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Deep-sea Natural Products

Abstract

This review covers the 390 novel marine natural products described to date from deep-water (>50
m)marine fauna, with details on the source organism, its depth and country of origin, along with
anyreported biological activity of the metabolites. Relevant synthetic studies on the deep-sea
naturalproducts have also been included.
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This review covers the 390 novel marine natural products described to date from deep-waler (>50 m)
marine fauna, with details on the source organism, its depth and country of origin, along with any
reported biological activity of the metabolites. Relevant synthetic studies on the deep-sea natural
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Daniclie Skropeta

1 Introduction

Over the past 50 years, approximately 20 000 natural products
have been reported from marine flora and fauna, and yet less
than 2% of those derive [tom deep-waler marine organisms.’
The vast oceans cover 70% of the world’s surface, with 95%
greater than 1000 m deep.? Although difficulty in accessing these
depths has previously hindered deep-sea research, today with
improved acoustic technology and greater access 1o submers-
ibles, deep-sea exploration is uncovering extensive deep-water
coral reefs that are home to a wealth of species on continental
shelves and seamounts world-wide {Fig. 1).* It has been esti-
mated that the number of species inhabiting the world’s oceans
may be as high as 10 million.* and the ocean fringe with its high
concentration of competing species was abways thought to have
the highest species diversity. On the contrary, recent analyses
have shown that the deep sea is one of the most biodiverse and
species-rich habitats on the planet, rivalling that of coral reels
and rainforests. Y

With over 60% of drugs on the market of natural origin,
natural products can be considered the foundation of the phar-
maceutical industry." Although in recent years the pharmaceu-
tical industry decreased its activity in this area, today natural
produci-based drug discovery is experiencing a renaissance,'* In
particutar, the marine environment, a rich sowrce of structurally
unigue, bioactive metabolites, has produced a number of drug
candidates thai are currently in clinical trials.'** In the ever-
expanding search for sources of new chemical diversity, the
exploration of deep-sea launa has emerged as a new frontier in
drug discovery and development.

Novel marine actinomycetes oblained from deep oceanic
sediments such as the Mariana trench {10 898 m), are a promising
source of new and unexplored chemical diversity for drug
discovery.*™" Blunl er o/* have recorded an approximate
doubling in the freguency of cytotoxicity towards the P388
murine tumour cell ling from a single deep-water collection at
a depth of 100 m off Chasam Rise, New Zealand, compared to
the average activity of >5000 shaliow-waler cotlections over a 13
year periad. Deep-sea hydrothermal vents® and cold-seeps®
where nutrient-rich fluid seeps from the sea oor, are host to high
levels of micrebial diversity that are currently being explored as
sources of unique Bocatalysts able 1o withstand high pressure
and variable temperatures. ™%
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Fig. 1

Deep-sea marine fauna. (A) A Bolocera sp, ancmone {500 m depth, Barents Sea, Norway); (B) A community of anemones, hydroids and corals

{100 m depth, North Sea, UK); (C) The basket star Gorganocephalus cupiimedusae (930 m depth, Norway); (D) A colony of the deep-water coral
Laphelia perasa (100 m depth, North Sea, UK). [Images courtesy of SERPENT Project, Southampton, UK].

There are vastly different environmental conditions and
oceanographic parameters al play in the deep-sea (Fig. 2).3%7
Pressure increases by | atm for every 10 m below sea level,
thereby varying from 10 atm at the shelf-slope interface to
=1000 atm in the deepest part of the wenches. Consequently,
species inhabiting these depths must adaptl their biochemical
machinery 1o cope with such pressures. Temperatures taper off
rapidly with increasing depth down o ~2 “C at bathal depths of
=>2000 m. As lower temperalures reduce the rates of chemical
reactions, deep-sea species must adjust their biochemical
processes to function at depressed temperatures. Light penetra-
tion decreases exponentially with depth, such that befow 250 m
essentialiy no Light penetrates. In the dark, cold depths of the
ocean, vision becomes less important, and it is presumed that
chemoreception and mechanoreceplion play greater roles. The
near-bottom current is much slower in the deep sea compared 1o
shaflow-waler with speeds of around 10 em s7' at bathyal depths
and 4 cm s7' at abyssal depths, The average metabolic rates and
growth rales are lower than shallow-water species, however the
fatier is closely aligned to food availability. In the deep-sea the
pH is typically around 8% and the salinity about 35% and
therefore entirely marine, with o relatively low level of variability.
The sediment comprises weathered rock washed into the sea by
wind and rivers, as well as planktonic material oblained from
the water above ?"?

Deep-sea organisms survive under extreme conditions in the
absence of light, under low levels of oxygen and intensely high
pressures, all of which may affect their primary metabolic
pathways and consequently their secondary metabolites.*"*? For

Lhis reason, deep-sea fauna are expecied 1o have a greater genetic
diversity (han their shallow-water counterparts, and a higher
probability of containing structurally unigue metabolites.

The extraordinarily high evel of diversity of deep-sea benthic
fauna has been well known, and the mechanism 10 explain it
hotly debated, since the 1960s.%372¢ Sofl-botiom deep-sea fauna
are found Lo be similar at the higher taxonomic level 1o shallow-
waler fauna and consist primarily of megafauna such as
echinoderms (sea cucumbers. star fish, brittle stars) and anem-
ones; macrofauna such as polychaetes, bivalve molluscs, isopods,
amphipods and other crusiacen; and meiofauna which primarily
comprise foraminilers, nematodes and copepods, while hard-
bottom deep-sea fauna are dominated by sponges and enidarians
(soft corals, gorgonians). At the species level, however, deep-sea
fauna are found to contain a high number of single rare species,
with more than half being new to science, and with some taxa
comprising almost entirely of new species. In addition, many
of the species are found to exclusively inhabit the deep sea,
with high levels of biodiversity extending 1o abyssal depths of
5000 m. >

Recent sampling expeditions by the ANDEEP (Antarctic
benthic deep-sea biodiversity) project in the Southern QOcean
deep sea revealed extremely high levels of biodiversity across
a range ol taxz including melo-, macro- and megafauna, with the
highest levets of species richness amongst the first two. In general,
abundance decreased with increasing depth, while species rich-
ness increased with the highest number of species {ound al
bathyal depths of 3000 m. Depth and biogeography trends were
found to vary Letween taxa, and there was an apparent higher
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Fig. 2 World occan bathymetric map.®® The vast occans cover 70% of the world’s surface, with 98% greater than 1000 m deep.

species richness for many taxa of the Southern ocean compared
to the Arctic deep sea.”

This review describes the 390 novel natural products isolated
to date from deep-sea fauna. The deep sea is variably defined as
commencing at depths of anywhere between 100 and 1000 m;?
however, for the purposes of this review deep-sea fauna are
defined as those inhabiting depths of greater (han 30 m, in order
Lo inctude those fauna beyond the depths of scuba. The majority
of deep-sea natural products included in this review have been
isolated from deep-sea sponges, echinoderms and microorgan-
isms obtained using manned submersibles, or from commercial
and scientific dredging and trawling operations, and emanate
from tropical, temperafe and polar regions. Herein, where no
biological activily is ascribed to a particular metabolite it is
because no such data have yet been reported.

2  Reviews

Cold-water marine natural products isclated from organisms
collected from habitats below 4 °C were covered for the first time
in 2007 by Baker ¢t ¢, in a review that included some deep-water
examples.*™} In 2004, Laurent and Pietra reviewed the natural
product diversity of the New Caledonian marine ecosystem,
inciuding deep-water sponges.®™ In 2001, a list of deep-water
marine natural products appears in Pietra’s book Biodiversity
and Netwal Product Diversing® Tn 2001, Capon published
a minireview on natural products isclated from Australian
marine sponges obtained from trawling operations.® Tn 1998,
Bewley and FFaulkner reviewed lithistid sponge metabolites from

T Some of the cold-water marine natural products reviewed by Baker
ef al ¥ were isolated from deep-water habitats, and those compounds,
pacsslering A-B (£7-18), the 10-hydroxydocosapolyenoic acids (40-42),
carolisterols A-C (66-68), guaymascl (108) and epiguaymasol (109),
a ¢yelie tetrapeptide (111}, streptokordin (112), y-indomycinone (113),
caprofactins  A-B (120-121),  macrolacling  A-FF (122-129),
(+)-formylanserinone B (135). {—)-cpoxyserinone A (136) and its
cnantiomer, hydroxymethylanserinone B (137) and deoxyanserinone 13
(138), have been included here for completeness.

both shallow and deep-water habitats.*' To the best of the
author’s knowledge, this is the first comprehensive review to
focus solely on marine natural producets isolated lrom deep-sea
(=50 m) fauna.

3 Decp-sea life

Life in the deep sea involves exposure 1o high hydrostatic
pressures and low temperatures, requiring its inhabitants to
adapt their genetic, biochemical and physiological processes and
presenting unigue challenges in terms of gene regulation, strue-
ture and function of proteins and other cellular compenents,
and metabolism and physiology.** A number of deep-sea
psychrophilic  (cold-loving) and  thermophilic (heat-loving)
microorganisms have been isolated, and their mechanisms of
adapting to high pressure,*™ and either cold temperatures {in
the majority of the deep sea)®*? or high temperatures (around
hydrothermal vents),>"**** have been weli documented. In
contrasl, there is a paucity of lilerature surrounding the adap-
fation ol marine invertebrates fo deep-sea life. It is beyond
the scope of this review 1o cover the diverse range of adaptive
mechanisms reported for deep-sea fauna; however, some of
the key data that has emerged regarding gene regulation,
macromoiecular structure and metabolisr in the deep sea have
been summarized below.

Intense investigation into the plezophilic psychrophile
Shewanella viclacea, a bacterium iselated from deep-sea sediment
frem the Ryukyu Trench at a depth of 5110 m,* has revealed
much about its metabolic pathways. Shewanella violacea survives
al atmospheric pressure, bul as with several other piezophilic
microorganisms, i{ shows enhanced growth at pressures above
atmospheric pressure. Isolation of the genes encoding for the
biosynthesis of a number of enzymes, including cytochromes {bd,
Ca, Cp) S plutamine synthetase,™ and RNA polymerase®™ have
revealed that the expression of these components is pressure-
regulated. A terminal oxidase (d-1ype cytochrome) in the respi-
ratory pathway of S, vielacea 1s also expressed at high pressure,
resulting in an altered lipid membrane composition that it is

This journal is € The Royal Society of Chemistry 2008
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more pressure resistant,® while dihydrofolate reductase isolated
from: the bacteria has shown increasing activity with increasing
pressures up Lo 100 MPa.% Pressure-regulated genes have also
been discovered in the deep-sea bacterium Photobacterium sp.
(strain §59), including the genes for the outer membrane protein
ompH and the porin-like protein ompL.** Furthermore,
computalional studies on the polyketide synthase pathway have
revealed that high pressure may have a beneficial effect on certain
secondary metabolic pathways over others,*

The high pressures experienced by deep-sea organisms are
expected to affect the conformational shape of proteins and
membranes, and (heir associated activity and  binding
processes. A range of thermophilic and psychrophitic enzymes
have been isolated from deep-sea microorganisms, including
a-glucosidase from the deep-sea bacterium Geovbecilius from the
Mariana Trench,* e-amylase and lipase from the actinomycete
Nocardiopsis and  the bacterium  Psyclrobacrer  respectively
(both obtained from deep-sea sediment from Prydz Bay, Ant-
arctica®™™) and the genes encoding the cold-adapted chaper-
cnes DnaK and Dnal from (he deep-sea psychrotrophic
bacterium  Psendoalieromonas sp. SM9913, have also been
characterised.™”

