, chain termination is achieved through a
thioesterase (TE) domain, which cleaves the thioester bond and releases the linear
peptide chain. However, callyaerin F contains a cyclic domain, which is formed
through a non-proteinogenic diaminoacrylic acid unit. The postulated mechanism of
this unusual unit is through the condensation of the terminal amino group of valine
with the aldehyde group of a formyl glycine unit, which is derived by oxidation of
serine or cysteine (Figure 4.2). Thus, formation of the cyclic part and subsequent

cleavage of the peptide would yield callyaerin F (Daletos, et al., 2015).
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Figure 4.2: Proposed biosynthesis of callyaerin F.

4.1.2.2 Bioactivity of isolated compounds from Callyspongia aerizusa

All compounds were tested in vitro against Mycobacterium tuberculosis, as
well as against THP-1 (human acute monocytic leukemia), and MRC-5 (human fetal
lung fibroblast) cell lines in order to assess their general cytotoxicity (Figure 3.22).

Based on these bioassay data, a number of preliminary structure-activity
relationships may be concluded. The most active compounds, callyaerin A (16) and B
(17), share similar amino acid sequences in their ring moieties that may contribute to
their potent antitubercular activity. Both compounds nevertheless differ with regard to
the number and sequence of amino acids in the linear part of their molecules which
finds a reflection in the weaker anti TB activity and stronger cytotoxicity of callyaerin
B (17) compared to callyaerin A (16). Callyaerin C (18) and M (15) exhibit moderate
or no antitubercular activity, respectively, and both compounds differ only with regard
to the first amino acid residue in their ring systems. Furthermore, it is suggested that
the presence of hydrophobic amino acids (Ile, Leu and Val), and the absence of amino
acids with bulky substituents (Phe) in the ring, as in 16 — 18, may contribute to the
increased biological activity of these peptides perhaps by allowing them to pass
through membranes and/or by allowing a better fit to (their unknown) target

molecules (Daletos, et al., 2015).
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4.1.3. Metabolites isolated from the marine sponge Acanthostrongylophora ingens

Chemical investigation of the EtOAc extract of the sponge
Acanthostrongylophora ingens yielded two known compounds, namely, annomontine
(23) and 1-hydroxy-3,4-dihydronorharman (24). Notably, these alkaloids have
likewise been obtained from the bark of Annona montana (family Annonaceae)
(Leboeuf, et al., 1982), which suggests their possible microbial origin. This class of
compounds is of great interest as it comprises a wide array of structurally unique
metabolites possessing potent bioactivities. For example, carboline and harman
alkaloids inhibit monoamine oxidases (Kim et al., 1996), interact with benzodiazepine
receptors (Robinson et al., 2003), and they are known to intercalate into DNA
(Sobhani et al., 2002).
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4.1.3.1. Biosynthesis of B-carbolines

Marine sponges are prolific sources of numerous indole alkaloid derivatives,
such as alkaloids comprising an intact B-carboline skeleton. The latter, also called -
carbolines feature a tricyclic pyrido (3,4-b) indole ring system with different
substitution patterns. Alkaloids containing a B-carboline skeleton are suggested to be
derived from tryptophan, which forms the indole moiety of the PB-carboline unit
(Groger, 1969, Cordell, 1974). Interestingly, chemical investigation of the Indonesian
marine sponge A. ingens yielded the known alkaloids annomontine (23) (Leboeuf et
al., 1982) and 1- hydroxy-3,4-dihydronorharman (24) (Roa et al., 2003). In this part,
the results of the chemical investigation of the secondary metabolites produced by 4.
ingens are presented. The putative biosynthesis of 24 is suggested to start with
tryptamine (originating from tryptophan) and a formaldehyde unit to generate a six-
membered heterocyclic ring via a Mannich-type reaction, which could then undergo
further oxidation reactions to yield the hydroxylated product (Figure 4.3). In a similar
manner, the biosynthesis of 23 is suggested to start with the imine formation of
tryptamine and the aldehyde derivative A followed by complete aromatization of the
tryptamine heterocyclic ring (Slaytor, et al., 1968; Trossell et al., 1997, Dewick,
2008).
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Figure 4.4: Proposed biosynthesis of 23 and 24 (Trossell et al., 1997; Dewick, 2008).
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4.1.3.2 Bioactivity of isolated compounds from Acanthostrongylophora ingens

