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I. Iniroduction

Marine toxins have drawn scientists’ attention due
to their involvement in human intoxication and the
socioeconomic impacts brought by those incidents.
Elucidation of chemical structures is imperative not
only for understanding the molecular basis of mech-
anism of actions but also for designing proper coun-
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termeasures such as detection, determination, and
therapeutic methods. Many of the toxins were found
to be useful tools for probing biological or pharmaco-
logical phenomena, as exemplified by tetrodotoxin in
sodium channel studies! and okadaic acid in protein
phosphatase studies.? Thus, chemical modification
followed by structure-activity relationship studies
provides an attractive target for chemists.

This article is intended to review structures and
actions of marine toxins involved in human intoxication
or massive fish kills. Bioactive compounds structurally
related to toxins, especially polyether toxins, are also
included. Attention is also paid to etiological studies,
as most natural products chemists are concerned about
the origins of bioactive substances. Although the
majority of marine toxins have been found to be
produced by microalgae, especially dinoflagellates, it
is now clear that bacteria are responsible for production
of some toxins. Readers who want to learn about the
historical aspects and details of marine toxin studies
should consult previously published books.3-5

11. Tetrodoioxin Derlvatlves

A. Blogenesis

Tetrodotoxin (TTX, 1; Chart I) is one of the best-
known marine toxins because of its frequent involve-
ment in fatal food poisoning, its unique chemical
structure, and its specific action of blocking sodium
channels of excitable membranes. The toxin, which
derives its name from the pufferfish family (Tetra-
odontidae), occurs widely in both the terrestrial and
marine animal kingdom.!® The marked fluctuation of
toxin concentration in TTX-containing animals ac-
cording to individual, region, and season led some
scientists to suspect an exogenous origin of the toxin
in those animals. Incapability of puffers to develop
toxicity when raised with artificial baits further sup-
ported the idea. The primary source of the toxin was
traced from fish to a dietary alga and finally to an
epiphytic, or symbiotic, bacterium.” The bacterium
was first assigned to Pseudomonas sp. then to Alter-
omonas sp. and finally placed in a new species,
Shewanella alga.? The toxin was isolated in a pure
form and unambiguously identified by FABMS, flu-
orometric HPLC, dose—survival responses in mice, and
degradation to 2-amino-6-(hydroxymethyl)-8-hydroxy-
quinazoline.” Subsequently, a broad spectrum of
bacteria has been reported to produce the toxin.>!1 The
amounts of the toxin produced by the bacteria, however,
were so small that identification of the toxin in bacterial
cultures was often made on the basis of rather poor
evidence. The toxin amount in the bacteria was also
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far too small to allow chemists to conduct biosynthetic
studies.
B. Tetrodotoxin Analogs

Detection of T'TX analogs occurring in puffers, newts,
and a frog was facilitated by a highly sensitive TTX
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analyzer, which separates analogs on a reversed-phase
column and detects fluorescent products produced upon
heating with sodium hydroxide solution.!213 Structures
of six new analogs 2-7 (Chart I) were determined.!4-18
Biosynthesis of TTX supposedly involves arginine,
analogous with saxitoxin, and a C5 unit derived from
either amino acids, isoprenoids, shikimates, or branched
sugars. The occurrence of 2 and 3 analogs renders an
isoprenoid unit a favorable candidate, because it
possesses both sp? carbons available for Diels-Alder-
type condensation and a methyl that remains in 3. Two
epimers of 11-norTTX 5 and 6 are likely to be
decarboxylation products of a hypothetical 11-COOH
derivative. Those analogs found in puffers and newts
were not found in a Costa Rican frog, Atelops chiri-
quiensis, which contained 1 and chiriquitoxin (7).17
Interestingly, 4 was more active than 1 in blocking
sodium channels.?? The potency of chiriquitoxin was
comparable to that of TTX.?! Other analogs were less
potent than TTX. On the basis of the structure—activity
relationship, a pocket-shaped model has been proposed
for the binding site in the sodium channel protein. The
charge groups in a clevis of channel protein supposedly
act as anchoring points by interacting with the toxins’
functional groups orienting in different directions.?!

