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1 Abstract 

The oceans represent by far the largest habitat on earth with an enormous diversity of life. 

Marine secondary metabolites, that are considered as molecular mediators of these diverse 

ecosystems, have gathered high interest in recent bioprospecting. The utilization of bioactive 

compounds derived or inspired from the oceans and especially of those from sessile 

invertebrates such as sponges is part of numerous modern drug discovery programs. Seven 

marine derived drugs have so far reached the status of FDA- and/or EMA-approval including 

the anticancer agent eribulin mesylate (Halaven®), which was developed inspired by the sponge 

derived macrocyclic polyetherlactone halichondrin B, or vidarabin (Vira-A®), an unusual 

sponge nucleoside which served as a template for today’s first line DNA polymerase 

antimetabolites such as aciclovir. Apart from a clinical application sponge derived secondary 

metabolites might fill the gap of worldwide banned organotins to overcome the ecological issue 

of biofouling, which has a high economical impact on maritime industries including shipping 

and aquaculture. Among this increasing group of marine derived active principles halogenated 

tyrosines, which are mainly accumulated by sponges of the order Verongida, exhibit a wide 

range of bioactivities including anticancer and antifouling effects. Within this study an actual 

overview on the structural and biological diversity of a small excerpt of halotyrosines was 

provided. Furthermore, the anticancer and antifouling potential of isolated and synthesized 

halogenated tyrosine congeners, in particular of the class of bastadins, was investigated. 

Finally, chemoecological studies on the distribution of halogenated tyrosines in sponges were 

conducted with emphasis on the presence of such metabolites in sponge skeletons. All obtained 

results were published in six peer-reviewed publications in four international journals. Detailed 

abstracts on the four aspects of this thesis are as follows: 

Review on Prominent Examples of Brominated Tyrosine Derivatives 

To provide an overview on several bioactive and structurally divergent classes of 

bromotyrosines psammaplin A, Aplysina alkaloids featuring aerothionin, aeroplysinin-1 and 

verongiaquinol (dienone), and the bastadins, including synthetically derived hemibastadin 

congeners, were selected for a review article. Whereas all of these natural products are believed 

to be involved in the chemical defense mechanisms of sponges, some of them may also be of 

particular relevance for drug discovery due to their interaction with specific molecular targets 

in eukaryotic cells. These targets involve important enzymes and receptors, such as histone 

deacetylases (HDAC) and DNA methyltransferases (DNMT), which are inhibited by 
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psammaplin A, as well as ryanodine receptors that are targeted by bastadin type compounds. 

The hemibastadins such as the synthetically derived 5,5'-dibromohemibastadin-1 (DBHB) are 

of particular interest due to their antifouling activity. For the latter, a phenoloxidase which 

catalyzes the bioglue formation needed for firm attachment of fouling organisms to a given 

substrate was identified as a molecular target. The Aplysina alkaloids finally provide a vivid 

example for dynamic wound induced bioconversions of natural products that generate highly 

efficient chemical weapons precisely when and where needed. 

Anticancer Activities of Several Bastadins 

The first naturally occurring trimeric hemibastadin congener, sesquibastadin 1, and the 

previously reported bastadins 3, 6, 7, 11 and 16 were isolated from the marine sponge Ianthella 

basta. The structure of  sesquibastadin 1 was elucidated unambiguously on the basis of 1D and 

2D NMR measurements and by HRMS. Among all the isolated compounds, the linear 

congeners sesquibastadin 1 and bastadin 3 showed the strongest inhibition rates for at least 22 

protein kinases (IC50 = 0.1−6.5 μM), while the macrocyclic bastadins demonstrated a strong 

cytotoxic potential against the murine lymphoma cell line L5178Y (IC50 = 1.5−5.3 μM). In a 

further study bastadins 6, 9 and 16 displayed in vitro cytostatic and/or cytotoxic effects in six 

human and murine cancer cell lines. The in vitro growth inhibitory effects of these bastadins 

were similar in cancer cell lines sensitive to pro-apoptotic stimuli vs. cancer cell lines 

displaying various levels of resistance to pro-apoptotic stimuli. While about ten times less toxic 

than the investigated natural cyclic bastadins, DBHB displayed not only in vitro growth 

inhibitory activity in cancer cells but also anti-angiogenic properties. At a concentration of one 

tenth of its in vitro growth inhibitory concentration, DBHB displayed actual antimigratory 

effects in mouse B16F10 melanoma cells without any sign of cytotoxicity and/or growth 

inhibition. The serum concentration used in the cell culture media markedly influenced the 

DBHB-induced antimigratory effects in the B16F10 melanoma cell population. A binding 

affinity to albumine was shown for DBHB, which is putatively causative for the treatment 

failure of the hemibastadin when delivered through the i.v. route in an in vivo tumor model. 

Antifouling Potential of Hemibastadins Inhibiting Blue Mussel Phenoloxidase 

For a systematic investigation of the blue mussel phenoloxidase inhibitory activity of 

hemibastadin derivatives nine new congeners of DBHB were synthesized, which feature 

structural variations of the DBHB core structure. These structural modifications include e.g. 

different halogen substituents present at the aromatic rings, different amine moieties linked to 

the (E)-2-(hydroxyimino)-3-(4-hydroxyphenyl)propionic acid, the presence of free vs. 
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substituted aromatic hydroxyl groups and a free vs. methylated oxime group. All compounds 

were tested for their inhibitory activity towards the target enzyme in vitro and IC50 values were 

calculated. Derivatives, which structurally closely resemble sponge-derived hemibastadins, 

revealed superior enzyme inhibitory properties vs. congeners featuring structural moieties that 

are absent in the respective natural products. This study suggests that natural selection has 

yielded structurally optimized antifouling compounds. 

Halotyrosines in Verongid Sponge Skeletons 

In a final aspect of this thesis sponge skeletons were analyzed with regard to an association or 

incorporation of halogenated tyrosines. Demosponges such as the investigated Ianthella basta 

and Aplysina cavernicola possess a skeleton made up of a composite material with various 

organic constituents including chitin and/or siliceous spicules. HPLC analysis in combination 

with NMR and IR spectroscopic measurements revelead that the chitin-based skeletons indeed 

contain significant amounts of brominated compounds, which are not easily extractable from 

the skeletons by common solvents, such as methanol. Quantitative potentiometric analyses 

confirm that the skeleton-associated bromine mainly withstands the methanol-based extraction. 

This observation suggested that the respective brominated compounds are strongly bound to the 

sponge skeletons, possibly by covalent bonding. Moreover, gene fragments of halogenases 

suggested to be responsible for the incorporation of bromine into organic molecules could be 

amplified from DNA isolated from sponge samples enriched for sponge-associated bacteria. In 

order to identify the fraction of halogenated metabolites remaining after methanol-extraction 

further analytical studies on the amino acid composition after basic hydrolysis of A. 

cavernicola skeletons with respect to the presence of halogenated amino acids were performed. 

Ten halogenated amino acids, of which nine account to the class of tyrosine derivatives such as 

mono- and dibromotyrosine were identified by GC-MS and LC-MS in Ba(OH)2-dervied 

skeleton extracts. 
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2 Zusammenfassung 

Die Ozeane stellen den bei Weitem größten Lebensraum der Erde dar mit einer enormen 

Diversität an Leben. Marine Sekundärmetaboliten, welche als molekulare Mediatoren dieser 

diversen Ökosysteme verstanden werden, haben großes Interesse im Rahmen aktueller 

Bioprospektionsstudien erlangt. Die Nutzbarmachung von bioaktiven Verbindungen abgeleitet 

oder inspiriert von den Ozeanen und im Speziellen von denen aus sessilen Invertebraten wie 

Schwämmen ist Bestandteil vieler Programme der modernen Wirkstofffindung. Sieben 

Arzneistoffe marinen Ursprungs haben bis dato den Status einer FDA- und/oder EMA-

Zulassung erhalten, darunter das Krebsmedikament Eribulinmesylat (Halaven®), das inspiriert 

von dem aus Schwämmen isolierten macrozyklischen Polyetherlacton Halichondrin B 

entwickelt wurde, oder Vidarabin (Vira-A®), ein ungewöhnliches Schwammnukleosid, welches 

als Vorlage für aktuelle First-Line-DNA-Polymerase-Antimetaboliten wie Aciclovir diente. 

Neben einer klinischen Anwendung könnten Sekundärmetaboliten aus Schwämmen die durch 

das weltweite Verbot von Organozinn-Verbindungen entstandene Lücke schließen, um die 

ökologische Problematik des Biofoulings zu überwinden, welche einen hohen ökonomischen 

Einfluss auf maritime Industrien wie Schifffahrt und Aquakultur hat. Innerhalb dieser 

wachsenden Gruppe von aktiven Verbindungen marinen Ursprungs weisen halogenierte 

Tyrosine, welche vorzugsweise von Schwämmen der Ordnung Verongida akkumuliert werden, 

eine große Bandbreite an Bioaktivitäten wie Anti-Krebs- und Antifouling-Effekte auf. Im 

Rahmen dieser Studie wurde ein aktueller Überblick über die strukturelle und biologische 

Diversität eines kleinen Exzerpts an Halotyrosinen gewährt. Des Weiteren wurde das Anti-

Krebs- und Antifouling-Potential von isolierten und synthetisierten halogenierten Tyrosin-

Derivaten, im Speziellen von solchen aus der Klasse der Bastadine, untersucht. Abschließend 

wurden chemoökologische Studien über die Verteilung von halogenierten Tyrosinen in 

Schwämmen durchgeführt mit Fokus auf die Präsenz derartiger Metaboliten in 

Schwammskeletten. Alle erhaltenen Ergebnisse wurden in sechs peer-reviewed Publikationen 

in vier internationalen Fachzeitschriften veröffentlicht. Detailierte Zusammenfassungen der 

vier Aspekte dieser Dissertation lauten wie folgt: 

Übersicht über prominente Beispiele von bromierten Tyrosin-Derivaten 

Um einen Überblick über verschiedene bioaktive und strukturell divergente Klassen an 

Bromtyrosinen zu bieten wurden Psammaplin A, die Aplysina-Alkaloide inklusive Aerothionin, 

Aeroplysinin-1 und Verongiaquinol (Dieonon) und die Bastadine inklusive synthetischer 

Hemibastadin-Derivate für einen Review-Artikel ausgewählt. Während angenommen wird, 
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dass all diese Naturstoffe involviert sind in die chemischen Verteidigungsmechanismen von 

Schwämmen, sind einige von besonderer Bedeutung für die Wirkstofffindung aufgrund ihrer 

Interaktion mit spezifischen molekularen Zielstrukturen in eukaryotischen Zellen. Zu den 

Zielstrukturen zählen Enzyme und Rezeptoren wie Histon-Deacetylasen (HDAC) und DNA-

Methyltransferasen (DNMT), welche von Psammaplin A inhibiert werden, Ryanodin-

Rezeptoren, welche von Verbindungen vom Bastadin-Typ adressiert werden. Die 

Hemibastadine wie das synthetische 5,5’-Dibromohemibastadin-1 (DBHB) sind aufgrund ihrer 

Antifouling-Aktivität von gesteigertem Interesse. Für letztgenannte konnte eine Phenoloxidase 

als molekulare Zielstruktur identifiziert werden, welche die Ausbildung des Bioklebstoffs 

katalysiert, der die feste Anheftung von Fouling-Organismen an ein gegebenes Substrat 

ermöglicht. Die Aplysina Alkaloide stellen abschließend ein anschauliches Beispiel für 

dynamische Wund-induzierte Biokonversionen von Naturstoffen dar, welche hoch effiziente 

chemische Waffen generieren, genau wo und wann diese gebraucht werden. 

Antikrebs-Aktivitäten verschiedener Bastadine 

Das erste natürlich vorkommende trimere Hemibastadin-Derivat, Sesquibastadin 1, und die 

zuvor beschriebenden Bastadine 3, 6, 7, 11 und 16 wurden aus dem marinen Schwamm 

Ianthella basta isoliert. Die Struktur von Sesquibastadin 1 wurde eindeutig auf Basis von 1D- 

und 2D-NMR-Experimenten und HRMS aufgeklärt. Unter allen isolierten Verbindungen 

zeigten die linearen Kongenere Sesquibastadin 1 und Bastadin 3 die stärksten Inhibitionsraten 

für mindestens 22 Proteinkinasen (IC50 = 0.1-6.5 µM), während die macrozyklischen Bastadine 

ein starkes zytotoxisches Potenzial gegenüber der murinen Lymphom-Zelllinie L5178Y zeigten 

(IC50 = 1.5-5.3 µM). In einer weiteren Studie demonstrierten Bastadine 6, 9 und 16 in vitro 

zytostatische und/oder zytotoxische Effekte in sechs humanen oder murinen Krebszelllinien. 

Die in vitro wachstumshemmenden Effekte dieser Bastadine waren ähnlich in Krebszelllinien 

sensitiv für pro-apoptotische Stimuli vs. Krebszelllinien, welche verschiedene Resistenzniveaus 

gegenüber pro-apoptotischen Stimuli aufweisen. Während es ca. zehnfach weniger toxisch als 

die untersuchten zyklischen Bastadine war, zeigte DBHB in vitro nicht nur 

wachstumshemmende Aktivität gegenüber Krebszellen, sondern auch antiangiogenetische 

Eigenschaften. Bei einer Konzentration von einem Zehntel gegenüber seiner in vitro 

wachstumshemmenden Konzentration zeigt DBHB wirkliche antimigratorische Effekte in 

murinen B16F10 Melanomzellen ohne jegliches Anzeichen von Zytotoxizität und/oder 

Wachstumshemmung. Die Serumkonzentration, welche im Zellkulturmedium eingesetzt wurde, 

hatte maßgeblichen Einfluss auf die von DBHB induzierten antimigratorischen Effekte in der 
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B16F10 Melanomzellpopulation. Eine Bindungsaffinität von DBHB zu Albumin konnte 

gezeigt werden, welche vermutlich ursächlich ist für das Therapieversagen des Hemibastadins 

bei i.v.-Applikation in einem in vivo Tumormodell. 

Antifouling-Potential von Hemibastadinen durch Inhibition der Phenoloxidase aus 

Miesmuscheln 

Für eine systematische Untersuchung der inhibitorischen Aktivität von Hemibastadin-Derivaten 

gegenüber der Phenoloxidase aus Miesmuscheln wurden neun neue Kongenere des DBHB 

synthesiert, welche strukturelle Variation der DBHB-Kernstruktur bergen. Zu diesen 

strukturellen Modifikationen zählen beispielsweise andere Halogensubstituenten innerhalb der 

aromatischen Ringe, weitere Amin-Einheiten verknüpft an die (E)-2-(Hydroxyimino)-3-(4-

hydroxyphenyl)propionsäure, das Vorliegen von freien vs. substituierten aromatischen 

Hydroxylgruppen und einer freien vs. methylierten Oximfunktion. Alle Verbindungen wurden 

auf ihre inhibitorische Aktivität gegenüber dem Zielenzym in vitro getestet und die IC50-Werte 

wurden berechnet. Verbindungen, die strukturell den in Schwämmen vorliegenden 

Hemibastadinen sehr ähnlich sind, zeigten überlegende Enzym-inhibitorische Eigenschaften 

gegenüber den Derivaten, welche Partialstrukturen tragen, die in den jeweiligen Naturstoffen 

nicht vorkommen. Diese Studie legt nahe, dass die natürliche Selektion strukturell optimierte 

Antifouling-Verbindungen hervorgebracht hat. 

Halotyrosine in Verongiden Schwammskeletten 

In einem abschließenden Aspekt dieser Dissertation wurden Schwammskelette auf eine 

Assoziation oder Inkorporation von halogenierten Tyrosinen hin untersucht. 

Hornkieselschwämme wie die untersuchten Ianthella basta und Aplysina cavernicola besitzen 

ein Skelett bestehend aus einem komplexen Material mit verschiedenen organischen 

Bestandteilen wie Chitin und/oder kieselhaltige Spicula. HPLC-Analysen in Kombination mit 

NMR- und IR-spektroskopischen Messungen konnten zeigen, dass die Chitin-basierten Skelette 

tatsächlich signifikante Mengen an bromierten Verbindungen tragen, welche sich mittels 

gängiger Lösungsmittel wie Methanol nicht einfach aus den Skeletten herauslösen lassen. 

