Shellfish Poisons

M. Kita, D. Uemura

Abstract. In our ongoing search for bioactive metabolites from ma-
rine organisms, novel shellfish poisons have been isolated. Pinnatoxins,
which are amphoteric polyether compounds, were purified from the
Okinawan bivalve Pinna muricata. Pinnatoxins show acute toxicity
against mice and activate Ca** channels. Two novel alkaloids, pinnamine
and pinnaic acid, were also obtained from P. muricata. Pinnaic acid in-
hibits cytosolic phospholipase (cPLA,). Pteriatoxins, which are pinna-
toxin analogs, were isolated from the Okinawan bivalve Pteria penguin. A
nanomole-order structure determination of pteriatoxins was achieved by
the detailed analysis of 2D-NMR and ESI-TOF MS/MS. This review covers
the isolation, structure determination, bioactivity, synthesis, and bio-
genesis of these shellfish poisons and related compounds.

2.1
Introduction

Seafood products are important both nutritionally and economically, but
human intoxication resulting from the ingestion of shellfish occurs
worldwide. The most important diseases, which are caused by red tides,
are paralytic shellfish poisoning (PSP), diarrhetic shellfish poisoning
(DSP), neurotoxic shellfish poisoning (NSP), amnesic shellfish poisoning
(ASP), and ciguatera fish poisoning (CFP; Yasumoto and Murata 1993;
Todd 1994; Lehane 2001). Severe cases of many different types of seafood
poisonings can result in fatalities. A number of toxins from poisonous
shellfish have been isolated, e.g., okadaic acid (Tachibana et al. 1981),
saxitoxin (Schantz et al. 1957), and pinnatoxins (Uemura et al. 1995; Chou
et al. 1996a). These compounds have attracted interest not only from
pharmacologists but also from biochemists and chemists due to their ex-
traordinary biological activities and complex structures. These bioactive
marine metabolites are quite useful candidates for drugs or biological
probes for physiological studies. For the purpose of preventing disease
and safeguarding consumer health, it is quite important to clarify the
structure and biological functions of these poisonous metabolites.
Fascinating compounds with unique chemical structures and biological
activities have been found in marine organisms. However, the true origins
or progenitors of these metabolites are not entirely clear. The possible
primary producers of the secondary metabolites have been suggested to
be microalgae, bacteria, and fungi. These metabolites are carried through
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symbiosis, association, food chain, and other forms of nutrient depend-
ency (Shimizu 1993, 1996, 2003; Daranas et al. 2001). For instance, paly-
toxin (PTX) is a potent toxic polyol compound isolated from the zoanthid
Palythoa sp. (Cha et al. 1982). The presence of related toxins in animals
from distinct geographical areas was questioned due to seasonal and re-
gional variations (Moore and Scheuer 1971; Moore and Bartolini 1981;
Uemura et al. 1981). In 1995, a PTX analog, osteocin, was isolated from the
dinoflagellate Ostreopsis siamensis. Its true origin was suggested from
microorganisms (Usami et al. 1995). Therefore, related shellfish poisons
may also be biosynthesized by marine microorganisms.

Shellfish poisons and related compounds have been well represented,
with many fine reviews (Kuramoto et al. 1999, 2003, 2004; Brett 2003;
Ciminiello et al. 2003; Ciminiello and Fattorusso 2004; Jeffery et al. 2004;
Suenaga 2004; Kita and Uemura 2005). In our ongoing search for bioac-
tive metabolites from marine organisms, novel shellfish poisons such as
pinnatoxins, pteriatoxins, pinnamine, and turbotoxins have been iso-
lated. In this chapter, details of our latest work on shellfish poisons are
described, along with up-to-date topics.

2.2
Pinnatoxins, Ca* Channel-Activating Polyether Toxins
from the Okinawan Bivalve Pinna muricata

Shellfish of the genus Pinna live mainly in shallow waters of the temper-
ate and tropical zones of the Indian and Pacific Oceans (Rosewater 1961).
The adductor muscle of this bivalve is eaten in Japan and China, and food
poisoning resulting from its ingestion occurs frequently. Although this
poisoning has been shown to be caused by bacterial infection or neuro-
toxins, the true causative agent is ambiguous. Chinese investigators have
reported that a toxic extract, referred to as pinnatoxin, from P. attenuata
is a Ca”" channel activator (Zheng et al. 1990). We have successfully iso-
lated pinnatoxin A (1), a mixture of pinnatoxins B (2) and C (3), and pinna-
toxin D (4) from P. muricata (Fig. 2.1) as a major cause of food poisoning
(Uemura et al. 1995; Chou et al. 1996a,c; Takada et al. 2001a).

