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Abstract

The Indonesian Coral Triangle is a biodiversity hotspot bisected by the Wallace line. It is
becoming clear that ecological and anthropogenic factors are impacting the region. Our
research is focused on the biosynthetic products of sponges. These natural products, which
are beneficial to human health, will be lost if biodiversity were to decrease. For decades,
chemists have looked to marine sponges as a source of novel pharmaceuticals. Over time,
there has been growing suspicion these metabolites may actually be produced by microbial
symbionts. Herein, we discuss a brief history of sponge natural products chemistry. Sponge
associated microorganisms and their likely role in the production of clinically relevant
compounds are explored through three case studies. The potential intellectual and
pharmaceutical impact locked within the sponges of the Indonesian Coral Triangle is
immense. We conclude that conservation, protection and management of this resource are
vital from an ecological and human health perspective.
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Background coral species, hosts 37% of all known coral
The Indonesian Coral Triangle is well reef fish species, and 53% of the world’s
recognized as a hotspot of biodiversity coral reefs (Veron et al., 2011). No other
(Myers et al., 2000; Barber, 2009; region of the world contributes this amount
Carpenter et al., 2011). While spanning of biological diversity. As such, it remains
only 1.6% of the planet’s ocean, the Coral a key area for research, management and
Triangle region contains 76% of all known preservation.
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The first biogeographical studies of the
area, however, were terrestrial based. In
1863, Wallace presented a map with a red
line starting at the deep strait between Bali
and Lombok and passing through the
Makassar Strait (Veron et al., 2009). The
western region was labeled “Indo-Malayan
region” and the eastern “Austro-Malayan
region”. Renamed “Wallace’s line” in
1868, this line has become one of the best
known demarcations in the history of
biogeography (Veron et al., 2009). Over
time, Wallace’s Line has been shifted and
moved as the result of various studies of
terrestrial animal life. Initially, marine life
was mostly ignored during these studies. In
a 2000 communication to Nature, Barber
and coworkers suggested the presence of a
localized biogeographic marine boundary,
which they termed a “marine Wallace’s
equivalent” (Barber et al., 2000). Later
work on the comparative phylogeography
of the Indonesian Coral Triangle revealed
clear patterns of species distribution
(Carpenter et al., 2011), illustrated in Fig. 1

(pl. 1).

The Indonesian Coral Triangle represents
more than a global epicenter of coral
species. Together with the soft and stony
corals, sponges play an important role in
the formation of the complex reef systems.
Sponges interact with organisms and their
abiotic environments. The rapidly changing
conditions of marine ecosystems call into
question our abilities to predict the fate of
these interactions, as well as sponge
distribution and abundance (Wulff, 2012).
The results of human interactions and
settlements can be extremely complex and
difficult to predict (Miller & Hobbs, 2002).
Nevertheless, it is clear that human
disturbances are negatively affecting the
health of the coral reef. Overfishing, air and
water pollution events, ocean acidification,
deforestation, and coastal development are
all factors in reef deterioration (Unsworth,
2013). Sponges have not escaped these
effects. For example, sponge diversity in
the Spermonde Archipelago has been
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impacted by anthropogenic-linked
increased rates of sedimentation (de VVoogd
et al, 2006). The protection and
preservation of the sponge and other marine
biodiversity in the Coral Triangle should be
of the utmost importance.

Sponges are among the most primitive
multicellar organisms still extant (Blunt et
al., 2012). Members of the phylum Porifera
(meaning “pore bearing”), sponges have
simple bodies and lack specialized organs.
Using a collection of cells arranged around
a series of canals and chambers, sponges
efficiently filter the surrounding water
column. This system allows sponges to
process volumes of water equal in amount
to their own body mass every five seconds
(Muller & Muller, 2003). Sponges belong
to a diverse taxon and are found in every
ocean at all depths. Currently, there are
approximately 7,000 taxonomically
recognized species of sponges, and new
species are continually being discovered

(Worheide et al.,, 2005). Interestingly,
biodiversity studies suggest that this
number may be a  significant

misrepresentation; the actual number of
current species could be as much as double
what is currently proposed (Worheide et
al., 2005).

As filter feeders, sponges are continually
pumping water through their bodies.
Bacteria in the surrounding water column
are actively taken in by the sponge-driven
currents (Imhoff & Stéhr, 2003). The
sponge provides an ideal environment for
microorganism growth and plays host to a
diverse community of microbial symbionts
(Taylor et al., 2007a). In some sponges,
called “high  microbial abundance”
sponges, microbes make up as much as
40% of the sponge biomass. In other
sponges, referred to as “low microbial
abundance” sponges, the microbiota
population is relatively sparse (Schmitt et
al., 2012). An interesting observation, first
described by Hentschel and coworkers,
indicated that the composition of the
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microbial community of sponges is highly
similar, regardless of the host sponge taxa
or location (Hentschel et al., 2002). A
breakdown of microbial sponge symbionts,
generated from published literature (Taylor
et al., 2007b), is shown below in Fig. 2 (pl.
1). The major contributing groups of
microorganisms are the Gram-negative beta
and gamma proteobacteria. This group
includes, among others, bioluminescent
bacteria and gliding myxobacteria.

