© 2004 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 77, 443—451 (2004)

Award Accounts
The Chemical Society of Japan Award for Young Chemists for 2002

Bioorganic Studies on Marine Natural Products with Bioactivity,
Such as Antitumor Activity and Feeding Attractance

Kiyotake Suenaga

Department of Chemistry, University of Tsukuba, Tennoudai 1-1-1, Tsukuba, Ibaraki 305-8571

Received August 29, 2003; E-mail: suenaga@chem.tsukuba.ac.jp

This account describes bioorganic studies on marine natural products with bioactivity, such as antitumor activity and
feeding attractance. Chemical studies on the following bioactive compounds of marine origin have been carried out: 1)
feeding attractants for the starfish Acanthaster planci, 2) potent toxins from shellfish of the genus Pinna that cause food
poisoning, and 3) a variety of cytotoxic and antitumor compounds from marine invertebrates including sea hares, Dola-
bella auricularia and Aplysia kurodai. Their isolation, structure elucidation, synthesis, and some aspects of their biolog-
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ical activities are summarized.

The discovery of bioactive natural products and their chemi-
cal studies are becoming increasingly important not only in the
field of chemistry but also in a wide range of related fields
such as biology and medicinal sciences. Natural bioactive sub-
stances such as tetrodotoxin! and okadaic acid® often serve as
useful probes to lead to breakthroughs in a variety of life-sci-
ence fields. New bioactive substances are essential for further
advance in the life sciences, but it is impossible to design them
artificially. They can only be found in nature. Marine organisms
have attracted considerable attention as a rich source of new
bioactive substances, and a large number of bioactive sub-
stances have been found from this source.>* First, in a search
for the compounds responsible for interesting biological phe-
nomena, such as feeding attractance for a kind of starfish and
shellfish poisoning, the active compounds were isolated and
their structures were elucidated. Second, sea hares, which are
shell-less, slow-moving marine invertebrates, are postulated
to have chemical defense compounds, and therefore they are
expected to contain a great variety of bioactive compounds,
including some that are cytotoxic. The isolation, structure deter-
mination, and synthesis of these cytotoxic principles have thus
been carried out. In this account, we describe the results of bioor-
ganic studies on bioactive natural products isolated from marine
invertebrates, such as sea urchin, coral, shellfish, and sea hares.

1. Feeding Attractants for the Crown-of-Thorns
Starfish Acanthaster planci

Coral reefs are being increasingly recognized as important
sources of potential medicines, including unique antimicrobial
and anticancer agents.’ However, coral reefs are rapidly disap-
pearing. Although many factors such as overfishing, pollution,
typhoons and global warming play roles in the destruction of
coral reefs, a major reason of destruction is starfish predation.

In the tropical zones of the Indo-Pacific Oceans, the crown-
of-thorns starfish Acanthaster planci destroys coral reefs by
predation. Since the early 1960s, the predation of extensive
areas of coral reefs by A. planci has been documented,® but it
has been unclear how corals attract A. planci. Once coral reefs
are damaged, more than 10 years are required for their recov-
ery. Elucidation of the feeding attractants for A. planci is a mat-
ter of great importance. Several attempts to identify the feeding
attractants of starfish have been made since the 1970s,’ but the
active principles have not yet been identified.

It was recently found that the viscera of the sea urchin Tox-
opneustes pileolus contained feeding attractants for this star-
fish. A jelly prepared from the ethanol extract of the sea urchin
attracted A. planci in an aquarium with inversion of its stomach,
which is a characteristic feeding behavior of the starfish. Based
on this behavior and attractive activity, isolation of the feeding
attractants for the starfish was attempted from the sea urchin.
The crude EtOH extract of the sea urchin (1.9 kg) was concen-
trated to give an aqueous residue. The EtOAc-soluble material
obtained from the aqueous residue was partitioned between
hexane and 90% methanol. The hexane layer was purified by
three-step chromatography to give arachidonic acid (1, 110
mg) and «-linolenic acid (2, 5.5 mg) (Fig. 1) as active princi-
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ples.® Authentic specimens of 1 and 2 also exhibited attractive
activity for the starfish at concentrations similar to those of the
compounds obtained from the sea urchin. Thus, the attractants
for the starfish from the sea urchin were established to be 1 and
2. The attractive activity of 1 was equal to that of 2, and this
activity was not increased by mixing them. Other unsaturated
fatty acids such as eicosapentaenoic acid, docosahexaenoic
acid, and linoleic acid showed no activity even at concentra-
tions 20-fold higher than those of 1 and 2.