It has been lound that proteing in thermophilic organisms,
relative (o thelr mesophilic counterparts, show differences in
amino ackd seguences and 3D structure, such as increased
stabilization of e-helices, a greater [raction of proline and
B-branched residues and lewer uncharged polar residues, along
with increased protein stabilization through crucial electrostatic
interactions and a heightened role for molecular chaperones, in
particular the heat shock proteins. %7 Conversely, psychro-
philic proteins and enzymes display a reduced number of inter-
actions involved in protein stability such as decreased proline
residues and salt bridges, thereby leading to increased flexi-
bility. #1272 Other mechanisms of cold-adapiation®? include the
presence of antifreeze proteins™™ increased levels of trimethyl-
amine oxides™” and incorporation of exopolysaccharides into
microbial cell membranes.™””

Membranes comprising tetracther lipids such as those found in
deep-sea archaca appear more resistant to higher temperatures
than bacterial lipids consisting of labile ester linkages. Moreover,
deep-sea organisms have been found lo modulate their
membrane fuidity and stabilization, through eclements such as
the incorporation of high levels of polyunsaturated fatly acids,*®
and the bacterial genes responsible for the biosynthesis of
polyunsaturated fatty acids in deep-sea bacteria have also been
reported.™

In the absence of photosynthesis, chemosynthesis is the
dominant metabelic pathway in the deep sea. The genome
sequence of the deep-sea y-protobacterium fdiomaring loiliensis
reveals that the organisin obtains its energy from catabolism of
amino acids rather than sugar fermentation.™ Other deep-sea
invertebrates are involved in highly specialized symbiotic
associations, such the hydrothermal-vent-inhabiting tube worm
Riftie pachypiife, which is entively dependent on a suilur-
oxidizing, endosymbiotic bacterium for the de rovo biosynthesis
of pyrimidines,”™ and the deep-sea nematode Stilbonema sp.,
which refies on nitrate reduction by ectosymbiotic bacteria as an
alternalive electron aceepior o oxygen, thereby allowing it o
inhabil deeper, anoxic sedimenis.® Taken together, the above

adaptions 1o deep-sea life and their eflect on gene regulation and
primary and secondary metabolic pathways are certain Lo give
rise Lo a wealth of interesting new marine natural products.

4 Bryozoa

The colonial bryozoans (moss animals, lace corals) are well
represented in the marine environment, with over 5000 species
described, ranging from shallow-water species to those living at
depths of over 4000 m.*™* The secondary melabolites of
bryozoans have been reviewed elsewhere,® ™ and although
shallow-water species have [urnished such medicinally imporiant
compounds as the anti-cancer agent bryostalin 1 isolated from
Bugula neritina ¥ there appear 1o be no reports 4s yet on the
isolation, characterisation or bioactivity of secondary metabo-
lites from deep-sea bryczoans,

5 Chordata (ascidians)

Shallow-water ascidians, comprising over 2000 known species,
have yielded a diverse array of biologically impoeriant metabo-
lites™! including anticancer agents such as didemnin B from
Tridiclermmm yolidum, diazonamide from Digzona angulaia, and
the recently approved anticancer drug ectinascidian 743 from
Eeteinascidia nurbinara ' Deep-water ascidians, which have
been well documented from botl the Atlantic and Pacific oceans
and up to depths of over 8000 m,**?% present a potentially rich
source of inleresting new metabolites. To date, only two repor(s
on the secondary metabolites of deep-water ascidians have
been reported.

A deep-waier lunicate belonging 10 the genus Aplidium,
collected by trawhing in the Great Australian Bight, has yielded
the novel macrolides lobatamides A-F (1-6).7%*7 The structures
of aplidites E-G, described earlier from the same sponge
specimen,™ were revised and the metabelites renamed as the
lobatamides G-I (7-9).'* The lobatamides are structurally
related to the salicylihalamides isolated from a Haliclona species
of sponge, but differing by the presence of the unique conjugated
oxime methyt ether. The lobatamides, which were also obtained
from shallow-water collections of Aplidium lobanen (SW Aus-
trabia) and an unidentified Philippine ascidian, exhibited signifi-
cant cylotoxicity in the NCI 60 human tumour cell line screen,
and are the subject of several recent total syntheses. *

The deep-sea ascidian Rivierella rete, collected by dredging at
a depth of 300 m on the Norfolk Ridge, New Catedonia, was
found Lo contain six new cytotoxic dendrolasin-lype hydroxyi-
aled sesquiterpenes (10-15), which are the first examples of
[uranoterpenes from a marine tunicate,'™

6 Cnidaria

The phylum Caidaria, comprising of the four classes Hydrozoa
(hydroids), Anthozoa (anemones, corals, sea pens), Scyphoza
(ellyfish), and Cuboza (box jellyfish), are well represented in
the deep sea. Cmidarians are the second largest source (after
sponges) of new marine natural products reported each year,
with a predominance of terpenoid metabolites. ™" Herein, ol
the four coidarian classes, only a small handful of examples
have been reported on the secondary metabolites produced by

1134 | Nat. Prod. Rep., 2008, 25, 1131-1166
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deep-sea anthozoans, namely from the orders Alcyonacea
(octocorals, soft corals, gorgonians), Scleractinia (stony corals),
along with one example from the class Scyphoza.

Class Authozoa

The Anthoroan class comprises anemones, soft corals, and sea
pens, with around 6300 species known across the world, mostly
from the vropics. Shallow-water anthozoans have produced
a range ol biomedically important compounds including the
sarcodictyins  from the Mediterranean coral  Sarcocictyon
rosenm, eleutherobin (rom the Australian octacoral Flentherobia
sp., and the pseudopterosing from the soft coral Pseudapter-

agorgia elisabethae \2*

Order Aleyonacea. Papakusterol (16), from the Hawalian
“papaki” for ocean floor, 18 a cyclopropyl-containing 22-dehy-
dro-24,26-cyclocholesterol obtained from a deep-sea gorgonian
mixture, including an Acanthagorgia species, collected by mini-
submersible off Makapuu, Hawail, at a depth of 300-350 m. '™

w -

o

16 papukasterol

The sub-Anlarctic solt coral Afeyonim paessieri, collected
from the South Georgia islands by deep-water netling at a depth
of 200 m, has yielded the novel sesquiterpenes paesslerins A and
B {17, 18), comprising a previously unreporied tncyelic skeleton
and exhibiting moderate cytotoxicity.'”™ However, the total
synthesis of 17 has cast doubts on its proposed structure.'

A b

AcO i

17 paessierin A 18 paesslerin 8

The deep-sea gorgonian Coralfitun sp., collected at 350 m
depth off Makapuu, Qahu, Hawaii, was found to contain five
new diterpenes, coraxeniolide A-C (19-21), coraxeniolide €' (22)
and corabohcin (23), which are structurally related 1o the xeni-
cins, isolated lrom soft corals and brown algae.™ The total
synthesis of coraxeniolide A (19) has been reported.'™ Another
novel xeniclide, the diterpene arboxeniolide-1 (24), was isolated
lrom the gorgonian Paragorgia arboreq, recovered from a depth
of 280 m by trawling operations west of the Crozef Islands, South
Indian Ocean.'™

A deep-sea gorgonian of the genus Paramuricea, collected off
the northwest coast of Curacao at a depth of 342 m by manned
submersible, has furnished the known compound linderazulene
{25}, along with two new members of the series, 26 and 27."° The
linderazutenes 25-27 exhibited mild cylotoxicily against the
murine P388 leukemia cell line.

This journal is © The Royal Society of Chemistry 2008
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linderazulenes

25 R=Me
26 R=COMe
27 R=CHC

Three novel halogenated azulenes (28-30), along witlh N, A-
dimethylamine-3-guaiazulenylmethane (31), were isolated from
a Dblue gorgonian (Paramuriceidac family), collected from
Oalu, Hawaii, at 350 m depth using a submersible "' while
the yellow pigment (32), was isolated as a minor metabolite
of the gorgonian Plucogargia sp., retrieved from the same
location. ™

28 Ry=Cl Ry = H 3 32
29 Ry =Br, Ry=H
30 Ry=H, Rp=Br

Order Scleractinia, The scleraclinian stony corals are reefl-
building corals with arcund 800 species deseribed world-wide,
predominantly from shallow waters.® Scleractinians have a wide
distribution and have been recorded from Antarctlica 1o Norway,
and dewn te depths of 6200 m.'** The first secondary metabolites
described from a deep-water scleraclinian coral were the novel
cholic-acid-lype 3-keto steroids 33-37 isolated from the Pacilic
coral species Deltocyariies magnificus collected by trawling near
the Loyally Islands al a depth of 463 m."™ Along with the novel
steroids 33-37, three other known steroidal natural products
were obtained. I should be noted that all compounds apart from
33 were obtained after diazomethane treatment.

The same group found that the Mediterranean scleractinian
coral Dendrophyllic cornigers contained a complex mixture of

‘.., {//\%/COQH
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Erees
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33 R=

34 R=

B-glucesylceramides (§-GleCer) (38) with a high degree of
heterogeneity in botlr the sphingoid moiety (418:2, 19:2, 20:2,
20:3) and the g-hydroxy fauy acid chain (C19-C24),'"* Four of
the major B-GicCer metabolites of the dendrophylliid coral,
collected by dredging at 162 m in northern Corsica, Liguirian Sea,
corresponded 1o the ophidiacerebrosides A-T) isolated [rom the
shallow-waler sea star Ophidiaster ophidicnnes from the Balearic
Islands, Spain.''®

HO. Rs
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A further specimen of D. cornigera, collected al a depth of
80 m near the island of Serifos, Mediterranean Sea, was lound to
conlain the novel (20R)-22F-cholesta-4,22-diene-3,6-dione (39),
together with three known 3-keto steroids.’”

PR
H
P PN Rt 39
J\ fo| A
o] J\!
o

Deep-water corals belonging to the genus Lophelia (Fig. Yand
Madrepora are found at depths of 30 10 2000 m, ranging from the
Atlantic to the Indian Ocean, and have been well studied, in
terms of their range, distribution and phylogeny."®'"" A spec-
imen of Madrepora oculuta recovered near St Paul Island
(S Indian Ocean) by trawling at a depth of 290 m, has yielded the
novel 10-hydroxydocosapolyenoic acids 40-42, along with other
known  10-hydroxydocosa- and  &-hydroxyeicosa-polyenoic
acids, ' while the same coral species collected in Trondheims!-
jord, Norway, by dredging at 350-380 m depth, gave 40 and 42.
Of the other deep-waler scleractinians surveyed in the same
study, including Letepsanunia formosissima {depth 430 m),
Deloeyathus magnificus (depth 463 m), Siephanocyatus spiniger
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(depth 480 m), and Javania lampraticem (depth 561 m) Mrom the
Loyaity Istands (Pacific Ocean). only the NE Atlantic Lyophelia
pertuga (depth 765 m) was found 1o contain hydroxypolyenocic
acids.

— P COuH
" ’,\\‘:l"/\\\\\//\\c:/\ —
HO 40
e /::;;;.:\/\COZH
N N N

HO 44
T \//\/\/COQH
V/\\Q/L‘l'jf\\//:;,\\ PN
HO 42

Order Zoanthidea, The Puacific gold coral, the colonial
anemone Gerardia sp., collected at a depth of 350 m from Hawaii
by minisubmersible, has been reported to produce two new
fluorescent nitrogenous pigments, pseudozoanthoxanthing | and
1T (43-44), both derivatives of tetraazacyclopentazulene.'®

N MeN-—.
W N 1
N- \%/ N
S
T

43 R=Me
44 R=H

MeRN NHy

Class Scyphoza

The scyphozan class consists of around 250 known species af
jellyiish, Coclenterazine (45) is an imidopyrazinone-containing
metabolite connected fo the luminescence of several deep-sea
fauna, including  the  bioluminescent  jellyfish  Anquorea
avgriorea,'™ (ke sea pansy Renilla reniformis,'® and the deep-sea
shrimp Oplophorus gracilorostris.™ Coelenterazine possesses
strong antioxidant properties and provides protection [rom
oxidative stress to cells,® and is a key component ol several

chemiluminescent assays,'**

An analysis of the lipid component of §1 specimens of deep-sea
corals revealed six major lipid classes, including sterols, free fatty
acids, triacylglycerols, monoalkyldiacyl glycerol, wax, and sterol
esters. Compared to their shallow-water counterparts, the deep-
sea corals contlained fewer lipids.'?”