Interest in sponges as a source of novel
pharmaceuticals began in the early 1950s
with the discovery of the unique
nucleosides spongouridine, spongothymid-—
ine and spongosine (Bergmann & Burke,
1955, 1956). These compounds were the
inspiration of the first marine-inspired anti-
tumor compound (Ara-A) (Lee et al., 1960)
and antiviral compound (Ara-C) (Evans et
al., 1961). By the 1970s, chemists were
extracting marine organisms in search of
antimicrobial and cytotoxic compounds
(Laport et al., 2009). Since then, sponges
have emerged as the marine Phylum in
which most of these compounds have been
found. In the past 75 years of marine
natural  products chemistry, sponge
compounds account for ~49% of the total
number of compounds isolated from marine
animals and 35% of all marine natural
product sources (Blunt et al., 2012).
Molecular structures discovered from
sponge taxa have a rich past and increasing
future potential. The incredible bioactivity
of these compounds have led to numerous
clinical trials and approved pharmaceutical
products. As illustrated in Fig. 3 (pl. 2), this
is an exciting time for the use of sponge-

derived compounds. The sponge-derived
compounds PMO060184 (Martines-Diez et
al., 2014) and pipecolidepsin A (Coello et
al., 2014) are currently under evaluation as
cancer drugs. The  sponge-inspired
compound, eribulin mesylate (Towle et al.,
2001) (sold wunder the trade name
Halaven®) was developed from the sponge
compound halichondrin B (Hirata &
Uemura, 1986) and approved by the FDA
in 2010. E7974 was inspired by the sponge
compound hemiasterlin (Talpir et al.,
1994), and phase | clinical trials have been
completed (Rocha-Lima et al., 2012).

Academically, the intellectual impact of
sponge natural products is immense. A
selection of eleven sponge compound
classes is shown below in Table 1. To
examine the impact of these compounds in
the published literature, a Web of Science
topic search was conducted on each
compound. A total of 2372 publications
have appeared on just these eleven
compound classes. When search parameters
are expanded to include the total number of
citations of these publications, the total
number of citations is estimated as 77,502.
It is a combination of structural
characterizations and therapeutic studies
that have motivated the substantial
intellectual investigations of these sponge-
derived natural products. These metrics are
not restricted to these compounds alone but
are representative of greater trends. Sponge
natural product chemistry has been, and
will continue to be, an exciting and
fulfilling area of scientific research. The
contribution to the scientific literature is
immense and likely to continue to grow.

Table 1: The intellectual impact of sponge natural products, based on a Web of Knowledge topic
search; the list only includes peer reviewed publications as of August 2014. Total publication numbers
were generated by completing a topic search using the name of the natural product. The total number
of citations was determined through the use of the “citation report” feature within Web of Science,
which calculates the number of citations of articles generated in a topic search.

Marine Sponge Natural Product

Wallacea West or

Total Publications  Total Citations

Compound Classes East

Jasplakinolides unknown 517 18039

Fijianolides (aka Laulimalide) West 163 6613

Milnamide (aka Hemiasterlin) unknown 73 1985
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Bengamides unknown 56 1467
Psymberin unknown 45 93
Mycothiazole unknown 20 400
Plakinidine unknown 16 297
Latrunculins West 1309 44780
Aaptamines both 70 1263
PBDEs both 29 1159
Fascaplysins unknown 74 1406
For decades, there has been a growing derived compounds  with  suspected

suspicion that bacteria and other symbiotic
microorganisms are the true producers of
animal-derived natural products. Natural
products are produced by an enzymatic
factory with the biosynthetic machinery
encoded for in an organism’s DNA. It
follows that compounds with similar or
parallel structural features would be the
result of similar biosynthetic pathways. It
seems unlikely that a prokaryotic bacterium
and a eukaryotic macro organism would
have similar gene clusters to make
structurally  similar  compounds. The
common hypothesis is that it is likely that
symbiotic bacteria are the true producers of
many natural products isolated from
(marine) animals (Piel, 2011). There are
many dramatic examples of this
phenomenon in marine sponges; a few of
these examples are highlighted in Table 2.

Early review articles explore the
phenomenon of structural parallels from a
chemical perspective, concluding that the
isolated compounds likely originate from
microbial symbionts and not the animal
hosts (Faulkner, 1992; Kobayashi &
Ishibashi, 1993). It wasn’t until the dawn of
the genomic era, when sequencing
technologies advanced and costs decreased,
that this hypothesis could be explored on a
genetic level. Metagenomic studies of
sponges were particularly enlightening;
high numbers of bacteria-like polyketide
synthase (PKS) genes can be readily
detected in the sponge metagenome
(Hochmuth et al., 2010).

The fijianolides, shown in Fig. 4A (pl. 3),
are a class of biologically active sponge-
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microbial origin. They were isolated nearly
concurrently by two separate research
groups. The Crews research group isolated
fijianolides A and B from the marine
sponge Cacospongia mycofijiensis (Quinoa
et al., 1988). Scheuer and coworkers
isolated identical compounds from an
Indonesian sponge Hyatella sp. and its
nudibranch predator, Chromodoris lochi,
naming them the laulimalides (Corley et
al., 1988). Extensive synthetic efforts by
multiple groups resulted in a large number
of published synthetic schemes and analogs
(Crimmins, 2002; Mulzer et al., 2002,
Mulzer & Ohler, 2003), although none have
exhibited better activity than fijianolide B.
Fijianolide B is especially potent. Initial
activity was reported against the KB cell
line, with an ICsy of 50 ng/mL (Corley et
al., 1988). Interest in this class of
compounds increased when it was shown
that it stabilizes microtubules, causing
abnormal bundles to form (Mooberry et al.,
1999). Paclitaxel, the most well-known and
successful tubulin stabilizer, binds at a
different site compared to the fijianolides
(Pryor et al., 2002). Cells resistant to
paclitaxel therefore respond to the tubulin
binding effects of the fijianolides which
acts synergistically with paclitaxel. A
recent 2014 study utilized x-ray
crystallography to define the mechanism of
action (Prota et al., 2014). Steinmetz and
coworkers determined that the compound
binds to a unique site on B-tubulin, using its
macrolide core to interact with another
tubulin dimer. It also stabilizes a part of
tublin that is responsible for lateral tubulin
contacts in microtubulues.
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Table 2: A set of selected examples of sponge-derived vs. bacteria-derived natural products,
highlighting the idea that many sponge-derived natural products may be the result of the biosynthetic

talents of microorganisms

rﬁgtc; ?)%Ti te Sponge Source nl\ﬁl;{:;gglr%:msm Microorganisms source

Andramid Hyatella sp. Andramid Vibrio sp.