Quantitative Potentiometrie bestätigte, dass das Skelett-assoziierte Brom der Methanol-

basierten Extraktion größtenteils standhält. Diese Beobachtung suggerierte, dass die jeweiligen 

bromierten Metaboliten fest, vermutlich kovalent an die Schwammskelette gebunden sind. Des 

Weiteren wurden Genfragmente einer Halogenase, welche verantwortlich ist für die 

Inkorporation von Brom in die organischen Verbindungen, aus einer DNA-Probe amplifiziert 

werden, welche aus einer Schwamm-Probe mit angereicherter Schwamm-assoziierter 
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Bakterien-DNA isoliert wurde. Um die Fraktion halogenierter, Methanol unlöslicher 

Metaboliten zu identifizieren, wurden weitere analytische Studien der Aminosäuren-

Zusammensetzung nach basischer Hydrolyse von A. cavernicola Skeletten mit Fokus auf das 

Auftreten halogenierter Aminosäuren durchgeführt. Zehn halogenierte Aminosäuren, von 

denen neun zur Klasse der Tyrosin-Derivate zählen, wie beispielsweise Mono- und 

Dibromtyrosin, konnten mittels GC-MS und LC-MS in den Ba(OH)2-Extrakten der Skelette 

identifiziert werden. 
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3 Introduction 

The sea covers more than 70 % of the earth’s surface and represents its most abundant 

ecosystem. A high biodiversity bearing 34 of the 36 living phyla – of which some are endemic 

to the oceans – and till now 226,000 described marine eukaryotic species shows the magnitude 

of this habitat. Within the past decade ~ 20,000 new marine species were described, more than 

in any previous one (Appeltans et al., 2012; Arrieta et al., 2010). The census of the oceans has 

not come to an end yet while experts estimate the total number of marine species up to 1 

million, indicating that more than two-thirds remain undiscribed till today (Appeltans et al., 

2012). Among the marine species sponges have achieved an outstanding story of evolutionary 

success, lasting for more than 700 million years on our planet (Belarbi et al., 2003). Through 

this long period of existence these most primitive of the multi-cellular animals (Metazoa) have 

evolved highly effective chemical defence mechanisms to fight biofouling, predation, 

neoplastic processes and pathogenic microbial infections (Hertiani et al., 2010; Loh and 

Pawlik, 2014; Ortlepp et al., 2007; Proksch, 1999; Thoms et al., 2006). These multifaceted 

sponge derived molecular weapons have gained broad attention to the scientific community of 

natural product chemists since their enormous potential for modern health sciences was firstly 

discovered in terms of unusual nucleosides isolated from the marine sponge Cryptotethiu 

cryptu in 1951 (Bergmann and Feeney, 1951). These should later become the first marine 

derived drugs ara-A (vidarabine) and ara-C (cytarabine) that have been in clinical use against 

cancer and viral infections for decades (Molinski et al., 2008). The number of newly 

discovered marine derived molecules is tremendously increasing while modern sample 

collection, compound isolation and structure elucidation techniques are advancing. More than 

1,000 novel metabolites with a diverse panel of bioactivities have been reported annualy for the 

past couple of years replenishing the (pre)clinical pipelines with complex chemical leads 

(Montaser and Luesch, 2011). In addition, the chemistry of sponges may not only contribute to 

the struggle against life threatening diseases like cancer or microbial infections, but will also 

have a great potential for biotechnological applications, e.g. as biomimetic antifouling leads for 

maritime industries (Bayer et al., 2011; Ortlepp et al., 2007) as effective current approaches 

such as organotins have been banned from the worldwide markets due to their adverse toxicity 

profiles. Among the sponge derived isolates the class of halogenated tyrosine congeners, 

secondary metabolites typically occurring in the order of Verongida, are prominent examples 

with an outstanding activity profile. 
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3.1 Significance of the study 

As severe clinically issues including drug resistance endanger success rates of current 

anticancer therapy potent new drug candidates are urgently needed. Similarly eco-friendly 

alternatives to the worldwide banned organotins in the sector of antifouling must be discovered 

as biofouling has a high ecological as well as economical impact. The biochemistry of sessile 

marine invertebrates such as sponges provides solutions for these challenges as demonstrated 

by the recent success story of eribulin mesylate (Halaven®) approved for metastatic breast 

cancer. In order to yield more structurally unique metabolites that address novel molecular 

targets and fill pipelines of each respective sector an intensified marine bioprospecting is 

believed to play a crucial role within the next decades. To accomplish such ambitious 

undertakings chemoecological studies on sponges are likewise needed as a better understanding 

of respective compounds and their significance for the host organism in the individual natural 

habitat might provoke novel approaches of a putative utilization. 

3.2 Marine Sponges 

3.2.1 Overview 

Marine sponges represent the oldest, multi-cellular animals on earth with an estimated 

existence of more than 700 million years (Belarbi et al., 2003; Müller, 1998). Among the 

marine invertebrates they form the phylum Porifera, with the primary characteristic of being 

mostly sessile metazoans (Hooper and Van Soest, 2002). Two exceptions from this definition 

are the mobile red sea species Tethya seychellensis and T. aurantium (Fishelson, 1981). 

Porifera are simple pore (lat. „porus“) bearing (lat. „ferre“) animals that have asserted 

themselves in nearly all marine habitats ranging from diverse tropical coral reefs to polar seas. 

Only a minority of sponges like several species of the genus Spongilla inhabit fresh water 

habitats (Hogg, 1860). The antarctic sponge Scolymastra joubini, occuring in the Antarctic 

Weddell Sea, was found to be the oldest living animal ever discovered on earth with an 

estimated maximum lifespan (MLSP) of 15,000 years (Philipp and Abele, 2010). Till today 

8,382 species account the phylum Porifera (WoRMS, 2015). Current marine census studies and 

resulting estimations report, that one third of the sponge diversity has been discovered so far, 

while advancing molecular methods have highly accelerated discovery rates of cryptic species 

within the past decades (Appeltans et al., 2012). Based on morphological as well as 

phylogenetic parameters the phylum Porifera can be divided into four classes (figure 1), the 

Calcarea, the Demospongiae, the Hexactinellida and the Homoscleromorpha (WoRMS, 2015), 

the latter being just recently separated as ist own class from the Demospongiae (Gazave et al., 

2012). Applied morphological distinguishing features between the four classes are different 
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types of cells and spicules, presence of spongin fibres as well as their body form (Bergquist, 

1998). With almost 7,000 described species the Demosponges constitute more than 80 % of all 

known sponge species. Sponges of this class are characterized by cells bearing a single nucleus 

and a single external membrane, skeletons bearing spicules consisting of silica and in the 

majority of cases proteinous spongin fibers and a leuconoid body form (figure 2). 

Demosponges are typically found in inter-tidal to abyssal depth (Bergquist, 1998). 

 
Figure 1. Taxon tree of the phylum Porifera with focus on investigated species Aplysina cavernicola and Ianthella 
basta. Numbers of accepted marine extant species within the specific taxon were added in brackets (WoRMS, 
2015). 

 

3.2.2 Basic Structure 
Among the Metazoa sponges exclusively belong to the subkingdom of Parazoa. In contrast 

to the true Eumetazoa members of this taxon are characterized by a lack of higher organized 

tissue and organs such as gonades, a nerval system or muscle cells (Storch and Welsch, 2014). 

The organisation of sponges is rather characterized by the purpose of being so-called filter 

feeders (Van Soest et al., 2012). The outer sponge layer (pinacoderm) is formed by 

pinacocytes. This plate-like type of cells forms a single-layered external skin that maintains 
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body integrity. Furthermore pinacocytes contribute to the digestion of larger food particles and 

at the the animal’s base this cell type is responsible for the establishment of an anchoring foot 

to the settled substrate (Bergquist, 1998). Small pores within the pinacoderm, so-called ostia, 

are the outer entrance of water and nutrition channels, that lead to one or more flagellated 

chambers. The number of chambers depends on the level of organization of the sponge and can 

be distinguished in the ascon-, sycon- or leucon-type (figure 2). The interior layer of flagellated 

chambers (choanoderm) is lined with a specialised type of cells, the choanocytes. With their 

lumen orientated flagella choanocytes produce an inward stream of water, from which 

plankton, bacteria and floating particles, are phagocytised and digested intracellularly. The 

filtered water is then released by a larger channel, the osculum. Sandwiched within the 

pinacoderm and the choanoderm is a hardly differentiated and jelly-like mesohyl, which is 

typical for all kinds of sponges (Bergquist, 1998). Within its collagen-like structure the 

mesohyl additionally bears stromal cells and totipotent archaeocytes (Rieger, 1996; Van Soest 

et al., 2012). 

  

 
Figure 2. Organisation types of sponges. Ascon-type: primitive sponges < 2mm; sycon-type: sponges with several 
cm in size; leucon-type: all larger and higher developed sponges like the vast majority of demosponges. Modified 
from http://www.wikipedia.org. 

 

Besides the cellular components anorganic needles, so-called spicules, are typically present in 

the mesohyl (De Vos et al., 1991). These diverse structures (figure 3) serve taxonomists as 

important interspecial differentiation markers. Spicules in calcareous sponges are mainly 
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composed of calcite while silica is typical for the spicules found in the other three classes 

(Bergquist, 1998). Spicules are considered as the structural elements that have a major 

influence on the tissue consistence, which can vary from soft over fragile till very hard (Van 

Soest et al., 2012). In the sponge Anthosigmella varians an induction of spicule formation was 

observed as a response on tissue predation indicating their contribution to an activated 

mechanical defense mechanism (Hill and Hill, 2002; Hill et al., 2005). 

 
Figure 3. SEM images of sponge spicula (Van Soest et al., 2012). 

 

3.2.3 Sponge Skeletons Composed of Spongin 

The composite material of sponge skeletons consists of various organic constituents, in 

particular the collagenous protein spongin (Hooper and Van Soest, 2002), polysaccharides such 

as chitin (Brunner et al., 2009; Ehrlich et al., 2007) and above mentioned siliceous spicules 

(Uriz et al., 2003). Within the class of demosponges three orders, namely the Dendroceratida, 

the Dictyoceratida and the Verongida totally lack siliceous spicules (Ehrlich, 2010). In these 

orders, which are also known as the „keratose“ demosponges, the organic skeletons are 

exclusively made of one or more collagen derivatives, i.e. collagen fibrils, spongin filaments, 

and/or spongin fibres (Maldonado, 2009). The structure of spongin is until now not fully 

understood. Back in 1956 Gross et al. categorized collagenous fibres of the marine sponge 

Spongia graminea as „spongin A“ and „spongin B“ according to different structural parameters 

resulted from x-ray diffraction and electron microscopy analyses. In the same study the 

affiliation to the class of collagen-like proteins was established by the chemical evidence of a 

high content of hydroxyproline (Gross et al., 1956). Providing a further hint on its chemical 
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nature spongin was recently defined as a halogenated protein (Ehrlich, 2010). Presumably 

spongin fibres in sponge skeletons are closely associated or even covalently bond to chitin as it 

is known for other structural proteins in insects or crustacea (Hackman, 1960). The association 

of non polymeric small molecules with spongin skeletons has so far only been studied to a 

minor extent and was therefore chosen for investigation on the example of brominated 

tyrosines during this study (publication 5). 

3.2.4 Verongid Sponges: Ianthella basta and Aplysina cavernicola 
A comparatively small order among marine demosponges bearing actually only 86 species 

categorized within four families is the order of the Verongida (WoRMS, 2015). Among this 

order the sponge species Ianthella basta (figure 4A) and Aplysina cavernicola (figure 4B), both 

investigated in this thesis are affiliated to the two numerically largest families of Ianthellidae 

and Aplysinidae (figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The elephant-ear sponge (I. basta) was originally described as Spongia basta back in 1766 by 

Pallas in his zoophytes (Pallas, 1766). One century later in 1869 Gray described it as a broad 

fan-like or funnel-shaped sponge with sides folded together, leaving an open space below near 

the „root“, forming an incomplete funnel, which is more or less distorted and divided (Gray, 

1869). Gray continues his description by some morphological aspects such as the skeleton, 

formed by a substance, that is so dense that it does not, as in the generality of demosponges, 

become softened and more flexible by being soaked in water. As already mentioned above 

(section 3.2.3) he furthermore reports that his investigated specimen lacks any traces of 

siliceous or calcareous spicules and that it can be dissolved in acid (Gray, 1869). With regard to 

Figure 4. Verongid sponges in their natural habitats. A: Ianthella basta in the Pacific ocean (© Bernard Dupont). 
B: Aplysina cavernicola in the Mediterranean Sea at the coast of Sveta Marina, Istria, Croatia. 
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its natural habitat I. basta shows a wide distribution (figure 5) while it typically occurs in the  

marine waters of the Indian and the Central Indo-Pacific Ocean in the central and southern 

Great Barrier Reef, at the Indonesian or also along the African coast, e.g. in Kenya or the 

Mozambique Channel (WoRMS, 2015). Specimen investigated during this study were obtained 

from Indonesia and Guam, USA, the largest and most southern of the Mariana Islands in the 

western pacific. 

 
Figure 5. Typical distribution area (red) of Ianthella basta within the Indo-Pacific Ocean (yellow) including 
Guam, USA, as the sampling location of the here investigated specimen. Modified from http://www.wikipedia.org. 

 

The yellow cave-sponge (A. cavernicola) received the species status only half a century ago 

(Vacelet, 1959). Together with the closely related Aplysina aerophoba it represents the  

majority of the Mediterranean sponge population. In contrast to A. aerophoba, which can 

typically be found in shallow waters (up to 15 m), A. cavernicola prefers darker locations such 

as ledges or caverns in depth up to 40 m, which is reflected in its name (Thoms et al., 2003; 

Wilkinson and Vacelet, 1979). The body shape of A. cavernicola is constantly digitate (1-2 cm 

in diameter and 5-10 cm in height) bearing an oscule (1-3 mm in diameter) at the center of an 

evident apical depression. These digitations are regularly arranged on a basal encrusting plate 

attending over 50 cm in diameter. The typical pale yellow colour of A. cavernicola changes 

into medium violet after death and air exposure (Manconi et al., 2013). This sponge species 

inhabits caves and ledges at various locations among the Mediterranean Sea, such as those 

Guam, USA 

Great Barrier Reef, AUS 
Mozambique Channel 

Kenya 
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along the French and Croation coastline or in Elba, IT, where the here investigated specimen 

was collected (figure 6). 

 
Figure 6. Mediterranean Sea and examples of locations typical for the distribution of Aplysina cavernicola 
including Elba, IT, as the sampling location of the here investigated specimen. Modified from 
http://www.wikipedia.org. 

 

3.3 Marine Natural Products 

3.3.1 Marine Pharmaceuticals: from the Oceans to the Clinics  
The marine clinical pipeline (table 1) annualy published by the Department of Pharmacology 

at the Chicago College of Osteopathic Medicine, Midwestern University in Illinois, USA, 

actually lists seven marine derived compounds approved either by the American Food and 

Drug Administration (FDA) or European Medicines Agency (EMA) or both. Three out of these 

seven drugs used for various indications are inspired by sponge metabolites, highlighting 

especially theses invertebrates as rich sources for unique and highly bioactive leads. 

Sveta Marina, HR 

Elba, IT French coast 
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Table 1. Marine clinical pipeline published by the Department of Pharmacology at the Chicago College of 
Osteopathic Medicine, Midwestern University in Illinois, USA in June 2014 indicating the high relevance of 
sponge inspired compounds among the marine derived drugs. 

 
 

The success story of sponge bioprospecting started back in 1951 when Bergmann and Feeney 

discovered the two unusual nucleosides spongothymidine and spongouridine in some specimen 

of the marine sponge Tethya crypta (syn. Tectitethya crypta), which they had collected from the 

shallow waters of Elliot Key, Florida, USA (Bergmann and Feeney, 1951). The structural 

uniqueness of the reported nucleosides lays in their D-arabinose-sugar moiety replacing the 

usual D-ribose. Due to the latter both compounds share the property of being antimetabolites of 

DNA polymerases with a difference only in specificity of the target enzyme. After a three step 

phosphorylation to the corresponding triphosphats by kinases the sponge nucleosides act as 

substrates of either the human or the viral DNA polymerase, which incorporates them into the 

growing DNA strand leading to a chain determination due to the lack of phosphodiester bridge 

formation. In 1969 the synthetic sponge nucleoside analogue cytarabin (Ara-C, figure 7A), 

used for the treatment of acute lymphatic and myeloic leucemia, should become the first marine 

derived drug introduced to the market (Absalon and Smith, 2009; Thomas, 2009). Several years 

later in 1976 vidarabin (Ara-A, figure 7A), a further analogue of Bergmann’s nucleosides, was 

approved for the treatment of viral infections such as Herpes simplex. Since 2001 the marketing 

of Ara-A was discontinued due to new drug alternatives. Remarkably, todays first line viral 

DNA polymerase antimetabolites such as aciclovir, which is even listed in the WHO Model 

List of Essential Medicines, can be considered as direct advancements of the sponge derived 

nucleosides (King, 1988; Laport et al., 2009). 

Approved  
by Compound 

Name Trademark Marine 
Organism 

Chemical 
Class 

Molecular 
Target Disease 

FDA EMA 

X X Brentuximab vedotin 
(SGN-35) Adcetris® 

Mollusk/ 
cyano-
bacterium 

ADC(MMAE) CD30 & 
microtubules 

Anaplastic large T-
cell systemic 
malignant 
lymphoma, 
Hodgkin's disease 

X X Cytarabine 
(Ara-C) Cytosar-U® Sponge Nucleoside DNA polymerase Leukemia 

X X Eribulin mesylate 
(E7389) Halaven® Sponge Macrolide Microtubules Metastatic breast 

cancer 

X - Omega-3-acid ethyl 
esters Lovaza® Fish Omega-3 fatty acids 

Trygliceride-
synthesizing 
enzymes 

Hypertriglyceridemia 

X X Ziconotide Prialt® Cone snail Peptide N-Type Ca 
Channel Severe chronic pain 

X  
(discontinued) - 

Vidarabine 
(Ara-A) Vira-A® Sponge Nucleoside Viral DNA 

polymerase Herpes simplex virus 

- X Trabectedin 
(ET-743) Yondelis® Tunicate Alkaloid Minor groove of 

DNA 
Soft tissue sarcoma 
and ovarian cancer 
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Figure 7. Sponge inspired approved drugs. A: Vidarabin and cytarabin as synthetic analogues of unusual sponge 
nucleosides from Tethya crypta. B: Development of eribulin from the discovery of halichondrin B from 
Halichondria okadai till approval of the structurally altered pharmacophoric warhead as its mesylate salt in 2010.  

 

The third sponge inspired drug on the market is eribulin mesylate (Halaven®), a synthetic 

analogue of the cytotoxic macrocyclic polyetherlactone halichondrin B typically occuring in 

the marine sponge Halichondria okadai (Hirata and Uemura, 1986). The cytotoxic mode of 

action is based on a binding to tubulin similar to the vinca-alkaloids (Bai et al., 1991; 

Dabydeen et al., 2006), leading to a suppression of microtubuli polymerization. In consequence 

the mitotic cell is arrested in G2-M phase, which initiates the apoptotic cascade (Smith et al., 

2010). Structural alterations in eribulin in comparison to the parent compound (figure 7B) 

pursue two strategies: firstly, substitution of the ester function (position 1) by a true keto group 

to obtain hydrolytic stability in consequence with oral bioavailability and secondly a 

simplification of the highly complex spirocyclic sidechain (13 chiral carbons) to obtain a higher 

realisability of multigram synthesis. Nevertheless the actual synthesis protocol for eribulin 

developed and applied by Eisai involves 67 steps. In 2010 this undertaken effort resulted in an 

approval of eribulin by the FDA (2011 by EMA) for the treatment of metastatic breast cancer 

(Huyck et al., 2011). 

O

HOH

HOH
HH

HO

N

NN

N

NH2

Eribulin mesylate 

(Halaven®, approved 2010) 

Cytarabin 

(Zytosar-U®) 

Vidarabin 

(Vira-A®)  

Tethya crypta 

Halichondria okadai 

Halichondrin B 

(discovered 1986) 

N

NH2

ON
O

HOH

HOH
HH

HO

B A 

O

O O
O

H

H

O

H

OO

O

O

O

O

O

HH

H H

O

O

O

O

H

HHO

HO
HO H

H

H

H

H

1

H2N OH

O

O

O O
O

H

H

O

H

OO

O

O

H3C
S
OH

O O
1



Introduction 
 

 23 

In addition the polyketide PM060184 (figure 8), another tubulin-binding agent with potent 

anticancer activity which occurrs in the marine sponge Lithoplocamia lithistoides (Martínez-

Díez et al., 2014), has recently reached clinical phase I. 