The isolated compounds (23 and 24) were tested for their antibacterial
activities against the bacterial strains S. aureus, E. coli, and P. aeruginosa, but only
21 showed weak inhibition of S. aureus, with a MIC of 64 pg/mL (Table 3.18). The
isolated compounds were further examined for their effects on the growth of the
L5178Y mouse lymphoma cell line employing the MTT assay; however both of them
were inactive (ICsp > 10uM) in this assay.

In addition, the isolated compounds were subjected to bioassays aimed to
determine their protein kinase inhibitory profiles (Table 3.19). Compound 23 showed
moderate inhibitory activity with 71% inhibition against PIM1 kinase at a dose of 10
ug/ml, whereas 24 exhibited no activity. According to the above results, it is
suggested that the presence of the 2-aminopyrimidine moiety is an essential structural

feature for the activity of these compounds.
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4.1.4. Metabolites isolated from the marine sponge Sarcotragus spinosulus

Sponges belonging to the genus Sarcotragus are commonly found in swallow
Mediterranean marine ecosystems. Chemical investigation of these sponges has
afforded several interesting metabolites, including unusual linear sesterterpenes,
bearing furan and tetronic acid functional groups (Cimino et al., 1972). These
pentaprenyl terpenoid metabolites are considered to be derived from geranylfarnesyl
diphosphate. Apart from the marine habitat, this group of terpenes has been described
from various sources, including higher plants, terrestrial fungi, lichens, and insects
(Liu et al., 2007). These intriguing metabolites exhibit a wide array of biological
activities. For example, sesterterpene analogues derived from Sarcotragus sp.
displayed potent brine shrimp toxicity (De Rosa et al., 1994), fish lethality (Fusetani
et al., 1984), as well as analgesic and anti-inflammatory effects through regulation of
phospholipase A2 (De Pasquale et al., 1991; Gil et al., 1993).

In this study we investigated a specimen of Sarcotragus spinosulus collected
in Fethiye, Turkey. Chemical investigation of the ethyl acetate extract of this sponge
afforded a 3:1 mixture of two known linear sesterterpenes ircinin-1 (25) and ircinin-2
(26).

Ircinin 1,2 (3:1) (25 and 26) showed weak cytotoxicity against the mouse
lymphoma cell line L5178Y (16.6% inhibition at a dose of 10 ug/ml) as well as
against human ovarian cancer A2780 sens (cisplatin-sensitive) and A2780 CisR
(cisplatin-resistant) cell lines (Figure 3.25). However, in a study by Liu et al., ircinin-
1 was shown to selectively inhibit the activity against a small panel of solid human
tumor cell lines (Liu et al, 2001). Interestingly, ircinin-1 was found to inhibit
proliferation of human malignant melanoma cells through its effect on cell cycle-
related proteins (CDKSs). Moreover, mechanistic studies further suggested that ircinin-
1 induced apoptosis through the activation of the mitochondrial and the Fas/Fas ligand
pathway (Choi et al., 2005).

Therefore, this prompted us to test the in vitro inhibitory potential of ircinin
1,2 (3:1) (25 and 26) employing 16 different protein kinases (Table 3.20).
Interestingly, ircinin 1,2 (3:1) (25 and 26) exhibited potent inhibitory activity against
ALK, AXL, FAK, IGFI-R, SRC, and VEGF-R2 kinases (Table 3.20), which are
implicated in human lung, skin, prostate and colon cancers. These results were in

agreement with those in the literature, thus indicating that the mechanism of its
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selective cytotoxicity is most probably due to interaction with specific cell cycle-

regulatory proteins and their associated kinase activity (Choi et al., 2005).
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Figure 4.4: Mode of action of ircinin-1 (Choi et al., 2005)
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5. Summary

Marine sponges are undoubtedly among the richest sources of secondary
metabolites with a great variety of unique and fascinating structures. Most of the
isolated metabolites have shown potent activities in a wide array of bioassays, and
therefore they could be considered as potential lead structures for the development of
novel therapeutic agents.