Bengamide E Jaspis cf. coriacea Bengamide E Myxococcu virescens
Alteramide A

Discodermide Discodermia dissoluta

Jaspis splendens,
Auletta sp.
Cacospongia
mycofijiensis
Negombata magnifica

Jasplakinolide

Latrunculin A

Maklauvamine A Zyzzya cf. marsalis

Ikarugamycin
Chondramide
D

Epothilone B

Makaluvamine
A

Alteromonas sp.

Streptomyces sp.

Chondromyces crocatus

Sorangium cellulsoum

Manzamine A Haliclona sp. Manzamine A Didymium bahiense
Mimosamycin Petrosia sp. Mimosamycin  Streptomyces lavendulae
. . . Undescribed symbiont of
Mycalamide A Mycale hentscheli Pederin Pacderus sp. (beetle)
. . . Undesribed symbiont bacteria;
Okadaic acid Ea:]ﬁgr?ggg:: okadai Okadiac acid Procentrium limai, P. concavum,
' Dinophysis spp.
Saframycin
Renieramycin E Reniera sp. Mx1 ST EiLE
: Pseudomonas fluorescens
Saframycin A
iallcyllhalamlde Haliclona sp. Apicularen A Chondromyces sp.
Sphinxolide Neosiphonia superstes Rhizopodin Myxococcus stipitus
When tested in vivo, fijianolide B biogeographocal distribution of metabolites
demonstrated significant inhibition of and morphology of C. mycofijiensis

tumor growth in tumor-bearing severe
combined immune-deficiency (SCID) mice
dosed at 25 mg/kg over five days (Johnson
et al.,, 2007). The clear in vivo efficacy
warranted additional therapeutic
evaluations. In another study, fijianolide B
was tested in melanoma and fibrosarcoma
mice models (Liu et al., 2007). This work
showed minimal growth inhibition of
tumors regardless of dosage and exhibited
high toxicity. Further preclinical
evaluations are warranted to explore these
discrepancies.

What is most interesting about the
fijianolides, and the sponge it is isolated
from, is the geographical distribution of
different chemotypes. Illustrated in Fig. 4B
(pl. 3), our 2007 publication outlines the
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(Johnson et al., 2007). Sponges growing in
close proximity could have significant
chemotypic differences, however, the
explanation for these difference were
speculative at best. A 2010 study undertook
an exhaustive sequencing effort to
investigate the C. mycofijiensis
metagenome (Hochmuth et al., 2010). This
work demonstrated the extensive number of
PKS gene clusters present in this HMA
sponge. Consequently, PKS genes were
undetectable in LMA sponges. These
observations point to the sponge symbionts
as the likely source of these biologically
significant compounds.

The bengamides (Fig. 5: pl. 4) is another

pharmacologically interesting class of
sponge derived bioactive compounds with a

TAPROBANICA VOL. 07: NO. 03



Proceedings of the Second International Conference on Alfred Russel Wallace and the Wallacea

Wakatobi - Indonesia, 10-13 November 2013

microbial connection. They are primarily
isolated from the sponge Jaspis cf.
coriacea, a dull orange colored sponge,
although other sponges are known to
contain the compound. The bengamides all
contain a lysine or hydroxylysine
derivatized caprolactam with a highly
oxygenated polyketide tail. Based on
structural clues, these compounds appear to
be the result of a hybrid PKS/nonribosomal
peptide synthase (NRPS) biosynthetic
cluster, although the gene cluster has yet to
be identified.

Originally isolated in 1986 as bengamide A
(Quinoa et al., 1986), there are currently 21
naturally occurring bengamide analogs.
The bengamides have received significant
attention due to their substantial biological
activity. In vitro tumor cell cytotoxicity
tests indicate ICso values in the low nM
range, however poor solubility kept these
naturally isolated compounds out of
preclinical development. Significant effort
was made to exploit the pharmacophore
core and develop effective synthetic
analogs (Garcia-Ruiz & Sarabia, 2014).
One of these analogs, LAF389, was
developed at the U.S. Novartis Institute for
Biomedical Research (Kinder et al., 2001).
LAF389 was found to have comparable in
vitro activity to the potent natural analogs;
in vivo testing was shown to be effective
and tolerable in animals. Phase I clinical
trials were initiated in 2000 (Dumez et al.,
2007). However, adverse effects not seen in
animal testing ended the clinical trials of
this compound as an anticancer drug.

A more recent study identified the
bengamides as a new class of
immunomodulators.  The  bengamides
showed significant activity as a nuclear
factor - kB (NF-kB) inhibitor (Johnson et
al., 2012). Dysregulation of NF-«B protein
complex is implicated in a wide variety of
diseases, and is an attractive area of drug
discovery (Karin et al., 2004). These
observations suggest that the bengamides
may have new therapeutic life as a therapy

for inflammation, autoimmune disorders
and certain cancers.