Subsequently, the constituents of corals were examined to
determine whether or not the corals contained the feeding at-
tractants described above. Some coral Montipora sp. (30 g),
which is commonly eaten by A. planci, was extracted with etha-
nol, and the extract was purified by monitoring the attractive
activity for the starfish. This gave arachidonic acid (1, 1 mg)
as an active substance.® Another active substance was also iso-
lated from the aqueous phase; based on spectral data, this was
found to be N,N,N-trimethylglycine (IUPAC name: trimethyl-
ammonioacetate). Its attractive activity was equal to those of
1 and 2, but gradually disappeared, whereas the activities of
1 and 2 were maintained for many hours. Moore and Huxley re-
ported that N,N,N-trimethylglycine exhibited feeding-inducing
activity in a random test of several kinds of known compounds,
such as amino acids, and suggested that corals may contain
N,N,N-trimethylglycine.” In this study, the presence of
N,N,N-trimethylglycine was confirmed as an active substance
in corals.

Experiments to trap the starfish A. planci in the sea were also
conducted. Seven starfish were caught in nine days using a 1.5
m? trap containing a-linolenic acid (2) as an attractant.® These
results should be useful in future studies to protect coral reefs
from starfish predation.

2. Shellfish Toxins from Japanese Bivalves

2.1 Pinnatoxins B and C. Poisoning by the ingestion of
shellfish is a serious health problem. Several shellfish toxins
with novel chemical structures and potent bioactivities, such
as saxitoxin,'® okadaic acid,”> brevetoxins,!' azaspiracid,'?

gymnodimine,'3 neosurugatoxin,'* and spirolides,'> have been
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Fig. 2.

isolated and structurally characterized. However, people still
suffer shellfish poisoning of unknown origin.

Human intoxication resulting from the intake of adductor
muscle of shellfish of the genus Pinna frequently occurs in
Japan and China. In Japan, 2766 people were reportedly affect-
ed by food poisoning due to Pinna pectinata between 1975 and
1991.'® Chinese investigators reported that the toxic extract
from P. attenuata activated the Ca’>* channel.!” Uemura and
co-workers reported the isolation and structural determination
of pinnatoxins A (3, Fig. 2)'® and D,'® major toxic components
in P. muricata. However, there was a small fraction containing
the most potent toxic component(s) in P. muricata, purification
of which was very difficult. To identify these toxins, large-scale
extraction and separation experiments were carried out.

The 80% EtOH extract of viscera (21 kg) of P. muricata was
partitioned between EtOAc and H,O. The aqueous fraction was
successively chromatographed on TSK G-3000S polystyrene
gel (50% EtOH), Sephadex LH-20 (MeOH), DEAE Sephadex
A-25 (0.02 M phosphate buffer), reversed-phase MPLC
(ODS, MeCN-H,0-TFA), and reversed-phase HPLC (ODS,
MeOH-H,O-TFA) guided by acute toxicity against mice. Final
purification was achieved by reversed-phase HPLC (ODS,
MeOH-H,0O-TFA) to give a 1:1 mixture of pinnatoxins B (4)
and C (5) (0.3 mg, LDgg 22 ug/kg mice, ip)?° (Fig. 3). The mo-
lecular formulas of both 4 and 5 were determined to be
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C42HesN> Oy by ESIMS, which corresponds to an increase of 29
mass units (CH3N) compared to that of pinnatoxin A (3). A de-
tailed analysis of DQF-COSY and HOHAHA spectra disclosed
five partial structures (C1-C4, C7-C14, C17-C18, C20-C24,
and C26—C33-C36-C40). In the NMR spectra, the similarity
of the chemical shifts and 'H-'H coupling constants of 4 and
5 to those of 3 suggested that 4 and 5 consist of the same poly-
ether macrocycles as 3. The presence of an «z-amino acid func-
tion was revealed by characteristic NMR signals. Furthermore,
positive ion ESI MS/MS of 4 and 5 showed the same series of
prominent fragment ions due to the carbocyclic moiety as were
observed in pinnatoxin A (3). Based on these results, the gross
structures of pinnatoxins B and C were determined to be those
shown in formulas 4 and 5. Their relative stereostructures were
determined by spectroscopic analysis and chemical correlation
with the known homolog, pinnatoxin A (3). The absolute
stereostructures of pinnatoxins B and C were suggested to be
those shown in formulas 4 and 5, respectively considering their
potent toxicities.?!