This study involved the isolation, structural elucidation and biological
screening of the active constituents of six marine sponge samples originated from
different collection sites in Indonesia and Turkey.

Structure elucidation of secondary metabolites was performed using state-of-
the-art analytical techniques, including 1D ('H, '*C) and 2D (COSY, TOCSY,
ROESY, HSQC, HMBC) NMR spectroscopy and mass (EI, ESI, MALDI-TOF)
spectrometry. Moreover, in the case of selected optically active natural products,
chiral derivatization methods (i.e. Marfey’s method) were applied for the
determination of their absolute configuration. Finally, the isolated compounds were
subjected to various bioassays to examine their cytotoxic and antimycobacterial

activities, as well as their inhibitory profiles toward selected protein kinases.

1. Dactylospongia metachromia

Chemical investigation of the sponge Dactylospongia metachromia
(Indonesia) afforded five new sesquiterpene aminoquinones and two new
sesquiterpene benzoxazoles. Moreover, three known compounds were isolated,
including a sesquiterpene quinol, an indole derivative and a glycerolipid. The
sesquiterpene quinone/quinol derivatives showed high cytotoxicity when tested
against L5178Y mouse lymphoma cell line as well as pronounced protein kinase

inhibitory activity.

2. Callyspongia aerizusa

A detailed chemical investigation of four separate collections of Callyspongia
aerizusa (Indonesia) yielded 12 structurally related cyclic peptides (callyaerins),
including five new congeners. All compounds were investigated in vitro against M.
tuberculosis, as well as against THP-1 (human acute monocytic leukemia) and MRC-
5 (human fetal lung fibroblast) cell lines in order to assess their general cytotoxicity.

Callyaerin A followed by callyaerin B were found to inhibit M. tuberculosis at low
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micromolar concentrations making these compounds interesting candidates for further

studies.

3. Acanthostrongylophora ingens

Chemical investigation of the sponge Acanthostrongylophora ingens
(Indonesia) afforded two known B-carboline alkaloids, namely, annomontine and 1-
hydroxy-3.,4-dihydronorharman. The isolated compounds were tested for their
antibacterial activities against the bacterial strains S. aureus, E. coli, and P.
aeruginosa. In addition, the isolated compounds were subjected to bioassays aimed to
determine their cytotoxic and protein kinase inhibitory profiles. Annomontine
exhibited weak inhibition towards S. aureus. In addition, it showed moderate
inhibitory activity against PIM1 kinase, whereas 1-hydroxy-3,4-dihydronorharman

exhibited no activity.

4. Sarcotragus spinosulus

Bioactivity-guided fractionation strategy of Sarcotragus spinosulus (Turkey)
extract was performed leading to the isolation of a 3:1 mixture of two known linear
sesterterpenes ircinin 1 and ircinin 2. Ircinin-1,2 (3:1) were subjected to bioassays
aimed to determine the cytotoxicity and the protein kinase inhibitory profiles of these
compounds. Interestingly, ircinin-1,2 (3:1) proved to be highly active against a panel
of protein kinases, whereas it showed only weak cytotoxicity against the mouse

lymphoma cell line L5178Y

5. Agelas oroides
Chemical investigation of the sponge Agelas oroides (Turkey) extract afforded
one known bromopyrrole alkaloid. 4,5-Dibromopyrrole-2-carboxylic acid was tested

for its cytotoxic and antibacterial activities, however, it exhibited no activity.

