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Abstract Many kinds of alkaloids with extraordinary structures and significant biological
activities have been isolated from marine organisms. This work features the structures,
biological activities, and biogenesis of novel heterocyclic marine alkaloids, which con-
trol biologically and physiologically intriguing phenomena. Pinnatoxins and pteriatoxins,
potent shellfish poisons, were isolated from the Okinawan bivalve Pinna sp. and Pte-
ria sp. Norzoanthamine hydrochloride, isolated from the colonial zoanthid Zoanthus
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sp., suppresses decreases in bone weight and strength in ovariectomized mice. Sym-
bioimine, an amphoteric iminjium metabolite from the dinoflagellate Symbiodinium sp.,
inhibits osteoclast differentiation. Other novel alkaloids, such as pinnamine, pinnaic
acids, halichlorine, and zamamistatin, are also described.

Keywords Heterocyclic marine alkaloids - Shellfish poison - Anti-osteoporosis -
Super-carbon-chain compound

1
Introduction

Alkaloids are nitrogen-containing compounds that occur naturally not only
in plants but also in microorganisms, marine organisms, and animals. Many
kinds of alkaloids with extraordinary structures and significant biological ac-
tivities have been isolated from marine organisms [1,2]. They continue to
provide lead structures in the search for new drugs or biological probes for
physiological studies. As new and more complicated diseases are encountered
worldwide, the importance of novel bioactive alkaloids has increased due to
their potential application in chemotherapy.

Many kinds of bioactive nitrogenous compounds, such as peptides, indols,
oxazoles, and thiazoles, have been identified from marine invertebrates [3, 4].
The true origins or progenitors of these metabolites have been suggested to be
microorganisms, i.e., microalgae, bacteria, and fungi. These microorganisms
are carried through symbiosis, association, a food chain, and other forms of
nutrient-dependency with host animals [5-7]. Consequently, the isolation of
bioactive metabolites from cultured marine microorganisms, such as symbi-
otic dinoflagellates and bacteria, as well as from their host animals, has been
well investigated. Several alkaloidal metabolites isolated from cyanobacteria
have been suggested to help to inhibit predation by marine herbivores, such
as fish and sea urchins. However, the real role of most marine bioactive alka-
loids in the ecosystem has not been well clarified.

In our ongoing search for bioactive metabolites from marine organisms,
several novel heterocyclic alkaloids, such as pinnatoxins, norzoanthamine,
pinnaic acids, zamamistatin, and symbioimine, have been isolated. This work
features the structures, biological activities, and biogenesis of these bioactive
heterocyclic marine alkaloids, along with up-to-date topics.
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2
Pinnatoxins and Pteriatoxins, Potent Macrocyclic Iminium Toxins
from an Okinawan Bivalve

2.1
Isolation and Structure of Pinnatoxins

Shellfish of the genus Pinna live mainly in shallow waters of the temperate
and tropical zones of the Indian and Pacific Oceans [8]. The adductor mus-
cle of this bivalve is eaten in Japan and China, and food poisoning resulting
from its ingestion occurs frequently. Although it has been suggested that this
poisoning is caused by bacterial infection or neurotoxins, the true causative
agent was ambiguous. Chinese investigators have reported that a toxic extract
from P. attenuata, referred to as pinnatoxin, is a Ca?* channel activator [9].
We have successfully isolated pinnatoxin A (1), a mixture of pinnatoxins B
and C (2, 3), and pinnatoxin D (4) from P. muricata as a major cause of food
poisoning [10-13].

The structures and stereochemistries of pinnatoxins have been clarified by
extensive analysis using NMR experiments and positive ion ESI MS/MS. Pin-

Pinnatoxin A (1) Pinnatoxin B (2) : 34S isomer
Pinnatoxin C (3) : 34R isomer

Pinnatoxin D (4)
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natoxins 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 car-
boxylate anion and an iminium or ammonium cation. Recently, Kishi’s group
achieved the total synthesis of 1 and ent-1 [14], and the absolute stereochem-
istry of pinnatoxin A (1) has been confirmed. Interestingly, while natural 1
showed significant acute toxicity, its antipode ent-1 was not toxic [15].
Pinnatoxins B (2) and C (3), the most toxic constituents in the pinnatoxin
series, were isolated as a 1:1 mixture [13]. The molecular formula of both
pinnatoxins B (2) and C (3) was determined to be C4HgsN209 by ESIMS,
which reflects a 29 MS unit (CH3N) increase compared to that of pinnatoxin
A (1). In positive ion ESI MS/MS analysis, a series of prominent fragment ions