2.2 Pteriatoxins. The Okinawan bivalve Pteria penguin,
which has large adductor muscles, produces peatls, but is not
used as food. Since the presence of toxins was expected, extrac-
tion and separation experiments were carried out on this bi-
valve. The 75% EtOH extract of viscera (82 kg) of the bivalves
was partitioned between EtOAc and H,O. The aqueous fraction
was purified by 11-step chromatography guided by acute toxic-
ity against mice to give pteriatoxin A (6, 20 pug, LDgy 100 pg/
kg mice, ip) and a 1:1 mixture of pteriatoxins B (7) and C (8) (8
ug, LDgo 8 ug/kg mice, ip).?? Since the toxic symptoms and
'HNMR spectra of pteriatoxins A, B, and C resemble those
of pinnatoxins, pteriatoxins were thought to be pinnatoxin ana-
logs. Their gross structures were elucidated in nanomolar quan-
tities by detailed analyses of 2D NMR (COSY and HOHAHA)
and ESI-MS/MS to be pinnatoxin analogs containing a cys-
teine moiety, as shown in formulas 6, 7 and 8 (Fig. 3). Consid-
ering the chemical shifts and coupling patterns in the 'H NMR
spectra, we conclude that the stereochemistries of the carbocy-
cles of pteriatoxins and pinnatoxins may be superimposed on
each other.

2.3 Pinnamine. In continuing studies on pinnatoxins, the
presence of another toxin that causes characteristic toxic symp-
toms, such as scurrying around, was revealed. This toxic frac-
tion, which was more polar than that containing pinnatoxins,
was subjected to a series of chromatography guided by acute
toxicity against mice to give pinnamine (9, LDg9 0.5 mg/
kg).?> The gross structure of 9 (Fig. 4) was established by spec-
troscopic analysis. The absolute stereostructure of 9 was deter-
mined based on NOESY, coupling constants in NMR spectra,
and the CD spectrum, and was confirmed by enantioselective
synthesis by Kigoshi and co-workers.>* The structure and toxic
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symptoms of pinnamine resemble those of anatoxin-a,2> which
has been called Very Fast Death Factor, and atropine,?® a rep-
resentative suppressor of the parasympathetic nervous system.

3. Cytotoxic and Antitumor Compounds of Marine
Invertebrate Origin: Aurilide from the Sea Hare
Dolabella auricularia

Over the past three decades, a large number of bioactive sub-
stances have been isolated and characterized from marine or-
ganisms such as algae, sponges, tunicates, coelenterates, bryo-
zoans, and molluscs.>* Many of them were produced by sym-
biotic microorganisms and were probably transferred to those
invertebrates by the food chain. Therefore, molluscs that feed
on a variety of marine algae as well as sponges in symbiosis
with a large number of microbes are expected to be rich sources
of bioactive substances. The examination of bioactive constitu-
ents of marine invertebrates such as sea hares, sponges, and tu-
nicates resulted in the isolation and structure determination of
about 30 kinds of cytotoxic and antitumor compounds:?’ the cy-
totoxic compounds include auripyrone A (10),>’* dolabelide C
(11),7’¢ and attenol A (12)?"2 (Fig. 5). The enantioselective total
synthesis of some of these compounds has been achieved.?® In
this section, chemical studies on the cytotoxic and antitumor
compound aurilide are described as a typical example.