 

 
Figure 8. Structure of PM060184 actually listed in clinical phase I. 

 

3.3.2 Chemistry of Verongid Sponges 
3.3.2.1 Overview and Biosynthesis 

Halogenated derivatives of the aromatic amino acid tyrosine are by far the most common 

secondary metabolites in many Verongid sponges. According to the marine natural products 

database MarinLit (03/2015) 97 % of the compounds described from I. basta and 94 % from 

those of the other here investigated species A. cavernicola are affiliated with this class of 

secondary metabolites. The putative biosynthetic pathway towards halogenated Aplysina 

alkaloids and bastadins as well as a hypothesis for the incorporation of halogenated tyrosine 

into macromolecular spongin of A. cavernicola skeletons are shown in figure 9. Starting from 

phenylalanine the introduction of a para phenolic hydroxyl into the aromatic core catalyzed by 

a hydroxylase is considered as the biosynthetic starting point that forms tyrosine. Subsequently 

tyrosine is halogenated probably under catalysis of a flavin dependent halogenase. 

Interestingly, from the genus Aplysina brominated (Ciminiello et al., 1997; Fattorusso et al., 

1970) as well as chlorinated (D'Ambrosio et al., 1983) and even mixed halogenated 

(D'Ambrosio et al., 1984) tyrosine derivatives are known while bastadins exclusively occur as 

brominated congeners in nature. This picture of a diverse halogenation pattern among tyrosine 

in Aplysina can also be drawn with regard to the occurence in macromolecular spongin, whose 

amino acid analysis resulted in the identification of bromo-, chloro and even iodotyrosine 

(publication 6). Halogenated tyrosines do not exclusively occur in sponges, but can rather also 

be found in other marine organisms such as 3,5-diiodotyrosine (iodogorgoic acid) from the 

coral Gorgonia cavolinii (Drechsel, 1896) and brominated and chlorinated derivatives from the 

cuticle of Limulus polyphemus (Welinder, 1972).  
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Figure 9. Examples of plausible biosynthetic pathways of halogenated tyrosines in Verongid 
sponges leading either to proteinous spongin (involved enzyme unknown), isoxazole-bearing 
Aplysina alkaloids or bastadins. 
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3.3.2.2 Aplysina Alkaloids 

Several halogenated tyrosines isolated from the genus Aplysina such as the investigated 

species A. cavernicola and the closely related A. aerophoba have been shwon to contribute to a 

unique and unusual wound-induced bioconversion mechanism (Ebel et al., 1997; Teeyapant et 

al., 1993). Typically, bromoisoxazoline alkaloids such as isofistularin-3 aerophobin-2 and 

aerothionin accumulate as protoxins in the intact sponge tissue (figure 10). The latter was 

proven to act as a fish deterrent against Blennius sphinx and the pufferfish Canthigaster 

rostrata (Thoms et al., 2004). External cues such as mechanical disruption trigger the 

conversion of the isoxazolines to the nitrile aeroplysinin-1, which is subsequently transformed 

into verongiaquinol, a corresponding dienone. These bioconversion products have been shown 

to possess a pronounced cytotoxic (aeroplysinin-1) and growth inhibitory effect towards several 

marine bacteria and microalgae (dienone) but no fish deterrent effect, whereas precursors like 

aerothionin were found to be inactive against microbes viceversa (Gochfeld et al., 2012; 

Teeyapant et al., 1993; Weiss et al., 1996). Hence, the formation of aeroplysinin-1 and the 

dienone has been proposed to be involved in an activated antibiotic defense of sponges against 

invading pathogenic bacteria and algae. First indications in favor of an enzymatically catalyzed 

conversion of aerothionin to the corresponding low molecular weight products were given by 

Teeyapant et al. when observing high amounts of aerothionin when freeze dried sponge 

samples were extracted in non-aqueous solvents, whereas sponges that were extracted in 

aqueous solvents yielded large quantities of aeroplysinin-1 and of the dienone instead 

(Teeyapant et al., 1993). Recently, the enzyme involved for the conversion of aeroplysinin-1 to 

the dienone was characterized as a unique, manganese-dependent and highly substrate sepcific 

nitrile hydratase (Lipowicz et al., 2013). Apart from these bioactivities, which obviously 

contribute to the evolutionary fitness of the sponge in its natural habitat a diverse biological 

picture of the Aplysina alkaloids with regard to a feasible clinical application has been drawn in 

the past decades. For example the cytotoxic/-static potential of aeroplysinin-1 has been 

investigated in several studies and strong growth inhibitory effects have been shown on several 

cell lines such as mouse lymphoma (L5178Y) (Kreuter et al., 1992), human lymphoma (U-937) 

(Galeano et al., 2011), Ehrlichs ascites tumor (EAT) and HeLa cells (Koulman et al., 1996). 

For more detailed biological aspects of Aplysina alkaloids see publication 1. 
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Figure 10. Activated chemical defense in Aplysina cavernicola and A. aerophoba. Wound-induced bioconversion 
of fish deterrent Aplysina isoxazol-alkoloids to wound protecting agents aeroplysinin-1 and a corresponding 
dienone. 

 

As mentioned above not only brominated, but also chlorinated congeners of tyrosines were 

reported among the Aplysina alkaloids (figure 11). Dichloroverongiaquinol, the dichloro-

analogue of the above mentioned dienone for example (figure 10), also shows prominent 

antibacterial properties against Gram positive and Gram negative bacteria (D'Ambrosio et al., 

1983). 7-Bromo-5-chlorocavernicolin is one structural example of a mixed-halogenated 

tyorsine congener from A. cavernicola (D'Ambrosio et al., 1984).  

 

O Br

Br

HO O
N

O

H
N O

OH Br

Br

OH
N
H

O

O
N

Br

Br

O

OH

HN
O

O

H

O

Br

Br

O
NH

H

O

isofistularin-3 

bisoxazolidinone 

O Br

Br

HO O
N

O

H
N

N

NH

NH2

aerophobin-2 

O

Br

Br

OH

N
O

O
NH

HN

O

N
O

O

Br

Br

OH

aerothionin 

intact tissue tissue damage 

O

BrBr

HO
OHNC

aeroplysinin-1 
cytotoxic 

O

BrBr

OH

O

H2N

verongiaquinol (dienone) 
antibacterial 

nitrile hydratase 

wound protecting agents 

accumulated protoxins 
fish deterrent 

inactive linker 



Introduction 
 

 27 

 
 

Figure 11. Examples of chlorinated tyrosines among the Aplysina alkaloids. 

  

3.3.2.3 Bastadins 
True bastadins are oxime-bearing, brominated bis-diaryl ether tetrapeptides, which most 

commonly occur as macrocycles. In addition to actually 28 macrocyclic congeners three linear 

bastadins (1-3) are known (Inman and Crews, 2011). The building blocks of bastadins, so 

called hemibastadins (figure 9), are condensation products of oxime-bearing tyrosine with its 

amine tyramine. These biosynthetic precursors usually feature mono- or dibromo substituents 

ortho to the phenolic hydroxyls (Butler et al., 1991). The formation of two biaryl ethers, which 

can be considered as a nucleophilic coupling of a phenolic hydroxyl with a brominated carbon 

of a second hemibastadin unit, yields a bastaran ring. For the macrocyclic bastadins two 

possibilities in the hydroxy-ether linkage of the northern bromocatechol bromophenyl ether 

unit allows a differentiation between the 13,32-dioxa-4,22-diazabastarane- and the 13,32-dioxa-

4,22-diazaisobastarane-type of bastadins (figure 12).  

  
 

 
Figure 12. Structures of the macrocyclic constitutional isomers bastadin 5 and 19 indicating the difference in the 
ether linkage of ring B and B’ between bastaran- and isobastarane-type bastadins adapted from Inman and Crews, 
2011. 

 

Two exceptions with regard to the biaryl linkage are the linear structures of bastadin 3 and the 

first trimeric hemibastadin, namely sesquibastadin 1, which was discovered during this study. 
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Putatively sesquibastadin 1 originates from the two building blocks bastadin 3 and 

hemibastadin 2 (publication 2). Both compounds share a direct biaryl C-C-linkage instead of 

the above described ether bridge (figure 13). 

 

 
Figure 13. Structures of the trimeric hemibastadin congener sesquibastadin 1 and its building blocks bastadin 3 
and hemibastadin 2. The unsual direct biaryl C-C-linkage is shown in red. 

 
The oxime moiety of bastadins is typically reported showing (E)-configuration. Nevertheless 

Inman and Crews propose that bastadins and also closely related psammaplins are 

biosynthetical similarly produced with the (Z)-oximo amide, which subsequently isomerizes to 

the more thermodynamically stable (E)-isomer in solution which is favoured by intramolecular 

hydrogen bonds (Inman and Crews, 2011). All isolated bastadin congeners investigated during 

this study were identified as (E)-isomers, which was deduced based on the chemical shift of the 

adjacent methylen groups (figure 12, Pos. 1 and 25) in a 13C-NMR experiment (publication 2). 

Generally speaking, the differences between individual bastadin derivatives occur with regard 

to the degree of aromatic bromination, the occurence of double bonds (positions 6/7 and 20/21) 

and hydroxyl groups (position 7) within the tyramine units and for some derivatives phenolic 

sulfate esters.   

Apart from Ianthella basta (Kazlauskas et al., 1980; Pordesimo and Schmitz, 1990) bastadins 

have been reported from other closely related Verongid sponges such as Ianthella 

quadrangulata (Coll et al., 2002; Greve et al., 2008), Ianthella reticulata (Calcul et al., 2010) 
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the Indian sponge Dendrilla cactos, a member of the order Dendroceratida, the occurence of 

bastadins has been observed (Reddy et al., 2006). Lithothamnin A (figure 14), a metabolite 

differing from bastadins only in the aromatic substitution pattern by showing meta-meta 

linkages, that have so far not been reported from sponges, was recently discovered in the red 

alga Lithothamnion fragilissimum (Van Wyk et al., 2011) indicating that the distribution of 

these brominated tyrosines is not restricted to the phylum of Porifera. This co-occurence in 

evolutionary distant species gives rise to the hypothesis that the true producers of bastadins and 

bastadin-like metabolites might be microbial symbionts instead of the hosting macroorganisms. 

This hypothesis is substantiated by a finding of this study showing that the genes of the above 

mentioned flavin dependent halogenase (figure 9) are affiliated with sponge symbionts 

(publication 5). 

 
Figure 14. Structure of Lithothamnin A, a bastadin like metabolite with unusual meta-meta linkage (in red) 
occuring in the red alga Lithothamnion fragilissimum. 

 

Several pronounced biological activities of (hemi-)bastadins have been elucidated since their 

first discovery in 1980 (Kazlauskas et al., 1980). The distinct antifouling properties, in 

particular the inhibition of barnacle settlement and blue mussel phenoloxidase will be pointed 

out in section 3.4.3. Most relevant reported activities of bastadins addressing clinical targets 

can roughly be classified as follows: 

• modulation of intracellular Ca2+ homeostasis,  

• antibacterial activity towards Gram positive and Gram negative bacteria, 

• anticancer activities such as cytotoxicity against several cell lines, anti-angiogenic 

properties and inhibition of molecular targets, e.g. enzymes associated with cancer 

pathogenesis such as inosine 5’-phosphate dehydrogenase (IMPDH), topoisomerase-II 

and dehydrofolate reductase. 

For bastadin 5 (figure 12) and further bastadin derivatives a selective modulation of the Ca2+-

release channel of the skeletal sarcoplasmic reticulum (SR) ryanodine receptor-1 (RyR-1) was 
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10-O-sulfatobastadin 3 showed moderate differential activity as SR Ca2+ channel agonists of the 

RyR-1 FKBP12 complex (Franklin et al., 1996). A further study focussing on the effect of 

bastadins on Ca2+ homeostasis demonstrated that naturally occurring bastadin 10 stabilizes 

primarily the open conformation of the RyR-1 channel and sensitizes the channel for activation 

by Ca2+ to an extent that it essentially eliminates regulation in the physiological range of this 

ion (Chen et al., 1999). Later structure-activity studies indicated that bastadin 10 and several 

synthetic analogues produce an effect identical to that observed for RyR-1 in primary cultures 

of rat cerebellar granule neurons expressing the cardiac RyR-2 subtype (Zieminska et al., 

2007). Synthetic bastadin 5 releases Ca2+ from the endoplasmatic reticulum (ER) of neurons in 

a ryanodine-sensitive way. Further studies indicated that structurally simplified open-chain half 

bastadins, in particular compounds that carry a dibromocatechol ether moiety as found in 

bastadin 5, are imitating the activity of naturally occurring bastadins on Ca2+ homeostasis in 

cultured rat cerebellar granule neurons (Zieminska et al., 2008). 

Among several investigated bastadin congeners bastadin 3 and hemibastadin 2 (figure 13) 

proved to be the most potent antibacterial compounds when tested against Neisseria 

gonorrhoeae, Enterococcus faecalis and Staphylococcus aureus (Pettit et al., 1996).  Cytotoxic 

and antineoplastic attributes of bastadins have additonally been reported in various studies. The 

first reported cytotoxic activity was stated for bastadins 8 and 9 against the L-1210 leukemia 

cell line with ED50 values of 4.9 μM (Miao et al., 1990). Cytotoxic properties against A-549 

lung carcinoma, HT-29 colon adenocarcinoma human tumor, P-388 murine lymphotic 

leukemia cell lines, and against the non-tumor CV-1 monkey kidney cell line, as well as 

inhibition of topoisomerase-II and dehydrofolate reductase were discovered for bastadin 14 

(Carney et al., 1993). Bastadins 4-7, 12, 3, 21 and 24 were found to possess mean IC50 values 

between 0.6 - 10.1 μM against 36 different human tumor cell lines (Greve et al., 2008). 

Bastadin 4 isolated showed activity against the colon carcinoma cell line HCT-116 (Calcul et 

al., 2010). Anti-angiogenic properties of bastadin 6 (figure 15) based on a specific induction of 

apoptosis in human umbilical vein endothelial cells (HUVEC) were also reported (Aoki et al., 

2006). Mechanistically, the authors hypothesized an interaction of bastadin 6 with RyR-3, 

which may result in a mobilization of intracellular Ca2+ and might therefore trigger apoptosis. 

In a continuative study with synthetic analogues of bastadin 6 Kotoku et al. pointed to the 

oxime function and to the bromination of the aromatic rings as key structural elements with 

regard to the anti-proliferative effects of bastadin derivatives against HUVECs and KB3-1 cells 

(Kotoku et al., 2008). The aforementioned bastadin like lithothamnins, also showed moderate 
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cytotoxic properties, as demonstrated for lithothamnin A (figure 14), exhibiting 

antiproliferative activities against five human tumor cell lines (Van Wyk et al., 2011). 

 

 
 

Figure 15. Structures of proapoptotic bastadin 6 and RyR-1 channel modulating bastadin 10. 

 

Due to this diverse profile of various clinically relevant bioactivities bastadins can be stated as 

highly interesting chemical leads with an enormous potential for modern health sciences.  

 

3.4 Marine Biofouling 

3.4.1 Overview and Adhesion Process of Blue Mussel (Mytilus edulis) 

The undesirable colonization of various submerged substrata in the marine environment like 

ship hulls or cages in aquaculture by often complex communities of microorganisms, plants and 

animals is termed biofouling (Callow and Callow, 2002; Yebra et al., 2004). Biofouling 

processes result from a competition between these pro- and eukaryotic species for space and 

nutrition (Müller et al., 2013). As a serious global problem biofouling causes extensive material 

and economic costs as well as a tremendous environmental impact by the worldwide spread of 

invasive species (Davidson et al., 2009; Schultz et al., 2011; Yebra et al., 2004). According to 

the US Navy i.e. the increase in friction resistance due to the settlement of fouling organisms 

such as barnacles (Balanidae) is estimated to cause a 10 % reduction in boat speeds with a 40 % 

increase in fuel consumption. The overall resulting costs for the US Navy amount to 

approximately 700 Mio. € p. a. In addition, higher friction rates also lead to an increase in 

emission of greenhouse gases such as carbon dioxide (CO2) and sulfur dioxide (SO2), which are 

believed to rise up to 72 % untill 2020 as a direct consequence of biofouling (Salta et al., 

2010).  
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The process leading to often highly complex fouling communities is characterized by four main 

phases (figure 16).  Initially, organic particles especially proteins and carbohydrates, adhere to 

the submerged substrate and serve as nutrients for the subesequently settling microorganisms 

such as bacteria or diatoms. Among many fouling colonies bacteria of the genus Vibrio, such as 

V. alginolyticus, are considered as major microbial constituents generating a so called biofilm. 

This biofilm conditions the surface further and allows larger organisms such as macroalgae or 

protozoa to settle. After approximately 21 days the final stage of the fouling process is reached 

by the settlement of crustaceans such as barnacles (Balanus amphitrite) or molluscs like the 

blue mussel (Mytilus edulis) (Yebra et al., 2004).  

 

 
Figure 16. Phases of marine biofouling adapted from Yebra et al. (Yebra et al., 2004). 

 
The mechanism of adhesion for the latter of these two macrofoulers is already well understood. 

The mollusc establishes its firm attachment to any given submerged substrate by the formation 

of so called byssal threads leading to byssal plaques both contributing to an underwater 

superglue (Danner et al., 2012). These proteinous structures, also called Mytilus edulis foot 

proteins (Mefp), are mainly characterized by a high content (∼30 mol %) of the amino acid 3,4-

dihydroxyphenylalanine (DOPA) (Danner et al., 2012). DOPA-residues of Mefp serve as 

substrates to a phenoloxidase (E.C. 1.14.18.1) (Hellio et al., 2000), that catalyzes the oxidation 

to highly reactive species such as ortho-quinones, that in consequence easily form inter- and 

intramolecular crosslinks via various mechanisms such as biaryl coupling or michael addtion 
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(Silverman and Roberto, 2007). The M. edulis phenoloxidase can be considered as one key 

enzyme in the adhesion process and therefore represents an interesting molecular target for 

future antifouling approaches. 

3.4.2 Current Antifouling Approaches: A Depleted Perspective 
A huge variety of physical and chemical antifouling (AF) technologies have been developed 

over several decades, including UV irradiation, ultrasound, electric fields, low friction foul-

release polymeric coatings and AF paints such as self-polishing systems (Finnie and Williams, 

2010; Guo et al., 2012; Guo et al., 2011; Löschau and Krätke, 2005; Martinelli et al., 2011). 