T Echinoderms

The most abundant species of inverlebrate fauna found in the
deep sea are the echinoderms (sea urchins, sea cucumbers, sea
stars), which are considered to be among the most mumerous
species on earth based on the sheer volume of deep-sea floor,
Echinoderms, of which there are over 6000 species known world-
wide. arc a prolific source of bioactive glycosyiated metabolites.
in particular saponins and glycolipids.**'*%* As with shallow-
water echinoderms, the deep-waler echinoderms are dominated
by steroidal metabolites.

Class Asteroidea

Asteroids {sea stars, starfish) have a wide geographical spread.
ranging from the poles to the tropics, and from shallow-water o
depths of over 4708 m. Shatlow-water asteroids are welf known
as a rich source ol steroidal metabolites, in particular steroidal
oligoglycosides.""'! Deep-sea asleroids have also proven a rich
source of novel sterols. Tor example, the starfish Hemvicia
downeyae, vetrieved from offshore waters (80 m depth) in the
northern Gulll of Mexico, was found 1o produee thirteen novel
(46-58) steroidal glycosides, all containing a glucurenic acid
moiety atypical lor echinoderm glycosides. A further seven
known steroidal metabolites were isolated, and the extract of the
starfish showed potent antimicrebial activity, '3

The Pacific starfish [rom
dredging in the Philippine Sea at 400-600 m depth, was found (o
contain lour new steroidal glycosides, the mediasterosides M,
(593, M, {60), M, (61), and M, (62), and the known Sa-choles-
tane-38,6(3,8,1 5%, 163,26-hexaol, Mediaslerosides 89-62 contain
rare |-+35 glycosidically linked carbohydrale moieties. and
mediasterosides 59 and 60 were found to inhibit the division of
fertilized sea urchin eggs.*™

Three new polvhydroxylated sterols (63-65), along with two
known steroids, were iselated from a Pacific deep-water starfish,
Rosaster sp., obtained at a depth of 400--560 m off Noumea, New
Caledonia.'” Stercid 64 displayed moderate antifungal activity
towards Cladosporium cucrmerinum.

Specimens of the deep-water starfish  Sreracaster  careli
collected at 2000 m depth in New Caledonian waters were found
lo contain a complex mixture of novel polyhydroxysieroids,
including the carolisterols A-C (66-68)," various 38.5,6p-
trihydroxystereids  (69-76)'* and two minor metabolites
with a novel 24-ethyl-25-hydroxy-26-sulfoxycholestane skeleton
(771-18).%

The “living  fossil™  starlish - Tremasrer  novaecaledomiae,
collected at a depth of 330 m (New Caledonia), has lurnished
a range of novel polvhydroxysicroids including the steroids
79-81, four 38,6u-disulfated stercids 82-85, and lour unigue
polyhydroxysteroids, 1he steroid 86 and the glycosylated frem-
asterols A—C (87-89), possessing both sulfation and phosphor-
ylation, 310

Mediaster  nrrayi, oblained

Class Crinoidea

The class Crincidea comprises around 100 species of sea lilies
{stalked crinoids) and leather stars (stalkless crinoids), which
have been found from Antarctica to the tropics, and [rom
shatlow-water 10 hadal depths.'*' The so-catled “living fossil”
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stalked crinoid Gymnocrinus richeri, retrieved Trom  bathal
depths of 320 m, lrom Norfolk Ridge, New Caledonia, yielded
the novel brominated phenanthroperylenequinone pigments,
gymnochromes A-D (90-93) and isogymnochrame D (94,
considered to be conserved traits from Jurassic crinoids. '

Class Lchinoidea

Echinoids (sea urchins} are found in both shaliow- and
deep-waler and are widely distributed from the polar regions to
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the tropics. Although several shallow-water urchin metabolites
have been described, to dafe there is only one exampie from the
deep sea. The sea urchin Eehinocardium cordatum, collected at
400 m depth off the Heda coast of the 1zu Peninsula, Japan, was
found to produce the novel hedathiosulfonic acids A (95) and B
(96). constituting the first isolation of thiosulfonic acids from
echinoderm species,"™'* The sullur-oxidising bacteria Thiothrix
sp. has, however, been demonstrated as having a symbiotic
relationship with £. cordanmi™® and may be the actual source of
the novel compounds, which have been patented due 10 their
potent antibacterial, antitumour and antifouling activities,"*

Class Holothuroidea

Holothureids (sea cucumbers) have a wide geographical
distribution, ranging from Antarctica to the tropics and from
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shallow-watler to abyssal depths of 3400 m." The sccondary
metabolites  of  shallow-water holothuroids have been
reviewed,'™ and (wo examples of deep-sea cucumber metabolites
have appeared in the Hiterature. The North Pacific sca cucumber
Psewdostichipus trachus, collected by deep-water trawling at
300 m in the Pacific Ocean near the Kuril Fslands. was found to
conlzin a nevel sulfated triterpence glycoside, pseudostichoposide
B (%7, along with the known pseudostichoposide A (98)."*!*

ToOR=H
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The same group described another specimen of Northern
Pacific sca cucumber, Synallactes nozawad, oblained at 540 m
depth by bottom trawling in the Sea of JTapan, which yielded the
synallactosides Al (99), A2 (106), Bl (101), B2 (102), and C
(103), the first report of friterpene glycosides from the family
Svnallactidae. The novel synaliactosides A2-C (100-103) possess
carbohydrate chains that were previously undescribed among sea
cucumber glycosides, '™
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Class Ophiurocidea

Deep-water ophiuroids were first reported in the eurly 199
century, and have since been found to inhabit all oceans, and
down 10 depths of over 7600 m."*' Aithough shallow-waler
ophiuroids are well known,"* up until now there have been no
secondary metabolites described from deep-water ophiuroids.

8 Microorganisms

Marine microorganisms are well known as a rich source of
diverse and structurally unique metabolites.'* 3% In recent
vears, development of methods for sampling, identification and
successfui culturing of deep-sea microorganisms have uncovered
a new regource for drug discovery, '™

Anne
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Archaca

An anaerobic culture of the aschaeon Thermaococcus sp.,
collected from a deep-sea hydrothermal vent, has yielded 1he
novel glycerol ether lipid 2,3-di-O-dihydro-i4,15-geranylger-
anylgiycerol (104), accompanied by the known lipids, diphylanyl
glycerol and dibiphytanyi diglycerol,'** while the lipid fraction of
further spectes of hydrothermal vent archae, such as Thernro-
cocers hvdrothermeadis isolated from an active chimney on the
East Pacific Rise, were also found 1o comprise diphytanylglycerol
and dibiphylanyldigiycerol  ethers.’* %7 Another deep-sea
hydrothermal vent archacon, the methanogen Methanococcus

Jannasehil isolated from black smoker sediment at he East

Pacific Rise, was found to contain the novel macrocyclic ether
105, with variabie lipid compositions at different temperatures
and pressure,!81e

Bacteria

In 1987, the culture broth of the marine bacteria Alreromoncs
haloplankiis, isolated from deep-sea mud collected at a depth of
3300 m off the coust of Aomori Prefecture, Japan, was lfound to
produce the novel siderophore bisucaberin (106), which rendered
lumour cells sensitive 1o macrophage-mediated cytolysis, !
Bisucaberin has been the subject of a total synthesis,’* and ils
method of production and use as a antitumour agent has been
patented.'®*

The culture broth of a Bacilfus deep-sea floor species obtained
[rom a sediment core at 124 m deep near the Guaymas Basin,
Mexico, was found to contain the novel moderalely cylotoxic
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cyclic acyipeptide halobacillin (107), a member of the iturin class
of natural products,’® while the same group identified 1wo novel
aromatic triols, guaymasoi {108) and epiguaymasol (109), along
with the known ketodiol guaymasone, from a second Baciliug
sediment species obtained by drilling at 1834 n1 in the Guaymas
Basin.'*® A {urther Pacific sediment Becifhes sp. {5059 m depth)
vielded the novel cylotoxic phenazine derivative (110) with
a unique {4,221 ring system, accompanied by six known
compounds, '

HO
NH L\ CH
2 - y
i OH
e £ Y u 108 guaymasol
------ NH AN
It G e
Y—NH 0 L<hen, PN
. 0 5
O“"\ H i OH ¢
: 109 epiguaymasol
HN}/\ IOL N E pg Vi
’ H o [n N
ZaN 1 e .t -~
(0] N (HN C ‘ - ‘: :E \\j/
H/ H //\\ -‘."‘N \ﬁ/
HOQC o N ‘j 0

1G7 halobacillin

The culture broth of a Nocardiopsis sp. actinomyceie obtained
from 3000 m deep, benthic sediment from the Clarion-Clipper-
ton Fracture Zone, vielded a novel eyclic tetrapeptide, cycio(l.-
isoleucyl-L-prolyl-L-leucyl-1-proiyl) (111). along with several
diketopiperazines *** Although the crude extract showed signifi-
cant cyfoloxicity, the purificd metabolite was inactive.

T 0 o%r;m
fOHN_ L0 D d
> ™
N /IW/
144 v)

The culture broth of an actinomycete strain belonging 1o the
Strepromyces genus collected from deep-sea sediment at Ayu
Trough, Pacific Geean, was found o contain the novel methyl-
pyridine streptokordin {112), along with the known compounds
nonactic acid, dilactone, trilactone, and nonactin.'™ Strepto-
kordin (112} displayed significant cylotoxicity againsl seven
human cancer cell lines {1Cs, <10 pg mL 9 but did not exhibit
antibacterial or antifungal activity. Fermentation of another
Streproniyees sp. obtained from a 4680 m deep sediment core off
the coast of Majure, Marshall Tslands, provided a new plur-
amy¢in metabolite, y-indomyemone (113), along with the known
metabolites rubiflavinene C-1 and  B-indomycinone.!™ The
pluramyein class of antibiotics had only previously been isclated

lrom terrestrial Strepromyees spyp.
HO‘-\/\

o oH O o/\\
HN'/E K/J“ /’\
]\\ |
e wr\”

[¢]

112 sireptokordin 143 - mdomyc nong

An actinomycele, Verrucosispora sp., oblained at a depth of
289 m in the Sea of Fapan, was found to contain the unique
polyeychic antibiotics, the abyssomicing B-D 114-16.""" The
structure and relative stereochemistry of the abyssomicins was
confirmed by Xeray crystallography, and the absolule sterco-
chemistry deduced using the Mosher and Helmchen method.
Abyssomicin C (116) was found Lo inhibit the pare-aminobenzoic
acid/tetrahydrofolale biosynthetic pathway, and exhibited strong
activity lowards Gram-pesilive bacteria.'™

abyssomicins

14

A new genus of actinomycete isolated from 152 m deep-sea
sediment (La Jolla, California) has furnished the cytotoxic
chloro-dihydroguinones 117-119, with 1Cs, values of 2.40 and
0.97 pg mL7' for 117 and 118 respectively, against human HCT-
116 colon carcinoma cells, along with two known chlorinated
dihydroguinones.!” 17 The compounds also displayed potent
antibacterial activity towards vancomycein-resistant Enterococens
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Sfueciun (VREF), and methicillin-resistant Stapfiviococcus aurens

(MRSA) with MIC values ranging [rom 1.95-15.6 pg mL.~!
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Two new cytoloxic caprofactams, caprolaciing A (120) and B
(121), were isolated as an inseparable mixiure from the culture
broth of an unidentified Gram-positive bacterium obtained rom
5065 m deep ocean sediment from the Central Pacific Basin, the
deepest reporied sample from which a new natural product has
been isolated.’™ The structure of the caprelacting has been
confirmed by synthesis, and both exhibit significant cyiotoxicity
against human KB (epidermal) and LoVo {colorectal) tumour
cell lines, as well as moderate antiviral activity against Herpes
simplex virus-IF (HSV-11).
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The antimicrobial macrolacting A-F (122-127), along with
macrolactinic acid (128) and isomacrolactinic acid  (129),
were isolated from an  unclassifiable deep-sea  bacterium
obtained from & 980 m deep sedimen: sample from the Nerth
Pacific.’” The macrolacting have been elegantly reviewed by
Baker ¢r al¥’

TFungi

The deep-sea fungus Aspergiflus sydowi, obtained at a depth of
1000 m, was lfound to produce (wo novel pyranone (130} and
chromenone (131) metabolites, with the latter compound
exhibiting significant cylotoxicily towards the murine P388 cell
line (1Csq 0.14 pM).P% Six known natural products were also
isolated (rom the same sample.