177 (-Hp)
. 204 (-H) 1164 H)
\\ E E +
o || 11 ANG
/ T a :/E 668 (+H) |

,\Ho

432 458 (H) e
542 (-H)
Fig.1 ESI-MS/MS fragmentation pattern of pinnatoxins B (2) and C (3)
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Pinnatoxin B (2) and C (3) 1) NaBH,
2) NaIO4

Scheme 1
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were generated by a cyclohexane ring-opening reaction (retro-Diels-Alder
reaction), followed by bond cleavage of carbocycles (Fig. 1).

The stereochemistry of the macrocyclic moiety in pinnatoxins B (2) and
C (3) was determined as follows. Reduction of the imino group in 2 and 3
with NaBH, followed by oxidative cleavage with NalO4 provided aldehyde 6
(Scheme 1). Aldehyde 6 was also obtained by the reduction of iminium and
a carboxylic acid moiety in pinnatoxin A methyl ester (5) followed by oxida-
tion of the resulting alcohol. Since the spectroscopic data of 6 derived from
2 and 3 and that from 5 were identical, the relative stereochemistry of the
macrocyclic core in 2 and 3 was confirmed to be the same as that in pinna-
toxin A (1).

2.2
Biological Activity and Biogenesis of Pinnatoxins

Pinnatoxin A (1) showed potent acute toxicity against mice (LDgy 180 ng/kg
(i.p.)) with characteristic neurotoxic symptoms. Pinnatoxin A activated Ca**
channels. Pinnatoxins B (2) and C (3) were the most toxic constituents in
the pinnatoxin series, which makes them as potent as tetrodotoxin (LDgg
22 ng/kg). Although pinnatoxin D (4) showed weaker acute toxicity than the
other pinnatoxins (LDs¢ > 10 pg/MU), 4 showed the strongest cytotoxicity
against the murine leukemia cell line P388 (IC5g 2.5 pg/ml).

The backbone of pinnatoxins and their analogues could be configured
from C1 to C34 in a single carbon chain, in a polyketide biogenetic pathway
(Fig. 2) [10]. This biosynthetic proposal entails an intramolecular Diels-Alder
reaction to construct a cyclohexene ring (G-ring) followed by imine forma-
tion to establish a 6,7-spiro-ring system. Because of the structural similarity
of the imine moiety adjacent to the spirocyclic core, other macrocyclic imines,
i.e. pteriatoxins, spirolides, gymnodimine, may also be biosynthesized via the
same intramolecular Diels-Alder reaction. Indeed, Kishi and his coworkers
achieved the total synthesis of 1 using a biomimetic intramolecular Diels-
Alder reaction as shown in Scheme 2 [14].

Imine
cyclization ~Me,

Diels-Alder
reaction

Fig.2 Proposed biogenesis of pinnatoxin A (1)
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23
Pteriatoxins, Pinnatoxin Analogs from the Okinawan Bivalve Pteria penguin

In our study of shellfish poisons, we observed that a moray eel vomits the vis-
cera of the Okinawan bivalve Pteria penguin. We found that the aqueous EtOH
extract of viscera of P. penguin showed potent acute toxicity against mice
along with severe convulsion. Guided by this toxicity, pteriatoxins A (7), B,
and C (8, 9: a 1: 1 mixture) were isolated as extremely toxic and minor com-
ponents [16]. Although the isolated yields of pteriatoxins were too low (less
than 20 pg) to deduce their structures by usual NMR analysis, a nano-mole-
order structure determination of pteriatoxins was achieved by a detailed
analysis of ESI MS/MS. As a consequence, pteriatoxins were determined to

Pteriatoxin A (7) Pteriatoxin B (8)
Pteriatoxin C (9)
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be pinnatoxin analogs containing a cysteine moiety. The position of duplicate
signals in the 'H NMR spectrum suggested that pteriatoxins B (8) and C (9)
are C-34 epimers, like 2 and 3.