5. Dysidea avara

Two known sesquiterpene quinones/quinols have been purified and identified
from the methanolic extract of the marine sponge Dysidea avara (Turkey) namely,
avarol and avarone. Avarol revealed interesting bioactivity results in different
bioassays, including cytotoxicity (MTT), antibacterial and in vitro protein kinase

assays.
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7. List of abbreviations

[a]3° Specific rotation at the sodium D-line

br Broad singnal

CDCl; Deuterated chloroform

CHCl; Chloroform

CI Chemical ionization

COSY Correlation spectroscopy

d Doublet signal

DCM Dichloromethane

dd Doublet of doublet signal

DEPT Distortionless enhancement by polarization transfer
DMSO Dimethyl sulfoxide

DPPH 2,2-Diphenyl-1-picryl-hydrazyl

ED Effecive dose

EI Electron impact ionization

ESI Electron spray ionization

et al. et altera (and others)

EtOAc Ethyl acetate

eV Electron Volt

FAB Fast atom bombardment

g Gram

HMBC Heteronuclear multiple bond connectivity
HMQC Heteronuclear multiple quantum coherence
H>O Water

HPLC High performance liquid chromatography
hr Hour

HR-MS High resolution-mass spectrometry

Hz Hertz

L Liter

LC Liquid chromatography

LC-MS Liquid chromatography-mass spectrometry
m Multiplet signal

MeOD Deuterated methanol

MeOH Methanol
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mg Milligram

MHz Mega Hertz

min Minute

mL Milliliter

MS Mass spectrometry

MTT Microculture tetrazolium assay
m/z Mass per charge

Ug Microgram

uL Microliter

uM Micromolar

ng Nanogram

NMR Nuclear magnetic resonance
NOE Nuclear Overhauser effect
NOESY Nuclear Overhauser and exchange spectroscopy
q Quartet signal

ROESY Rotating frame Overhauser enhancement spectroscopy
RP 18 Reversed phase C 18

s Singlet signal

t Triplet signal

TFA Trifluoroacetic acid

TLC Thin layer chromatography

uv Ultra-violet

VLC Vaccum liquid chromatography
n-BuOH n-Butanol
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8. Attachments

Attachment 1: The 'H NMR spectrum of 5-epi-nakijiquinone S (1)
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Attachment 2: The 'H NMR spectrum of 5-epi-nakijiquinone Q (2)
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Attachment 3: The 'H NMR spectrum of 5-epi-nakijiquinone T (3)
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Attachment 4: The 'H NMR spectrum of 5-epi-nakijiquinone U (4)
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Attachment 5: The 'H NMR spectrum of 5-epi-nakijiquinone N (5)
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Attachment 6: The 'H NMR spectrum of 5-epi-nakijinol C (6)
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Attachment 7: The 'H NMR spectrum of 5-epi-nakijinol D (7)
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Attachment 8: The 'H NMR spectrum of 18-hydroxy-5-epi-hyrtiophenol (8)
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Attachment 9: The !'H NMR spectrum of 1.2-propanediol, 3-[(13-
methyltetradecyl)oxy]-, (25)- (9)
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Attachment 10: The '"H NMR spectrum of indole-3-carboxyaldehyde (10)
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Attachment 11: The '"H NMR spectrum of callyaerin I (11)
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Attachment 12: The 'H NMR spectrum of callyaerin J (12)
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Attachment 13: The 'H NMR spectrum of callyaerin K (13)
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Attachment 14: The '"H NMR spectrum of callyaerin L (14)
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Attachment 15: The 'H NMR spectrum of callyaerin M (15)
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Attachment 16: The 'H NMR spectrum of callyaerin A (16)
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Attachment 17: The 'H NMR spectrum of callyaerin B (17)
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Attachment 18: The 'H NMR spectrum of callyaerin C (18)
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Attachment 19: The 'H NMR spectrum of callyaerin D (19)
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Attachment 20: The 'H NMR spectrum of callyaerin E (20)
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Attachment 21: The '"H NMR spectrum of callyaerin F (21)
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Attachment 22: The 'H NMR spectrum of callyaerin G (22)
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Attachment 23: The 'H NMR spectrum of annomontine (23)
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Attachment 24: The '"H NMR spectrum of 1-Hydroxy-3,4-dihydronorharman (24)
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Attachment 25: The 'H NMR spectrum of ircinin-1,2 (3:1) (25 and 26)
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Attachment 26: The 'H NMR spectrum of avarol (27)
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Attachment 27: The 'H NMR spectrum of avarone (28)
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Attachment 28: The 'H NMR spectrum of 4,5-Dibromo-1H-pyrrole-2-carboxylic
acid (29)
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