Three new compounds, p-hydroxyphenopyrrozin (132) and
the diketopiperazings (133-134), have been obtained from the
culture broth of a marine-derived fungus Chromocleisia sp. iso-
lated from 70 m deep sediment from the Gull of Mexico.*™ Other
known naturai products, including phencpyrrozin, four diketo-
piperazines, N-aceiyliryptamine and agathic acid, were obtained
from the same sample.

OR,
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The cytotoxic pentaketides (+)}-formylanserinone B (135) and
{-)-epoxyserinone A {136) {and i1s enanliomer) along with
minor amounis of hydroxymethylanserinone B (137) and deox-
vanserinone B (138) and the known anserinones A and B, were
isclated from a salt-water culiure of two Pemicillitn corylophilun:
fungal strains obtained from a 1335 m deep sediment grab
between Fiji and Matuka, '#-#2
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The culture broth of a deep-water fungus Penictllivm rubriim
Stoll, obtained al a depth of 270 m from Berkeley Pit Lake, an
cpen-pit copper mine in Montana, USA, has yielded several
novel metabolites, including berketeydione (139) and berkeley-
trione (1400, the berkeleyacetals A-C (145-143)1;" and the
berkeleyamides A-D (144-147)."% All seven of the hybrid poly-
ketide—terpenoid metabolites (139-147) were found to inhibit
MMEP-3 and caspase-1 activity.

A deep-sea fungus, Phidlocephala sp.. oblained at a depth of
5059 m, has yiekded the novel metabolite trisorbicillinone A
(148), bearing a unigue (rimeric sorhicillin skeleton, and exhib-
iting significant cytotoxicity towards murine P388 and HLGO
cells (TCsy 9.10 and 3.14 M, respectively). ™7 The same group
identified a further two new antincoplastic antibiotic bisorbi-
cilfinoids rom the same sample, designated oxosorbiquinot (149)
and dihydrooxesorbiquinol (150).'%%

9  Mollusca

The deep-sea bivalve Cahyprogena sovoue, collected at a depth of
1100 m {rom a cold seep in Sagami Bay, Japan, has furnished the
known phytosterols 24-methyvlenecycloartanal, cycloeucalenol,
and obtusifeliol, while the bivalve Bathyiodiolus septemeierion,
retrieved from 1244 m deep hydrothermal vents al Myaojin Knoll,
Japan, was found to conlain more diverse sterols, including 6a.-
chlorostigmastane-38,58-diol, Su.8«-epidioxycholest-6-en-3-ol
and  5o,6B-dihydroxystigmastan-3-O-B-glycopyranoside, along
with cholesterol, cholestanol and lathosterol.™

10 Porifera (sponges)

Sponges are the largest source of new marine natural products
reported annuaily™ =" and they have been providing a smor-
gasbord of bioactive compounds for the pharmaceutical industry
since the 19505, including the natural product analegue cytosine
arabinoside (rom the Caribbean sponge Tethya orypla,
halichondrin B from the Japanese sponge Halichondria okadai,
discodermolide from the <Caribbean sponge Discodermia
disselira and agelasphin from Agelas mauritianus. > Sponges
are extremely well represented in the marine environment, with
over 7000 species described, ranging from shallow-water 1o those
inhabiting depths of over 8000 m, with some deep-water species
adopting carnivorous  behaviour.'™'™  Sponge metabolites,
predominantly from shallow-water species, have been reviewed
previously. ¥ Deep-water species of marine sponge, having
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already provided impertant anticancer agents such as halichon-
drin and discodermelide,' are certain Lo be a rich new source of
biologicaily and structurally interesting melecules,

Order Astrophorida

A purple-coloured, cytotoxic acridine alkaloid, dercitin (151),
was iselated from a Caribbean marine sponge, Dercitus sp.,
coliected &t a depth of 160 m from Goulding Cay, Bahamas,
using a manned submersible.'™ Dericitin (151), a pentacyclic
aromalic alkaloid with a unique thiazole-containing fused-ring,
was found to possess potent i vitre antilumour, antiviral and
immunomedulatory activity, along with jn vive antitumour
activity."® Further cytlotoxic, fused-ring acridine alkaloids have
been isolaled from deep-water pachastrellid sponges, including
cyclodercitin (152), a minor constituent of the sponge Dercinies
sp., along with nordercitin (153), dercitamide (154} and dercit-
amine (155), from Stellerta sp.t* However, afler publication of
the structures of the related kuanciamines A-D [rom an
unidentified tunicate and its molluscan predator Chelynotus
senper,'” the regiochemisiry of the thiazole ring of the dercitin-
related alkaloids was revised to give the corrected structures as
156-160 respectively, with dercitamide {154) having the identical
structure 1o kuanoiamine C'%8

Two novel (ritepene glysosides, the trigalacioside eryloside C
{161) and the tetragalacloside eryvloside D {162), were reporied
by Minale er gl as metabolites of a deep-water Pacific sponge
belonging (o the genus £ryfuy, retvieved from 300 m depih rom
southern New Caledonia.'

A southern Australian Geodia sponge species obtained from
the Great Australian Bight by epibenthic sled at a depth of 51 m,
yielded a novel macrocyclic polyketide, geodin A Mg sall (163),
which exhibited /n vitio nematocidal activity lowards Haemon-
chus contortts (LDgy 1 pg mL~1) 20
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The pachastrellid  sponge  Lamellomoipha  strongylara,
obtained by benthic dredging at a depth of 80-100 m off the
Chatham Rise, New Zealand, has yielded three distinet classes of
cytotoxic compouads: he first characterised by the known
catyculins A, B, E, and F and the novel derivalives
calyculimamides A (164) and B (165); the second by the novel
swinholide derivative swinolide M (166); and the third by
a 36-membered ring cyclic peplolide, theonellapeptolide Hle
{167).2%2* The velated theonellapeptolides T and 11 were isolated
from the shallow-water sponge Theonella swinhoei 2™

Bioassay-guided isolation of the deep-water sponge Poe-
eillasora laminaris, coltected at a depth of 750 m in the Philippine
Sea, furnished the novel sullated steroid annasterol sullate (168),
a potent inhibitor of glucanase activity. ™

Bioassay-guided purification of extracts of the deep-water
marine sponge P. sollusi led 1o the isolation of six new sesqgui-
terpene-derived compounds, the sollasins A=IF (169-174), which
display both antifungal and cyloloxic activily when tested
against Candida albicans and Cryptococcns neoformans, and
murine P388 (leukemia) and human A349 (lung} tumour cell
tines respectively. The marine sponge sample was collecled at
a depth of 375 m from Little Inagua Island, Bahamas, using
a manned submersible.™

The deep-water sponge Poecillustra sp., collected from Grand
Balama Estand at a depth of 359 m by manned submersible, has
furnished the potent antitumour macrofide lactam poecillastrin
A (175),27 along with trace amounts of poecillastrin B (176) and
C (177).2% Poecillastrin D (178) was oblained, along with poe-
cillastrin C (177), from the deep-sea sponge Jaspis serpenting,
collected by dredging in Japanese waters.® The poeecillastrins,
novel 33-membered polyketide-derived macrolide lactams dis-
playing potent cyloloxicity, are structurally related 1o (he
chondropsin lactams, which have been isolated from a variety of
sponge genera, including Ireinia and Chondropsis sp 2021

The pachastrellid sponge Sroeba extensa, collected by dredging
at 160 m depth at Oshima-Shinsone, Japan, has vielded a novel
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furanosesierpene, shinsonefuran (179), which paossesses a new
carbon skeleton and significant cytotoxic activity {owards Hel.g
cells (ICsq 16 pg ml')2"2

The deep-water sponge Stelleta sp.. retrieved from a deptly of
700 m in the Coral Sea, was found to elaborate stigmastane-lype
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sterones and sterols, stigmasta-4,24(25)-dien-3-one ((+)-180},
and stigmasta-4,24(25)-diene-3,6-dione ((—)-181), with a C24-
(25 doubie bond, unprecedented in marine sterols.
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Order Dendroceratida

The sponge Denidrilla cactos, obtained during deep-sea trawling
operations in Bass Strait, Australia, was found o produce the
novel alkaloids lametlarin O (182) and P (183) with moderate
antibiotic activity,”* while another specimen of Dendrilla sp.,
collected at a depth of 1000 m by trawling in the Great Australian
Bight, was found 10 elaborate the new amino acid eis-3-hydroxy-
N-methyl-L-proline (184), as 2 highly abundant metabolite.

COCH;y OH

Re ~

[

E

%fN — N
Ir%/\:/ 3 [‘@“OCHa N o

o 0 e CHy

182 R=H [ameliarin O 184
483 R=CH lamellarin P

Bicassay-guided [ractionation of the sponge [uryspongia sp.,
retrieved from a depth of 130 m from the Great Australian Bight,
has yielded the new sesquiterpene quinones (185-186) and
sesquiterpene hydroquinones (187-188), with moderale growth
inhibHory activity towards the Gram-posilive bacterium Micio-

coceus fitea

Order Dictyoceratida

A deep-water marine sponge of the genus freinda, collected at
a depth of 119 w olT Fresh Creek, Andros, Bahamas, has yielded
a novel sesterterpene sulfate, sullficein (189), constituting a rare
example of an M N-dimethylguanidinium salt from a marine
source.®' Sulfircin (189), which is an  unusual furan-
bearing bicyclic structure with sulfation at C12, displays inhibi-
tory activily against the lungal pathogen C albicans (MIC =
25 ug mL ).

Further samples from the genus Zreinia, collected [rom the
Norfolk Ridge, New Caledonia, at a depth of 425-500 m,
have Dbeen shown to produce the novel sulfated Ca
furanoterpenol, ircinol salfate  (190) and  hydroxylated

189 suifircin

2-heptaprenylhydroquinene (191), the latler showing tyrosine
prowein kinase and HIV-integrase inhibitory activity.?" In
addition, a range of prenyihydroquinone-4-suifates, prenylated
benzopyran sullates, prenylated hydroquinones, corresponding
quinones and three chromenols were isolated from the same
material, with (he majority of the metaboliles either known or
closely related 1o known marine natural products.*'®
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CH
OH ;
|
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OH 194

The spenge Luffaricfla geometrica, retrieved from a depth of
350 m from the Great Australian Bight, has yielded & vast arnay
of new terpencids including 14 bicyclic sesterterpenes, luffaring
A~-N (192-205), a bicyclic bisnorsesterterpene, luffarin O (206),
a monocyclic sesterterpene, luffarin P (207), six acyclic ses-
lerterpenes, tulfaring Q-V (208-213), two diterpenes, luffaring
W-X (214-215), and (two bisnorditerpenes iufTaring Y-Z (216~
217).2Y The enantiospeeific synthesis of Tuffarin W (214) has been
reported .
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The sponge Sercotragus spinalosus, oblained from trawling
operations at 400 m depth in the Tasman Sea, was found lo
contain the new nortriterpenoid geranyllfarnesytacetone (218),2
while a sponge belonging to the family Spongiidae, collected
from Chub Cay, Bahamas, al a depth of 800 m, was found 1o
elaborate the new sesquiterpene-~quinone, iscmetachromin (219),
along with the known metabolites, ilimaquinone and 5-epi-ili-
maquinone.®? Tsometachromin (219) displayed antimicrobial
aclivity, as well as in vitro cytotoxicily (owards human A349
(lung) tumour cells (JCsp 2.6 g mi~"), but not against murine
P388 (leukemia) celis.®*?