II1. Saxitoxin and Derivatives

A. Biogenetic Origins

Saxitoxin and its derivatives are well known for their
involvement in highly fatal poisoning, termed paralytic
shellfish poisoning (PSP). Among all seafood poisoning,
PSP poses the most serious threat to public health,
and the economic damage caused by accumulation of
the toxins in shellfish is immeasurable. A number of
dinoflagellate species are known to produce the toxins:
Alexandrium spp. (formerly Gonyaulax or Protogo-
nyaulax), Gymnodinium catenatum, Pyrodinium ba-
hamense var. compressum.2 Some strains of the fresh-
water blue-green alga, Aphanizomenon flos-aquae, also
produce saxitoxin and neosaxitoxin.?+?7 The origin of
saxitoxin in PSP is suggested to be bacterial, analogous
with TTX.?” However, the claim has been made on
rather poor evidence and needs further confirmation
by more sophisticated methods. Saxitoxin has alsobeen
found in a macroalga, Jania sp., and this red alga is
apparently the source of saxitoxin in crabs.2®
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Chart I1
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B. Structures

Like in the case of TTX, discovery of new saxitoxin
analogs was accelerated by the use of a fluorometric
HPLC analyzer, which measures fluorescence derived
from oxidation products.?®3 Saxitoxin derivatives
(Chart II) found in the earlier stage of the studies are
characterized by the presence of 11-O-sulfate (10-13
and 16-19), N-sulfate (9, 11, 13, 15, 17, and 19), and
oxygen at N-1 (14-19).8! Newer members of the
saxitoxin family 20-25 do not possess the carbamoyl
moiety of 8.32-% Interestingly, oxidation at N-1 and
formation of 11-O-sulfate are suggested to occur at an
early stage of biosynthesis.?> The biosynthetic path-
ways for saxitoxin will be discussed by Shimizu in this
issue.36

IV. Clguatera Toxins

A. Ciguatera (Seafood Poisoning)

Ciguatera is a seafood poisoning prevalent in cir-
cumtropical areas. The poisoning is caused by ingestion
of coral reef fish that have become toxic through diet.
There are two groups of compounds implicated in the
poisoning; the main responsible toxins are ciguatoxin
and its congeners, and the other is maitotoxin. Both
groups are produced by the epiphytic dinoflagellate
Gambierdiscus toxicus®"® and transferred to herbiv-
orous fish and subsequently to carnivores through the
food chain. Ciguatoxinisregarded asthe principal toxin
responsible for human illnesses, while other toxic
constituents have been recently found in association
with the poisoning (see section IV.E). The clinical
symptoms are diverse.?® Neurologic disturbances are
prominent; reversal of thermal sensation, called “dry-
ice sensation”, is one of the most characteristic symp-
toms of ciguatera. Other illnesses include joint pain,
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miosis, erethism, cyanosis, and prostration. Gas-
trointestinal disorders are nausea, vomiting, and di-
arrhea. Cardiovascular disturbances are low blood
pressure and bradycardia.

B. Clguatoxins

Ciguatoxin (26) was first isolated in 1980 by Scheuer’s
group at the University of Hawaii and characterized to
be a polyether compound.® An inadequate amount of
material, however, prevented this group from deter-
mining its structure.

The structure of ciguatoxin was finally elucidated by
Yasumoto’s group in 1989.412 For that study toxin was
extracted from moray eels (Gymnothorax javanicus)
collected in French Polynesian waters.#2 With nomore
than 0.35 mg of 26 and 0.75 mg of a congener (CTX 4B,
27; formerly gambiertoxin 4b), their structures were
successfully solved to be the polycyclic ethers 26 and
27 (Chart III), respectively.4l Since 1989, chemical
studies on ciguatera toxins have made rapid strides.
Ciguatoxin congeners have been isolated either from
toxic fish (54-deoxy-ciguatoxin)*® or from cultured G.
toxicus (CTX 3C, 28).# Furthermore dozens of cigua-
toxin analogs have been found in fish and in the
dinoflagellates,* although only a few of them have been
identified with regard to structures.