2.2.1
Isolation and Structure of Pinnatoxin A

The viscera (45 kg) of P. muricata collected in Okinawa, Japan, were ex-
tracted with 75% ethanol. The extract was filtered and the concentrated
filtrate was washed with ethyl acetate and concentrated. The oily residue
was successively chromatographed on TSK-G3000S polystyrene gel,
Sephadex LH-20, DEAE Sephadex A-25, and an ODS-AQ column, using a
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bioassay-guided (intraperitoneal injection against mice) fractionation.
Final purification was achieved by reverse-phase HPLC to give pinnatoxin
A (3.5 mg), a mixture of B and C (1.2 mg), and D (2.0 mg).

Fig. 2.1. The Okinawan bivalve Pinna muricata

The structures and stereochemistry of pinnatoxins have been clarified
by extensive NMR experiments and positive ion ESI MS/MS spectra
(Satake et al. 1991; Naoki et al. 1993). Pinnatoxins consist of a 20-membered
ring, i.e., with 5,6-bicyclo, 6,7-azaspiro, and 6,5,6-triketal moieties in their
structure. In particular, they contain a carboxylate anion and an iminium
cation or an ammonium cation.

1 2 34Sisomer
3 34Risomer
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2.2.2
Structure of Pinnatoxins B and C

The molecular formula of both pinnatoxins B (2) and C (3) was deter-
mined to be C,H,,N,O, by ESI MS, which reflects a 29 MS unit (CHN) in-
crease compared with that of pinnatoxin A (1). A positive ninhydrin test
on a TLC plate for 2 and 3 suggested the presence of an amino group. Al-
though they were obtained in small amounts, the structures and relative
stereochemistries of the macrocycles in 2 and 3 were successively estab-
lished as follows. A detailed analysis of the DQF-COSY and HOHAHA
spectra of 2 and 3 supported almost all the carbon-carbon connectivities
(Takada et al. 2001a). On the positive ion ESI MS/MS analysis, a series of
prominent fragment ions was generated by a cyclohexane ring-opening
reaction, the retro-Diels-Alder reaction, which was followed by bond
cleavage of carbocycles (Fig. 2.2).

Reduction of the imino group in 2 and 3 with NaBH, followed by oxida-
tive cleavage with NalO, provided aldehyde 6 (Scheme 1). The same prod-
uct was obtained from pinnatoxin A methyl ester (5) by reduction of both
the iminium and carboxylic acid functionalities, followed by oxidation of
the resulting alcohol. Thus, pinnatoxins 1-3 had the same relative stereo-
chemistry in the macrocyclic core.

Fig. 2.2. Fragmentation patterns of pinnatoxins B (2) and C (3)
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223
Biological Activity of Pinnatoxins

Pinnatoxin A (1) showed potent acute toxicity against mice (LD,
180 pg kg™, i.p.) with characteristic neurotoxic symptoms. Pinnatoxin A
activated Ca™ channels. Pinnatoxins B (2) and C (3), the most toxic con-
stituents in the pinnatoxin series, have been isolated from P. muricata (as
a 1:1 mixture; Takada et al. 2001a). The LD, values of 2 and 3 were 22 ug
kg™, which makes them as potent as tetrodotoxin. Although pinnatoxin
D (4) showed weaker acute toxicity than the other pinnatoxins (LD,,
> 10 ug mouse  unit), 4 showed the strongest cytotoxicity against mouse
leukemia cell line P388 (IC,, 2.5 pg ml ™).

224
Biogenesis and Synthesis of Pinnatoxins

The backbone of pinnatoxins and their analogs could be configured from
C1 to C34 in a single carbon chain, in a polyketide biogenetic pathway
(Fig. 2.3; Uemura et al. 1995). This biosynthetic proposal entails an in-
tramolecular Diels-Alder reaction to construct a G-ring as well as the
macrocycle, followed by imine formation to establish a 6,7-spiro-ring sys-
tem. Due to the structural similarity of the imine moiety adjacent to the
spirocyclic core, other macrocyclic imines represented by pinnatoxin may
also be biosynthesized via the same intramolecular Diels—Alder reaction.