The sea hare Dolabella auricularia (Aplysiidae) is known to
be a rich source of cytotoxic and/or antitumor peptides and oth-
er unique metabolites.?>3" Aurilide (13, Fig. 6) was isolated as
a minute constituent of the sea hare D. auricularia collected off
the coast of the Shima peninsula, Mie prefecture, Japan (0.5 mg
from 262 kg of sea hare).?’® The procedure for isolating aurilide
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(13), which involves two-step solvent partition and subsequent
10-step chromatographic separation, is shown in Scheme 1. The
gross structure of aurilide (13) was determined based on an in-
terpretation of NMR spectral data, and the absolute stereo-
chemistry of the peptide moiety was determined by chiral
HPLC analysis of acid hydrolysates of aurilide (13). The abso-
lute stereochemistry of a new dihydroxylated fatty acid part in
aurilide (13) was determined by enantioselective synthesis of
four possible diastereomers of fragment 14 (Fig. 6) derived
from aurilide (13) and subsequent comparison of their spectral
data ("H NMR and CD) to those of the natural fragment 14.
Thus, the absolute stereostructure of aurilide was determined
to be a 26-membered cyclodepsipeptide, as depicted in 13.27°

To confirm the stereostructure and to obtain 13 in adequate
quantities for biological and pharmaceutical studies, the enan-
tioselective synthesis of aurilide (13) was carried out
(Scheme 2).28¢ Starting from (4S, 5R)-4-methyl-5-phenyl-3-
propionyl-2-oxazolidinone, the protected dihydroxy carboxylic
acid 15 was synthesized by using an anti-selective aldol reac-
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tion®' and a vinylogous Mukaiyama aldol reaction®? as key

steps. The synthesis of pentapeptide 16 commenced with an
N-methylglycine derivative in a stepwise manner. The coupling
reaction between protected dihydroxy carboxylic acid 15 and
pentapeptide 16, followed by esterification with N-methylala-
nine derivative, gave seco amino acid 17. Macrolactamization
of 17 followed by removal of the protecting group afforded au-
rilide 13 (3.9% overall yield), which was found to be identical

sea hare Dolabella auricularia 262 kg

(1) extraction with MeOH
(2) partition between EtOAc and H,O

EtOAc layer H,O layer
partition between 9:1 MeOH/H,0 and hexane
ICs0 (ug/mL)
against 9:1 MeOH/H,0 layer hexane layer
Hela-S; cells
(1) silica gel (EtOAc)
3.26 (2) silica gel (hexane—acetone 2:1)
(3) MPLC (ODS, MeOH-H,0 70:30 —100:0)
0.45 (4) MPLC (ODS, MeOH-H,0 80:20 —100:0)
0.28 (5) silica get (CHClsz—acetone 5:1 — 3:1)
(6) HPLC (ODS,
0.091 MeCN-MeOH-H,0 75:5:40 — 75:5:0)
0.047 (7) HPLC (ODS, MeOH-H,0 80:20)
0.017 (8) HPLC (ODS, MeCN-H,0 70:30)
(9) silica gel (benzene—acetone 3:1)
(10) HPLC (ODS, MeOH-H,0 80:20)

aurilide (13) 0.5mg

Scheme 1. Isolation procedure of aurilide (13).

Scheme 2. Outline of the synthesis of aurilide (13).
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to the natural product in all respects. Thus, the stereostructure
of aurilide was unambiguously confirmed to be as shown in
13. Although aurilide (13) was isolated from a strongly cytotox-
ic fraction of the extract of the sea hare (Scheme 1), the scarcity
of the natural sample had previously prevented an evaluation of
its cytotoxicity. Thus, the cytotoxicity of aurilide was evaluated
using the synthetic sample, which was found to exhibit potent
cytotoxicity against HeLa S5 cells with an ICsy of 0.011 pg/
mL. When the improved enantioselective synthesis of 13 was
used, an overall yield of 12% was realized,? and the synthetic
sample was obtained on a gram scale. The availability of an am-
ple amount of 13 by synthesis enabled us to perform various bi-
ological and pharmaceutical studies of aurilide (13). The NCI’s
human cancer cell panel showed that aurilide (13) exhibited a
high level of cytotoxicity, and that 13 is selectively active
against lung, ovarian, renal and prostate cancer cell lines. Au-
rilide (13) met the criteria of NCI’s hollow—fiber assay** with
high scores, which is a preliminary in vivo test for assessing
the potential anticancer activity of cytotoxic compounds. Re-
cently, Takahashi and co-workers achieved a solid-phase
library synthesis of aurilide (13) and related analogs.®