Like most sponge natural products, it had
long been assumed that the bengamide
class of compounds was the result of
associated microorganisms. In 2005, a
group from Sanofi-Aventis submitted a
patent that described the isolation of
bengamide derivatives from a terrestrial
myxobacteria strain, Myxococcus virescens
(DSM 15898) (Hoffmann et al., 2005). The
identification of a culturable
microorganism as a source of a sponge
natural  product was a significant
advancement, and creates a sustainable
source of natural products. The Crews
research group at UCSC has successfully
used M. virescens to generate bengamide
analogs for extensive biological screenings
(Johnson et al., 2012), efforts that would
have otherwise been slowed by the need to
collect additional sponge material.

Psymberin, and its related analogs, are
another fascinating example of connecting
a sponge derived natural product with
bacterial biosynthetic machinery.
Psymberin has a complex polyketide
structure that was first isolated from a
Psammocinia species (Cichewicz et al.,
2004). An identical structure, named
irciniastain A, was also isolated nearly
simultaneously from the sponge Iricinia
ramose (Pettit et al., 2004). Psymberin is
selectively cytotoxic against certain human
cancer cell lines and is remarkably potent.
A 2010 study showed that psymberin
inhibits protein translation and induces
activation of stress-activated protein
kinases, likely mediated by mitochondrial-
derived reactive oxygen species (Chinen et
al., 2010). The exact mechanism of cell
death was not elucidated. A more recent
study, published in 2012, explored the
mode-of-action of psymberin through the
use of the nematode Caenorhabditis
elegans (Wu et al., 2012). Ethyl
methanesulfonate was used to randomly
mutate the nematodes. Mutants that
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exhibited drug-resistance each contained
the same point mutation in the ribosomal
large subunit protein. Wu and coworkers
showed that the psymberin-resistant
mutants were not resistant to mycalamide
A, a structurally related compound which
binds to a homologus protein in archea,
suggesting that the compounds bind
differently to the same target. Over a
decade after its discovery, exciting work on
synthetic analogs and further mechanism of
action studies continue on psymberin. Its
impressive cytotoxicity and encouraging
preclinical efficacy data highlight the need
for continued studies.

Interestingly, psymberin and its related
analogs also provide one of the first
insights into the genetic basis of sponge
natural products produced by bacterial
associants. Psymberin is a member of the
pederin class of compounds. This class
consists of a complex polyketide core and
variable polyketide or amino acid tails.
Pederin was first isolated in 1953 from a
collection of 25 million beetles and its
structure was later determined in the 1960s
(Bielitza & Pietruszka, 2013). Decades
later, compounds with remarkably similar
structures were discovered. Shown below
in Fig. 5 (pl. 4), examples include the
mycalamides, onnamides, and icadamide
(Perry et al., 1988; Sakemi et al., 1988;
Shinde et al., 2007). This cross phylum
structural parallel suggested that a
microbial symbiont is responsible for the
production of this class of compounds.

To determine the true producer of these
compounds, work was begun to isolate and
analyze the gene clusters responsible for
these metabolites. First, the pederin
biosynthetic cluster was isolated from an
uncultured symbiont of the Paederus sp.
beetle in 2002 (Piel, 2002). Later, Piel and
coworkers analyzed the metagenome of
Theonella swinhoei, a Japanese sponge that
contains onnamide A (Piel et al., 20044, b,
2005). From this sponge, genes with nearly
identical structure to the pederin gene
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cluster were found. Neither the beetle nor
the sponge-derived gene clusters contained
any features typical of eukaryotic genes. A
2009 publication later isolated the gene
cluster responsible for the production of
psymberin from the sponge Psammocinia
aff. bulbosa (Fisch et al., 2009). Like the
pederin and onnamide A clusters, the gene
features were exclusively bacterial in
nature. These findings clearly suggest a
bacterial symbiont is responsible for the
production of this class of compounds. It is
intriguing to consider how a marine sponge
and a terrestrial beetle could evolve to
contain the same bacterial symbiont and
what evolutionary advantage is conferred to
the sponge.

As the most biologically diverse marine
region in the world, the Coral Triangle and
the part of it that is represented in Indonesia
and Wallacea contains an extensive number
of sponge species and in turn, a large
number of potentially pharmacologically
relevant sponge-derived natural products.
Coral reefs and sponge communities are
dwindling worldwide due to exposure to
ecological and anthropogenic threats. The
ecological and pharmacological impacts of
a decreased sponge population would be
devastating. Continued studies of microbial
symbionts as a source of new natural
products is increasingly important. By
identifying the bacterial producers of
sponge-derived natural products sustainable
sources of these compounds can be
developed with minimal impact on the
sponge community. Currently, this process
is somewhat limited by the observation that
thus far, most sponge-associated bacteria
have not yet been cultured in a laboratory
setting. Culture independent methods, such
as heterologous expression of secondary
metabolite  producing gene  clusters,
represent another method of accessing
natural products produced by sponge
symbionts. These methods are explored in
reviews by others (Brady et al., 2009; Uria
& Piel, 2009; Piel, 2011). Identifying the
bacterial sources of sponge-derived natural
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products is more than just an intellectual
pursuit. This research is vital to the
protection and continued health of the
sponges in Wallacea and the wider
Indonesian section of the Coral Triangle.

Literature cited

Barber, P. H., 2009. The challenge of
understanding  the  Coral  Triangle
biodiversity hotspot. Journal of
Biogeography, 36: 1845-1846.