Recently, Kishi’s group achieved the total synthesis of 1 and ent-1, util-
izing a biomimetic intramolecular Diels-Alder reaction (Scheme 2;
McCauley et al. 1998). Interestingly, natural 1 showed significant acute
toxicity, while its antipode ent-1 was nontoxic (Nagasawa 2000). This in-
vestigation also confirmed the stereochemistry of 1, including its absolute
stereochemistry.
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COOtBu

OTBS

1) 200°C, 1-2 Torr
2) TFA

ent1

Fig. 2.3. Proposed biogenesis of pinnatoxin A (1)

22,5
Symbioimine, a Potential Antiresorptive Drug

Recently, we isolated a unique amphoteric iminium compound, named
symbioimine (9), from the symbiotic marine dinoflagellate Symbiodinium
sp. (Kita et al. 2004). This dinoflagellate is found in a wide range of ma-
rine invertebrates and produces several bioactive large polyol com-
pounds, such as zooxanthellatoxins (ZTXs; Nakamura et al. 1993, 1995a,b)
and zooxanthellamides (Onodera et al. 2003, 2004). A number of bioac-
tive large polyol and polyether compounds, represented by PTX, hali-
chondrin, ciguatoxin, and maitotoxin, have been reported (Uemura 1991;
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Yasumoto 2001; Murata and Yasumoto 2000) and called “super-carbon
-chain compounds” (Uemura 1991).

The structure of 9, which consists of a characteristic 6,6,6-tricyclic
iminium ring, was deduced by spectroscopic analysis and X-ray crystallo-
graphic analysis.

Symbioimine (9) inhibited osteoclastogenesis of the mouse monocytic
cell line RAW264, which can differentiate into osteoclasts following
treatment with a receptor activator of nuclear factor-xB ligand (RANKL;
EC,, = 44 pg ml; Kita et al. 2004). RANKL induces the formation of
osteoclast-like multinucleated cells in cultures of bone marrow cells.
Symbioimine (9) inhibited an increase in the sRANKL-induced TRAP
activity of preosteoclast cells. Meanwhile, it did not affect cell viability,
even at 100 ug ml". Thus, symbioimine (9) is a potential antiresorptive
drug for the prevention and treatment of osteoporosis in postmenopausal
women. Symbioimine (9) also inhibited cyclooxygenase 2 (COX-2)
activity (EC,,~10pM; Kita et al. 2005; Kita and Uemura 2005). Although
the real ecological role of 9 in the symbiotic dinoflagellate is unknown yet,
it can be hypothesized that it serves as a defense material which prevents
their host animal’s digestion.

A plausible biogenetic pathway for 9 could involve an intramolecular
exo-transition state Diels-Alder reaction followed by imine cyclization,
the same as that proposed for pinnatoxins (Fig. 2.4).

exo -Transition state]
Diels—Alder reaction

0S0,™

Fig. 2.4. Proposed biogenesis of symbioimine (9)
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2.3

Pteriatoxins, Pinnatoxin Analogs from the Okinawan
Bivalve Pteria penguin — Nanomole- Order Structure
Determination

2.3.1
Isolation of Pteriatoxins

In our study of shellfish poisons, we observed that a moray eel vomits the
viscera of the Okinawan bivalve Pteria penguin (Fig. 2.5). The aqueous
75% EtOH extract of viscera (82 kg) of P. penguin, which showed acute
toxicity, was partitioned between EtOAc and H,0. Guided by acute toxicity
against mice, the aqueous fraction was chromatographed on TSK-G3000S
polystyrene gel (50% EtOH), DEAE Sephadex A-25 (0.02 M phosphate
buffer), CM Sephadex C-25 (0.2 M phosphate buffer), reversed-phase
HPLC (Develosil 300 ODS, MeCN/H,O/TFA), and reversed-phase HPLC
(Develosil 300 C8, MeCN/H,0O/TFA) to isolate successfully pteriatoxins A
(10) and B, C (11, 12 as a 1:1 mixture) as extremely toxic and minor com-
ponents (Takada et al. 2001b). Since there was too little of these toxins to
weigh, the weights of pteriatoxins A (20 pug) and B, C (8 pg) were esti-
mated by comparison of the signal-to-noise (S/N) ratio in 'H NMR spectra
of 67 uM okadaic acid with those of pteriatoxins. Pteriatoxins (10-12)
showed significant acute toxicity against mice, with LD values of 100 and
8 ug kg™, respectively. The toxic symptoms of pteriatoxins resemble those
of pinnatoxins.

Fig. 2.5. The Okinawan bivalve Pteria penguin
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2.3.2
Structure of Pteriatoxins

The molecular formula of pteriatoxin A (10) was determined by ESI MS
to be C,H,N,0,.S. As mentioned above, the positive ion ESI MS/MS
of pinnatoxins showed a series of prominent fragment ions generated by
G ring-opening reactions, followed by bond cleavage. The positive ion
ESI MS/MS of 10 showed the same series of prominent fragment ions as
the carbocyclic moiety in pinnatoxins (Fig.2.6). The observation of
fragment ion peaks (m/z 787, 744) suggested the presence of an a-amino
acid moiety in the side-chain. Furthermore, the chemical shifts of H-35
(0n2.80) and H-1' (dy 3.04, 3.13) suggested the presence of a sulfide bond
between C-35 and C-1'. The chemical shift of H-34 (on 4.22) suggested
the presence of an allylic hydroxyl group at C-34. Therefore, the gross
structure of pteriatoxin A was determined, as shown in 10.