Pteriatoxins A (7), B, and C (8, 9) showed significant acute toxicity against
mice with LDgg values of 100 and 8 pug/kg, respectively. The toxic symptoms
of pteriatoxins were also similar to those of pinnatoxins. Extracts from the di-
gestive glands of several species that are closely related to Pinna sp., including
P. muricata, P. attenuata, P. atropupurea, and the commonly eaten shellfish Az-
rina pectinata, all produced the same symptoms of poisoning in mice. Thus,
these shellfish may become toxic as a result of feeding on common toxic or-
ganisms such as dinoflagellates.

24
Pinnamine, an Alkaloidal Marine Toxin from Pinna muricata

In a continuation of our work on pinnatoxins, a novel marine alkaloid, pin-
namine (10), was isolated from the Okinawan bivalve P. muricata. Pinnamine
exhibited acute toxicity against mice, with characteristic toxic symptoms,
such as scurrying around and convulsion (LDgg 0.5 mg/kg) [17]. The struc-
ture of pinnamine (10) was determined to be a unique alkaloid containing
a 9-azabicyclo[4.2.1]nonane moiety and a dihydro-y-pyrone ring. The abso-
lute stereostructure was determined by an analysis of the circular dichroism
spectrum [18].

The structure and toxic symptoms of pinnamine resemble those of anatoxin-
a (11) [19,20], a potent postsynaptic depolarizing neurotoxin known as very
fast death factor (VFDF), and atropine [21], a representative suppressor of the

(0]
Pinnamine (10) Anatoxin-a (11)
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parasympathetic nervous system. Thus, the toxic expression of pinnamine,
similar to that of atropine, may result from excitability of the cerebrum.

Recently, an enantioselective synthesis of pinnamine (10) has been
achieved (Scheme 3) [22]. The 9-aza-bicyclo[4.2.1]nonane moiety in 10 was
constructed by convergence of the B-keto ester into the silyl enol ether fol-
lowed by Lewis acid treatment. Synthetic pinnamine was found to correspond
uniquely to the natural compound based on a comparison of their spectral
data including their CD spectra.

3
Norzoanthamine, A Significant Inhibitor of Osteoclast

3.1
Structure of Zoanthamines

Norzoanthamine (12), zoanthamine (13), and its homologues 14-21 were
isolated from the colonial zoanthid Zoanthus sp. [23-26]. The relative stereo-
chemistry of norzoanthamines was determined by X-ray analysis. The ab-
solute stereochemistry of norzoanthamine was established by a modified
Mosher’s method [27].

Interestingly, equilibration was observed between the lactone structure
and iminium structure on norzoanthamine (12). The NMR spectrum of nor-
zoanthamine hydrochloride in CD30D implied the presence of an iminium
structure (22, 8c.19 = 193.3) but not a lactone structure 12 in norzoanthamine
(Scheme 4). The zwitter iminium structure was also demonstrated by trans-
formation into methyl ester 23 by the treatment of 12 with CH3I - Ag;0. On
the other hand, hydrolysis of 23 with aqueous HCI led to the recovery of
12. Recently, zooxathellamine (21) was isolated from the cultured symbiotic
dinoflagellate Symbiodinium sp. [28]. As with norzoanthamine (12), 21 also
adopted a zwitter ion structure with carboxylate and iminium moieties in
D, 0, but had a lactone structure in either CDCl3 or CD30D.

3.2
Biological Activities of Zoanthamines

IL-6 (Interleukin-6) is known to stimulate osteoclast formation, and the
suppression of secretion can be effective in the prevention of osteoporosis.
Norzoanthamine (12) and norzoanthamine hydrochloride (22) inhibit IL-6
induction at values of 13 and 4.7 pg/ml, respectively [29]. Meanwhile, the ef-
fect of norzoanthamine hydrochloride (22) on bone weight and strength was
tested in ovariectomized mice, an animal model of postmenopausal osteo-
porosis (Fig. 3). Norzoanthamine hydrochloride (22) (0.08 mg/kg/day, p.o.)
significantly suppressed the decrease in femoral weight caused by ovariec-
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12 R=H
13 R=Me
17 R=CH,0H ¥