Most commonly marine surfaces are coated with AF paints contaning biocides. Among these 

the best-performing AF approaches are typically based on heavy metals such as copper, lead, 

mercury, arsenic, and cadmium (Omae, 2003). Already back in ancient times of Carthaginians 

and Phoenicians (1500–300 BC) heavy metal based AF techniques have been developed to 

cover ship hulls with pitch and copper platings (WHOI, 1952). In the mid-1960s formulations 

based on organotin, such as tributyltin (TBT, figure 17), were introduced to the AF market. 

This approach was marketed to be highly effective at deterring settlement in combination with 

a low general toxicity level. After more than 20 years being the state of the art among the 

chemical AF approaches the high efficacy of organotins was found to be primarily based on 

their acute general toxicity. These most toxic substances ever deliberately introduced into the 

aquatic environment (Goldberg, 1986) were discovered to be harmful to a range of aquatic 

biota, including microalgae (Beaumont and Newman, 1986), molluscs, crustaceans (Langston 

et al., 1990), fish (Wester et al., 1990) and invertebrate communities of seagrass beds (Kelly et 

al., 1990a; Kelly et al., 1990b). The best documented case reports of the toxic impact of TBT 

on marine organisms were however those on the Pacific oyster Crassostrea gigas and the 

dogwhelk Nucella lapillus. High mortality rates of oyster larvae and a severe malformation of 

addult oyster shells (Alzieu et al., 1986) as well as imposex in female dogwhelks (Bryan et al., 

1987) were discovered as direct effects on high TBT levels in highly frequented boating 

regions. Since 2008 TBT-based AF paints are banned according to the “International 

Convention on the Control of Harmful Anti-Fouling Systems on Ships” by the International 

Maritime Organization (IMO) (IMO, 2002). Therefore, today the most commonly used AF 

paints are based on copper (Cu) supplemented by so called booster biocides (figure 17) to 

control Cu-resistant fouling organisms (Voulvoulis, 2006). These include Irgarol 1051 (2-

methylthio-4-tertiary-butylamino-6-cyclopropylamino-s-triazine), diuron (1-(3,4-

dichlorophenyl)-3,3-dimethyl-urea), zinc pyrithione (2-mercaptopyridine N-oxide zinc salt; 

ZnPT), copper pyrithione (2-mercaptopyridine N-oxide copper salt; CuPT), chlorothalonil 
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(2,4,5,6-tetra-chloroisophthalonitrile) and SeaNine 211 (4,5-dichloro-2-n-octyl-4-isothiazolin-

3-one; DCOIT) (Konstantinou and Albanis, 2004; Zhou et al., 2006). However, many of the 

currently used biocides are also a threat for the marine environment (van Wezel and Van 

Vlaardingen, 2004); some can accumulate at high levels, despite claims for rapid degradation, 

and have a biocidal effect on non-fouling marine organisms (Bellas, 2006, 2007, 2008; 

Konstantinou and Albanis, 2004; Thomas and Brooks, 2010). Some are reported to be even 

more toxic than TBT. For instance, Sea-Nine 211 was found to have a deleterious effect on the 

embryo-larval stage of the sea urchin, Paracentrotus lividus, despite its classification as a safe 

biocide (Bellas, 2007). Diuron and Irgarol 1051 have been banned by many EU governments in 

recent years (Cresswell et al., 2006) due to increasing evidence for being environmentally toxic 

(Munoz et al., 2010). Not only for supplementary booster biocides but also for the major AF 

paint constituent copper similar restrictions of usage are expected for the future. Washington 

became recently the first US state to ban copper-based paints (containing more than 0.5 % 

copper) starting from 2020 for boats less than 20 meters (Trepos et al., 2015). In summary one 

may state that new eco-friendly solutions for the biofouling issue are highly desirable as the 

use-risk-profile of current approaches remains unsatisfactory. 

 

 
 

Figure 17. Structures of banned tributyltin and common but debatable booster biocides used in combination with 
copper in current AF composites. 

  

3.4.3 Sponge-Derived Antifouling Leads 

Biomimetic solutions inspired by marine metabolites exhibiting high specificity towards 

molecular targets of the complex fouling cascade rather than a general toxicity are highly 
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population density and the reduced mobility among members of sessile marine communities 

like diverse coral reefs organisms had to develop strategies to protect themselves against 

physical contact and more specifically against overgrowth and fouling. Mechanical as well as 

chemical interactions are the two parameters primarily controlling fouling processes in the 

marine environment (Müller et al., 2013). Investigating the latter recent bioprospecting has 

identified several promising AF candidates. For naturally occuring as well as synthetic bastadin 

congeners Ortlepp et al. demonstrated an inhibition of the settlement of bay barnacles (Balanus 

improvisus) cyprid larvae (Ortlepp et al., 2007). Among the investigated derivatives 

macrocyclic bastadin 9 and synthetic 5,5’-dibromohemibastadin-1 (DBHB) showed a strong 

settlement inhibition (figure 18), but no effect on larval mortality. Targetting the same 

macrofouler bromotryptophan derived barretins, such as bromobenzisoxazole barettin 

demonstrated larval settlement inhibition in a low nanomolar range (Hedner et al., 2008). The 

attachment of another major fouling organism, the zebra mussel (Dreissena polymorpha), to a 

given substrate was inhibited by bromotyrosines including moloka’iamine and hemifistularin-3 

at moderate EC50 values. 

 

 
Figure 18. Examples of sponge compounds and their potential to inhibit settlement of respective macrofouling 
organisms indicated by EC50 and MIC values (Diers et al., 2004; Hedner et al., 2008; Ortlepp et al., 2007). 
Pictures taken from http://wikipedia.org. 

  

OH2N

Br

Br

NH2

Br
H
N

O

N
OH

Br

HO
O

BrBr

N

O

N
H

HO

O

OH

N
HBr

OH

Br

O
N
H

O

HN

NH

O

O N
H

NH

NH2 HO

H
N

N
OH

O

OH

Br

Br

Br

Br

zebra mussel  
(Dreissena polymorpha) 

bay barnacle 
(Balanus improvisus) 

moloka’iamine 
EC50 = 10.4 μM 

(Diers et al., 2004) 

bromobenzisoxazolone 
barettin 

EC50 = 0.015 μM 
(Hedner et al., 2008) 

bastadin 9 
MIC = 1.0 μM 

(Ortlepp et al., 2007) 

5,5’-dibromohemibastadin-1 
MIC = 10 μM 

(Ortlepp et al., 2007) 

Br

O

Br

O

N

HO

O

NH OH

OHBr

Brhemifistularin-3 
EC50 = < 30 μM 

(Diers et al., 2004) 



Introduction 
 

 36 

For synthetic DBHB and closely related analogues the above mentioned M. edulis 

phenoloxidase (section 3.4.1) was recently discovered as one putative molecular target to 

inhibit macrofouling (Bayer et al., 2011). Bayer et al. assigned the α-hydroxyimino-amide 

moiety as the pharmacophoric core structure being essential for enzyme inhibition due to strong 

copper coordinating properties (figure 19). Tyrosinyltyramine (TT), a congener bearing a 

primary amine instead of the oxime, totally failed to inhibit the enzyme. Phenolic residues and 

bromine substituents as present in DBHB furthermore led to an increase in the inhibitory 

potential of hemibastadin congeners towards the enzyme. Based on these initial studies further 

structure-acitivity-relationship studies (SAR) of hemibastadin congeners with regard to blue 

mussel phenoloxidase inhibition were conducted in this thesis (publication 4). 

 

 
Figure 19. Inhibition of M. edulis  phenoloxidase by 2,3-BMO (2,3-butandienone monoxime), NBHB 
(norbromohemibastadin-1), DBHB (5,5’-dibromohemibastadin-1) and TT (tyrosinyltyramine) as indicated by the 
IC50 values of the respective compounds. Pharmacophoric core structures and activity increasing bromine 
substituents are highlighted in bold. Modified from Bayer et al., 2011. 
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3.5 Aim of the study 

In recent bioprospecting investigations metabolites derived from the oceans and especially 

those from marine sponges have demonstrated an enormous potential as novel clinical leads as 

well as AF agents. Among this increasing group of marine metabolites the class of halogenated 

tyrosines has gathered wide interest due to a high structural diversity and pronounced 

biological activity. One initial aspect of this thesis is to give a review on a small excerpt of 

compounds from this class, in particular bastadins, Aplysina alkaloids and psammaplin A with 

focus on the respective biological potential (publication 1). Furthermore, this study aims to 

isolate and identify (novel) bastadin congeners from I. basta to contribute to the evaluation of 

the anticancer potential of this class of marine metabolites (publication 2). Compounds that are 

isolated from a methanolic sponge extract by several chromatographic procedures and 

furthermore elucidated with regard to their structure by various spectroscopic methods are then 

submitted to cell viability assays against a murine lymphoma cell line (L5178Y). Additionally, 

the bastadin isolates are tested against a panel of protein kinases, that are relevant in neoplastic 

processes including breast cancer (Aur-A and Aur-B) and non-small-cell lung cancer (EGF-R 

and VEGF-R2). Further studies on (hemi)bastadins with regard to the anticancer mode of 

action and here in particular their pro-apoptotic, anti-angiogenic and anti-migratory effects and 

a putative binding of DBHB to serum albumine is investigated in a further part of the project 

(publication 3). Apart from the examination of a tentative clinical utilization of halotyrosines 

the AF potential of synthetic hemibastadin congeners represents another central aspect of this 

thesis (publication 4). Therefore, a set of closely related compounds is synthesized by 

preparative organic chemistry and their inhibitory potential against M. edulis phenoloxidase is 

quantified by the determination of the respective IC50 values. The aim of this investigation shall  

lead to a better understanding of the compound enzyme interaction, which may result in a 

commercial application of AF active hemibastadins in the future. In addition to the biological 

potential of halotyrosines and a possible biomimetic utilization, chemoecological studies will 

be subject of this thesis by analyzing the association of bastadins and aerothionin to sponge 

skeletons (publication 5). In addition, the identification of halotyrosines that are not only 

associated with but covalently incorporated into the spongineous protein fraction of A. 

caverniocal skeletons represents the final aspect of this study (publication 6).  
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Germany
‡State Key Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing 100191, People’s Republic of China
§Institute of Physiological Chemistry and Pathobiochemistry, Johannes-Gutenberg-University, Duesbergweg 6, 55128 Mainz,
Germany
⊥ProQinase GmbH, Breisacher Strasse 117, 79106 Freiburg, Germany

*S Supporting Information

ABSTRACT: The first naturally occurring trimeric hemibastadin
congener, sesquibastadin 1 (1), and the previously reported
bastadins 3, 6, 7, 11, and 16 (2−6) were isolated from the
marine sponge Ianthella basta, collected in Indonesia. The
structure of 1 was elucidated on the basis of 1D and 2D NMR
measurements and by HRMS. Among all the isolated
compounds, the linear sesquibastadin 1 (1) and bastadin 3
(2) showed the strongest inhibition rates for at least 22 protein
kinases (IC50 = 0.1−6.5 μM), while the macrocyclic bastadins
(3−6) demonstrated a strong cytotoxic potential against the
murine lymphoma cell line L5178Y (IC50 = 1.5−5.3 μM).

Since their first discovery more than 30 years ago from marine
sponges of the order Verongida, bastadin derivatives have

attracted wide attention due to their pronounced biological activities.
Bastadins are known for their antifouling,1 antimicrobial,2,3 and
anti-inflammatory4 activities. They furthermore modulate Ca2+-
release from the sarcoplasmic reticulum5−7 and may show
δ-opioid receptor binding affinity.8 In addition, antineoplastic activities
have been reported for bastadins that may be modulated by
inhibition of topoisomerase-II,9 DHFR,9 or IMP dehydrogen-
ase10 or by antiangiogenic effects.11,12 Thus, this group of marine
natural products is of considerable interest, both as molecular tools
and for bioprospecting. Structurally, bastadins consist of bro-
minated tyrosine and tyramine derivatives that are linked by a
peptide bond, forming a hemibastadin unit, which is the putative
biogenetic precursor to the bastadins. Formation of the bastadins
requires two hemibastadin moieties that are linked via an ether
bridge or by carbon−carbon bonds. The amino group of the
bromotyrosine units is typically oxidized to yield an oxime function.
So far there are 26 naturally occurring bastadin derivatives from
sponges.8 The recently discovered lithothamnin A indicates that
similar metabolites differing from the bastadins only in the aromatic
substitution pattern can also be found in red algae.13

We now have isolated the first trimeric hemibastadin derivative,
which was named sesquibastadin 1 (1) (Figure 1), from a specimen
of the marine sponge Ianthella basta and report on the structure
elucidation of the new compound. In addition, five known
derivatives, bastadins 3 (2),2 6 (3),2 7 (4),2 11 (5),4 and 16

(6),14 were likewise obtained. All compounds were investigated
for their cytotoxicity in a cellular assay using the murine lymphoma
cell line L5178Y and in a biochemical assay involving 24 dif-
ferent protein kinases that represent potential targets for anticancer
chemotherapy.
Positive HRESIMS of 1 indicated pseudomolecular ion clusters

centered at m/z 1412.81374 [M + H]+. Isotope-induced signal
splitting revealed six bromines within the molecule. When
measured at low-resolution ESIMS conditions, two prominent
fragments of 1 could be detected at m/z 421 (dibromo cluster)
and m/z 682 (tribromo cluster) (Figure S9). The same frag-
ment ions could also be observed for bastadin 3 (2), indicating
that 1 is partially composed of 2. Moreover, the molecular
weight and isotopic pattern suggested hemibastadin 2 as the
other building unit of 1.
This assumption was confirmed by inspection of the 1D and

2D NMR spectra of 1 (Table 1). Downfield resonances at δH
11.84, 11.82, and 11.79, as well as three triplets of amide
protons at δH 8.03, 7.94, and 7.93, as observed in the 1H NMR
spectrum, indicated the presence of three 2-oxime amide
moieties within the molecule. In addition, the total number of
15 aromatic and 18 aliphatic protons indicated the presence of
a trimeric hemibastadin. Inspection of 1H NMR and COSY
spectra suggested three 1,2,4-trisubstituted and three unsymmetrical
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1,2,3,5-tetrasubstituted phenyl rings and three ethylamido and
three isolated benzylic methylene functionalities. Two of the
1,2,4-trisubstituted phenyl ring systems (rings A and F) showed
overlapping signals, especially the entirely overlapped doublet
at δH 6.84 (H-11, H-56), indicating a high rate of similarity for
these two ring systems within the molecule. The positions of
rings A and F were assigned at the northern and southern ends
of the linear molecule, respectively, to form a “quasi symmetry”.
All three ABX systems were found to be attached to ethylamido
moieties on the basis of long-range couplings observed in the
COSY spectrum between H2-6 (δH 2.63), H-12 (δH 6.97), and
H-8 (δH 7.29) (ring A), H2-51 (δH 2.60), H-53 (δH 7.27), and
H-57 (δH 6.95) (ring F), and H2-20 (δH 2.73), H-19 (δH 7.53),
and H-17 (δH 7.14) (ring B). Similarly, the attachment of the
three isolated methylene chains to three meta-coupling aro-
matic spin systems was established on the basis of long-range
couplings observed in the COSY spectrum, including
correlations between H2-1 (δH 3.73), H-36 (δH 7.33), and H-
38 (δH 6.94) (ring D), H2-25 (δH 3.72), H-27 (δH 7.32), and
H-31 (δH 6.93) (ring C), and H2-46 (δH 3.63), H-45 (δH 6.61),
and H-43 (δH 7.11) (ring E). HMBC correlations confirmed
the composition of the six aliphatic chains, the aromatic systems,
and their mutual connections (Figure 2). Strong three-bond
correlations could be observed between the methylene protons
and the ortho carbons in each neighboring benzene ring, as
shown in Table 1. Key correlations were found between δH 6.93
(H-31) and 6.94 (H-38) and δC 127.6 (C-30, and C-33), which
confirmed the C-30−C-33 direct linkage between the two
meta-coupling aromatic spin systems (rings C and D). As
mentioned above, the two northern hemibastadin subunits of 1
form the known symmetric structure of 2, which was confirmed
by comparison of 1H and 13C NMR data. The addition of a
further hemibastadin subunit during the biosynthesis of 1
caused a loss in symmetry and therefore induced extra 1H and
13C resonances appearing only with a small difference in chemical
shifts compared to the corresponding resonances found for 2

(Table 1). In particular, the NMR data for rings A, C, and D of
1 are almost identical to those of bastadin 3 (2),2 which
corroborated that 1 is partially composed of 2. Further con-
firmation for the constitution of the aliphatic side chains and
their attachment to the neighboring benzene rings was found in
a ROESY spectrum. Especially the correlations found for the
amide protons (H-4, H-22, H-49) to their neighboring ethyl
(H2-5, H2-6; H2-20, H2-21; H2-50, H2-51) but also to the
isolated methylene functionalities (H2-1, H2-25, H2-46)
confirmed all previously made conclusions about the arrange-
ment of the aliphatic chains. The chemical shifts of C-40 (δC
144.5) and C-41 (δC 144.0) were indicative of two vicinal
oxygen substituents, while the chemical shift of C-42 (δC 110.9)
and the chemical shifts of CH-43 (δC 127.9, δH 7.11) were con-
sistent with a bromine substituted at C-42 in ring E.16 Moreover,
the molecular weight suggested that the southern hemibastin unit
was connected to the northern “bastadin 3” unit through an ether
bond. The possibility of an ether linkage between C-15 (ring B)
and C-41 (ring E) was ruled out from a biogenetic point of view,
since such aryl−ether linkage has never been found in bastadins8,16
and their similar derivatives13 so far. Key ROESY correlations
observed between δH 6.74 (H-16) and δH 6.61 (H-45) pro-
vided evidence for an ether linkage between C-15 (ring B) and
C-40 (ring E). The geometries of all three oxime functionalities
were deduced on the basis of the 13C NMR chemical shifts.
Because the α benzylic carbons resonated at δC 27.7 (C-1, C-25)
and δC 27.8 (C-46), the adjacent oxime groups must have the E
geometry.15 The possibility of a genuine Z geometry and sub-
sequent isomeration to E geometry during extraction and storage,
as shown recently for bastadin 19,16 was not investigated in this
study. However, the fact that sesquibastadin 1 (1) was already
observed during HPLC analysis of the initial extract from I. basta
argues against this possibility, as isomerization of the oxime
group can be expected to affect the retention time, which was
unchanged for 1.