The molecular formula of both 11 and 12 was determined by ESI MS to
be C,H,.N,0,,S. Analysis of the 'H NMR spectrum showed duplicate signals
(111) for a set of protons (H-3, H-4, H-28 to H-37, H-40, H-41), suggesting
the presence of epimeric isomers. Analysis of the 'H NMR, COSY, and
HOHAHA spectra suggested nine partial structures, as depicted in
Fig. 2.7. The positive ion ESI MS/MS of 11 and 12 showed the same series
of prominent fragment ions as the macrocyclic moiety in pinnatoxins
and pteriatoxin A (10). Therefore, pteriatoxins B (11) and C (12) were
also assumed to have the same polyether macrocycles as pinnatoxins.
The observation of fragmentation ion peaks (m/z 787, 744, 710) sug-
gested the presence of a cysteine moiety in the side-chain. Furthermore,
the observation of another fragment ion peak (m/z 712), which was not
observed in 10, suggested the presence of a hydroxymethyl group.
Therefore, the gross structure of pteriatoxins B and C was determined,
as shown in 11 and 12. The position of duplicate signals in the H NMR
spectrum suggested that pteriatoxins B (11) and C (12) are also C-34
epimers, like 2 and 3.
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Fig. 2.6. Partial structures and fragmentation pattern of pteriatoxin A (10)

As described above, the absolute stereochemistries of a series of pinna-
toxins have been confirmed by total synthesis (McCauley et al. 1998;
Nagasawa 2000). By comparing the chemical shifts and coupling patterns in
the 'H NMR spectra of pteriatoxins with those of pinnatoxins, the same
relative stereochemistry in the carbocyclic moieties was suggested for
both series of compounds (Takada et al. 2001b). As a result, though the
isolated yields of pteriatoxins were too small to deduce their structures by
usual NMR analysis, a nanomole-order structure determination of pteria-
toxins was achieved by the detailed analysis of ESI MS/MS.
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Fig. 2.7. Partial structures and fragmentation pattern of pteriatoxins B (11) and C (12)

All extracts from the digestive glands of several Pinna spp, including
P. muricata, P. attenuata, P. atropupurea, and the commonly eaten shell-
fish Atrina pectinata, produced the same symptoms of poisoning in mice.
These data suggested that Pinna shellfish might become toxic as a result
of feeding on toxic organisms, such as dinoflagellates. Also, the presence
of pinnatoxin analogs in both shellfish Pinna spp and Pteria spp sug-
gested that the toxins are biosynthesized by microorganisms that are in
the food chain of or in a symbiotic relationship with these shellfish.
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2.3.3
Other Macrocyclic Iminium Toxins Related to Pinnatoxins

Several shellfish poisons containing nitrogen atoms, especially iminium
moieties, have been isolated. Spirolides, a class of macrocyclic imines,
were identified in extracts of the digestive glands of mussels and scallops
from the Atlantic coast of Nova Scotia, Canada (Hu et al. 1995). The ma-
rine dinoflagellate Alexandrium ostenfeldi (Paulsen) Balech and Tangen
was identified as the cause of spirolide toxicity in Nova Scotia in the early
1990s (Hu et al. 1996a, 2001; Cembella et al. 2000). Seven compounds, spi-
rolides A-D (13-16) and 13-desmethyl C (17), which showed toxicity
against mice, and the keto amine derivatives E and F (18, 19), have been
isolated and structurally characterized from the extracts of both shellfish
and cultured dinoflagellate from Nova Scotia. The spirolide family con-
tains a 5:5:6 trispiroketal ring system. Recently, the relative stereochemis-
try of spirolides B (14), D (16), and 13-desmethyl C (17), except for one
chiral center, has been determined from 2D-NMR data analysis and a mo-
lecular modeling method, which showed that these compounds have the
same relative stereochemistry as pinnatoxins in the region of their com-
mon structure (Falk et al. 2001).

Other marine toxins possessing a cyclic imine moiety elsewhere in the
carbon skeleton are known as gymnodimine, centrimine, and prorocen-
trimine. Gymnodimine (20) was isolated from the New Zealand oyster
Tiostrea chilensis and the dinoflagellate Gymnodinium sp. (Seki et al.
1995). The minimum lethal dose (MLD) of 20 was 450 pgkg™; and this
compound also showed potent ichthyotoxicity against the fish Tanichthys
albonubes at 0.1 ppm. The absolute stereostructure of gymnodimine (20)
has been established by X-ray crystal structure analysis of the
p-bromobenzamide derivative 22 derived from gymnodamine (21; Stewart
et al. 1997). Gymnodimine B, which contains an exocyclic methylene at
C-17 and an allylic hydroxyl group at C-18, was also isolated from the
same dinoflagellate (Miles et al. 2000; Munday et al. 2004).