Norzoanthamine (12)
Zoanthamine (13)
Zoanthenamine (14)
Zoanthamide (15)
Zoanthaminone (16)
Oxyzoanthamine (17)
Norzoanthaminone (18)
Cyclozoanthamine (19)
Epinorzoanthamine (20)
Zooxathellamine (21)

tomy [30, 31]. The primary spongiosa did not significantly increase, and the
morphology of the metaphysis remained nearly normal. It is known that uter-
ine hypertrophy is a serious side effect of 178-estradiol [32]. In contrast,
norzoanthamine hydrochloride (22) did not have an estrogen-like side effect
on reproductive organs. Thus, the action mechanism of norzoanthamine hy-
drochloride is suggested to differ from that of estrogen.

Osteoporosis is caused by an imbalance between bone resorption and bone
formation, which results in bone loss and fractures after mineral flux oc-
curs [33]. The frequency of fracture is significantly increased in patients with
osteoporosis, and hip fracture in elderly patients with osteoporosis is a very
serious problem because it often limits their quality of life [34]. In addition to
preventing the loss of bone mass, maintenance of the mechanical strength of
bone tissue is a very important point to consider in the development of anti-
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Fig.3 Effect of norzoanthamine hydrochloride (22) on humeralis morphology in ovariec-
tomized mice

osteoporotic drugs. From this point of view, norzoanthamine hydrochloride
(22) is considered to be a potent candidate.

33
Biogenesis of Zoanthamines

On the basis of their molecular formulas, zoanthamines have been regarded
as terpenoids, but the biogenetic pathway of zoanthamines remains unclear.
We have proposed a polyketide biogenetic pathway for zoanthamines, as
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13

Fig.4 Proposed biogenesis of zoanthamine

shown in Fig. 4 [23]. A single carbon chain precursor (C1 to C24) could be
cyclized to give a complex polycyclic structure, like 13. Meanwhile, feeding
experiments with a labeled compound for zooxathellamine (21) have been
examined, and a polyketide biosynthetic pathway has been supported [28].

Recently, a total synthesis of norzoanthamine (12) has been achieved using
an intramolecular Diels-Alder reaction as a key step for constructing the
requisite chiral triene [35]. This synthesis may be a powerful tool for advanc-
ing the study of norzoanthamine as a therapeutic drug.

4
Pinnaic Acids and Halichlorine, Novel Marine Azaspirocycles

4.1
Pinnaic Acids, Potent cPLA; Inhibitors

Specific inhibitors of phospholipase A, (PLA;) have been considered as po-
tential 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 [36,37]. Marine natural
products such as manoalide [38] and luffariellolide [39] have been reported to
be potent PLA; inhibitors [40, 41]. A cytosolic 85-kDa phospholipase (cPLA;)
exhibits specificity for the release of arachidonic acid from membrane phos-
pholipids [42-44]. Therefore, compounds that inhibit cPLA, activity have
been targeted as anti-inflammatory agents.

Pinnaic acid (24) and tauropinnaic acid (25) were isolated from the vis-
cera of P. muricata [45]. Both 24 and 25 have a unique 6-azaspiro[4.5]decane
moiety. The gross structure of 24 was also confirmed by a comparison of
the EI-MS fragment peaks with the corresponding peaks of 25. The relative
stereochemistry of 25 was deduced from phase-sensitive NOE correlations.
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Cl  OH
Cl  OH

Pinnaic acid (24) :R=0H Halichlorine (26)
Tauropinnaic acid (25) : R = NHCH,CH>SO3H

Pinnaic acid (24) and tauropinnaic acid (25) inhibited cPLA; activity in
vitro with ICsg values of 0.2 mM and 0.09 mM, respectively. The activities of
pinnaic acids were not so strong, but were still interesting, since cPLA; in-
hibitors are rare.

4.2
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. The activ-
ity of adhesive molecules is very important for the maintenance of function
and performance [46]. The clinical application of adhesion molecules as anti-
inflammatory agents and immunosuppressive agents are possible, provided
that the function of the adhesive molecules can be controlled.