The moray eel, which is placed near the top in the
coral ecosystem, tends to contain more polar (more
oxygenated) congeners while the dinoflagellate produces
less polar ones. Ciguatoxin (26) itself, the most
oxygenated member of this class of toxins is absent in
the dinoflagellates. These data suggest that less polar
congeners produced by G. toxicus are precursors to the
more polar toxins found in fish, the latter formed by
oxidative enzyme systems in the fish. Interestingly,
toxicity of oxidized metabolites is often increased, as
is the case with ciguatoxin which is 11 times more toxic
than its plausible precursor 27.
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Chart III
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26 Ciguatoxin Ry= -CH(OH)-CH,OH; R,=OH
27 CTX-4B Ry= -CH=CHy; R,= H

28 CTX-3C

C. Maitotoxin

Maitotoxin has attracted much attention for the
following three reasons: First of all, it has a molecular

Chart IV

weight of 3422 Da (as the disodium salt), which exceeds
that of any other known natural products,* except for
biopolymers. Secondly, it presumably plays a role in
diversifying ciguatera symptoms, particularly in the
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poisoning caused by herbivorous fish. Finally, it has
extremely potent bioactivity. Thelethality against mice
(LDs is ca. 50 ng/kg, ip), for example, suggests that it
might be the most potent nonproteineceous toxin.46
Thus its structural determination has been regarded
as one of the most exciting challenges in natural
products chemistry.

Very recently, a total structure has been proposed
for MTX (29) on the basis of extensive spectroscopic
analysis.4’” Periodate reaction of 29 led to three
degradation products (fragments A, B, and C). Multi-
dimensional NMR experiments were applied either
tothe whole MTX molecule or tothe fragments. Among
them, fragment B 30 was the largest with the molecular
weight of 2328 Da (as the sodium salt). This exceeded
the molecular size of all natural products and biomol-
ecules that had been totally identified for gross structure
by spectroscopic methods without further degradation.
The NMR spectra of fragment B was complicated by
the presence of 160 protons. All feasible NMR spectra
with 2 umol of the material were measured, but a few
parts of the structure remained unassigned. Further
structural conclusions on 30 were obtained with negative
FAB MS/MS experiments.#” It provided invaluable
information for assigning the sizes of the ether rings
and the sequence around the acyclic ethers formed as
a result of periodate degradation.

Assembly of the three fragments led to elucidation
of the entire structure of maitotoxin (29, Chart IV).#
MTX is a polyether having the composition Cg;Hzs6-
06sS:Na; and constructed from a C142 carbon chain
containing 32 ether rings, 28 hydroxyl groups, and two
sulfate esters functionalities.

D. Mode of Action of Maitotoxin

More than 50 papers have been published about the
pharmacology and biochemistry on maitotoxin (MTX).

Chart V

31 Gambierol

32 Gambleric acid-A
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In earlier studies, the primary action was reported to
be increased Ca?* influx, which could be blocked by
verapamil, suggesting that MTX acted on a voltage-
sensitive Ca?* channel.*® Lately, diverse actions of
MTX have been reported;* e.g. muscle contractions,
stimulation of hormones/neurotransmitter release, ac-
tivation of phospholipase C and A2, and activation of
protein kinases, some of which do not appear to be
directly linked with simple elevation of intracellular
Ca?* concentration. Its poor specificity to tissues or
celllines implies that the primary target of MTX is not
a physiological receptors but a ubiquitous membrane
component.

Recent electrophysiological studies have revealed that
the channel activated by MTX has ion selectivity and
passes more Ca?* than Na*, the ratio between Ca?* and
Na* being about 50:1.5 A proposed inhibitor to the
receptor-mediated calcium channel, SK&F 96365, re-
portedly blocked most of MTX’s actions, thereby
implying that MTX probably acted through a receptor-
mediated channel.5! The structural elucidation (29)
should be of help to disclose the mode of action of this
unique toxin.

E. Other Ciguatera-Related Bioactive
Compounds

Gambierol (31, Chart V) is another example of
brevetoxin-type metabolites from dinoflagellates.5 It
was isolated as a toxic constituent from the ciguatera-
causative organism G. toxicus and showed toxicity
against mice. The mice symptoms resemble those
shown by ciguatoxins, inferring the possibility that it
is also implicated in ciguatera.