Prorocentrolide (23), a toxic marine macrolide that incorporates a hexa-
hydroisoquinoline moiety, was isolated from the cultured dinoflagellate
Prorocentrum lima (Torigoe et al. 1988; Hu et al. 1996b). This dinoflagellate
produces DSP toxins, such as okadaic acid and dinophysistoxins (Tachi-
bana et al. 1981; Yasumoto et al. 1985; Hu et al. 1992). Recently, a prorocen-
trolide derivative, spiro-prorocentrimine (24), was isolated from a cultured
benthic Prorocentrum sp. in Taiwan and its relative stereochemistry was
established by X-ray crystallographic analysis (Lu et al. 2001). Compound
24 is much less toxic than other cyclic iminium toxins.
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It should be noted that both the keto amine derivatives spirolide E and
F (18, 19; Hu et al. 1996a), in which this ring is open, and the reduced form
of gymnodamine (21; Stewart et al. 1997) were inactive. Although the
pharmacological action of these iminium compounds has not been fully
defined yet, the cyclic imine functionality may be essential and may act as
a pharmacophore of macrocyclic iminium compounds, e.g., pinnatoxins
and spirolides.

13 R4 =H, Rp = CHg, 423 16 R1=CHs, Ro =CH3 18 R4 =H, Ry = CHg, 423
14 Ry=H, Rp=CH, 17 Ry=CHg Rp=H, 423 19 Ry =H, Ry = CHg
15 R1 = CH3, Rg = CH3, A2,3

21:R=H
22: R = p-BrCgH,4CO-
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24
Turbotoxins, Diiodotyramine Derivatives from the Japanese
Gastropod Turbo marmorata

In Japan, the gastropod Turbo marmorata (Fig. 2.8) is eaten after re-
moval of the viscera, which cause intoxication. Yasumoto and co-
workers studied the toxic components of T. marmorata and obtained
several toxic fractions from this animal. They indicated the occurrence
of saxitoxin and a minor toxin, iodomethyltrimethylammonium salt, in
the water-soluble fraction of T. marmorata (Kanno et al. 1976; Yasumoto
and Kotaki 1977; Kotaki et al. 1981). Although they mentioned the pres-
ence of other toxins in this animal (Kotaki and Yasumoto 1977), not all of
them have been identified. We have isolated two diiodotyramine deriva-
tives, turbotoxins A (25) and B (26), from the Okinawan gastropod
T. marmorata (Kigoshi et al. 1999, 2000).

Fig. 2.8. The Okinawan gastropod Turbo marmorata

2.4.1
Isolation and Structure of Turbotoxins

The 75% aqueous ethanol extract of the viscera (4.5 kg, 36 individuals) of
T. marmorata was partitioned between ethyl acetate and water. The aque-
ous layer was chromatographed using bioassay-guided (intraperitoneal
mouse lethality) fractionation, to give two toxic fractions. The early toxic
fraction was purified by HPLC to give turbotoxin A (25; 2.0 mg; LD,,
1.o mgkg™) and the late toxic fraction was purified in the same way to
give turbotoxin B (26; 0.9 mg; LD, 4.0 mgkg™"). Compounds 25 and 26
were isolated as trifluoroacetate salts because of the solvent system used
for chromatographic purification.

Based on the HRFAB MS and 2D-NMR analyses including COSY,
HSQC, and HMBC spectra, the structure of turbotoxin A (25) was con-
firmed as a diiodotyramine derivative. Turbotoxin B (26) was found to be
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a demethylated analogue of 25, based on its molecular formula and NMR
data, i.e., a trimethylammonium group at Cg in 25 was demethylated to a
dimethylamino group in 26. Turbotoxins A (25) and B (26) are structur-
ally related to dakaramine (Xynas and Capon 1989) and dibromotyramine
derivatives, such as aplysamine-1 (Hamann et al. 1993), moloka’iamine
(Tsukamoto et al. 1996), and ceratinamine (Yasumoto and Endo 1974a,b),
all of which were isolated from marine sponges.