4. Cytotoxic and Antitumor Compounds, Aplyronines
from the Sea Hare Aplysia kurodai

Aplyronines A (18), B (19), and C (20) in Fig. 7 are a group
of three related macrolides that were isolated from the sea hare
Aplysia kurodai (Aplysiidae) collected off the coast of the
Shima peninsula, Mie prefecture, Japan.® Aplyronines A
(18), B (19), and C (20) exhibited potent cytotoxicities against
HeLa S; cells with ICsg values of 0.48, 3.11, and 21.2 ng/mL,
respectively. Although aplyronine A (18) exhibits strong cyto-
toxicity and exceedingly potent antitumor activities in vivo
(Test/Control 545% against P388 murine leukemia, 556%
against Lewis lung carcinoma, 398% against Ehrlich carcino-
ma, 255% against colon 26 carcinoma, and 201% against
B16 melanoma), the scarcity of the natural sample has prevent-
ed the further evaluation of this compound as a potential ther-
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apeutic agent. While the N,N,O-trimethylserine group in 18 has
been shown to play an important role in its strong cytotoxicity
based on a comparison of aplyronines A (18) and C (20), more
detailed studies on the structure—cytotoxicity relationships in
18 are needed. Under the background described above, the
enantioselective synthesis of aplyronines and related com-
pounds was carried out.?8¢

An outline of the synthesis of aplyronine A (18) is shown in
Scheme 3. Starting from chiral N-propionyl oxazolidinone 21
and ent-21, three segments 22, 23, and 24 possessing four con-
tiguous chiral centers were prepared using the Evans aldol re-
action’” and Sharpless epoxidation reaction®® as key steps.
The sulfone 22 was alkylated with iodide 25 and then coupled
with sulfone 26 by the Julia olefination reaction® that con-
structed an E-trisubstituted olefin to afford C5—-C20 segment
27, while two segments, 23 and 24, were coupled to give
C21-C34 segment 28, which corresponds to the side chain moi-
ety of aplyronine A (18). A Julia olefination reaction between
two segments, 27 and 28, followed by four-carbon homologa-
tion afforded seco acid 29. Lactonization of 29 under
Yamaguchi—Yonemitsu conditions***! yielded a 24-membered
macrolactone. After construction of the terminal N-methyl-/N-
vinylformamide and subsequent introduction of two amino
acids, this macrolactone was transformed into aplyronine A
(18). The overall yield of the synthesis based on the longest lin-
ear sequence (47 steps) was 0.35%. While this is the first total
synthesis of aplyronine A (18), synthetic studies of 18 have
been carried out by several groups.*? The synthesis of aplyro-
nine A (18) unambiguously established its absolute stereostruc-
ture and made it possible to supply amounts necessary for fur-
ther studies of the biological and pharmacological properties of
18. The syntheses of aplyronines B (19) and C (20) were also
achieved, which established their stereostructures.*? Recently,
the total synthesis of scytophycin C** and mycalolide A%
which are structurally related to aplyronines, has been reported.

The target biomolecules of aplyronine A (18) were investi-
gated: 18 did not interact with DNA, tubulin, or cell cycle-reg-
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R’ R2
O OMe
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Fig. 7.
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Scheme 3. Outline of the synthesis of aplyronine A (18).