Barber, P. H., S. R. Palumbi, M. V.
Ergmann, and M. V. Moosa, 2000.
Biogeography: A marine Wallace’s line?
Nature, 406: 692—693.

Bergmann, W. and D. C. Burke, 1955.
Contributions to the study of marine
products 39. The nucleosides of sponges 3.
Spongothymidine  and  spongouridine.
Journal of Organic Chemistry, 20: 1501-
1507.

Bergmann, W. and D. C. Burke, 1956.
Contributions to the study of marine
products 40. The nucleosides of sponges 4.
Spongosine. Journal of Organic Chemistry,
21: 226-228.

Bielitza, M. and J. Pietruszka, 2013. The
psymberin story — biological properties and
approaches toward total and analogue
syntheses. Angewandte Chemie
International Edition, 52: 10960-10985.

Blunt, J., J. Buckingham, and M. Munro,
2012. Taxonomy and marine natural
products reseaerch. In: Fattorusso, E., W.
H. Gerwick, and O. Taglialatela-Scafati
(eds.). Handbook of Marine Natural
Products, Springer, Amsterdamn: 3-54.

Brady, S. F., L. Simmons, J. H. Kim, and
Schmidt, E. W., 2009. Metagenomic
approaches to natural products from free-
living and symbiotic organisms. Natural
Product Reports, 26: 1488-1503.

138

Carpenter, K. E., P. H. Barber, E. D.
Crandell, M. C. A. Ablan-Lagman,
Ambriyanto, G. N. Mahardika, B. M.
Majaji-Matsumoto, M. A. Juinio-Mefiez,
M. D. Santos, C. J. Starger, and A. H. A.
Toha, 2011. Comparative Phylogeography
of the Coral Triangle and Implications for
Marine Management. Journal of Marine
Biology, 2011: d0i:10.1155/2011/39698

Chinen, T., Y. Nagumo, T. Watanabe, I.
Imaizumi, M. Shibuya, T. Kataoka, N.
Kanoh, Y. Iwabuchi, and T. Usui, 2010.
Irciniastatin A induces JNK activation that
is involved in caspase-8-dependent
apoptosis via the mitochondrial pathway.
Toxicology Letters, 199: 341-346.

Cichewicz, R. H., F. Valeriote, and P.
Crews, 2004. Psymberin, a potent sponge-
derived cytotoxin from psammocinia
distantly related to the pederin family.
Organic Letters, 6: 1951-1954.

Clifton, J. and R. K. F. Unsworth, 2013.
Introduction. In: Clifton, J.,, R. K. F.
Unsworth, and D. J. Smith (eds.). Marine
Research and Conseration in the Coral
Triangle the Wakatobi National Park. Nova
Science Publishing.

Coello, L., F. Reyes, M. J. Martin, C.
Cuevas, and R. Fernandez, 2014. Isolation
and structures of pipecolidepsins A and B,
cytotoxic cyclic depsipeptides from the
madagascan sponge Homophymia
lamellosa. Journal of Natural Products, 77:
298-303.

Corley, D. G., R. Herb, R. E. Moore, P. J.
Scheuer, and V. J. Paul, 1988.
Laulimalides. New potent cytotoxic
macrolides from a marine sponge and a
nudibranch predator. Journal of Organic
Chemistry, 53: 3644-3646.

Crimmins, M. T., 2002. Synthetic

approaches to the microtubule stabilizing
agent (-)-laulimalide. Current Opinon in

TAPROBANICA VOL. 07: NO. 03



Proceedings of the Second International Conference on Alfred Russel Wallace and the Wallacea

Wakatobi - Indonesia, 10-13 November 2013

Drug Discovery & Development, 5: 944—
959.

De Voogd, N. J., D. F. R. Cleary, B. W.
Hoeksema, A. Noor, and R. W. M. Van
Soest, 2006. Sponge beta diversity in the
Spermonde Archipelago, SW Sulawesi,
Indonesia. Marine Ecology Progress
Series, 309: 131-142.

Dumez, H., H. Gall, R. Capdeville, C.
Dutreix, A. T. Van Oosterom, and G.
Giaccone, 2007. A phase 1 and
pharmacokinetic ~ study of LAF389
administered to patients with advanced
cancer. Anticancer Drugs, 18: 219-25.

Evans, J. S., J. H. Hunter, K. R. Forsblad,
E. A. Musser, and G. D. Mengel, 1961.

Antitumor activity of 1-beta-D-
arabinofuranosylcytosine  hydrochloride.
Proceedings of the  Society for

Experimental Biology & Medicine, 106:
350.

Faulkner, D. J., 1992. Marine natural
products. Natural Product Reports, 9: 323—
364.

Fisch, K. M., C. Gurgui, N. Heycke, S. A.
Van Der Sar, S. A. Anderson, V. L. Webb,
S. Taudien, M. Platzer, B. K. Rubio, S. J.
Robinson, P. Crews, and J. Piel, 2009.
Polyketide assembly lines of uncultivated
sponge symbionts from structure-based
gene targeting. Nature Chemical Biology,
5:494-501.

Garcia-Ruiz, C. and F. Sarabia, 2014.
Chemistry and biology of bengamides and
bangazoles, bioactive natural products from
Jaspis sponges. Marine Drugs, 12: 1580-
1622

Hentschel, U., J. Hopke, M. Horn, A. B.
Friedrich, M. Wagner, J. Hacker, and B. S.
Moore, 2002. Molecular evidence for a
uniform microbial community in sponges
from different oceans. Applied &

139

Environmental Microbiology, 68: 4431-
4440.