From the culture medium of G. toxicus, potent
antifungal agents, gambieric acids A-D (gambiericacid
A, 32 and C 33, Chart V), were isolated.’3% The
antifungal potency of 32 exceeds that of amphotericin

OR,
R-| = OH

33 Gambieric acid-C R, = 0 OH

O Me O
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B by a factor of 2000, making it the most potent
antifungal agent known,

Palytoxin has been found in the trigger fish Melichtys
vidua in Micronesia, which was described as a ciguateric
species.’ This suggests that a certain number of
poisonings surmised as ciguatera might be attributable
to palytoxin.

V. Brevetoxins

A. Massive Fish Mortality by Gymnodinium breve

Along the Florida coast, the dinoflagellate Gymno-
dinium breve (Ptychodiscus brevis) often forms blooms,
leading to mass mortality of fish. Large blooms of this
organism (red tides) can kill hundreds of tons of fish
a day. The blooms sometimes cause human irritation
of eyes and throat in the coastal area,®® and the
contamination of shellfish, occasionally result in human
poisoning cases.

The toxic principle was identified to be a highly
oxygenated metabolite with, at the time it was discov-
ered in 1981, an unprecedented structure.”” Brevetoxin
B (35), thereby, became the first example of a polyether
compound produced by a dinoflagellate.

B. Brevetoxin A and B

Brevetoxin B (35, Chart VI) is the first member of
this unique class of natural products.’” Its structural
feature is a ladderlike skeleton consisting of trans-fused
polyether rings.5” The toxin was isolated from the
cultured cells of Gymnodinium breve as one of ich-
thyotoxic constituents. The structure 35 was deter-
mined by X-ray crystallography.5

Brevetoxin A (34) is the most potent ichthyotoxin
among the toxins produced by G. breve.5 Itslethality
against zebrafish is reportedly 3 ppb.38® The structure
of 34 was also elucidated by X-ray.?® The intriguing
structural feature in 34 is its fused middle-membered
rings. NMR signals due to nuclei in rings E, F, and G

Chart VI
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were extremely broad,® indicating that the rate constant
for conformational changes fell within the range of NMR
time scale (1-100 ms). The X-ray data have revealed
that two conformers for ring E exist, even in the crystal
state.5!

C. Mode of Actions for Brevetoxins and
Ciguatoxins

Pharmacological studies on brevetoxins and cigua-
toxin have disclosed the primary site of their action to
be a voltage-sensitive sodium channel (VSSC).6263
Brevetoxin B was first reported to activate a VSSC in
neuroblastoma cells in the presence of veratridine. This
action was blocked by tetrodotoxin.t? A binding assay
using a radioligand of brevetoxin (PbTx-3, tritiated
derivative of brevetoxin B at 42-aldehyde) indicated
that both toxins shared the same binding site on the
VSSC.8

With respect to the pharmacological/toxicological
actions of ciguatoxin (CTX), a great number of studies
were carried out because of its central role in human
illnesses. In earlier studies, the primary action of CTX
had been thought to be inhibition of choline esterase,$5
until Rayner revealed that CTX stimulated sodium ion
influx into cells.5

As shown in Figure 1, six groups of polyether
compounds classified as brevetoxin-type have been
reported. All of these compounds have been isolated
from dinoflagellates or from shellfish which fed on them.
An intriguing point is that these polyethers possess
seven-, eight-, or nine-membered ring(s) in the middle
of the molecule (the hinge part) which possibly undergo
slow conformational changes. Ciguatoxins and gam-
bieric acids possess a 9,7-bicyclic system®” (rings F and
G of ciguatoxin) and brevetoxin B bears 7,7-bicycle.
During alteration in conformation, the molecule can
flip around the hinge part as shown in Figure 2. It is
speculated that these slow conformational changes have
something to do with the binding to a VSSC and then
lead to alteration of the gating mechanism (or the
inactivation mechanism) of the channel.®”

CHO

CHO

35 Brevetoxin-B



Marine Toxins Chemical Reviews, 1993, Vol. 93, No. 5 1903

Brevetoxin-A

CHO

Gambieric Acid-A

HO

Gambierol

Yessotoxin
Figure 1. Brevetoxin-type polyether compounds with a flexible part in the middle of the molecule.
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Figure 2. Three conformers of ciguatoxin (26). MM2-type
calculation (Dreiding) output the grand-state conformers (B
and C), and one of the possible transition-states (A) that
appeared during the conformational alteration in the middle
of the molecule at 9-membered ring F. As is the case with
brevetoxin-A,! a conformational change at ring F between
B (H26/H27 pointing up) and C (down) gives little changes
in the shape of the whole molecular as seen in C (Modeling
was done by Prof. Minoru Isobe of Nagoya University;
unpublished data).