A simple model of multistage adhesion between leukocyte and vascular
cells is proposed. This process can be classified into four stages, ie., (1)
rolling, (2) triggering, (3) strong adhesion, and (4) transmigration. VCAM-1
(vascular cell adhesion molecule-1) is affected during the phase of strong ad-
hesion [47]. Thus, drugs that block the induced expression of VCAM-1 may
be useful for treating atherosclerosis, coronary artery diseases, angina, and
noncardiovascular inflammatory diseases.

Halichlorine (26) was isolated from the marine sponge Halichondria
okadai Kadota [48]. Halichlorine consists of a sterically hindered 15-mem-
bered lactone, an azabicyclo[4.4.0]ring, and a 5,6-spiro ring moiety. The rela-
tive stereochemistry of 26 was confirmed mainly by the coupling constants
and NOESY spectral data. Furthermore, an oxidative degradation product
of 26 was synthesized from p-(-)-tartaric acid to determine the absolute
stereochemistry of halichlorine [49]. Halichlorine inhibits the induction of
VCAM-1 at IC5¢ 7 pg/ml. Although VCAM-1 and ICAM (intercellular adhe-
sion molecule 1) belong to the same immunoglobulin superfamily, halichlo-
rine does not affect ICAM (ICsp > 100 pg/ml).
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4.3
Biogenesis and Synthesis of Pinnaic Acids and Halichlorine

The structure of pinnaic acid (24) from the bivalve P. muricata has been
shown to be closely similar to that of halichlorine (26) from the marine
sponge H. okadai. Each carbon atom has been tentatively numbered accord-
ing to the supposed biogenetic formation of the N-C23 bond. Thus, these
two bioactive metabolites may each be biosynthesized by symbiotic marine
microorganisms.

Both pinnaic acids and halichlorine have attracted the attention of syn-
thetic chemists. To date, 15 research groups have published synthetic stud-
ies [50]. The Danishefsky group has achieved the total synthesis of pinnaic
acid [51, 52] and halichlorine [53,54] in an asymmetric manner. Since pin-
naic acid is a zwitterionic molecule, the NMR spectrum is quite sensitive to
the measurement conditions. Recently, a racemic total synthesis of pinnaic
acid (24) has been achieved (Scheme 5) [55]. A detailed comparison of the
'H-NMR spectra of both synthetic and natural samples supported Danishef-
sky’s revision of the configuration at C14.

= =
EtO,C,
KHMDS Et0,C.,, 4 steps CbzHN.,,
HOC__ . —_— —_—
7‘ B HOZCTu PMPO/\I\“‘
racemic

TBDPSO

1) O3/ MeOH, then Me,S Pd(OH)5 / H

2) LiCl, EtsN

TBDPSO .OMe
\/\n/\ ﬁ‘oMe
o O

EtOH

4 steps

known HO

Cl  OH

Pinnaic acid (24)

Scheme 5
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5
Zamamistatin, a Significant Antibacterial Bromotyrosine Derivative
from a Marine Sponge

Bacteria and diatoms are present soon after immersion in seawater, resulting
in a biofilm that covers the surface. The establishment of this microfouling
biofilm layer is soon followed by macrofouling by barnacles, mussels, and
algae. To prevent such macrofouling, several metallic compounds, such as
bis(tributyltin)oxide (TBTO), have been used in antifouling paints. However,
since their use is restricted to prevent environmental pollution the devel-
opment of environmentally acceptable antifouling agents has been expected.
From marine algae, which are known to be one of the largest producers
of biomass in the marine environment, several substances with potent an-
tifouling activity have been isolated, such as fatty acids, lipopeptides, amides,
alkaloids, terpenoids, lactones, pyrroles, and steroids [56].

We have especially searched for compounds to prevent microfouling,
which would consequently prevent such macrofouling [57]. Antibacterial ac-
tivity against the marine bacteria Rhodospirillum salexigens SCRC 113 strain
with adhering properties was selected as a bioassay to identify such com-
pounds. In our continuing search for such compounds, zamamistatin, a novel
bromotyrosine derivative, was isolated from the Okinawan sponge Pseudocer-
atina purpurea [58]. Zamamistatin exhibited significant antibacterial activity
against R. salexigens (21 mm, 1.6 ng/disk).