Hirata, Y. and D. Uemura, 1986.
Halichondrins antitumor  polyether
macrolides. Pure & Applied Chemistry, 58:
701-710.

Hochmuth, T., H. Niederkrger, C. Gernert,
A. Siegl, S. Taudien, M. Platzer, P. Crews,
U. Hentschel, and J. Piel, 2010. Linking
chemical and microbial diversity in marine
sponges: possible role for poribacteria as
producers of methyl-branched fatty acids.
ChemBioChem, 11: 2572-2578.

Hoffmann, H., S. Haag-Richter, M. Kurz,
and H. Tietgen, 2005. Bengamide
derivatives, method for the production
thereof and use thereof for the treatment of
cancer. PCT International Application, 19
May 2005.

Imhoff, J. F. and R. Stéhr, 2003. Sponge-
associated bacteria: general overview and
special aspects of bacteria associated with
Halichondria panicea. In: Muller, W. G.
(ed.). Sponges (Porifera). Springer, Berlin:
35-54.

Johnson, T. A., J. Sohn, Y. M. Vaske, K. N.
White, T. L. Cohen, H. C. Vervoort, H. C.
K. Tenney, F. A. Valeriote, L. F. Bjeldanes,
and P. Crews, 2012. Myxobacteria versus
sponge-derived alkaloids: The bengamide

family identified as potent immune
modulating agents by scrutiny of LC-
MS/ELSD libraries.  Bioorganic &

Medicinal Chemistry, 20: 4348-4355.

Johnson, T. A. K. Tenney, R. H.
Cichewicz, B. I. Morinaka, K. N. White, T.
Amagata, B. Subramanian, J. Media, S. L.
Mooberry, F. A. Valeriote, and P. Crews,

2007. Sponge-Derived Fijianolide
Polyketide Class: Further Evaluation of
Their  Structural and  Cytotoxicity

Properties. Journal of Medicinal Chemistry,
50: 3795-3803.

TAPROBANICA VOL. 07: NO. 03



Proceedings of the Second International Conference on Alfred Russel Wallace and the Wallacea

Wakatobi - Indonesia, 10-13 November 2013

Karin, M., Y. Yamamoto, and Q.M. Wang,
2004. The IKK NF-[kappa]B system: a
treasure trove for drug development.
Nature Reviews Drug Discovery, 3: 17-26.

Kinder, F. R., R. W. Versace, K. W. Bair, J.
M. Bontempo, D. Cesarz, S. Chen, P.
Crews, A. M. Czuchta, C. T. Jagoe, Y.
Mou, R. Nemzek, P. E. Phillips, L. D. Tran,
R. Wang, S. Weltchek, and S. Zabludoff,
2001. Synthesis and Antitumor Activity of
Ester-Modified Analogues of Bengamide
B. Journal of Medicinal Chemistry, 44:
3692—-3699.

Kobayashi, J. and M. Ishibashi, 1993.
Bioactive metabolites of symbiotic marine
microorganisms. Chemical Reviews, 93:
1753-1769.

Laport, M. S., O. C. Santos, and G. Muricy,
2009. Marine sponges: potential sources of
new  antimicrobial  drugs.  Current
Pharmaceutical Biotechnology, 10: 86—
105.

Lee, W. W., A. Benitez, L. Goodman, and
B. R. Baker, 1960. Potential anticancer
agents 1. XL. Synthesis of the p-aomer of
9-(D-arabinofuranosyl)-adenine. Journal of
the American Chemical Society, 82: 2648—
2649.

Liu, J., M. J. Towle, H. Cheng, P. Saxton,
C. Reardon, J. Wu, E. A. Murphy, G.
Kuznetsov, C. W. Johannes, M. R.
Tremblay, H. Zhao, M. Pesant, F. G. Fang,
M. W. Vermeulen, B. M. Gallagher Jr., and
B. A. Littlefield, 2007. In vitro and in vivo
anticancer activities of synthetic (-)-
laulimalide, a marine natural product
microtubule stabilizing agent. Anticancer
Research, 27: 1509-18.

Martinez-Diez, M., M. J. Guillén-Navarro,
B. Pera, B. P. Bouchet, J. F. Martinez-Leal,
|. Barasoain, C. Cuevas, J. M. Andreu, L.
F. Garcia-Fernandez, J. F. Diaz, P. Avilés,
and C. M. Galmarini, 2014. PM060184, a
new tubulin binding agent with potent

antitumor activity including P-glycoprotein
over-expressing  tumors.  Biochemical
Pharmacology, 88: 291-302.

Miller, J. R. and R. J. Hobbs, 2002.
Conservation where people live and work.
Conservation Biology, 16: 330-337.

Mooberry, S. L., G. Tien, A. H. Hernandez,
A. Plubrukarn, and B. S. Davidson, 1999.
Laulimalide and isolaulimalide, new
paclitaxel-like ~ microtubule  stabilizing
agents. Cancer Research, 59: 653-660.

Muller, W. E. and |I. M. Muller, 2003.
Analysis of the sponge [Porifera] gene
repertoire: implications for the evolution of
the metazoan body plan. Progress in
Molecular & Subcelluar Biology, 37: 1-33.

Mulzer, J. and E. Ohler, 2003.
Microtubule-stabilizing marine metabolite
laulimalide and its derivatives: synthetic
approaches and  antitumor  activity.
Chemical Reviews, 103: 3753-3786.