ulating enzymes, but did interact with actin. Actin is a major
protein in the cytoskeleton. Aplyronine A (18) not only binds
to G-actin in a molecular ratio of 1:1 to inhibit the polymeriza-
tion of G-actin to F-actin, but also depolymerizes F-actin to G-
actin by severing.*® To date, very few antitimor substances that
interact with actin have been reported. Thus, aplyronine A (18)
is considered to be a new type of antitumor substance with re-
gard to its mode of action. Although many proteins that interact
with actin have been known, only a few compounds with low
molecular weights that interact with actin have been reported:
these include cytochalasins, phalloidin, and recently discovered
marine macrolides such as latrunculins,*’ scytophycins,*® go-
niodomin,** mycalolide B, swinholide A,>' and bistheone-
lide.>? To investigate the structure-bioactivity relationships of
aplyronines, 16 kinds of artificial analogs and related com-

pounds were synthesized, and their cytotoxicities and actin-de-
polymerizing activities were evaluated.?®*>? Results revealed
that not only the presence of the side-chain of aplyronine A
(18) but also its length are crucial for strong cytotoxicity. The
N,N,O-trimethylserine moiety, two hydroxy groups, and the
conjugate diene moiety are also important for the cytotoxicity
of 18. Either an N-methyl-N-vinylformamide group or an
N,N-dimethylalanine group is necessary for the strong cytotox-
icity of aplyronine analogs. As to actin-depolymerizing activi-
ty, both the presence of the side-chain of aplyronine A (18) and
its length are essential, as is true with cytotoxicity. Interesting-
ly, analog 30 (Fig. 8), which consists of only the side chain part
of aplyronine A (18), exhibited strong actin-depolymerizing ac-
tivity, considering the size of the molecule, whereas the macro-
lactone without the side chain (31, Fig. 8) is completely inac-
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tive. Analog 30 should be useful in future studies on the inter-
action between actin and aplyronines. Interestingly, the func-
tional groups of aplyronine A (18) such as amino acid residues,
two hydroxy groups, the conjugate diene moiety, and the N-
methyl-N-vinylformamide group had little effect on actin-de-
polymerizing activity, in contrast to their remarkable influence
on cytotoxicity. Considering the difference in the structure—
activity relationship between cytotoxicity and actin-depoly-
merizing activity, we think it is unlikely that these two bioactiv-
ities directly correlate with each other. Further studies on the
interaction between aplyronines and actin are needed at the
molecular level.

In summary, bioorganic studies on marine natural products
with bioactivity, such as antitumor and feeding attractance ac-
tivity, have been performed. The following research results
were obtained. The feeding attractant for the starfish A. planci
was identified as arachidonic acid, which was found in corals.
This is a scientific answer to the question “why do corals attract
starfish?” In chemical studies on food poisoning due to the
shellfish Pinna sp., pinnatoxins B and C, the most toxic compo-
nents in the pinnatoxin series, were purified and structurally
characterized from an Okinawan bivalve. Isolation and struc-
ture determination of three potent toxins, pteriatoxins A, B,
and C, from the Okinawan bivalve Pteria penguin were also
achieved at a nanomolar scale. The cytotoxicity-guided inves-
tigation of bioactive constituents of marine invertebrates such
as sea hares, sponges, and tunicates has resulted in the isolation
and structure determination of about 30 cytotoxic and antitu-
mor compounds. As an example, the isolation, structure deter-
mination, and enantioselective synthesis of aurilide, a 26-mem-
bered cyclodepsipeptide from the sea hare Dolabella auricula-
ria, were described together with studies on its cytotoxic and
antitumor activities. While these substances are generally
obtained in minute amounts from animals, we can now obtain
sufficient quantities for further biological and medicinal studies
by chemical synthesis in some cases. Enantioselective synthe-
ses of aplyronine A, a potent antitumor compound that interacts
with actin, its congeners, aplyronines B and C, and analogs
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were achieved, and the structure—activity relationships regard-
ing their cytotoxicity and actin-depolymerizing activity were
investigated. The synthetic analog that only consists of the
side-chain part of aplyronine A turned out to have actin-depo-
lymerizing activity. This is the first demonstration of the molec-
ular structure necessary for actin-depolymerizing activity.
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D. Uemura (Nagoya University) for their advice and guidance.
I am also grateful to all of the collaborators whose names ap-
pear in the references for their efforts in this work. This study
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from Ministry of Education, Culture, Sports, Science and Tech-
nology, and by Research Aid of Inoue Foundation for Science.
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