Figure 1. (A) Sesquibastadin 1 (1) and its putative biogenetic building units; (B) known bastadins 3, 6, 7, 11, and 16 (2−6).
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Inhibition of protein kinases by 1−6 was determined using a
panel of 24 different enzymes (Table 2). Sesquibastadin 1 (1)
and bastadin 3 (2), both linear bastadin congeners, were most
active and showed comparable activity profiles against at least
22 protein kinases, with IC50 values ranging from 0.1 to 6.5 μM.
Sesquibastadin 1 (1) caused potent inhibition of the receptor
tyrosine kinases EGF-R (IC50 = 0.6 μM) and VEGF-R2 (IC50 =
0.6 μM), both being overexpressed in non-small-cell lung
cancer cells, and of TIE2 (IC50 = 0.6 μM). Inhibition of Aurora
A and B, both being serine/threonine kinases that are
important for the cell cycle and overregulated in breast cancer
cells, was most pronounced for 2, with IC50 values of 0.1 μM
against Aurora A and 0.5 μM against Aurora B. Similar inhi-
bition was shown for 2 against TIE2 (IC50 = 0.8 μM). Overall,
2 indicated the widest activity spectrum by inhibiting all studied
protein kinases at (sub)micromolar concentrations. On the
other hand, the macrocyclic bastadins 6 (3), 7 (4), 11 (5), and
16 (6) were considerably less active or even inactive when
studied in the biochemical assay. This was especially pronounced

for 5 and 6. Additionally, 1−6 were evaluated for their cytotoxic
potential against mouse lymphoma cells (L5178Y). Here,
bastadins 6, 7, 11, and 16 (3−6) inhibited cell proliferation,
with IC50 values (μM) of 1.5, 5.3, 3.7, and 1.9, respectively,
while compounds 1 and 2 exhibited no activity. Thus, the
pronounced inhibition of the studied protein kinases in the
biochemical assay by compounds 1 and 2 did not correlate with
a significant reduction in lymphoma cell growth and vice versa,
which is particularly significant for bastadin 11 (5), which
showed no activity against any of the kinases of the panel but a
strong inhibition of lymphoma cell growth. Therefore a dif-
ferent mode of action rather than inhibition of protein kinases
can be assumed for compounds 3−6. Similar activity results for
1 and 2 in the bioassays indicated that the addition of a third
hemibastadin subunit as in the case of 1 did not lead to a
distinct change in the activity profiles. The lack of activity of
compounds 1 and 2 in the cellular assay cannot presently be
explained, but may be due to hindered uptake of the compounds
by the lymphoma cells.

Table 1. NMR Spectroscopic Data and HMBC and ROESY Correlations for Sesquibastadin 1 (1) in DMSO-d6
a

position δC δH (J in Hz) ROESY HMBCb

1 27.7, CH2 3.73, sc H4, H36, H38 2, 3, 36,
37, 38

2 151.51, Cd

2N-OH 11.82, se 2
3 163.0, Cf

4 7.94, t (6.0)g H1, H5, H6 3, 5
5 40.4, CH2 3.30, q-likeh 3, 6, 7
6 33.6, CH2

i 2.63, t (7.6)j H4, H5, H8,
H12

5, 8, 12

7 131.4, C
8 132.6, CH 7.29, d (2.0)k H6 6, 9, 10, 12
9 109.0, C
10 152.3, C
10-OH 9.99, sl 9, 10, 11
11 116.2, CH 6.84, d (8.2) H12 7, 9, 10, 12
12 128.8, CH 6.97, dd (2.0,

8.2)m
H6, H11 6, 8, 10

14 112.8, C
15 151.2, C
16 118.94, CH 6.74, d (8.3) H17, H45 14, 15, 18
17 129.3, CH 7.14, dd (2.0, 8.3) H16, H20 15, 19, 20
18 136.5, C
19 133.3, CH 7.53, d, (2.0) H20 14, 15, 17,

20
20 33.8, CH2 2.73, t (7.4) H17, H19,

H21, H22
17, 18, 19,
21

21 40.1, CH2 3.36n 18, 20, 23
22 8.03, t (5.9) H20, H21,

H25
21, 23

23 162.9, Cf

24 151.48, Cd

24N-OH 11.79, se 24
25 27.7, CH2 3.72, sc H22, H27,

H31
23, 24, 26,
27, 31

26 129.2, C
27 132.1, CH 7.32, d, (2.0)o H25 25, 28, 29,

31
28 111.2, C
29 149.6, C

position δC δH (J in Hz) ROESY HMBCb

30 127.6, C
31 131.1, CH 6.93, d, (2.0)p H25 25, 27, 29,

30, 33
33 127.6, C
34 149.6, C
35 111.2, C
36 132.1, CH 7.33, d, (2.1)o H1 1, 34, 35,

38
37 129.2, C
38 131.1, CH 6.94, d (2.1)p H1 1, 30, 33,

34, 36
40 144.5, C
41 144.0, C
42 110.9, C
43 127.9, CH 7.11, d (2.0) H46 41, 42, 44,

45, 46
44 128.9, C
45 118.87, CH 6.61, d (2.0) H16, H46 40, 41, 43,

46
46 27.8, CH2 3.63, s H43, H45,

H49
43, 44, 45,
47, 48

47 151.7, Cd

47N-OH 11.84, se 47
48 163.1, Cf

49 7.93, t (6.0)g H46, H50,
H51

48, 50

50 40.4, CH2 3.26, q-likeh H49, H51 48, 51, 52
51 33.5, CH2

i 2.60, t (7.6)j H49, H50,
H53, H57

49, 53, 57

52 131.4, C
53 132.6, CH 7.27, d (2.0)k H51 51, 54, 55,

57
54 109.0, C
55 152.3, C
55-OH 9.99, s 54, 55, 56
56 116.2, CH2 6.84, d (8.2) H57 52, 54, 55,

57
57 128.8, CH2 6.95, dd, (2.0,

8.2)m
H51, H56 51, 53, 55

aMeasured in 600 MHz (1H), and 150 MHz (13C); chemical shifts were referenced to the solvent peak (δH 2.50 for 1H, δC 39.5 for 13C). bHMBC
correlations are from proton(s) stated to the indicated carbon. c−k,m,o,pAssignments may be interchanged within the same column. lChemical shifts
for the other phenolic OH: δH 8.87 (2H, br s, 29-OH, and 34-OH), 9.81 (1H, br s, 41-OH) nSignal overlapped with the water peak.
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■ EXPERIMENTAL SECTION
General Experimental Procedures. UV spectra were measured

in a Perkin-Elmer Lambda 25 UV/vis spectrometer. IR spectra were
measured in a Shimadzu IRAffinity-1 FT-IR spectrometer. NMR spec-
tra were recorded in DMSO-d6 on Bruker Avance III-600 and/or
Bruker DRX 500 spectrometers. High-resolution mass measurements
were performed on a Bruker UHR-QTOF maXis 4G. Low-resolution
ESI mass spectra were recorded on a Thermoquest Finnigan LCQDeca
connected to an Agilent 1100 Series LC. Analytical HPLC investigations
for all compounds were performed on a Dionex Ultimate 3000 System
employing a DAD and a Knauer VertexPlus column (125 × 4 mm,
Eurospher 100-10, C18). Semipreparative purification was accomplished
on a Merck Hitachi system consisting of 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 (300 × 8 mm,
Eurospher 100-10).
Animal Material. A specimen of Ianthella basta was collected

at Ambon (Indonesia) in August 1996, subsequently identified by
Dr. Rob W. M. van Soest, and stored in EtOH at −20 °C in a sealed
plastic container until extraction. A voucher specimen (reference number
ZMAPOR17857) is deposited at the Zoological Museum, Amsterdam,
The Netherlands.
Extraction and Isolation. The thawed sponge material (80.0 g

wet weight) was homogenized with a blender and extracted three

times with 3 L of MeOH, stirring at room temperature for 24 h each
cycle. Extracts were combined and concentrated by rotary evaporation
to yield 4.51 g of a brown crude extract. HPLC-DAD analysis was
performed for the crude extract and for every subsequently obtained
subfraction. Liquid−liquid extraction yielded hexane (0.52 g), EtOAc
(1.23 g), BuOH (1.18 g), and H2O fractions (1.57 g). The EtOAc
fraction was further subjected to vacuum liquid chromatography over
ODS using gradient elution from H2O containing increasing
proportions of MeOH, followed by a final elution with 0.1% TFA in
MeOH, to yield 10 fractions. HPLC-DAD analysis indicated fraction 5
(20% H2O/MeOH, 555.2 mg) to be of further interest, based on the
presence of typical bastadin UV spectra. Size exclusion chromatog-
raphy over Sephadex LH-20 with MeOH/CH2Cl2 (50:50 v/v) as
mobile phase was performed to further divide fraction 5 into seven
subfractions. All subfractions were subsequently purified by semi-
preparative HPLC in a gradient system of H2O/MeOH or H2O/
CH3CN, to afford sesquibastadin 1 (1, 7.5 mg), bastadin 3 (2, 31.8
mg), bastadin 6 (3, 11.1 mg), bastadin 7 (4, 8.0 mg), bastadin 11 (5,
10.3 mg), and bastadin 16 (6, 13.2 mg) as amorphous, white solids.

Sesquibastadin 1 (1): white, amorphous solid (7.5 mg, 0.009%);
UV (λmax, MeOH) (log ε) 207.7 (5.06), 282.2 (4.10) nm; FT-IR νmax
3734, 3649, 3628, 3273 (br), 2955, 2918, 2918, 2849, 1699, 1645,
1636, 1609, 1558, 1539, 1506, 1489, 1472, 1456, 1418, 1281, 1234,
1204, 1180, 1043, 1022, 988 cm−1; 1H NMR (600 MHz, DMSO-d6)
and 13C NMR (150 MHz, DMSO-d6) data see Table 1; HRESIMS
(TOF) m/z 1412.81374 [M + H]+ (calcd for C51H45

79Br3
81Br3N6O12

1412.81343).
Bastadins 3, 6, 7, 11, and 16 (2−6). NMR and MS data matched

the previously published data.2,4,14

Protein Kinase Inhibition Assays. The tested protein kinases
were AKT1, ARK5, Aurora A, Aurora B, B-RAF VE, CDK2/CycA,
CDK4/CycD1, CK2-alpha1, COT, EGF-R, EPHB4, ERBB2, FAK,
FLT3, IGF1-R, INS-R, MET, PDGFR-beta, PLK1, SAK, SRC, TIE2,
VEGF-R2, and VEGF-R3. Experiments were conducted as described
before.17

Cytotoxicity Assays. Cytotoxicity was tested against mouse
lymphoma cells (L5178Y) using a tetrazolium-based colorimetric
(MTT) assay as described before.18

■ ASSOCIATED CONTENT

*S Supporting Information
1D and 2D NMR and high-resolution mass spectra for
sesquibastadin 1 (1) are available free of charge via the
Internet at http://pubs.acs.org.

Table 2. Protein Kinase Inhibition Activities (IC50, μM) for compounds 1−6

kinase

compound AKT1 ARK5 Aur-A Aur-B B-RAF VE CDK2/CycA CDK4/CycD1 CK2-alpha1 COT EGF-R EPHB4 ERBB2

1 1.7 2.6 2.3 1.7 6.5 1.4 1.3 0.6 3.4 2.1
2 1.9 1.8 0.1 0.5 2.7 1.6 1.5 4.1 1.6 1.3 3.4 2.1
3 1.7 2.9 3.6 4.8 2.0 7.0
4 3.2 3.9 2.6 4.4 2.6 3.3 1.5 7.7 2.8
5
6 1.3 1.6 4.0 2.9 4.5

kinase

compound FLT3 IGF1-R FAK INS-R MET PDGFR-beta PLK1 SAK SRC TIE2 VEGF-R2 VEGF-R3

1 1.4 1.0 3.5 1.4 0.8 4.0 6.4 0.7 0.7 0.6 0.6 1.6
2 2.4 2.3 2.1 2.9 1.1 3.3 3.9 4.1 1.9 0.8 1.2 2.8
3 5.3
4 2.9 1.7 7.3 4.4 2.8 10.2 1.9 2.0 1.8 1.3 3.2
5
6

Figure 2. Key correlations for 1 obtained from 2D NMR spectra.
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Abstract: Hemibastadin derivatives, including the synthetically-derived  
5,5′-dibromohemibastadin-1 (DBHB), are potent inhibitors of blue mussel phenoloxidase (PO), 
which is a key enzyme involved in the firm attachment of this invertebrate to substrates 
and, thus, a promising molecular target for anti-fouling research. For a systematic 
investigation of the enzyme inhibitory activity of hemibastadin derivatives, we have 
synthesized nine new congeners, which feature structural variations of the DBHB core 
structure. These structural modifications include, e.g., different halogen substituents 
present at the aromatic rings, different amine moieties linked to the (E)-2-(hydroxyimino)-
3-(4-hydroxyphenyl)propionic acid, the presence of free vs. substituted aromatic hydroxyl 
groups and a free vs. methylated oxime group. All compounds were tested for their inhibitory 
activity towards the target enzyme in vitro, and IC50 values were calculated. Derivatives, 
which structurally closely resemble sponge-derived hemibastadins, revealed superior 
enzyme inhibitory properties vs. congeners featuring structural moieties that are absent in 
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the respective natural products. This study suggests that natural selection has yielded 
structurally-optimized antifouling compounds. 

Keywords: antifouling; hemibastadin; phenoloxidase; sponges; copper; Mytilus edulis 
 

1. Introduction 

The world-wide ban of tributyltin (TBT) as an effective, but highly-toxic constituent of anti-fouling 
(AF) paints in 2008 has spurred the search for eco-friendly alternatives. Currently used compositions 
of antifouling paints, which are primarily based on copper in addition to so-called booster biocides, 
like cybutryne (Irgarol®), 3-(3,4-dichlorophenyl)-1,1-dimethylurea (Diuron®), zinc pyrithione (ZnPT), 
copper pyrithionine (CuPT) and chlorothalonil, have shown similar or even more severe toxic 
properties than TBT [1]. Therefore, also for these latter formulations, restrictions of usage, as already 
decided by the U.S. senate in 2011, will confine their use for maritime industries in the future. 
Washington became recently the first U.S. state to ban copper-based paints (containing more than 
0.5% copper) from 2020 for boats less than 20 m [2]. It is thus urgent to develop new eco-friendly 
antifouling solutions using innovative concepts, such as biomimetic approaches and the use of compounds 
with high target specificity, but low general toxicity. Among invertebrate epibionts, blue mussels 
(Mytilus edulis) are considered to be one of the major macrofouling organisms that are known to 
readily settle on any kind of submerged, hard surface, such as ship hulls, cages used for aquaculture and 
others. Substrate attachment of M. edulis is established through adhesive plaques connected to a byssus 
stem. The formation of these plaques is catalyzed by a copper-depending phenol oxidase (PO) (E.C. 
1.14.18.1), which oxidizes phenolic residues, such as tyrosine, to catechols, like 3,4-dihydroxy-L-
phenylalanin (L-DOPA). The catechols are then further converted to O-quinones, which are present in 
so-called M. edulis foot proteins (Mefps) [3]. The redox-chemistry of L-DOPA mainly affects the 
formation of molecular networks within Mefps [4]. Being highly reactive chemical species, these  
O-quinone-bearing scleroproteins easily form intermolecular covalent cross-links with bionucleophils [5]. 
Until now, ten Mefps have been identified, while for Mefp-1, a firm attachment to substrates, like glass, 
plastic, wood, concrete and even Teflon®, has been shown [6]. 

In previous studies, sponge-derived hemibastadin derivatives and, in particular, their synthetic 
analogues, such as 5,5′-dibromohemibastadin-1 (DBHB) (1), demonstrated significant antifouling, but 
low/no general toxic properties towards marine invertebrates, thus highlighting these compounds as 
promising candidates for future anti-fouling applications [7,8]. DBHB (1) was subsequently shown to 
inhibit blue mussel PO in vitro, and the first structure-activity relationships for this compound and 
structurally related derivatives were reported [8]. It was shown that the α-hydroxyimino-amide moiety 
of hemibastadins represents an important pharmacophoric substructure of 1, which is responsible for 
the strong copper-chelating properties of this compound, thereby presumably causing enzyme 
inhibition. Furthermore, the presence of bromine substituents at the phenolic rings of 1 increased the 
enzyme inhibitory properties. We have now synthesized a set of further hemibastadin analogues 
featuring structural modifications with regard to the substitution pattern of the aromatic rings, the 
amine substituents and the oxime group. All compounds were then analyzed for their inhibitory 
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activity against blue mussel PO, thereby allowing more detailed predictions on important structural 
features for future hemibastadin-derived antifouling candidates. 

2. Results and Discussion 

Hemibastadins consist of a brominated tyrosine moiety featuring an oxime function instead of the amino 
group and a likewise brominated tyramine unit linked to tyrosine through an amide bond. These 
compounds are the putative biogenetic building blocks of the more complex bastadins, all of them 
being typical secondary metabolites of the pacific elephant ear sponge (Ianthella basta). The 
synthetically-derived DBHB (1) was reported by our group as one of the strongest inhibitors of blue 
mussel PO known so far [8]. The synthetic hemibastadin analogues reported in this study (Figure 1) 
include several structural variations of the parent compound DBHB (1). In detail, we replaced the 
bromine atoms of the former by further halogen atoms, such as chlorine or iodine (4,5), methylated the 
phenolic hydroxyl groups, as well as the oxime function (6) and substituted the tyramine subunit of 
DBHB (1) by other acyclic or cyclic (including aromatic) amine substituents (7–12). In addition to 
these, newly-generated analogues of 1, norbomohemibastadin-1 (2) and tyrosinyltyramine (3) that 
were available from our previous investigation [8] were included in this comparative study on PO 
inhibition (Figure 2). Analysis of this larger set of compounds suggested the following central 
structure-activity-relationship (SAR) statements: 

Replacement of the bromine atoms of DBHB (1) by either chlorine (4) or iodine (5) resulted only in 
a negligible reduction of the inhibitory activity of the resulting analogues with very similar IC50 values 
of 4 (1.14 µM) and 5 (1.19 µM) compared to that of 1 (0.81 µM) (Figure 2). Complete loss of halogen 
substituents as present in norbromohemibastadin-1 (2) had a slightly more pronounced effect on the 
activity (IC50 2.41 µM), indicating that the presence of bulky halogen atoms ortho to the phenolic 
hydroxyl groups increases the inhibitory activity, albeit only to a small extent. The actual size of the 
halogen substituents seems to be less important, as indicated by the very similar IC50 values of the 
chlorinated, brominated and iodinated analogues (1,4,5) of 2 (Figure 2). 