Order Hadromerida

The sponge Aapios ciliaia, collected by deep-sea dredging at 1506
m off Oshima-Shinsone, Japan, has yielded three new anti-
leishmanial lipopeplides, ciliatamides A-C (220-222).2

A novel bisnorditerpene, sigmosceptrin A (223), and two new
norditerpenes, sigmosceptring B {224) and C (225), were oblained
from the deep-sea sponge Sigmaosceprrelle sp., collected during
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218 geranyfarnesylacetone

212 isometachromin

trawling operations at depths of around 70 m in the Great
Australian Bight.#*
Order Halichondrida

The sesquiterpene phenols  {(S)-(+}curcuphenol (226) and
(S)-(+)-curcudiol (227) were isolated from the sponge Didiscus
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Slavus obtained from three different collections at depths of 3 m
(Long Island, Bahamas), 15 m (TurnefTe lslands, Belize), and
139 m {Hogsty Reef, Bahamas), respectively.®s (S)-{(+)-Curcu-
phenol (226) was found to exhibit amifungal activily towards C.
albicans (MIC 8 ug mL7"), as well as in vitro cyloloxicity towards
murine P388 (leukemia) cells (FCso 7 pg ml. ") and against
human A549 (lung), HCT-8 (colon), and MDAMB (mammary)
tumour cedl lines (MIC 10, 0.1, and &.1 ug mL ', respectively).?*
In a later article, 226 was also reported as exhibiting potent
antimalarial and antimicrobial activity, including against resis-
tant bacterial strains.® A sample of 226 isolaled from the same
genus of sponge (D, oxeawta) collected at a depth of 80 m (Rio
Buenoe, Jamaica} underwent micrebial transformations when
treated with Kluyveromyees marximies var. lactis to yield six new
hydrexycurcuphenols, while incubation with Aspergitfus afliv-
cens gave another three new derivatives, and fermentation with
Rhizopus arrhizus and Rhodotorula ghutines produced a glycosy-

.
H + ©OH
(\W@
2N

lated derivative,™
~ . 227

S\rﬁ

A Caribbean axinellid sponge, Dragiacidon sp., collected at
148 m depth by manned submersible from Sweetings Cay,
Bahamas, has yielded the unigue bis(indole) alkaloid, dragma-
cidin (228), comprising two indole rings and an unoxidized
piperazine ring.”?” This novel compound exhibited picomolar
cylotoxicity lowards murine P388 (leukemia) celt lines, as well as
against human A549 (ung), HCT-8 {colon) and MDAMB

(mammary) tumour cell lines.*” A further specimen of Drag-
nuicidon, collected by dredging at 300 m at Mont Sous Marin,
New Catedonia, has produced the novel bis(indole} alkaloid
nortopsentin 1D (229).2*% Although other topsentin-type alkaloids
(e.g. 239-241, see Jater) ofien display potent cytotoxic and anti-

fungal activity, nortopsentin D (229) was inactive when (ested in
22N

virro against human KB epidermal tumor cells

228 dragmacidin 229 noricpsentin D

In 1987, the sponge Epipolasis reiswigi, collecled by manned
submersible at a depth of 330 m from Venezuelan waters, was
reporied 10 contain the novel antiviral diterpenes reiswigins A
{230y and B (231), which exhibited potent in vitro activity against
HSV-1 and murine A39 hepatitis virug.™ The absolute and
relative conligurations were later assigned through an 8-step
enantiospecific synthesis. >

230 reiswigin A

231 reiswigin B

The axinellid sponge Phakellia cardins, oblained [rem a depth
of 330 m during commercial trawling operations in the Great
Austrabian Bight, was found to contain five new Cy; acetylenic
acids, carduusynes A-E (232-236), which displayed antimicro-
bial activity towards the Gram-positive bacteria Staphylococens
airens and a Microcoecns sp.**

The bis(indole) alkaloids topsentin (237) and bromotopsentin
(238) were isolated lrom a halichondrid sponge belonging 1o the
genus Spongosorites Topsent 1896, collected at a depth of 174 m
from Chub Cay, Bahamas, using a manned submersible.??? The
topsentins, which were found to display both antitumour and
antiviral activities,?? had previcusly been reported as metabo-
lites of the Mediterranean shallow-water spenge Topsentia
genirrix A Turther sponge specimen, S, ruetzleri, collected at
a depth of 460 m off Nassaw, Bahamas, by manned submersible,
has vyielded three unigue cytotoxic and antifungal alkaloids,
nortopsenting A-C (239-241), along with (opsentin (237) and
bromotopsentin {238),** whiie another deep-water sample of
Spongosorites sp., retrieved Mrom the South Australian coast
using a benthic sled, gave the novel isobromotopsentin (242),%%
The nortopsenting A-D (239-241, 229) have been the subject of
much synthetic effort,?® as have their analogues. 375

The bis(indote) alkaloid dragmacidin D {243) was oblained
from a Spongosorites sponge species collected by manned
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submersible at 70 m depth from York Bay, St Vincents, Grena-
dines. ™ Dragmacidin D (243}, which exhibils broad-spectrum
antimicrobial activity (against Exeherichia cofli, Bacillus subiilis,
Pseudomonas aeruginesa, Candida afbicans, and Cryprococcns
neoformans) as well us significant cytotoxicity towards P388 and
A54G cell lines (1Csy = 1.4 and 4.4 pg mi."', respectively),* has
been the subiect of several syntheses. ™! A further specimen of
Spongesorites sponge, coliected by trawling at 90 m depth off
the S Austraban coast, vielded a fluorescent yellow pigment,
dragmacidin £ (244), a potent inhibilor of serine—threonine
protein phosphatase 3

A relatively simple sesquilerpene isocyanide, stylotelline (245),
was obtlained from a halchendrid sponge belonging to the genus
Styfotetla, collected to the south-east of New Caledonia at
a depth of 250 m 2

244 dragmacidin £

~J

EN

245 stylotelline

The deep-sea sponge Topsentia ophirapfidites acquired rom
the Gulf of Mexico (168 m depth), has provided the bioactive
steroid ophirapstane! trisulfate (246}, which was [(ound to
inhibit the guanosine diphosphate/G-protein RAS exchange, ¥
while another Caribbean Topsentia species, collected al a depth
of 359 m off Grand Bahama Island, Bahamas, has yielded the
novel HIV-inhibitory slerol ibisterol sullate (247), containing
a A% otefin and Ct4 methylation.®**

A\

NaC,50 P ) .
4 Fi 246, ophirapstang! trisulfate
Na0,80" ™k
5 M \/’
080;Na
"‘-, /\ SN,

Na0,S0.
247, visterol risullale
NaQ;5C"

1
OS0,4Na

Order Haplosclerida

A sponge belonging to the genus Amphimedon, oblained from
a depth of 50 m by trawling operations in the Great Australian
Bight, was found 1o produce the novel macrocyclic lactone/
tactams amphilactams A-ID (248-251), with an unprecedenied
carbon skelefon.*® The amphilactams exhibited & virro nema-
tocidal activity.
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The novel pelyketides cladocrocin A (2523 and cladocereic acid
(253) were isolated from the sponge Cledocroce incurvara,
obtained by dredging at 300 m in southern New Caledonian

walers,™? while cytotoxicity-guided fractionation of the Carib-

bean sponge Cribrochaling vasculum, recovered from a depth of

174 m ofl Egg Island, Bahamas, gave a new long-chain acetylenic
alcobol, vasculyne (254).%
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A deep-sea sponge {Gellivs or Orina sp.) collected at a depth of
255-285 m 10 the north of New Caledonia (Grand Passage), has
yielded two new cytotoxic brominated tris-indole alkaloids,
gelliusines A and B (:£)-(2585) as an enantiomeric pair,” Further
studies on the same sample revealed four novel brominated
imdole alkatoids 256-259, along with the known indoie, 2,2-
bis(6'-bromo-3'-indolyliethylamine, previously oblained from
the tunicate Didemvnan candidiing "

A previously undescribed species of the sponge Philocadiciyon,
retrieved [rom a depth of 235 m by dragging operations at
Kaimon Mara Mountain, New Caledonia, has furnished the
novel cylotoxic antibacterial alkaloids phloecdictines A (260}
and B (261), containing an unprecedented 6-hydroxy-1,2,3,4-
tetrahydropyrrolof1,2-a)pyrimidinium  skeleton.®®' The same
group reported the isclation of further cylotoxic guanidine

T
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/o) g 7 NH,
HN\/\Q[N -.{'
G
N Br
H

(+/-)-255 geliiusines A and B

S NH,
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2
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H /“ 3
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259

alkaloids, phloecdictines A1-A7 (262-268) and phloeodictines
Cl1-C2 (269-27) [rom the same sponge specimen,®? while
additional phloeodictines hiave been reported from the shallow-
water haplosclerid sponge Oceanapiu fisiilosa.®** The seven-step
synthesis of phiceodictine Al (262) has been reported.®

The sponge Siphonodictyon coralliphagum, collected at a depth
of 60 m off ihe coast of San Salvador, Bahamas, has yielded
bis(sulfato)eyelosiphonodictyol A (271),%** while the sponge
Seronglyohpora hartmani from Goulding Cay, Bahamas (225 m
depth) gave a cyloloxic sesquilerpene-methylene quinone,
puupehenone (272}, previously isolated from shailow-waler
sponges (Hereronema and Iyriios).®

A unigue cyclopropyl-coniaining sterol ester (273), was
reported as a metabolite of the Cuaribbean deep-water sponge
Nestospongia sp., which was collected at a depth of 52 m in the
Bahamas, using a manned submersibie.*®” The sterol aster (273)
was inactive against P388 cells, C. afbicans and HSV-1,

Order Homosclerophorida

The piakinid sponge Corticium sp., obiained at 137 m depth lrom

Greal Inagua Tsland, Bahamas, has yielded an antilumour
pentacyctic aromatic atkaloid, meridine (274), eartier isolated

1150 | Nat. Prod. Rep,, 2008, 25, 1131-1166

This journal is @ The Royal Scciety of Chamistry 2008



HN ., NH,

NH Phlceodictine n; ns R

( m 260 A 0 9 CH,CH=CH,
- 262 A1 17 CHCH=CH,
263 A2 0 7 CH,CH=CH,
[/ 264 A3 1 5 CHyCH=CH,
265 A4 0 & CHCH=CH
V. fN\ 2 2
266 A5 1 4 CH,CH=CH,
N~ 267 A6 1 8 CHMe,
RV b 268 A7 0 8 CHMs,
HN . NH
NH, S
NH
HN (1,
HoN J i
= NH /
HN (
8 =N “-/N\\
e j I
~N. N~

261 phlocgodictine B 269 n = 1 phloecdictine €1

270 n = § phicecdictine C2

21 bis(sulfatoleyclosiphencdictyol A 272 puupehenane

o AT

273

from the South Australian shallow-water ascidian Amphicarpa
meridiona ™ While early studies reported that 274 exhibited
antifungal activity against €. aibicans, as well as activity against
Trichoplyton memtagrophyvies and Epidermophyton floceosum,*™
recent studies have revealed that 274 also intercalates DNA with
a significant  preference for quadruplex TNA Several
syntheses of 274 and its analogues have been described.20!-203
The first nataral product study on the sponge Plukinastrella
onkodes, collected from the Gull of Mexico by trawling at 73 m,
has revealed three new peroxylactones, plakortolides B-D (275-

277), and a new peroxy ester, epiplakinic acid E methyl ester
(278), along with a mixture of steroidai peroxides. Compounds
275, 277, and 278 exhibited cylotloxicity lowards the human
AS49 lung and murine P388 leukemia cell lines.®* Additional
peroxide and peroxylactone derivatives have been isolated from
a shallow-water Plakinastrefla species.>*
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The Palaun sponge Plakoriis nigra, collected at a depth of 116
m, was found to produce the B-carbolines plakortamines A-D
(279-282), along with the cyclic peroxides, epiplakinic acids G
and H (283-284), and related y-lactones, (285-286}, the majority
exhibiting cytotoxicily towards the human HCT-116 colon
carcinoma cel! iine {ICsq 0.16-15.0 pM).2

Order Lithistida

Lithistid sponges are weli kinown as a prolific source of biologi-
cally aclive compounds, including a diverse range of sterols,
macrolides, acelogenins, alkaloids, and peplides.” Lithistid
sponges are widely represented amongst the deeper water sponge
species, including from the genera Aciculites, Coratlistes, Dis-
catlermiia,  Leiadermativin,  Macandrewia,  Microscleroderma,
Neosiphonia, Pleroma and Reidispongia.