The molecular formula of zamamistatin was determined to be CigH;gBrs
N,0¢. Observation of only nine carbon signals by *C NMR and its opti-
cal rotation value suggested that zamamistatin was an optically active dimer
with a C, symmetrical structure. On the basis of the analysis of 2D-NMR
spectra, the structure of zamamistatin was elucidated to be 28, possess-

HO, Br “
Br HN-O, HN-C
3 OMe
43\; OMe \%\
MeO \ ) 3
/Yo-NH Br MeO Br
B OH
Zamamistatin (27) 28

MeO OMe

Aerothionin (29)
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ing an exo-type dimer of an isooxazoline ring like aerothionin 29 [59, 60].
Recently, however, zamamistatin has been re-isolated and its structure has
been revised [61]. A dihydro-1, 2-oxazine methyl ester 30 and a isoxazo-
line methyl ester 31 [62] were synthesized as model compounds. The spiro-
carbon signal (C-6) for 30 and 31 appeared at ¢ 92.4 and 79.9, respectively,
while the carbon signal in the natural compound appeared at §¢ 74.3. Thus,
the structure of natural zamamistatin has been revised to be 27, an endo-
type dimer of an aza-oxa-spiro[6.6] unit possessing a dihydro-1,2-oxazine
ring moiety.

6
Symbioimines, Potential Antiresorptive Drugs

Large polyol and polyether compounds, such as palytoxin, halichondrin,
ciguatoxin, and maitotoxin, are characteristic marine secondary metabolites.
These compounds are composed of a long carbon backbone functionalized
by oxygen, and have been called “super-carbon-chain compounds” [63].
Interestingly, several super-carbon-chain compounds consist of a single
chain starting from a carboxylic acid (C-terminus) and an amine moi-
ety (N-terminus, which are sometimes acylated), thus they can be con-
sidered to be huge amino acids, i.e., palytoxin (32) (115 straight carbon
chain) [64], zooxanthellatoxin-A (33) (106 carbons) [65], and azaspiracid 1
(34) (40 carbons) [66,67] (Fig. 5). This concept may also be applicable to
pinnatoxins and zoanthamines, which could be biosynthesized from a sin-
gle carbon chain precursor possessing a terminal amino group, as shown
in Figs. 2 and 4.

The symbiotic marine dinoflagellate Symbiodinium sp., which is a type
of zooxanthellae, is found in a wide range of marine invertebrates, and pro-
duces several large bioactive polyol compounds, such as zooxanthellatoxins
and zooxanthellamides [65,68-70]. In our continuing search for biologi-
cally active compounds, two unique amphoteric iminium compounds were
isolated from this dinoflagellate: symbioimine (35) and neosymbioimine
(36) [71-73].
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OH Me g™

Zooxanthellatoxin A (33) Azaspiroacid 1 (34)

Fig.5 Super-carbon-chain compounds with a terminal amino group

35: Ry =R>=H (Symbioimine)
36 : Ry = R» = Me (Neosymbioimine)
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6.1
Structure of Symbioimines

IR spectrum of symbioimine (35) showed absorption bands for hydroxyl
(3450 cm™), iminium (1690 cm™'), and sulfate (1240, 1140, 1050 cm™')
groups. The 3C NMR signal at 188.0 (C-5) implied the presence of an
iminium functionality in this water-soluble amphoteric compound. Its struc-
ture, which consists of a characteristic 6,6,6-tricyclic iminium ring possessing
an aryl sulfate moiety, was deduced by 2D-NMR analysis (Fig. 6).