Mulzer, J., E. Ohler, V. S. Enev, and M.
Hanbauer, 2002. Grubbs' RCM in the total
synthesis of the microtubule stabilizing
drug laulimalide. Advanced Synthesis &
Catalysis, 344: 573-584.

Myers, N., R. A. Mittermeier, C. G.
Mittermeier, G. A. B. Da Fonseca, and J.
Kent, 2000. Biodiversity hotspots for
conservation priorities. Nature, 403: 853-
858.

Perry, N. B., J. W. Blunt, M. H. G. Munro,
and L. K. Pannell, 1988. Mycalamide A, an
antiviral compound from a New Zealand
sponge of the genus Mycale. Journal of the
American Chemical Society, 110: 4850-
4851.

Pettit, G. R., J. P. Xu, J. C. Chapuis, R. K.
Pettit, L. P. Tackett, D. L. Doubek, J. N.
Hooper, and J. M Schmidt, 2004.
Antineoplastic agents. 520. Isolation and
structure of irciniastatins A and B from the

TAPROBANICA VOL. 07: NO. 03



Proceedings of the Second International Conference on Alfred Russel Wallace and the Wallacea

Wakatobi - Indonesia, 10-13 November 2013

Indo-Pacific marine sponge Ircinia ramosa.
Journal of Medicinal Chemistry, 47: 1149—
52.

Piel, J., 2002. A polyketide synthase-
peptide synthetase gene cluster from an
uncultured bacterial symbiont of Paederus
beetles. Proceedings of the National
Academy of Sciences, 99: 14002-14007.

Piel, J., 2011. Approaches to capturing and
designing  biologically  active  small
molecules  produced by uncultured
microbes. Annual Review of Microbiology,
65: 431-453.

Piel, J., D. Butzke, N. Fusetani, D. Hui, M.
Platzer, G. Wen, and S. Matsunaga, 2005.
Exploring the chemistry of uncultivated
bacterial symbionts: antitumor polyketides
of the pederin family. Journal of Natural
Products, 68: 472-479.

Piel, J., D. Hui, N. Fusetani, and S.
Matsunaga, 2004a. Targeting modular
polyketide synthases with iteratively acting
acyltransferases from metagenomes of
uncultured bacterial consortia.
Environmental Microbiology, 6: 921-927.

Piel, J., D. Hui, G. Wen, D. Butzke, M.
Platzer, N. Fusetani, and S. Matsunaga,
2004b. Antitumor polyketide biosynthesis
by an uncultivated bacterial symbiont of the
marine sponge  Theonella  swinhoei.
Proceedings of the National Academy of
Sciences of the United States of America,
101: 16222-16227.

Prota, A. E., K. Bargsten, P. T. Northcote,
M. Marsh, K. H. Altmann, J. H. Miller, J.
F. Diaz, and M. O. Steinmetz, 2014.
Structural Basis of Microtubule
Stabilization by Laulimalide and Peloruside
A. Angewandte Chemie International
Edition, 53, 1621-1625.

Pryor, D. E., A. O'Brate, G. Bilcer, J. F.
Diaz, Y. Wang, Y. Wang, M. Kabaki, M.
K. Jung, J. M. Andreu, A. K. Ghosh, P.

141

Giannakakou, and E. Hamel, 2002. The
microtubule stabilizing agent laulimalide
does not bind in the taxoid site, kills cells
resistant to paclitaxel and epothilones, and
may not require its epoxide moiety for
activity. Biochemistry, 41: 9109-9115.

Quinoa, E., M. Adamczeski, P. Crews, and
G. J. Bakus, 1986. Bengamides,
heterocyclic anthelmintics from a Jaspidae
marine sponge. The Journal of Organic
Chemistry, 51: 4494-4497.

Quinoa, E., Y. Kakou, and P. Crews,1988.
Fijianolides, polyketide heterocycles from a
marine sponge. The Journal of Organic
Chemistry, 53: 3642-3644.

Rocha-Lima, C. M., S. Bayraktar, J.
Macintyre, L. Raez, A. M Flores, A.
Ferrell, E. H. Rubin, E. A. Poplin, A. R.
Tan, A. Lucarelli, and N. Zojwalla, 2012. A
phase 1 trial of E7974 administered on day
1 of a 21-day cycle in patients with
advanced solid tumors. Cancer, 118: 4262—
4270.

Sakemi, S., T. Ichiba, S. Kohmoto, G.
Saucy, and T. Higa, 1988. Isolation and
structure elucidation of onnamide A, a new
bioactive metabolite of a marine sponge,
Theonella sp. Journal of the American
Chemical Society, 110: 4851-4853.

Schmitt, S., P. Tsai, J. Bell, J. Fromont, M.
llan, N. Lindquist, T. Perez, A. Rodrigo, P.
J. Schupp, J. Vacelet, N. Webster, U.
Hentschel, and M. W. Taylor, 2012.
Assessing the complex sponge microbiota:
core, variable and species-specific bacterial
communities in marine sponges. ISME
Journal, 6: 564-576.

Shinde, P. B., T. A. Mansoor, X. Luo, J.
Hong, C. Lee, L. H. Jung, 2007. Cytotoxic
polyketides from the marine sponge
Discodermia calyx. Bulletin of the Korean
Chemical Society, 28: 990-994.

TAPROBANICA VOL. 07: NO. 03



Proceedings of the Second International Conference on Alfred Russel Wallace and the Wallacea

Wakatobi - Indonesia, 10-13 November 2013

Talpir, R., Y. Benayahu, Y. Kashman, L.
Pannell, and M. Schleyer, 1994.
Hemiasterlin and geodiamolide TA; two
new cytotoxic peptides from the marine
sponge Hemiasterella minor (Kirkpatrick).
Tetrahedron Letters, 35: 4453-4456.