In 1983, Djerassi ¢7 ol described the isolation of pulchrasterol
(287) and other related sterols from the deep-water lithistid
sponge Aciculites pilehra, collected at a depth of 100-200 m by
dredging near Cape Reinga off the north-eastern coast of New
Zealand. "
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I 1989, the isolation of a new polynitrogen metabolite, cor-
allistine (288), was reported from the sponge Coraifistes firlvo-
desmus, oblained by dredging at a depth of 500 m in southern
New Caledonian waters.®® Around the same time, a further 300
m deep New Caledonian species of Coraflistes was described,
which yielded five porphyrin plgments, characierised by cor-
allistin A (289}, which showed some /n wire cytotoxicity towards
the human KB cell line (65% inhibition al 100 pg ml. ). In
later studies by the same group, Corallistes uncluleries, collected at
a depth of 316 m (New Caledonia}, was found to contain the
novet pteridine  (1'R,2'5)-6-(V,2-dihydroxypropyi)-} -methyl-
pteridine-2,4-dione ((—)-290), along with other known pleri-
dines, sterols and indole metabolites.*™ The total synthesis of
corallistin A has been described

A novel  brominated  amineimidazolinylindole,  dis-
codermindole (291), was isolated from the Carribean lithistid
sponge Discodermia polydiscus, collected at a depth of 185 m off
Chub Cay, Berry Islands, Bahamas.®™ Discodermindole (291)
exhibited significant in yitro cytotexicity against murine P388
and human A349 and HT-29 twmour cell lines. Other specimens
of D. polydiscus, obtained from the Bahamas at a depth of 170~
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7
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181 m, have vielded a new cylotoxic indole analogue,
G-hydroxydiscodermindole {292).2™ Another Caribbean sample
of Discodermia sp., collected from St. Lucia, Lesser Antilles, at
a depth of 274 m, produced a cytotoxic depsipeptide, poly-
discamide A (293), which was (ound to inhibil in vitro prolifer-
ation of the A549 (human lung) cancer cell line
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A new species of deep-water lithistid sponge belonging o the
Discoderiiia genus collected by manned submersible at a depth
of 180 m from Gouldings Cay, Bahamas, has yielded two novel
peplides, Lhe discobahamins A (294) and B (295), which showed
weak antifungal activity against C albicans.
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The deep-walter sponge Jereicopsis graphidiophora, collected in
northern New Caledonia (225 m depth) and identified as a new

genus, was lound 1o produce 1wo new, rare 3f-methoxy secos- ) Nucleus
tercids, jereisterols A (296) and B (297).%”7 A number ol novel 3f-

methoxysteroids with various nuclei (A% A7, A™00 A% AR 258 I/\\}/\/ R
coupled with common Cy-Cyp side chains (298-311), were T :
subsequently obtained from the lipid fraction of the same

sample, along with five novel 3B-methoxysteroids containing 299 mv/\/\'/ A8 306 3/ A7
oxygenated nuclei such as A7-9o, 1 la-cpoxy (312), A™ .8, 14u- ' ' o !

epoxy (313}, AST-ane (314), A™O-hydroxy (315), and A%14- 200 5’\/\\/ @ 307 T
hydroxy (316).%7% % e !

A new species of the rare deep-water marine sponge Leio- L
dernaifum, collected at a depth of 229 m in Palau using a manned 301 /\\\/J\/ A5 308 r/“\/ A Al
submersible, has vielded two cylotoxic macrolides, leiodotides A i e
(317) and B (318}, the first metabolites from this genus repre- H )\
senting a new class of 19-membered ring macrolides >™ Leiodo- 302 7 R TN 309 7 T a8
lide A (317) exhibited significant in vire cyloloxicily in the - ‘ v
National Cancer Institute’s 60 cell line panet with highest activity . N . j\
against the HL-60 leukemia and OVCAR-3 ovarian cancer cell 303 “r \‘/ ARt 310 V(\ T
lines.?” ' i '

The deep-water lithistid sponge  Macandrewia  azorica, 104 " r/’\/k(’ ABE) M4 T AT
collected at a depth of 600 m (rom (he edge of Gettysburg and P it

Ormonde Sea Mount, North Atlantic, has yielded the unusual
azoricasterel (319), along with S-methylergothioneine, as the
first reported metabolites (rom this genus, ™

The lithistid sponge Microselerodermg sp. has yielded the
microscleroderming A-1, a family of antifungal cyclic peplides
confaining glycing, N-methylglycine and  (3R)-4-amino-3-
hydroxybutyric acid, and various meieties such as a modified
tryptophan, a J-aminopyrroltidone-4-acetic acid and w-aromatic
J-amino-2.4,5-trihydroxyacids. Microsclerodermin A (320) and
B (321} were isolated from a specimen collected at 300 m depth
by dredging on the Norfolk Rise, New Caledenia, ™ whereas the
microscleroderming C~E  (not shown) were isolated from
shallow-water Theonella sp. and Microscleraderina sp. from the
Philippines.** A further specimen of Microscleroderma sp.
coliected at 125 m depth in Palau vielded the microsclerodermins
F-T (322-325).2 All members of the family showed significant
antifungal activity against C. afbicans, while microsclerodermins
F-T also displayed significant cytotoxicity against the HCT-116
{human colon) carcinoma cell line with 1Csy values ranging from
1.0-2.4 pg mL .

The novel macrolide neopeltolide (326) was recently obtained
from a lithistid sponge (family Neopeltidac) acquired at 442 m
depth off the NW coast of Jamaica. Neopeliolide (326) exhibited
potent inhibilory activity against both the fungal pathogen C
albicans (MIC 0.62 png mL~" and in vitro protiferation of murine

316

=3

This journaf is € The Royal Society of Chemistry 2008 Nat. Prod. Rep., 2008, 25, 1131-1166 | 1153



o]
/

OH O_\::_

318 letodolide B

HO 319 azoricasterol

P388 and human A349 tumour celi lines {ICs9 = 0.56 and 1.2 nM,
respectively).?

The cyclodepsipeptide neosiphoniamotide A (327),%° along
with the cylotoxic macrolides, superstolide A and B (328-329),
were isolated from the deep-water lithistid sponge Neosiphonia
superstes, oblained by dredging al a depth of 500515 m, off the
southern coast of New Caledonia, 2¥287

The same species of Neosiphonia collected at 500515 m on the
Norfolk Rise, New Caledonia, was found 1o contain the known
sphinxolide®™ as 1he major component, along with known
sphinxoiides B-DB™ and two novel 26-membered macrolides,
designated as sphinxolides E-F (330-331).* A sample of
ancther lithistid sponge, Reidispongia coerufea, collected at the
same time, produced the known metabolites reidispongiolides
A-B*' sphinxolides B-D, and minor amounts of two novel
macrolides, sphinxolide G (332) and reidispongolide C (333).2*
The sphinxolides and reidispongolides were found o be potent in
virre cyloloxic agents in the NCI human 60 cancer cell line
panel, and are bolh the subject of several ongoing synthetic
sludies. 32

Two novel bromindoles, ethyl 6-bromo-3-indolcarboxylate
(334) and 3-hydroxyacelal-6-bromoindole (335), were obtained
from the lithistid sponge Pleroma imenaui collecied at a depth of
500 m [rom the Coral Sea, Noumea.*®

Order Pocciloscierida

The sponge Arenochalina sp., collecled at a depth of 350-400 m
during a trawling expedition in the Greal Australian Bight,
yiclded the new alkaloid metabolites mirabiling A-F {336-
341)," while mirabilin G {342) was isolated from the deep-water
sponge Clariwia sp., retrieved off the coast of Cape Arid, Western
Australia, using an epibenthic sled.??
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(p-MeQ)Ph NN OH

320 R = OH microsclerodermin A
321 R=H microsclerodermin B

H e
4 O
e T ]
LN Ny OH
bl H OH
O
Ph = T e OH

322R=H  microsclerodermin F
323 R = CHa micresclerodermin G

Ay
A

324R=H microsclerodermin H
325 R = CHy microsclerodermin |

Discorhabdin # (343), a new member of the growing dis-
corhadbin family which comprise an iminquinone and either
a spiro-enone or spiro-dieneene unil, was isolated from a spenge
belonging 1o the Baizelle genus collected at a depth of 141 m
from the western Greal Bahama Bank, Bahamas.™ Dis-
corhabdin P (343), displays in vitro cytoloxicity against murine
P388 and human AS549 cancer cell lines, and inhibits both the

1154 | Nat. Prod. Rep., 2008, 25, 1131-1166

This journat is © The Royal Society of Chemistry 2008



OHC\ N OMe
O
a/ O
/\)\) Me /E\\
OMe OMe OMe
DMe O OMe .
Ohle
330 sphinxolide E
Ry
HOLC., WA/\[’ o}
Ry
3 OMe OR, OMe
OMe O OMe |
T S
SR - e \OMe
331 Ry = OMe. Ry = OH, Ry = H sphinxolide F
332 Ry=H Ry = OH, Ry =Me sphinxolide G
333Ry=H Ry =H Ry = Me redispongiclide C
0 o O\_‘”
- “on
- s
1 S ﬂ \\r N
{ - //\,//I\N
Br H Br H
334 335

phosphatase activity of calcineurin and the peptidase activily of
caspase CPP32.7 The antibacterial discorhabdin R (344) has
been isolated from two distinel marine sponges, an Antarctic
Laruncudia sp. and a southern Australian Negombara sp.,
coltected at depths of 544 m and 20 m respectively.®™ The cyto-
Loxic 5-S-methyl discorhabdins S~ {345-347), were oblained
from a further specimen of sponge from the Barzella genus also
collected at a depth of 141 m (Ocean Cay, Bahamas).** Both
discorhabdin P and U were recently obtained via a semi-synthetic
route. ™!