+
MesN |
2 CF5C00™
+
0" >""NRMe;

25 R
26 R

Me
H

24.2
Structure—Activity Relationship

To investigate the structure-toxicity relationships of turbotoxins, tur-
botoxins (25, 26) and their 12 analogues 27-38 were synthesized (Fig. 2.9;
Kigoshi et al. 2000). The relationships between the structure of turbotox-
ins and their acute toxicity (intraperitoneal mouse lethality) are shown in
Table 2.1. Compound 28 shows the weakest toxicity among the com-
pounds 25-28, indicating that the quaternary ammonium group is re-
sponsible for the toxicity. The toxicities of turbotoxin B (26; 4.0 mg kg™)
and isomer 27 (8.0 mg kg™) are weaker than that of 25 and stronger than
that of 28. This finding shows that the number of the quaternary ammo-
nium groups is important to the toxicity of turbotoxins.

+ 2 4

R 3 5 X
‘{\Qg S 2 CF4C00~
4 AN
5 O 5 Ro
X
Turbotoxin A (25) X =1, Ry = R, = NMej 33 X =1, Ry =R, = NMe,Bn

Turbotoxin B (26) X =1, Ry = NMeg, R, = NHMe, 34 X =1, R; = NMe,Bn, R, = NMey
27 X =1, Ry = NHMe,, R3 = NMe3 35 X =1, R; = NMe3, Ry, = NMe,Bn
28 X =1, Ry = Ry = NHMe,
36 X =1, Ry = R2 = NMeJAr

29 X = Br, Ry = R, = NMe, 37 X =1, Ry = NMe,Ar, R, = NMe,
30 X = Cl, R; = R, = NMeg 38 X =1, R; = NMejs, R, = NMe,Ar
31 X =H, Ry = R, = NMe,

32 X = Mg, Ry = R, = NMe; Ar = 4-phenylbenzyl

Fig. 2.9. Natural and artificial analogues of turbotoxins



40 M. Kita, D. Uemura

Table 2.1. Acute toxicity of turbotoxins and their analogs

compound acute toxicity (LDgg, mg/kg-1)

Turbotoxin A (25) 1.0
Turbotoxin B (26) 4.0
27 8.0
28 100

Bromo analog 29 4.0
Chloro analog 30 8.0
Hydro analog 31 12

Methyl analog 32 8.0
Dibenzyl analog 33 4.0
Monobenzyl analog 34 2.0
Monobenzyl analog 35 0.5
Diphenylbenzyl analog 36 >32

Monophenylbenzyl analog 37 32

Monophenylbenzyl analog 38 8.0

Upon intraperitoneal injection into ddY mice (n >4)

Comparison of the toxicities of turbotoxin A (25), bromo analogue 29,
chloro analogue 30, and hydro analogue 31 (1.0, 4.0, 8.0, 12.0 mg kg™) indi-
cates the importance of iodine atoms in the toxicity of 25. The toxicity of
methyl analogue 32 (8.0 mgkg™) is more potent than that of hydro ana-
logue 31 and is the same as that of chloro analogue 30, indicating the im-
portance of the steric bulkiness of the substituents at C-5 and C-5' positions.

The effect of the substituents of the quaternary ammonium moieties
was also examined. While the toxicities of dibenzyl and monobenzyl ana-
logues 33 and 34 were weaker than that of 25, monobenzyl analogue 35 ex-
hibited toxicity stronger than that of 25. The benzyl substituent at the N-9
ammonium group increases its toxicity twofold. The phenylbenzyl ana-
logues, 36-38, exhibited weaker toxicities than turbotoxin A (25) and
its benzyl analogues, 33-35. These facts indicated that the bulky
4-phenylbenzyl group prevents the phenylbenzyl analogs from binding to
target molecules.

The target biomolecule of turbotoxin A was investigated; and it was
found that turbotoxin A (25) inhibits acetylcholinesterase, with an IC,, of
28 uM. Donepezil hydrochloride (Aricept), a drug for Alzheimer’s disease,
also inhibits degradation of acetylcholine and activates the central cho-
linergic system, with an IC,, of 5.7 nM (Sugimoto et al. 1995). X-ray crys-
tallographic studies of complexes of acetylcholinesterase with small
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molecules, such as decamethonium bromide, tacrine, and edrophonium
bromide, indicated that the aromatic gorge exists at the bottom of the ac-
tive site (Harel et al. 1993). There as yet no data of relationships between
the toxicity and affinity to acetylcholinesterase of turbotoxin analogues.
The benzyl group in 35 might, however, be stacked against the aromatic
gorge to increase its toxicity. Preliminary neuropharmacological experi-
ments were affected for turbotoxin A (25); and 25 was proved not to inter-
act with the peripheral nervous system.