Substitution of the tyramine unit of DBHB (1) by other aliphatic amines (7–9) had a clearly stronger 
effect and resulted in a considerable decrease of enzyme inhibitory activity of the different analogues 
when compared to DBHB (1) (Figure 2). The decline in inhibition of congeners bearing other 
araliphatic amines (10–12) was even more severe. The presence of the bulky and electron-rich 
tryptamine moiety vs. tyramine as present in Compound 12 resulted in a complete loss of activity. The 
importance of the p-hydroxyl function of brominated tyramine for the enzyme inhibitory activity of 
hemibastadin derivatives is apparent upon comparison of 1 with Compound 10, which exhibits a 
phenylethylamine moiety instead of tyramine, which causes a strong reduction of inhibitory activity 
(Figure 2). 

It was shown previously that the amine moiety is not an essential structural element that is required 
for the inhibition of blue mussel PO, as the small synthetic compound 2,3-butanedione monoxime (13) 
that features the alpha-oxo oxime group of the hemibastadins is likewise an enzyme inhibitor [8]. 
Nevertheless, one may hypothesize that the presence of two phenolic rings in the more active 
norbromohemibastadin-1 (2) with an IC50 of 2.41 µM compared to 8.70 µM for 13 [8] provides a better 
fit of the inhibitor to the enzyme and/or is involved in the stabilization of the enzyme-inhibitor complex. 
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Methylation of both the oxime moiety and the phenolic hydroxyl groups of DBHB (1) caused a more 
than twenty-fold reduction of the enzyme inhibitory activity of 6 compared to the parent compound 1 
(Figure 2). 

 

Figure 1. Synthetic approaches to the hemibastadin derivatives reported in this study. 
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Figure 2. Inhibition of blue mussel phenoloxidase (PO) by 5,5 -dibromohemibastadin-1 
(DBHB) (1) and its analogues as indicated by their IC50 values. Data for Compounds 2, 3 
and 13 were derived from a previous investigation [8]. 

However, methylation of the oxime hydroxyl group does not have a detrimental effect on the 
inhibitory activity, as is the case of tyrosinyltyramine (3), the latter being completely inactive with 
regard to the inhibition of blue mussel PO [8]. The alpha-oxo oxime substructure that is shared by the 
hemibastadins, as well as by 2,3-butanedione monoxime (13) has been shown to be responsible for the 
complexation of copper atoms that are present in the catalytic center of blue mussel PO [8]. Whether 
inhibition of blue mussel PO by DBHB (1) and by some of its derivatives is caused by direct 
complexation of copper ions in the active site of the enzyme or whether hemibastadins form a  
pre-Michaelis complex, which leads to a hindered substrate supply, as shown recently for the 
mushroom tyrosinase inhibitor tropolone [9], remain to be elucidated in future investigations. 

3. Experimental Section 

3.1. General Experimental Procedures 
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column chromatography were used at per analysis quality. MiliQ water and HiPerSolv CHROMANORM® 
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(TLC) was performed using aluminum-backed plates coated with silica gel 60, F254 (Merck, 
Darmstadt, Germany), and compound spots were visualized by a UV lamp (LAMAG) at λmax = 254 
nm. Column chromatography was executed using silica gel (Macherey-Nagel, Silica 60 M,  
0.04–0.063 mm). HPLC analysis was performed on a Dionex Ultimate 3000 System employing a Knauer 
VertexPlus Column (125 × 4 mm, Eurospher 100–10, C18). ESI mass spectra were recorded on a 
Thermoquest Finnigan LCQDeca connected to an Agilent 1100 Series LC. Preparative purification 
was performed on a Varian Prepstar connected to a Varian Prostar UV-detector. Semipreparative 
purification was accomplished on a Merck Hitachi system consisting of an L-7400 UV detector and an 
L-7100 pump connected with a Kipp&Zonen flatbed recorder with a Knauer VertexPlus C18 column 
(300 × 8 mm, Eurospher 100–10). All NMR spectra were recorded on a Bruker DRX 500 spectrometer 
(500 MHz 1H, Bruker, Billerica, MA, USA) and are presented in the Supporting Information. 

3.2. Blue Mussel PO Inhibition Assay 

PO activity was measured spectrophotometrically as described earlier [3]. The purified enzyme was 
incubated at 25 °C with 10 mM L-DOPA in 50 mM phosphate buffer of pH 6.8. PO activity was 
determined by monitoring the increase of absorbance at 475 nm. One unit of enzyme activity was 
defined as the amount of enzyme that catalyzes the formation of 1 μmol dopachrome per minute under 
the described experimental conditions. Hemibastadin congeners were added to the assay at 
concentrations of up to 50 μg/mL. In addition, the biocide TBT (10 μg/mL) was used as a positive 
standard. Aliquots of pure enzyme were incubated for 2 h with hemibastadin analogues, then the enzyme 
activity was recorded with L-DOPA or catechol (10 mM) as substrates. All assays were run in triplicate. 
The results are presented as the concentration of compounds that reduces enzyme velocity by 50% 
(IC50 values). IC50 values were calculated using MINITAB (Version 14). 

3.3. Synthetic Procedures 

Hemibastadin analogues were synthesized by an optimized and extended method, as described  
earlier [7,8] (Figure 1). Structures were confirmed via LC-ESI-MS and 1H-NMR (for spectra of new 
hemibastadin congeners see supporting information). 

3.3.1. L-Tyrosine-methyl Ester (15) 

L-Tyrosine (14, 10.06 g, 55.53 mmol) was converted into the methyl ester (15) by dropwise addition 
of three equivalents thionyl chloride (SOCl2, 12.08 mL, 166.59 mmol) in methanol (100 mL) on ice. 
After complete addition of SOCl2, the suspension was heated under reflux for 12 h. The resulting  
solution was concentrated in vacuo and the pH was adjusted to 8 with NaHCO3, followed by 
exhaustive extraction with ethyl acetate. The organic phase was separated and dried over anhydrous 
magnesium sulfate. After solvent evaporation, 9.86 g of L-tyrosine-methyl ester (15) were obtained as 
a white, amorphous powder (50.53 mmol, 91.0%). Positive mode ESI-MS analysis revealed the 
pseudomolecular ion [M + H]+ at m/z 196. 
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3.3.2. (E)-Methyl 2-(hydroxyimino)-3-(4-hydroxyphenyl)propanoate (16) 

Oxidation of 15 to 16 was carried out according to a modified procedure of Boehlow et al. [10]. The 
ester 15 (8.59 g, 44 mmol) was dissolved in ethanol (100 mL) and stirred on ice. After the addition of H2O 
(76 mL), equimolar amounts of sodium tungstate dihydrate (Na2WO4·2H2O, 44 mmol) and H2O2 (30% 
aqueous solution, 44 mL), the solution was stirred until the color changed into pale yellow, and TLC 
analysis (SiO2, dichloromethane, ethyl acetate 3:1) revealed a complete turnover of the educt. After 
exhaustive extraction with ethyl acetate, the combined organic phases were washed with aqueous 
sodium hydrogen sulfite (2 × 100 mL) and H2O (2 × 100 mL) and dried over anhydrous magnesium 
sulfate. The solvent was removed in vacuo to yield a pale yellow powder. The crude product was 
further purified by column chromatography (SiO2, dichloromethane, ethyl acetate 3:1), and 7.09 g of 
pure 16 (33.90 mmol, 77.0%) were obtained as a nearly white amorphous powder. All spectral data 
were in accordance with previously reported values [10]. 

3.3.3. (E)-Methyl 3-(3,5-dibromo-4-hydroxyphenyl)-2-(hydroxyimino)propanoate (17) 

The ester 16 (1 g, 4.78 mmol) was dissolved in dimethylformamide (10 mL) and diluted with 
dichloromethane (60 mL). After cooling on crushed ice, a solution of bromine (11 mL 1M-Br2 in 
dichloromethane) was added dropwise during 20 min of stirring and cooling in the absence of light.  
TLC analysis was used to control complete bromination. Excessive bromine was reduced by the 
addition of aqueous 10% sodium hydrogen sulfite solution until the brown color was converted to pale 
yellow. The water phase was separated and extracted exhaustively with ethyl acetate. Both organic 
phases were washed with water, then combined and dried over anhydrous magnesium sulfate. After 
solvent evaporation, the resulting crude product was purified by column chromatography (SiO2, 
dichloromethane, ethyl acetate 5:1) to yield 1.53 g of pure 17 (4.17 mmol, 87.3%) as an amorphous white 
powder. All spectral data were in accordance with previously reported values [10]. 

3.3.4. 5,5′-Dibromohemibastadin-1 (1) and Norbromohemibastadin-1 (2) 

DBHB (1) and nobromohemibastadin-1 (2) were synthesized by replication of the protocol 
published earlier [8]. All spectral data were in accordance with previously reported values [8]. 

3.3.5. Tyrosinyltyramine (3) 

Tyrosinyltyramine (3) was synthesized by replication of the protocol published earlier, and all 
spectral data were in accordance with [7]. 

3.3.6. Tetraiodo-norbromohemibastadin-1 (4) 

Tetraiodo-norbromohemibastadin-1 (4) was synthesized by iodination of 2, utilizing a modified 
method of Wada et al. [11]. Briefly, 2 (157.0 mg, 0.5 mmol) was dissolved in diluted sodium 
hydroxide solution (5 mL, pH 10), and H2O2 (30% aqueous solution, 0.12 mL) and iodine (I2, 
152.0 mg, 0.6 mmol) were added. The solution was stirred at 55 °C for 3 h. Excessive iodine was 
reduced by the addition of aqueous 10% sodium hydrogen sulfite solution. After solvent evaporation 
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in vacuo, the resulting crude product was purified by column chromatography (SiO2, hexan, ethyl 
acetate, 4:1), and pure 4 (3.7 mg, 4.5 µmol, 0.9%) was obtained. 4: 1H (500 MHz, DMSO-d6) δ 11.90 
(s, 1H), 9.40 (s, 1H), 9.35 (s, 1H), 8.02 (t, J = 5.9 Hz, 1H), 7.56 (s, 2H), 7.54 (s, 2H), 3.65 (s, 2H),  
3.30–3.26 (m, 2H), 2.61 (t, J = 7.2 Hz, 2H); ESI-MS [M + H]+ m/z 818.7. 

3.3.7. Tetrachloro-norbromohemibastadin-1 (5) 

To a solution of 2 (157.0 mg 0.5 mmol) in a mixture of tetrahydrofuran (3 mL) and isopropanol (1 mL), 
N-chlorosuccinimide (333.8 mg, 2.5 mmol) was added in portions, and the suspension was stirred  
at room temperature for 2 h. After solvent evaporation in vacuo, the crude product was purified via 
column chromatography (SiO2, dichloromethane, ethyl acetate 1:1), and semipreparative HPLC 
(gradient system of 0.1% trifluoro acetic acid and methanol) was conducted to obtain pure 5 as a 
yellow solid (3.7 mg, 8.2 µmol, 1.6%). 5: 1H (500 MHz, DMSO-d6) δ 11.90 (s, 1H), 9.93 (s, 1H), 9.85 (s, 
1H), 7.99 (t, J = 5.8 Hz, 1H), 7.15 (s, 2H), 7.14 (s, 2H) 3.69 (s, 2H), 3.33 (m, 2H), 2.67 (t, J = 7.0 Hz,  
2H); ESI-MS [M + H]+ 453.3, [M − H]− m/z 451.3. 

3.3.8. Tri-O-methyl-5,5′-dibromohemibastadin-1 (6) 

Methylation of both phenolic hydroxyls and of the oxime function of 1 (189 mg, 0.3 mmol) was 
achieved in acetone (6 mL) by the addition of potassium carbonate (207.0 mg, 1.5 mmol) and 
iodomethane (63.9 mg, 0.45 mmol), heating under reflux for 8 h and additional stirring at RT for 12 h. 
After solvent evaporation and subsequent purification of the crude product via semipreparative HPLC 
(gradient system of 0.1% trifluoro acetic acid and methanol), pure 6 (46.0 mg, 0.07 mmol, 23.0%) was 
obtained as a white powder. 6: 1H (500 MHz, DMSO-d6) δ 8.27 (t, J = 5.8 Hz, 1H), 7.47 (s, 2H), 7.42 (s, 
2H), 3.97 (s, 3H), 3.76–3.75 (m, 8H), 3.35 (t, J = 6.9 Hz, 2H), 2.73 (t, J = 6.9 Hz, 1H);  
ESI-MS [M + H]+ m/z 672.9. 

3.3.9. Amides Resulting from Liquid Primary Amines (7–10) 

For the preparation of Compounds 7–10, four aliquots of 17 (200 mg, 0.96 mmol) were dissolved in 
ten equivalents (9.6 mmol) of a liquid primary amine (for 7: 1.11 mL cyclohexylamine; for 8: 0.82 mL 
isobutylamine; for 9: 1.26 mL n-hexylamine; for 10: 1.21 mL phenethylamine), respectively, and 
stirred at 60 °C for 12 h in an open flask. For the general work-up, the crude products (7–10) were 
diluted with ethyl acetate (50 mL) and aqueous 10% HCl (10 mL). After separation, the aqueous phase 
was extracted exhaustively with ethyl acetate. The organic phases were combined and dried over 
anhydrous magnesium sulfate. After solvent evaporation, the resulting solids were further purified by 
column chromatography (SiO2, dichloromethane, ethyl acetate 3:1) to obtain the pure compounds: 

N-cyclohexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (7): 371.8 mg 
(89.2%), 1H-NMR (500 MHz, DMSO-d6) δ 11.83 (s, 1H), 9.77 (s, 1H), 7.71 (d, J = 8.0 Hz, 1H),  
7.35 (s, 2H), 3.69 (s, 2H), 3.66–3.53 (m, 1H), 1.72–1.62 (m, 3H), 1.55 (d, J = 11.0 Hz, 1H),  
1.32–1.18 (m, 5H), 1.13–1.02 (m, 2H); ESI-MS [M + H]+ m/z 435.1. 

N-(2-methyl-propyl)-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (8): 
385.5 mg (98.4%), 1H (500 MHz, DMSO-d6) δ 11.87 (s, 1H), 9.77 (s, 1H), 8.00 (t, J = 6.6 Hz, 1H), 
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7.34 (s, 2H), 3.71 (s, 2H), 2.95 (t, J = 6.6 Hz, 2H), 1.82–1.69 (1H, m), 0.80 (d, J = 6.6 Hz, 6H); ESI-
MS [M + H]+ m/z 409.0. 

N-hexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (9): 383.9 mg (91.7%), 
1H (500 MHz, DMSO-d6) δ 11.86 (s, 1H), 9.76 (s, 1H), 7.98 (t, J = 6.6 Hz, 1H), 7.34 (s, 2H),  
3.70 (s, 2H), 3.11 (dd, 2H, J = 6.6, 6.9 Hz), 1.40 (t, 2H, J = 6.9 Hz), 0.83 (t, J = 6.5 Hz, 3H);  
ESI-MS [M + H]+ m/z 436.9. 

N-2-phenylethyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (10): 409.0 mg 
(93.4%), 1H (500 MHz, DMSO-d6) δ 11.89 (s, 1H), 9.74 (s, 1H), 7.98 (t, J = 5.9 Hz, 1H), 7.34 (s, 2H), 7.25 
(t, J = 7.4 Hz, 2H), 7.20–7.14 (m, 3H), 3.70 (s, 2H), 3.37 (dt, J = 5.9, 7.4 Hz, 2H), 2.75 (t, J = 7.4 Hz, 2H); 
ESI-MS [M + H]+ m/z 457.2. 

3.3.10. Amides Resulting from Solid Primary Amines (11, 12) 

Compounds 11 and 12 were obtained by triturating two aliquots of 17 (200 mg, 0.96 mmol) with 
the corresponding solid primary amine (each 2.11 mmol; for 11: 234.5 mg histamine; for 12: 338.1 mg 
tryptamine), adding dimethylformamide (3 mL) and melting at 130 °C for 30 min in an open flask. The 
resulting crude products were purified utilizing preparative HPLC (gradient system of 0.1% trifluoro 
acetic acid and methanol) to obtain the pure compounds: 

N-[2-(4-imidazolyl)-ethyl]-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (11): 
274.5 mg (64.1%), 1H (500 MHz, DMSO-d6) δ 14.27 (s, 1H), 11.98 (s, 1H), 9.81 (s, 1H),  
8.96 (s, 1H), 8.21 (t, J = 6.0 Hz, 1H), 7.41 (s, 1H), 7.32 (s, 1H), 3.68 (s, 2H), 3.44 (dt, J = 6.0, 6.9 Hz, 
2H), 2.83 (t, J = 6.9 Hz, 2H); ESI-MS [M + H]+ m/z 447.2. 

N-[2-(3-indolyl)-ethyl]-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (12): 
274.8 mg (57.8%), 1H (500 MHz, DMSO-d6) δ 11.92 (s, 1H), 10.79 (s, 1H), 9.78 (s, 1H), 8.06  
(t, J = 5.9 Hz, 1H), 7.54 (d, J = 7.8 Hz, 1H), 7.37 (s, 2H), 7.33 (d, J = 8.0 Hz, 1H), 7.14 (s, 1H), 7.06 
(dd, J = 7.5, 7.8 Hz, 1H), 6.96 (dd, J = 7.5, 8.0 Hz, 1H), 3.72 (s, 2H), 3.43 (m, 2H, overlapped with 
solvent signal), 2.85 (t, J = 7.6 Hz, 2H); ESI-MS [M + H]+ m/z 496.2. 