VI. Diarrhetic Shelifish Toxins

A. Diarrhetic Shellfish Poisoning

Diarrhetic shellfish poisoning (DSP) was discovered
in 1976% when a mussel poisoning case occurred in
Northeastern Japan. DSP is associated with eating
bivalves such as mussels, scallops, or clams which have
accumulated dinoflagellate toxins.®® The causative
organisms have been identified as several dinoflagellates
in the genus Dinophysis.™ Appearance of the di-
noflagellates, even at a low density (e.g. hundreds of
cells per liter) leads to toxification of the shellfish. DSP
has wide distribution over the world; particularly in
Japan and in Northwestern part of Europe,” the
poisoning is a serious problem both to public health
and to the shellfish industry. The prominent human
symptoms are gastrointestinal disorders such as diar-
rhea, nausea, vomiting, and abdominal pain.®8

B. Okadaic Acid and Its Derivatives

Okadaic acid (36, Chart VII) and its analogs are the
toxins responsible for most human DSP-related ill-
nesses. The acid was first isolated from the sponge
Halichondria okadai™ and subsequently was found in
dinoflagellates Prorocentrum lima™ and Dinophysis
sp.8? Recently 36 has been shown to be the causative
toxin of DSP in Europe.™

Diarrhetic shellfish toxin was first isolated from the
digestive glands of mussels and named dinophysistoxin
1 (DXT1)™ after the genus of the causative dinoflagel-
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late. By spectral comparison with okadaic acid, DTX1
was identified to be 35-(R)-methylokadaic acid (37).747
A series of congeners substituted with various fatty
acids, 7-0-acyl-35-(R)-methylokadaic acid (DTX3, 38,
Chart VII), were isolated as the toxic principle of
poisonous scallops from Northeastern Japan.”? Re-
cently 31-demethyl-35-methylokadaic acid (DTX2) has
been isolated from Irish mussels.” The total synthesis
of 36 was accomplished by Isobe’s group in 1986.7

C. Mode of Action of Okadaic Acid and Its
Derivatives

Since okadaic acid (36) was discovered to act as an
inhibitor of protein phosphatases,” numerous bio-
chemical/pharmacological studies have been carried out
using 36 as a probe. All the biological activities of 36
are now considered to be explainable by its inhibitory
action against protein phosphatases. Against the four
groups of protein phosphatases (PPs) according to
Cohen’s classification, okadaic acid inhibits PP2A at
the lowest concentration (K; of 30 pM), PP1 at the next
lowest concentration, and PP2B at the highest con-
centration; it shows no effect on PP2C.

Okadaic acid and DTX1 have been reported to be
non-phorbol ester type cancer promoters.®? Incontrast
to phorbol esters (e.g. TPA), which activate protein
kinase C, okadaic acid inhibits dephosphorylation of
proteins, predominantly serine/threonine residues.
Both types of tumor promoters eventually cause the
accumulation of essentially the same phosphorylated
proteins, some of which are involved in tumor promo-
tion 8!

The structure-activity relationship of 36 has been
investigated by several groups.82 Alteration of the
C1 carboxylic acid or 24-OH greatly reduces the ac-
tivity. Other structural changes (e.g. hydrogenation at
C14=C15 or deoxidation at C2) which affect the
pseudocyclic conformation formed by interaction be-
tween C1 carboxylic acid and C24 hydroxyl group also
reduce the potency. Furtherinvestigationshould reveal
the molecular basis of the inhibition mechanism against
the phosphatase.