HN Ny on HNT N
- H
H - t\\/\ g li\i/\\\/\
i
R R . N N
H H
340 THz 341
/‘\
C R
342

e

343 discorhabdin P g

346 discorhabdin T

347 discorhabdin U

Various specinmens of poecilosclerid sponge belonging 1o the
Batzella genus collected in the Bahamas, using a manned
submersible at depths ranging from 120 to 152 m, have been
found to contain an array of novel highly functioralized
pyrrologuinoline alkaloids. These include the aminoquinone-
containing batzellines A-C (348-350),"" and the amino-
iminoquinone-containing isobatzellines A-D (351-354)*"* and
secobatzelling A (355), the latter accompanied by a probable
isolation artifact, secobatzelline B (356).™ The batzellines.
isobatzellines and sccobatzellines all  displayed  significant
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cytoloxicily against murine P388 tumour cells, with the batzel-
lines and secobalzellines were also active against human A549
tumour cell lines.*™** The isobatzellines (351-354) also exhibi-
ted moderate antifungal activity against C afbicans,* while the
secobatzellines were found to inhibit calcineurin’s phosphatase
aclivity.*™ Secobatzelline A also inhibited the peptidase activity
of caspase CPP32
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348 R, =Me, R; = SMe 351 R, =Cl, Ry = SMe
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350 Ry=Me Ry=H 353 R;=CLR;=H
e SMe
N~ HN-—
Ou A \& o Y
Sy | TR o
5 S CH
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Cl Cl
364 355 R=NH

36 R=0

A deep-sea sponge belonging to the genus fehinadiciyun,
cbtained during trawling operations at 65 m depth in the Greal
Australian Bight, was found 1o conlain lour novel antibacterial
bromoindele dimers, echinosulfonic acids A-C (357-359) and
cchinosulfone A (360).3%

RO SOz

AT

COzMe
357 R=Et echinosulfonic acid A
358 R =Me echinosulfonic acid B
359 R =H ecningsulfonic acid C

Ly

COQMe
360 echinosuifone A

The antifungal bis(indole) alkaloids hamacanthin A (361) and
B (362} were reported in 1994 from a new species of deep-water
sponge belonging to the genus Haniicanihia, collected by manned
submersible al a depth of 548 m ofl the Madeiran SE coast.?”
The synthesis of hamacanthin B led to the assignment of ($)-
the stereogenic carbon (362).%%

The bright yellow myxillid sponge Lissodendoryy sp., obtained
by dredging off the Kaikoura Peninsula, New Zealand, al
a depth of >100 m, was found Lo produce the known halichon-
drin B, homohalichondrin B and the new derivative,

radn
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I NN
Br .:;k- \‘
N O .
o a6 i
TR S

|
[ RN \
B \/J\N

H

z

72\
& Br
362

isohomohalichondrin B (363), which displayed poienl cytotox-
icity towards the murine P388 leukaemia cell line and selective
cylotoxicity in the NCI primary screen.® The same group
reported on a larger-scale collection (200 kg) of the same species
obtained at 100 m depth, from Kaikoura Peninsula, which yiel-
ded an additional five anutumonr polyether macrolides, neonor-,
nechomo-, 55-methoxyischomo-, 53-methoxyneoisohomo- and
53-epi-methoxyneoisohomo-halichondrin B (364-368).'
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HO 287
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HO (\ 0\4%
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Meg? N ~o
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A southern Australian sponge belonging to the genus Phorbas,
collected by epibenthic sled at a depth of 90100 m, was found to
contain the novel diterpenes phorbasing A—C (369-371), bearing
a unique carbon skeleton 332

Antarctic sponge specimens belonging (o the genus Psamnio-
penuna, collecled from Prydz Bay by bottom trawling at a depth
of 2531266 m, were found to contain three novel brominated
4-hydroxyindole alkaleids, psammopemmins A-C (372-374),
which contain a unique 2-bromopyridine unit.**?
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The marine sponge Spoiigia sp., collected at a depth of 130 m
during commercial trawling operations in the Great Australian
Bight, yieided three new furancsesterterpenecs, cometing A-C
(375-377), along with a known furanosesterterpene, furo-
spinosulin 1. Cometin A exhibited antibiotic activity (owards S.
anretis and a Seirratia sp.?

WJWNW

O—*‘ Q-
375 comelin A

T WI\

376 R=0H cometinB
377 R=H comelinC

The tricyclic imidazolthione zyzzin {378), along with minor
amounts of the indolyl amides 379 and 380, was isolated from the
poecitosclerid sponge Zyzza imassalis, collected from the Norfolk
Ridge seamounts, New Caledonia, by dredging at a depth of
235 m. The major metabolite, the orange alkaloid 378, was
accompanied by several isolation artefacts, including the yellow
trieyclic derivative 381, which resulted from S—0O exchange
during aqueous work-up. Furthermore, incorporation of either
waler or methanol into 381 at ambient temperature gave the
colourless products 382-383, which reverted 10 compound 381

upon heating, vepresenting (he first thermochromic systems of

marine origin.***

Order Spirophorida

The deep-water marine sponge Scleritoderma sp. of. paceardi,
relrieved from Cay Bokel, Turneffe Islands, Belize (293 m depth)
using a manned submersible, has yielded the cytoloxic sterol 384,

. %\‘ NH S NH
';L /) fpeas N ) 7:LK\N>

H H H

378 379 380

the first reported methoxvmethyl ether sterol from Nature (ICq,
2.3 ng mL ' s the P383 tumour cell line).?'¢

o ,L,
r\B

\_‘/

Order Yerongida

Aplysitlin A (385) was isolated from the sponge Aplysing fistu-
faris filva, collected using a manned submersible at a depth 113
m off Sweetings Cay, Grand Bahama Tsland, Bahamas.™” The
unusual {4-diphenyl-1,3-butadiene disulfate ester displays weak

thrombin receptor antagonistic activity 3"

OH
H
Na08Q (& | ©
f’“\/ﬁ”’w' o
S Os0.N
HO Z 3Na
Br 185

The first bromotyrosine-derived metabolites from the Ver-
oirgile genus are the novel dihydroxyaerothionin (386) and
known aeraphobin 1, isolated from the sponge ¥erongula rigida
coliected from Sweetings Cay, Bahamas, at a depth of 70 m using
a manned submersible.*™ Aerophobin 1 had previousty been
isolated lrom the shallow-water Mediterranean sponge Ferongia

acrophoba 3
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Unidentificd marine sponge species

The novel pyrroloiminoquinene alkaloids epinarding A-ID> (387-
390) have been isolated Mrom unidentified spinach-green pre-
Antarctic sponge samples collecled by trawling at a depth of
115 and 200 m near the Crozet istands in (he Souih Indian
OCcean.® Polent in vitro cylotoxicily against doxorubicin-
resistant L1210/DX murine Lymphocytic leukemia cells was
detected for epinardin C (389).%* The epinarding A-D are related
1o the discorhabdin/prianosin metabolites, which have been
isolated from diverse sponge taxa including the Baizella,
Latrunentia, Negombaia and Prianoes genery 39:300.321-323

11  Conclusions

Deep-water natural products have been discovered from the cold
walers of Antarctica to the tropical waters of the Caribbean
(Table 1). Over a quarter of the metabolites reported emanate
[rom New Caledonia and just under 20% from Australian waters,
followed by the Bahamas, the Gulf of Mexico, Japan and
the Phillippine Sea {(Fig. 3). This is certain (o be linked to the
histerical level of access to manned submersibles and trawling
operations in these areas, rather than an indication ol the
geographical distribution of natural products in deeper water.
Expanded access to submersibles and remotely operated vehicle
technology through new collaborations, including with the oil
and gas industry, ™% are providing researchers 1oday with the
teols they need to further explore and map deep-sea fauna and
their natural products.

The depth profile of the 390 marine natural product deseribed
in this review reveals that over S0% of the metabolites were found
in depths ranging from 100-400 m, with another 10% retrieved

Fig. 3 Geographic origins of reported novel deep-sea natural products.

Depth (m)

7t LU}

© w 0 3 0 s¢ ok
Number of Sovel Compousnids

Fig. 4 Depth profile of novel deep-water marine natural products.

from depths of 360-600 m {sce Fig. 4). Due 1o the greater difh-
culty in accessing bathy! and abyssal depths, only 8% of the
compounds reported were oblained at depths below 1000 m. The
deepest reported sample from which a new natural product has
been isolated is a 5063 m deep ocean sediment {rom the Central
Pacific Basin that contained an unidentificd Gram-positive
bacteriun, which was [ound to produce two cyloloxic capro-
lactams, caprolacting A (120) and B {121).

Deep-sea metabolites have been reported (rom a diverse range
of phyla including Chordata, Cnidaria, Echinodermata and
Porifera, along with a range of microorganisms such as archaea,
bacteria and [ungi. Deep-sea sponges are by lar the largest source
of new deep-waler metabolites, accounting for over 60% ol those
reported to date, with examples down to 1000 m depth. The next
largest source of deep-sea metabotites are the echinoderms,
accounting for 5% of the natural products reporied with spec-
imens obtained down to 2000 i, followed closely by microor-
ganisms, which account for 2% and have been cultured {rom
sediment collected at 5065 m depth. Cnidarians and Chordala
make up the remainder, with samples from depths of 3060 and
463 m, respectively.

As for shallow-water sponges, their deep-water cousing have
proven 1o be a rich source of metabotites from a diverse varicty
ol structural classes including atkaloids (in  particudar
bromeoindoles}, amino acids, polyketides, fally acids, macrolides,
terpenes {including oxygenated derivatives), sterols, glvosides,
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Table T Novel hatural products isolated Mrom deep-water marine sowrces”

Natuval product (or

PHY LA/Class/Order Species conipound 1ype) Depth/m Region Ref.
CHORDATA
Ascidiacea Aplidin sp. Lobatamides A7 (1-9) n.s. Australia 96
Ritterella rete Hydroxylated 300 New Caledonia 106
Siiranosesquiterpenes (10-15)
CNIDARIA
Anthozoa
Alcyonacen Acanthagorgia sp. (mixed) Papakustero! (16} 350 Hawaii 104
Alevoninm paessteri Paesslering A and B (17, 18) 200 South Georgia Islands 105
Corallitnn sp. Coraxeniolides A-C and 350 Hawaii 7
(19-223, corabohein {23
Paragorgia arborea Arboxeniolide (24) 280 Crozet Island 109
Paranmriceda sp. Linderazulenes (25-27) 342 Curacao e
Paramuriceidea family Azidene derivarives (28-31) 350 Iawati 111,112
Placogorgia sp. Azulene derivative (32) 356G Hawaii i3
Scieractinia Delocyathus magnificus Chalic-acid-type sterones 463 Loyalty Tslands 114
(33-37)
Dendrophyllia cornigerda B3-Glucosyleeramides {38) i62 Corsica 115
Dendropliyllic corigera Cholestadiene-3 6-dione 86 Greeee 117
(30
Meadvepara ocilata Hydroxypolvenoic acids (40— 296 St. Paul Island 120
42}
Medrepora ocutu Hydroxypolvenoice acids (40, 380 Norway 120
42)
Gerardia sp. Pseudozoanthexanthins | 350 Hawaii 121
and [§ (43, 44)
Seyphoza Auguorea auguored Coelenterazine (45) n.s. 1n.s. 122
ECHINODERMATA
Asteroidea Henvicia downeyae Steroidal ghveosides (46-58) 90 Guif of Mexico 133
Mediaster nuerrayi Mediasterosides My-My 600 Philippine Sea 134
{59-62}
Rosester sp. Polvitvdroxysteraidy (63-65) 500 New Caledonia 135
Styracaster caroll Carolisterols A-C {66-68), 2000 New Caledonia 136-138
hvefroxysteroids {6918}
Tremaster novaccaledoniace Polvinvdroxysieraids (79-89) 540 New Caledonia 139,140
Crinoidea Grmmnacrinus vicheri Gymnochromes A~ {90- 520 New Caledonia 142
93), isogymnochrome 1 (94)
Echinoidia Lchinocardium cordatvm Hedathiosullonic acids A, 400 Japan 144
(95, 96)
Holothurotdea Pseudostichopus traclis Pscudostichoposide A, B 300 Kuril tslands 148
(97, 98)
Svnallactes nozawai Synaliactosides Ay, As, By, 540 Japan 150
Ba, C (99-103}
MICROORGANISMS
Archaca Thermoeoceus sp. Glveerol ether (104) n.s. Fast Pacific Rise 155
Mothanococcus jannaschii Glveerol ether {108) n.s. Fast Pacific Rise 138
Bacteria Alreromonas haloplanktis Bisucaberin (106) 3300 Japan 162
Bacilhes sp. Ialobacillin (107) 124 Mexico 165
Bacitlus sp. Guaymasol (108), 1834 Mexico 166
epiguaymasol (1093
Bacillus sp. Phenazine derivative (110) 5039 West Pacilic Qcean 167
Naocardiopsiy sp. Coelie tetrapeptide (111) 3000 Clarion-Clipperten Zone 168
Streptamiyees sp. Streptokordin {112) n.s. Ayu Trench 169
Streptomyces sp. y-indomycinone (1133 4680 Marshall Islands 170
Verrucosispora sp. Abyssomicing B-D (14— n.s. Japan 172
116)
Unidentified Chlorinated 152 USA 173175
dihydroquinenes (117-119)
Unidentificd Cuprolacting {120, 121) 5065 Central Pacific Basin 176
Unidentified Macrolacting A-¥ (122~ GR0 North Pacific 177
129)
Fungi Asporgiifus sp. Chromenones (130, 131) 1000 1.s. 178
Chlromocleista sp. p-Hydroxyphenopyrrozin 70 Guil of Mexico 179
(132-134)
Penicillitun corylophiliom Auserinane derivatives (135~ 1333 Eiji 180-182
138)
Penfcitlinum rufien Berkelewdione (139) and 270 USA 183
berkeleyirione (140)
Penicilliven rubram Berkeleyacetals (141-143), 270 USA 184,185

berkeleyamides (144147}
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Table 1 (Contd.)