4. Conclusions 

In conclusion, among all synthetic analogues analyzed in this study, the natural product-like DBHB (1), 
which features all of the structural elements that are present in the sponge-derived hemibastadin and 
bastadin derivatives, showed the strongest inhibition of blue mussel PO. It is known that the enzyme 
inhibitory activity of DBHB (1) is paralleled by its strong antifouling activity, as demonstrated in 
experiments using barnacle larvae [7]. Naturally-occurring hemibastadins and bastadins show likewise 
strong anti-fouling activity against barnacle larvae [7]. Even though the latter had so far not been 
evaluated with regard to the inhibition of blue mussel PO, their close structural similarity to DBHB (1) 
strongly suggests that they will share the inhibitory activity of 1. Based on the comparative 
investigations carried out in this study, it appears that natural selection has resulted in the accumulation 
of bastadin-like anti-fouling metabolites in the sponge. Since the preparation of DBHB (1) is 
comparatively simple, this synthetic compound is at the moment the most promising representative of 
bastadin-like compounds with regard to the inhibition of blue mussel PO. 
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Figure S1. 1H-NMR spectrum of tetraiodo-norbromohemibastadin-1 (4)

Figure S2. 1H-NMR spectrum of tetrachloro-norbromohemibastadin-1 (5)

Figure S3. 1H-NMR spectrum of trimethoxy-5,5'-dibromohemibastadin-1 (6)

Figure S4. 1H-NMR spectrum of N-cyclohexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-

(2-hydroxyimino)-propanamide (7)

Figure S5. 1H-NMR spectrum of N-(2-methyl-propyl)-3-(3,5-dibromo-4-

hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (8)

Figure S6. 1H-NMR spectrum of N-hexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-

hydroxyimino)-propanamide (9)

Figure S7. 1H-NMR spectrum of N-2-phenylethyl-3-(3,5-dibromo-4-hydroxyphenyl)-

2-(2-hydroxyimino)-propanamide (10)

Figure S8. 1H-NMR spectrum of N-[2-(4-imidazolyl)-ethyl]-3-(3,5-dibromo-4-

hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (11)

Figure S9. 1H-NMR spectrum of N-[2-(3-indolyl)-ethyl]-3-(3,5-dibromo-4-

hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (12)
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Figure S1. 1H-NMR spectrum of tetraiodo-norbromohemibastadin-1 (4) 

Figure S2. 1H-NMR spectrum of tetrachloro-norbromohemibastadin-1 (5) 
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Figure S3. 1H-NMR spectrum of trimethoxy-5,5'-dibromohemibastadin-1 (6) 

Figure S4. 1H-NMR spectrum of N-cyclohexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-
(2-hydroxyimino)-propanamide (7) 
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Figure S5. 1H-NMR spectrum of N-(2-methyl-propyl)-3-(3,5-dibromo-4-
hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (8) 

Figure S6. 1H-NMR spectrum of N-hexyl-3-(3,5-dibromo-4-hydroxyphenyl)-2-(2-
hydroxyimino)-propanamide (9) 
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Figure S7. 1H-NMR spectrum of N-2-phenylethyl-3-(3,5-dibromo-4-hydroxyphenyl)-
2-(2-hydroxyimino)-propanamide (10) 

Figure S8. 1H-NMR spectrum of N-[2-(4-imidazolyl)-ethyl]-3-(3,5-dibromo-4-
hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (11) 
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Figure S9. 1H-NMR spectrum of N-[2-(3-indolyl)-ethyl]-3-(3,5-dibromo-4-
hydroxyphenyl)-2-(2-hydroxyimino)-propanamide (12) 
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BhaA      1 KGVVVREGCAVTDVVEDGERVTGARYTDPDGTEREVSARFVIDASGNKSR 

Ib        1 AGVVVREGCAVTDVVEDGERVTGARYTDPDGTEREVSARFVIDASGNKSR 

 

BhaA     51 LYTKVGGSRNYSEFFRSLALFGYFEGGKRLPEPVSGNILSVAFDSGWFWY 

Ib       51 LYTKVGGSRNYSEFFRSLALFGYFEGGKRLPEPVSGNILSVAFDSGWFWY 

 

BhaA    101 IPLSDTLTSVGAVVRREDAEKIQGDREKALNTLIAECPLISEYLADATRV 

Ib      101 IPLSDTLTSVGAVVRREDAEKIQGDREKALNTLIAECPLIAEYLADATRV 

 

BhaA    151 TTGRYGELRVRKDYSYQQETYWRPGMILVGDAACFVDPVFSSGVH  

Ib      151 TTGRYGELRVRKDYSYQLETYWRPGMILVGDAACFVDPLFSRGVS  

Acclone1  1 VVGPMDGLIRDRKGRPHEIFFEEVGNCAEIERRIAPGHQCRPVSVMKDFS 

Ac        1 VVGPMDGLIRDRKGRPHEIFFEEVGNCAEIERRIAPAHQCRPVSVMKDFS 

 

Acclone1 51 YRIDKMAGDGWIAIGDAFSFI 

Ac       51 YRIDKMAGDGWIAIGDAFSFI 
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Supporting Information 

Table S1. Assignment of the IR bands in Figure 3 and Figure S1 (below). 

A. cavernicola 

(H2O/TE100) 

A. cavernicola 

(NaOH) 

I. basta 

(H2O/TE100) 

I. basta 

(NaOH) 
-chitin Assignment 

Wavenumber/ 
cm−1 

Wavenumber/ 
cm−1 

Wavenumber/ 
cm−1 

Wavenumber/ 
cm−1 

Wavenumber/ 
cm−1  

  898   897 898 CHx 
deformation 

(o.o.p.) 
    921  920 
  949   950 953 

1033  1027 1037  1029 1025 
C-O-C/C-O 
stretching 

1072 1069 1065 1068 1063 1068 1071 
1111 1108 1109 1111 1118 1112 1113 

  1154 1155 1156 1155 1155 
  1203   1203 1205 

Amide III 
1234 1235  1233    

  1263  1255 1262 1260 
1316 1314 1306  1325 1306 1309 

 1380 1374 1376  1375 1376 
CHx 

deformation 
    1398  1415 

1447 1445 1429 1447  1430 1430 
1519 1515 1550 1522 1588 1554 1554 Amide II 
1634 1639  1638  1631 1622 

Amide I 
  1642   1653 1654 

2876 
(shoulder) 

2876 
(shoulder) 

2875 
2876 

(shoulder) 
2875 

(shoulder) 
2874 2876 

CHx 
stretching 2931 2933 2930 2929  2923 2927 

2958    2957 2955 2959 
  3096     

N-H 
stretching 

  3121   3114 3103 
3277 3285 3283 3279 3270 3285 3262 

  3409   3436 3432 
O-H 

stretching 
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Figure S1. ATR FTIR spectra of the purified skeletons of I. basta after different treatment steps. 
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Figure S2. 13C{1H} CP MAS NMR spectrum and structure of aerothionin as well as 
assignment table of the observed 13C NMR signals. This symmetric molecule exhibits two 
pairwise identical carbon positions (e.g., 1 and 1′) which exhibit identical chemical shifts 
in the liquid-state NMR spectra [1]. The observation of two signals in the solid-state NMR 
spectrum indicates the presence of two crystallographically different positions for solid 
aerothionin. * denotes spinning sidebands. 

 

13C NMR signal/ppm Assignment 

25; 28 11/11′ 
39; 40; 41; 42 7/7′/10/10′ 

61; 62 3-O-CH3/3′-O-CH3 
76; 77 1/1′ 
91; 92 6/6′ 

111; 114 2/2′ 
122; 126 4/4′ 
131; 132 5/5′ 
149; 150 3/3′ 
153; 155 8/8′ 
159; 161 9/9′ 
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Figure S3. 13C{1H} CP MAS NMR spectra of the skeletons of I. basta after TE100 
treatment. For comparison, the spectra of the pure chitin-scaffold obtained after NaOH 
treatment and of synthetic 5,5′-dibromohemibastadin-1 are also shown. For signal 
assignments see Figure 4 and Figure S4. * denotes spinning sidebands.  
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Figure S4. 13C{1H} CP MAS NMR spectrum, structure of 5,5′-dibromohemibastadin-1 
and assignment table of the 13C NMR signals. * denotes spinning sidebands. 

 

13C NMR signal/ppm Assignment 

29 11 
36 7 
45 8 

111; 113 2/4/14/16 
131; 132 1/5 

133 13/17 
135 6/12 
149 3/15 
156 10 
163 9 
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Figure S5. ATR FTIR spectra of the purified skeletons of A. cavernicola and I. basta 
before and after the MeOH extraction. 

 



Publication 5 
 

 129 

 
 
 

Mar. Drugs 2013, 11 7 
 

Figure S6. 13C{1H} CP MAS NMR spectra of the purified skeletons of A. cavernicola and 
I. basta before and after the MeOH extraction. 
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Figure S7. Selected region from the 13C{1H} CP MAS NMR spectra of the purified 
skeletons of A. cavernicola before and after MeOH extraction and of aerothionin. Note the 
presence of weak, characteristic signals due to aerothionin before MeOH extraction which 
disappear after MeOH treatment. 
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Figure S8. Chemical structures of bromotyrosines identified in the skeleton extracts;  
(A) bastadins 3, 4, 6, 7, 9 and 16 from I. basta; (B) aerothionin from A. cavernicola. 
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Figure S9. (A) Direct injection-ESI-mass spectrum of pure bastadin 3 standard obtained 
from I. basta tissue extract; (B) LC-ESI-mass spectrum obtained from a constituent of the  
I. basta skeleton extract. Based on this mass spectrum, this compound was identified as 
bastadin 3. 

 

Figure S10. Removal of contaminating pigments (2) from the DNA (1) isolated from 
bacteria associated with A. cavernicola. 
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Table S2. Gradient systems for HPLC analysis of I. basta and A. cavernicola; eluent A: 
0.1% formic acid in water, eluent B: MeOH. 

I. basta  A. cavernicola 
time [min] eluent A [%] eluent B [%]  time [min] eluent A [%] eluent B [%] 

0 60 40  0 90 10 
5 60 40  5 90 10 
34 25 75  35 0 100 
35 0 100  45 0 100 
50 90 10  50 90 10 
60 90 10  60 90 10 

Figure S11. Calibration graph of bastadin 3 for external standard quantification of bastadin 
derivatives in MeOH-extracts of sponge tissue and skeleton. 
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Figure S12. Potentiometric titration curves for quantitative bromine determination in  
A. cavernicola skeleton samples before and after MeOH-extraction. The step in the 
titration curve represents the bromide ions. The bromine concentration can be determined 
from the AgNO3 concentration at the inflection point of this potential step. 

 

References 
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9.1 The Skeletal Amino Acid Composition of the Marine Demosponge Aplysina 
cavernicola  

 

Published in: „Marine Drugs“ 

 

Impact factor: 3.512 
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cavernicola“. Marine Drugs 12: 4417-4438. Copyright 2014 Multidisciplinary Digital 
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Supplementary Information 

Figure S1. EDX measurement of the isolated skeletons of Aplysina cavernicola before 
MeOH extraction. 

Figure S2. EDX measurement of the isolated skeletons of A. cavernicola after  
MeOH extraction. 

 

Figure S3. EI-MS data of TBDMS-derivative of the aerothionin standard. 
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Figure S4. EI-MS data of TBDMS-derivative of the aerothionin fragment found in the 
MeOH extract. 

 

Table S1. Experimental Errors of six amino acids. * The experimental error is determined 
for these amino acids. For each amino acid, the experimental error is calculated from three 
measurements of the same sample. The average value is about 15%. 

Amino Acid Experimental Error * 
Alanine (Peak 1) 4.8% 

Phenylalanine (Peak 11) 23.8% 
Aspartic Acid (Peak 12) 12.2% 

Ornithine (Peak 14) 18.4% 
Dichlorotyrosine (Peak 23*) 5.5% 

Monobromo-Monochlorotyrosine (Peak 25*) 22.9% 
  

m/z

In
te
ns
ity
[%
]

x5

137
139

198

213
215

285

376

378
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Figure S5. LC-ESI-MS spectra of mono- and dichloro-, monobromo-monochloro-, 
monochloro-monoiodo- and monobromo-monoiodotyrosine detected in the Ba(OH)2 
skeleton extracts of A. cavernicola. 
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Figure S6. LC-ESI-MS spectra of halogenated tyrosines detected in the Ba(OH)2 skeleton 
extract of A. cavernicola after MeOH extraction. 

 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
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10 Discussion 

10.1 Bastadins: Potential Anticancer Leads 

Bastadins and their putative biogenetic building blocks, the hemibastadins, are oxime-

bearing bromotyrosine derivatives, that are typically present in marine sponges of the order 

Verongida. Apart from their occurence in sponges bastadin-like lithothamnins have recently 

been isolated from red algae (Van Wyk et al., 2011), rising the question of the true origin of 

these compounds. One plausible hypothesis might be that microbial symbionts, which can 

comprise as much as 40 % of the total sponge volume (Taylor et al., 2007), are the producers of 

bastadins and closely related metabolites.  It is well-known from sponge associated 

microorganisms such as bacteria, archaea, microalgae and fungi that these symbionts contribute 

significantly to host metabolism, e.g. via photosynthesis or nitrogen fixation (Taylor et al., 

2007). Therefore, a microbial involvement not only to processes of primary but also of 

secondary metabolism, such as bastadin biosynthesis is conceivable. One approach to answer 

this „chicken or egg debate“ is the metagenomic approach by identifying gen clusters leading to 

the respective secondary metabolites (Wang, 2006). The advancing interest to this question is 

demonstrated by the annual number of sponge derived 16S rRNA gene sequences recently 

deposited in GenBank, which has risen to more than 700 by 2005 (Taylor et al., 2007). In 

publication 5 the genetic analyses of A. cavernicola and I. basta revealed that flavin-dependent 

halogenase genes originate from sponge symbionts, concluded from a high degree of analogy 

of investigated gene fragments to bacterial halogenase genes. One may therefore assume that 

bromotyrosine derivatives from these species and maybe also from other sponges originate 

from symbionts or are at least formed with the involvement of those. 

So far, bastadins had only been reported as dimeric hemibastadin congeners. During this study 

the first trimeric congener, sesquibastadin 1, was isolated from I. basta (publication 2). With 

regard to its biosynthesis this compound was identified as a condensation product of the known 

structures bastadin 3 and hemibastadin 2, which are hypothetically coupled by a nucleophilic 

substitution forming a diaryl ether bond (figure 20). So far, the enzyme involved in this 

mechanism in respective sponge species has not been identified. Similar arylether bond 

formations are typically catalyzed by peroxidases like horseradish (Armoracia rusticana) 

peroxidase (HRP) (Sih and Malnar, 2000), so one might hypothesize that similar enzymes are 

also involved in this step of bastadin biosynthesis. Interestingly, HRP has served organic 

chemists as an enzymatic tool for the total synthesis of several bastadin congeners (Guo et al., 

1998).  
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Figure 20. Final step of putative biosynthesis of trimeric sesquibastadin 1 by ether bond formation between the 
phenolic hydroxyl of bastadin 3 and the brominated aromatic carbon of hemibastadin 2 via nucleophilic 
substitution (red arrows) under catalysis of a peroxidase. 

 
With regard to their clinical utilization bastadins and further halotyrosines have displayed an 

enormous potential. It is remarkable that bastadins demonstrate strong anticancer activities 

against various tumor cell lines and address several molecular tumor targets such as RyR-3 

(Aoki et al., 2006), IMPDH (Reddy et al., 2006), topoisomerase II or dehydrofolate reductase 

(Carney et al., 1993). These previously published studies are in agreement to the anticancer 

properties reported in publication 2 of this thesis, in which the inhibitory potential of isolated 

bastadin congeners against 22 protein kinases as well as the cytotoxicity against a murine 

lymphoma cell line (L5178Y) were investigated (figure 21). The fact that trimeric 

sesquibastadin 1 and its building unit bastadin 3 both showed strong protein kinase inhibition 

(IC50 values against all kinases ranging from 0.1~6.5 μM) suggests, that the addition of a third 

hemibastadin unit did not lead to a distinct change in the inhibitory potential. In detail, 

sesquibastadin 1 caused potent inhibitory activity against the receptor tyrosine kinases EGF-R 

(IC50 = 0.6 μM) and VEGF-R2 (IC50 = 0.6 μM), both being overexpressed in non-small-cell 

lung cancer cells (Herbst, 2004), and of the angiopoietin receptor TIE-2 (IC50 = 0.6 μM), which 

is involved in angiogenesis (Sato et al., 1995). Inhibition of aurora A and B, both being 

serine/threonine kinases that regulate the cell cycle and are overregulated in breast cancer cells 

(Nouri et al., 2014), was most pronounced for bastadin 3, with IC50 values of 0.1 μM against 

aurora A and of 0.5 μM against aurora B. Similar inhibition was shown for bastadin 3 against 
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TIE2 (IC50 = 0.8 μM). Due to this rather general inhibition of kinases a specificity of 

sesquibastadin 1 and bastadin 3 towards certain targets, which is highly favorable for new drug 

candidates, can not be stated.  Surprisingly, both compounds lacked activity in the cellular 

assay, which might be explained by a hindered uptake of these linear bastadins by the 

investigated cell line. This was not the case for all investigated macrocyclic congeners, which 

demonstrated a considerably strong cytotoxic potential in the low micromolar range (1.5~5.3 

µM). Looking ahead, further structure-activity-relationship studies by introducing 

semisynthetic alterations are necessary to elucidate whether a higher kinase specificity can be 

achieved for the linear bastadins. In order to clarify the discrepancy of strong protein kinase 

inhibition compared to the lack of cytotoxicity (bastadin 3 and sesquibastadin 1) future cellular 

uptake-studies could provide answers. 

 

 
 linear protein kinase 

inhibitors  
(IC50 = 0.1~6.5 μM) 

cytotoxic (L5178Y) 
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In accordance to publication 2 the macrocyclic bastadins 6, 9 and 16 (figure 22) demonstrated 

remarkable cytotoxic properties against further cancer cell lines (publication 3, table 1). The 

mean IC50 values, determined in vitro against human breast (MCF-7) and non-small-cell lung 

cancer cells (NSCLC), against oligodendro- (Hs683) and astroglioma (U373)  and against the 

two melanoma cell lines B16F10 (murine) and SKMEL28 were found in the low micromolar 

range (4.0~7.0 µM).  

 

 
Figure 22. Structures of cytotoxic bastadins 6, 9 and 16 reported in publication 3. 

 

Combining the results of both publications (2 and 3), macrocyclic bastadins appear to act with a 

general cytotoxic mode of action rather than addressing specific molecular targets. All 

cytotoxic results of bastadins found in this stduy are in good agreement with previously 

published data (Greve et al., 2008; Miao et al., 1990; Pettit et al., 1996). Additionally, three 

synthetic hemibastadin congeners and two precursors were subject of the studies described in 

publication 3. Here, DBHB (figure 23) showed a tenfold decrease of in vitro cytoxicity (mean 

IC50 = 69 µM) towards the six investigated cell lines when compared to the dimeric 

macrocycles. In further experiments DBHB exhibited both anti-angiogenic effects against 

human umbilical vein endothelial cells (HUVEC) and anti-migratory effects in murine B16F10 

melanoma cells. The anti-migratory effect that appeared at one-tenth of the IC50 in vitro growth 

inhibitory concentration was antagonized by addition of serum to the culture media of the 

B16F10 melanoma cells. Further experiments demonstrated that DBHB bound strongly to 

albumin.  
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Figure 23. Structure of anti-angiogenic DBHB. 