D. Pectenotoxins and Yessotoxin

Pectenotoxin 1 (PTX1, 39, Chart VII) was isolated
as one of diarrhetic shellfish toxins from the digestive
glands of the scallop Patinopecten yessoensis found in
Northeastern Japan.” The structure was elucidated
to be a novel polyether lactone by X-ray crystallogra-
phy.” The structures of four pectenotoxin homologs
have been elucidated so far.8¥ Structural alteration
among them resides at C43, where all stages of oxidation
from methyl to carboxylic acid are found (PTX2, CHg;
PTX1, CH.0H, 39; PTX3, CHO; and PTX6, COOH).
The toxin was found in the same dinoflagellate Di-
nophysis fortii, as that of dinophysistoxin 1.7

Histopathological investigations have revealed that
PTX1 is hepatotoxic and induces rapid necrosis of
hepatocytes. The pathological action of PTX1 resem-
bles that of phalloidin.34

Yessotoxin (40, Chart VII) was isolated from scallops
and elucidated to be a brevetoxin-type polyether.85.88
Its structural features are the presence of two sulfate
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36 Okadaic acid Ri=H Rz=H
37 Dinophysistoxin-1 R.=H R3=CHj;
38 Dinophysistoxin-3 R =fatty-acid esters R;=CHj

39 Pectenotoxin-1

40 Yessotoxin
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41 Palytoxin
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esters and a C9 side chain. The toxin is believed to be
produced by a microalga, as are other DSP toxins,
although in this case the origin remains unknown.

VII. Palytoxin

A. Structure and Distribution

Palytoxin (41, Chart VIII) was first discovered as the
toxic principle of the Hawaiian legendary “limu-make-
O-Hana (deadly seaweed of Hana)” (actually the soft
coral Palythoa toxica).?® Historical achievements done

Chart IX
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by three chemistry laboratories, Moore’s,8” Uemura/
Hirata’s,® and Kishi’s groups,®® have fully elucidated
its complex structure and made 41 one of the best-
known natural products. All stereochemistry of 41 was
rigorously determined by comparison of synthetic
fragments with the natural product. Palytoxin had been
the most complex and largest natural product with a
molecular weight of 2677 Da (C129H203054N3), until the
structure of maitotoxin was elucidated.

Palytoxin and/or its analogs have not only been found
in Palythoa soft corals but in wide variety of other

42 Amphidinolide-C

Me OH Me OH OH OH oH

43 Amphidinol

44 Prorocentrolide

CH,

CH,

46 Debromoaplysiatoxin
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organisms, a seaweed Chondria armata,® crabs be-
longing to the genera Demania and Lophozozymus,®
a triggerfish Melichtys vidua,” and a file-fish Alutera
seripta.®

In addition to its possible implication in ciguatera,
41 is responsible for human mortality associated with
eating the toxic crab Demania reynaudii in the Phil-
ippines.®2

B. Mode of Action of Palytoxin

Extensive pharmacological/biochemical researches
have been carried out on palytoxin® such as membrane
depolarization, Na* or Ca?* influx, stimulation of
arachidonic acid release, stimulation of neurotrans-
mitter release, inhibition of Na*/K+-ATPase, induction
of contraction of smooth muscle, tumor-promoting, and
soon. While it is proposed that palytoxin acts through
Nat/K+-ATPase, detailed mechanism of its action is
still largely unknown. The primary mode of action
accounting for its variable biological effects is not fully
clarified yet.

VIII. Other Miscellaneous Toxins

A. Other Polyether Toxins and Bioactive
Polyoxygenated Compounds

In the course of screening microalgae for toxin
production, a wide variety of bioactive metabolites have
been isolated from dinoflagellates, some of which were
possibly implicated in poisonings.

Three groups of macrolides named amphidinolides
[the structure of amphidinolide C (42) is shown in Chart
IX] have been isolated from the dinoflagellate Am-
phidinium sp. that is symbiotic to the flatworm
Amphiscolops breviviridis.® Some of the macrolides
exhibit extremely potent cytotoxicity against L1210
around 100 pg/mL.

Amophidinol (43, Chart IX), which belongs to a new
class of polyhydroxypolyene compounds, has been
isolated from the dinoflagellate Amphidinium klebsii®
and shows potent antifungal and hemolytic activity.