Natural product (or

PHYLA/Class/Osder Species campotnd type) Depihim Region Rel
Phialocephato sp. Trisorbicillinone A (148), 5059 n.s. 187,188
bisorbicilinoids (149, 150)
PORIFERA
Astrophorida Dercitis sp. Drercitin (151-166) 160 Bahamas 194
Frvlis sp. Erylosides C and 1D {161, 500 New Caledonia 199
162)
Geodiu sp. Geodin A Mg salt (163) 51 Australia 200
Jaspis serpenting Poecillastrin [ {178) n.s. Japan 209
Lenneflomorpha strongylata Calyculinamides A and B 100 New Zealand 20
(164, 165), swinholide 11
(166)
Lamellomaorpha strong vlata Theonellapeptolide 1lle 100 New Zealand 203
(§67)
Poecitfastra laniinaris Annasterol sullate (168) 750 Philippines 205
Poecillustra soflusi Sollasing A-F (169-174) 375 Bahamas 206
Poecillastra sp. Poecillastring A-C (175~ 3359 Bahamas 207,208
177)
Stocha extensa Shinsonefuran (179) 169 Japan 12
Stelleta sp. Stigmastane sterofs (180, 700 Mow Caledonia 213
i81)
Dendroceratida Dendvillu cactos Lameliaring O and P (182, n.s. Australia 214
183)
Dendriller sp. eis-3-Hydroxy-N-methyl-r- 1006 Austrulia 215
proline (184)
Euryspengia sp. Sesquiterpene gulitones 150 Australia 216
{185-188}
Dictyoceratida Treinia s, Sulfivein (189} 119 Bahamas 217
Ircinia sp. Hydroguinone (199), ircinol 500 New Caledonia 218
sulfate {191)
Luftariell geomeirica Luffaring A--Z {192-217) 350 Australia 219
Sareorragis spintosus Geranyllarngsylicetone 400 Tusman Sca 221
{218}
Spongiidae family Isometachromin (219) 800 Bahamas 222
Hadromerida Aaprios ciliata Ciliatamides A-C (220-222) 150 Japan 223
Latrincndia sp. [Hscorhabdin R (344) 544 Antarctica 209
Sigmosceptretia sp. Sigmoscepiring A-C (223~ 0 Australia 224
225)
Flalichondrida Didiseus flavis {+)-Curcuphenol (226), 139 Bahamas 225
{+)-Curcudiol (221
Didiscuy oxveata {+)-Curcuphenol (226), 80 Jamaica 226
{+)-Curcudiol (227)
Dragmcidon sp. Dragmacidin (228) 148 Bahamas 227
Dragmucidon sp. Nortepsentin D (229) 300 New Caledonia 228
Epipolusiy refywigi Reiswiging A and B (230, 330 Venezuela 229
231)
Phakellia earditus Carduusynes A-L (232-236) 350 Australia 234
Spongosorites sp. Topsentin (237}, 174 Bahamas 232
bromotopsentin (238)
Spongosorites ruetzlers Nortepsenting A-C (239- 460 Bahamas 234
241
Spangosorites sp. Isobromotopsentin (242) NES Australia 235
Spongosorites sp. Dragmacidin 1D (243) 70 Grenadines 239
Spougosorites sp. Dragmacidin L {244) 90 Australia 242
Steylorelia sp. Stylotelline (245) 250 New Caledenia 243
Topsentia ophiraphidites Opltirapstanol {246) 168 Gulf of Mexico 244
Topsentia sp. Lbisterol sulfate (247} 359 Caribbean 245
Haplosclerida Aniphimedon sp. Amphilactams A-1> (248- 50 Austratia 246
251)
Cludocroce incurveiu Cladocrecin A (252), 500 New Caledonia 247
cladocroic acid (253)
Cribrochaiing vascufinn Vasculyne (254) 174 Bahanas 248
Orinet sp. Gelliusines A and B (255), 285 New Caledonia 249,250
bromeindoles (256-259)
Phioeodicryon sp. Phlocodictines A, B, Al-7, 235 New Caledonia 251,252
Cl--2 {260-2706)
Siphenodictyon Bis(sullato)- 60 Bahanas 255
coralliphugim cyclosiphonodictyol A (2TH)
Stranglyoplora harinani Paupchenone (272) 225 Bahamas 256
Nestaspongia sp. Sievod esrer {273) 52 Bahamas 257
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Table 1 {Conmtd)

Natural product (or

PHYLA/Class/Order Species comporind 1ype) Depth/m Region Ref.
[Momosclerophorida Corticium sp. Meridine (274) 137 Bahamas 258
Plakinastrella onkodes Plakonrolides B~ (275~ 73 Gull of Mexico 264
277, epiplakinic acid £
(278)
Plakortis nigra Plakortamines A2 (279~ 6 Palaw 266
282)
Plakoriis nigra Epiplakinic acids G and 11 t16 Palau 266
(283, 284}, v-lactones (285-
286)
Lithistida Acienlites pulchia Pulchrasterol (287} 200 New Zealand 267
Coratlistes fulvodesis Corallistine (288) 500 New Caledonia 268
Corallistes sp. Corallistin A (289) 300 New Caledonia 269
Corallisies undulates Pteridine (290 510 New Caledonia 271
Discodermia polvdiscus Discodermindole (291) 185 Bahamas 273
Discodermia polvdiseis 6-Hydroxydiscodermindole 10 Bahamas 214
{292)
Discoderniia sp. Pelydiscamide A (293) 74 Lesser Antitles 215
Diseodermic sp. Discobahaming A and B 180 Bahamas 276
(294, 295)
Jereicopsis graphidiophora Jercisterols A and 13 (296, 225 New Caledonia 277
297), srevoly {299-316)
Letodernuativo sp. Leiodolides A and B (317, 226 Palay 279
318)
Meacandrewia azorica Avoricasterol (319 600 North Adantic 280
Microsclerodermio sp. Microscleroderming A and 300 New Caledonia 281
B (320, 321}
Microseleraderng sp. Microsclerodermins 17 125 Palau 283
(322--325)
Neopeltidae family Neopehtolide {3263 442 Jamaica 284
Neasiphonia superstes Neosiphomiamolide A (327) 518 New Caledenia 285
Neaosiphonia superstes Superstotides A and B (328, 515 New Caledonia 280,287
329
Neasiphonia stpersies Sphinxolides 2 and ¥ (330, 313 New Caledonia 290
33
Pleroma menoui Bromoindoles {334, 335} 500 Neumea 295
Reidispongia coeridea Reidispengolide C (332), 518 New Caledonia 290
sphinxolide G (333)
Poccilosclerida Arencachaling mirabilis Mirabiling A-T7 (336-341) 400 Australia 296
Batzella sp. Discorhabdin P {343}, 141 Bahamas 298,300
Discorhabdins R-U {344~
34
Betzella sp. Batzellines A--C (348-350) 120 Bahamas 302
Batzelle sp. fsobatzellines A-1D {351~ 126 Bahamas 303
354)
Butzelfa sp. Secabatzelline A and B (385, 152 Bahamas 304
356)
Chathria sp. Mirabilin G (342) n.s. Austrialia 297
Fehinodictvnm sp. Lehinosullonic acids A-C, 65 Ausiralia 306
cchinosuifone (3587-360)
Hamacantha sp. Hamacanthins A and B 548 Madeira 307
(361, 362)
Lissadendorvy sp. Ialichondrin derivatives 100 New Zealand 309,310
{363-368)
FPhorbas sp. Phorbasins A-C (369-371) 100 Australia 314,312
Psanunopenyng sp. Psammopemmins A-C 266 Antarclica 313
(372-37T)
Spongia sp. Cometins A-C (375-377) 150 Australia 34
Zyzza massalis Zyzzin (378) and derivatives 235 New Caledenia 315
{379-383)
Spirophorida Seleritoderma sp. Methoxymethyl ether sieral 293 Belize K31
(384)
Verongida Aplvsina fistudaris fulva Aplysilin A (388) 113 Bahamas n7
Veromgula vigida Dihydroxyaerothionin (386) 70 Bahamas 318
Undetermined Spinach-green demosponge Lpinardins A-D {387-390) 200 Crozet Islands 320

Y n.s. = not specified.
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and produets of mixed biosynthelic pathways. The metabolites
of deep-water echinoderms are found 1o be dominaled by
sulfated and glycosylated sterols, as are (heir shallow-waler
counterparts.

Nitrogen-containing compounds are found at all depths down
1o 5000 m and account for around 40% of the metabolites
described here (352 compounds), with common alkaloid type
structures such as bromoindoles found down to depths of 506 m.
Polyketide metabolites are also reported at all depths. Sterols
have so far been found at all depths down 10 2000 m, and account
for almost & quarter of the deep-sea natural products reported
(61 compounds). A third of these sterols are glycosylated, with
the deepest glycoside appearing at 600 m depih. Halogen-
containing deep-sea natural products are obtained from species
collected down to 500 m depth, with 14% of those reported
containing bromine and 2% containing chiorine. Sulfur-
containing metabolites are richly presented in the deep-sea,
predominantly in the forim of sulfated sterols, accounting for just
over 153% of the metabolites reporied, and from samples oblained
down to depths of 2000 m. On the other hand, there are some
structural classes that appear scarce in the deep sea, for example
only one isocyanide, stylotelline (245), has been reporied.

A range of unique and structurally compiex ring systems are
found across all depths from the abyssomicing A-D (114-116)
from 289 m depth to wrisorbicilinone (148) from a fungus
collected at 5059 m depth. Likewise, relatively simple yet novel
structures are also found across all depths from the phorbasing
A-C (369-371) from 100 m Lo the caprolacting A-B (120-121)
obtained from abyssal depths.

Around 60% of the deep-sea natural producets are reported (o
possess bioactivity, with over half exhibiting signiicanl cylo-
toxicity towards & range of human cancer celi lines. This raises
the question of whether deep-sea fauna are & richer source of
bicactive metabolites than their shallow-water counterparts.
However, 10 answer this there would need to be many more
studies that compared statistically relevant numbers ol samples
from related shallow- and deep-water species. It must alsc be
kept in mind that the deep sea is an immense area, covering
appreximately 70% of the planet, and the relative amount ol
sampling is low (<5%), and therefore theories on which processes
are al play m the deep sea and any trends observed should be
treated with caution,

Does the high-pressure environment of the deep sea result in
the production of certain secondary metabolites at the expense of
others, due Lo the preferential involvement of enzymes or paih-
ways that have adapted to life at high pressure? To date, there
have been few biosynthetic studies on deep-sea natural products,
Does the extremely high level of biodiversity in the deep sea
equate to a high level of chemical diversity? As a consequence of
adapting to the severe conditions of the deep sea, do deep-sea
fauna hold the petential for the discovery of inhibitors or acti-
vators ol stress-related pathways that may play a key role in
a number of diseases including cancer? These and many more
questions about deep-sea fauna and their secondary metabotites
remain unanswered. However, one thing is certain. The deep sea,
which covers 70% ol the eartly’s surface, is a vast and relatively
untapped reservoir of unique molecular, structural and biolog-
ical diversity waiting 1o be discovered.
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