 
For bastadin 6 anti-angiogenic properties have been described by Aoki et. al., which were 

found to result from an induction of apoptotic cell death in HUVECs putatively caused by a 

modulation of cellular Ca2+ levels via an interaction of bastadin 6 with the ryanodine receptor-3 

(RyR-3) (Aoki et al., 2006). The results for DBHB shown in publication 3 suggest a 

mechanism of action that is anti-migratory but non-cytostatic and non-cytotoxic in HUVECs 

and therefore differs from that observed for bastadin 6 by Aoki et al. Eventually, also the strong 

copper chelating properties of (hemi)bastadins (Bayer et al., 2011) might contribute to their 

anti-angiogenic potential as it is known that this transition metal acts as an important cofactor 

stimulating the proliferation and migration of endothelial cells and is required for the secretion 

of several angiogenic factors in tumor cells (Lowndes and Harris, 2005). The potential of 

copper chelators in anticancer therapy has just been discovered recently (Turski and Thiele, 

2009). Ammonium tetrathiomolybdate (ATTM), a copper chelator first introduced as a 

treatment in Wilson's disease, a hereditary copper metabolism disorder, has recently reached 

clinical phase II for treatment of solid tumors and demonstrated efficacy with a favorable 

toxicity profile (Khan and Merajver, 2009). In conclusion, (hemi)bastadins such as DBHB 

might be further interesting candidates that could be included in screens of this new anticancer 

approach. 
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enzyme interaction. The following discussion makes use of compound numbering that was 

chosen in publication 4 (figure 24). Fourfold brominated DBHB (1), which differs from 

naturally occurring hemibastadins only in the degree of bromination, was identified as the 

superior enzyme inhibitor among all tested derivatives. Interestingly, the type of halogen 

attached ortho to the phenolic hydroxyls seems to play a subordinated role, as iodinated (4) and 

chlorinated (5) congeners inhibited the enzyme with nearly identical IC50 values and only a 

negligible difference in comparison to 1 was observed. Nevertheless, the unhalogenated 

congener NBHB (2) was slightly less active than all halogenated derivatives indicating that 

bulky halogen substituents might lead to a better fit wihtin the active binding site of the 

enzyme. Additionally, the high electronegativity of such substituents leads to a slight increase 

in the acidity of the adjacent phenolic protons, which can be assumed from their chemical shifts 

in respective 1H-NMR spectra. This effect may possibly further support the inhibitory potential 

of the respective compounds. 

 

 
Figure 24. Inhibition of blue mussel phenoloxidase by DBHB and its analogues as indicated by their IC50 values.  
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A further central SAR finding was that the amine moiety might be involved in the stabilization 

of the enzyme inhibitor complex. An exchange in this part of the molecule led to a considerable 

loss in activity (7-12) as it was observed e.g. for a compound bearing a tryptamine unit (12). In 

this case the bulky and electron-rich indole moiety might lead to a hindered fit of the inhibitor 

into the active binding site of the phenoloxidase. The strong copper coordinating properties of 

the α-hydroxyimino-amide unit, which are probably responsible for phenoloxidase inhibition, 

are lost when the oxime is replaced by a primary amine group (3). In comparison, methylation 

(6) of  this pharmacophoric core and terminal phenolic hydroxyl groups only leads to a 

considerable loss in inhibitory activity, but causes no total loss. The nature of the enzyme 

inhibitor complex still remains unclear as it is unknown whether a true copper coordination or 

just to a blockade of the active binding site leading to a hindered substrate supply take place. 

The latter-mentioned case was recently observed in a crystal structure of tropolone inhibiting 

Agaricus bisporus mushroom tyrosinase, where the specific inhibitor was found to form a pre-

Michaelis complex with the enzyme near the binuclear copper-binding site (Ismaya et al., 

2011). Similar experiments as performed by Ismaya et al. could be objectives of further 

investigations of the hemibastadin phenoloxidase interaction.  

In summary, evolutionary shaped DBHB (1) represents the strongest inhibitor of blue mussel 

phenoloxidase when compared to synthetically modified hemibastadins. In addition to its 

pronounced biological potency the rather simple and optimized synthesis protocol providing 

the compound in an overall yield of up to 45 % (publication 4) highlights this bromotyrosine as 

an interesting AF agent. Applications of DBHB in AF paints, embedded in a polymeric matrix, 

could be a conceivable biomimetic solution towards the biofouling issue. 

 
10.3 Halotyrosines in Verongid Sponge Skeletons 

The identification of bastadins 3, 4, 6, 7, 9 and 16 and the isoxazol-alkaloide aerothionin 

(figure 25) being associated to respective spongineous skeletons of I. basta and A. cavernicola 

was accomplished during this PhD thesis and reported in publication 5. The total quantity of 

identified bastadins in association with the examined skeleton sample was found to be nearly 

300-fold less abundant when compared to fresh sponge tissue. The observation that 

bromotyrosines predominantly occurr within sponge cells and/or associated microbial 

symbionts is in line with the hypothesis that these compounds constitute a rapid chemical 

defence mechanism towards a variety of external cues, which is known for the Aplysina 

alkaloids (Thoms et al., 2006).  
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Figure 25. Structures of brominated tyrosines identified as associates to Verongid sponge skeletons. 

 

Nevertheless, one may speculate that bromotyrosines also serve sponge skeletons, that have 

been demonstrated to consist of chitin-based scaffolds (Brunner et al., 2009) as specific 

protecting agents. Formerly an inhibition of degrading chitinases (EC 3.2.1.14) was shown for 

the closely related Aplysina alkaloid psammaplin A (figure 26) (Tabudravu et al., 2002). This 

observation that brominated secondary metabolites of sponges inhibit chitinases is not 

restricted to the class of tyrosine derivatives as several styloguanidine congeners such as 3-

bromostyloguanidine (figure 26) from Stylotella aurantium demonstrated likewise an inhibition 

of these enzymes at a dose of 2.5 µg/mL, when investigated for their antimicrobial potential 

(Kato et al., 1995). The proof of this hypothesis regarding the identified skeleton associates 

remains a subject of future studies.  
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Figure 26. Structures of chitinase inhibiting sponge metabolites (Kato et al., 1995; Tabudravu et al., 2002). 

 

As outlined in publication 5 only a minor fraction of the bromine content of sponge skeletons 

could be extracted by methanol, which led to the conclusion that brominated metabolites of 

unknown structure are primarily covalently bond to the sponge skeletons. In a subsequent study 

(publication 6) the amino acid composition of A. cavernicola skeletons was investigated after 

basic hydrolysis. Ten halogenated amino acids were identified unambigously within the 

hydrolysate by GC-MS and LC-MS analyses. Nine congeners were found to be halogenated 

tyrosines (figure 27). These results strongly suggest that halogenated tyrosines are obviously 

part of the spongineous protein fraction of A. cavernicola skeletons. These results are in 

accordance to the actual definition of spongin as being a halogenated protein (Ehrlich, 2010).  
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Figure 27. Structures of halogenated tyrosines identified via LC-ESI-MS in A. cavernicola skeleton hydrolysates. 

 

The structural benefit of halogenation for the sponge organism has so far not been elucidated. 

One can hypothesize that the physico-chemical properties of the proteinous fraction are 

strongly influenced by halogenation, which might lead to an increased stability of these 

bioploymers. In analogy to the observations on sponge skeletons presented in this thesis 

Birkedahl et al. discovered halogenated amino acids and predominantly brominated and 

iodinated tyrosine congeners in the jaws of Nereis, a marine polychaete worm (Birkedal et al., 

2006). In the respective investigation the authors observed that the variations in modulus and 

hardness of the proteinous jaw material did not correlate with the distribution of bromine and 

iodine. The occurence of halogenated di- and trityrosines connected via C-C coupling  led 

rather to the assumption that halogenation favors biaryl cross-linking. The authors conclude 

that a combination of cross-linking with halogen bonding should stabilize the jaw and render it 

insoluble and less susceptible to chemical and enzymatic attack. This hypothesis on the 

function of the proteinous fraction of Nereis jaws may also apply to skeletons of Verongid 

sponges, as such biaryl cross-links occur also in their secondary metabolism, e.g. the synthesis 

of bastadins such as bastadin 3 (figure 25). Future investigations might show, whether such di- 

or trimeric tyrosine congeners are present in Verongid skeleton hydrolysates to provide further 

proof for this hypothesis. 
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11 Further Scientific Achievements 

Presentation of the following poster on the international conference BIOPROSP_15 in 
Tromsø, Norway on February 18-20th 2015: 

 

 

Introduction 
Blue mussel (Mytilus edulis) phenoloxidase (PO) is a copper-depending enzyme, which plays a 
crucial role in the attachment of these macrofoulers to any submerged substrate. Previous studies 
[1] on synthetic analogues (1-3) of hemibastadins, typical metabolites of the pacific elephant ear 
sponge (Ianthella basta), revealed that the -hydroxyimino-amide moiety represents the 
pharmacophoric core structure, which is responsible for the strong copper chelating and therefore 
PO inhibitory properties of these compounds. We have now introduced the following structural 
alterations into the hemibastadin molecule and evaluated their impact on PO inhibition: 

• Replacement of bromine by further halogen atoms like chlorine and iodine (4, 5), 

• Methylation of phenolic hydroxyl groups as well as the oxime function (6), 

• Substitution of the tyramine subunit by other ali-/araliphatic amine substituents (7–12). 

SAR Studies of Hemibastadins Inhibiting Blue Mussel Phenoloxidase 
Hendrik Niemann1, Jens Hagenow1, Mi-Young Chung1, Claire Hellio2,3, Horst Weber1 and Peter Proksch1 
 
1Institute of Pharmaceutical Biology and Biotechnology, Heinrich-Heine-University Düsseldorf, Universitätsstrasse 1, Geb. 26.23, Düsseldorf 40225, 
Germany; E-Mail: hendrik.niemann@hhu.de  
2LEMAR UMR 6539 UBO CNRS Ifremer IRD, European Institute of Marine Studies (IUEM), Université de Bretagne Occidentale (UBO), European 
University of Brittany (UEB), Technopole Brest-Iroise, 29280 Plouzané, France 
3Biodimar, Université de Bretagne Occidentale (UBO), European University of Brittany (UEB), 6 Avenue Victor Le Gorgeu, CS93837, 29238 Brest 
cedex 3, France 

Methods and Results 
Inhibition of blue mussel PO by DBHB (1) and its analogues as indicated by their IC50-values: 

Central SAR statements: 

Halogenation in ortho to 
phenolic hydroxyl groups 
resulted in a slight increase 
in the inhibitory potential, 
but the difference between 
investigated bromine (1), 
chlorine (4) and iodine (5) 
substituents is negligible. 

Methylation of the oxime 
moiety and the phenolic 
hydroxyl groups (6) resulted 
in a considerable decrease in 
the inhibitory potential, but 
no total loss.  

Substitution with other ali-/
araliphatic amines (7-12) 
leads to a decrease in the 
inhibitory properties in all 
cases.  

The presence of bulky and 
electron rich tryptamine (12) 
even resulted in a complete 
loss in activity. 

Conclusions 

Evolutionary-shaped hemibastadins featuring all structural elements that are present in sponge-derived compounds revealed superior PO 
inhibitory properties. 

Methylation of both the oxime and the phenolic hydroxyl moieties (6) does not lead to a total loss in inhibition, suggesting that the 
pharmacophoric core structure was remained intact. 

The amine moiety is putatively involved in the stabilization of the enzyme-inhibitor-complex as a strong till complete loss in inhibitory activity 
of congeners bearing heterocyclic imidazole (11) and indole (12) suggests a missmatch with the PO active binding site. 
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13 Abbreviations 

AF    Antifouling 

ATR-FT-IR   Attenuated total reflection Fourier transformation infrared 

Aur-A   Aurora kinase A 

Aur-B   Auroroa kinase B 

BC    Before Christ 

2,3-BMO   2,3-Butandienone monoxime 

13C    Carbon 

cm    Centimeter 

COSY   Correlation spectroscopy 

Cu    Copper 

D    Dextro 

d    Doublet  

dd    Doublet of doublet 

δ    Chemical shift 

DBHB   5,5’-Dibromohemibastadin-1 

DMSO-d6   Deuterated dimethyl sulfoxide 

DNA   Desoxyribonucleic acid 

L-DOPA   L-3,4-dihydroxyphenylalanine 

ε    Molar extinction coefficient 

EGF-R   Endothelial growth factor receptor 

EMA   European Medicines Agency 

ESI    Electron spray ionisation 

et al.   et alii (male) / et aliae (female) (and others) 

EtOAc   Ethyl acetate 

EU    European Union 

FDA   Food and Drug Administration 

GC-MS   Gas chromatography mass spectrometry 

G2-M phase   Pre-mitotic to mitotic phase in cell cycle 
1H    Proton 

HMBC   Heteronuclear multiple bond connectivity 

HMQC   Heteronuclear multiple quantum coherence 

HPLC   High pressure liquid chromatography 

HPLC-DAD  HPLC with diode array detector 
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HRMS   High resolution mass spectrometry 

HUVEC   Human umbilical vein endothelial cell 

Hz    Hertz 

IC50    Half maximal inhibitory concentration 

IMO    International Maritime Organization 

IR    Infrared 

J    Coupling constant 

L    Levo 

lat.    Latin 

LC-MS   Liquid chromatography mass spectrometry 

λmax    Wavelength of absorbance maximum  

M    Molar (mol/L) 

m    Meter 

m    Multiple signal 

m/z    Mass to charge ratio 

Mefp   Mytilus edulis foot protein 

MeOH   Methanol 

mg    Miligram 

MHZ   Megahertz 

min    Minute 

µg    Microgram 

µL    Microliter 

µM    Micromolar 

mL    Mililiter 

mm    Milimeter 

MS    Mass spectrometry 

MTT   3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium   

    bromide 

MW    Molecular weight 

NBHB   Norbromohemibastadin 

nm    Nanometer 

NMR   Nuclear magnetic resonance 

ppm    Parts per million 

ROESY   Rotating frame Overhauser enhancement spectroscopy 
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RP18   Reversed phase C18 

RyR    Ryanodine receptor 

s    Singlet 

SAR    Structure-activity relationships 

SR    Sarcoplasmic reticulum 

t    Triplet 

TBT    Tributyltin 

TT    Tyrosinyltyramine 

UV    Ultraviolet 

VEGF-R2   Vascular endothelial growth factor receptor 2 

VLC   Vacuum liquid chromatography 

WHO   World Healt Organization 

WoRMS   World Register of Marine Species 

X-ray   Electromagnetic radiation (λ 0.01-10 nm) 
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Festphasen-NMR-Spektroskopie: Die Messungen wurden von Frau Susanne Überlein am 

Institut für Bioanalytische Chemie, TU Dresden, Dresden durchgeführt. 

 

GC-MS: Die Messungen wurden von Frau Susanne Überlein am Institut für Bioanalytische 
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Genetische Analysen: Die Untersuchungen wurden von Kurt Kunze am Institut für 
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HHU Center of Molecular and Structural Analytics (HHUCeMSA) mit einem UHR-QTOF 

maXis 4G Massenspektrometer der Firma Bruker Daltonics durchgeführt. 

 

Identifikation des Schwammmaterials: Die taxonomische Identifikation der 

Schwammproben wurde von Frau Dr. Nicole de Voogd vom Naturalis Biodiversity Center, 

Leiden, Niederlande durchgeführt.  

 

Isolation von Schwammskeletten: Die Schwammskelette wurden von Frau Susanne Überlein 

vom Institut für Bioanalytische Chemie, TU Dresden, Dresden isoliert. 

 

Kinase-Inhibitionsassays: Die Kinase-Inhibitionsassays wurden durch Herrn Michael 

Kubbutat bei der Firma ProQinase GmbH in Freiburg durchgeführt. 

 

NMR-Spektroskopie (1H, 13C, COSY, HMQC, HMBC, ROESY): Die NMR-

spektroskopischen Messungen wurden am Institut für Anorganische Chemie der Heinrich-

Heine Universität Düsseldorf durch Herrn Peter Behm an einem DRX 500 der Firma Bruker 
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und am Institut für Organische Chemie und Makromolekulare Chemie durch Frau Maria Beuer 

an einem Avance III 600 Bruker durchgeführt.  

 

Phenoloxidaseinhibitionsassays: Die Untersuchungen zur Phenoloxidaseinhibition wurden 

durch Prof. Dr. Claire Hellio am LEMAR UMR 6539 UBO CNRS Ifremer IRD, European 

Institute of Marine Studies, Université de Bretagne Occidentale, European University of 

Brittany durchgeführt. 

 

Potentiometrie: Die Messungen wurden von Frau Susanne Überlein am Institut für 

Bioanalytische Chemie, TU Dresden, Dresden durchgeführt. 

 

Zytotoxizitätsassays: Die Untersuchungen auf zytotoxische Aktivität an der murinen 

Lymphomzelllinie (L5178Y) wurden durch Frau Renate Steffen am Institut für Physiologische 

Chemie der Johannes Gutenberg Universität Mainz durchgeführt. Die Untersuchungen auf 

Zytotoxizität gegenüber MCF-7, A549, Hs683, U373, B16F10 und SKMEL28 Zellen sowie 

Experimente zur Angiogenesehemmung wurden durch Véronique Mathieu im Laboratoire de 

Toxicologie, Faculté de Pharmacie, Université Libre de Bruxelles durchgeführt 

 

Die Genehmigungen zur Veröffentlichung der Publikationen im Rahmen dieser Dissertation 

wurden von den entsprechenden Verlagen eingeholt. Hiermit erkläre ich ehrenwörtlich, dass 

ich die vorliegende Dissertation mit dem Titel „Halogenated Tyrosines from Verongid 

Sponges  – A Diverse Class of Marine Metabolites“ (Halogenierte Tyrosine aus Verongiden 

Schwämmen – Eine diverse Klasse mariner Metaboliten) eigenständig angefertigt habe. Außer 

den angegebenen Quellen und Hilfsmitteln wurden dabei keine weiteren verwendet. Diese 

Dissertation wurde weder in dieser noch in ähnlicher Form in einem anderen Prüfungsverfahren 

vorgelegt. Ich erkläre außerdem, dass ich bisher keine erfolglosen Promotionsversuche 

unternommen habe.  
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