The relative stereochemistry of 35 was deduced as follows. The large mag-
nitudes of Jia, = 12.0 Hz, J,3 = 11.1 Hz, J34 = 11.1 Hz, J40 = 11.9Hz, J7a8s =
12.9 Hz, and Js4,9 = 12.9 Hz suggested that all seven of these protons, H-1a,
H-2, H-3, H-4, H-7a, H-8a, and H-9a, were oriented in anti arrangements
with respect to the tricyclic ring. Thus, three six-membered rings may show
trans ring fusion with each other and that the methyl group (C-19) may
be oriented in a pseudo-equatorial conformation with respect to the six-
membered iminium ring with a twist-boat conformation. NOEs were ob-
served for H-4/H-14 and H-4/H-18, suggesting that the aryl moiety may be
oriented in a pseudo-axial conformation with respect to the cyclohexene ring
with a twist-boat conformation. Finally, the stereostructure of 35 was con-
firmed by X-ray crystallographic analysis. The absolute stereochemistry of
35 was confirmed to be 2R, 3R, 4S, 9R, 12S, based on the value of the Flack
parameter 0.03(13).

Neosymbioimine (36) was found to be a congener of 35 possessing a 6,6,6-
tricyclic iminjium ring, an aryl sulfate moiety, and three methyl groups.

Hb ) N = H h
129Hz sy \HAVO B HQ! |

HU N AN s
119Hz 1L1Hz  11.1Hz

- COSY
/~  selected HMBC correlations #~x selected coupling constants

» "X long-range couplings

Fig.6 Planar and stereo structure of symbioimine (35) based on 2D-NMR analysis
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Biogenesis of Symbioimines

The unique structures of symbioimines, including a 6,6,6-tricyclic iminium
ring, can be explained by the plausible biogenetic pathway shown in
Scheme 6, [72,74]. An intramolecular exo transition-state Diels—Alder re-
action followed by imine cyclization could form the carbon framework of
35 and 36 stereospecifically, as in the case of pinnatoxins (Fig. 2). Since the
6,6,6-tricyclic iminium ring moiety of neosymbioimine (36) is composed
of 15 carbons including three methyl groups, a sesquiterpene biosynthesis
pathway can be considered. However, due to its inconsistency with the prod-
ucts in the normal sequential head-to-tail condensation of two molecules
of isopentenyl diphosphate with dimethylallyl diphosphate, we proposed the
polyketide synthesis pathway for construction of the characteristic C1-C12
moiety in 35 and 36. From this point of view, the tricyclic ring in sym-
bioimines can be considered to be biosynthesized by a cyclic imine formation,
endo-transition state Diels-Alder reaction to provide cis-6,6,6-tricyclic ring
stereospecifically, followed by epimerization. Studies of the biosynthetic path-



Bioactive Heterocyclic Alkaloids of Marine Origin 175

ways of symbioimines using isotope-labeled precursor incorporation studies
are currently underway.

6.3
Biological Activities of Symbioimines

Symbioimine (35) inhibited osteoclastogenesis of the murine monocytic
cell line RAW264, which can differentiate into osteoclasts following treat-
ment with receptor activator of nuclear factor-«B ligand (RANKL) (ECsg =
44 pg/mL) [71]. RANKL induces the formation of osteoclast-like multinucle-
ated cells in cultures of bone marrow cells [75]. Symbioimine (35) inhibited
an increase in SRANKL-induced TRAP activity of preosteoclast cells. Mean-
while, it did not affect cell viability even at 100 ug/mL. Thus, symbioimine
is a potential antiresorptive drug for the prevention and treatment of osteo-
porosis in postmenopausal women.

Symbioimine (35) also significantly inhibited cyclooxygenase-2 (COX-
2) activity (32%) at 10 uM. Meanwhile, it had only weak inhibitory abil-
ity (5%) toward COX-1 at 10 uM [72]. The overexpression of COX-2 has
been observed in many kinds of tumors, and its role in carcinogenesis
and angiogenesis has been extensively investigated [76,77]. Several COX-
2-selective inhibitors, such as rofecoxib, celecoxib, and sulindac, have been
developed. Because of its moderate subtype specificity, symbioimine (35) may
be useful for the development of new nonsteroid anti-inflammatory drugs
(NSAID) to treat COX-associated diseases, such as inflammatory diseases
and cancer.

7
Conclusion

Along with the development of new analytical instruments and techniques
over the past 30 years, a variety of marine alkaloids have been isolated and
characterized from natural resources. Further chemical and biological stud-
ies on these marine alkaloids should contribute to a deeper understanding of
their roles in nature. Also, intensive studies involving the comprehensive eval-
uation of these molecules may lead to the creation of a new field in bioscience.
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