2.5
Pinnamine and Pinnaic Acids, Alkaloidal Marine Toxins
from Pinna muricata

2.5.1
Pinnamine

As described above, pinnatoxins (1-4) are Ca™ channel activators that
have been isolated from the Okinawan bivalve Pinna muricata. In a con-
tinuation of this work, we isolated a novel marine alkaloid, pinnamine
(39), from aqueous ethanol extracts of P. muricata. Pinnamine exhibited
significant acute toxicity against mice, with an LD,, of 0.5 mgkg™, and
produced characteristic toxic symptoms, such as scurrying around

(Takada et al. 2000).
(0]
T
G

O
39

The structure of pinnamine (39) was determined by spectroscopic
analysis to be an alkaloid containing a dihydropyrone ring. The relative
stereostructure of pinnamine was determined by an analysis of coupling
constants and NOE experiments (Fig. 2.10); and the absolute stereostruc-
ture was determined by an analysis of the circular dichroism spectrum
(Djerassi et al. 1962; Snatzke 1965a-c). The structure and toxic symptoms
of pinnamine resemble those of anatoxin (Devlin 1976), called Very Fast
Death Factor, and atropine (Leete et al. 1954), a representative suppressor
of the parasympathetic nervous system. This indicates that the toxic ex-
pression of pinnamine, similar to that of atropine, may result from excit-
ability of the cerebrum.

Recently, we reported an enantioselective synthesis of pinnamine (39;
Kigoshi et al. 2001). Synthetic pinnamine was found to correspond
uniquely to natural 39 by comparison of their spectral data, including
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their CD spectra, and acute toxicity data. Further biological studies of
pinnamine are currently underway.

ﬂ NOE effects
é, \‘* Coupling constant

Fig. 2.10. A plausible conformation of pinnamine

2.5.2
Pinnaic Acids: cPLA, Inhibitors

Specific inhibitors of phospholipase A, (PLA,) have been considered as
potential drugs for the treatment of inflammation and other disease
states, since PLA, is linked to the initial step in the cascade of enzymatic
reactions that lead to the generation of inflammatory mediators (van den
Bosch 1980; Arita et al. 1989). Marine natural products such as manoalide
(Scheuer and de Silva 1980) and luffariellolide (Albizati et al. 1987) have
been reported to be potent PLA, inhibitors (Potts et al. 1992a,b). A cytoso-
lic 85-kDa phospholipase (cPLA,; Kramer et al. 1990; Kramer and Sharp
1995) exhibits specificity for the release of arachidonic acid from mem-
brane phospholipids (Kim et al. 1990). Therefore, compounds that inhibit
cPLA, activity have been targeted as anti-inflammatory agents.

The 80% EtOH extract of the viscera (10 kg) of. P. muricata (3,000 in-
dividuals) was partitioned between EtOAc and water. The water layer was
fractionated by column chromatography on TSK-G3000S polystyrene gel,
Sephadex LH-20, DEAE Sephadex A-25, ODS-AQ, and silica gel to obtain
two novel fatty acids, i.e., pinnaic acid (40; 1 mg) and tauropinnaic acid
(415 4 mg; Chou et al. 1996b).
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The structure of 40 was determined by an analysis of NMR spectral
data. Tauropinnaic acid (41) has a 6-azaspiro[4.5]decane unit and a
taurine moiety. The relative stereochemistry of 41 was deduced from
phase-sensitive NOE correlations. Furthermore, the gross structure of 40
was elucidated by a detailed comparison of the EI-MS fragment peaks
with the corresponding peaks of 41.

HO

Cl OH

40 R=OH
41 R = NHCH,CH,SO3H

Pinnaic acid (40) and tauropinnaic acid (41) inhibited cPLA, activity in
vitro, with IC,, values of 0.2 and 0.09 mM, respectively. Inhibitors of
cPLA, have rarely been reported. Therefore, though the activity of pinnaic
acids was not as strong, we have great interest in the mode of action of
these compounds.

2.5.3
Halichlorine: an Inhibitor of VCAM-1 Induction

Adhesion molecules are involved in the process of adhesion between cells
and the extracellular matrix in the formation of multicellular bodies. In
addition, it is known that the activity of adhesive molecules is very impor-
tant for the maintenance of function and performance. A recent study
suggested that the clinical application of adhesion molecules as anti-
inflammatory agents and immunosuppressive agents may some day be
possible, provided that the function of the adhesive molecules can be
controlled (Kock et al. 1995).

A simple model of multistage adhesion between leukocyte and vascular
cells is shown in Fig. 2.11. This process can be classified into four stages,
i.e., (1) rolling, (2) triggering, (3) strong adhesion, and (4) transmigration.
Vascular cell adhesion molecule-1 (VCAM-1; Osborn et al. 1988) is af-
fected during (3), the phase of strong adhesion. Drugs that block the in-
duced expression of VCAM-1 may be useful for treating atherosclerosis,
coronary artery diseases, angina, and noncardiovascular inflammatory
diseases.