Prorocentrolide (44, Chart IX) has been isolated from
the ciguatera-associated dinoflagellate Prorocentrum
lima, the producer of okadaic acid.”® The structure
was disclosed to be a new type of nitrogenous polyether
lactone.%
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Goniodomin A (45, Chart IX) has been isolated from
the tide pool dinoflagellate Gonyaudoma pseudogo-
nyaulax as an antifungal substance and elucidated to
be a novel polyether lactone.®

B. Neosurugatoxin and Prosurugatoxin

The Japanese ivory shell Babylonia japonica, which
is widely consumed in Japan, caused intoxication in 26
persons in 1965. Reported symptoms were visual
defects, including dimness of vision and abnormal
dilation of pupil, thirst, numbness of lips, speech
disorders, constipation, and dysuria. The causative
toxins, designated neosurugatoxin (47) and prosuru-
gatoxin (48) (Chart X), were isolated from the digestive
glands.1%0-102  Their structures were confirmed by
synthesis.’®® Both 47 and 48 were over 5000 times more
active as ganglion blocking agents than existing drugs
such as mecamylamine or hexamethonium. Since 47
and 48 specifically block only nicotinic receptors in the
ganglion, both toxins are excellent tools for studying
the neurosystem or brain. Surugatoxin, whichhad been
reported by the same research group prior to 47 and 48,
was found to be an artifact produced during purifica-
tion.1® Interestingly, the origin of 47 and 48 has been
found to be a bacterium belonging to the Coryneform
group.102

C. Macroalgal Toxins

1. Polycavernoside A

In contrast to frequent involvement of microalgae in
various forms of seafood poisoning, cases due to
ingestion of macroalgae are rare. Human intoxication
due to ingestion of the red alga Polycavernosa tsudai
(formerly Gracilaria edulis) occurred in Guam in 1991,
Thirteen people becameill, three of whom died. A novel
glycosidic macrolide, polycavernoside A (49), was
obtained from the alga and could be responsible for the
poisoning.1® The content of 49 in the alga was low, but
it caused in mice symptoms comparable with those
observed in human patients. A macrocycle, trioxa-
tridecane, in the aglycon is reminiscent of trioxa-
dodecane of the aplysiatoxins.105108 The methylated
fucose of 49 suggests its algal origin, but the sudden
and transient occurrence of 49 remains unexplained.
Previous outbreaks of fatal poisoning caused by two
other Gracilaria, G. chorda and G. verrucosa, also
remain unexplained as to the nature of the toxin(s).107.108
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2. Toxic Substances of Chondria armata

The red alga C. armata is a folk medicine used as an
anthelmintic. In addition to two palytoxin analogs,®
domoic acid (50, Chart X) and its seven derivatives
were isolated from the alga.l® Noincident of poisoning
due to this alga is known. However, 50 produced by
the diatoms Nitzchia pungens f. multiseries and
Pseudonitzschia australis has caused fatal food poi-
sonings, after accumulating in shellfish.110111 This
recently described poisoning was termed amnesic
shellfish poisoning. A related neurotoxic amino acid,
kainic acid (51, Chart X), also occurs in red algae,!12113
but with no intoxication episode.

3. Debromoaplysiatoxin

The toxin 46 has been isolated from the blue-green
alga Lyngbya majuscula! as a potent inflammatory
substance and is responsible for incidents of severe
dermatitis among swimmers that have come in contact
with the alga in Hawaii and Okinawa. Interestingly 46
is reported to have tumor promoting activity which is
identical to that shown by phorbol esters (TPA-type).115

IX. Conclusion

Incidents of seafood poisoning and massive fish kills
are rapidly increasing in both frequency and geograph-
ical distribution. Increased public awareness and
improved detection methods may explain the increase
in reported incidents. However, much blame has to be
placed on the deteriorating marine environment and
the spreading of resistant cysts of noxious species by
ships. Thus, we see more problems appearing in the
future which will require solutions from chemists.
Difficulties in obtaining sufficient material for analysis
and the culturing of responsible microorganisms have
been the major obstacles in marine toxin research.
Nevertheless, tremendous progress has been made in
the structural elucidation of toxins, especially polyether
types. Progress has also been made in identifying
toxigenic sources, as seen in the case of ciguatoxin and
tetrodotoxin. Moreover, the contributions that toxins
have made to life science as biochemical or pharma-
cological tools have been invaluable. Thus, concerted
effort by chemists, biochemists, and biologists is
expected to open a new era in marine toxin studies.
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