Taylor, M. W., R. T. Hill, J. Piel, R. W.
Thacker, and U. Hentschel, 2007a. Soaking
it up: the complex lives of marine sponges
and their microbial associates. ISME
Journal, 1: 187-190.

Taylor, M. W., R. Radax, D. Steger, and M.
Wagner, 2007b. Sponge-associated
microorganisms: evolution, ecology, and
biotechnological potential. Microbiology &
Molecular Biology Reviews, 71: 295-347.

Towle, M. J., K. Salvato, J. Budrow, B. F.
Wels, G. Kuznetsov, K. K. Aalfs, S. Welsh,
W. Zheng, B. M. Seletsky, M. H. Palme,
G. J. Habgood, L. A. Singer, L. V.
Dipietro, Y. Wang, J. J. Chen, D. A
Quincy, A. Davis, K. Yoshimatsu, Y.
Kishi, M. J. Yu, and B. A. Littlefield, 2001.
In vitro and in vivo anticancer activities of
synthetic macrocyclic ketone analogues of
halichondrin B. Cancer Research, 61:
1013-1021.

Uria, A. and J. Piel, 2009. Cultivation-
independent approaches to investigate the
chemistry of marine symbiotic bacteria.
Phytochemistry Reviews, 8: 401-414.

Veron, J. N., L. Devantier, E. Turak, A.
Green, S. Kininmonth, M. Stafford-Smith,
and N. Peterson, 2011. The Coral Triangle.
In: Dubinsky, Z., N. Stambler (eds.). Coral
Reefs: An Ecosystem in Transition.
Springer, Netherlands, 47-55

Veron, J. E. N., L. M. Devantier, E. Turak,
A. L. Green, S. Kininmonth, M. Stafforf-
Smith, and N. Peterson, 2009. Delineating
the Coral Triangle. Galaxea, Journal of
Coral Reef Studies, 11: 91-100.

142

Worheide, G., A. M. Solé-Cava, and J. N.
A. Hooper, 2005. Biodiversity, molecular
ecology and phylogeography of marine
sponges:  patterns, implications and
outlooks. Integrative & Comparative
Biology, 45: 377-385.

Wu, C. -Y., Y. Feng, E. R. Cardenas, N.
Williams, P. E. Floreancig, J. K. De
Brabander, and M. G. Roth, 2012. Studies
toward the unique pederin family member
psymberin: structure—activity relationships,
biochemical studies, and genetics identify
the mode-of-action of psymberin. Journal
of the American Chemical Society, 134:
18998-19003.

Wulff, J., 2012. Ecological interactions and
the distribution, abundance and diversity of
sponges. In: Becerro, M.A., M.J. Uriz, M.
Maldonado, and X. Turon (eds.). Advances
in Sponge Science: Phylogeny, Systemics,
Ecology. 61: 273-334.

TAPROBANICA VOL. 07: NO. 03



PLATE 1

|:| Western cladogenic distribution

I:‘ Central cladogenic distribution
D Papua cladogenic distribution

E] Phylogeographoc break

X EI Wallace line

Figure 1: Map of the Indonesia Coral Triangle region with biodiversity hotspots identified. Divisions
were based based on the following: data in the literature (Carpenter et al., 2011), insights from the
Wallace Line, patterns of marine cladogenic distributions, and phylogeographic breaks within the
region.
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Figure 2: Visual representation of the sponge associated microbial communities. The bacteria listed
are grouped according to phylum. *Other bacteria include: Acidobacteria, Bacteroidetes, Deincoccus-
Thermus, Gemmatimonadetes, Lentisphaerae, Nitrospira, TM6, and other bacteria of uncertain
taxonomy.

TAPROBANICA VOL. 07: NO. 03






PLATE 2

Sponge Derived

HHN/ X

H2N
PM060184 Pipecolidepsin A p el I\/m

Phase | clinical trials Preclinical development
Cancer Cancer Wo/i

O 07 NH,
OH

Sponge Inspired/Related

NH, NH,

2% Q

Ho‘)_/"OH HOJ “OH

Eribulin mesylate (E7389) Vidarabine (Ara-A) (Vira-A®) Cytarabine (Ara-C) (Cytosar-U®)
(Halaven®) Sponge NP: Spongouridine Sponge NP: Spongothymidine
Sponge NP: Halichondrin B FDA approved FDA approved
FDA approved Antiviral Cancer

Cancer
OH OCH;,, O
LNJ)LQ ON/;V\YCOZH OH OH O ‘.‘\ .
(o]
E7974 LAF-389 {%

Sponge NP: Hemiasterlin Sponge NP: Bengamide B
Phase I clinical trial Phase | clinical trials
(completed) (discontinued)
Cancer Cancer

Figure 3: The molecular structures of therapeutics based on the biosynthetic products of sponges.
Compounds are grouped according to those actually isolated from sponges or those whose features
were inspired by compounds isolated from sponges
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Figure 4: (A) A collection of compounds isolated from Cacospongia mycofijiensis; (B) Summary of
natural products observed from C. mycofijiensis broken down by geographic location and sponge

morphotype.
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Figure 5: Bengamide class of compounds. Source organisms and year of initial isolation or synthesis

indicated where appropriate.
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Figure 5: The onnamide - psymberin class of sponge derived scaffolds. Also shown are selected
related metabolites along with their source organisms and the year of their first isolation.
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