The marine sponge Halichondria okadai Kadota (200kg) was im-
mersed in EtOH at room temperature. The ethanolic extract was filtered,
concentrated under reduced pressure, and extracted with ethyl acetate.
The ethyl acetate extract was partitioned between 70% aqueous methanol
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and hexane. The aqueous methanol layer was separated by column chro-
matography on TSK-G3000S, then on ODS, and then on SiO,. Finally, the
active fraction was purified by preparative TLC on SiO, to give halichlo-
rine (42; 70.8 mg; Kuramoto et al. 1996).

(OIOIOIOXQx}OXO)
@ Vascular cell

1. Rolling 2. Triggering 3. Strong-adhesion 4. Transmigration

Selectin IL-8 VLA-4 LFA-4 LFA-4
I PAF | [ [
sLX VCAM-1  ICAM-1 ICAM-1

Fig. 2.11. A model of adhesion between leukocyte and vascular cells

The gross structure of 42 was elucidated by an analysis of MS, IR, and
extensive 2D-NMR spectra. Halichlorine consists of a sterically hindered
15-membered lactone, an azabicyclo[4.4.0] ring, and a 5.6-spiro ring moi-
ety. The relative stereochemistry of 42 was confirmed mainly by the cou-
pling constants and NOESY spectral data. The Bohlmann band (Nikon
1957; Bohlmann, 1958) in the IR spectrum suggested the conformation
around the tertiary amine functionality. Furthermore, oxidative degrada-
tion of 42, as well as asymmetric synthesis of the degradation product 43
from D-(—)-tartaric acid, allowed us to determine the absolute stereo-
chemistry of halichlorine (Scheme 3; Arimoto et al. 1998).

NaOMe

MeOH
Cl OH p—(—)—tartaric acid
Halichlorine (42) /

1) Og thenNaBH;  ACO A,

2) Ac20, Py Cl  OAc

43
Scheme 3
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Halichlorine inhibits the induction of VCAM-1 at IC,, 7 ugml™. Al-
though VCAM-1 and ICAM belong to the same immunoglobulin super-
family, halichlorine does not affect ICAM (IC,, > 100 pug ml™; Boschelli
et al. 1995). It is largely unknown why halichlorine affects only VCAM-1.
Additional research is needed to clarify the functions and mechanisms of
action of VCAM-1.

These architecturally novel alkaloids have attracted the attention of syn-
thetic chemists. (Clive et al. 2005) The Danishefsky group has achieved the
total synthesis of pinnaic acid (Carson et al. 2001a,b) and halichlorine
(Trauner and Danishefsky 1999; Trauner et al. 1999) in an asymmetric
manner. We recently reported a racemic total synthesis of 40 (Hayakawa et
al. 2003). Detailed comparison of the 'H-NMR spectra of both synthetic and
natural samples supported Danishefsky’s revision of the configuration at
C14. We also synthesized the tricyclic azadecaline core of halichlorine (42,
Hayakawa et al. 2004). Further studies of the detailed chemistry of pinnaic
acids and halichlorine, including biogenetic pathways and structure-
activity relationships, are in progress.

254
Biogenesis of Pinnaic Acid

Interestingly, the structure of pinnaic acid (40) from the bivalve P. muri-
cata has been shown to be closely similar to those of halichlorine (42)
from the marine sponge H. okadai. Each carbon atom has been tenta-
tively numbered according to the supposed biogenetic formation of the
N-C23 bond (Fig. 2.12). These results suggest that both of these bioactive
metabolites may be produced by symbiotic marine microorganisms.

23
Me

Cl OH ¢ oH
42 from Halichondria okadai 40 from Pinna muricata

Fig. 2.12. Biogenesis of pinnaic acids and halichlorine
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2.6
Conclusions

The study of natural resources may lead to the further discovery of novel
bioactive compounds. As described in this chapter, it is still important to
clarify the structure and biological activity of shellfish poisons to prevent
disease and safeguard consumer health. Further chemical and biological
studies on these shellfish poisons should contribute a deeper understand-
ing of their roles in nature. New natural products continue to fascinate us
because of the extremely unexpected structure of molecules, their bio-
logically relevant mode of action, and their sacred and inviolable roles in
the ecosystem. However, a number of unexpected and unforeseen com-
pounds may have been naturally secreted. To overcome difficulties in the
isolation and characterization of such compounds, a new chemical ap-
proach for dynamic ecological systems will be required, together with
new methods in organic chemistry and spectral analysis. Intensive studies
involving the comprehensive evaluation of these molecules may lead to
the creation of a new field in bioscience.
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